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Editorial on the Research Topic
 Potential biomarkers in neurovascular disorders




Neurovascular disorders are a leading cause of disability and death in adults by affecting the arteriovenous system and blood supply. Neurological disorders accounted for 92 million disability-adjusted life-years (DALYs) in 2005 and are projected to reach 103 million worldwide by 2030 (1), serving as the leading cause of DALYs and the second leading cause of death. The annual economic burden due to neurovascular disorders is USD 765 billion in the United States and EUR 788 billion in Europe (2, 3). In view of the huge economic burden and high morbidity of neurovascular disorders, the identification of potential early biomarkers is crucial.

Ischemic stroke is the most common neurovascular disorder. He et al. found that the decreased serum transthyretin level in patients with acute ischemic stroke may serve as one major cause of intracranial atherosclerosis. Wang F.-H. et al. indicated that the decreased plasma adiponectin levels and increased visceral adipose tissue (VAT) to subcutaneous adipose tissue (SAT) ratio may be involved in intracranial atherosclerotic stenosis. Based on the report from Ding et al., Cystatin C, encoded by CST3, is a potential biomarker of atherosclerosis, with its rs13038305 and rs911119 polymorphisms independently affecting large artery atherosclerotic stroke. Furthermore, Wang A. et al. showed that the stability of atherosclerotic plaque can be affected by the non-high-density lipoprotein cholesterol (non-HDL-C)/high-density of lipoprotein cholesterol (HDL-C) ratio. The higher the ratio, the less stable the atherosclerotic plaque appears to be. The understanding of blood glucose management with intravenous thrombolysis and blood pressure management after endovascular thrombectomy (EVT) in patients with acute cerebral infarction has also been expanded by new research. Cai et al. found that patients with stroke who treated with intravenous thrombolysis can aggravate the prognosis through inflammatory response and increased blood glucose fluctuation. Zhang Q. et al. found that early blood pressure management after EVT may be important for the functional outcome of acute cerebral infarction patients with a successful recanalization.

Subarachnoid hemorrhage (SAH) is a type of hemorrhagic stroke with a high mortality and disability, accounting for 5–10% of stroke. High levels of systemic immune-inflammation index (SII) predict delayed cerebral ischemia (DCI) after SAH (Chen et al.). In addition, significantly downregulated specific plasma miRNAs, including miR-23b-3p, miR-590-5p, miR-20b-5p, miR-142-3p and miR-29b-3p, may play a role in the regulation of SAH progression (Zheng et al.).

It is estimated that there are ~50 million people living with dementia today, and this number will grow to 152 million by 2050 (4). Vascular dementia (VD) is the second largest type of dementia after Alzheimer's disease. Specifically, the new myosin hormone irisin is considered to be associated with VD and reduced serum irisin levels can predict cognitive impairment in VD patients (Zhang F. et al.). The prevalence of post-stroke cognitive impairment (PSCI) ranges from 20 to 80% (5). Gao et al. found that neuroglobin is associated with cognitive impairment after intracranial hemorrhage and low levels of neuroglobin may be used as a biomarker of cognitive impairment after intracranial hemorrhage. Recent studies regarding the involvement of gut microbiota and cognitive function have gradually emerged. Lu et al. analyzed the differences in intestinal flora between cognitive impairment group and control group, providing novel insights for subsequent research.

Moyamoya disease is a disorder characterized by narrowing and blockage of arteries in the brain, which eventually leads to ischemic stroke, hemorrhagic stroke or/and seizures. The percent amplitude of fluctuation (PerAF) can be used as an effective indicator of ocular complications and emotional complications in patients with Moyamoya disease (Li et al.). Angiogenesis and reconstruction are widely used treatments for Moyamoya disease. Caveolin-1 (Cav-1) may serve as a biomarker driving angiogenesis and collateral formation in patients with Moyamoya disease after the bypass surgery (Zhao et al.). In addition, Chen et al. showed that the TGFβ1/VEGF pathway may be a key mechanism involved in vascular remodeling in patients with Moyamoya disease.

Optic nerve and vascular lesions are important parts of neurovascular disorders in the central nervous system. Using fMRI to scan patients with optic neuritis and orbital fractures in the resting state, it was found that the amplitude of low-frequency fluctuations (ALFF) can predict abnormal functional activities at different frequencies and brain regions (Yan et al.; Kang et al.). Hu et al. used voxel-based morphometry (VBM) to analyze imaging data to investigate potential morphological changes in the brains of female patients with menopausal dry eye (DE), and analyzed the relationship between VBM and behavioral performance, suggesting that DE patients have brain changes during menopause. Abnormal spontaneous activity of the region may be the underlying pathological mechanism causing the disease. Interestingly, retinal thickness is considered as a potential biomarker for both Sjogren's syndrome (Liu et al.) and Pterygium (Wang F. et al.).
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Background: Irisin, a new exercise-related myokine, has been shown to be associated with a variety of diseases including serious neurological disorders. However, whether irisin is involved in the pathogenesis of vascular dementia (VD) has not yet been reported. Our aim is to determine the serum irisin level in patients with VD and investigate its relationship with cognitive function.

Methods: The subjects of the study were VD patients and controls with normal cognitive function who were hospitalized in the Neck-Shoulder and Lumbocrural Pain Hospital of Shandong First Medical University from July 2018 to June 2020. Upon admission, a cognitive function assessment was performed. Enzyme-linked immunosorbent assay (ELISA) was used to determine the concentration of irisin in serum.

Results: During the study period, 187 subjects (82 controls and 105 VD patients) were included in the analysis. The serum irisin level of VD patients was significantly lower than that of the control group (p < 0.001). Spearman analysis showed that irisin was positively correlated with HLD-C and MoCA, and negatively correlated with all clinical characteristics except for HCY. Logistic regression analysis showed that after adjusting for all clinical characteristics, the serum irisin of VD patients still had a significant correlation with MoCA (β = 0.304, p = 0.029). According to receiver operating characteristic (ROC) curve analysis, the diagnostic accuracy for serum irisin levels on VD was 76% with the sensitivity and 71% with specificity respectively.

Conclusions: These data indicate that a decrease in serum irisin levels is a powerful biological marker for cognitive decline in patients with VD, even after adjustment for risk factors. Further multi-center studies need to confirm this connection, which may pave the way for new treatment options.

Keywords: irisin, biomarker, vascular dementia, cognitive, ELISA


INTRODUCTION

Vascular dementia (VD) is generally considered to be the second largest subtype of dementia (1, 2). It accounts for about 15–20% of dementia cases in Europe and America, and it is even higher in developing countries, especially in Asia, at about 30% (3). The incidence of VD increases sharply with age, and its prevalence in countries around the world is increasing with the advent of an aging society (4). According to reports, there are currently ~35.6 million people suffering from dementia in the world, and the number of patients will increase by two times and three times by 2030 and 2050, respectively (5, 6). Unfortunately, similar to Alzheimer's disease (AD), the pathogenic mechanism of VD has not yet been fully identified and understood (7). Therefore, identifying the potential pathogenic biomarkers of VD and adopting targeted interventions are public health problems to be solved urgently.

Irisin, first described by Böstrom et al. in 2012, is a small polypeptide with 123 amino acids released into the blood from the membrane protein fibronectin type III domain-containing protein 5 (FNDC5), which is cleaved at the carboxy terminus by protease in skeletal muscle (8). FNDC5 is a well-defined myokine, which is also considered to be an adipokine. FNDC5/irisin axis was activated by exercise and is relatively conserved in evolution across a number of species (9). Although the research on irisin has received extensive attention in the past few years, the cleavage mechanisms of FNDC5 protein and the regulation pathways of irisin are still unclear (10).

Initial studies have shown that the expression of irisin is related to obesity, type 2 diabetes, and metabolic syndrome (11). More studies have shown that irisin is closely related to the prognosis of stroke and affective disorder after stroke (12, 13). However, whether irisin plays a role in the pathogenesis of VD is unclear. Therefore, in this study, we studied the correlation between irisin concentration and cognitive function in VD.



METHODS


Study Population

The study population were VD patients and controls with normal cognitive function who were hospitalized in the Neck-Shoulder and Lumbocrural Pain Hospital of Shandong First Medical University from July 2018 to June 2020 (Figure 1). VD was defined according to the International Statistical Classification of Diseases and Related Health Problems 11 (ICD-11) (14) and the Diagnostic and Statistical Manual of Mental Disorders 5th edition (DSM-5) (15). The exclusion criteria are as follows: (1) previous diagnosis of other types of dementia; (2) various malignant tumors; (3) metabolic syndrome other than diabetes; (4) mental dysfunction or taking antipsychotic drugs; (5) severe heart, liver and kidney dysfunction; (6) recent history of trauma, stroke, or surgery. All research subjects signed an informed consent form. The age, gender, Body Mass Index (BMI) and blood pressure information of all subjects were collected at the time of enrollment. This study complies with the principles of the Declaration of Helsinki and was approved by the Ethics Committee of Neck-Shoulder and Lumbocrural Pain Hospital of Shandong First Medical University.


[image: Figure 1]
FIGURE 1. Flow chart of the study implementation.




Cognitive Scale Assessment

The Montreal Cognitive Assessment (MoCA) is a simple cognitive screening tool, which is widely used in many countries around the world with good psychometric characteristics and excellent sensitivity. MoCA is a 30-point screening tool that takes about 10 min to evaluate attention, orientation, language, memory, visual space, and executive function. The recommended normal range of MoCA is 26–30 points (16, 17). The MoCA scale is evaluated by experienced neurologists, who are blind to the grouping of study subjects and serum biomarkers.



Blood Collection and Laboratory Test

All blood samples were collected within 24 h of admission in a fasting state and rested for at least 10 min. The blood sample was centrifuged at 1,200 g for 20 min, and the separated serum was aliquoted and stored at −80°C for later use (18, 19). Standard laboratory methods are used for biochemical determination including total cholesterol, triglycerides, high density lipoprotein cholesterol, low density lipoprotein cholesterol, fasting plasma glucose and homocysteine. A commercial enzyme stained immunosorbent assay (ELISA) kit (Aviscera Bioscience, Santa Clara, CA, USA) was used to determine the concentration of irisin in the serum of VD patients. The specific operation was carried out in accordance with the instructions.



Statistical Analysis

The results of categorical variables are represented by n or percentages, and the results of continuous variables are represented by mean ± standard deviation (SD). Categorical variables are compared by chi-square test, while continuous variables are analyzed by student's t-test. Spearman rank correlation was used for bivariate correlation. The relationship between serum irisin concentration and clinical characteristics was evaluated by logistic stepwise regression analysis. Sensitivity and specificity of measured variable for VD diagnosis were determined by receiver operating characteristic (ROC). All statistical analyses were performed using SPSS for Windows, version 23.0 (SPSS Inc., Chicago, IL, USA). Statistical significance is defined as two-tailed P < 0.05.




RESULTS


Baseline Clinical Characteristics of Subjects

A total of 82 normal cognitive function controls and 105 VD patients were enrolled in this study. The baseline clinical characteristics of all subjects are shown in Table 1. There was no significant difference in baseline data such as age, gender, BMI, SBP, DBP, TC, TG, LDL-C, HDL-C, FBG and HCY between the two groups (p > 0.05). The serum irisin concentrations of the control group and the VD group were (127.80 ± 11.15) and (79.37 ± 8.74) ng/ml, respectively, and there are significant differences between the two groups (p < 0.001).


Table 1. Baseline clinical characteristics of all subjects.

[image: Table 1]



Spearman's Correlation Test

In the Spearman rank correlation test, the serum irisin of VD patients was significantly negatively correlated with age (r = −0.231, p < 0.001), gender (r = −0.174, p = 0.005), BMI (r = −0.159, p < 0.001), SBP (r = −0.254, p < 0.001), DBP (r = −0.217, p < 0.001), TC (r = −0.322, p = 0.013), TG (r = −0.283, p < 0.001), LDL-C (r = −0.195, p < 0.001) and FBG (r = −0.170. p < 0.001), and positively correlated with HDL-C (r = 0.272, p < 0.001) and MoCA scores (r = 0.316, p < 0.001). There was no significant correlation between serum irisin and HCY in patients with VD (r = −0.308, p = 0.094). The results of the Spearman rank correlation test are shown in Table 2.


Table 2. Clinical correlations between irisin and various characteristics in VD.
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Logistic Regression Analysis

The logistic regression analysis results are shown in Table 3. After controlling for age, gender and BMI in Model 1, there is a significant correlation between the serum irisin concentration of VD patients and the MoCA score (β = 0.385, p < 0.001). After further controlling of SBP, DBP, TC, TG, LDL-C, HDL-C and FBG in Model 2, the serum irisin concentration of VD patients still has a significant correlation with the MoCA score (β = 0.336, p = 0.008). HCY is considered to be an important factor affecting cognitive function, we pulled it into Model 3. Finally, after controlling of all baseline clinical characteristics in Model 3, the correlation between serum irisin concentration and MoCA score in VD patients is still significant (β = 0.304, p = 0.029).


Table 3. Association between irisin and MoCA scores in VD.
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ROC Curve Analysis

To evaluate the diagnostic value of serum irisin levels as a potential marker for VD, ROC curve analysis was performed (Figure 2). The area under the curve (AUC) was 0.846. The diagnostic accuracy for serum irisin levels on VD was 76% with the sensitivity and 71% with specificity, respectively.


[image: Figure 2]
FIGURE 2. ROC curve analysis for serum irisin levels in all subjects.





DISCUSSION

This is the first time to study the relationship between cognitive decline and serum irisin concentration in VD patients. Our results show that the serum irisin concentration of VD patients is significantly lower than that of controls with normal cognitive function, and there is a significant positive correlation with the MoCA score. This relationship still exists after adjusting the clinical baseline data, suggesting that serum irisin may be used as a biomarker of cognitive function for VD.

In recent years, irisin has been confirmed to be related to the onset of many diseases. Yeon-Kyung Choi et al. found that serum irisin concentration was lower in newly-onset type 2 diabetes patients and is affected by blood sugar levels, suggesting that irisin played an important role in the pathogenesis of type 2 diabetes (20). The study of Graziana Colaianni et al. showed that irisin could enhance bone mass and improve the strength of skeletal cortex, suggesting that irisin may not only be responsible for the skeletal connection of muscles and bones, but may also become an important means for the treatment of osteoporosis (21). Another study pointed out that serum irisin was a biomarker of metabolic syndrome and cardiovascular disease (22). A study from Taiwan found that the serum irisin level of patients with chronic kidney disease was reduced, and it couldalso affect the cholesterol level and energy metabolism of patients with chronic kidney disease (23).

More and more evidences showed that irisin could also participate in the pathogenesis of a series of neurological diseases. Wen-Jun Tu's team found that serum irisin level was a powerful biological marker for the risk of post-stroke depression (12). The team also found that the decreased serum irisin concentration was a risk factor for the prognosis of acute stroke patients (13). The above two studies have shown that serum irisin is involved in the pathogenesis of acute stroke, but the specific mechanism is still unclear. Irisin is released by the cleavage of the membrane-bound precursor protein FNDC5, which is highly expressed in the hippocampus, while the level of FNDC5/irisin in the AD hippocampus and cerebrospinal fluid is reduced. Therefore, knocking out FNDC5/irisin may impair the cognitive function of mice. On the contrary, overexpression of FNDC5/irisin has neuroprotective effects on synaptic plasticity and memory in mice (24). The protective effect of irisin on AD is also believed to be related to the regulation of inflammation (25). Studies have confirmed that irisin can regulate the release of inflammatory factors in astrocytes and promote the survival of neurons (26). Studies from animal experiments showed that intraperitoneal injection of irisin could increase the expression of neurotrophic genes in the brain of mice and had a certain neuroprotective effect (27). Although irisin is associated with a variety of neurological diseases, there are relatively few reports on its protective effect on cognitive function. The mechanism of irisin involved in cognitive protection deserves further study.

Our research has some limitations. First of all, our research subjects come from a single region and the sample size is relatively small. Secondly, exercise can affect the level of irisin (28). We did not collect information on the subjects' exercise habits in the clinical baseline data. Thirdly, some drugs have potential effects on the level of serum irisin, but we have not collected the patient's medication status. Finally, we did not analyze the relationship between serum irisin and different cognitive domains. Nevertheless, our research is the first study to report the role of irisin in the pathogenesis of VD, which still has great clinical significance.



CONCLUSIONS

This study shows that a decrease in serum irisin level is a potential biological marker of cognitive impairment in VD patients, even after adjustment for confounding factors. Future studies in vivo and in vitro are needed to further confirm this connection, which may provide a novel treatment for VD.
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Hypertension with high homocysteine (Hcy, ≥10 μmol/L) is also known as H-type hypertension (HHT) and proposed as an independent risk factor for stroke and cognitive impairment. Although previous studies have established the relationships among hypertension, Hcy levels, and cognitive impairment, how they affect brain neuroanatomy remains unclear. Thus, we aimed to investigate whether and to what extent hypertension and high Hcy may affect gray matter volume in 52 middle-aged HHT patients and 51 demographically matched normotensive subjects. Voxel-based morphological analysis suggested that HHT patients experienced significant gray matter loss in the default network. The default network atrophy was significantly correlated with Hcy level and global cognitive function. These findings provide, to our knowledge, novel insights into how HHT affects brain gray matter morphology through blood pressure and Hcy.
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INTRODUCTION

Hypertension is a well-known risk factor for stroke and cognitive impairment. In China, about 75% of primary hypertension is accompanied by high homocysteine (plasma Hcy ≥ 10 μmol/L) and is defined as H-type hypertension (HHT) (1). High Hcy is an independent risk factor for cerebrovascular events (2, 3) and cognitive impairment (4–7). Despite these prominent dual toxic effects, little is known about the neuroanatomical basis for cognitive impairment in HHT. Investigation upon the neuroanatomical basis may help to understand how dual cerebrovascular risk factors exacerbate the impact of brain morphological integrity, promoting a targeted prevention of risk factors and progression monitoring.

One potential neuroimaging biomarker that encodes cognitive impairment is integrity of the default mode network (DMN). The DMN was first proposed by Raichle et al. (8) and anatomically comprises the posterior cingulate/precuneus, bilateral inferior parietal lobule, lateral temporal, and hippocampus (9, 10). The DMN regions show less activity during goal-directed tasks and greater activity during resting state or several particular social cognitive tasks (9, 10). The DMN is considered to be a critical basis for advanced cognition of humans during development and evolution. Moreover, the DMN has been proposed as a neural biomarker for cognitive impairment in neuroimaging community. For example, DMN connectivity differentiates Alzheimer disease (11), mild cognitive impairment (12), mild traumatic injury (13, 14), and chemotherapy-related (15) cognitive impairment.

Previous studies on primary hypertension have shown evidence on the DMN. For example, primary hypertension is associated with increased coupling between the core and the dorsal medial subpart of the DMN during resting state (16) and abnormal spontaneous activity in DMN in a rodent model (17).

Etiologically, hypertension is a group of syndromes with high heterogeneity; each subgroup classification may represent different outcomes. Among the various types of hypertensions, HHT is the most common in China and has been suggested to predict more adverse consequences and outcomes (1). Essentially, HHT is a, at least, silent, cerebrovascular disease, often associated with higher silent infarcts, white matter hyperintensity (WMH), and gray matter loss (1, 18–24). These silent lesions represent physical dysconnectivity, compromised coordination between interconnected gray matter regions, and progressive atrophy itself. We know that cortical gray matter integrity is the neuroanatomical basis of large-scale brain networks that support human behaviors and cognition, and mounting evidence links gray matter atrophy to cognitive impairment (25–30). However, it is unclear that whether and to what extent HHT may affect the DMN gray matter morphometry.

Voxel-based morphometry (VBM) serves as a non-invasive, automatic framework for predicting brain disease and aging related model (31–34). Previously, it has been reported that hypertensive individuals experienced shrinkage of gray matter (35). Moreover, in dementia and mild cognitive impairment, the DMN appears to be the most impacted and has the ability to be a potential imaging biomarker (16, 36, 37). In both human and rodent studies, higher serum Hcy is associated with significant brain atrophy (38, 39); for more details, please see de Jager (40). Together, these evidences suggest that HHT is an adverse factor in the atrophy of DMN and cognitive performance and may interact with particular ways.

Here, we aimed to investigate whether HHT is associated with significant gray matter loss in the DMN and the relationships among the DMN atrophy, Hcy level, and global cognition. We hypothesized that HHT was associated with significant gray matter loss in the DMN, and Hcy level significantly mediated the relationship between DMN atrophy and global cognitive behavioral variables in patients with HHT.



MATERIALS AND METHODS


Subjects

Fifty-two H-type hypertensive subjects (26 females and 26 males, mean age 53.20 ± 10.98 years) and 51 normotensive healthy adults (33 females and 18 males, mean age 50.84 ± 9.92 years) were enrolled in this study. Informed consent was obtained from all the participants, and the Ethical Committee for Human Research at the People's Hospital of Tongchuan City approved all the procedures in accordance with the Declaration of Helsinki.

All of subjects were screened and diagnosed by a physician. All the subjects received comprehensive neurological examination and blood and neurocognitive tests. The inclusion criteria for the HHT subjects were as follows: (a) 18–65 years; (b) right-handed; (c) conforming to diagnostic criteria for HHT, i.e., serum Hcy ≥ 10 μmol/L and clinical systolic pressure >140 mmHg and/or diastolic pressure >90 mmHg; (d) currently not receiving systemically antihypertensive treatment; and (e) no contraindications for magnetic resonance imaging (MRI) examination.

Exclusion criteria were as follows: (a) any previous cardiovascular or cerebrovascular event; (b) large-scale old cerebral infarction and cerebral hemorrhage; (c) major diseases, including psychiatric diseases, renal failure (serum creatinine level >176 mmol/L), liver damage (aspartate aminotransferase or alanine aminotransferase >40 IU/L), coronary heart disease, congestive heart failure, or history of malignant tumors; (d) structural abnormalities that could impair cognitive function; and (e) low education years (<6 years).



Data Collection

We used a standardized questionnaire to record demographic information, life style, and medical history for each participant. Medical history including cardiovascular factors (hypertension, hyperlipidemia, stroke, coronary artery disease), diabetes complications, medication use, and age of diabetes onset were recorded using a standardized questionnaire. Body mass index (BMI) was calculated as weight/height (kg/m2). Neurocognitive tests were administered to examine global cognition function with the Mini-Mental State Examination (MMSE) (41, 42). Neurocognitive tests and questionnaire were administered by a trained neuropsychologist and nurse staff. The diastolic and systolic blood pressures were measured by a trained staff after resting for at least 5 min in a seated position.



MRI Acquisition and Data Processing

Structural brain images, including 3D T1-weighted fast field echo (3D T1-FFE, repetition time = 8.29 ms, echo time = 3.81 ms, flip angle = 8°, slice thickness = 1 mm, 160 axial slices covering whole brain) high-resolution anatomical and T2-fluid-attenuated inversion recovery (FLAIR, repetition time = 8,000 ms, echo time = 140 ms, inversion time = 2,200 ms, flip angle = 90°, slice thickness = 1 mm, 160 axial slices covering whole brain) images, were acquired on a 1.5T MRI (Phillips, Achieva, Andover, MA, USA) scanner equipped with an eight-channel head coil.

T1 structural images were processed using the computational anatomy toolbox (CAT, version 12.6; http://www.neuro.uni-jena.de/cat/) implanted in SPM12 (www.fil.ion.ucl.ac.uk/spm). Briefly, T1 images were first visually inspected and manually reoriented to ensure image quality and whole brain covering and further segmented into gray matter, white matter, and cerebral spinal fluid, with the diffeomorphic anatomical registration through an exponentiated lie algebra (DARTEL) algorithm (31). The individual gray matter images were then spatially normalized into the Montreal Neurological Institute (MNI) standard space and modulated. The modulated and spatial normalized gray matter images were then smoothed with an isotropic Gaussian kernel of 8 mm full-width at half-maximum. The FLAIR images were used for manually calculating white matter hyperintensity (WMH) volume for each participant.

Two HHT subjects and one control were excluded from the analysis due to poor image quality or segment failure.



Statistical Analysis

Demographic and clinical variables, Hcy, and cognitive tests were analyzed using SPSS 16 (SPSS Inc., USA). Categorical variables (including gender, diabetes, obesity, smoking, drinking, etc.) were tested using the chi-square test, while the remaining variables were tested using independent two-sample t-tests. The significance was set at p < 0.05. Differences/associations with a p < 0.05 were considered to be statistically significant.



Mediation Analysis

Since prior research has suggested that Hcy level (X, independent variable) can predict cognitive functions (Y, dependent variable) (43), we considered to take the DMN gray matter volume as a mediator (M) and build a mediation model. The mediation analysis was conducted by using the Hayes Process macro (44) (http://www.afhayes.com/), which is an observed least-squares regressions path analysis modeling tool. We used a model 4, with the independent factor as Hcy level and dependent variable as the cognitive measures (i.e., the MMSE scores), and the proposed mediator was DMN gray matter size. Age, gender, and education were controlled as nuisance of no interest. Statistical significance was set at p < 0.05.




RESULTS


Demographic and Clinical Data

Demographic and clinical data of all the participants are presented in Table 1. We excluded two HHT subjects and one control subject from data analysis due to poor image quality or segment failure; thus, a total of 100 subjects were finally included. The HHT subjects demonstrated an average Hcy of 21.79 ± 10.97 μmol/L compared with the normotensive controls (11.47 ± 7.65 μmol/L, p < 0.05). In addition, the HHT subjects demonstrated lower MMSE scores (p = 0.006) and higher but non-significant frequency of vascular risks, including diabetes mellitus, hyperlipidemia, and obesity (p > 0.05). However, the hypertensive subjects were generally comparable with normotensive controls on age, gender, and education (p > 0.05).


Table 1. Clinical and demographic information.
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Voxel-Wise Gray Matter Volume

To investigate gray matter volume differences, we performed voxel-based morphological analysis. Our findings showed that HHT subjects exhibited smaller gray matter volume in several clusters in the DMN, including the left inferior parietal, right medial prefrontal, precuneus, and bilateral middle temporal gyri and additionally in the left lateral frontal, left precentral, and right superior occipital and left cerebellum crus regions [Table 2, Figure 1; voxel-wise p < 0.001 and family-wise error (FWE) cluster corrected at cluster-level p < 0.05].


Table 2. Gray matter VBM results.
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FIGURE 1. Gray matter size difference between the H-type hypertensive and normotensive subjects. The axial slices are labeled with Z coordinates and sagittal slices with Y coordinates. The results were reported with voxel-wise p < 0.001 and family-wise error (FWE) cluster corrected at cluster-level p < 0.05. A negative colorbar indicates gray matter losses in the H-type hypertensive subjects. Regions were automatically reported and labeled using BSPMVIEW (http://www.bobspunt.com/software/bspmview) and automated anatomical labeling atlas 3 (https://www.gin.cnrs.fr/en/tools/aal/). L, left; R, right.




Brain Size and White Matter Lesion Burden

The HHT subjects showed larger intracranial volume (p = 0.042) and cerebrospinal fluid volumes (p = 0.049), and higher WMH burden (p = 0.015), but comparable gray matter and white matter sizes (Table 3).


Table 3. Gross segment volumes and white matter hyperintensity burden in the two groups included in this study.
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Association Analyses

To determine the relationships between brain (WMH and gray matter volume) and behavioral and physiological parameters, we conducted linear correlation analyses. Results showed that gray matter in the DMN and thalamus was negatively correlated with WMH but positively correlated with MMSE scores. In other words, the DMN gray matter size predicted white matter lesion load and general cognition, although there was no significant relationship between WMH and MMSE.

We also found that increased systolic blood pressure was associated with decreased gray matter size within the thalamus and DMN (Figures 2, 3). We also determined correlations between the whole brain (excluding the significant clusters) voxel-wise gray matter volume and blood pressure (BP), MMSE, Hcy, and WMH loads (Figure 3).


[image: Figure 2]
FIGURE 2. Associations between gray matter size within the significant clusters and clinical (blood pressure), physiological (Hcy level), and behavioral (MMSE scores) parameters in H-type hypertensive subjects. (A) Among the significant clusters, brain regions showing at least one significant correlation (B) are marked out. (B) Heatmap showing Pearson's correlation coefficients between gray matter size within the significant clusters and clinical (blood pressure), physiological (Hcy level), and behavioral (MMSE scores) parameters in H-type hypertensive subjects. Significant correlations are marked with warm (positive) or cold (negative) colors, and non-significant correlations are marked with white color. BP, blood pressure based measure, here hypertension grades 1–3; HCY, homocysteine; MMSE, Mini-Mental State Examination.



[image: Figure 3]
FIGURE 3. Associations between whole brain gray matter size (excluding the significant clusters) and clinical (blood pressure), physiological (Hcy level), and behavioral (MMSE scores) parameters, and lesion (WMH load) in H-type hypertensive subjects. (A) Excluding the significant clusters, brain regions showing at least one significant correlation (B) are marked out. (B) Heatmap showing Pearson's correlation coefficients between gray matter size within the significant clusters and clinical (blood pressure), physiological (Hcy level), and behavioral (MMSE scores) parameters, and lesion (WMH load) in H-type hypertensive subjects. Significant correlations are marked with warm (positive) or cold (negative) colors, and non-significant correlations are marked with white color. BP, blood pressure based measure, here hypertension grades 1–3; Hcy, homocysteine; MMSE, Mini-Mental State Examination; WMH, white matter hyperintensity.




Mediation Analyses

To investigate whether the gray matter loss significantly affected the association between Hcy and cognitive performance, we used a mediation model to answer this issue. Unfortunately, we did not find any mediation effect of gray matter volume on the reported significant clusters.




DISCUSSION

In this study, we investigated gray matter atrophy underlying HHT and the associations with cognitive performance and plasma Hcy, while considering multiple vascular variables. We found that HHT patients showed significant DMN atrophy, which can reflect Hcy level, global cognitive function (MMSE), and WMH load. HHT patients demonstrated parallelized gray matter atrophy and global cognitive decline, suggesting that both hypertension and high Hcy aggravate the neuroanatomical and cognitive toxic effects.

Consistent with our hypothesis and previous published reports (16, 35), we found significant gray matter loss in the DMN and sensorimotor regions in the HHT subjects. The DMN has been well-characterized in advanced cognitive functions, including autobiographical memory, social cognition, memory consolidation, and reasoning; for more details, please see Buckner and DiNicola (9) and Raichle (10). Brain regions that constitute the DMN include the inferior parietal lobule that is associated with spatial orientation, the medial prefrontal cortex that is linked to reasoning, precuneus that is linked to social cognition, and middle temporal region that is involved in multimodal sensory processing and social cognition. These components are crucial to advanced cognitive functions (43), have been linked to cognitive impairment in Alzheimer's disease (37, 45), and also generally align to the findings from rodents and other animals (39, 46) in HHT. Anatomically, lateral temporal regions receive anterior circulation whose arteries emerge from the Sylvian fissure, thus a potential focus that is targeted by the hypertension-induced hypoperfusion. Also, these key DMN regions are a marker for cognitive impairment and heavily hit regions of altered hemodynamics. Thus, the DMN atrophy reported here is consistent but beyond the previous published reports on sole or mixed primary hypertension.

Apart from the DMN, we also identified gray matter loss in the left lateral prefrontal, left precentral, right occipital, and cerebellum regions. These regions are mainly involved in sensory and motor processing. For example, the left inferior frontal region is a classical Broca's area, responsible for speech and other higher motor functions, and is also a vulnerable foci for stroke and other cerebrovascular events (47). The precentral region is involved in the somatomotor system and associated with physical fitness and well-being (48, 49). The occipital is also largely a primary sensory cortex and involved in visuospatial processing. Visuospatial deficit is also supposed as a biomarker of Alzheimer's disease (50).

Beyond the gray matter atrophy, we also found significant associations. We first report the associations between significant atrophic clusters with blood pressure, Hcy, and MMSE scores. Gray matter volume in the precuneus and left middle temporal gyrus was negatively correlated with blood pressure; gray matter volume in the left lingual cortex was negatively correlated with plasma Hcy. Nevertheless, we found that the MMSE scores were correlated with almost all the significant clusters, thereby suggesting the role of these regions in global cognition. This finding is in line with many studies investigating the brain anatomical correlates with global cognition (25–30). The precuneus is a core of the DMN, and this result is also in line with other published reports on vascular cognitive impairment (51–53). The middle temporal gyrus is a vulnerable locus attacked by the vascular pathologies. For example, in patients with carotid stenosis, the same region is the most impacted (51–53).

The finding that HHT showed higher WMH load and correlated with lower gray matter is generally consistent with previous reports. For example, previous cohort studies have reported positive associations between elevated Hcy and WMH and silent infarction (54–56) but inconsistent findings on whether these factors act as mediators (54). However, in healthy aging and some major brain diseases, WMH load tends to associate with regional gray matter atrophy (57, 58).

Hcy and cognitive impairment together promote brain atrophy, especially when they cross a threshold level (40). Therefore, we were also interested in investigating whether there is a relationship between high Hcy and cognitive decline mediated by gray matter atrophy in HHT subjects. Unfortunately, due to the lack of a significant correlation between Hcy and global cognition, our mediation model could not confirm this hypothesis. One possibility is that Hcy is a non-specific measure, especially when it is associated with non-specific global cognitive measures such as MMSE. Another possibility, as mentioned at the beginning of this paragraph, is that Hcy needs to reach a certain threshold level to establish a parallel relationship with cognitive impairment, which makes this problem more complicated. In addition, HHT, as a kind of vascular cognitive impairment, may need more sensitive tests focused on specific cognitive domains (59–63). We also found slightly elevated Hcy in the controls, suggesting independent risk factor in this population. Although this does not necessarily provide any indications, it suggests a possibility that there may be regional and dietary predisposition in this population, which may also be the reason for the high incidence of HHT (64). Nevertheless, investigations on this topic are still lacking. However, HHT subjects demonstrated far higher Hcy; this may become highly unfavorable.

We found that the HHT group had larger intracranial and cerebrospinal fluid volumes. One reason is that the HHT group had a higher proportion of males, although there was no statistical difference in the gender ratio; thus, we included gender as a nuisance covariate in all the analyses. At the same time, patients with hypertension have more WMHs, which is consistent with clinical observation and previous published report (24), thereby suggesting that HHT is accompanied by more white matter damage burden than the normotensive controls.

Although we have reported some novel findings, several limitations of our study cannot be neglected. First, we could not build the casual relationship between Hcy and hypertension, which might affect the statistical model; nonetheless the current findings suggest dual adverse effects from HHT. Further study may validate the casual relationship by considering more variables, including WMH load, blood pressure classification, vitamins, and other risk factors. Second, factors affecting gray matter atrophy also include hemodynamic changes (65) and lacunar infarction (66–68). Although these two aspects are still poorly characterized, they may contribute to brain atrophy to varying degrees. Future research should include these factors as explanatory variables and promote a more comprehensive model. Third, we only measured global cognition for each subject; this could hamper the ability to classify between-group differences. Increasing evidence suggests that vascular cognitive impairment is more likely to affect processing speed and semantic/recall memory, which is different from the pattern of global cognitive impairment caused by Alzheimer's disease (60, 69–71). Therefore, we need to further include domain-specific tests, such as the Digit Symbol (72) and the Rey Auditory Verbal Learning Tests (73), to accurately characterize the affected cognitive domains that are most sensitive to HHT and its underlying neuroanatomical and physiological basis.



CONCLUSION

In conclusion, this study reports that HHT is associated with default network atrophy and correlated with WMH, Hcy level, and MMSE score. These results provide, to our knowledge, the first insights into how HHT affects brain gray matter morphology and how these three risk factors interact with one another.
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Background: Systemic immune-inflammation index (SII) is a novel biomarker that reflects the state of a patient's inflammatory and immune status. This study aimed to determine the clinical significance of SII as a predictor of delayed cerebral ischemia (DCI) in patients with aneurysmal subarachnoid hemorrhage (SAH).

Methods: Retrospective data were collected from aneurysmal SAH patients who had been admitted to our hospital between January 2015 and October 2019. Both univariate and multivariate analyses were performed to investigate whether SII was an independent predictor of DCI. In addition, the receiver operating characteristic (ROC) curve and area under the curve (AUC) were also evaluated.

Results: There were 333 patients with aneurysmal SAH included in this study. Multivariate logistic analysis revealed that a modified Fisher grade 3 and 4 score [odds ratio (OR) = 7.851, 95% confidence interval (CI): 2.312–26.661, P = 0.001] and elevated SII (OR = 1.001, 95% CI: 1.001–1.002, P < 0.001) were independent risk factors for DCI. ROC curves showed that SII could predict DCI with an AUC of 0.860 (95% CI: 0.818–0.896, P < 0.001). The optimal cut-off value for SII to predict DCI was 1,424, and an SII ≥ 1,424 could predict DCI with a sensitivity of 93.1% and a specificity of 68.1%. Patients with higher SII value on admission tended to have higher incidence of acute hydrocephalus and DCI, greater modified Fisher and Hunt-Hess scales, and poorer outcomes.

Conclusions: SII is an independent predictor of DCI in patients with aneurysmal SAH. The SII system can be implemented in a routine clinical setting to help clinicians diagnose patients with high risk of DCI.

Keywords: systemic immune-inflammation index, delayed cerebral ischemia, inflammation, aneurysmal subarachnoid hemorrhage, hemorrhagic stroke


INTRODUCTION

Aneurysmal subarachnoid hemorrhage (SAH) is a critical cerebrovascular accident with high financial and disease (mortality and morbidity) burdens (1, 2). The mechanisms of cerebral injury following aneurysmal SAH remain largely unclear. However, it is believed that the risks of inflammation and thrombosis may be increased after aneurysmal SAH (3, 4).

Delayed cerebral ischemia (DCI) is often associated with poor functional outcomes in patients who survived the first-time SAH (5, 6). DCI can lead to poorer prognostic outcomes, greater disease severity, and higher mortality rates in patients with aneurysmal SAH (7). The pathophysiological characteristics of DCI include cerebral inflammation, micro-thrombosis, perfusion mismatch, spreading depolarization, and neurovascular uncoupling, all of which culminate in an infarction event (8). Therefore, identifying aneurysmal SAH patients who are at high risk of DCI can improve the survival outcomes of these patients.

Leukocytosis and platelet activation occur after aneurysmal SAH due to the stimulation of systemic immune reaction (9). Elevated inflammatory biomarkers, such as neutrophil-lymphocyte ratio (NLR) and platelet-lymphocyte ratio (PLR), have been employed to predict DCI development and functional outcome following aneurysmal SAH (10). Systemic immune-inflammation index (SII) is a novel biomarker reflecting the balance of inflammatory and immune status, which can be calculated as platelet count × neutrophil count/lymphocyte count. SII has recently been shown to exhibit a good prognostic value in predicting different malignant conditions (11–13). However, the ability of SII to predict DCI remains unclear. Therefore, this study aimed to evaluate the potential of SII as a predictive biomarker of DCI and to compare its effectiveness with other inflammatory biomarkers.



METHODS


Patients

We retrospectively collected and analyzed data from aneurysmal SAH patients who received treatment in our hospital between January 2015 to October 2019. The patients were included if they met the following criteria: (i) aneurysmal SAH confirmed by CT angiography and/or digital subtraction angiography, (ii) endovascular coiling or surgical clipping within 48 h following admission, and (iii) <24 h between symptom onset and hospital admission. The patients were excluded if they had (i) additional cerebral vascular disease (e.g., arteriovenous malformation or moyamoya disease), (ii) prior severe systemic disease (e.g., renal, hepatic, immune, hematologic, and/or infectious diseases) or history of malignancy, (iii) death within 3 days of admission, and (iv) missing data. Ethical approval for this study was obtained from the institutional ethics review board.



Demographical, Clinical, and Laboratory Parameters

The collected data included age, gender, medical history, radiological characteristics (modified Fisher grade, acute hydrocephalus), clinical status at admission (Hunt-Hess grade), aneurysm location and size, treatment approach (coiling or clipping), and DCI occurrence. Acute hydrocephalus was characterized as the presence of hydrocephalus symptoms and ventricle enlargement (bicaudate index ≥ 0.20 on CT scan) within 72 h following aneurysmal SAH. According to the AHA/ASA (14), DCI was defined as new focal neurological impairment or a decrease of two points on the Glasgow Coma Scale, which did not appear immediately following aneurysm occlusion. The management of SAH patients and DCI was carried out according to the SAH management guideline (15, 16). In sedated or poor-grade SAH patients, transcranial doppler ultrasonography is routinely used to detect vasospasm and DCI (16). Functional outcomes were evaluated using the modified Rankin Scale (mRS) score at 3 months. Data were obtained by telephone or outpatient interview. For analysis purposes, the data were dichotomized as follows: modified Fisher scale (“1–2” and “3–4”), Hunt-Hess scale (“1–3” and “4–5”), aneurysm location (“anterior cerebral artery,” “internal cerebral artery,” “middle cerebral artery,” and “vertebrobasilar artery”), aneurysm size (“>10 mm,” “5–10 mm,” and “<5 mm”), treatment approach (“clipping” and “coiling”), and functional outcome (“>2” and “≤ 2”). Blood specimens were collected before treatment at admission and analyzed by an autoanalyzer (XE-2100, Sysmex Company, Japan) within 1 h after venipuncture. SII was calculated as platelet count × neutrophil count/lymphocyte count; NLR was calculated as neutrophil count/lymphocyte count, and PLR was calculated as platelet count/lymphocyte count.



Statistical Analysis

All statistical tests were conducted with SPSS v21.0 and Medcalc v19.1. Continuous variables were expressed as median (interquartile range, IQR), while categorical variables were presented as numbers (percentages). Mann-Whitney U test was used to analyze the continuous univariate variables, whereas χ2-test or Fisher exact-test was employed to assess the categorical univariate variables. Potential predictors of DCI were examined through analysis of multicollinearity by stepwise regression. Significant univariate variables in univariate logistic analysis (P < 0.10) were inputted into a multivariate regression model. Receiver operating characteristic (ROC) curves were constructed to determine the discriminative abilities of SII, NLR, and PLR for predicting DCI. Area under the curve (AUC) was subsequently evaluated. The ROC curves were also employed to establish the optimal cut-off point at which the sum of the sensitivity and specificity values was the highest. The discriminative performances of the NLR, PLR, and SII were compared using the DeLong test. A two-sided P-value of < 0.05 was deemed statistically significant.




RESULTS

Three hundred thirty-three aneurysmal SAH patients, including 205 (61.6%) female and 128 (38.4%) male, were enrolled into this study (Figure 1). The median age at the time of admission was 59 years (range, 51–66). In addition, 81 (24.3%) and 252 (75.7%) patients received surgical clipping and endovascular coiling, respectively. Furthermore, DCI occurred in 101 (30.3%) patients.


[image: Figure 1]
FIGURE 1. Flow chart of study patients. aSAH, aneurysmal subarachnoid hemorrhage; DCI, delayed cerebral ischemia.


All patients were assigned to two groups based on the occurrence of DCI. Univariate analysis revealed that aneurysmal SAH patients with DCI tended to have higher incidence of acute hydrocephalus, to have greater modified Fisher and Hunt-Hess scores, and to be treated by surgical clipping (Table 1). Moreover, the red blood cell count, hemoglobin, and lymphocyte percentage were remarkably lower in patients with DCI than those without DCI (Table 1). Meanwhile, the white blood cell count, c-reactive protein (CRP), and SII value were markedly higher (Table 1). Multivariate logistic regression analysis demonstrated that modified Fisher grade 3 and 4 score [odds ratio (OR) = 7.851, 95% confidence interval (CI): 2.312–26.661, P = 0.001] and SII (OR = 1.001, 95% CI: 1.001–1.002, P < 0.001) were independent risk factors for DCI development (Table 2). ROC curves showed that SII could predict DCI with an AUC of 0.860 (95% CI: 0.818–0.896, P < 0.001; Figure 2). The AUC for SII was obviously greater compared to PLR, but the difference was not significant between NLR and SII (Table 3). The optimal cut-off value for SII to predict DCI was 1,424, and an SII ≥ 1,424 could predict DCI with a sensitivity of 93.1% (95% CI: 86.2–97.2%), a specificity of 68.1% (95% CI: 61.7–74.1%), a positive predictive value of 56.0% (95% CI: 51.1–60.7%), and a negative predictive value of 95.8% (95% CI: 91.7–97.9%).


Table 1. Comparison of demographic, clinical, and laboratory data in patients with aneurysmal SAH according to the development of delayed cerebral ischemia.
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Table 2. The univariate and multivariate logistic analysis of predictors for delayed cerebral ischemia.
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FIGURE 2. Discriminative ability of the SII, NLR, and PLR for DCI. SII, systemic immune-inflammation index; NLR, neutrophil-lymphocyte ratio; PLR, platelet-lymphocyte ratio.



Table 3. Diagnostic values of SII, NLR, and PLR for delayed cerebral ischemia.
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Patients were further assigned to two groups based on the SII threshold (Table 4). Patients with an SII level of ≥1,424 had greater modified Fisher and Hunt-Hess scores as well as higher incidence of acute hydrocephalus and DCI. The functional outcome at 3 months was comparatively poorer in patients with SII ≥ 1,424 than those with SII <1,424 [mRS score 3–6: SII ≥ 1,424 = 77/168 (45.8%) vs. SII <1,424 = 15/165 (9.1%); P < 0.001]. Furthermore, the risk of DCI was also associated with SII value (SII ≥ 1,424 vs. SII <1,424, OR: 17.793; 95% CI: 6.948–45.564; P < 0.001) as a dichotomous variable in the logistic regression model (Table 5).


Table 4. Baseline characteristics of included SAH patients dichotomized to the identified SII threshold (1,424).
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Table 5. Associations of the SII with delayed cerebral ischemia.
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DISCUSSION

DCI is the leading determinant of poor functional outcomes in patients who have survived after an aneurysmal SAH. We evaluated the SII value for its potential as a novel biomarker for DCI prediction in aneurysmal SAH patients. Our findings indicated that aneurysmal SAH patients with an SII value of ≥1,424 on admission tended to have a worse neurological status and more severe clinical course (e.g., acute hydrocephalus), DCI, and poorer functional outcomes. The SII value on admission was independently associated with the occurrence of DCI. ROC curve analysis demonstrated that SII could predict the occurrence of DCI (AUC = 0.860), suggesting that the SII value on admission may be a promising predictive biomarker for DCI in aneurysmal SAH patients (17).

Aneurysmal SAH is associated with systemic inflammatory response syndrome. Bleeding in the subarachnoid space triggers a rapid activation of the inflammatory cascades, leading to leukocytosis and platelet aggregation (9, 18, 19). Patients with a higher Hunt-Hess grade tended to have obvious alterations in these parameters, indicating that the degree of platelet aggregation and inflammation is positively correlated with early brain injury. Inflammation and thrombotic formation also participate in the pathophysiological process following aneurysmal SAH (18, 20) and can increase the susceptibility to DCI (21). SII is calculated as platelet count × neutrophil count/lymphocyte count, which reflects the balance of a person's inflammatory and immune status. An elevated SII value represents both pro-thrombotic (higher platelet counts) and immune dysregulation (higher neutrophil counts and lower lymphocyte counts) states. Collectively, our study reveals that SII is an independent risk factor for DCI development, which adds to the growing evidence that inflammation and thrombotic formation participate in the pathogenesis of DCI.

Previous studies have shown the clinical significance of SII in hemorrhagic stroke. An increased SII obtained at admission or obtained at 1 day after initial hemorrhage is associated with poor functional outcomes in patients with spontaneous intracerebral hemorrhage (22, 23). However, secondary intracerebral hemorrhage, including SAH, was ruled out in these studies. Yun et al. have performed an analysis for SII in patients with SAH. They found that an elevated SII at admission was an independent risk factor of poor functional outcomes in SAH patients (24). However, it is still unknown whether SII could predict the occurrence of DCI in SAH patients. This study is the first to establish an association between SII and DCI.

Previous research has shown that other inflammatory markers, such as CRP, total leukocyte count, PLR, and NLR, are associated with the development of DCI (10, 25). However, in our study, CRP and total leukocyte count were not independent risk factors for DCI. In the ROC analysis, the AUC for SII was larger than those for NLR and PLR, though the difference was not significant between NLR and SII. SII may be considered as a combination of NLR and PLR because the components of each parameter are encompassed within the SII. When SII was set as a dichotomous variable, we found that the SII value of ≥1,424 was associated with a 17.79-fold increased risk toward DCI, which implied its strong predictive impact. SII is a novel prognostic biomarker in the area of cancer research (11–13). It has several advantages over other inflammation biomarkers. The measurement of SII is affordable, rapid, and widely available in routine laboratory testing. It reflects both the inflammatory and thrombotic status of patients. Additionally, due to the fact that this index is derived from a ratio of two fitted parameters, SII is likely more reliable than other parameters (26).

We postulate here a few reasons why the SII value is elevated in aneurysmal SAH patients with DCI. Firstly, a high SII value can reflect a severe inflammatory response following aneurysmal SAH. Neuro-inflammation may cause disruption in the blood-brain barrier, synaptic injury, neuronal death, white matter injury, and loss of long-term potentiation, all of which ultimately lead to brain injury (27). Several inflammatory molecules and signaling pathways have been found to participate in the development of vasospasm (28). Secondly, an elevated SII value reflects a prothrombotic state and stronger aggregation ability of platelet. Platelet aggregation may induce micro-thrombosis, ischemia, and cerebral tissue death after aneurysmal SAH (29). Thirdly, an elevated SII value also reflects an immune dysregulation state (27, 30). Activation of an innate immune response, which is characterized by increased neutrophil counts, may lead to secondary brain injury after SAH. Microglia cells are part of the brain's innate immune system. Inflammatory reaction following an aneurysmal SAH can trigger microglia cells in the microvasculature, thereby leading to neuronal cell death (31). This evidence suggests that an elevated SII represents a severe inflammation response, a pro-thrombotic state, and an immune dysregulation state, making it easier to understand why an elevated SII value may be associated with the development of DCI. However, more studies are warranted to validate this hypothesis.

The use of transcranial doppler ultrasonography, CT perfusion imaging, and electroencephalography is recommended for monitoring DCI (16). However, compared with these monitoring methods, SII measurement is more convenient and widely available. We postulate that an elevated SII represents a severe inflammation response, a pro-thrombotic state, and an immune dysregulation state. The SII can be used in clinical settings to estimate a patient's susceptibility to DCI and help clinicians recognize patients who are at high risk. It can also guide decisions about which patients should receive prophylaxis against DCI. For example, several studies have shown the safety and efficacy of antiplatelet therapy in SAH (32–34). Antiplatelet drugs with both an anti-platelet and an anti-inflammatory action can reduce their risk of DCI. It may be appropriate to start antiplatelet therapy for patients with higher SII, as these patients are likely to be in a severe inflammation response and a pro-thrombotic state.

Nevertheless, there are some limitations that need to be addressed. Firstly, this was a single-center retrospective observational study. Therefore, it may prone to bias and limit the generalizability of the findings. Secondly, we did not assess the changes in SII values over time after hospital admission. Thirdly, the definition of DCI, especially as applied to patients who are sedated or comatose, may exclude patients who have actually developed DCI. Fourthly, we did not explore the relationship between SII and functional outcomes in patients with aneurysmal SAH. Clinical observational studies may overestimate the causality between the SII and DCI, and a prospective, multi-center study is needed to verify our findings in the near future.



CONCLUSION

SII is an independent predictor of DCI in patients with aneurysmal SAH. The SII value of ≥1,424 on admission may guide clinicians to screen for patients who are at high risk for DCI.



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 Ethics Committee of the Shanghai Tenth People's Hospital. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

QZ: conception, design, and administrative support. LC and SP: provision of study materials or patients. SP: collection and assembly of data. RS and YX: data analysis and interpretation. All authors manuscript writing and final approval of manuscript.



REFERENCES

 1. Galea J, Ogungbenro K, Hulme S, Patel H, Scarth S, Hoadley M, et al. Reduction of inflammation after administration of interleukin-1 receptor antagonist following aneurysmal subarachnoid hemorrhage: results of the Subcutaneous Interleukin-1Ra in SAH (SCIL-SAH) study. J Neurosurg. (2018) 128:515–23. doi: 10.3171/2016.9.JNS16615

 2. Ridwan S, Urbach H, Greschus S, von Hagen J, Esche J, Boström A. Health care costs of spontaneous aneurysmal subarachnoid hemorrhage for rehabilitation, home care, and in-hospital treatment for the first year. World Neurosurg. (2017) 97:495–500. doi: 10.1016/j.wneu.2016.09.123

 3. Sabri M, Ai J, Lakovic K, D'Abbondanza J, Ilodigwe D, Macdonald RL. Mechanisms of microthrombi formation after experimental subarachnoid hemorrhage. Neuroscience. (2012) 224:26–37. doi: 10.1016/j.neuroscience.2012.08.002

 4. Zheng VZ, Wong GKC. Neuroinflammation responses after subarachnoid hemorrhage: a review. J Clin Neurosci. (2017) 42:7–11. doi: 10.1016/j.jocn.2017.02.001

 5. Haegens NM, Gathier CS, Horn J, Coert BA, Verbaan D, van den Bergh WM. Induced hypertension in preventing cerebral infarction in delayed cerebral ischemia after subarachnoid hemorrhage. Stroke. (2018) 49:2630–6. doi: 10.1161/STROKEAHA.118.022310

 6. Platz J, Güresir E, Wagner M, Seifert V, Konczalla J. Increased risk of delayed cerebral ischemia in subarachnoid hemorrhage patients with additional intracerebral hematoma. J Neurosurg. (2017) 126:504–10. doi: 10.3171/2015.12.JNS151563

 7. Duan W, Pan Y, Wang C, Wang Y, Zhao X, Wang Y, et al. Risk factors and clinical impact of delayed cerebral ischemia after aneurysmal subarachnoid hemorrhage: analysis from the China National Stroke Registry. Neuroepidemiology. (2018) 50:128–36. doi: 10.1159/000487325

 8. Foreman B. The pathophysiology of delayed cerebral ischemia. J Clin Neurophysiol. (2016) 33:174–82. doi: 10.1097/WNP.0000000000000273

 9. Kasius KM, Frijns CJ, Algra A, Rinkel GJ. Association of platelet and leukocyte counts with delayed cerebral ischemia in aneurysmal subarachnoid hemorrhage. Cerebrovasc Dis. (2010) 29:576–83. doi: 10.1159/000306645

 10. Tao C, Wang J, Hu X, Ma J, Li H, You C. Clinical value of neutrophil to lymphocyte and platelet to lymphocyte ratio after aneurysmal subarachnoid hemorrhage. Neurocrit Care. (2017) 26:393–401. doi: 10.1007/s12028-016-0332-0

 11. Shi H, Jiang Y, Cao H, Zhu H, Chen B, Ji W. Nomogram based on systemic immune-inflammation index to predict overall survival in gastric cancer patients. Dis Markers. (2018) 2018:1787424. doi: 10.1155/2018/1787424

 12. Xie QK, Chen P, Hu WM, Sun P, He WZ, Jiang C, et al. The systemic immune-inflammation index is an independent predictor of survival for metastatic colorectal cancer and its association with the lymphocytic response to the tumor. J Transl Med. (2018) 16:273. doi: 10.1186/s12967-018-1638-9

 13. Zhang W, Wang R, Ma W, Wu Y, Maskey N, Guo Y, et al. Systemic immune-inflammation index predicts prognosis of bladder cancer patients after radical cystectomy. Ann Transl Med. (2019) 7:431. doi: 10.21037/atm.2019.09.02

 14. Vergouwen MD, Vermeulen M, van Gijn J, Rinkel GJ, Wijdicks EF, Muizelaar JP, et al. Definition of delayed cerebral ischemia after aneurysmal subarachnoid hemorrhage as an outcome event in clinical trials and observational studies: proposal of a multidisciplinary research group. Stroke. (2010) 41:2391–5. doi: 10.1161/STROKEAHA.110.589275

 15. Connolly ES, Rabinstein AA, Carhuapoma JR, Derdeyn CP, Dion J, Higashida RT, et al. Guidelines for the management of aneurysmal subarachnoid hemorrhage: a guideline for healthcare professionals from the American Heart Association/american Stroke Association. Stroke. (2012) 43:1711–37. doi: 10.1161/STR.0b013e3182587839

 16. Diringer MN, Bleck TP, Claude Hemphill J, Menon D, Shutter L, Vespa P, et al. Critical care management of patients following aneurysmal subarachnoid hemorrhage: recommendations from the Neurocritical Care Society's Multidisciplinary Consensus Conference. Neurocrit Care. (2011) 15:211–40. doi: 10.1007/s12028-011-9605-9

 17. Ray P, Le Manach Y, Riou B, Houle TT. Statistical evaluation of a biomarker. Anesthesiology. (2010) 112:1023–40. doi: 10.1097/ALN.0b013e3181d47604

 18. Frontera JA, Provencio JJ, Sehba FA, McIntyre TM, Nowacki AS, Gordon E, et al. The role of platelet activation and inflammation in early brain injury following subarachnoid hemorrhage. Neurocrit Care. (2017) 26:48–57. doi: 10.1007/s12028-016-0292-4

 19. Sehba FA, Mostafa G, Friedrich V, Bederson JB. Acute microvascular platelet aggregation after subarachnoid hemorrhage. J Neurosurg. (2005) 102:1094–100. doi: 10.3171/jns.2005.102.6.1094

 20. Romano JG, Rabinstein AA, Arheart KL, Nathan S, Campo-Bustillo I, Koch S, et al. Microemboli in aneurysmal subarachnoid hemorrhage. J Neuroimaging. (2008) 18:396–401. doi: 10.1111/j.1552-6569.2007.00215.x

 21. McMahon CJ, Hopkins S, Vail A, King AT, Smith D, Illingworth KJ, et al. Inflammation as a predictor for delayed cerebral ischemia after aneurysmal subarachnoid haemorrhage. J Neurointerv Surg. (2013) 5:512–7. doi: 10.1136/neurintsurg-2012-010386

 22. Li Y, Wen D, Cui W, Chen Y, Zhang F, Yuan M, et al. The prognostic value of the acute phase systemic immune-inflammation index in patients with intracerebral hemorrhage. Front Neurol. (2021) 12:628557. doi: 10.3389/fneur.2021.628557

 23. Trifan G, Testai FD. Systemic Immune-Inflammation (SII) index predicts poor outcome after spontaneous supratentorial intracerebral hemorrhage. J Stroke Cerebrovasc Dis. (2020) 29:105057. doi: 10.1016/j.jstrokecerebrovasdis.2020.105057

 24. Yun S, Yi HJ, Lee DH, Sung JH. Systemic inflammation response index and systemic immune-inflammation index for predicting the prognosis of patients with aneurysmal subarachnoid hemorrhage. J Stroke Cerebrovasc Dis. (2021) 30:105861. doi: 10.1016/j.jstrokecerebrovasdis.2021.105861

 25. Srinivasan A, Aggarwal A, Gaudihalli S, Mohanty M, Dhandapani M, Singh H, et al. Impact of early leukocytosis and elevated high-sensitivity C-reactive protein on delayed cerebral ischemia and neurologic outcome after subarachnoid hemorrhage. World Neurosurg. (2016) 90:91–5. doi: 10.1016/j.wneu.2016.02.049

 26. Balta S, Ozturk C. The platelet-lymphocyte ratio: a simple, inexpensive and rapid prognostic marker for cardiovascular events. Platelets. (2015) 26:680–1. doi: 10.3109/09537104.2014.979340

 27. Provencio JJ. Inflammation in subarachnoid hemorrhage and delayed deterioration associated with vasospasm: a review. Acta Neurochir Suppl. (2013) 115:233–8. doi: 10.1007/978-3-7091-1192-5_42

 28. Miller BA, Turan N, Chau M, Pradilla G. Inflammation, vasospasm, and brain injury after subarachnoid hemorrhage. Biomed Res Int. (2014) 2014:384342. doi: 10.1155/2014/384342

 29. Friedrich V, Flores R, Sehba FA. Cell death starts early after subarachnoid hemorrhage. Neurosci Lett. (2012) 512:6–11. doi: 10.1016/j.neulet.2012.01.036

 30. el-Hag A, Clark RA. Immunosuppression by activated human neutrophils. Dependence on the myeloperoxidase system. J Immunol (Baltimore, Md: 1950). (1987) 139:2406–13.

 31. Atangana E, Schneider UC, Blecharz K, Magrini S, Wagner J, Nieminen-Kelhä M, et al. Intravascular inflammation triggers intracerebral activated microglia and contributes to secondary brain injury after experimental subarachnoid hemorrhage (eSAH). Transl Stroke Res. (2017) 8:144–56. doi: 10.1007/s12975-016-0485-3

 32. Nagahama Y, Allan L, Nakagawa D, Zanaty M, Starke RM, Chalouhi N, et al. Dual antiplatelet therapy in aneurysmal subarachnoid hemorrhage: association with reduced risk of clinical vasospasm and delayed cerebral ischemia. J Neurosurg. (2018) 129:702–10. doi: 10.3171/2017.5.JNS17831

 33. Darkwah Oppong M, Gembruch O, Pierscianek D, Köhrmann M, Kleinschnitz C, Deuschl C, et al. Post-treatment antiplatelet therapy reduces risk for delayed cerebral ischemia due to aneurysmal subarachnoid hemorrhage. Neurosurgery. (2019) 85:827–33. doi: 10.1093/neuros/nyy550

 34. Shimamura N, Naraoka M, Matsuda N, Ohkuma H. Safety of preprocedural antiplatelet medication in coil embolization of ruptured cerebral aneurysms at the acute stage. Interv Neuroradiol. (2014) 20:413–7. doi: 10.15274/INR-2014-10035

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

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 Chen, Pandey, Shen, Xu 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.












	
	ORIGINAL RESEARCH
published: 13 October 2021
doi: 10.3389/fneur.2021.738148






[image: image2]

Association Between CST3 Gene Polymorphisms and Large-Artery Atherosclerotic Stroke

Yarong Ding1,2,3,4, Zhe Xu1,2,3,4, Yuesong Pan1,2,3,4, Xia Meng1,2,3,4, Xianglong Xiang1,2,3,4, Hao Li1,2,3,4, Liping Liu1,2,3,4 and Yongjun Wang1,2,3,4* on behalf of the CNSR-III Study Group


1Department of Neurology, Beijing Tiantan Hospital, Capital Medical University, Beijing, China

2China National Clinical Research Center for Neurological Diseases, Beijing, China

3Center of Stroke, Beijing Institute for Brain Disorders, Beijing, China

4Beijing Key Laboratory of Translational Medicine for Cerebrovascular Disease, Beijing, China

Edited by:
Wen-Jun Tu, Chinese Academy of Medical Sciences and Peking Union Medical College, China

Reviewed by:
Huihui Liu, Second Affiliated Hospital of Soochow University, China
 Chenghe Fan, Peking University First Hospital, China

*Correspondence: Yongjun Wang, yongjunwang@ncrcnd.org.cn

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

Received: 08 July 2021
 Accepted: 07 September 2021
 Published: 13 October 2021

Citation: Ding Y, Xu Z, Pan Y, Meng X, Xiang X, Li H, Liu L and Wang Y (2021) Association Between CST3 Gene Polymorphisms and Large-Artery Atherosclerotic Stroke. Front. Neurol. 12:738148. doi: 10.3389/fneur.2021.738148



Objective: Cystatin C, a marker of atherosclerosis, is encoded by CST3. We aimed to evaluate whether two single-nucleotide polymorphisms (SNPs) of CST3 are correlated with large-artery atherosclerotic stroke (LAAS) and prognosis.

Methods: This subgroup analysis of the Third China National Stroke Registry (CNSR-III) enrolled acute ischemic stroke (AIS) patients within 7 days from August 2015 to March 2018 in China. rs13038305 and rs911119 of CST3 were selected based on the strong association with cystatin C concentration.

Results: Two loci of CST3 (rs13038305 and rs911119) were analyzed in 3,833 ischemic stroke patients. Carriers of T allele in rs13038305 and C allele in rs911119 tend to have lower serum cystatin C levels (p < 0.05). Compared with C/C as a reference in rs13038305, odds ratio (OR) of T/T was 0.486, 95% CI 0.237–0.994, p = 0.048. Per C allele of rs13038305 also showed an increased level of low-density lipoprotein cholesterol (LDL-C), β (95% CI) was 1.335 (1.008–1.250), p = 0.044. No correlation was found between the selected SNPs and stroke prognosis (functional outcome, recurrence, and mortality).

Conclusions: Carriers of the T allele in rs13038305 tend to have a lower proportion of LAAS. rs13038305 and rs911119 polymorphisms were likely to affect cystatin C concentration independently of kidney function.

Keywords: cystatin C, polymorphism, biomarker, ischemic stroke, prognosis


INTRODUCTION

Cystatin C (CysC, encoded by CST3 on 20p11.21) is a candidate marker of glomerular filtration rate (1, 2). As a competitive inhibitor of cysteine proteases, CysC is also involved in the process of atherosclerotic plaque remodeling (3) and independently associated with cerebral artery stenosis and prognosis in stroke patients (4). The imbalance expression between CysC and cysteine proteases is a key factor of atherosclerosis. Although the effects of CysC on metabolic syndrome and atherosclerosis-related factors have been confirmed in observational studies (5), the underlying mechanism is still unclear (2, 6). The causal involvement or directionality of any causal effect on artery stenosis and ischemic stroke is yet to be proven (7).

Cerebrovascular disease is one of the leading causes of death in China, especially for ischemic stroke (IS) (8, 9). Intracranial and extracranial large-artery stenotic disease is one of the most common causes of ischemic stroke worldwide (10, 11). Large-artery atherosclerotic stroke (LAAS) was the most frequent subtype based on the Trial of Org 10 172 in Acute Stroke Treatment (TOAST) system (12), which was typically caused by intracranial artery stenosis (ICAS) and extracranial artery stenosis (ECAS). The stenosis of intracranial or extracranial arteries is also an important indicator of atherosclerosis. CysC has been proposed to participate in the process of atherosclerosis, thereby influencing the risk of cardiovascular disease (13). However, its role as a marker of atherosclerosis is still controversial. In this study, we aimed to assess whether two selected single-nucleotide polymorphisms (SNPs) of the CST3 gene are correlated with LAAS and large-vessel stenosis as well as stroke prognosis.



METHODS


Study Design and Subjects

This study was conducted based on the Third China National Stroke Registry (CNSR-III), a nationwide, multicenter, prospective registry study launched in China between August 2015 and March 2018, aiming to evaluate etiology, imaging, and biological markers of acute ischemic stroke (AIS). Detailed descriptions of the CNSR-III study have been reported previously (14). Blood samples were collected from 171 study sites for this prespecified biomarker subgroup analysis. We selected two SNPs of the CST3 gene (rs13038305 and rs911119) as the robust association with the circulating concentration of CysC based on the previous study. Of note, these two SNPs were reported not associated with creatinine-based measures of renal function (15, 16). Finally, 3,833 subjects were included in our analysis. The protocol of the CNSR-III study was approved by the ethics committee of Beijing Tiantan Hospital.



Data Collection and Blood Sample Test

Blood samples were collected on the first day of enrollment and transported through the cold chain to the central laboratory in Beijing Tiantan Hospital, where all serum specimens were stored at −80°C until testing was performed. Blood samples were sent to the laboratory to extract serum, plasma, and white blood cells and tested uniformly in the central laboratory of Beijing Tiantan Hospital according to the standardized methods.

The value of CysC was measured by the immunoturbidimetric method (Roche Cobas c501 analyzer with CysC assay); coefficient of variation (CV) of CysC was 2%. SNP analysis was accomplished by Kompetitive allele-specific polymerase chain reaction (KASP) method, which is also called allele-specific quantitative polymerase chain reaction (AQP)-based genotyping assay. To verify the accuracy of the KASP method and sample numbers, the quality controls required that the consistency between KASP and first-generation sequencing results in verified loci was >99%. The laboratory indices [including high-sensitivity C-reactive protein (hs-CRP), creatinine, high-density lipoprotein (HDL), low-density lipoprotein (LDL), triglyceride (TG), total cholesterol(TC), and creatinine] were tested by the central laboratory of Beijing Tiantan Hospital after admission. All measurements were performed by laboratory personnel blinded to the study status. Stroke subtypes are classified according to the TOAST system. The degree of stenosis was assessed according to computed tomographic angiography (CTA), magnetic resonance angiography (MRA) imaging, or conventional ultrasonography. More than 50% caliber reduction of the intracranial and extracranial artery was defined as ICAS and ECAS, respectively. To ensure the diagnosis standard was consistent, all images were independently evaluated by two trained neuroradiologists blinded to clinical information. A third neuroradiologist was involved for additional assessment if there was disagreement in certain cases.



Outcome Assessment

The primary objective was to explore the impact of SNPs on LAAS and large-vessel stenosis. Additionally, we evaluated the association between individual SNPs and the poor functional outcome of modified Rankin scale (mRS 3–6) score, stroke recurrence, all-cause mortality, and the combined vascular events during 1 year of follow-up. The outcomes were obtained through clinic or telephone in 1-year follow-up. Assessment of endpoints was completed by trained research coordinators who were blinded to patients' baseline clinical information.



Statistical Analysis

Haploview analysis software (http://www.broadinstitute.org/haploview) was used to perform Hardy–Weinberg equilibrium analysis. Pearson's χ2-test or Fisher's exact test was used for comparisons of LAAS and control group (indicating an etiological diagnosis of non-LAAS based on the TOAST system). Logistic regression and Cox regression analyses were performed to compute odds ratios (ORs) and hazard ratio (HR) with 95% confidence intervals (CIs) after adjusting the covariates to assess the correlation between CST3 gene polymorphisms and outcomes in an addictive and dominant model. We also performed the ordinal logistic regression analysis between per major allele of the selected SNPs and atherosclerosis risk factors including CysC. Effect sizes (β) are presented as standard deviations of each trait per major allele to facilitate comparison between traits. Statistical analyses were performed using SAS software (version 9.4; SAS Institute, Cary, NC, USA). The level of significance was defined as p < 0.05 (two-sided).




RESULTS


Baseline Characteristics

As a subgroup analysis of CNSR-III, two loci of the CST3 gene (rs13038305 and rs911119) were analyzed in 3,833 ischemic stroke patients. Characteristics of enrolled patients compared with the entire CNSR-III cohort are shown in Supplementary Table 1. Patients enrolled in our analysis have more proportion of ischemic stroke, coronary artery disease, and higher National Institutes of Health Stroke Scale (NIHSS).

The distribution of alleles and genotypes of the two groups follows the Hardy–Weinberg equilibrium (rs13038305, p = 0.853; rs911119, p = 0.331). Figure 1 shows the organ diagram of CysC content in different genotype groups. Median CysC concentrations per genotype for rs13038305 were as follows: 1.012 mg/l (C/C), 0.990 mg/l (C/T), and 0.969 mg/l (T/T); for rs911119 were as follows: 1.014 mg/l (T/T), 0.988 mg/l (T/C), and 0.971 mg/l (C/C). Table 1 summarizes the clinical characteristics of enrolled LAAS patients and control subjects. There were no differences between the two groups in the clinical characteristic aspects of age, sex, body mass index (BMI), medical history of hyperlipidemia, smoking, alcohol drinking, creatinine-calculated estimated glomerular filtration rate (eGFRcr), and concomitant medication of antiplatelets and anticoagulants. NIHSS scores at admission are higher in the LAAS group (p < 0.001). Besides, the LAAS group showed more proportion of ischemic stroke, coronary artery disease, diabetes mellitus, and hypertension (p < 0.05).


[image: Figure 1]
FIGURE 1. Cystatin C content in different genotype groups.



Table 1. Characteristics of enrolled patients.
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Association Between Two Single-Nucleotide Polymorphisms of the CST3 Gene and Large-Artery Atherosclerotic Stroke

The distributions of the alleles and genotypes were following Hardy–Weinberg equilibrium in both groups (rs13038305, χ2 = 0.317, p = 0.853; rs911119, χ2 = 2.206, p = 0.331). Table 1 shows that carriers of the T allele of the SNP rs13038305 tend to have a lower rate of LAAS. Compared with C/C as a reference, the CST3 allelic frequency OR of T/T in the univariate analysis is 0.494, 95% CI 0.242–1.009, p = 0.053. After adjusting for covariate in multivariate analysis, adjusted OR was 0.486, 95% CI 0.237–0.994, p = 0.048. Carriers of the C allele of the SNP rs911119 tend to have a lower rate of LAAS. However, no statistically significant differences between genotypes and allele frequencies were found for SNP rs911119 between LAAS and control group (Table 2).


Table 2. Genotype and allelic frequencies of CST3 SNPs in LAAS and control subjects.
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Association Between Two Single-Nucleotide Polymorphisms of the CST3 Gene and Intracranial Artery Stenosis or Extracranial Artery Stenosis

Table 3 shows the correlation between the two selected SNPs and large-artery stenosis. There was no association between the two SNPs and either ICAS or ECAS.


Table 3. Genotype and allelic frequencies of CST3 SNPs in ICAS or ECAS group.
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Genetic Variant and Cardiovascular Risk Factors

In the regression analyses, rs13038305 and rs911119 were all related to the content of serum CysC (p < 0.05; Figures 2, 3). Of note, per C allele of rs13038305 also showed an increased level of LDL cholesterol (LDL-C), β was 1.335, and 95% CI 1.008–1.250 after adjustment [adjusted for age, sex, CysC, eGFRcr, HDL cholesterol (HDL-C), TG, TC, LDL-C, hs-CRP, smoking, alcohol drinking, ischemic stroke, coronary artery disease, hyperlipidemia, diabetes mellitus, and hypertension]. However, rs13038305 and rs911119 showed no significant association with other cardiovascular risk factors and traits in the increase of per major allele in the adjusted model. Besides, there is no correlation between these two SNPs and creatinine, but they are strongly correlated with the content of CysC.


[image: Figure 2]
FIGURE 2. Association of the genetic variant (rs13038305 polymorphisms) with cardiovascular risk factors and traits. Effect sizes (β) are presented as standard deviations of each trait per major allele to facilitate comparison between traits. Adjusted for age, sex, CysC, eGFRcr, HDL-C, TG, TC, LDL-C, hs-CRP, smoking, alcohol drinking, ischemic stroke, coronary artery disease, hyperlipidemia, diabetes mellitus, and hypertension. BMI, body mass index; CysC, cystatin C; eGFRcr, creatinine-calculated estimated glomerular filtration rate; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG, triglyceride; TC, total cholesterol; hs-CRP, high-sensitivity C-reactive protein; CI, confidence interval.



[image: Figure 3]
FIGURE 3. Association of the genetic variant (rs911119 polymorphisms) with cardiovascular risk factors and traits. Effect sizes (β) are presented as standard deviations of each trait per major allele to facilitate comparison between traits. Adjusted for age, sex, CysC, eGFRcr, HDL-C, TG, TC, LDL-C, hs-CRP, smoking, alcohol drinking, ischemic stroke, coronary artery disease, hyperlipidemia, diabetes mellitus, and hypertension. BMI, body mass index; CysC, cystatin C; eGFRcr, creatinine-based estimated glomerular filtration rate; LDL, low-density lipoprotein; HDL, high-density lipoprotein; TG triglyceride; TC, total cholesterol; hs-CRP, high-sensitivity C-reactive protein; CI, confidence interval.




Clinical Outcomes in Different CST3 Polymorphisms

We evaluated the risk prediction of genotype (rs13038305 and rs911119) for stroke prognosis during 1 year of follow-up (Table 4). No statistically significant association between the polymorphism rs13038305 or rs911119 and any outcome was observed.


Table 4. Clinical outcomes in different CST3 polymorphisms.
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DISCUSSION

Previous observational studies on CysC have confirmed that it was not simply a marker of renal function to affect cardiovascular and stroke outcomes (17–19). CysC might change metabolic status and promote the progress of metabolic disorders (20). Besides, since CysC is a potent competitive inhibitor of cysteine proteases (3) and involved in the progression of atherosclerosis, the balance cysteine protease and protease inhibitor (CysC) plays an important role in the pathogenesis of cerebral injury and functional rehabilitation (21). However, underlying mechanisms remain to be fully elucidated.

Our previous study has proven the relationship between CysC levels and poor functional outcome independent of renal function in 1 year after ischemic stroke (22). In this study, we selected two SNPs that have been reported to be strongly related to serum CysC level and tried to investigate the impact of SNPs on LAAS and large-vessel stenosis. We found that carriers of the T allele of SNP rs13038305 tend to have a lower proportion of LAAS. However, no correlation was found between the two SNPs and either ICAS or ECAS. The possible reason is that large-artery stenosis is not the only factor leading to LAAS, and our classification method to assess intracranial and extracranial large-vessel stenosis may miss some detailed information about the degree of vascular stenosis and the state of atherosclerotic plaque. T allele of the SNP rs13038305 tends to have a lower CysC level and higher CysC-based eGFR (eGFRcys) (6, 23). The minor allele of rs911119 was also associated with decreased serum CysC (2, 24). Consistent with previous research, we reported a strong association between the CysC concentration and the two SNPs. A lower CysC level may also indicate a lower risk of atherosclerosis and therefore a lower LAAS proportion. Besides, per major allele (C) of rs13038305 seems related to higher LDL-C concentration, which may cause changes in metabolic status. The observational study also found that the effect of CysC on prognosis might be modified by LDL-C level because of a potential interaction between lipids and CysC (25, 26). Our research indicated that CysC might be an important marker in determining subclinical atherosclerosis.

Although elevated CysC concentration was associated with cardiovascular risk factors and prognosis (17, 27, 28), Mendelian randomization studies based on the two selected SNPs revealed that genetic CST3 seems not to be a causal risk factor of cardiovascular disease in the population-based prospective cohort study (2, 6, 29). In our study, we failed to find any association between these two SNPs and stroke outcome at 1 year. Previous studies have also confirmed that although the epidemiological relationship between plasma CysC level and coronary heart disease exists and is statistically independent of other risk factors such as atherosclerosis and renal function, there is insufficient genetic evidence. Even if the two selected SNPs were associated with increased CysC level, our study did not find that the genetic polymorphisms of these two loci resulted in impaired renal function, nor did it affect other risk factors that may cause impaired renal function. However, the specific functions of these two SNPs and the causal relationship between CysC concentration remain to be elucidated.

Although this subgroup analysis was based on the data from a large, multicenter, progressive cohort study, there were still several limitations. First, MRA, CTA, and ultrasonography are not the gold standards for assessing intracranial and extracranial stenosis; hierarchical evaluation of 50% instead of the detailed value of stenotic severity might be less accurate to some extent. Second, since there is a fluctuant level of inflammatory and metabolic markers, a one-time examination of plasma level might confound the mediator concentration. The concentration peak of biomarkers might be missed, and the variation could not be observed as well. However, even if we conducted plasma level examination for one time, the SNP frequency was consistent under normal circumstances. The variation of CysC levels might have less impact on the primary outcome. Third, the investigated cohort of ischemic stroke patients only enrolled a proportion of patients in China; thereby, the results are not necessarily applicable to a general population. The correlation between CST3 and ischemic stroke needs further exploration.



CONCLUSIONS

In conclusion, our study indicated that carriers of the T allele of the SNP rs13038305 tend to have a lower proportion of LAAS. rs13038308 and rs911119 polymorphisms were likely to affect CysC concentration independently of kidney function. Per major allele (C) of rs13038305 related to higher LDL-C concentration. However, no correlation was found between stroke prognosis and the polymorphisms at rs13038305 or rs911119.
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Objectives: To analyze the clinical and imaging features of acute ischemic stroke (AIS) related to gastrointestinal malignant tumor, and to explore the prognostic factors.

Methods: Clinical data of consecutive patients with gastrointestinal malignant tumor complicated with AIS admitted to the Department of Neurology and Oncology in Lanzhou University Second Hospital from April 2015 to April 2019 were retrospectively analyzed. Patients were divided into good prognosis (mRS 0–2) and poor prognosis (mRS > 2) based on a 90-day mRS score after discharge. The multivariate logistic regression model was used to analyze the prognostic factors.

Results: A total of 68 patients were enrolled with an average age of 61.78 ± 6.65 years, including 49 men (72.06%). There were 18 patients in the good prognosis group and 50 patients in the poor prognosis group. The univariate analysis showed that Hcy, D-dimer, thrombin–antithrombin complex (TAT), and three territory sign in magnetic resonance imaging (MRI) were the risk factors for poor prognosis. Multivariate analysis showed that increased D-dimer (OR 4.497, 95% CI 1.014–19.938) and TAT levels (OR 4.294, 95% CI 1.654–11.149) were independent risk factors for the prognosis in such patients.

Conclusion: Image of patients with gastrointestinal malignant tumor-related AIS is characterized by three territory sign (multiple lesions in different vascular supply areas). Increased TAT and D-dimer levels are independent prognostic risk factors. TAT is more sensitive to predict prognosis than D-dimer.

Keywords: gastrointestinal malignant tumor, acute ischemic stroke, D-dimer (DD), TAT, prognosis


INTRODUCTION

Armand Trousseau first reported the relation between thrombosis and malignant tumors in 1865 (1). Subsequent studies have confirmed that thrombosis is a common complication of malignant tumors, which is the second leading cause of death in patients with cancer (2). Thrombotic complications of cancer include arterial or venous thromboembolism and disseminated intravascular coagulation (DIC) (3, 4). Up to 15% of patients with malignant tumors have a history of acute ischemic stroke (AIS) (5), and about 20% of patients with AIS due to an unknown cause (cryptogenic stroke) may have latent malignant tumors (6). Previous studies on gastrointestinal malignant tumor-related thromboembolism mainly focused on venous thromboembolism (7), and clinical studies on the associated AIS focused on a single type of gastrointestinal tumor (8), leading to a paucity of systematic analysis of different gastrointestinal tumor types. The present work retrospectively analyzes the 5-year clinical data of consecutive patients with gastrointestinal malignant tumor-related AIS in a single center. Prognostic factors are analyzed to improve clinical understanding of the gastrointestinal malignant tumor-related AIS.



THE MECHANISMS OF MALIGNANT TUMOR-RELATED AIS

Abnormal coagulation function is the main cause of AIS in patients with malignant tumor. Abnormal cerebrovascular coagulation is seen in patients with malignant tumors including breast cancer, leukemia, and lymphoma, after performing autopsy, which indicated the association between malignant tumors and coagulation and thrombosis (9). Kim et al. (10) conducted a prospective study and found that D-dimer levels in tumor-related cerebral infarction patients were significantly higher with increased incidence of multifocal cerebral infarction compared with conventional stroke risk factors. Tumor onset and progression are often accompanied by hypercoagulability, resulting in systemic and cerebral–arterial or venous thrombosis (11).

Adenocarcinomas, especially those of the pancreas, colon, breast, lung, prostate, and ovary induce thrombosis by producing and releasing mucin (a high-molecular weight molecule that is glycosylated and secreted by the endothelial cells) directly into the blood, which promotes a hypercoagulation state. Mucin can also interact with certain cellular adhesion molecules on endothelial cells, platelets, and lymphocytes, triggering the formation of microthrombi, which is rich in platelets (12). Meanwhile, tumor cells can produce cancer coagulants (cysteine protease that can independently activate coagulation X factor), tissue factors (binding with coagulation factor VII), and release inflammatory and vascular endothelial growth factors that can mediate coagulation and thrombosis (13–15). For example, tumor necrosis factor-α (TNF-α) affects the anticoagulant properties of the vascular endothelial cells through tissue factors, which promotes thrombin production, fibrin clot formation, and fibrin deposition in blood vessels, and can reduce fibrinolysis by inhibiting tPA activity (16). Tumors may also be associated with acute or chronic DIC. Due to excessive activation of the coagulation process, the imbalance between coagulation and fibrinolysis will eventually lead to thrombosis and arterial occlusion, resulting in AIS (17). The binding of malignant tumor cells with certain nonspecific immune signaling molecules, such as selectin, chemokines, and the corresponding receptors, is conducive to tumor invasion, migration, and adhesion. This will damage cellular connection and cause endothelial injury (18). The activation of the host immune system and the release of inflammatory factors will damage vascular endothelium and thus promote thrombosis (19). Figure 1 shows the formation mechanism of hypercoagulable state in malignant tumors.


[image: Figure 1]
FIGURE 1. Mechanism of hypercoagulable state in malignant tumors. Tumor cells activate cellular systems in vivo through intercellular interactions and injured endothelial cells. Tumor cells can directly release tissue factor (TF) and cancer procoaparticles (CP). Tumor cells produce cytokines including interleukin-1 (IL-1) and tumor necrosis factor (TNF). Activated blood cells (such as monocytes and platelets) and the microparticles (MP) produced by these cells work synergistically to increase TF expression and activate the coagulation system in vivo.


Nonbacterial thrombotic endocarditis (NBTE) caused by platelet thrombotic inflammatory complex is another important cause of malignant tumor-related AIS. In a work which consisted of 2,627 cases of postmortem examination, found that in 16 patients with malignant tumor complicated with NBTE, seven were complicated with cerebral infarction (20). This indicated that detaching of cardiac embolus in patients with malignant tumor complicated with NBTE can directly lead to AIS. In addition, infection (21, 22), tumor-related chemotherapy (23), endocrine therapy (24, 25) and, radiotherapy (26) can also lead to AIS in patients with a malignant tumor.



MATERIALS AND METHODS


Study Population

The clinical baseline data of patients with gastrointestinal malignant tumor complicated with AIS admitted to the Department of Neurology and Oncology in Lanzhou University Second Hospital from April 2015 to April 2019, were retrospectively analyzed. Eligible patients were required to meet the following criteria: (1) patients aged ≥18 years; (2) diagnosed with acute cerebral infarction conforming to Chinese Guidelines for the Diagnosis and Treatment of Acute Ischemic Stroke (2014) (5); (3) having clear imaging evidence in magnetic resonance imaging (MRI); (4) within 7 days of onset; (5) with a history of active malignant gastrointestinal tumor in the past or during follow-up. Patients were excluded if they had the following characteristics: (1) a history of TIA or cerebral hemorrhage; (2) primary tumors of the central nervous system, hematological, and other systems; (3) incomplete medical records; (4) poor prognosis due to tumor progression or chemotherapy.



Study Measures
 
Baseline and MRI Data

General information of the patients was retrieved, including gender, age, medical history and complications, laboratory tests on the second day of admission, tumor related data, and the results of echocardiography. The MRI data of the patients were collected. The location and the number of lesions on DWI were recorded. Lesions in both hemispheres were defined as bilateral infarction, and multiple infarctions referred to more than two lesions. Distribution patterns of the lesions were categorized into the following: (1) one territory sign: single or multiple lesions in unilateral anterior or posterior circulation; (2) two territory sign: single or multiple lesions in unilateral anterior and posterior circulations, or in bilateral anterior circulations; (3) three territory sign: bilateral single or multiple lesions in bilateral anterior and posterior circulations. Prognosis of the patients was evaluated by mRS, 90 days after discharge. An mRS score of 0–2 was defined as good prognosis, and score >2 was regarded as poor prognosis.



Statistical Analysis

Statistical analysis was performed by the SPSS 25.0. Enumeration data were recorded in ratio or proportion using χ2 or Fisher tests for comparisons among groups. Normally distributed measurement data was expressed as X ± S, using t-test for comparisons among groups. Median and range (M, P25–P75) were used if the measurement data were not normally distributed, and the Mann–Whitney U test was used for comparisons among groups. Variables with P < 0.05 in univariate analysis were taken as independent variables with a 90-day prognosis as dependent variable. Multivariate logistic regression analysis was used to screen out independent risk factors for prognosis. P < 0.05 was considered statistically significant.





RESULTS

A total of 68 patients with gastrointestinal cancer complicated with AIS were enrolled in this study, including 49 (72.09%) men and 19 (27.91%) women, with a mean age of 61.78 ± 6.65 years. Cases of complications included hypertension, diabetes, hyperlipidemia, and coronary heart disease, and were 45 (66.18%), 38 (55.88%), 43 (63.24%), and 45 (66.18%), respectively. Patients with a history of drinking and smoking accounted for 50.00 and 35.29%, respectively. Fifteen (22.06%) cases and 14 (20.59%) cases had a history of atrial fibrillation and stroke, respectively. The types of gastrointestinal malignant tumors included gastric cancer (42/68, 61.76%), colorectal cancer (17/68, 25.00%), gallbladder cancer (4/68, 5.88%), pancreatic cancer (2.68, 2.94%), liver cancer (2/68, 2.94%), and esophageal cancer (1/68, 1.47%). Adenocarcinoma was the main pathological tumor type, accounting for 63/68 cases (92.65%). Fifty-two (76.47%) cases had a history of malignant tumor, 16 (23.53%) cases without a previous history of tumor. Malignant tumors were diagnosed during hospitalization or follow-up due to AIS. MRI showed multiple scattered lesions. Patients with two and three territory signs accounted for 25 (36.76%) and 30 (44.12%) cases, respectively; one territory sign was only observed in seven (10.29%) cases. Figure 2 shows the characteristics of gastrointestinal malignant tumor-related AIS in MRI.


[image: Figure 2]
FIGURE 2. MR (DWI) of patients with gastrointestinal malignant tumor-related AIS. (A,B) One Territory Sign (different patients): lesions with hyperintense signal in the supply area of LMCA in (A); lesions with hyperintense signal in the supply area of RMCA. (C,D) Two Territory Sign (different patients): multiple lesions in the supply area of LMCA and RACA in (C), involving cortex and deep white matter region; multiple lesions in the supply area of RMCA and RPCA in (D). (E,F) Three Territory Sign (the same patient): massive lesions in the left posterior hippocampus region supplied by the posterior choroid artery of LPCA; scattered lesions in bilateral occipital cortex and subcortex, more prominent on the left side. (E) shows two dotted lesions in the supply area of bilateral internal carotid arteries.


The baseline characteristics of all study population and univariate regression analysis of prognosis are summarized in Table 1, with 18 patients in the good prognosis group and 50 patients in the poor prognosis group. Compared with the good prognosis group, patients in the poor prognosis group of three territory sign in MRI (52.00 vs. 22.22%, P = 0.029) showed higher levels of Hcy (8.84 ± 3.03 vs. 17.00 ± 3.40 μmol/L, P = 0.047) and D-dimer (2.12 ± 0.78 vs. 1.24 ± 0.70 mg/L, P < 0.001), and also higher levels of TAT (8.07 ± 3.99 vs. 3.75 ± 1.40 ng/ml, P < 0.001), all with significant differences (P < 0.05).


Table 1. Univariate regression analysis of poor prognosis in patients with gastrointestinal malignant tumor-related AIS.
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Table 2 shows the multivariate analysis of prognosis. The results showed higher levels of D-dimer (OR 4.497, 95% CI 1.014–19.938) and TAT (OR 4.294, 95% CI 1.654–11.149) which are independent risk factors for the prognosis in patients with gastrointestinal malignant tumor-related AIS (P < 0.05).


Table 2. Multivariate analysis of poor prognosis in patients with gastrointestinal malignant tumor-related AIS.
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The baseline levels of D-dimer and thrombin–antithrombin (TAT) were 1.89 ± 0.85 and 6.93 ± 3.98 ng/ml, respectively. The levels of D-dimer at 3, 6, and 9-month follow-up were 1.65 ± 0.80, 1.52 ± 0.97, and 1.39 ± 1.02 mg/L, respectively; the levels of TAT were 8.46 ± 6.17, 9.88 ± 8.61, and 9.33 ± 8.82 ng/ml, respectively. An ROC curve analysis showed that when the AUC of D-dimer was 0.894 with a cutoff value of 1.60 mg/L FEU, the diagnostic sensitivity and specificity were 78.0 and 94.4%, respectively; when the AUC of TAT was 0.926 with a cutoff value of 5.05 ng/mL, the diagnostic sensitivity and specificity of TAT were 86.0 and 94.4%, respectively. Figure 3 show ROC curve of TAT and D-dimer levels for prognosis in patients with gastrointestinal malignant tumor-related AIS.


[image: Figure 3]
FIGURE 3. ROC curve of TAT and D-dimer levels for prognosis in patients with gastrointestinal malignant tumor-related AIS.




DISCUSSION

Acute ischemic stroke may be identified prior to malignant tumor, which may be an early evidence of potential malignant tumor. Previous studies have found that patients with malignant tumor and with AIS as an initial symptom accounted for 0.4–3.0% of hospitalized stroke patients, and about 5.3–20% of latent stroke patients were diagnosed with malignant tumor during hospitalization, commonly including lung, breast, liver, stomach, and prostate cancers (27, 28). Malignant tumor-related AIS is prone to early neurological deterioration, with high recurrence and poor prognosis, and the prognosis varies in patients with different types of such cerebral infarctions (29). Based on the 2020 data from the International Agency for Research on Cancer (IARC), colorectal, liver, and gastric cancers were the third to fifth common malignant tumors in men, and colorectal cancer is the second common cancer in women (30). Analyzing the characteristics of gastrointestinal malignant tumor-related AIS is the basis for the treatment of such kinds of disease.


Prognostic Factors in Patients With Gastrointestinal Malignant Tumor-Related AIS

The results showed no significant difference between good and poor prognosis groups in common risk factors of AIS including hypertension, coronary heart disease, diabetes, and hyperlipidemia. Higher levels of fibrinogen, TAT, and D-dimer, and greater proportion of patients with multiple scattered infarctions were observed in the poor prognosis group, which indicated a different mechanism of tumor-related AIS from the common atherosclerotic infarction. It has been proposed that tumor necrosis factors or cytokines produced by tumor cells can promote coagulation through DIC and form microthrombi (31). The mechanisms of malignant tumor-related AIS include hypercoagulability, NBTE, infection, tumor-related chemotherapy, endocrine therapy, and radiotherapy, among which, hypercoagulability plays the most important role. This study found that increased levels of D-dimer and TAT are independent prognostic factors of such patients, which is consistent with the results of previous studies (32). Results of this study also confirmed that hypercoagulation may be the major mechanism of cerebral infarction in patients with a malignant tumor.



TAT as a Better Prognostic Factor Than D-Dimer in Tumor-Related AIS

D-dimer has been proposed as a predictor of AIS in patients with a malignant tumor (33, 34). However, the limitations of the testing methods, interference by rheumatoid factor, immune complex, and intake of antitumor drugs or immunoenhancing drugs may lead to false positive results (35). With the updated testing methods, TAT and other indicators become more suitable for clinical application. These indicators are molecular markers of thrombosis and fibrinolysis that can reflect the state of coagulation and fibrinolysis in patients with a malignant tumor (36, 37). TAT is a complex formed by thrombin and antithrombin III. As a molecular marker of thrombin formation, TAT directly reflects the activation of the coagulation system. Increased TAT is a hint of procoagulant activation and inhibitor depletion and is one of the earliest indicators of coagulation dysfunction (38). Fidan et al. found that the level of TAT in gastric cancer patients was significantly higher than that in the control group, with stable expression at different tumor stages, which was a reliable marker for the hypercoagulation state of malignant tumors (39). The present study also confirmed that TAT expression was significantly correlated with the clinical prognosis in patients with gastrointestinal malignancy, and was more sensitive and specific than D-dimer. Therefore, we believe that TAT is better than D-dimer in predicting the prognosis of patients with malignant tumor-related thrombotic events, which is consistent with the results of Cui et al. (40).



MRI Features of Gastrointestinal Malignant Tumor-Related AIS

Previous research found that in AIS patients complicated with malignant tumor the incidence of infarction simultaneously involving three main intracranial arterial supply areas was six times that of patients with atrial fibrillation (41). A significant increase of D-dimer is a characteristic of malignant tumor-related AIS (42–44). In this study, most patients showed infarction in three territories on DWI (44.12%), which was an independent risk factor for prognosis.

Echocardiogram was performed in all the patients to identify potential cardiogenic embolism, and 19.12% (13/68) of the patients were found to have NBTE which is basically consistent with the proportion of NBTE in about 19% of patients with malignant tumors found by Edoute et al. (45). NBTE is most common in lung or gastrointestinal adenocarcinoma-related AIS associated with lung cancer or gastrointestinal adenocarcinoma, which is also reported in pancreatic and biliary cancer (46). However, NBTE was not found in patients with pancreatic and biliary cancer in this study.



Prognosis, the Temporal Relation Between Gastrointestinal Malignant Tumor, and AIS

It has been reported that the mortality of AIS was higher in patients complicated with malignant tumor than those without the tumor (47). The former research showed that a 3-month mortality rate of 46.9% in patients with malignant tumor complicated with AIS after receiving relevant treatment and 50% of the survivors had neurological sequela (48). Another study showed that an average follow-up of 29 months for 24 patients with cerebral infarction complicated with latent tumor, with mortality reaching 79%. At a 1-year follow-up, 73.53% (50/68) of the patients showed poor outcomes (mRS > 2) including deaths (27). The poor therapeutic effects may be attributed to the complex mechanisms of cancer, or the onset of AIS leading to aggravation of the general condition of the patients, even affecting, or interrupting antitumor therapy.

Selvik et al. (49) found an average interval of 14 months from the onset of AIS, to the diagnosis of the tumor. In the present study, 16 patients (23.53%) were diagnosed with malignant gastrointestinal tumor 12.39 ± 4.12 months after AIS; 52 patients (76.47%) developed AIS after the diagnosis of tumor, with an average interval of 6.15 ± 3.21 months, which is basically consistent with previous results showing an interval of 1.5–9 months (50).




CONCLUSIONS

Patients with AIS related to gastrointestinal malignant tumor have a relatively poor prognosis. Increased levels of TAT and D-dimer are independent risk factors for poor prognosis. TAT has a better performance than D-dimer in predicting prognosis in patients with gastrointestinal malignant tumor-related AIS.



LIMITATIONS

Some limitations have to be admitted for we report a retrospective study with a relatively small number of patients. Due to the limited number of the included cases, tumor stage and treatment were not analyzed, which could limit the statistical significance of the results. Multicenter studies and larger sample are required for analysis to better summarize the clinical characteristics of malignant tumor patients complicated with AIS in future.
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Purpose: To investigate the association between different types of posterior staphyloma (PS) and refractive error (RE) after cataract surgery in patients with high myopia.

Methods: This retrospective study included 113 eyes of 113 highly myopic patients with PS. PS was detected using a wide-field fundus imaging system. PS was classified into wide macular, narrow macular, and other types. RE equaled the actual spherical equivalent (SE) minus the targeted SE values 3 months after cataract surgery.

Results: The rates of wide macular, narrow macular, and other types of PS were 46.02, 39.82, and 14.16%, respectively. There were no significant differences in best corrected distance visual acuity (BCDVA) or SE among the three classifications of PS before cataract surgery (P > 0.05). However, postoperative BCDVA and SE were significantly different among the three types of PS patients (P < 0.05). The average RE values were 0.98 ± 1.00 D, 0.19 ± 0.87 D, 0.13 ± 0.59 D, respectively; the statistical differences of RE were <0.01, <0.01, and 0.81 (wide macular vs. narrow macular, wide macular vs. other types, narrow macular vs. other types), respectively. Multivariate linear regression analysis revealed that higher hyperopia RE after surgery was associated with wide macular staphyloma (P < 0.001), more myopic SE (P = 0.003), and increased BCDVA (P = 0.002) before surgery.

Conclusions: Wide macular PS may be associated with more hyperopic RE; it may serve as a critical biomarker of hyperopic RE after cataract surgery in highly myopic patients.

Keywords: high myopia, refractive error, posterior staphyloma, cataract surgery, biomarker


INTRODUCTION

High myopia is considered a neurovascular disease and may affect both the retinal microvascular network and optic nerve, causing visual impairment (1–4). The prevalence of high myopia is increasing worldwide, and remains the leading cause of irreversible vision loss in adults due to associated complications (5, 6). Posterior staphyloma (PS) is a hallmark of myopic retinopathy (7, 8), which was defined by Spaide in 2013 as “an outpouching of the wall of the eye that has a radius of curvature that is less than the surrounding curvature of the wall of the eye” (9). PS is present in about one in three to one in two of highly myopic eyes in adults, and the prevalence of PS is associated with increasing age and longer axial length (10–12).

In 1977, Curtin first classified PS into 10 types according to its morphological characteristics on fundoscopic examination (13); this classification is still used in clinical practice. Recently, PS has become more easily detected using new instruments such as optical coherence tomography and high-resolution, three-dimensional magnetic resonance imaging (3D-MRI) (14, 15). However, traditional fundus images often cannot include the entire border of the PS, in particular, in wide macular staphyloma; in addition, screening with 3D-MRI may not be feasible in the clinic. In 2014, Ohno-Matsui analyzed the morphological characteristics of the whole eye by applying wide-field fundus imaging, so that even a large field of PS could be imaged directly and comprehensively. More importantly, this method simplified the classification of PS according to its location and distribution, in contrast to traditional classification (10, 16).

Complicated cataract is a common complication in patients with high myopia (17); however, precise measurement of intraocular lens (IOL) power in highly myopic eyes with cataract remains a challenge. It is known that greater axial length (> 26 mm) affects the precision of the IOL power estimates in highly myopic eyes (18). As PS is accompanied by axial length elongation and morphological changes to the eyeball of highly myopic eyes, PS is classified into different types based on location and distribution. However, few previous studies have focused on whether different types of PS may affect postoperative refractive errors (RE) in highly myopic eyes. Thus, the purpose of this study was to examine the associations between different types of PS and RE after cataract surgery in patients with high myopia, using wide-field fundus imaging technology.



MATERIALS AND METHODS

This study retrospectively reviewed preoperative medical records of 113 eyes of 113 highly myopic patients with PS (spherical equivalent values of more than −6.00 D or axial length of >26 mm). For patients with both eyes involved, only data from the right eye were used for statistical analyses. All patients underwent cataract surgery between January 1, 2018, and July 31, 2020, at the cataract clinic of the Shanghai Tenth People's Hospital affiliated with Tongji University. Cataract was graded at the slit lamp according to the Lens Opacification Classification System (LOCS) lll classification (1) as follows: nuclear opalescence (NO); nuclear color (NC); cortical cataract (C) and posterior subcapsular cataract (P). This study was approved by the Clinical Research Ethical Committee of the Shanghai Tenth People's Hospital affiliated with Tongji University and adhered to the principles of the Declaration of Helsinki (clinical study registered at www.chictr.org.cn, accession number ChiCTR2000036875). Written informed consent was provided for the use of the participants' medical data for clinical research purposes. The ocular exclusion criteria were as follows: (a) irregular corneal astigmatism, glaucoma, uveitis, retinal detachment, and the presence of a full-thickness macular hole; (b) history of eye trauma or previous ocular surgery that may affect ocular morphology; (c) serious myopic retinopathy such as choroidal neovascularization (CNV), macular epiretinal membranes, macular retinoschisis and so on; (d) cataract which exceeded N5, C4, and P4.

All participants underwent a complete preoperative examination. Baseline characteristics of patients with highly myopic eyes with PS were recorded, including age, sex, best corrected distance visual acuity (BCDVA), and spherical equivalent (SE). Keratometry (K) measurements were performed using an anterior segment swept-source optical coherence tomography SS-1000 (Tomey Corporation, Nagoya, Japan). Preoperative IOL calculations and axial lengths were measured using an IOLMaster 700 (Carl Zeiss, Meditec AG, Germany). The actual refractive outcomes of the participants were recorded 3 months after the surgery. RE was calculated based on the achieved postoperative SE minus the targeted SE.


Surgical Technique for IOL Implantation

All cataract surgeries were performed by a single experienced surgeon. In highly myopic patients with complicated cataracts, lens aspiration followed by implantation of a foldable posterior chamber IOL (ZCB00, Abbott Medical Optics, Santa Ana, CA, USA) into the capsular bag was performed. The IOL power was calculated based on the Barrett Universal II formulas. The predicted refractive outcomes targeted approaching −3 (D) under correction.



Classification of Posterior Staphyloma

PS was determined and classified using wide-field fundus imaging of 200° of the retina, based on Ohno-Matsui K's definition (10). After dilution, fundus imaging was performed using an Optos 200Tx scanning laser ophthalmoscope (Optos PLC, Dunfermline, UK). Two experienced doctors determined the types of PS, which included wide macular staphyloma, narrow macular staphyloma, and other types of staphylomas, based on location and distribution. Wide macular staphylomas were defined as the nasal edge of the macular staphyloma placed more nasally beyond the nasal edge of the optic disc. While the nasal edge of the macular staphyloma was along the nasal edge of the optic disc, the eyes were considered to be narrow macular staphyloma.

The study slightly modified the classification of PS described by Ohno-Matsui because wide macular staphyloma and narrow macular staphyloma are the most common types of PS, according to our clinical observation and previous studies (12); the remaining PS types (including inferior staphyloma, peripapillary staphyloma, nasal staphyloma, and types not otherwise specified by the Ohno-Matsui classification) were grouped as the “other” type of PS in this study. Figure 1 shows representative wide-field fundus images of the different types of PS. We repeated three times of the measurements by the experienced physicians to make sure the reliability of our results.


[image: Figure 1]
FIGURE 1. Representative wide-field fundus images of posterior staphyloma. (A,B) Eyes with a wide macular staphyloma. Posterior fundus shows fibrovascular tissue and focal chorioretinal atrophy. Focal chorioretinal atrophy has spread widely and the posterior fundus shows a bare sclera appearance. (C,D) Eyes with a narrow macular staphyloma. Posterior fundus shows a relatively narrower focal chorioretinal atrophy. (E,F) Eyes with other types of staphylomas. In a typical peripapillary staphyloma, focal chorioretinal atrophy is closer-set and tends to be restricted to the optic disc. Arrows shows the edge of posterior staphyloma.




Statistical Analyses

SPSS version 22.0 software (Chicago, IL, USA) was used for statistical analyses. Data were presented as the mean ± standard deviation. BCDVA was presented as the logarithm of the minimum angle of resolution. One-way analysis of variance (ANOVA) followed by a post-hoc test was used to compare the results of different types of PS. Univariate and multivariate analyses using linear regression models were performed to analyze the impact of various variables on RE. Statistical significance was set at P < 0.05.




RESULTS

Among 113 patients, 64 (56.64%) patients were female. A total of 52 (46.02%), 45 (39.82%), and 16 (14.16%) eyes had wide macular, narrow macular and other types of staphylomas respectively. And other types of staphylomas included 10 (8.85%), 4 (3.54%), and 2 (1.77%) eyes with the peripapillary, inferior, and other staphyloma types, respectively. There was no significant difference in age, axial length, Km, BCDVA, or SE among the groups before cataract surgery (all P > 0.05). The patients' preoperative baseline characteristics are presented in Table 1.


Table 1. Preoperative baseline characteristics of patients with highly myopic cataract eyes and posterior staphyloma.
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Postoperative Refractive Outcomes of Highly Myopic Eyes With PS

Three months after cataract surgery in 113 highly myopic eyes with PS, postoperative refractive outcomes including BCDVA, actual SE, targeted SE, and RE were compared among the three subclassifications (Table 2). Postoperative BCDVA was better in eyes with narrow macula and other types of PS than in eyes with wide macular staphyloma (P = 0.01, 0.02, respectively). Among the three categories, the actual SE values were −2.00 ± 1.17 D, −2.92 ± 0.61 D, −2.90 ± 0.61 D in wide macular, narrow macular, and other types of PS groups, respectively. RE presented a hyperopic trend after IOL implantation, with a much greater deviation from the targeted refractive outcome in the macular wide staphyloma group than in the other two groups (P < 0.01, P = 0.01, respectively).


Table 2. Postoperative refractive characteristics of patients with highly myopic eyes and posterior staphyloma.
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Refractive Error in Different Types of Posterior Staphyloma

The distributions of RE in different types of PS after cataract surgery are shown in Figure 2. There was a hyperopic trend in highly myopic patients after IOL implantation. The RE (mean ± SD) values of the wide macular, narrow macular, and other types of PS groups were 0.98 ± 1.00 D, 0.19 ± 0.87 D, 0.13 ± 0.59 D, respectively, indicating statistically significant differences between wide macular vs. narrow macular (P < 0.01) and wide macular vs. other types of PS (P < 0.01). However, there was no difference between the narrow macula and other types of PS in this parameter (P = 0.81).


[image: Figure 2]
FIGURE 2. Distribution of postoperative refractive errors in different posterior staphyloma groups.




Risk Factors Associated With Refractive Error in Highly Myopic Eyes With PS

Univariate and multivariate linear regression analyses were used to examine preoperative risk factors associated with RE after cataract surgery, including the types of PS, age, anterior chamber depth, Km, axial length, preoperative SE, and BCDVA (Table 3). The presence of wide macular staphyloma (P < 0.001), higher preoperative myopic SE (P = 0.003), and worse preoperative BCDVA (P = 0.002) were positively associated with higher hyperopic RE in the multivariate analyses.


Table 3. Univariate and multivariate analyses of risk factors for postoperative refractive errors.
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Factors Associated With Refractive Error in Different PS Types

In the univariate and multivariate analysis (Table 4), in eyes with wide macular staphyloma worse preoperative BCDVA was significantly associated with higher postoperative refractive errors (P < 0.05); however, there was no significant association between axial length (P < 0.05) and postoperative refractive errors. In eyes with narrow macular staphyloma, a longer axial length (P < 0.05) was significantly associated with higher postoperative refractive errors. In eyes with other types of posterior staphyloma, none of the examined risk factors was significantly correlated with postoperative refractive errors (all P > 0.05).


Table 4. Impact of risk factors on postoperative refractive errors in wide macular, narrow macular, and other types of posterior staphyloma.
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DISCUSSION

High myopia has a complex and variable course, and the associated mechanisms remain unclear (3, 19). PS is a common complication and one among other major causes of developing myopic maculopathy, which is identified as an outpouching of a circumscribed region of the posterior fundus prudent (16). Precise estimates of IOL power are critical to cataract surgery outcomes in patients with PS in highly myopic eyes. Axial length is the main risk factor affecting postoperative RE, in particular, in patients with high myopia (20). Using more advanced optical coherence interferometry instruments to measure axial length and revise the IOL power calculation formulas may help improve outcomes (21–23). Presently, IOL power prediction is more accurate than before; however, an unexpected significant RE (usually hyperopic) is not uncommon after cataract surgery for eyes with PS.

Except for axial length elongation in PS, a wide variation was observed in the morphological characteristics of eyeballs with PS (3). However, to our knowledge, there have been no studies on the association between different types of PS and RE after cataract surgery.

Advances in wide-field imaging have enabled the visualization of 200° of the retinal area, providing more detailed and accurate assessments of PS than those available previously (10, 12). Compared with conventional 50° fundus photography, wide-field imaging may detect the entire extent of PS, which is especially important for identifying the border of wide macular staphyloma. In our study, we used wide-field fundus imaging to detect different types of PS. In 113 highly myopic eyes with PS, the rates of wide, narrow, and other types of PS were 46.02, 39.82, and 14.16%, respectively. Shinohara et al. compared the rates of PS types in 117 eyes with retinoschisis and staphyloma, reporting 47.86, 48.72, and 3.42% of wide macular staphyloma, narrow macular staphyloma, and other types of PS, respectively (19). The reason for this discrepancy in findings may be the differences in study populations; the present participants were high myopia patients with PS who had undergone cataract surgery.

In our study, different types of PS were associated with RE. The development of staphyloma is usually accompanied various kinds of myopic lesions, such as CNV, macular epiretinal membranes and macular retinoschisis, which may influence the RE, therefore our research excluded these serious myopic retinopathies. There were significant differences in postoperative RE among wide macular staphyloma with narrow macular staphyloma and other types of PS in highly myopic eyes. Eyes with wide macular staphyloma have a higher risk of hyperopic RE after cataract surgery in highly myopic patients. In fact, the proposed subclassification of PS emerged as a functional factor that may play an essential role in predicting postoperative RE.

Our results have shown that highly myopic patients with wide macular staphyloma had lower corrected visual acuity than those with narrow macula and other types of staphylomas after cataract surgery (Table 1). Although there was no significant difference in BCDVA among patients with different PS before cataract surgery, we inferred that it may be partly affected by the clouded lens. The loss of BCDVA is closely related to the degree of myopic retinopathy. With the enlargement of myopic retinopathy, wide macular staphyloma may lead to a higher incidence of myopia-associated complications, such as diffuse chorioretinal atrophy, myopic choroidal neovascularization, and patchy chorioretinal pathological changes (24). The present findings were consistent with those of Ohno-Matsui, showing that the progression of visual impairment was significantly different among different types of PS in high myopia (10).

In highly myopic patients, there is a significant association between axial length elongation and increased RE after cataract surgery. In the present study, there was no significant difference in axial length among different types of PS (Table 1); however, the RE varied significantly among the different subclassifications after cataract surgery (Figure 2), which indicated that axial length may not be an accurate predictor of RE in highly myopic patients in clinical practice. This finding suggests that wide macular staphyloma may lead to a more hyperopic RE shift after cataract surgery (Table 2, Figure 2), which means that the type of PS might be a more effective predictor of postoperative RE in eyes with high myopia and PS.

Univariate and multivariate linear regression analyses further demonstrated that the presence of wide macular staphyloma was a significant predictor of postoperative RE (Table 3). The causal relationship between PS classification and postoperative RE warrants further study. Classifications of PS may interfere with accurate calculation of the RE in eyes with high myopia. First, axial length measurements are not accurate in myopic eyes with different types of PS, as the eye shapes are non-spherical and deformed due to PS (25). Axial length is the distance from the pre-surface of the central cornea to the fovea. When the eye is spherical, the diameter of the spherical globe is the same, and the axial length measurement is accurate. However, if the eye is irregularly deformed, the axial length is not a diameter, and the measured axial length is usually shorter than the actual axial length. Second, poor central fixation stability of the fovea caused by PS may affect refractive outcomes. In physical conditions, the magnitudes of central fixation movements of healthy eyes are small, while in eyes with myopic retinopathy, central fixation stability of the fovea is impaired and fluctuates greatly (26). Zhu et al. reported that poor fixation stability might have a positive relationship with RE after cataract surgery in eyes with high myopia (27). Wide macular staphyloma tends to be associated with more serious myopic retinopathy than is narrow macular staphyloma or other types of PS (12, 28, 29), which may account for the impairment of central fixation stability of the fovea. Third, a more advanced fundus status with wide macular staphyloma may affect the accuracy of axial length measurement, which would increase the refractive power of the eye. In our study, among eyes with wide macular staphyloma, there was no statistically significant association between axial length and postoperative refractive error; however, in eyes with narrow macular staphyloma, a statistically significant association between axial length and postoperative RE was detected (Table 4). Overall, these findings suggest that patients with wide macular staphyloma have larger RE than do other patients after cataract surgery; meanwhile, axial length is not the main factor affecting postoperative RE. However, as we just did the primary research on the relationship between wide macular staphyloma and RE after cataract surgery, the inner causal relationship between PS classification and postoperative RE warrants further study.

Our findings highlight that wide macular staphyloma may serve as an important source of postoperative RE in highly myopic cases. The present findings suggest that even highly myopic cases seem to present no significant difference in axial length, depending on the subclassification of PS evaluated by wide-field fundus imaging. The present findings are consistent with those of previous studies on eyes with high myopia and PS (30), showing that refractive outcomes vary significantly among different types of PS after cataract surgery. In addition, a significant correlation between posterior staphyloma classification and postoperative RE was observed. Wide macular staphyloma type was more strongly associated with postoperative RE than was narrow macular and other types staphyloma types; this finding suggests that, to a certain extent, it may serve as a biomarker for predicting higher RE after cataract surgery.

There are some limitations to the present study. First, the number of PS types was relatively small, which partly limited the statistical power of the analysis. Second, Ohno-Matsui's classification of PS involves six types (wide macular staphyloma, narrow macular staphyloma, inferior staphyloma, peripapillary staphyloma, and nasal staphyloma, and types not otherwise specified). We combined the latter four types into the “other” types of PS (14.16% of PS in our study); however, it remains difficult to differentiate refractive outcomes of these four types. Lastly, except posterior staphyloma, dome shaped macula, myopic choroidal neovascularization, and macular atrophy are the very common complications of high myopia, which might be potential predictive biomarkers for visual acuity after cataract surgery in highly myopic eyes. In our future study, we aim to include larger samples of PS and compare the rates of myopic retinal complications among the different types, such as dome-shaped macula, myopic choroidal neovascularization, or macular atrophy, to examine factors associated with RE after cataract surgery and we will research and comment on the types of myopic retinopathy among different kinds of staphyloma in this context. Besides, the depth of PS detected by wide-field OCT may have an impact on postoperative RE, which deserves further study.

In conclusion, this study classified the PS of highly myopic patients with cataract surgery according to their morphologic characteristics, identified using wide-field fundus imaging, and examined refractive outcomes among the three types of PS. The subclassification of staphyloma may be a useful biomarker for future prediction of postoperative RE in highly myopic eyes; wide macular staphyloma might have a detrimental effect on the accuracy of postoperative refractive outcome prediction. Therefore, PS classification should be considered in clinical practice, specifically, for highly myopic patients due to undergo cataract surgery with wide macular staphyloma.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Clinical Research Ethical Committee of Shanghai Tenth People's Hospital affiliated with Tongji University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

JW: writing the original draft and data analysis. RW: data analysis and editing. CL, YZ, and ZJ: data collection. FL: supervision and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the Clinical Research and Cultivation Project of Shanghai Municipal Hospital (SHDC12019X30) and Science and Technology Commission of Shanghai Municipality (20142203200).



ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.com) for English language editing.



REFERENCES

 1. Li M, Yang Y, Jiang H, Gregori G, Roisman L, Zheng F, et al. Retinal microvascular network and microcirculation assessments in high myopia. Am J Ophthalmol. (2017) 174:56–67. doi: 10.1016/j.ajo.2016.10.018

 2. Ruiz-Medrano J, Montero JA, Flores-Moreno I, Arias L, García-Layana A, Ruiz-Moreno JM. Myopic maculopathy: current status and proposal for a new classification and grading system (ATN). Prog Retin Eye Res. (2019) 69:80–115. doi: 10.1016/j.preteyeres.2018.10.005

 3. Ohno-Matsui K, Lai TY, Lai CC, Cheung CM. Updates of pathologic myopia. Prog Retin Eye Res. (2016) 52:156–87. doi: 10.1016/j.preteyeres.2015.12.001

 4. Bedggood P, Mukherjee S, Nguyen BN, Turpin A, McKendrick AM. Geometry of the retinal nerve fibers from emmetropia through to high myopia at both the temporal raphe and optic nerve. Invest Ophthalmol Vis Sci. (2019) 60:4896–903. doi: 10.1167/iovs.19-27539

 5. Wong YL, Saw SM. Epidemiology of pathologic myopia in asia and worldwide. Asia Pac J Ophthalmol. (2016) 5:394–402. doi: 10.1097/APO.0000000000000234

 6. Ikuno Y. Overview of the complications of high myopia. Retina. (2017) 37:2347–51. doi: 10.1097/IAE.0000000000001489

 7. Ohno-Matsui K, Kawasaki R, Jonas JB, Cheung CM, Saw SM, Verhoeven VJ, et al. International photographic classification and grading system for myopic maculopathy. Am J Ophthalmol. (2015) 159:877–83.e7. doi: 10.1016/j.ajo.2015.01.022

 8. Hsia Y, Ho TC. Posterior staphyloma of extreme pathologic myopia. JAMA Ophthalmol. (2020) 138:e191663. doi: 10.1001/jamaophthalmol.2019.1663

 9. Spaide RF. Staphyloma: part 1. In: Spaide RF, Ohno- Matsui K, Yannuzzi LA, editors. Pathologic Myopia. New York, NY: Springer (2013). p. 167–76. doi: 10.1007/978-1-4614-8338-0_12 

 10. Ohno-Matsui K. Proposed classification of posterior staphylomas based on analyses of eye shape by three-dimensional magnetic resonance imaging and wide-field fundus imaging. Ophthalmology. (2014) 121:1798–809. doi: 10.1016/j.ophtha.2014.03.035

 11. Zheng F, Wong CW, Sabanayagam C, Cheung YB, Matsumura S, Chua J, et al. Prevalence, risk factors and impact of posterior staphyloma diagnosed from wide-field optical coherence tomography in Singapore adults with high myopia. Acta Ophthalmol. (2020) 99:e144–53. doi: 10.1111/aos.14527

 12. Mimura R, Mori K, Torii H, Nagai N, Suzuki M, Minami S, et al. Ultra-widefield retinal imaging for analyzing the association between types of pathological myopia and posterior staphyloma. J Clin Med. (2019) 8:1505. doi: 10.3390/jcm8101505

 13. Curtin BJ. The posterior staphyloma of pathologic myopia. Trans Am Ophthalmol Soc. (1977) 75:67–86. 

 14. Ikuno Y, Tano Y. Retinal and choroidal biometry in highly myopic eyes with spectral-domain optical coherence tomography. Invest Ophthalmol Vis Sci. (2009) 50:3876–80. doi: 10.1167/iovs.08-3325

 15. Guo X, Xiao O, Chen Y, Wu H, Chen L, Morgan IG, et al. Three-dimensional eye shape, myopic maculopathy, and visual acuity: the zhongshan ophthalmic center-brien holden vision institute high myopia cohort study. Ophthalmology. (2017) 124:679–87. doi: 10.1016/j.ophtha.2017.01.009

 16. Ohno-Matsui K, Jonas JB. Posterior staphyloma in pathologic myopia. Prog Retin Eye Res. (2019) 70:99–109. doi: 10.1016/j.preteyeres.2018.12.001

 17. Li T, Guadie A, Feng L, Fan J, Jiang Z, Liu F. Influence of cataract surgery on macular vascular density in patients with myopia using optical coherence tomography angiography. Exp Ther Med. (2020) 20:258. doi: 10.3892/etm.2020.9388

 18. Chong EW, Mehta JS. High myopia and cataract surgery. Curr Opin Ophthalmol. (2016) 27:45–50. doi: 10.1097/ICU.0000000000000217

 19. Shinohara K, Tanaka N, Jonas JB, Shimada N, Moriyama M, Yoshida T, et al. Ultrawide-field OCT to investigate relationships between myopic macular retinoschisis and posterior staphyloma. Ophthalmology. (2018) 125:1575–86. doi: 10.1016/j.ophtha.2018.03.053

 20. Kora Y, Koike M, Suzuki Y, Inatomi M, Fukado Y, Ozawa T. Errors in IOL power calculations for axial high myopia. Ophthalmic Surg. (1991) 22:78–81. doi: 10.3928/1542-8877-19910201-06

 21. Wan KH, Lam TCH, Yu MCY, Chan TCY. Accuracy and precision of intraocular lens calculations using the new hill-RBF version 2.0 in eyes with high axial myopia. Am J Ophthalmol. (2019) 205:66–73. doi: 10.1016/j.ajo.2019.04.019

 22. Melles RB, Holladay JT, Chang WJ. Accuracy of intraocular lens calculation formulas. Ophthalmology. (2018) 125:169–78. doi: 10.1016/j.ophtha.2017.08.027

 23. Yang CM, Lim DH, Kim HJ, Chung TY. Comparison of two swept-source optical coherence tomography biometers and a partial coherence interferometer. PLoS One. (2019) 14:e0223114. doi: 10.1371/journal.pone.0223114

 24. Fang Y, Yokoi T, Nagaoka N, Shinohara K, Onishi Y, Ishida T, et al. Progression of myopic maculopathy during 18-year follow-up. Ophthalmology. (2018) 125:863–877. doi: 10.1016/j.ophtha.2017.12.005

 25. Wakazono T, Yamashiro K, Miyake M, Nakanishi H, Oishi A, Ooto S, et al. Association between eye shape and myopic traction maculopathy in high myopia. Ophthalmology. (2016) 123:919–21. doi: 10.1016/j.ophtha.2015.10.031

 26. Molina-Martín A, Pérez-Cambrodí RJ, Piñero DP. Current clinical application of microperimetry: a review. Semin Ophthalmol. (2018) 33:620–8. doi: 10.1080/08820538.2017.1375125

 27. Zhu X, He W, Sun X, Dai J, Lu Y. Fixation stability and refractive error after cataract surgery in highly myopic eyes. Am J Ophthalmol. (2016) 169:89–94. doi: 10.1016/j.ajo.2016.06.022

 28. Ohno-Matsui K, Akiba M, Modegi T, Tomita M, Ishibashi T, Tokoro T, et al. Association between shape of sclera and myopic retinochoroidal lesions in patients with pathologic myopia. Invest Ophthalmol Vis Sci. (2012) 53:6046–61. doi: 10.1167/iovs.12-10161

 29. Frisina R, Baldi A, Cesana BM, Semeraro F, Parolini B. Morphological and clinical characteristics of myopic posterior staphyloma in Caucasians. Graefes Arch Clin Exp Ophthalmol. (2016) 254:2119–2129. doi: 10.1007/s00417-016-3359-1

 30. Alfonso-Bartolozzi B, Villota E, Fernandez-Vega-Gonzalez A, Fernandez-Vega-Cueto L, Fernandez-Vega A, Alfonso JF. Implantation of a trifocal intraocular lens in high myopic eyes with nasal-inferior staphyloma. Clin Ophthalmol. (2020) 14:721–7. doi: 10.2147/OPTH.S227670

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

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 Wu, Wang, Liu, Zhou, Jiang and Liu. 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.












	
	ORIGINAL RESEARCH
published: 24 December 2021
doi: 10.3389/fneur.2021.801029






[image: image2]

Investigation of Altered Spontaneous Brain Activities in Patients With Moyamoya Disease Using Percent Amplitude of Fluctuation Method: A Resting-State Functional MRI Study
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Background: Moyamoya disease (MMD) is a chronic progressive cerebrovascular abnormality characterized by chronic occlusion of large intracranial vessels with smoky vascular development at the base of the skull. In patients with MMD, abnormal spontaneous brain activity would be expected.

Purpose: To assess the brain activity changes in patients with MMD by resting-state functional MRI (rs-fMRI), using the percent amplitude of fluctuation (PerAF) analysis method.

Materials and Methods: A total of 17 patients with MMD (3 males and 14 females) and 17 healthy control (HC) subjects with matched gender and age were recruited for this study. We used rs-fMRI to scan all the patients with MMD. Spontaneous neural activity was evaluated using the PerAF approach. The receiver operating characteristic (ROC) curve analysis was used to assess the ability of the PerAF to distinguish patients with MMD from HCs. The Hospital Anxiety and Depression Scale (HADS) tests were performed to assess the emotional status of patients with MMD and retinal nerve fiber layer thickness (RNFLT) was measured using high-resolution optical coherence tomography (hr-OCT). The relationship between the HADS scores, RNFLT values, and the PerAF signals was assessed using the Pearson's correlation analysis.

Results: Compared with HCs, the PerAF signals in patients with MMD were decreased in the Frontal_Sup_Medial_R and Precentral_L, whereas those in the Caudate_L were increased. The areas under the ROC curves indicated that signals in these brain regions could distinguish between patients with MMD and HCs. The PerAF value of Frontal_Sup_Medial_R was positively correlated with the left and right eye RNFLT values and negatively correlated with the HADS scores.

Conclusion: In patients with MMD, reduced PerAF signals in the Frontal_Sup_Medial_R, Precentral_L, and Caudate_L may be associated with psychiatric diseases including anxiety and depression and decreased RNFLT may be associated with ophthalmic complications due to the compression of terminal branches of the internal carotid artery in the retinal fiber layer. The PerAF can be used as an effective indicator of ocular complications of MMD and to study the neural mechanism underpinning emotional complications in patients with MMD.

Keywords: percent amplitude of fluctuation (PerAF), resting-state functional magnetic resonance imaging (rs-fMRI), retinal nerve fiber layer thickness (RNFLT), anxiety, depression, moyamoya disease (MMD)


INTRODUCTION

Moyamoya disease (MMD) is a non-atherosclerotic cerebrovascular structural abnormality, which results from progressive stenosis of the intracranial internal carotid arteries and their proximal branches, with insufficient blood supply to the supraclinoid anterior circulation. Due to compensation for cerebral ischemia (1), patients with MMD will have abundant growth of collateral vessels, which contribute to most of the clinical symptoms of MMD. The main complications of MMD include transient ischemic attack (TIA), hemiparesis, hemorrhagic stroke, seizure, epilepsy, and other symptoms caused by repeated cerebral ischemia and stroke such as memory loss, headache, and progressive loss of cognitive ability (2). According to studies conducted between 1997 and 2011, MMD has a 10-fold higher prevalence in Asian populations than in other ethnic groups. For example, prevalence rates of 1/280,000 have been reported in China and 1/89,000 in Japan, but 1/1,100,000 in the US and 1/2,130,000 in Denmark and prevalence is increasing in both the East Asia and the US (2–5). As the most common pediatric cerebrovascular disease in East Asian regions, MMD is mostly diagnosed in children between 10 and 14 years old or in adults after 40 years old, with females at higher risk (6) (Figure 1).


[image: Figure 1]
FIGURE 1. A moyamoya disease (MMD) angiography illustration and a fundus camera illustration. Internal carotid in the digital subtraction angiography (DSA). Undeveloped anterior and middle cerebral arteries and multiple anomalous vascular networks at the base of the skull.


Digital subtraction angiography (DSA) is widely used in clinical practice and allows blood vessels to be visualized through bone and soft tissues. Doctors can obtain the image as the difference between images before and after administration of the contrast medium. Since its first use in the 1970's, DSA has been widely used in the diagnosis of MMD and is considered to be the gold standard. Some studies indicate that the nephrotoxic contrast agent may cause kidney damage, but X-ray is also harmful for patients, so DSA cannot provide dynamic information and references to clinicians in the diagnosis and treatment of MMD. Functional MRI (fMRI) is a widely used imaging technique, which can detect structural changes in brain regions of interest (ROI) at rest. It is non-invasive and can produce three-dimensional (3D) images without harmful X-rays or nephrotoxic contrast agents (7) and there are no reports of ionizing radiation injury in patients with MMD who have undergone MRI scanning. MRI scanning can also provide images with high tissue structure resolution and its multiple sequencing can provide information to help localize the disease lesion and determine its size (8). The diagnostic signs of MMD in an MRI scan include disappearance of the occlusive vascularity effect and increased vascularity in collateral circulation (9, 10) fMRI has been applied in investigation of the neural mechanisms of neurological diseases. The percent amplitude of fluctuation (PerAF) is a new method of fMRI analysis. Instead of measuring the blood oxygenation level-dependent (BOLD) signal at voxel level, the PerAF reflects the percent signal change by measuring the percentage of BOLD fluctuations relative to the mean BOLD signal intensity for each time point and averaging across the whole time series that directly reflects the resting-state BOLD signal fluctuations (11). It is not influenced by the raw signals due to it do not contain arbitrary units, so the PerAF values are less affected by signal strength errors, more accurate and more suitable for ensuing statistical analysis than other MRI analysis methods such as amplitude of low frequency fluctuation, regional homogeneity, and degree centrality (12–14). In addition, the PerAF can be used for group-level statistical analysis and is unaffected by the confounding mixture of voxel-specific fluctuation amplitude in the amplitude of low-frequency fluctuation method (11). For these reasons, the PerAF can measure voxel-level brain activity changes with higher accuracy and efficiency and is a promising analysis method of voxel-level spontaneous BOLD activity. So far, the PerAF has not been used to explore the pathogenesis and clinical complications of cerebrovascular diseases.

Currently, DSA is the main diagnostic method of MMD and study on brain anomalies in MMD is lacking. We speculate that using the PerAF method to study changes of brain activity in MMD will provide information for diagnosis and the underlying neurological basis including biological indicators. In this study, we used the PerAF analysis to assess spontaneous brain activity and mean retinal nerve fiber layer thickness (RNFLT) in sufferers with MMD. We examined the association between the PerAF signals and clinical characteristics, which may help to reveal the underlying neural mechanisms of MMD and help clinicians to predict the disease and protect their patients from potential complications.



MATERIALS AND METHODS


Subjects

A total of 17 sufferers with MMD (3 males and 14 females) were enrolled in this study. The inclusion criteria were: (1) Patients with typical bilateral MMD diagnosed using DSA; (2) No contraindications to head scan of MRI such as implanted metal devices; and (3) Age between 18 and 60 years. The exclusion criteria were: (1) Patients with atypical MMD or moyamoya syndrome; (2) History of craniocerebral surgery; (3) Severe medical disease and visual and hearing impairment; (4) History of stroke; (5) Addiction (for example, to drugs or alcohol); and (6) Contraindications to MRI examination.

This study also enrolled 17 healthy control (HC) subjects (4 males and 13 females) matched for age, gender, and education level. The inclusion criteria were: (1) No MMD diagnosis; (2) No other defects in brain function (such as cerebrovascular diseases and tumors); (3) No serious organic diseases such as heart disease or hypertension; (4) No history of neurologic or psychiatric disorders (anxiety disorders or delusions); and (5) No contraindication to MRI examination. The RNFLT values were measured at baseline, using high-resolution optical coherence tomography (hs-OCT), following a previously described protocol (15).

The Ethics Committee of the First Affiliated Hospital of Nanchang University approved this study. In this study, all the procedures followed the principles of the Declaration of Helsinki and Medical Ethics guidelines. Every subject voluntarily underwent the study procedures and was informed about the aim of this study as well as the potential risks. Each subject signed an informed consent form before recruitment.



Digital Subtraction Angiography

Digital subtraction angiography of the brain was performed. A digital subtraction vascular machine was used. The patient was instructed to adopt the supine position, the towel was disinfected, femoral artery puncture was performed, and a 5F sheath was inserted 2 cm below the inguinal ligament of the lower extremity of patient. A Pigtail catheter was inserted into the aortic arch and 30 ml contrast agent was injected into the aortic arch at a constant rate. The Pigtail catheter was replaced and a 5F vertebral artery angiography tube was inserted into the common carotid artery, internal carotid artery, subclavian artery, and vertebral artery along with the arterial sheath and DSA was performed in the anteroposterior, lateral, oblique, and Torontonian positions.



Resting-State FMRI (Rs-FMRI) Protocol

Magnetic resonance imaging scans in this study were implemented on a Trio 3-Tesla MRI scanner using the total imaging matrix method (Siemens, Berlin, UK). All the subjects were instructed to breathe steadily without moving their heads during the scan. To obtain T1-weighted images, all the subjects were scanned using parameters reported in previous studies (16).



Resting-State FMRI Data Analysis

The functional data were prefiltered to remove incomplete data with MRIcro program (https://crnl.readthedocs.io/). We deleted the first 10 volumes from each data of subject to balance the signal. Then, we use Data Processing Assistant for rs-fMRI version 4.0 (http://rfmri.org/DPARSF) and Statistical Parametric Mapping version 8 (http://www.fil.ion.ucl.ac.uk/spm) for head movement correction and spatial normalization; then, we exported the data to a Digital Imaging Communication System. The images were smoothened with 6 × 6 × 6 mm3 voxel size and full width of 6 mm. The scan data of the participants with head movement over 3 mm were deleted and head movement correction was applied to other valid data (17). The automated anatomical labeling (AAL) was used as a template in the study. Linear regression would filtered out the false variable values (18) and we use echo plane image template to standardize the fMRI scans, with the guidance of the Montreal Neurological Institute standards.

The PerAF method used in this study differs from that of previous study. The average BOLD signal values were calculated on the basis of measurements and the percentage of BOLD fluctuation was measured at different time points in relation to the average BOLD value, which was then averaged over the whole time series to acquire the PerAF. The PerAF value for each voxel was calculated using the equations below.
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In these equations, xi is the signal strength at the ith time point, n is the number of all the time points, and μ is the average value across the time series.



Brain–Behavior Correlation Analysis

Brain regions were classified into ROIs based on the PerAF findings, with the resting state fMRI data analysis toolkit (REST) program (https://sourceforge.net/projects/resting-fmri/). The average PerAF value of each ROI was extracted by averaging the PerAF values on all the voxels. Lastly, the relationship between the average PerAF signal of each brain region of MMDs and corresponding functional abnormalities was discussed through correlation analysis.

All the participants completed the Hospital Anxiety and Depression Scale (HADS) questionnaire and the result was evaluated by the Pearson's correlation analysis (p < 0.05). The SPSS software version 20.0 (IBM Corporation, Armonk, New York, USA) were used to perform linear correlation.



Statistical Analysis

After controlling for age and sex, the SPSS software (IBM Corporation, Armonk, New York, USA) was used to perform independent samples t-tests comparing the demographic data, RNFLT, and visual acuity (VA) between patients with MMD and HCs. p < 0.05 was considered as statistically significant. The 2-sample t-test was used to evaluate the differences in the PerAF values between the two groups using the REST program. The Gaussian random field theory was applied to determine the voxel-wide threshold in multiple comparisons as p < 0.005. The AlphaSim correction was also applied to clusters over 103 voxels. The receiver operating characteristic (ROC) curve analysis was performed to compare the average PerAF between the two groups using the area under the ROC curve (AUC). The Pearson's correlation analysis was utilized to evaluate the associations between the PerAF values in clusters and the HADS scores as well as RNFLT.




RESULTS


Demographics and Clinical Indicators

No significant differences in age (unpaired t-test, p = 0.90), sex (chi-squared test, p > 0.99), or body weight (unpaired t-test, p = 0.917) were found between the MMD and HC groups. VA-left (p = 0.768) and VA-right (p > 0.99) also showed no significant differences between the groups. However, significant between-group differences were found in RNFL thickness of the right (p < 0.001) and left eye (p < 0.001) (Table 1).


Table 1. Basic information of participants in the study.
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Percent Amplitude of Fluctuation in MMD

The PerAF values in Frontal_Sup_Medial_R and Precentral_L regions were significantly lower in MMD than in HC, while values in the Caudate_L were higher in MMD than in HC (Figure 2, Table 2).


[image: Figure 2]
FIGURE 2. Comparison of the PerAF signal in patients with MMD and HCs. (A,B) Green and orange represent the signal strength. The PerAF value in Frontal_Sup_Medial_R and Precentral_L was decreased, while the PerAF value was increased in Caudate_L (the AlphaSim correction was performed at cluster size > 103 voxels, p < 0.005). (C) The mean PerAF values in the 2 groups. MMD, moyamoya disease; PerAF, percent amplitude of fluctuation; HC, healthy control. *P < 0.05.



Table 2. Brain areas with significantly different AF values between patients with MMD and HCs.
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Receiver Operating Characteristic Curve

The AUCs for Frontal_Sup_Medial_R and Precentral_L were 0.960 (p < 0.0001; 95% CI: 0.900–1.000) and 0.973 (p < 0.0001; 95% CI: 0.926–1.000), respectively, and the AUCs for Caudate_L was 0.924 (p < 0.0001; 95% CI: 0.831–1.000) (Figure 3).


[image: Figure 3]
FIGURE 3. The ROC curve analysis of the mean PerAF values of different brain regions. (A) The AUCs for Frontal_Sup_Medial_R and Precentral_L were 0.960 (p < 0.0001; 95% CI: 0.900–1.000) and 0.973 (p < 0.0001; 95% CI: 0.926–1.000), respectively (B) The AUC was 0.924 (p < 0.0001; 95% CI: 0.831–1.000) for Caudate_L. ROC, receiver operating characteristic; AUC, area under the ROC curve; MMD, moyamoya disease; PerAF, percent amplitude of fluctuation.




Correlation Analysis

In patients with MMD, the RNFLT-left and RNFLT-right were positively associated with the PerAF value of the Frontal_Sup_Medial_R (r = 0.727, p < 0.01 and r = 0.748, p < 0.01, respectively) (Figure 4A, Table 3). In patients with MMD, the anxiety score (AS) and depression score (DS) were negatively associated with the PerAF value of the Frontal_Sup_Medial_R (r = −0.772, p < 0.01 and r = 0.806, p < 0.01, respectively) (Figure 4B).


[image: Figure 4]
FIGURE 4. Correlations between AS/DS and RNFLT and the PerAF signal intensity in patients with MMD. (A) Negative associations were found between the AS/DS and the PerAF value in the Frontal_Sup_Medial_R. (B) Positive associations were found between left-RNFLT, right-RNFLT, and the PerAF value in Frontal_Sup_Medial_R. AS, anxiety score; DS, depression score; RNFLT, retinal nerve fiber layer thickness; PerAF, percent amplitude of fluctuation.



Table 3. The results of the HADS test in patients with MMD and HCs.
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DISCUSSION

The PerAF reflects the resting-state BOLD signal fluctuations directly, it does not use arbitrary units, and is not influenced by raw signals, so the PerAF values are less affected by signal strength errors, more accurate, and more suitable for ensuing statistical analysis than other MRI analysis methods. The PerAF has been used in some studies of neurological disorders (Table 4) (14, 19–21), but this study is the first to use the PerAF to study changes in brain activity in a cerebrovascular disorder. The results showed that the PerAF values in MMD were decreased in Frontal_Sup_Medial_R and Precentral_L, but increased in Caudate_L compared with HCs (Figure 5).


Table 4. The PerAF methods applied in neurogenic diseases.
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[image: Figure 5]
FIGURE 5. The mean perAF values of ROIs. Compared with the HCs, the PerAF values in Precentral_L (t = −4.3502) and Frontal_Sup_Medial_R (t = −3.8795) were increased and the PerAF value in Caudate_L (t = 3.8544) was decreased. PerAF, percent amplitude of fluctuation; HCs, healthy controls.


The AS and DS from the HADS questionnaire were negatively associated with the PerAF in the Frontal_Sup_Medial_R in sufferers with MMD, indicating an association between MMD and psychiatric disorders. RNFLT value can be measured by OCT in vivo accurately and reproducibly, which provides high diagnostic ability in discriminating between healthy and glaucomatous eyes (22). RNFLT is now more and more commonly used in the staging system of glaucoma in the clinical practice. Previous studies demonstrated that the measurement of RNFLT provides important information for discriminating patients with ocular hypertension without any type of damage from those patients that do not show any functional damage, but have early structural glaucomatous signs (23, 24). The RNFLT-left and RNFLT-right were positively correlated with the PerAF value of the Frontal_Sup_Medial_R. Since we did not study the relationship between the PerAF and the course and progression of MMD, we are unable to determine whether RNFLT is related to the course of MMD. However, because changes in RNFLT are associated with various ocular diseases such as glaucoma, retinitis pigmentosa, ischemic optic neuropathy, optic neuritis, and cranial lesions that destroy or damage the optic nerve (25), the PerAF values as measured in this study can be used as an effective indicator of ocular complications associated with MMD. On the other hand, patients with MMD may have higher risk of developing eye diseases that are associated with abnormal RNFLT such as glaucoma, optic neuritis, and retinitis pigmentosa.

The superior frontal gyrus (SFG) is an important component of the third frontal lobe of the human brain and plays a crucial role in the regulation of movement, working memory, cognitive ability, self-awareness, and emotional regulation, in coordination with sensory systems (26). Fried et al. (27) found that electrical stimulation of the SFG triggered laughter in an epileptic patient. A higher level of electrical current increased the duration and intensity of laughter, from a smile at low currents to robust laughter with head waving at high current. The patient said her laughter was caused by the sensation of merriment and explained the laughter differently each time, attributing it to several external factors such as decor of the room or the content of the paragraph she was asked to read (27). The SFG is also involved in the perception and regulation of stress including acute psychosocial stress (28) and chronic life stress (29). Altered SFG gray matter volume was found in stress-related diseases such as major depression (30) and social anxiety disorder (31).

In this study, the PerAF was lower in the SFG of patients with MMD compared to controls. Combined with the above evidence, we deduce from our findings that sensory system impairment is likely in MMD, with reduced brain activity in the SFG. Therefore, patients with MMD may suffer from emotional disorders (depression and anxiety) resulting from decreased neural activity in the SFG. The risk of suffering from other disorders related to dysfunctions in the SFG such as cognitive disability and dyskinesia would also increase. The treatment of sufferers with MMD should include strategies for mood adjustment to avoid the development of depression and anxiety symptoms.

Furthermore, the mean PerAF value of the Frontal_Sup_Medial_R was negatively associated with the thickness of the left and right RNFL. Reduction in RNFLT is associated with various ocular diseases such as glaucoma, retinitis pigmentosa, ischemic optic neuropathy, optic neuritis, and cranial lesions that destroy or damage the optic nerve (25) (Figure 6). This may suggest that the PerAF analysis can be used as an early biomarker for ocular complications associated with MMD.


[image: Figure 6]
FIGURE 6. The relationship between MMD, mood changes, visual changes, and neural activity changes in related brain regions.


The precentral gyrus (PG) contains the primary motor cortex, which controls the regulation of voluntary movement of the contralateral side of the body (32). PG also comprises part of the supplementary motor cortex, which is responsible for the control of voluntary muscle contraction of the upper and lower limbs (33). When PG lesions occur, patients show dysfunction of the upper motor neurons with associated muscle weakness, abnormal muscle tone, contralateral paralysis (facial, leg, and arm paralysis), and pathological muscle stretch reflexes (such as Babinski sign) (34). Combining the above evidence with the decreased PG PerAF in this study, we can speculate that the extending terminal branches of the carotid artery may, to some extent, be compressed and cause PG dysfunction. The risks of contracting diseases related to PG, such as ataxia, contralateral paralysis, and dysmetria, would be increased in this situation.

The caudate nucleus is an important component of the corpus striatum, which controls spatial movement (35), spatial mnemonic processing, procedural learning (36), and associative learning (37). As part of the cortico-basal ganglia-thalamic loop, it also functions as a component of the reward system (38). The caudate nucleus receives input from the dopaminergic neurons projecting from the substantia nigra and from other associated brain regions. Previous studies indicate that the caudate nucleus is associated with the dysfunction of spatial working memory in patients with Alzheimer's disease as well as its abnormal dopamine supply to the striatum. Compared with non-spatial tasks, increased neural activity in the caudate nucleus is observed when undertaking tasks requiring spatial and motor memories (39). The caudate nucleus also takes part in regulating the speed and accuracy of directed body movements. Arushanian and Tolpyshev (40) removed the caudate nucleus in felines and observed defects in regulation of movement distance and accuracy. In another group in which the caudate nucleus was partially removed in felines, upper limb movement was delayed after stimulation, with constant adjustment of body posture and apparent failure to localize stimulation. A similar animal experiment conducted on monkeys involved the use of cocaine to damage the caudate nucleus. Uncontrolled forward movement and forward leaping were observed in the caudate-damaged monkeys, indicating that the caudate nucleus inhibits spontaneous forward movement when there is no resistance in the forward direction (41). The dorsal-prefrontal subcortical loop in the caudate nucleus is also associated with working memory. Hannan et al. (42) found in normal human subjects that the caudate nucleus is highly activated during working memory tasks, while in patients with schizophrenia, defects in working memory are linked to reduced innervation of the caudate nucleus. The amygdala sends projections to the caudate nucleus and they both have projections into the hippocampus. It is well established that the amygdala is important in memory processing. Lesions of connections between these structures obstruct the infusion of oxotremorine into the caudate nucleus, preventing its memory-enhancing effect and demonstrating the caudate nucleus function in memory processing in cooperation with amygdala. Combining the above evidence with the result of this study that higher PerAF signal was found in the caudate nucleus in sufferers with MMD, we may speculate that dysfunction in the MMD motor control system may cause compensatory overactivation of the caudate nucleus. Therefore, we hypothesize that increased neural activity in the caudate nucleus would cause disorders in motor control and memory learning, which is related to the function of this brain region. In clinical practice, interventions can be made to avoid these potential risks. Based on the above evidence, Table 5 illustrates the changed activation of brain regions in MMD, functions of those regions, and anticipated clinical outcomes.


Table 5. Brain regions alternation and its potential impact.

[image: Table 5]

In conclusion, changes of the PerAF signals are found in specific brain regions in sufferers with MMD, with decreases in the Frontal_Sup_Medial_R and Precentral_L and an increase in the Caudate_L. Patients with MMD may be at higher risk of diseases that are related to the dysfunction of these brain regions. This study had some limitations. For example, all the subjects were recruited from one province. As MMD is a relatively rare disease, the number of subjects that can be recruited is very limited and a relatively large and equal number of male and female subjects could not be included in this study. But since MMD is a rare disease, the incidence ranges from 1/280,000 to 1/89,000 in Japan and China to 1/1,100,000 in the US. The incidence of the disease in our country is much lower than that in the west. Thus, we have merely collected 46 cases with definite diagnosis and only 17 out of the 46 patients are willing to participate in this study. Therefore, the recruitment of experimental subjects has a certain degree of difficulty. Since our hospital is a well-known hospital in our country for treatment of MMD, patients come not only from the local, but from all over the country. Although it is a single-centered study, the subjects in this study are still representative. Therefore, the sample included large differences in the numbers of male and female participants. However, this study is the first study to use the PerAF to study neural activity changes in MMD. This study found altered brain activity in certain brain regions in sufferers with MMD and disclosed the neural mechanisms underlying clinical features such as anxiety and depression in patients with MMD. This study will also help to advance understanding of the pathogenesis of MMD and its complications, which will, in turn, lead to improvements in the diagnosis and treatment of MMD.
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Background: Aneurysmal subarachnoid hemorrhage (aSAH) is a life-threatening condition with high disability and mortality. MicroRNAs (miRNAs) are reported to play a modulating role in aSAH. We investigated specific plasma microRNAs (miRNAs) associated with aSAH and gained comprehensive insight into its pathological mechanisms.

Methods: This is a prospective case–control study. We used a two-stage approach, with primary screening and ensuing two-step validation stages. Significantly differentially expressed plasma miRNAs between aSAH patients and neurologically healthy controls were initially screened by microarray analysis. These miRNAs were then validated in two groups of independent cohorts using reverse transcription quantitative real-time polymerase chain reaction assays. Functional annotation of these miRNA targets was performed by Gene Ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analyses.

Results: In the primary screening stage, 14 miRNAs were identified as differentially expressed at a significance level of P < 0.05 and fold change >2 between 5 aSAH patients and 5 neurologically healthy controls. In the two validation steps (20 patients vs. 20 control; 40 patients vs. 30 controls), miR-23b-3p, miR-590-5p, miR-20b-5p, miR-142-3p, and miR-29b-3p were found to be significantly down-regulated in patients with aSAH compared with controls. Through these 5 miRNAs, we obtained 32 overlapping target genes, including TGM2, EREG, EDN1, and COL4A1, in three databases that may affect the progression of aSAH. The results of functional annotation revealed mechanisms mainly related to inflammation, smooth muscle cell proliferation and cell adhesion, potentially contributing to the occurrence of aSAH.

Conclusion: We demonstrate that specific miRNAs in plasma, including miR-23b-3p, miR-590-5p, miR-20b-5p, miR-142-3p, and miR-29b-3p, are significantly down-regulated in aSAH patients and may play a modulating role in its progression.
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INTRODUCTION

Aneurysmal subarachnoid hemorrhage (aSAH) is a life-threatening condition with high disability and mortality worldwide, accounting for 5–10% of stroke (1). Early identification of aSAH is particularly important. Current diagnostic methods mainly depend on digital subtraction angiography (DSA). However, false negative results may occur in the presence of vasospasm or thrombosis in ruptured aneurysms. In addition, DSA is an invasive operation with underlying risks. Therefore, biomarkers based on the pathophysiology of ruptured aneurysms that distinguish patients with aSAH from a healthy population are urgently needed.

MicroRNAs (miRNAs), molecules 19–25 nucleotides in length, comprise a class of endogenous, non-coding, single-stranded sequences that play critical roles in post-transcriptional regulation by pairing with the 3′ or 5′ -untranslated region (UTR) of target mRNAs and repressing their translation (2). It has been previously demonstrated that miRNAs are stably expressed in the circulating blood at sufficient levels and have great potential for serving as novel, non-invasive biomarkers (3). Recent studies have investigated circulating miRNA profiling as an indicator for cardiovascular diseases (4). Other studies report significant differences in levels of circulating miRNAs at different pathological processes and physiological aneurysm formation stages, including the inflammatory response, endothelial dysfunction and vascular smooth muscle cell phenotypic modulation (5). In this study, we aimed to investigate specific plasma microRNAs (miRNAs) associated with aSAH and to gain comprehensive insight into the pathological mechanisms of this condition.



MATERIALS AND METHODS


Study Design and Subjects

This was a case-control study using a two-stage approach to analyse differential expression of plasma miRNAs between patients with aSAH and age- and sex-matched neurologically healthy controls, including primary screening and ensuing validation stages. We performed microarray analysis in the primary screening stage to identify differentially expressed plasma miRNA profiles. Then, we carried out validation via reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) assays twice by recruiting two groups of independent cohorts. Based on the two sets of validated significantly expressed miRNAs between patients with aSAH and neurologically healthy controls, we obtained targeted genes and related biological processes through databases.

Patients meeting the following criteria were enrolled prospectively in the current study: 1) age between 20 and 60 years old; 2) aSAH with at least one intracranial aneurysm confirmed by digital subtraction angiography (DSA) in Beijing Tiantan Hospital; and 3) within 10 days after the onset of symptoms. Those with previous cardiovascular diseases, neurological diseases such as dementia and encephalitis, or prior systemic disorders such as severe renal, liver or heart failure and malignancy were excluded. We enrolled neurologically healthy controls from the health physical examination center in Beijing Tiantan Hospital whose age and sex matched the included aSAH patients. First-degree relatives of the controls had no history of intracranial aneurysm or subarachnoid hemorrhage (SAH). Baseline demographic data, including characteristics regarding vascular risk factors such as hypertension, diabetes, smoking, and alcohol consumption, were collected. We collected the time from blood sampling to the aSAH onset in the patients. We also evaluated the imaging features of intracranial aneurysms including aneurysmal number, location, type and size and assessed the Hunt Hess scale (6), modified Fisher scale (7) in the aSAH patients. Moreover, we dichotomized the neurological functional outcomes at discharge of the aSAH patients as good and poor outcomes, which were defined by modified Rankin Scale 0–2 and 3–6, respectively. This study was evaluated and approved by the medical ethics committee of Beijing Tiantan Hospital, Capital Medical University (KY2012-002-01). All participants or their legal representatives provided written informed consent to participate in the study.



Sample Processing and RNA Isolation

Peripheral venous blood samples were collected into EDTA-containing tubes on the day after admission, processed within 30 min to prevent blood clotting and cell lysis and promptly centrifuged at 2,200 × g for 10 min at room temperature. The plasma was aliquoted into 1.5-mL nuclease-free tubes and stored at −80°C until RNA isolation.

Total RNA, including miRNA, was extracted from venous blood samples using mirVana RNA Isolation Kit (Ambion) according to the manufacturer's standard protocols. The concentration of isolated RNA was measured using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA), and the RNA integrity was assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies).



miRNA Microarray Experiment

Qualified total RNA was dephosphorylated, denatured and labeled with Cyanine-3-CTP. The purified labeled RNAs were hybridized onto an Agilent Human miRNA microarray (8*60K, Design ID: 046064) containing 2006 miRNA probes at 55°C for 20 h. After washing, the miRNA microarrays were scanned with an Agilent Scanner G2505C (Agilent Technologies).



Reverse Transcription Quantitative Real-Time Polymerase Chain Reaction

To validate the microarray-generated plasma miRNAs, we conducted two independent validation stages. In the first stage, we measured levels of miRNAs obtained in the screening stage. In the second stage, we validated the miRNAs identified in the first stage and added miRNA-29b-3p, which was closely related to aneurysm formation (8).

miRNA levels were measured using RT-qPCR, with two reaction processes: reverse transcription (RT) and real-time polymerase chain reaction (qPCR). The RT reaction was performed with GeneAmp® PCR System 9700 (Applied Biosystems, USA); qPCR was performed using a LightCycler® 480 II Real-time PCR Instrument (Roche, Switzerland). Exogenous cel-miR-39 was added as an external control, and expression levels of miRNAs were normalized (9). The reactions were run in triplicate, and we used average values of miRNA levels. The ΔCt (threshold cycle) value was calculated by subtracting the Ct value of the exogenous miRNA (cel-miR-39) from that of the target miRNA. The ΔΔCt value was calculated by subtracting the ΔCt value of the miRNA of the control group from that of the target miRNA. Ultimately, the relative expression levels of miRNAs were calculated via the 2−ΔΔCt method (10). miRNAs were verified in the validation stages when the level differed significantly (P < 0.05) and fold change was >2 between the two groups. Investigators performing the whole screening and validation processes above were blinded to the group of samples.



Functional Annotation

We employed a total of three databases, TargetScan, PITA and microRNAorg, separately to obtain a gene list predicted to be targeted by the differentially expressed miRNAs using GeneSpring13.1 software. Functional annotation of miRNA target genes was performed by Gene Ontology (GO) analysis (11) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis (12). GO was used to uncover the biological functions of the miRNA target genes, including biological process, cellular component and molecular function, and KEGG pathway enrichment analysis was performed to detect potential pathways of the miRNA target genes based on the KEGG pathway database, which is a recognized and comprehensive database including various types of biochemistry pathways. We counted the number of target genes and calculated the statistical significance for each GO and pathway entry. The calculation resulted in a P-value, with a smaller value indicating that the target gene was more enriched.



Statistical Analysis

Baseline characteristics are presented as percentages for categorical variables and means and standard deviations for continuous variables. Chi-square tests and t-tests were used to compare categorical and continuous variables between the patients and controls. miRNA levels were compared using the t-test. A two-sided P-value of <0.05 was considered statistically significant. All statistical analyses were performed using SPSS 24.0 (IBM Corp, Armonk, NY).




RESULTS


Clinical Characteristics

A total of 65 aSAH patients and 55 healthy controls were included in the study (Figure 1). The baseline characteristics of the 120 participants in each case–control cohort are shown in Table 1. Among the 65 aSAH patients, 36 (55.4%) were male, and the mean age was 47.28 years. The mean age of the controls was 47.70 years, and 26 (47.3%) of them were male. There were no significant differences between the risk factors between aSAH patients and controls in each case–control cohort. The median time of blood sampling after the aSAH onset was 2 days (interquartile range 2–3). None of the subjects had a history of anticoagulation or antiplatelet drug use.


[image: Figure 1]
FIGURE 1. Study flow diagram. aSAH indicates aneurysmal subarachnoid hemorrhage.



Table 1. General characteristics of patients with aneurysmal subarachnoid hemorrhage and controls*.

[image: Table 1]

There were 74 aneurysms in the 65 aSAH patients. Seven patients had multiple aneurysms: five patients had two aneurysms, and two had three aneurysms. The percentage of anterior communicating arteries was highest, and most aneurysms were saccular and had a size less than 5 mm. Most patients were with grade 2 of the initial Hunt Hess scale (58.5%) and grade 3 of modified Fisher scale (30.8%, Table 2).


Table 2. Radiologic and clinical features of patients with aneurysmal subarachnoid hemorrhage*.

[image: Table 2]



Differently Expressed miRNAs Screened by Microarray Analysis

The microarray study screened expression levels of approximately 2006 miRNAs isolated from the plasma of 10 participants (5 aSAH patients and 5 controls), who were the first 5 aSAH patients admitted to the hospital and 5 age- and sex- matched neurologically healthy controls. Among 113 miRNAs detected on chips, 14 were differentially expressed between 5 aSAH patients and 5 controls at an adjusted significance level of P < 0.05 and fold change >2. Among those, 6 miRNAs were up-regulated and 8 down-regulated in aSAH patients compared to the controls (Table 3). The results of two-way hierarchical clustering of the 14 important miRNAs are presented in a heatmap (Figure 2).


Table 3. Plasma miRNAs with significant differences between aSAH patients and controls, as determined by microarray.
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FIGURE 2. Volcano plot and heatmap expression profiles of differentially expressed miRNAs between aSAH patients and controls in the screening stage. (A) Volcano plot of all miRNAs. The –log (P) of each miRNA is plotted against the log2 ratio of aSAH intensity to normal intensity. The green horizontal line indicates the significance level at P = 0.05. The green vertical line indicates a fold change level >2. miRNAs that were significantly up-regulated or down-regulated in aSAH patients are indicated by red dots. (B) Two-way hierarchical clustering of 14 significant miRNAs. Relatively higher expression levels are represented by red, and relatively lower expression levels are represented by green. miRNAs indicate microRNAs and aSAH, aneurysmal subarachnoid hemorrhage.




Validation of Candidate miRNAs With RT-qPCR

We enrolled 40 independent samples (20 aSAH patients vs. 20 controls) in the first small-scale preliminary experiment and validated the 14 initial candidate miRNAs that were significantly expressed in the screening stage by RT-qPCR, and only four miRNAs, hsa-miR-23b-3p, miR-590-5p, miR-20b-5p, and miR-142-3p, were still significantly expressed. According to the results of the experiment, we chose to validate these four miRNAs and added miR-29b-3p, which is reported to be closely related to intracranial aneurysm formation, in another independent cohort of 70 individuals (40 aSAH patients vs. 30 controls) (8). Among the miRNAs identified, all 5 miRNAs were significantly down-regulated in the aSAH patients compared with the controls (all P < 0.05; Figure 3), consistent with the preliminary validation experiment results.


[image: Figure 3]
FIGURE 3. Relative expression levels of five miRNAs between aSAH patients and controls in the validation stage. (A) miR-23b-3p; (B) miR-590b-5p; (C) miR-20b-5p; (D) miR-142b-3p; (E) miR-29b-3p. Relative expression levels were all significantly lower in aSAH patients than in controls (all P < 0.05). miRNAs indicate microRNAs and aSAH, aneurysmal subarachnoid hemorrhage.




Target Gene Prediction and Functional Annotation

We identified 32 common target genes based on the intersection of results from three databases, TargetScan, PITA and microRNAorg (Figure 4A), and displayed these 32 genes which were shared by all these three databases in Table 4. Several of these target genes have been reported to be closely related to the formation, growth and rupture of intracranial aneurysms, including transglutaminase 2 (TGM2), epiregulin (EREG), endothelin-1 (EDN1) and alpha 1 type IV collagen (COL4A1).


[image: Figure 4]
FIGURE 4. Target genes and results of GO and KEGG analyses. (A) 3 targetsbase_venn. Venn diagram of target genes from three databases, TargetScan, PITA, and microRNAorg. (B) GO_barplot. Enrichment P-value histograms for each GO branch (sorted by P-value). (C) KEGG_dotplot. A bubble map for the result of KEGG branch enrichment (each KEGG branch is sorted by the P-value, taking the first 20 KEGG results). The abscissa is the ratio of the number of genes associated with the KEGG term in the target gene to the number of genes enriched in the KEGG database. The ordinate is the KEGG term. The color scale represents the P-value; when the color tends toward red, the P-value is smaller. The size of the circle indicates the number of differentially expressed genes in the pathway: the larger the point, the more significant in the gene. GO indicates gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; TGF, transforming growth factor and AMPK, AMP-activated protein kinase.



Table 4. Target gene list obtained from three databases.

[image: Table 4]

We performed GO enrichment analysis to systematically understand the pathological roles of the target genes. The results revealed a broad range of enriched biological processes or molecular function categories (Figure 4B), such as connective tissue development, angiogenesis, signaling pathways, cell proliferation, collagen catabolic process, extracellular matrix organization, and smooth muscle tissue development.

In addition, we carried out pathway analysis using the KEGG database, which indicated the transforming growth factor (TGF)-β signaling pathway (ID: hsa04350) as the most significantly enriched (P = 1.11E-08). Several related pathways involved in sSAH disease were also enriched, including the Hippo signaling pathway (hsa04390), p53 signaling pathway (hsa04115), cellular senescence (hsa04218), AMP-activated protein kinase (AMPK) signaling pathway (hsa04152), focal adhesion (hsa04510), osteoclast differentiation (hsa04380) and cell cycle (hsa04110) (Figure 4C).




DISCUSSION

The major discovery in our study is that, compared with neurologically healthy individuals, 14 plasma miRNAs were significantly altered in aSAH patients, regardless of the characteristics of the aneurysms, such as location, type and size. In the verification study, 4 miRNAs, hsa-miR-23b-3p, miR-590-5p, miR-20b-5p, and miR-142-3p, expression profiling and supplement one miR-29b-3p, were significantly altered, and we identified 32 putative target genes involved in the progression of aSAH, including TGM2, EREG, EDN1, and COL4A1. Connective tissue development and the TGF-β signaling pathway were the most significantly enriched biological processes and pathways.

Studies on miRNAs associated with intracranial aneurysms are ongoing. Among the five miRNAs screened and validated in our study, it had been previously reported that miRNA-29b and miRNA-23b-3p are differentially expressed in intracranial aneurysm tissues compared with normal tissues (5); in addition, miR-20b-5p might affect the occurrence and development of intracranial aneurysms by regulating actin cytoskeleton biogenesis (13). miR-23b was also found to result in an impaired inhibitory effect on inflammatory cytokine expression and to be closely related to the inflammatory response. It has been demonstrated that downregulation of miR-590-5p promotes angiotensin II-induced endothelial cell apoptosis in aSAH (14). To date, however, there is no report that miR-142-3p is associated with aSAH or intracranial aneurysms, though a mouse study demonstrated that down-regulation of miR-142-3p affects macrophages involved in age-related inflammatory diseases (15). Moreover, some studies have demonstrated that miR-142-3p is a key regulator of the TGF-β-mediated contractile phenotype of vascular smooth muscle cells that acts by inhibiting cell migration (16). Notably, the TGF-β signaling pathway was found to be involved in the progression of aSAH in our study, and we hypothesize that miR-142-3p is involved in the formation of intracranial aneurysms.

We obtained 32 common target genes in total based on intersection of the results from three databases, demonstrating that each miRNA can participate in regulating expression of multiple target genes and that the same gene may also be regulated by several miRNAs. TGM2 is reported to play a key role in positive regulation of the inflammatory response, smooth muscle cell proliferation and cell adhesion and to participate in blood vessel remodeling (17). In addition to TGM2, EREG, coregulated by miR-142-3p, miR-150-5p, miR-20b-5p, and miR-4793-3p, is closely related to the regulation of smooth muscle cell differentiation and proliferation, epidermal growth factor receptor activity and signaling pathways, epithelial cell proliferation and angiogenesis (18, 19). By targeting EDN1, a potent vasoconstrictor produced by endothelial cells, miR-4443 positively regulates smooth muscle cell proliferation and blood vessel morphogenesis (20). Furthermore, COL4A1 appears to be involved in the maintenance of the integrity of the extracellular matrix of the arterial wall, as genetic variation in COL4A1 leads to disruption of collagen type 4 in the basement membrane (21).

By analyzing the results of GO enrichment, we found that a large part of the cause of intracranial aneurysms is related to the structure of the blood vessel wall, including connective tissue development, smooth muscle cell proliferation and endothelial cell inflammation. Endothelial cells are present in the innermost wall of arteries, which are in direct contact with blood. Endothelial cell differentiation and proliferation or inflammation can increase the formation of aneurysms by generating reactive oxygen species (22). Extracellular connective components and vascular smooth muscle cells together form the medial membrane of the vascular wall, which is the main load-bearing structure. Changes in the collagen catabolic process, extracellular matrix tissue and vascular smooth muscle will inevitably lead to a significant decrease in wall tensile strength (23, 24). Although intracranial aneurysms appear to be focal lesions, there is sufficient evidence to suggest that the entire vascular system is altered in patients with intracranial aneurysms. Our study also found that systemic mechanisms such as stem cell differentiation, positive regulation of angiogenesis and venous blood vessel development are involved in the formation of aneurysms.

With regard to target gene-associated pathways, TGF-β signaling was the most significant pathway revealed in KEGG analysis. This finding is consistent with a previous study, which indicated that the TGF-β pathway plays a pivotal role in Loeys-Dietz syndrome by affecting smooth muscle cells, with characteristic arterial tortuosity and aneurysms (25). Another study found that TGF-β signal transduction participates in intracranial aneurysm pathogenesis through endothelial cells, corresponding well with enriched GO categories (26). Furthermore, the Hippo signaling pathway is reported to be essential for angiogenesis and vascular barrier formation and maturation, and cellular senescence is associated with the formation of micro-aneurysm in old-age human retinas (27).

There are some limitations to our study. First, we only enrolled patients with aSAH but none with unruptured intracranial aneurysms. So far, there are relatively few literatures on the effect of aneurysm rupture process on the change of plasma miRNAs. Despite previous studies have shown that the change in miRNA expression levels is consistent in patients with intracranial aneurysms, regardless of their status (either ruptured or unruptured), compared to healthy controls (28), whether the aneurysm rupture process has effect on the expression of plasma miRNAs warrants further prospective and large scale studies to investigate. Second, the sample size of this study was relatively small, especially after splitting into 3 cohorts, which might have led to some bias in the results. In addition, we only analyzed the miRNAs in plasma, which might be influenced by the conditions of peripheral organs after aSAH. Therefore, further studies are needed to explore miRNAs in aSAH.

In conclusion, we demonstrate that miR-23b-3p, miR-590-5p, miR-20b-5p, miR-142-3p, and miR-29b-3p are significantly down-regulated in aSAH patients, which suggests that these 5 miRNAs are associated with aSAH disease. In addition, mechanisms mainly involving inflammation, smooth muscle cell proliferation and cell adhesion potentially contribute to the occurrence of disease. These results provide a foundation for future research to identify genetic differences between the aSAH population and controls, which may lead to a better understanding of the underlying molecular and pathological mechanisms of aSAH and novel therapeutic targets.
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So far, intense pulsed light (IPL) has been widely used in the treatment of meibomian gland dysfunction (MGD), but there was still a lack of research on its specific mechanism. Determining whether there was a correlation between liposome changes and remission of clinical signs in patients with MGD treated with IPL was of great significance in the clinical evaluation of efficacy in patients with MGD. Our study enrolled the 10 healthy subjects and 26 adult patients, who were diagnosed with MGD and had not received any alternative treatments for at least 3 months. Each patient received a series of three treatments at 3-week intervals. The meibum was collected before the first treatment (T0) and the third treatment (T2). The significant changes in ocular surface parameters before and after IPL treatment were analyzed. The results showed that IPL significantly improved the symptoms of MGD, including ocular surface disease index (OSDI), tear breakup time (TBUT), redness of conjunctival (CR), corneal fluorescein staining (CF), the meibomian gland expressibility (MGE), and meibum quality (all p < 0.05). Lipidomics analysis of the meibum characterized the changes in lipid profiles induced by IPL. A total of 323 lipid species compounds were identified in the spectrum. A total of 41 lipid species were significantly different in patients with MGD (T0) vs. healthy controls. Following IPL treatment (T2), 24 lipid species were significantly different compared with T0: TG (10 lipid species), LPC (6 lipid species), OAHFA (4 lipid species), Cer (2 lipid species), SM (1 lipid species), and PE (1 lipid specie). Among these lipids, 4 of the lipids was a high correlation with TBUT, 5 was TH, 6 was CR, and 11 was meibum quality. In a ward, IPL treatment can achieve the therapeutic effect by changing the alternations of tear film lipids in patients with MGD. The changes in lipid expression profiles are potential indexes to evaluate the therapeutic effectiveness of IPL treatment or other treatments on MGD.
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INTRODUCTION

The meibomian gland (MG) is a lipid-rich tissue that is the main source of lipids for the tear film. Meibomian gland dysfunction (MGD) is a chronic, diffuse abnormality of the MGs, commonly characterized by terminal duct obstruction and/or qualitative or quantitative changes in glandular secretion. It may result in alteration of the tear film, symptoms of eye irritation, clinically apparent inflammation, and ocular surface disease (1). An epidemiological meta-analysis of MGD showed that the overall clinical prevalence rate was 35.8%. The prevalence rate of men was significantly higher than that of women (odds ratio = 1.24) (2). The MG is one of the components of the ocular surface microenvironment and its secretion plays an important role in tear film homeostasis (3). MGD was regarded as the leading cause of evaporative dry eye (DE) worldwide (4), especially related to the evaporative DE which is the most common ocular surface disease worldwide. Long-term MG lesions can cause inflammatory reactions in the ocular surface, which in turn lead to corresponding changes in the cornea and conjunctiva (5). In severe cases, visual acuity declines, resulting in a poor prognosis. At present, there is no uniform diagnostic standard for MGD (6). The widely accepted definition of “MGD” is a chronic diffuse abnormality of the MG, usually characterized by terminal duct obstruction and/or qualitative or quantitative changes in glandular secretions. This can lead to tear film changes, eye irritation, clinical inflammation, and ocular surface diseases. The commonly used diagnostic method is the generic diagnosis and systematic assessments, and its main inclusion indicators include the patient's symptoms, altered gland secretions, and changes in tear film (6, 7). Any of the above signs in combination with ocular symptoms are indicative of MGD. Due to the lack of symptomatic specificity assigned to MGD, it is often misdiagnosed and mistreated. These limitations in arriving at accurate diagnosis are prompting increasing attention by researchers in gaining insight into the pathophysiology underlying MGD.

The meibum, secretions of the MG, spreads onto the tear film to reduce the evaporation of the tear component and protects the eye from dust and microbial agents. The lipids secreted by MGs played a critical role in the homeostasis of the tear film. According to the related studies, the contents of triglycerides, cholesterol, and monounsaturated fatty acids in lipids in patients with MGD changed significantly (8). The meibum consists of an extremely complex mixture of lipids that is mainly composed of wax lipids, cholesterol lipids, free fatty acids, phospholipids, and a small amount of protein. More than 100 components of meibum lipids have been found, and hundreds of subtypes have not been identified thus far (9–11). Accurate evaluation of the changes in lipid expression profile is conducive to the treatment effect or disease progression of patients with MGD.

Numbers of therapeutics have been applied to treat MGD, such as antiinflammatory agents, immunosuppressors, tetracycline, lubricant ointments, artificial lubricants, eyelid hygiene, eyelid warming, massage (12), IPL (13), etc. However, there was not a standardized treatment for MGD. IPL is a noncoherent polychromatic light source with a broad wavelength spectrum of 500–1,200 nm (14, 15). As an established commercial technology, IPL treatment is broadly used in diseases involving facial rosacea. It has been shown that IPL is effective for the treatment of the eyelid sebaceous gland, also termed MG (16–18). Thus, IPL is a promising new therapy for MGD. Currently, IPL treatment is regarded as a more time-efficient and effective method to ameliorate the symptoms of DE (13). Although the efficacy and safety of IPL have been confirmed by ocular surface symptoms (18), the exact therapeutic effect of IPL on the MG remains unclear, especially the lipid metabolism. In this study, a comprehensive evaluation of clinical signs and changes in the lipid composition of meibum were conducted in patients with MGD after at least three exposures to IPL. A comparison of clinical assessment and alteration of the meibum were also conducted in patients treated with IPL and those without MGD. The results of this study would be helpful to understand the mechanisms of IPL in MGD treatment by providing insightful data.



PATIENTS AND METHODS


Patients

Adult patients, who were diagnosed with MGD and had not received any alternative treatments for at least 3 months, were enrolled in the study. The inclusion criteria were as follows: diagnosis of MGD according to the Japanese MGD diagnostic criteria (9), including ocular symptoms, plugged gland orifices, vascularity of lid margins, irregularity of lid margins, and decreased meibum quality and quantity. The exclusion criteria were as follows: previous ocular surgery or trauma, blepharal dysraphism, history of blepharal and periorbital skin disease within 1 month prior to enrollment, acute inflammation, rheumatic immune systemic diseases, excessive sun exposure within 1 month prior to enrollment, history of herpes zoster infection, pregnancy, and use of photosensitive drugs or foods.

Informed consent was provided by all patients following an explanation of the nature and possible consequences of the study. This study was approved by the Institutional Review Board of the Xin Hua Hospital of Shanghai Jiao Tong University School of Medicine (Shanghai, China) and was registered with the Chinese Clinical Trial Registry prior to enrollment of the first patient. This study adhered to the tenets of the Declaration of Helsinki. All examiners were blinded to the treatment group. The study was enlisted in the clinical trial registry (trial registration no.: ChiCTR2000033454).



IPL Treatment

Each patient received a series of three treatments at 3-week intervals. The patients had to use proparacaine hydrochloride eye drops (Benoxil, Santen Pharmaceutical Co., Ltd. Japan) at least 2 days prior to each treatment (19). A modular laser multiapplication platform (Quantum™, Lumenis, USA) was used to administer treatment to the periorbital area. During the IPL procedure, patients were required to wear opaque goggles, and the coolant was applied around the eyelids under both eyes. Makeup and contact lenses were removed before treatment. Depending on the patient tolerance, each subject in the patient group received 2–3 light pulses. The intensity of IPL treatment (14–16 J/cm2) depends on the Fitzpatrick skin with a 590-nm filter (19).



Clinical Assessment

Visual acuity and intraocular pressure were recorded in the case-report form. The standard patient evaluation of eye dryness questionnaire was completed by each patient. Schirmer I test, corneal staining, meibum quality, and meibomian gland expressibility (MGE), lid margin abnormality, redness of conjunctival (CR), MG opening position, and corneal fluorescein staining (CF) were measured through slit-lamp microscopy. A noncontact infrared meibography system was used to assess tear breakup time (TBUT), MG dropout, and tear meniscus height (TH).



Meibum Acquisition

The use of makeup, artificial tears, and cleaning the rim more than 3 h prior to the collection of the material was prohibited. After exposure to IPL, proparacaine hydrochloride eye drops were used again and the material was collected. The use of plastic products during sample preparation and experimentation was avoided to prevent contamination of the rouge. The steps performed for the collection of the materials were as follows: (1) the MG pressing method was used to squeeze out the secretions of the MGs with an MG expressor forceps – this is achieved by placing the thumb of one hand under the lower eyelid, squeezing the rim and rapidly pulling down, and squeezing out the secretion of the MG (the same method was used to remove the rouge from the upper eyelid); (2) a medical cotton swab was used to scrape the MG secretions, and the cotton swab was placed it in a cryotube and stored at −80°C until further analysis. The amount of rouge collected in this study was 1.77 ± 0.29 mg.



One-Dimensional LC-MS/MS

Liquid chromatography separation using CSH C18 column (1.7 μm, 2.1 × 100 mm, waters) was selected to perform reverse-phase chromatography. The lipid of meibum was redissolved in 200 μL 90% isopropanol or acetonitrile then centrifuged at 14,000 x g for 15 min, and finally, 3 μL of the sample was selected for injection. Solvent A: acetonitrile–water (6:4, v/v) with 0.1% formic acid and 0.1 Mm ammonium formate. Solvent B: acetonitrile–isopropanol (1:9, v/v) with 0.1% formic acid and 0.1 Mm ammonium formate. The initial mobile phase was 30% solvent B at a flow rate of 300 μL/min. It was held for 2 min and then linearly increased up to 100% solvent B in 23 min, followed by equilibrating at 5% solvent B for 10 min. Mass spectra were acquired by Q-Exactive Plus in positive and negative modes, respectively. ESI parameters were optimized and preset for all measurements as follows: source temperature, 300°C; capillary temperature, 350°C, the ion spray voltage was set at 3,000 V, S-Lens RF Level was set at 50%, and the scan range of the instruments was set at m/z 200–1800.

“Lipid Search” is a search engine for the identification of lipid species based on MS/MS math. Lipid Search contains more than 30 lipid classes and more than 1,500,000 fragment ions in the database. Both mass tolerance for precursor and fragment were set to 5 ppm.



Statistical Analysis

Data were analyzed using the SPSS version 22.0 (IBM Corp., Armonk, NY, USA) and R (version 4.0.2; package: corrplot version 0.90, psych version 2.1.9) software. Continuous intergroup variables were analyzed using an independent t-test, and pretreatment and continuous intragroup variables were analyzed with a paired t-test. Categorical intergroup variables were analyzed with the nonparametric Kruskal–Wallis test, and intragroup analysis of categorical variables was performed using the nonparametric Wilcoxon signed-rank test. Correlations between normally distributed values and nonnormally distributed values were analyzed with the linear Pearson's correlation coefficient and the Spearman's correlation coefficient, respectively. p < 0.05 denoted statistical significance.




RESULTS


Patient Demographics

A total of 26 patients' right eyes were enrolled in the study. We collected the meibum before the first treatment (T0) and the third treatment (T2). All enrolled patients completed the whole examination and treatment; there was no pain or any discomfort reported during the tests. All of the patients with MGD were asked to do the lipid analysis using LC-MS/MS. In addition, we also enrolled 10 volunteers who had no MGD diseases (the work plan is illustrated as follows) (Figure 1).


[image: Figure 1]
FIGURE 1. A working diagram of data processing.




Tear Film and Ocular Surface Analysis

Following treatment with IPL, the ocular surface disease index (OSDI) was markedly decreased from 43.10 ± 15.55 to 24.78 ± 12.85 (p < 0.01). At the same time, the TBUT (s) increased following treatment from 3.19 ± 1.13 to 5.62 ± 1.81 (p < 0.001). The CF of corneal epithelium integration and the CR inflammation were markedly improved. The CF score decreased from 1.00 ± 0.94 to 0.23 ± 0.43 (p < 0.001), and the CR scores reduced from 1.38 ± 0.62 to 0.58 ± 0.44 (p < 0.001), respectively (Table 1).


Table 1. Clinical parameters before and after treatment of IPL in MGD (n = 26).
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Eyelid Margin Abnormalities

Our findings suggest that there was no statistically significant difference after the IPL treatment in terms of orifice abnormality and MG dropout (from 1.04 ± 0.99 to 0.92 ± 1.01, p = 0.679 and from 1.54 ± 0.86 to 1.54 ± 0.86, p = 1, respectively) (Table 1).



MGE and Meibum Quality

The scores of MGE and meibum quality were used to evaluate the quality and expressibility of the meibum. The MGE score and meibum quality score were significantly decreased (from 1.31 ± 0.93 to 0.79 ± 0.53, p = 0.017 and from 1.40 ± 0.85 to 0.73 ± 0.51, p = 0.001, respectively) (Table 1).



Lipid Classification and Kurtosis

A total of 323 lipid species were identified and most of them were rich in triglycerides (TG), ceramide (Cer), phosphatidylcholine (PC), sphingomyelin (SM), simple Glc series G1 (CerG1), sphingosine (SO), lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), monogalactosyldiacylglycerol (MGDG), phosphatidylserine (PS), digalactosyldiacylglycerol (DGDG), and (O-acyl)-1-hydroxy fatty acid (OAHFA). More details can be seen in Figure 2A. The results of the principal component analysis (PCA) of the groups showed that there was an obvious distinguishing trend between T0 and control groups in lipid clusters (Figure 2B). When we compared the T2 to T0 and T0 to control, there were significant differences observed between the groups in lipid quality, as shown by the volcano plot (Figures 2C,D). Moreover, when we compared the T2 to T0, most of the different lipids were decreased in the former; when we compared the T0 to the control group, most of the different lipids were increased in T0.


[image: Figure 2]
FIGURE 2. The LC-MS/MS analysis of human meibum in normal control (n = 10), before the first treatment of IPL (T0, n = 26) and the third treatment (T2, n = 26). (A) The identification of the lipid species. (B) PCA diagram among T0 group, T2 group, control group, and QC group. There was a significant trend distinction between T0 and control groups. (C,D), respectively). The volcano plot of the lipids' quality of T2 vs. T0 (C) and T0 vs. control (D).


At the individual lipid compound level, the increased lipids in T0 (i.e., CerG1, CerG2, Co, DG, LPC, LPE, LPG, LPI, LPS, OAHFA, StE, and TG) were decreased following IPL treatment (T2) (Figures 3A1–A12). There were no significant differences in Cer, DGDG, LSM, MGDG, PG, PI, PS, SM, SO, and WE that increased in T0 and T2 (Figures 3B1–B10). The decrease in DGMG and MGMG in T0 could be reversed by IPL treatment (T2) (Figures 3C1,C2). Furthermore, the levels of PC and PE in T2 were higher than those measured in T0 (Figures 3D1,D2).


[image: Figure 3]
FIGURE 3. The alternation of lipid compound involved in IPL treatment. * p < 0.05, **p < 0.01, *** p < 0.001, ****p < 0.0001. Control (n = 10), T0 (n = 26), T2 (n = 26). (A1–A12) The increased lipids in T0 of CerG1, CerG2, Co, DG, LPC, LPE, LPG, LPI, LPS, OAHFA, StE, and TG were decreased after treatment of IPL(T2). (B1–B10) There was no significant difference in Cer, DGDG, LSM, MGDG, PG, PI, PS, and SM, So, WE that increased in T0 and T2. (C1–C2) The decreased lipids in T0 of DGMG and MGMG could be reversed by treatment of IPL(T2). (D1–D2) Even more, the PC and PE were higher than T0 in T2.


A total of 41 lipid species were significantly different in patients with MGD (T0) vs. healthy controls (Figure 4A). The difference between patients with MGD and controls included TG, SM, Cer, OAHFA, PC, DGMG, SO, PS, LPE, LSM, CerG1, CO, MGMG, and WE (Table 2). Following IPL treatment (T2), 24 lipid species were significantly different compared with T0: TG, LPC, OAHFA, Cer, SM, and PE (Table 3) (Figure 4B). The change in the lipid metabolic pattern was highly related to the improvement in the clinical index (Figures 5, 6; Table 5). The correlation was rich in TBUT, CR, and meibum quality, and some lipids were crossrelated to them. Notably, 4 lipid clusters were significantly increased in T0, whereas they were decreased following IPL treatment. The different lipids were OAHFA, LPC, TG, and Cer. More details can be seen in Table 4.


[image: Figure 4]
FIGURE 4. Significant different subclasses of lipids involved in IPL treatment. The fold change (A) and heatmap (C) of T0 vs. C; the fold change (B) and heatmap (D) of T2 vs. T0. Control (n = 10), T0 (n = 26), T2 (n = 26).



Table 2. Significant different subclasses of lipids of T0(n = 26) verse control (n = 10).

[image: Table 2]


Table 3. Significant different subclasses of lipids of T2 (n = 26) verse T0 (n = 26).
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Table 4. Significant different subclasses of lipids of T0 (n = 26) verse control (n = 10) and T2 (n = 26) verse T0 (n = 26).
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[image: Figure 5]
FIGURE 5. The correlation of significant subclasses of lipids with the clinical syndrome. The change in the lipid metabolic was highly related to the improvement in the clinical index. The correlation was rich in TBUT, CR, and meibum quality, and some lipids were crossrelated to them. The green in the middle represents the clinical index data, and the orange in the outer circle is the differential metabolic lipid. The darker the color of the line was, the stronger the correlation was, and the number on the line was the r-value of its correlation coefficient. The red line indicated that there was a positive correlation between the two, whereas the blue line represented a negative correlation between the two.



[image: Figure 6]
FIGURE 6. Analysis of the correlation between tear film lipid clusters and ophthalmic clinical indexes. *p < 0.05; **p < 0.01 Spearman's correlation analysis between all lipid cluster components and ophthalmic clinical indicators, the lower-left corner number is the r-value of correlation, the darker the color, the stronger the correlation. The ellipse in the upper right corner facing to the left is a positive correlation while facing to the right is a negative correlation. Blue represented a positive correlation between the two indicators, whereas red represented a negative correlation between the two indicators.



Table 5. Analysis of the correlation between lipid composition and ophthalmic indexes.

[image: Table 5]

The results of correlation analysis between tear film lipid cluster components and ophthalmic clinical indexes showed that there was a significant correlation between SM and TH; TG and meibum; OAHFA and meibum, CR; LPC and meibum; and Cer and CR (all p < 0.05). Details can be found in Figure 6.




DISCUSSION

The finding of this study confirmed the therapeutic effect of IPL on MGD by symptoms and lipidomics analysis of the meibum. IPL treatment provides a novel approach that improves the management of MG diseases in a clinical setting, including improvement in the ocular surface health resulting from increasing tear production, stabilizing the tear film, improving corneal epithelial cell contacts, decreasing the conjunctival inflammation, and improving the quality and expressibility of the meibum from the MGs. Additionally, the lipids, such as LPC, OAHFA, TG, Cer, etc., were revealed alteration in patients with MGD after exposure to intense pulsed light (IPL) analyzed by lipidomics profiles. What is more, some of the lipids were highly related to the symptoms of MGD. These findings could be a valuable method to diagnose, prevent, and design personalized medical methods for MGD.

Intense pulsed light is a popular procedure for treating skin and ocular diseases. The mechanism of action of IPL systems is based on the principle of selective thermolysis, according to which certain targets, termed chromophores, are capable of absorbing and subsequently converting through nonradiative transfer the impinging light into heat energy. IPL treatment has been utilized for years in dermatological clinical practice (20, 21). Recently, this procedure was also applied in ophthalmology to treat MGD (22–24). Its use for this purpose stemmed from declines in DE symptoms noted in patients who underwent IPL treatment for facial rosacea. Previous research studies confirmed the efficacy of IPL treatment in relieving the symptoms and signs of MGD (23, 24). In our study, the patient's IPL treatment resulted in marked increases in the TBUT values. As previously reported, these rises occurred as a result of improved tear film stability and a reduction in the tear evaporation rate. These effects are in accord with our measurement of a significant increase in tear production. Furthermore, we found that the ocular surface health improved based on declines in bulbar redness and CF. All supported that IPL was performed as an effective treatment method for MGD.

It is understood that there is still a lack of specific reference data for evaluating the specific efficacy of IPL in the treatment of MGD. Through our study, we can quantitatively analyze the changes in lipid composition of the MG in patients with MGD, to infer its curative effect. We hypothesized that we could find the potential utility of novel biomarkers for predictive, preventive, and personalized medicine strategy for MGD through analysis of the alternation of the meibum lipidomics profile induced by IPL. The dysfunction of the MG was the initial factor of evaporative DE (9). Previous studies have demonstrated abnormal MGs, MG dropout, and abnormal keratosis in apolipoprotein E knockout mice. The corresponding microenvironmental cytokines all significantly changed. Studies showed that the increased expression of inflammatory factors such as IL-6 and TNF- α in acinar cells, the activation of NF- κ B signal pathway, and the enhancement of oxidative stress further simulated the histopathological, functional, and inflammatory changes in MGD (25). In addition, OAHFAs and their derivatives contribute to the formation of lipid polar gradients and participate in the connection between the tear lipid layer and the water layer to maintain tear film stability (26). LPC played an important role in maintaining the stability of tear film because of its chemical structure with both hydrophilic and lipophilic groups. These enzyme activities affected the regeneration of oxide membrane phospholipids and the maintenance of intracellular redox balance (27). Based on the effects of IPL treatment on the principal component analysis of patients with MGD, this procedure reversed several changes in the lipidomics profile toward patterns characteristic of those seen in healthy subjects. The moderate declines induced by IPL treatment in the MGD symptomology were associated with reversal of the hyperlipidemia in 12 of the 27 classes of lipids. It is possible that the restoration of the normal healthy profiles in this group of lipids contributed to the suppression of MGD symptomology (13). Of note, IPL treatment did not alter any of the other 15 classes of lipids changed by MGD. Furthermore, two sub classes (PC and PE) were higher than those in the untreated MGD group. Collectively, these results indicate that IPL treatment cannot completely reverse MGD symptomology, which is in accord with the failure of this procedure to fully reverse all of the changes in the lipidomics profile induced by MGD. Despite the reversal of the changes in an appreciable number of lipid classes by IPL treatment, there was an appreciable number of insensitive lipid classes that could underlie the failure of the treatment to fully reverse all of the MGD symptomologies. Nevertheless, we found that the increases in 13 subclasses of lipids in MGD could be reversed by IPL. They were rich in OAHFA, LPC, TG, and Cer. These lipids may be the suitable markers for monitoring responses to IPL treatment. TBUT, CR, and meibum quality are three clinical indices that were vindicated as being relevant markers to assess IPL treatment efficacy. In a word, the lipidomics profile can be regarded as a promised method to evaluate the effectiveness of treatment of MGD. What is more, the changes in OAHFA, LPC, TG, and Cer represented that the IPL can significantly change the composition of lipidomics profile in subjects, thus significantly improving the clinical symptoms of patients with MGD.

Except for the omega-3, one of OAHFAs, dietary supplementation, most of the treatment strategies for MGD were symptomatic treatment. However, it was controversial about omega-3 dietary supplementation (28, 29). What is more, OAHFAs were detected decreased in MGD in our results and other researchers reported (30). Lam et al. reported that OAHFA level was positively correlated with TBUT, reduction in eye evaporation rate, and degree of eye discomfort; LPC also had a similar trend and this is consistent with our study (31). The results of thin-layer chromatography analysis showed that the content of phosphatidylinositol in tears of patients with MGD decreased significantly, but increased significantly after IPL treatment, which coincided with our results, and our study further confirmed that there was a significant positive correlation between LPC and meibum, so effectively increasing the content of LPC lipid components in tear film can improve their ocular symptoms (32). Our research shows that there is a strong correlation between OAHFA, LPC, and ML, FL, ABUT and other clinical indicators. Emerging treatment options for MGD should be developed. Based on our results, from the changes in lipidomics profile, the decrease taken of OAHFAs, TGs and LPCs may be a benefit for treating MGD.

However, this study has potential limitations. First of all, the sample size of this study was small, and we would further expand the scale of the study to verify the reliability of our conclusions. Moreover, adolescents and children were not included in the study group. Further studies should expand the sample size to obtain data for all ages. In addition, we will do further basic research on how the changes in lipid composition before and after IPL treatment affect the pathological mechanism of MGD and observe how IPL regulates the signal pathway of lipid composition changes.



CONCLUSIONS

In this study, we found that IPL treatment could reverse some of the MGD-induced hyperlipidemia. These changes alleviated some of the MGD symptomologies by stabilizing the tear film and improving the ocular surface health. Therefore, IPL can be used as an effective regimen for the treatment of MGD. The pertinent lipid changes include LPC, OAHFA, TG, Cer, etc. in patients with MGD can be used as the biomarkers for taking personalized medical methods for MGD.
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The Lewy bodies (LBs) are the pathological hallmark of Parkinson's disease (PD). More than 90% of α-synuclein (α-syn) within LBs is phosphorylated at the serine-129 residue [pSer129 α-syn (p-α-syn)]. Although various studies have revealed that this abnormally elevated p-α-syn acts as a pathological biomarker and is involved in the pathogenic process of PD, the exact pathophysiological mechanisms of p-α-syn are still not fully understood. Therefore, the development of specific and reliable tools for p-α-syn detection is important. In this study, we generated a novel p-α-syn mouse monoclonal antibody (C140S) using hybridoma technology. To further identify the characteristics of C140S, we performed several in vitro assays using recombinant proteins, along with ex vivo assays utilizing the brains of Thy1-SNCA transgenic (Tg) mice, the preformed fibril (PFF)-treated neurons, and the brain sections of patients with PD. Our C140S specifically recognized human and mouse p-α-syn proteins both in vitro and ex vivo, and similar to commercial p-α-syn antibodies, the C140S detected higher levels of p-α-syn in the midbrain of the Tg mice. Using immunogold electron microscopy, these p-α-syn particles were partly deposited in the cytoplasm and colocalized with the outer mitochondrial membrane. In addition, the C140S recognized p-α-syn pathologies in the PFF-treated neurons and the amygdala of patients with PD. Overall, the C140S antibody was a specific and potential research tool in the detection and mechanistic studies of pathogenic p-α-syn in PD and related synucleinopathies.

Keywords: α-synuclein, Lewy bodies, Parkinson's disease, phosphorylation, phosphospecific antibody


INTRODUCTION

Parkinson's disease (PD) is one of the most common movement disorders in the world. Characteristic pathological changes of PD include the formation of intracellular inclusions termed, “Lewy bodies” (LBs) and “Lewy neurites” (LNs) (1, 2). The major component of these inclusions is α-synuclein (α-syn). In normal physiological circumstances, α-syn is an “intrinsically disordered protein,” that is highly dynamic in conformation (3). Under pathological conditions, misfolded α-syn can lead to the formation of different α-syn strains, which might have damaging effects within the neurons (1, 4). Despite intense research efforts, little is known about how α-syn abnormally aggregates and finally becomes the main component of LBs and LNs in the relevant brain regions. Moreover, pathological forms of α-syn can transfer from cell-to-cell in a prion-like manner, which might further contribute to the spread of α-syn pathology and promote the neurodegenerative process (5–7). While it is not clear what mechanisms regulate α-syn transmission, we still know little about the pathophysiological roles of the secreted α-syn.

It was reported that posttranslational modifications of α-syn, especially the phosphorylation of serine-129-site (pSer129 α-syn, p-α-syn), could regulate α-syn aggregation and toxicity in disease, and p-α-syn was also involved in the pathological propagation of α-syn. Previous experiments have revealed that approximately 90% of α-syn deposited in LBs was phosphorylated at serine-129 (pSer129 α-syn, p-α-syn), whereas only 4% was modified at this residue in the soluble components of normal brains (8, 9). Currently, it is unclear why extensive phosphorylation occurs in the pathological process of PD, and the role of p-α-syn remains controversial. Although some studies suggested that p-α-syn acted as a protective agent against α-syn aggregation and neurotoxicity (10, 11), others suggested that this abnormally elevated p-α-syn was crucial in mediating α-syn neurotoxicity and inclusion formation (12, 13). In addition to the above roles, p-α-syn also functions in cell-to-cell transmission of the pathological forms of α-syn. Phosphorylation at serine-129 was reported to induce the formation of distinct α-syn strains (14), and phosphorylated exogenous α-syn fibrils could exacerbate pathology and induce neuronal dysfunction in mice (15). A recent report also concluded that p-α-syn enhanced the interaction between α-syn fibrils and its receptors, which meant that p-α-syn could facilitate the spread of α-syn pathologies (16). Overall, the role of p-α-syn is relatively complicated, and further studies are still needed to reveal its exact mechanism involved in PD pathologies.

Currently, the development of specific and reliable antibodies for p-α-syn is of high importance. An increasing number of investigators have used p-α-syn antibodies to detect α-syn pathologies in multiple peripheral tissues and biofluids of patients with PD during the preclinical phase (17–19), which suggested the potential of p-α-syn as a diagnostic or progression biomarker for PD (20, 21). A series of p-α-syn antibodies has also been used to detect pathological α-syn inclusions in PD models, which facilitated the understanding of the pathogenesis of p-α-syn (22–24). However, the exact pathophysiological mechanisms of p-α-syn are still unclear, as there are no uniform approaches and antibodies for p-α-syn detection, and some p-α-syn antibodies can cross-react with nonspecific antigens (25–27). In the present study, we generated and identified a series of mouse monoclonal p-α-syn antibodies, and detected their specificities by comparing them with commercial antibodies. Then, we used the selected p-α-syn antibody to detect α-syn pathologies in the midbrains of Thy1-SNCA transgenic (Tg) mice, and used immunogold electron microscopy to detect the ultrastructural localization of p-α-syn. Next, we used C140S to recognize p-α-syn pathologies in the preformed fibril (PFF)-treated neurons and the brain sections of patients with PD. We then highlighted the potential applications of our p-α-syn antibody in the detection and mechanistic studies of p-α-syn in the related PD pathologies.



MATERIALS AND METHODS


Production of Monoclonal Antibodies to p-α-Syn

Generation of hybridoma cells was first performed. Briefly, human immunopeptides 1 (P1; Ac-CEAYEMP(pS)EGG-NH2; amino acids: 123–132 of p-α-syn) and peptides 2 (P2; Ac-EMP(pS)EEGYQDC-NH2; amino acids: 126–135 of p-α-syn) were emulsified with Freund's adjuvant and were repeatedly used to immunize female BALB/c mice subcutaneously. Spleen cells of mouse were selected and fused with Sp2/0 myeloma cells to generate the antibody-producing hybridomas, and 17 strains of hybridomas with satisfactory sensitivity were screened out using indirect enzyme-linked immunosorbent assays (ELISAs). We finally chose three candidate strains: C140S, C48S, and C54S for further detection. Each strain was intraperitoneally injected into female BALB/c-nu mice for antibody amplification. The collected ascites were then purified using Protein G-agarose affinity chromatography (Sigma-Aldrich; St. Louis, MO, USA).



Cloning, Expression, and Purification of Proteins

Full-length α-syn/β-syn cDNA was cloned into the pGEX-4T-1 expression vector and transformed into BL21 (DE3) competent cells (CB105-01; Tiangen, Beijing, China). GST-α-syn/β-syn was expressed after induction with 0.1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG). The purified recombinant protein was extracted from the bacterial lysate by combining with glutathione SepharoseTM 4B (GE Health Life Sciences, US). The α-syn/β-syn was collected after digestion with human thrombin for 6 h at room temperature. The elution buffer, the phosphate-buffered saline (PBS) (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3) for α-syn was changed into a working buffer (20 μM HEPES, 10 μM MgCl2, 20 μM of dithiothreitol, pH 7.4) with a 10 kD molecular weight cut off filter (Millipore, Bedford, MA, USA). The purity of the collected α-syn was assessed with Coomassie Brilliant Blue staining and western blotting. The concentration of the α-syn/β-syn protein was tested with a bicinchoninic acid (BCA) Protein Assay Kit (Thermo Scientific Waltham, MA, USA). Aliquots of α-syn/β-syn were stored at −80°C.



Coomassie Brilliant Blue Staining

We used Coomassie Brilliant Blue staining to assess the purity of the recombinant h-α-syn. After electrophoresis, the gels were incubated with Bio-Safe Coomassie Stain (161-0786; Bio-Rad, Hercules, CA, USA) for 1 h at room temperature. The membranes were visualized in a Gel DocTM Imager system (Bio-Rad, CA, USA).



Preparation of p-α-Syn

To produce p-α-syn monomer, we used Polo-like-kinase 3 (PLK3), which was reported to phosphorylate α-syn at serine-129 in vitro (28). The reaction system consisted of 50 μL α-syn, 1.2 μL of PLK3 (Thermo Scientific, MA, USA), and 0.5 μL of adenosine triphosphate (ATP) (Sigma Aldrich, MO, USA). After incubation for 3 h in a 30°C water bath, the reaction was terminated by 25 mM ethylenediaminetetraacetic acid disodium salt (EDTA-Na2). The resultant p-α-syn was verified with a p-α-syn antibody using western blotting. The phosphorylation state of α-syn was further identified by mass spectrum (Supported by proteomics platform, Institute of Genetics and Development Biology, Chinese Academy of Sciences). The p-α-syn monomer was then stored at −80°C.



Dot Blots

We used P1, P2, α-syn, p-α-syn, and β-syn to test the specificity of C140S, C48S, and C54S. Protein samples (250 and 500 ng) were spotted onto nitrocellulose membranes. The membranes were incubated with 5% nonfat dried milk (Applygen Technology, Beijing, China) on a horizontal shaker for 1 h at room temperature. The blocking solution was then removed and replaced with primary antibodies. After incubation at 4°C overnight, the membranes were washed with Tween 20 in tris-buffered saline (TBST [2% TBS; 10 mM Tris-HCl, pH 7.5, 150 mM NaCl) for three times and incubated with alkaline phosphatase (AP) conjugated secondary antibody, mouse AP-IgG (E-2636; mAP-IgG; Sigma Aldrich, MO, USA), diluted at 1:1,000. BCIP/NBT (B3804, Sigma Aldrich, USA) was used to detect AP to reflect the immunoreactivity of C140S, C48S, and C54S.



Indirect Enzyme-Linked Immunosorbent Assays

Indirect ELISAs were conducted to verify the specificity of antibodies. A 96-well polystyrene plate (Corning, NY, USA) was coated with immunopeptides and antigens, at 100 μL/well, and incubated at 4°C overnight. Coating buffer [citrate-buffered saline (CBS), 200 mM NaHCO3, pH 9.6] was used to dilute protein samples. The plate was then washed three times (5 min each) with PBST (0.2% Tween-20 in 0.01 M PBS), at 200 μL/well, and then incubated with 100 μL/well of 5% bovine serum albumin (BSA) (Sigma Aldrich, MO, USA) dissolved with PBST for 2 h at 37°C. After washing, 100 μL of detection antibody was added, and the plate was incubated for 2 h at 37°C. Next, the plate was washed and incubated at 37°C for 1 h with 100 μL/well of alkaline phosphatase (AP) conjugated secondary antibody (mouse AP-IgG, E-2636/rabbit AP-IgG, SA00002-2; Sigma Aldrich, MO, USA), diluted at 1:1,000. After being washed three times, each well-received 100 μL of enzyme-substrate p-nitrophenyl phosphate (pNPP; N1891; Sigma Aldrich, MO, USA) to react with AP-IgG. The reaction was allowed to proceed for 30 min at 37°C in a dark environment, after which the absorbance was read at 405 nm with a Multiskan MK3 microplate reader (Thermo Scientific, MA, USA).



Antibody Absorption Experiment

To test the specificity and affinity of C140S, a total of 5 μg h of p-α-syn protein was incubated with different concentrations of C140S antibody (3.2, 16, 80, 400 μg/mL) and control mouse IgG (m-IgG,16, 80 μg/mL) in a 200 μL of immunoprecipitation buffer system (0.5% Triton X-100, 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA-Na2). The mixture was incubated with constant rotation for 12 h at 4°C. Protein G-Sepharose beads (P3296; 30 μL/tube; Sigma Aldrich, MO, USA) were added into the system and incubated for 6 h at room temperature. The antigen-antibody complex conjugated with Protein G was separated by centrifugation. The supernatant and the complex were then analyzed by western blotting.



Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used to observe the morphology of PFF. These samples were diluted to 20 μg/mL with 0.01 M PBS and applied onto 200-mesh copper grids (Agar Scientific, Essex, UK), which were pre-coated with Formvar. About 6 min later, the grids were blotted with a filter paper and negatively stained with 5% uranyl acetate for 3 min. Copper grids were then blotted and dried under infrared radiation for 24 h at 37°C. A JEM-2100 electron microscope (JEOL, Tokyo, Japan) was used to observe the protein structure.



Thioflavin T Post-Staining

The formation of α-syn fibrils was investigated by detecting the fluorescence intensity of Thioflavin T (ThT) in a diluted mixture of 5 μL × 3 mg/mL protein (monomeric h-α-syn and PFF) and 95 μL × 20 μM of ThT solution. Plates were sealed and incubated at room temperature with fluorescence measurements recorded every 30 min. Excitation and emission wavelengths were fixed at 440 and 485 nm, respectively.



Mice

Human α-syn (h-α-syn) overexpressing transgenic mice [017682; C57BL/6N-Tg (Thy1-SNCA) 15Mjff/J; hemizygotes] and wild-type (Wt) C57BL mice were purchased from the Jackson Laboratory, Bar Harbor, ME, USA. The α-syn knock-out (KO) mice (C57BL/129X1-Sncatm1Rosl/J) were purchased from the Model Animal Research Center of Nanjing University. The BALB/c, BALB-c/nu mice for antibody productions were bought from Vital River Laboratories (Beijing, China). All animals were housed at room temperature under a 12: 12 h light/dark cycle in the Laboratory Animal Center, Capital Medical University. Animal experiments conformed to the National Institutes of Health (NIH; Bethesda, MD, USA) guidelines for animal care and use. The animal study was reviewed and approved by the Institutional Animal Care and Use Committee. (Capital Medical University Animal Experiments and Experimental Animals Management Committee, AEEI-2014-031).



Western Blots

Western blotting was performed as previously described (29). Briefly, samples of recombinant protein (m-α-syn/m p-α-syn/h-α-syn/h p-α-syn, 200 ng/lane) and mice brain [midbrain/striatum/cortex homogenates; 30 μg/lane (α-syn detection), 100 μg/lane (p-α-syn detection)] were mixed with a loading buffer (250 mM Tris-HCl, pH 6.8, 30% glycerol, and 0.02% Bromophenol Blue) and then boiled at 95°C for 8 min. Proteins were separated by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The gels were then transferred to polyvinylidene difluoride membranes (Millipore, MA, USA) at 2 mA/cm2 for 90 min. The membranes were incubated with 0.4% paraformaldehyde (PFA) for 30 min and then washed three times with TBST. After being blocked with 5% skimmed milk for 1 h at room temperature, the membranes were incubated with primary antibodies overnight at 4°C. The membranes were then washed three times with TBST and incubated with fluorophore-conjugated secondary antibodies, including mouse 680 (926-68070; LI-COR Biosciences, Lincoln, NE, USA), mouse 800 (926-32210; LI-COR Biosciences, USA), rabbit 680 (926-68071; LI-COR Biosciences, NE, USA) and rabbit 800 (926-32211; LI-COR Biosciences, NE, USA), diluted at 1:10,000. After incubation with secondary antibodies for 1 h, the membranes were washed three times with TBST and visualized in an Odyssey imaging system (LI-COR Biosciences, NE, USA). Primary antibodies used in this study included C140S, p-α-syn#1 (pSyn#64; WAKO, Osaka, Japan), p-α-syn#2 (ab51253; Abcam, Cambridge, USA), α-syn#1 (Sc-69977; Santa Cruz, USA), α-syn#2 (ab138501, Abcam, Cambridge, UK), α-syn#3 (D37A6-4179, Cell Signaling Technology, Danvers, MA, USA), β-actin (66009-1-Ig; Proteintech, Chicago, IL, USA). The details are described in Table 1.


Table 1. Antibodies produced and used in this research.
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Immunofluorescence

Immunofluorescence assays were conducted as previously described (29). Briefly, the mice were perfused with 0.9% of NaCl in deep anesthesia. After the residual blood was removed, the circulatory system was perfused with 4% of PFA. The brain was removed and then was dehydrated and cryoprotected in 20 and 30% of sucrose solution for 24 h at 4°C, respectively, and then embedded with an optimum cutting temperature (OCT) reagent. The midbrain was cut into 30 μm-thick sections. These sections were immersed in PBST [0.3% Triton X-100 in 0.01 M PBS] for 10 min, followed by incubating in 10% goat serum (5,424; Cell Signaling Technology, MA, USA) for 60 min. C140S, p-α-syn#1 (Wako, Osaka, Japan) and α-syn#2 (Abcam, Cambridge, UK) antibodies were then incubated with sections for 24 h at 4°C. After being washed in PBST three times, the sections were incubated with secondary antibodies [A32744; mouse Alexa Fluor 594 (Invitrogen, Carlsbad, CA, USA), rabbit 488 (A32731; Invitrogen)] for 1 h at room temperature, followed by counterstaining with 4′,6-diamidino-2-phenylindole (D9542; diluted 1:2,000; Sigma-Aldrich, MO, USA) for 15 min. These sections were imaged with a confocal microscope (TCS 473 SP8, Leica, Solms, Germany) for examination.



PFF and Treatment

A microcentrifuge tube containing 100 μL recombinant h-α-syn (4 mg/mL) was sealed and incubated at 37°C under constant agitation at 1,000 rpm on an Eppendorf Thermomixer Comfort (Eppendorf AG, Hamburg, Germany) for 7 days. The PFFs were examined by TEM and ThT post-staining. The PFF treatment was performed as previously described (30). Primary mouse cortical neurons (wild-type mice) were cultured for 7 days before being treated with h-α-syn monomer and the sonicated-PFF (final concentration: 2 μg/mL). After a single h-α-syn or PFF application, the cells were maintained for 7 days. Neurons were fixed with 4% PFA, and were immersed in PBST [0.3% Triton X-100 in 0.01 M PBS] for 10 min, followed by incubating in 10% goat serum (5,424; Cell Signaling Technology, MA, USA) for 60 min. C140S and p-α-syn#1 (Wako, Osaka, Japan) antibodies were then incubated for immunofluorescence assays.



Immunohistochemistry of the Amygdala Tissues With p-α-Syn Antibodies

Sections (5 μm thick) of paraffin-embedded amygdala collected by the China National Clinical Research Center for Neurological Diseases (Beijing Tiantan Hospital) were processed for immunohistochemistry. Following dewaxing, hydration, and antigen retrieval, endogenous peroxidase activity was eliminated with 3% of H2O2 in PBS for 10 min. After washing in PBS, the sections were incubated with 10% goat serum followed by 0.3% TritonX-100 in PBS for 60 min, then incubated with C140S for 24 h at 4°C. For detection, primary antibodies, a biotinylated goat anti-mouse secondary antibody (PV9002; Zhongshan Golden Bridge Biotechnology, Beijing, China), and diaminobenzidine (ZLI-9017; Zhongshan Golden Bridge Biotechnology) were usedto detect the immunoreactivity. The sections were then counterstained with hematoxylin and imaged with a confocal microscope (TCS 473 SP8, Leica) for examination. The studies involving human participants were reviewed and approved by the IRB of Beijing Tiantan Hospital, Capital Medical University (KY2018-031-02).



Pre-Embedding Immunogold Electron Microscopy With p-α-Syn Antibodies

Mice were perfused with 0.9% of NaCl while in deep anesthesia. After the residual blood was removed, the circulatory system was perfused with 4% of PFA and 0.075% of glutaraldehyde (GA) in 0.1 M PB. The brain was removed and postfixed with 4% of PFA and 0.2% of GA for 8 h. The midbrain was cut into 50 μm-thick sections. These sections were permeabilized with PBST (0.3% Triton X-100 in 0.01 M PBS) for 1 h, followed by incubation with 5% of goat serum (5,425; Cell Signaling Technology) for 1 h at room temperature. The C140S antibody was then incubated with the sections for 24 h at 4°C. After being washed with 1% bovine serum albumin (BSA)-PBST three times, the sections were incubated with secondary antibody conjugated to 1.4 nm gold particles [2002-0.5 mL; Nanogold-Fab goat anti-mouse IgG (H+L); Nanoprobes, Yaphank, NY, USA and 2004-0.5 mL; Nanogold-Fab goat anti-rabbit IgG (H+L); Nanoprobes], diluted 1:50 with 1% BSA-PBST, for 1 h at room temperature. After washing with 1% BSA-PBST three times, the sections were postfixed with 2% GA for 1 h. Silver enhancement (2013; Nanoprobes) was conducted for 5 min, followed by washing with deionized water three times. The immunogold-labeled midbrain sections were then re-embedded for ultrathin sectioning. We used a JEM-2100 electron microscope (JEOL, Tokyo, Japan) to analyze the ultrastructural localization of p-α-syn-specific immunolabeling in the ultrathin sections.



Statistical Analysis

Prism 8.0.1 software (GraphPad, La Jolla, CA, USA) was used for all statistical analyses. The presented results for each experiment were independently conducted at least three times. The data are expressed as the mean ± standard error of the mean (SEM). Differences of p-α-syn/α-syn levels in mice brain tissues or ThT post-staining between h-α-syn and PFF were evaluated using the unpaired t-test. Other data were examined by the One-way ANOVA and Tukey's multiple comparisons tests. In all cases, a value of P < 0.05 was considered statistically significant.




RESULTS


Generation and Characterization of Recombinant p-α-Syn Protein in vitro

To characterize the specificity of p-α-syn antibodies, we first prepared p-α-syn antigen in vitro. We prepared a recombinant p-α-syn protein using the kinase-catalyzed phosphorylation method (28). Recombinant human α-syn (h-α-syn; verified by Coomassie Brilliant Blue staining and western blotting; Figure 1A) was phosphorylated in the presence of Polo-Like-Kinase 3 (PLK3). To further determine whether phosphorylation of α-syn at serine-129 occurred, we used two approaches. First, we used two commercial pSer129 α-syn antibodies to recognize the resulting p-α-syn (p-α-syn#1 and p-α-syn#2). Western blot results (Figure 1B) showed p-α-syn positive bands (17 kD) in the “h-α-syn+PLK3” group, while the band was not detected in the “h-α-syn” group. In parallel, we analyzed the resultant p-α-syn using mass spectrometry (MS) to clearly define the phosphorylation sites of α-syn. The MS results (Figures 1C,D; Tables 2, 3) showed that phosphorylation occurred specifically at amino acid 129 but not at amino acids 87 or 125. These results confirmed that PLK3 specifically phosphorylated α-syn at serine-129, and that we successfully prepared recombinant p-α-syn protein in vitro.
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FIGURE 1. Generation and characterization of recombinant p-α-syn protein in vitro. (A) Coomassie Brilliant Blue staining (CBS, left) and western blotting (right) of the purified recombinant h-α-syn from E. Coli. Three gradient elution with high concentration (H, 3 mg/mL)/moderate concentration (M, 2 mg/mL)/low concentration (L, 1 mg/mL) were analyzed. The h-α-syn was detected with α-syn#1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). (B) Western blotting of 200 ng of recombinant h-α-syn in the absence or presence of Polo-Like-Kinase 3 (PLK3). The p-α-syn was probed with three anti-pSer129 α-syn antibodies (p-α-syn#1 and p-α-syn#2, left blot). The h-α-syn was detected with α-syn#1 antibody (right blot). (C) Representative mass spectrometry (MS) identification information of α-syn 84–104. GAGSIAAATGFVKKDQLGKNE (α-syn 84–104) was one of the digested peptides from the resultant p-α-syn (h-α-syn+PLK3). (D) Representative MS identification information of α-syn 124–131. AYEMPSEE (α-syn 124–131) was also a digested peptide from the resultant p-α-syn. Detailed MS information is represented in Tables 2, 3. P, phospho-group.



Table 2. The ion series of peptide AYEMPSEE (α-syn 124–131).
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Table 3. The ion series of peptide GAGSIAAATGFVKKDQLGKNE (α-syn 84–104).
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Preparation and Selection of Anti-p-α-Syn Mouse Monoclonal Antibodies

Because p-α-syn antibodies with high sensitivity and specificity are crucial for reliable detection, we first prepared and selected anti-p-α-syn mouse monoclonal antibodies peptides (Table 1). We immunized mice with two human p-α-syn peptides, P1 [Ac-CEAYEMP(pS)EGG-NH2; amino acids: 123-132] and P2 [Ac-EMP(pS)EEGYQDC-NH2; amino acids: 126-135]. Among the 17 strains of hybridomas (Table 4), C54S, C48S, and C140S obtained the highest sensitivities. To further test the specificity and affinity of these three p-α-syn antibodies, we conducted dot blot assays (Figure 2A) and indirect ELISAs (Figures 2B–F). The results showed that C54S and C140S exclusively bound to α-syn phosphorylated at the serine-129 residue (P1, P2, and p-α-syn) without cross-reactivity with α-syn and β-synuclein, and the results showed no difference from the commercial p-α-syn#1 antibody (targeted to amino acids 124–134 of p-α-syn). In contrast, C48S cross-reacted with α-syn (Figure 1B). Furthermore, compared to C54S and p-α-syn#1, C140S had much higher specificity toward p-α-syn (Figure 2G). Therefore, we chose C140S (IgG subclasses: IgG2b) for further characterization.


Table 4. Sensitivity of p-α-syn mouse monoclonal antibodies secreted from hybridomas.
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FIGURE 2. Preparation and selection for anti-p-α-syn mouse monoclonal antibodies. (A) In total, 250 and 500 ng of immunopeptides 1 [P1; Ac-CEAYEMP(pS)EGG-NH2; amino acids: 123–132], peptides 2 [P2; Ac-EMP(pS)EEGYQDC-NH2; amino acids: 126–135], p-α-syn, α-syn, and β-syn human proteins were spotted onto nitrocellulose membranes, and then probed with antibodies. The p-α-syn was detected by three screened-out monoclonal antibodies, named as C140S (P1), C48S (P2), and C54S (P1). The p-α-syn#1 (Wako, Osaka, Japan, targeted to amino acids 124–134 of p-α-syn) was used as a positive control. The monoclonal α-syn#1 antibody (Santa Cruz Biotechnology) demonstrated equal loading of proteins. (B–F) Quantification of the absorbance differences among C140S, C48S, C54S, p-α-syn#1, and α-syn#1 when recognizing P1, P2, α-syn, p-α-syn, and β-syn (100 μg/mL) by indirect ELISA. (G) Quantification of the absorbance difference among C140S, C54S, and p-α-syn#1 when recognizing p-α-syn (100 μg/mL) in indirect ELISAs. The absorbance of plates was measured at 405 nm with a Multiskan MK3 microplate reader. The results are expressed as the mean ± standard error of the mean (SEM) (One-way ANOVA, Tukey's multiple comparisons test, n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. Blank; ##P < 0.01 vs. p-α-syn#1. ns, no significance.




Specificity and Affinity of the C140S Antibody

It was verified that C140S had high specificity toward human p-α-syn (h p-α-syn), when using an indirect ELISA (Figure 2D). To further verify whether C140S recognized mouse p-α-syn (m p-α-syn), we prepared m p-α-syn and analyzed it with C140S. Western blotting (Figure 3A) and an indirect ELISA (Figure 3B) showed that C140S reacted with both h p-α-syn and m p-α-syn proteins. To further test the affinity of C140S toward p-α-syn, we conducted the following antibody absorption experiment, a brief summary of which is shown in the schematic diagram (Figure 3C). The results (Supplementary Figures S2A,B) showed that C140S, but not the control mouse IgG, specifically bound to p-α-syn, and as the additional amount of C140S increased, the enriched p-α-syn increased (Supplementary Figures S2B,C). Further experiments (Figures 3D–F) showed that the amount of p-α-syn (17 kD) in the supernatant decreased gradually with increasing concentrations of C140S, whereas p-α-syn in the complex increased gradually with the increasing concentrations of C140S. Complete depletion of p-α-syn in the supernatant was achieved when C140S concentration reached 400 μg/mL. Together, these results showed that C140S had high specificity and affinity for p-α-syn protein.
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FIGURE 3. Determining the specificity and affinity of C140S. (A) A total of 200 ng of human p-α-syn (h p-α-syn) and mouse p-α-syn (m p-α-syn) were prepared and probed by western blots with C140S. The α-syn#2 antibody (Abcam, Cambridge, UK) was used to detect human α-syn. The α-syn#3 antibody (CST) demonstrated an equal loading of mouse α-syn. (B) The affinity of C140S was assessed using indirect ELISAs on m-α-syn/m p-α-syn/h-α-syn/h p-α-syn protein (100 μg/mL) coated wells. The absorbance of plates was measured at 405 nm with a Multiskan MK3 microplate reader. The results are expressed as the mean ± standard error of the mean (SEM) (One-way ANOVA, Tukey's multiple comparisons test, n = 3). **P < 0.01, ****P < 0.0001 vs. Blank. (C) The schematics of the antibody absorption experiment. N, N-terminal domain of α-syn (residues 1–60). NAC, non-amyloid component, is the central domain of α-syn (residues 61–95). C, C-terminal domain of α-syn (residues 96–140). P, phospho-group. m, mouse. According to the experimental schematics, 5 μg h of p-α-syn was incubated with different concentrations of C140S antibody (3.2, 16, 80, and 400 μg/mL). The protein G beads were added to conjugate with the antigen-antibody complex. The beads-antigen-antibody complex and supernatant were separated by centrifugation and examined using western bolts, shown in (D,E). The p-α-syn was detected with p-α-syn#1 antibody (Wako, Osaka, Japan). (F) Quantification of the band intensities of p-α-syn in the beads-antigen-antibody complex (D) and supernatant (E).




Comparative Immunoblotting of p-α-Syn Using C140S and p-α-Syn Commercial Antibodies

To better characterize the specificity of C140S, we compared C140S with commercially available p-α-syn antibodies, and analyzed their recognition patterns toward p-α-syn, both in vitro and ex vivo. First, we denatured and analyzed 200 ng of the m-α-syn/m p-α-syn/h-α-syn/h p-α-syn proteins with C140S (Figure 4A), p-α-syn#1 (Wako, Osaka, Japan; Figure 4B), and p-α-syn#2 (Abcam, Cambridge, UK; Figure 4C). The western blot results showed that C140S specifically recognized m-p-α-syn/h p-α-syn rather than m-α-syn/h-α-syn, in a similar manner to p-α-syn#1 and p-α-syn#2 antibodies. We further demonstrated the specificity of C140S utilizing the brains of Thy1-SNCA transgenic (Tg) mice, which overexpressed h-α-syn driven by a broad neuronal promoter. We measured the expression level of α-syn using midbrain/striatum/cortex homogenates from 13-month-old Tg mice. Western blot results (Figures 4D–F; Supplementary Figures S1A–C) showed that α-syn was overexpressed to a moderate degree (two- to five-fold) in the brain regions examined in Tg mice when compared with their wild-type (Wt) littermates, indicating that this Tg mouse model could mimic the familial forms of PD. On this basis, we detected p-α-syn levels in the midbrain of Tg mice, using C140S and two commercially available p-α-syn antibodies (p-α-syn#1 and p-α-syn#2). Immunoblotting results of α-syn KO mice/Wt/Tg midbrains showed that C140S (Figure 4G) detected a band near the expected size of p-α-syn protein (17 kD), which was absent in the midbrain samples of KO mice, showing no differences with p-α-syn#1 (Figure 4H) and p-α-syn#2 (Figure 4I). It should be noted that these p-α-syn antibodies partially cross-reacted with other protein bands near 30–60 kD, which also existed in the KO mice. Moreover, we also found that the levels of p-α-syn (17 kD) were significantly increased in the midbrain homogenates of Tg mice (13-month-old), when compared to the controls (Supplementary Figure S1D). Based on these observations, we next used C140S to detect α-syn pathologies in the brains of Tg mice.
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FIGURE 4. Western blot results showed that C140S had similar recognition patterns as commercial p-α-syn antibodies. (A–C) Comparative immunoblotting of p-α-syn protein (prepared in vitro) between C140S, p-α-syn#1, and p-α-syn#1. A total of 200 ng m-α-syn/m p-α-syn/h-α-syn/h p-α-syn proteins were denatured and analyzed with C140S (A), p-α-syn#1 [Wako, Osaka, Japan, (B)], and p-α-syn#2 [Abcam, Cambridge, UK, (C)]. The h-α-syn was detected with α-syn#2 antibody (Abcam, Cambridge, UK). The m-α-syn was detected with α-syn#3 antibody (CST). D-F. A total of 30 μg of brain homogenates of the midbrain (D)/the striatum (E)/the cortex (F) from wild-type brood (Wt)/Thy1-SNCA transgenic (Tg) mice were denatured and analyzed with h-α-syn and α-syn antibodies. (G–I) Comparative immunoblotting of mice midbrain between C140S, p-α-syn#1, and p-α-syn#2. 100 μg of midbrain homogenates from α-syn knock-out (KO)/Wt/Tg mice were denatured and analyzed with C140S (G), p-α-syn#1 (H), and p-α-syn#2 (I). The h-α-syn was recognized by α-syn#2 antibody (Abcam, Cambridge, UK), and was used to show the successful overexpression of h-α-syn in the brain of Tg mice. The total α-syn level was detected with α-syn#1 antibody (Santa Cruz, CA, USA). The p-α-syn protein was added as a positive control. The KO mice were used as a negative control. β-actin (42 kD) was used as a loading and internal control to enable sample normalization. Mouse age: 13-months-old.




Immunofluorescence Staining of p-α-Syn in the Midbrain of Tg Mice

To test the synuclein pathological features in the midbrain of Tg mice, we prepared the midbrain sections from 13-month-old KO/Wt/Tg mice, and analyzed p-α-syn with C140S and p-α-syn#1 using immunofluorescence staining. Figure 5A shows that in the midbrain sections from α-syn KO mice, C140S did not produce a detectable signal. We also found that C140S produced a similar staining pattern to the commercial p-α-syn#1 antibody (Figure 5B). In addition, the level of p-α-syn was higher in Tg than in the Wt mice. Moreover, immunostaining results using high magnification showed that p-α-syn was mainly distributed in the cytoplasm, and that most of the p-α-syn was aggregated.
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FIGURE 5. Immunofluorescence staining of p-α-syn in the midbrain of Tg mice using C140S and p-α-syn#1. (A,B) The midbrain sections from α-syn knock-out (KO)/Wild-type brood (Wt)/Thy1-SNCA transgenic (Tg) mice were prepared and analyzed with C140S (A) and p-α-syn#1 (B). The h-α-syn (green) recognized by α-syn#2 antibody (Abcam, Cambridge, UK) was used to show the successful overexpression of h-α-syn in the midbrain of Tg mice. Red color indicates p-α-syn staining (C140S) and blue color indicates nucleus. White squares, amplified area of midbrain section under low magnification. Scale bar, 50 μm (low magnification) and 10 μm (high magnification). Mouse age: 13-months-old.




Immunogold Ultrastructural Observations of p-α-Syn in the Midbrain of Tg Mice

To determine the subcellular localization of p-α-syn aggregates, the Tg midbrain (13-months-old) was fixed and labeled with C140S and p-α-syn#2 for pre-embedding in the immunogold electron microscopy. The KO mice were also included as negative controls in the following tests. The results (Figure 6A) showed that the labels for C140S were specifically localized in the cytoplasm, and colocalized with the outer mitochondrial membrane, which was consistent with the results of p-α-syn#2 (Figure 6B). These results suggested that p-α-syn might play a role in the mitochondrial dysfunction.
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FIGURE 6. Electron microscopy with immunogold labeling of p-α-syn in the midbrains of Tg mice using C140S and p-α-syn#2. (A,B) Immunogold labeling of C140S (A) and p-α-syn#2 (B) in the midbrain of α-syn knock-out (KO) mice and Thy1-SNCA transgenic (Tg) mice. The p-α-syn was specifically deposited in the cytoplasm, and colocalized with the outer mitochondrial membrane of Tg mice. Red arrow, the concentrated region of p-α-syn. Scale bar, 200 nm. Mice age: 13-months-old.




Immunofluorescence Staining of p-α-Syn Pathological Inclusions in the PFF-Treated Neurons

It was reported that the addition of exogenous α-synuclein PFFs to primary neuronal cultures could induce the recruitment of endogenous α-synuclein to LB and LN-like aggregates (30–32). To further examine the pathological inclusions in the neurons induced by PFFs, we first generated PFFs by physically shaking monomeric h-α-syn. To prove that aggregation of α-syn occurred, PFFs were determined by negative-staining transmission electron microscopy (TEM). The results (Figure 7A) showed that α-syn aggregates were successfully formed in the PFF group. We also analyzed the fibrillar structure of PFFs using ThT post-staining. The results showed that the fluorescence of PFF aggregates was higher than α-syn monomers (Figure 7B). Together, the results showed that we successfully prepared PFF.
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FIGURE 7. Immunofluorescence staining of p-α-syn in primary neurons using C140S and p-α-syn#1. (A) Representative electron microscopy images of preformed fibrils (PFF, left) and the sonicated PFF (right). About 200 ng of PFF (before or after sonication) were applied onto 200-mesh copper grids. Scale bar, 200/500 nm. (B) Thioflavin T (ThT) post-staining of monomeric h-α-syn and PFF. (C,D) Immunofluorescence staining of p-α-syn in the cortical neurons of the primary mouse showed pathological inclusions. Primary neurons were treated with PBS, monomeric h-α-syn, and sonicated PFF, using C140S (C) and p-α-syn#1 (D). Green color indicates microtubule-associated protein 2 (MAP2, green), red color indicates p-α-syn staining (C140S and p-α-syn#1), and blue color indicates nucleus. White squares, amplified area of neurons under low magnification. Scale bar, 50 μm (low magnification) and 10 μm (high magnification). The results are expressed as the mean ± standard error of mean (SEM) (unpaired t-test, n = 4). ****P < 0.0001 vs. α-syn.


Primary mouse cortical neurons were prepared from E16-18 embryonic brains, and maintained for 7 days in vitro, following treatment with either phosphate-buffered saline (PBS) vehicle control, monomeric h-α-syn, or PFF, for 7 days. PFFs were sonicated to lengths of 40–120 nm (examined by TEM) before adding them into the medium. The results of p-α-syn immunofluorescence staining with C140S showed (Figure 7C) that when compared with monomeric h-α-syn treated cultures, the PFF-treated neurons showed higher levels of p-α-syn, with similar results also observed using p-α-syn#1 (Figure 7D). Notably, p-α-syn aggregates showed more punctate and serpentine structures within cell bodies stained with C140S (Figure 6C) while the p-α-syn#1-stained cells showed diffusely distributed p-α-syn (Figure 7D). Moreover, we also found the presence of p-α-syn aggregates in the nucleus of α-syn/PFF treated neurons, while nothing was detected in neurons treated with PBS.



C140S Detected p-α-Syn Histopathological Features in the Amygdala of Patients With PD

To further determine the ability of C140S to recognize disease-relevant pathological lesions in the post-mortem human brains, we obtained 5 μm thick amygdala sections from one patient with PD (male; 69-years-old; Braak PD stage V, collected by Beijing Tiantan Hospital), who was clinically diagnosed and pathologically confirmed with PD. We conducted immunohistochemistry using C140S, which showed that C140S recognized intracytoplasmic LBs and long thin LNs in these sections (Figure 8A), which was consistent with the results of p-α-syn#2 (Figure 8B).
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FIGURE 8. Immunohistochemical staining of p-α-syn in the brain tissue of patients with PD using C140S and p-α-syn#2. Representative images of the immunoreactive structures detected with C140S (A) and p-α-syn#2 (B) in the amygdala of one patient with PD (male; 69 years old; Braak PD stage V). The brown color indicates p-α-syn staining (C140S and p-α-syn#2) and the blue color indicates hematoxylin (nucleus). Blank square (b), the amplified area of section in low magnification (a). Red arrow, the concentrated region of aggregated p-α-syn. Scale bar, 100 and 20 μm.





DISCUSSION

The detection of p-α-syn heavily relies on the specificity of antibody. In the current study, we generated a series of mouse monoclonal p-α-syn antibodies, and selected the C140S antibody. The C140S reacted with the original immunopeptide P1 [Ac-CEAYEMP(pS)EGG-NH2; amino acids: 123–132], and also specifically recognized p-α-syn prepared in vitro and ex vivo, without cross-reacting with unphosphorylated α-syn and β-syn. Compared with commercial p-α-syn antibodies, in multiple experimental assays, C140S showed similar specificities toward p-α-syn. Therefore, we used C140S to examine α-syn pathologies in PFF-treated neurons, the midbrain of Thy1-SNCA transgenic mice, and in the amygdala of patients with PD. We also observed the ultrastructural localization of p-α-syn in mitochondria with C140S by immunogold electron-microscopy.

A widely used approach for the production of peptide antibodies is to immunize animals with a synthetic peptide, especially for raising antibodies against posttranslational modifications (33). In the current study, we used this experimental biology to generate a series of mouse monoclonal p-α-syn antibodies, and selected C48S, C54S, and C140S for further validation. Although the peptides we used for immunization were 11 amino acids (8–20 amino acids are recommended), we were still not sure whether C48S, C54S, and C140S antibodies could recognize the full-length p-α-syn antigens in denatured or native forms. Dot blot results (Figure 2A) showed that C48S, C54S, and C140S all recognized P1/P2 peptides, while compared to C48S and C54S, C140S showed better substrate recognition toward native full-length p-α-syn antigens. It was reported that the addition of a phosphate group to serine-129 altered intramolecular interactions with the C-terminus of α-syn (34). The environment, such as pH, calcium, and salt also affected the physiological structure of α-syn (3). In the present study, we prepared recombinant p-α-syn protein using the kinase-catalyzed phosphorylation method, and the reaction was performed in a working buffer. In contrast, P1/P2 peptides were dissolved in PBS. We proposed that phosphorylation reaction and the difference of solution might influence the secondary structure of p-α-syn. That might be the reason for the differential recognition of C48S and C54S toward P1/P2 peptides and p-α-syn.

Both western blotting and ELISA results showed that C140S specifically recognized m-p-α-syn/h p-α-syn rather than m-α-syn/h-α-syn, which showed no difference from the commercial p-α-syn#1 and p-α-syn#2 antibodies. We further tested the specificity of C140S in the midbrain of Tg mice by western blotting. Our prior results showed that aged Tg mice had higher levels of aggregated α-syn and p-α-syn in the soluble and insoluble components of the striatum (35). Consistent with these results, using C140S, we detected increased levels of p-α-syn (17 kD) in the midbrain of Tg mice (13-months-old). We also examined the histopathological features in the amygdala of patients with PD. Filamentous aggregates of p-α-syn were found in the axons and soma of neurons, which meant that C140S recognized intracytoplasmic LBs and long thin LNs. Taken together, the C140S showed relatively high specificity toward p-α-syn prepared both in vitro and ex vivo. Our present results showed that C140S specifically recognized full-length p-α-syn antigens (prepared in vitro) in native forms [Dot blot results (Figure 2A) and indirect ELISA results (Figures 2D, 3B)] and denatured forms [Western blot results (Figures 3A, 4A)]. Warranting caution, it was reported that different methods of preparing the tissues, such as different antigen retrieval methods and blocking agents might affect p-α-syn antibody performance. The p-α-syn#2 was found to detect an off-target higher-molecular weight protein unrelated to α-syn, but this protein was apparently not detected via immunohistochemistry or confocal approaches (27). Consistent with this, our immunofluorescence staining results (Figure 5A) showed that C140S and p-α-syn#1 specifically recognized p-α-syn antigens (mouse brain) in native forms, without cross-reaction with other brain proteins in α-syn KO mice. In contrast, western blot results showed that C140S and the other two commercial and p-α-syn#2 antibodies partially cross-reacted with denatured protein bands near 30–60 kD, which also existed in KO mice (Figures 4G–I). We considered the reason for this difference in the recognition of mouse brain in native forms and denatured forms might be due to the states or structural changes of brain proteins after heat-denatured in the presence of SDS and DTT. The denaturation of some proteins in the mouse brain results in the exposure of some similar epitopes, which might cause the cross-reaction of C140S, p-α-syn#1, and p-α-syn#2 antibodies. Previous studies had reported that the pSer473 neurofilament light epitope contained some sequence identity to pSer129 α-syn (26), we will further test whether C140S cross-react with pSer473 neurofilament light antigens in native forms and denatured forms. We also plan to excise, extract, and analyze these nonspecific bands in midbrain of α-syn KO mice by LC-MS/MS.

Even though a large number of studies have shown that aggregated α-syn partly localized to the mitochondria under pathological states, and α-syn accumulation and mitochondrial dysfunction have been implicated in the pathology of PD (36–41, 48), the mechanisms by which p-α-syn and mitochondrial proteins regulate each other to trigger mitochondrial dysfunction are poorly understood. Our p-α-syn electron microscopy immunogold results showed that p-α-syn partly localized to the mitochondria in the midbrain of 13-months-old Thy1-SNCA transgenic mice (Figures 6A,B), suggesting the possibility of direct interaction between p-α-syn and mitochondrial proteins. One previous study supports this possibility. They used the combination of peptide pulldown assays and mass spectrometry to identify the interaction proteins of p-α-syn in the mouse brain synaptosomes, and found that the biotinylated pS129 peptides interacted with some mitochondrial proteins, such as solute carrier family 25 and serine-lactamase-like protein, LACTB (42). Another relevant study by Diego Grassi et al. showed that they discovered the existence of a phosphorylated α-syn species, and this type of p-α-syn aggregates was associated with mitochondria, and induced mitochondrial toxicity and fission, energetic stress, and mitophagy (43). Overall, the exact mechanism for these interactions between p-α-syn and mitochondrial proteins still needs more in-depth research. Additional studies will be necessary to identify the mitochondrial proteins that interacted with p-α-syn in the midbrain of Tg mice by Co-IP/MS, and to clarify the modulatory roles of p-α-syn in mitochondria.

Following the immunofluorescence staining experiments, we found an interesting phenomenon, monomeric h-α-syn, and PFF treatment caused α-syn pathology not only in the cytosol but also in the nucleus (Figures 7C,D). Despite being α-syn partially localized in the nucleus, the reason for its phosphorylation and abnormal aggregation in the nucleus under pathological situations remains unclear (44, 45). Pinho et al. reported that the accumulation of α-syn species in the nucleus altered gene expression and reduced the toxicity of H4 cells, and the effect on gene expression and cytotoxicity was also modulated by phosphorylation on serine 129 site (46). A recent study also found an association between α-syn and DNA. Sydney E.Dent et al. used a combination of electrophoretic mobility shift assay and atomic force microscopy approaches, and found both α-syn and p-α-syn directly bind DNA within the major groove, and p-α-syn could induce the reductions in the ability of α-syn to bind and bend DNA, which meant that abnormally elevated p-α-syn might modulate DNA metabolism (47). Collectively, all these findings above support the potential modulatory roles of p-α-syn in the nucleus.

In summary, the best way to determine the role of p-α-syn is by using a highly specific antibody. We therefore generated and characterized a novel mouse monoclonal p-α-syn antibody named, C140S, in the present study, and a variety of validation assays were conducted to demonstrate the specificity of this antibody. The C140S could reliably detect α-syn pathologies in the cells and mice models of PD, and the brains from patients with PD. Overall, the antibody described herein should serve as a useful tool in the detection and mechanistic studies of pathogenic p-α-syn in PD and related pathologies.



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 IRB of Beijing Tiantan Hospital, Capital Medical University (KY2018-031-02). The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Capital Medical University Animal Experiments and Experimental Animals Management Committee, AEEI-2014-031. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

WL and HY conceived the manuscript. WL, QZ, and HX conducted experiments. WL wrote the manuscript. JL, GG, and HY reviewed the manuscript. YH kindly provided the brain sections of PD patients. HY was responsible for ensuring that the descriptions were accurate and agreed by authors.



FUNDING

This work was supported by the National Natural Science Foundation of China (No. 81870994), the National Natural Science Foundation of China (No. 82071417), and the National Key Plan for Scientific Research and Development of China (No. 2016YFC1306000).



SUPPLEMENTARY MATERIAL
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Supplementary Figure S1. Quantification of band intensities of α-syn and p-α-syn in the brains of Wt/Tg mice. (A–C) Quantification of the band intensities of α-syn levels in the midbrain (A)/striatum (B)/cortex (C) from wild-type brood (Wt) and Thy1-SNCA transgenic (Tg) mice (Figures 4D–F). (D) Quantification of the band intensities (17 kD) of p-α-syn levels in the midbrains of Wt and Tg mice (Figures 4G–I). The results are expressed as the mean ± standard error of mean (SEM) (unpaired t-test, n = 3–10). *P < 0.05, ***P < 0.001 vs. Wt. Mice age: 13-months-old.

Supplementary Figure S2. The specificity and affinity of C140S were confirmed by antibody absorption experiment. (A,B) A total of 5 μg h of p-α-syn was incubated with control mouse IgG (m-IgG) and C140S antibody (16 μg/mL). The protein G beads were added to conjugate with the antigen-antibody complex. The beads-antigen-antibody complex and supernatant were separated and examined using western bolts, shown in (A,B). The p-α-syn was detected with p-α-syn#2 antibody (Abcam, Cambridge, UK), m-IgG was detected with fluorophore-conjugated secondary antibody mouse 680 (m680). (C,D) A total of 5 μg h of p-α-syn was incubated with m-IgG and C140S antibody (16, 80 μg/mL). The protein G beads were added to conjugate with the antigen-antibody complex. The beads-antigen-antibody complex was separated and examined using western bolts, shown in (C,D). The p-α-syn was detected with p-α-syn#2 antibody (Abcam, Cambridge, UK), m-IgG was detected with m680. The p-α-syn protein was added as a positive control. Ab, Antibody.



ABBREVIATIONS

α-syn, α-synuclein; AP, alkaline phosphatase; β-syn, β-synuclein; BCA, bicinchoninic acid; C, C-terminal domain of α-synuclein (residues 96–140); CBS, Coomassie Brilliant Blue staining; ELISA, enzyme-linked immunosorbent assay; h-α-syn, human α-synuclein; m-α-syn, mouse α-synuclein; MS, mass spectrometry; N, N-terminal domain of α-synuclein (N-α-syn, residues 1-60); ΔN, ΔN-terminal domain of α-synuclein; NAC, non-amyloid component, the central domain of α-synuclein (residues 61-95); p, phospho-group; p-α-syn, serine-129-site phosphorylated α-synuclein; PD, Parkinson's disease; PFF, preformed fibrils; PLK3, Polo-Like-Kinase 3; pNPP, p-nitrophenyl phosphate; KO, α-syn knock-out mice; R, rabbit; SD, standard deviation; SEM, standard error of the mean; TEM, transmission electron microscopy; Tg, Thy1-SNCA transgenic mice; ThT, thioflavin T; Wt, wild-type brood mice.
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Gut microbial alteration is closely associated with brain disorders including cognitive impairment (CI). Gut microbes have the potential to predicate the development of diseases. However, the gut microbial markers for CI remain to be elucidated. In this study, the gut microbial alterations were assessed using16S rRNA sequencing, and identified the gut microbial markers using a random forest model. The results showed that there were significant gut microbial differences between the control and CI groups based on beta diversity (p < 0.002). Patients with CI had higher abundances of Actinobacteria and Proteobacteria but lower proportions of Bcateroidetes and Firmicutes vs. that in the control group. Patients had 39 special genera and the control subjects had 11 special genera. Furthermore, 11 genera such as Blautia, Roseburia, and Lactococcus and 18 genera such as Lactobacillus, Ruminococcus 2, and Akkermansia were the differential taxa in the control and CI groups, respectively. Gene functions related to nutrient metabolisms were upregulated in patients with CI. This suggested that the huge differences in gut microbes between the two groups and gut microbiota had the potential to predicate the development of CI. Based on machine learning results, 15 genera such as Lactobacillus, Bifidobacterium, and Akkermansia were selected as the optimal marker set to predicate CI with an area under curve (AUC) value of 78.4%. The results revealed the gut microbial markers for CI and provided a potential diagnosis tool to prevent the development of CI in the elderly.

Keywords: cognitive impairment, gut microbiome, biomarkers, Lactobacillus, Bifidobacterium


INTRODUCTION

Cognitive impairment is closely associated with the development of psychiatric illnesses such as hypertension, depression, and Alzheimer's disease (1–3). Age is an important factor for cognitive impairment (CI) and there is increasing prevalence with the development of aging worldwide (4). Furthermore, educational degree, sleep disorder, and vitamin D intake are the risk factors for CI in elderly people (5–7). In the elderly, gastrointestinal tract and brain functions are gradually declining, and these factors are inevitable challenges for them. CI is the high-risk factor for dementia in elderly people, 10–30% of patients with mild CI and 20–66% of them convert into dementia within 1 and 2–4 years, respectively (8, 9). Dementia is difficult to reverse and there are no effective ways to treat it (10). CI leads to a huge burden for family and society. Therefore, the early prevention of CI is a key window to reduce the prevalence of dementia in the elderly.

Gut microbial alteration is closely associated with the development of aging in the elderly and affects their physiology functions including CI. The “Gut-brain” axis has been reported to solve the function barrier related to the brain and suggests bacteria play a key role in the development of neurodevelopmental disorders (11). Bacterial species such as Limosilactobacillus reuteri, Bifidobacterium pseudolongum, and Lactobacillus johnsonii are reduced in the maternal high-fat-diet offspring and negatively affect offspring social behavior (12). Verrucomicrobiaceae and unclassified Firmicutes are increased but Prevotellaceae and Erysipelotrichaceae are decreased, and they affect the β-glucuronate and tryptophan metabolism in the patients with Parkinson's disease (13). These results suggest that gut microbiota and their metabolism influence deeply the brain function and manipulate the host's emotion and behavioral intentions. Fecal microbiota transplant from aged donor mice into young recipients leads to impaired spatial learning and memory (14). This implies that gut microbiota is an important cause to induce CI symptoms.

In recent years, microbial marker severs as a non-invasive diagnosis tool for some diseases such as hepatocellular carcinoma, colorectal cancer, and type 2 diabetes (15–17). Gut microbial marker has the potential to predict the development of CI and may be an effective target tool to prevent CI in the elderly. In this study, a total of 60 fecal samples were collected from the patients with CI and control subjects. Combined 16S rRNA sequencing with machine learning revealed microbial biomarkers that predicted the development of CI and provided a potential diagnosis tool to prevent CI for the elderly.



MATERIALS AND METHODS


Study Subjects

Patients (n = 33) with CI and controls (n = 27) aged more than 68 years were enrolled in the Xin'an community in Wuxi city. The study protocol was approved by the Ethics Committee of the Wuxi People's Hospital. Each subject provided written informed consent.



CI Assessment

Mini-mental state examination (MMSE) index was used to assess the mental state and degree of CI for the subjects (27–30, normal cognitive function; <27, CI). The activities of daily living (ADL) index was used to evaluate the ability of daily living in family and the community in the elderly people (100, self-care; >60, basically self-care; 41–60, need assistance; 21–40, rely on others; <20, completely dependent on others).



Baseline Clinical Characteristic Collection

Baseline clinical characteristics including gender, age, height, weight, education level, sleep duration, and occupation were collected during the clinical interview. Fecal samples were stored at −80°C until for use.



16S rRNA Amplicon Sequencing

Using the FastDNA Spin Kit (MP Biomedicals, Santa Ana, CA, USA), DNA was extracted for feces according to the instructions. The V3–V4 region was amplified with the primers (forward, 5′-CTCCTACGGGAGGCAGCA-3′; reverse, 5′-GGACTACHVGGGTWTCTAAT-3′). PCR products were purified by TIANgel Mini Purification Kit (TIANGEN, Beijing, China). After determination for DNA concentration and library construction, the amplified fragment was sequenced on an Illumina MiSeq PE300 platform (Illumina, Santiago, CA, USA). Sequencing results were analyzed using the QIIME2 pipeline. Non-metric multidimensional scaling (NMDS) was performed to evaluate change in beta diversity of gut microbiota based on the Bray-Curtis distance (18). Differential taxa were identified using the linear discriminant analysis effect size (LEfSe) (19). Phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) was employed to predict the gene function of gut microbiota based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology database between groups with and without CI (20). A random forest model was used to explore the microbial markers for CI (21). Sequence data were deposited in the Sequence Read Archive database as BioProject PRJNA789994.



Statistical Analysis

The SPSS software version 20 (Chicago, Illinois, USA) and R software version 4.0.5 (open access, https://www.r-project.org/) were used to perform statistical analysis. The comparison was performed using an unpaired t-test between the control and CI groups. A p < 0.05 was indicated statistically significant.




RESULTS


Baseline Characteristics of Subjects

In this trial, 33 patients with CI and 27 healthy controls were enrolled. As shown in Figure 1, there was no significant difference in gender, height, and weight between the two groups. Compared to the control group, patients with CI had lower MMSE and ADL indices but had higher age, education duration, and sleep duration per day in the CI group. Furthermore, patients in the CI group were all retirees but the farmer was the major occupation (74.07%) in the control group. The results showed that people with older age had a higher risk to suffer the CI symptoms although they had higher education duration and sleep duration in the CI group.


[image: Figure 1]
FIGURE 1. Baseline clinical characteristics (unpaired t-test, ns, no significance, **p < 0.01, ****p < 0.0001).




Alteration of Gut Microbial Diversity

To assess the alteration of gut microbial diversity including alpha and beta diversities in subjects, 16S ribosomal RNA sequencing was performed. For alpha diversity of gut microbes, there were no significant differences in evenness, observed_otus, and the Shannon indices except for the faith_pd index (Figure 2A). Compared to the control group, the faith_pd index was significantly higher. Furthermore, there was a difference in the beta diversity of gut microbiota between the two groups [Figure 2B, stress = 0.25, p < 0.002, permutational multivariate ANOVA (PERMANOVA)], and the development of CI was associated with alterations of gut microbial composition. The results showed that alpha diversity of gut microbiota was no significant alteration between the two groups but beta diversity representing gut microbial structure and composition had remarkable changes in the CI group vs. the control group.


[image: Figure 2]
FIGURE 2. Changes in the alpha and beta diversities of gut microbes. (A) Alteration of alpha diversity (unpaired t-test, ns, no significance, **p < 0.01). (B) Beta diversity alteration based on non-metric multidimensional scaling (NMDS) analysis.




Changes in Gut Microbial Composition

At the phylum level, patients had shown higher abundances of Actinobacteria and Proteobacteria but lower proportions of Bacteroidetes and Firmicutes in the CI group vs. that in the control group (Figure 3A). There were no significant differences in the abundances of Verrucomicrobia and Tenericutes between the two groups. Fusobacteria was enriched in the control group but Euryarchaeota was higher in the CI group. At the genus level (relative abundance >0.005 in any group), Bifidobacterium, Alistipes, Lactobacillus, Streptococcus, (Ruminococcus) torques group, Ruminococcus 2, Escherichia-Shigella, and Klebsiella were enriched in the CI group (Figure 3B). The relative abundances of Bacteroides, Prevotella 9, Lachnospiraceae_g, Anaerostipes, Fusicatenibacter, Lachnoclostridium, Roseburia, Tyzzerella 4, (Eubacterium) hallii group, Fusobacterium, and Akkermansia were higher in the control group. Venn diagram showed that there were 121 common genera in both groups, 11 special genera, and 39 special genera in the control group and the CI group, respectively (Figure 3C). The results showed that there were significant differences in gut microbial composition between the two groups.


[image: Figure 3]
FIGURE 3. Alterations of gut microbial composition. (A) Changes in gut microbes at the phylum level. (B) Changes in gut microbes at the genus level. (C) The special genera in the control and cognitive impairment (CI) groups.




Differential Taxa Between Groups

To explore the differential taxa between the control and CI groups, LEfSe analysis was performed. The results showed that based on the alteration of relative abundances, 11 genera including Blautia, Roseburia, Fusicatenibacter, Anaerostipes, Phascolarctobacterium, Lachnospiraceae_g, RuminococcaceaeUCG_013, Paraprevotella, Lactococcus, Bilophila, and Tyzzerella 3 were enriched in the control group (Figure 4A). Hungatella, Desulfovibrio, RuminococcaceaeUCG_005, EC_Eubacterium_ xylanophilumgroup, FamilyXIIIAD3011group, Sutterella, Slackia, ChristensenellaceaeR_7group, Eubacterium, RuminococcaeaeUCG_004, Butyricimonas, Akkermansia, Methanobrevibacter, Streptococcus, Ruminococcus2, and Lactobacillus were the differential taxa in the CI group. For instance, Sutterella and Butyricimonas were higher in the CI group and Roseburia was higher in the control group. Lactobacillus was enriched in the CI group than that in the control group although there was no significant statistical significance (p > 0.05, Figure 4B).


[image: Figure 4]
FIGURE 4. Differential taxa in the control and CI groups. (A) Linear discriminant analysis effect size (LEfSe). (B) Comparisons of 4 genera between groups (unpaired t-test, ns, no significance, *p < 0.05).




Gene Functions of Gut Microbiota Between Groups

Gut microbial alterations lead to differences in gene functions. Therefore, to evaluate the changes in gene functions of gut microbiota, PICRUSt analysis was performed based on gene function prediction. There were 33 gene functions with significant alterations in both groups (Figure 5, two-sided, Welch's t-test with Benjamini-Hochberg FDR multiple test correction). The abundances of photosynthesis proteins, photosynthesis, germination, oxidative phosphorylation, sporulation, cyanoamino acid metabolism, phenylpropanoid biosynthesis, bacterial chemotaxis, beta-lactam resistance, progesterone-mediated oocyte maturation, and antigen processing and presentation were upregulated in the control group. However, gene functions related to nutrient metabolisms such as glycolysis/gluconeogenesis, retinol metabolism, fatty acid metabolism, D-alanine metabolism, and pyruvate metabolism were upregulated in patients with CI. The results showed that gut microbial alteration induced significant differences in gene functions and this might be one of the causes for CI.


[image: Figure 5]
FIGURE 5. Alterations of gene functions of gut microbiota.




Identification of Microbial Markers for CI

To explore gut microbial markers for CI, a random forest classifier model was used to identify the control samples from CI samples. To detect unique microbial markers of CI, a random forest model between 27 healthy samples and 33 CI samples in the discovery phase. As shown in Figure 6A, 15 microbial markers such as Lactobacillus, Bifidobacterium, and Akkermansia were selected as the optimal marker set. An area under curve (AUC) value of 78.4% was received in the ROC curve based on these selected genera and implied a high diagnosis efficacy for patients with CI (Figure 6B). The results showed that 15 genera contained more information for CI predication and might be the microbial markers for CI.


[image: Figure 6]
FIGURE 6. Identification of gut microbial markers for CI by random forest model. (A) Microbial markers were predicated using a random forest model. (B) ROC curve evaluation.





DISCUSSION

In the present study, gut microbiota from the patients with CI and control subjects was comprised using 16S rRNA sequencing. Gut microbial microecology is important for maintaining physiological functions in the host and contributes to the regulation of immune responses. Dysbiosis of gut microbiota leads to changes in metabolisms and results in the onset of diseases, especially including central nervous system diseases (22). Many studies have shown that modulating gut microbiota has been considered an effective target to alleviate emotional and behavioral disorders, such as depression, stroke, and autism (23–25). The increase in Fusobacterium and reduction of short-chain fatty acids have been revealed to be associated with post-stroke cognitive impairment (26), and this suggests the potential clinical diagnosis and treatment values of gut microbes for brain disorders.

Cognitive impairment (CI) is a common disease for the elderly, and the development of CI induces a decline in the ability of daily living to bring a huge burden to the family and society. Compared to the control group, patients with CI had a lower ADL and MMSE, although this might be partly attributed to the older age (Figure 1, p < 0.001). Furthermore, although in the CI group education duration was significantly higher than that in the control, that seemed to be no improvement for CI symptoms. Some studies have been shown education is negatively associated with CI performance, and more education duration time leads to an advantage of 0.2–0.4 SD in cognitive performance (27, 28). Increasing evidence has demonstrated that sleep disturbance is closely associated with the development of CI in the elderly. Long sleep latency leads to a decrease in the chance of reversion to normal cognition but long sleep duration is related to the decline of risk for cognition (29). However, patients with CI in this study had a more sleep duration time vs. the control subjects (Figure 1). This might be associated with the deficiency of assessment for sleep-related parameters such as midsleep time, sleep latency, and daytime dysfunction in this trial. Sleep duration did not mean good sleep quality for subjects. The sleep-wake cycle is important for brain aging and is a potential way to improve CI symptoms (30). Therefore, these results suggested that the older age, the higher risk for CI it was, and it was not related to education duration under ignoring education degree.

There were differences in gut microbiota between the control and CI groups. In the CI group, the Faith_pd index was significantly higher than that in the control but other characteristics related to alpha diversity had no significant differences (Figure 2A). Furthermore, gut microbial beta diversity had a significant difference between the two groups (p < 0.002, Figure 2B) and this suggested that patients with CI had a distinct structure and composition of gut microbes. Actinobacteria and Proteobacteria were increased but Bacteroidetes and Firmicutes were reduced in the CI group (Figure 3A). Patients with Alzheimer's disease had an increase in the abundance of Bacteroidetes but decreases in Firmicutes (31). Furthermore, Bifidobacterium, Alistipes, Lactobacillus, Streptococcus, [Ruminococcus] torques group, Ruminococcus 2, Escherichia-Shigella, and Klebsiella were increased in the CI group (Figure 3B). The proportions of Bifidobacterium, Butyricicoccus, and Clostridium XIVb were negatively correlated with the presence of CI in patients with Parkinson's disease (32). This was not consistent with our results. Lactobacillus and Bifidobacterium are common beneficial bacteria and have been demonstrated to involve in the synthesis of neurotransmitters such as acetylcholine, serotonin, and gamma-aminobutyric acid (32). Escherichia-Shigella is a conditional pathogen and is related to some diseases such as intestinal disorder and CI. An increase in the proportion of Escherichia-Shigella has been revealed to be associated with a peripheral inflammatory state in patients with CI and brain amyloidosis (33). Furthermore, patients with post-stroke CI had higher abundances of Enterococcus, Bacteroides, and Escherichia-Shigella and a lower Faecalibacterium vs. patients with stroke (34). Venn diagram showed there were special taxa in the control and CI groups and displayed the distinct gut microbial composition from each other (Figure 3C). Therefore, based on the differences in gut microbial composition, microbial markers might be explored for CI in the elderly.

Linear discriminant analysis effect size (LEfSe) revealed the differential taxa including Desulfovibrio, Sutterella, Eubacterium, Butyricimonas, Akkermansia, Streptococcus, and Lactobacillus in the CI group (Figure 4A). Compared to the control group, Sutterella, Butyricimonas, and Lactobacillus significantly increased in the CI group. APOE4 is a risk factor for Alzheimer's disease and APOE4 carrier has an increased rate of cognitive decline. A study has shown the abundance of Sutterella was significantly increased in male EFAD transgenic mice (35). Compared to the patients with Parkinson's disease having normal cognition, the proportions of Blautia and Ruminococcus were reduced (36). Our results also showed a low abundance of Blautia in the CI group. In a cohort trial study, Parabacteroides, Verrucomicrobia, Akkermansia, Butyricimonas, Veillonella, Odoribacter, Mucispirillum, Bilophila, Enterococcus, and Lactobacillus were significantly enriched in patients with Parkinson's disease than in controls (37), and some increased genera such as Akkermansia, Butyricimonas, and Lactobacillus were same to our findings.

We evaluated changes in gene functions of gut microbiota using PICRUSt analysis. The results showed that nutrient metabolisms such as glycolysis/gluconeogenesis, retinol metabolism, fatty acid metabolism, D-alanine metabolism, and pyruvate metabolism were upregulated in the CI group (Figure 5). The reduction of cognitive function is related to changes in brain glucose utilization (38). Compared to rats with normal cognition, significant differences in protein expression were demonstrated vs. the rats with CI and this was associated with the glycolysis/gluconeogenesis pathway. Supplement with ω-3 docosahexaenoic acid is an important way to prevent brain aging and the development of Alzheimer's disease (39), and thus increased fatty acid metabolism might be positively related to the development of CI. Furthermore, pyruvate has been reported to improve neuron survival and eliminate reactive oxygen species to alleviate CI symptoms in rats with Alzheimer's disease (40). Therefore, these studies were consistent with our findings, and upregulated metabolisms were positively related to CI symptoms. There were huge differences in gut microbial composition and gene functions, and thus gut microbiota had great potential to apply to microbial markers to diagnose the CI development. A random forest model was used to identify gut microbial markers for CI and the results showed that 15 genera were selected to predict the development of CI with an AUC value of 78.4% (Figure 6). Gut microbial markers have been applied to predict and diagnose early colorectal cancer and early hepatocellular carcinoma (15, 16). Prevention of CI is necessary for the elderly because it is difficult to reverse. Therefore, gut microbiota as a biomarker contributed to the diagnosis and prevention of CI in the elderly.



CONCLUSION

Collectively, the abnormal gut microbial composition is associated with CI. A random forest model reveals the gut microbial markers of CI, and they have the potential to predict the development of CI and prevent CI based on gut microbial sequencing for the elderly.
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Objective: We used the amplitude of low-frequency fluctuation (ALFF) method to investigate spontaneous brain activity in patients with optic neuritis (ON) in specific frequency bands.

Data and Methods: A sample of 21 patients with ON (13 female and eight male) and 21 healthy controls (HCs) underwent functional magnetic resonance imaging (fMRI) scans in the resting state. We analyzed the ALFF values at different frequencies (slow-4 band: 0.027–0.073 Hz; slow-5 band: 0.01–0.027 Hz) in ON patients and HCs.

Results: In the slow-4 frequency range, compared with HCs, ON patients had apparently lower ALFF in the insula and the whack precuneus. In the slow-5 frequency range, ON patients showed significantly increased ALFF in the left parietal inferior and the left postcentral.

Conclusion: Our results suggest that ON may be involved in abnormal brain function and can provide a basis for clinical research.

Keywords: amplitude of low-frequency fluctuation, optic neuritis, resting state, functional magnetic resonance imaging, slow 5 and slow 4 frequencies


INTRODUCTION

Optic neuritis (ON) refers to all inflammatory lesions of the optic nerve, usually manifesting as acute or subacute vision loss with or without orbital pain, eye rotation pain, visual field defects or other clinical symptoms, and is the most common neurological disease leading to visual loss in young and middle-aged adults (1). The causes of optic neuritis are thought to include demyelinating diseases of the central nervous system, infectious diseases and immune diseases. A survey found that ON was the second most damaging disease among patients under 50 years of age after glaucomatous optic neuropathy (2). Worldwide, the annual incidence of unilateral optic neuritis is (0.94–2.18)/100,000, of which the annual incidence in the United Kingdom is 1/100,000 and that in Japan is 1.6/100,000 (3, 4). ON occurs predominantly in people aged 20–50, with an average age of onset of 36 years, and more than 70% of patients are female (5). Evidence suggests that there are racial and population differences in ON, which is more common among young, middle-aged, white females (6). Studies have shown that 80% of patients may have severe vision loss, and more than 60% of patients have monocular or binocular vision loss within 7.7 days after the first episode (7). The high incidence, young age of onset, high risk of blindness, and poor visual prognosis of ON have brought great physical and psychological burdens to patients and families, seriously affecting patients' quality of life. Its early diagnosis and treatment has become the focus of current research and the development of neuroimaging has provided a new method for the diagnosis of ON.

Magnetic resonance imaging (MRI) techniques have evolved rapidly to provide a non-invasive neuroimaging method that can assess functional and structural changes in the brain (8). Previous studies have demonstrated that synchronous brain activity is closely related to visual experience (9, 10). Resting state functional MRI (rsfMRI) was first proposed by Biswal (11) to assess consistent patterns of spontaneous fluctuation of blood oxygen level dependent (BOLD) signals during rest. These signals can be used to measure interhemispheric coordination (12).

The amplitude of low-frequency fluctuation is a widely used re-fMRI study method, which reflects the blood oxygen level-dependent (BOLD) signal of spontaneous neural activity in the low-frequency band (0.01–0.08 Hz) and can detect the intrinsic local activity of the brain. In recent years, domestic and international researchers have started to use sub-band ALFF analysis to study the correlation between neural activity and cognitive function in different neurological diseases by subdividing the frequency range of spontaneous brain activity, including slow-6 (0–0.01Hz), slow-5 (0.01–0.027Hz), slow-4 (0.027–0.073Hz), slow-3 (0.073–0.198Hz), slow-6 (0–0.01Hz), and slow-2 (0.198–0.250Hz). Among them, slow-2, 3 and 6 frequencies correspond to high frequency physiological noise interference, white matter signal and low frequency drift signal, respectively. And the study of slow-4 and slow-5 specific frequency bands can study the spatial distribution characteristics of brain regions with abnormal spontaneous functional activity in the brain in more depth, which in turn reduces the interference of noise in other frequency bands and increases the sensitivity of detecting abnormal activity in brain regions. RsfMRI and both functional and anatomic imaging have been applied to various ocular diseases (13–19).

The present study aims to determine whether spontaneous brain activity is related to the clinical characteristics of patients with ON. To detect the spontaneous brain activity of ON patients and healthy controls (HCs), we used the amplitude of low-frequency fluctuation (ALFF) technique to measure activity in different low frequency bands (slow 4 band: 0.027–0.073 Hz and slow 5 band: 0.01–0.027 Hz) and compared these between groups.



MATERIALS AND METHODS


Participants

This study included 21 ON patients (13 females and eight males) admitted to the Ophthalmology Department of the First Affiliated Hospital of Nanchang University (Nanchang, China). The selection criteria for all ON patients were: (1) the presence of eye pain related to acute vision loss; (2) nerve fiber damage and abnormal vision (Figure 1); (3) pupil block or abnormal visual evoked potential; (4) no other apparent cause of acute vision loss; (5) no medication taken before the examination; (6) no drug, alcohol, or tobacco addictions; and (7) no history of organ transplantation.


[image: Figure 1]
FIGURE 1. Example of optic neuritis observed using a FC and FFA. FC, fundus camera; FFA, fluorescence fundus angiography.


In addition, 21 age-matched HCs (13 females and eight males) were recruited. The inclusion criteria for HCs were as follows: (1) no abnormalities in brain parenchyma; (2) unilateral bare eye vision≥1.0 (3) normal nervous system.

All participants are able to go through an MRI scan. We used logMAR (Logarithm of Mininal Angle Resolution) method to obtain the best-corrected visual acuity (BCVA) of both groups and mean hospital anxiety and depression scale (HADS) to get the association with ALFF values.

The study was approved by the ethics committee of the First Affiliated Hospital of Nanchang University, and all methods were applied in accordance with the Helsinki Declaration. The study design description was provided to the participants before they signed informed consent forms.



MRI Parameters

All subjects underwent MRI scans in a 3-Tesla scanner (Trio, Siemens, Munich, Germany). They are constrained to the inspection area of the instrument and their heads are secured to prevent movement during the scanning process. During examination, the subjects remained awake, closed their eyes, and relaxed while avoiding focused thought. All scans were conducted by the same imaging physician, who observed the subjects until the process was completed successfully. Routine brain localization and T1 and T2 sequences were performed first. The specific parameters were: repeat time (TR) = 1,900 ms; echo time (TE) = 2.26 ms, thickness =1.0 mm, gap = 0.5 mm, acquisition matrix = 256 × 256, field of view (FOV) = 250 mm × 250 mm, and reversal angle = 90°. No substantial brain lesions were identified in the scanning process. RsfMRI data were acquired using a gradient-recalled echo sequence. The specific parameters were: TR = 2,000 ms, TE = 30 ms, thickness = 4.0 mm, gap = 1.2 mm, acquisition matrix = 64 × 64, flip angle = 90°, FOV = 220 mm × 220 mm. Data were collected continuously at 240 time points, and the scanning range included the whole brain.



MRI Data Processing

Data were obtained from functional images using the MRIcro software package (www.MRIcro.com) after prefiltering. SPM8 (http://www.fil.ion.ucl.ac.uk/spm) and DPARSFA (http://rfmri.org/ DPARSF) software were used to preliminarily analyze data before conversion to the NIFTI format. During magnetization equilibration the first 10 time points were discarded. Subjects were excluded if they had 1.5 angular motion or more than 1.5 mm maximum shift in the x, y, or z direction during the fMRI examination. After the head motion correction, the fMRI images were spatially normalized to the Montreal Neurological Institute space criteria using the standard echo-planar imaging template and resampling the images at a resolution of 3 mm × 3 mm × 3 mm. On the basis of the above, the signals of slow-4 and slow-5 were extracted separately using band-pass filtering oscilloscope, and the ALFF values were calculated and analyzed by REST software (http://sourceforge.net/projects/testing-fmri).



Statistical Analysis

Student's t-test was used to compare ALFF data between groups (20). A two-way analysis of variance and post-hoc tests were used to compare interaction s between groups and frequency bands. Based on Gaussian random field theory [z > 2.3, crowd >40 voxels, P < 0.01, false detection rate (FDR) corrected], we regulate the voxel offset (P < 0.05) as the statistical premise for comparisons.



Brain-Behavior Correlation Analysis

Pearson correlation analysis was used to look for associations between ALFF and clinical level using a threshold of P < 0.05 for statistical significance.




RESULTS


Clinical Characteristics of the Sample

No significant differences were found in age (P = 0.821), weight (P = 0.652), height (P = 0.634), or BMI (P = 0.963) between the two groups. Significant differences in best-corrected VA-right (P < 0.001) and best-corrected VA-left (P < 0.001) between the ON and HC groups. Details are shown in Table 1.


Table 1. Clinical characteristics of patients between ON and HC groups.

[image: Table 1]



Changes in ALFF in Different Frequency Bands

As shown in Figure 2A and Table 2, he two-way repeated-measures ANOVA was applied to explore main effects between groups. There were apparently increased ALFF (ON > HCs) in the right cerebellum, the right temporal inferior (temporal inf), the left temporal inf, and the left parietal inferior (parietal inf) and remarkably decreased ALFF (ON < HCs) in the left cingulum anterior (cingulum ant) and the right cingulum ant in brain regions with a main effect of group.


[image: Figure 2]
FIGURE 2. Frequency-associated ALFF analyses between the ON and HC groups. (A) Main effects of group, (B) main effects of frequency band, and (C) their interactions, with Gaussian random field theory correction, voxel-level P < 0.01 and cluster-level P < 0.05. Compared with HC, red represents the brain areas with increased AlFF, and blue represents the brain areas with decreased AlFF in patients with ON. ALFF, amplitude of low-frequency fluctuation; ON, optic neuritis; L, left; HC, healthy control; R, right.



Table 2. Frequency-associated ALFF differences, with Gaussian random field theory correction, voxel-level P < 0.01 and cluster-level P < 0.05.

[image: Table 2]

In several brain regions (Figure 2B; Table 2), the ALFF differed significantly between frequency bands, including increased ALFF of the right rectus gyri (slow-5 > slow-4), right supraoccipital segment (right supraoccipital) and decreased ALFF (Figure 2B; Table 2). Slow-5 < slow-4 in left caudate and left temporal pole sup. No obvious interaction was found between groups and frequency bands (Figure 2C).

No bidirectional changes were detected by post hoc t-tests in ALFF across slow-4 and slow-5 frequencies. Significantly lower ALFF values were found in the left insula and the left precuneus in the slow-4 band, but significantly higher ALFF values in the left parietal inf and the left postcentral in the slow-5 band (Figure 3; Tables 3, 4). The mean ALFF values between the ON patients and HCs are represented in Figure 4.


[image: Figure 3]
FIGURE 3. Difference in the ALFF values in the brain between the ON and HC groups across slow-4 (A) and slow-5 (B) frequencies, with Gaussian random field theory correction, voxel-level P < 0.01 and cluster-level P < 0.05. Compared with HC, red represents the brain areas with increased AlFF, and blue represents the brain areas with decreased AlFF in patients with ON. ALFF, amplitude of low-frequency fluctuation; ON, optic neuritis; L, left; HC, healthy control; R, right.



Table 3. In the slow-4 band (0.027–0.073 Hz), ALFF differences between the PHN and HC groups with Gaussian random field theory correction, voxel-level P < 0.01 and cluster-level P < 0.05.
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Table 4. In the slow-5 band (0.001–0.027 Hz), ALFF differences between the PHN and HC groups with Gaussian random field theory correction, voxel-level P < 0.01 and cluster-level P < 0.05.

[image: Table 4]


[image: Figure 4]
FIGURE 4. The mean ALFF values of altered brain regions between the ON and HCs. ALFF, amplitude of low-frequency fluctuation; ON, optic neuritis; HCs, healthy controls.




Correlation Analysis

In the patients with ON, the mean HADS scores negatively correlated with the ALFF values of the slow-4 band in the left precuneus (r = −0.974, P < 0.001), and in the left parietal inf (r = −0.762, P < 0.001) (Figure 5).


[image: Figure 5]
FIGURE 5. Correlations between the mean ALFF values and the clinical behaviors. (A) The HADS scores showed a negative correlation with the ALFF value of the slow-4 band in the left precuneus (r = −0.974, P < 0.001), and (B) the HADS scores showed a negative correlation with the ALFF value of the slow-4 band in the left parietal inf (r = −0.762, P < 0.001). ALFF, amplitude of low-frequency fluctuation; HADS, hospital anxiety and depression scale.





DISCUSSION

ALFF is a common clinical method reflecting the relationship between various clinical diseases and corresponding brain regions, as shown by many previous studies (Table 5).


Table 5. Amplitude of low-frequency fluctuation method applied in ophthalmological diseases.
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Main Effect of the Groups

ALFF values were significantly higher in ON patients than HCs in the right cerebellum, the right temporal inf, the left temporal inf, and the left parietal inf, and lower than HCs in the left cingulum ant and the right cingulum ant.

The cerebellum is responsible for balance, cognitive tasks and motor control. We have shown using fMRI that the cerebellum is involved in cognition and memory (21). Previous studies have linked cerebellar dysfunction to schizophrenia (22), bipolar disorder (23), and depression (24) and demonstrated higher cerebellar activation in patients with primary progressive multiple sclerosis (MS) than in healthy controls (25–27). Similarly, we found that the ALFF value of the right cerebellum is higher in ON patients than in controls, which may reflect functional compensation for neural damage. In the resting state, the default model network (DMN) is continuously activated in the brain and is associated with many conscious activities (28–32). In about 20% of MS patients, ON is the most important clinical feature (33). Previous research has shown (34) that DMN connectivity of the anterior cingulate cortex of MS is weaker than in controls and that the converse is true in the posterior cingulate cortex, with relatively strong connectivity in MS. In line with these findings, the present study found decreased ALFF in patients with ON in the bilateral cingulum ant and left precuneus, and increased ALFF in the bilateral temporal inf and left parietal inf. ALFF may play vital roles in understanding functional reorganization in ON patients. Therefore, changes in the ALFF values of the bilateral cingulate gyrus and the left anterior gyrus may be explained by the DMN damage caused by ON, and the abnormalities of the bilateral temporal lobe and left parietal lobe inf may be related to the stability of the network.



Main Effect of Frequency Band

Higher ALFF was found at slow-5 than at slow-4 frequency range in the right rectus, and right occipital sup and the converse, with lower ALFF at slow-5 than at slow-4, in the left caudate and left temporal pole sup. Various neurophysiological mechanisms give rise to a range of oscillatory bands with a correspondingly wide range of physiological functions (35). Consistent with previous studies, we found abnormal amplitudes in the frontal, occipital and parietal cortex in ON (35), with the slow 4 range dominating the ventral prefrontal cortex (36).



Frequency-Dependent Alterations in ALFF in On Patients

We found bidirectional changes of ALFF both in the ON and HC groups across slow-4 and slow-5 frequency bands, providing new insight into frequency-dependent alterations of ON patients. Excessively secondary to ALFF decreased in insula and the punch precuneus gyrus in the slow-4 band, but ALFF values were seriously upper in the awaken parietal inf and the talk area over postcentral gyrus in the slow-5 band.

The insula is located in the depths of the lateral sulcus, (37) is anatomically related to the frontal, parietal, and temporal lobes (38) and plays vital roles in consciousness, bodily impulses, and in controlling and suppressing natural impulses (39, 40). Insular dysfunction has also been linked to diseases including Alzheimer's disease (41) and epilepsy (42). Previous studies have demonstrated abnormal activation of the insula in ON patients (43, 44). Based on these findings, we infer that ON may be involved in insula dysfunction.

Brain regions are associated with the DMN (45). It is increasingly evident that DMN vulnerability plays an important part in depression and anxiety (46). The present study found lower ALFF in the left precuneus in patients with ON which indicates that ON might lead to DMN damage (Figure 6).


[image: Figure 6]
FIGURE 6. Correlations between mean ALFF values and behavioral performance. Compared with the HCs, the ALFF value of the left precuneus was decreased in ON. And the patients with ON exhibited with more depression and anxiety. ALFF, amplitude of low-frequency fluctuation; HCs, healthy controls; ON, optic neuritis.


The subparietal lobule participates in visual recognition (47). It is also related to diseases such as schizophrenia (48) and Alzheimer's disease (49). In our study, abnormality of left parietal atrial fibrillation in patients with ON may reflect compensation for abnormal visual function.

Located in the primary somatosensory cortex, the postcentral gyrus is associated with information processing triggered by tactile stimulation (50). The primary somatosensory cortex is involved in the perception of pain (51). Previous research has demonstrated reduced white matter in the postcentral gyrus in patients with neuromyelitis optical (52). In addition, the sensorimotor system of patients with optic neuromyelitis is impaired (53). In the present study, we demonstrated increased ALFF values in the left postcentral gyrus in patients with ON, which may reflect compensation for sensorimotor dysfunction (Table 6).


Table 6. Brain regions alteration and its potential impact.
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LIMITATIONS

Our research has limitations. First, the sample size is relatively small. In addition, the correlation between clinical characteristics of ON and ALFF values require further investigation. Thus, we are looking forward to designing more experiments to further elucidate the underlying molecular mechanisms.



CONCLUSIONS

In summary, our study reveals abnormal spontaneous activities in regional brain areas in ON, and may provide insight into the underlying pathogenetic mechanism.
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Objective: To investigate the effects of blood glucose variability on early therapeutic effects after intravenous thrombolysis with alteplase and the levels of serum inflammatory factors in patients with acute ischemic stroke (AIS).

Methods: We enrolled AIS patients who received intravenous thrombolysis within 4.5 h of the onset of symptoms. Clinical data, including the National Institutes of Health Stroke Scale (NIHSS), glycosylated hemoglobin, mean blood glucose, standard deviation of blood glucose, mean amplitude of glycemic excursion, mean variation coefficient of blood glucose, interleukin-6 (IL-6), active matrix metalloproteinase-9 (MMP-9), tumor necrosis factor α (TNF-α), and hypersensitive C-reactive protein (hs-CRP) levels, were compared between a group who showed improvement (the improvement group) and a group who did not show improvement (the non-improvement group). Relevant factors for early neurological improvement after thrombolysis with alteplase were analyzed by using multivariate logistic regression models. A Pearson linear correlation analysis was also performed on blood glucose variation and inflammatory factor levels within the two groups.

Results: A total of 146 patients were included, 63 of which had early symptom improvement (43.15%). The diabetes ratio, atrial fibrillation ratio, baseline NHISS score, random blood glucose at admission, and glycosylated hemoglobin of patients in the improvement group were significantly lower than those in the non-improvement group (P < 0.05 in all cases). The mean blood glucose, standard deviation of blood glucose, mean amplitude of glycemic excursion, and mean blood glucose variation coefficients of patients in the improvement group were significantly lower than those in the non-improvement group (P < 0.05). Serum inflammatory factor levels, including IL-6, MMP-9, TNF-α and hs-CRP, were significantly lower in patients in the improvement group compared to patients in the non-improvement group (P < 0.05). Multivariate logistic regression analysis showed that baseline NIHSS scores (OR = 1.28, 95% CI = 1.05–1.62, P = 0.02), glycosylated hemoglobin scores (OR = 2.57, 95% CI = 1.78–3.98, P = 0.0005), diabetes (OR = 13.10, 95% CI = 1.63~131.45, P = 0.021), the mean amplitude of glycemic excursion (OR = 2.98, 95% CI = 1.92–5.00, P < 0.0001), and the mean variation coefficient of blood glucose (OR = 1.40, 95% CI = 1.26–1.60, P = 0.0078) were significantly correlated with early symptom improvement after thrombolysis. Pearson linear correlation analysis showed that the standard deviation of blood glucose, mean amplitude of glycemic excursion, and the mean variation coefficient of blood glucose were significantly positively correlated with IL-6, MMP-9, TNF-α and hs-CRP levels (P < 0.01).

Conclusions: Blood glucose variability is correlated with early neurological improvement after intravenous thrombolysis with alteplase in AIS patients. With the increase of blood glucose fluctuation range, the inflammatory response is enhanced, which affects the prognosis of patients.
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Stroke is the disease with the highest incidence, disability, and mortality in China, with ischemic stroke accounting for 70% of disease burden. At present, the most effective treatment is intravenous thrombolytic therapy with recombinant tissue plasminogen activators (rt-PA) at early stages of the disease (<4.5 h) (1). Early improvement in neurological function after thrombolytic therapy is a marker of vascular recanalization and is independently predictive of good prognoses at 3 months. However, the efficacy of intravenous thrombolytic therapy is not always satisfactory. This may be due to many factors. Blood glucose and blood glucose variability are important risk factors for cardiovascular and cerebrovascular diseases, and blood glucose variation can induce the occurrence or aggravation of inflammatory responses. Recent studies have confirmed that blood glucose variability is an important prognostic factor that can independently predict death in critically ill patients. However, there is still no consensus about the influence of blood glucose variability on the effects of early thrombolytic therapy and inflammatory responses in AIS patients. Here, we studied AIS patients that were treated with intravenous thrombolytic therapy with alteplase. While strictly controlling for blood glucose levels and reducing the incidence of hypoglycemia, we evaluated the correlation between blood glucose variation levels, the early treatment effects of intravenous thrombolytic therapy with alteplase, and levels of serum inflammatory factors. We hope to guide effective blood glucose-based interventions, and to improve the therapeutic effects of intravenous thrombolysis in patients experiencing AIS.


PATIENTS AND METHOD


Patients

We included a total of 154 AIS patients who received intravenous thrombolysis with alteplase within 4.5 h of onset between August 2020 and June 2021. Among these patients, 8 cases were treated intravenously using bridging after intravenous thrombolysis, with a total of 146 cases eventually included in the final analysis.


Inclusion Criteria

(1) Age > 18. (2) Illness conformed to the “Guidelines for diagnosis and treatment of acute ischemic stroke 2018 in China”. (3) Stroke symptom duration was ≥30 min, National Institutes of Health Stroke Scale (NIHSS) score between 4 and 25 points, with no significant improvement in symptoms before thrombolytic therapy. (4) The standard of intravenous thrombolysis was met within 4.5 h of onset. (5) The clinical data were detailed and complete. (6) Patients or their families agreed to the study and signed informed consent forms.



Exclusion Criteria

(1) Patients with a history of severe stroke and mRS scores >2 before onset. (2) Patients with a history of severe head trauma or stroke within the past 3 months. (3) Patients with intracranial hemorrhage. (4) Patients with active hemorrhage. (5) Patients with a history of seizures. (6) Patients with serious insufficiencies within important organs, including the heart, lungs, liver, kidneys, and others. (7) Patients with inflammatory conditions, including but not limited to connective tissue disease, vasculitis, infection, tumor and acute myocardial infarction. (8) Patients that had recently used anti-inflammatory drugs, including glucocorticoids, immunosuppressants, biologics and non-steroidal anti-inflammatory drugs (excluding low-dose aspirin and statins). (9)Patients with blood pressure higher than 185/110 mmHg (1 mmHg = 133.32 Pa) after antihypertensive therapy. (10) Patients with random blood glucose levels <2.7 mmol/L at admission. (11) Patients with oral anticoagulant therapy and INR >1.5. (12) Patients with platelets t <100× 109/L. (13) Cases where the time of onset was unknown. (14) Cases were intravenous thrombolysis was followed by endovascular bridging therapy. (15) Cases with incomplete clinical data. (16)Telephone or outpatient follow-up could not be completed.

This study was approved by the ethics committee of Tianjin Huanhu Hospital.




Methods
 
General Information Collection

Baseline data, including gender, age, hypertension, diabetes, hyperlipidemia, coronary heart disease, atrial fibrillation, prior stroke/transient ischemic attack (TIA), smoking history, drinking history, onset to treatment (OTT), and NIHSS score before thrombolysis, were collected for all patients.



Treatment

Lyophilized alteplase powder (specification: 20 and 50 mg) produced by the German company, Boehringer Ingelheim, was used. Alteplase was dissolved in 100 ml normal saline at a total dose of 0.9 mg/kg (maximum dose was 90 mg), 10% of which was intravenously injected within 1 min, and the other 90% of which was intravenously injected within 1 h. Brain CT or MRI examinations were performed 24 h after thrombolysis. Patients without cerebral hemorrhage were treated with anti-platelet aggregation drugs and neuroprotection. Patients after cerebral infarctions were treated with insulin hypoglycemia when blood sugar was more than 10.0 mmol/L, and when blood sugar was below 3.3 mmol/L, 10–20% glucose was administered orally or by injection. Patients who were unable to eat orally were given a nasal fluid diet, with their blood glucose levels closely monitored.



Observation Indicators

(1) Blood glucose monitoring: after admission, blood glucose was monitored every 4 h for 72 h using a Roche blood glucose meter. Then, the mean blood glucose (MBG), standard deviation of blood glucose (SDBG), mean amplitude of glycemic excursion (MAGE), and mean variation coefficient of blood glucose (MVCBG) were calculated. The last three indexes are used to measure the degree of variation in blood glucose levels. (2) Detection of inflammatory factors: in the morning following admission, 3 ml of fasting venous blood was extracted, and serum was separated. Interleukin-6 (IL-6), active matrix metalloproteinase-9 (MMP-9) and tumor necrosis factor α (TNF-α) were detected by enzyme-linked immunosorbent assay (ELISA), and the level of hypersensitive C-reactive protein (hs-CRP) were detected using scattering turbidimetry. (3) Efficacy evaluation: NIHSS scores were recorded at 1 h, 2 h, 24 h and 7 days after intravenous thrombolysis. Cases with NIHSS scores that decreased by ≥4 points 7 days after thrombolysis, or with neurological deficits that were completely resolved (i.e., NIHSS score = 0), were defined as having significant early improvement, as shown in Figure 1.


[image: Figure 1]
FIGURE 1. Study schema. AIS, acute ischemic stroke; NIHSS, National Institutes of Health Stroke Scale; IV, intravenous.




Case Grouping

Patients were divided into improvement and non-improvement groups based on whether neurological functioning improved in the early stages after thrombolytic therapy.




Statistical Analysis

Statistical analysis was carried out using SAS 9.4 statistical software. Data that conformed to normal distributions were expressed by mean ± standard deviation (SD) and assessed using t-tests. A rank sum test was also used for comparison for data that did not conform to normal distributions. Enumeration data were represented by frequency and rate (%), and assessed by a x2 test. Multivariate Logistic stepwise regression analysis was performed for the factors with statistically significant differences in univariate analysis. The levels of blood glucose variability and inflammatory factors were compared between the two groups using Pearson linear correlation analysis. A P < 0.05 indicated a statistically significant difference.




RESULTS


Univariate Analysis of Baseline Data

There were 63 patients in the improvement group and 83 patients in the non-improvement group, including 2 patients with symptomatic intracerebral hemorrhage. The proportion of diabetes and atrial fibrillation in the non-improvement group was higher than that in the improvement group (P < 0.05). The baseline NHISS score of the non-improvement group was higher than that of the improvement group, the non-improvement group had higher random blood glucose levels at admission than the improvement group, and glycosylated hemoglobin in the non-improvement group was significantly higher than in the improvement group (P < 0.05; Table 1).


Table 1. Baseline data for the improvement group and non-improvement group.
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Comparison of Blood Glucose Monitoring Indexes

The MBG, SDBG, MAGE and MVCBG levels of patients in the improvement group were significantly lower than those in the non-improvement group (P < 0.05; Table 2).


Table 2. Comparison of blood glucose monitoring indexes.
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Comparison of Inflammatory Factor Levels

Patients in the improvement group had significantly lower levels of serum inflammatory factors, including IL-6, MMP-9, TNF-α and hs-CRP, than patients in the non-improvement group (P < 0.05; Table 3).


Table 3. Comparison of the levels of inflammatory factors.
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Multivariate Logistic Regression Analysis

Variables with P < 0.05 in Tables 1, 2 (diabetes, atrial fibrillation, baseline NHISS scores, random blood glucose at admission, glycosylated hemoglobin, MBG, SDBG, MAGE, MVCBG) were selected for multivariate logistic regression analysis to analyze factors related to early symptom improvement. Results showed that baseline NIHSS scores, glycosylated hemoglobin, diabetes, MAGE, and MVCBG were significantly correlated with early symptom improvement after thrombolysis (Table 4).


Table 4. Multivariable analysis for early symptom improvement.
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Correlation Analysis of Blood Glucose Variability Indices and Inflammatory Factors

Pearson linear correlation analysis showed that the blood glucose variability indices, including SDBG, MAGE, and MVCBG, were significantly positively correlated with the inflammatory factors IL-6, MMP-9, TNF-α and hs-CRP (P < 0.01; Table 5).


Table 5. Correlation analysis of blood glucose variability indices and inflammatory factors.
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DISCUSSION

Revascularization in patients with acute ischemic stroke has previously been associated with better outcomes. Early recovery of brain function has been considered to be an indicator of arterial recanalization and brain tissue reperfusion, and the relationship between vascular recanalization and early recovery of nerve function has been confirmed using multiple examination methods, such as transcranial Doppler imaging (2), CT angiography, magnetic resonance angiography, or digital subtraction angiography (DSA), etc. In this study, baseline NIHSS scores, glycosylated hemoglobin, diabetes, MAGE, and MVCBG were associated with early improvement after intravenous thrombolysis with alteplase in patients with AIS. High baseline NIHSS scores, high glycosylated hemoglobin levels, a history of diabetes, and high blood glucose variability were risk factors for decreased vascular recanalization.

At present, a number of studies have reported that hyperglycemia and diabetes are associated with the low rate of recanalization and poor clinical outcomes in IV rt-PA-treated patients (3). Therefore, how to control blood glucose more effectively, or if lowering blood glucose level alone is sufficient, has become a research hotspot (4). Blood glucose variability (blood glucose fluctuation) is also known as blood glucose drift and refers to the tendency of blood glucose levels to fluctuate. Between peaks and troughs, these changes are considered to be a third type of dysglycemia, in addition to hypoglycemia and hyperglycemia. Blood glucose variability can lead to vascular endothelial cell apoptosis via oxidative stress and inflammatory responses. Patients with acute cerebral infarctions are prone to stress hyperglycemia, so blood glucose fluctuations are more obvious (5). However, blood glucose variability has been consistently overlooked in stroke studies exploring the association between glycemia and clinical outcomes (6), and there are currently limited studies which have evaluated the association between blood glucose variability and clinical outcomes of stroke. There are also few studies that have investigated intravenous thrombolytic therapy related to stroke (7). A retrospective study assessed GV as the range of glucose (maximum-minimum) in diabetic AIS patients (8). It showed that high GV was associated with adverse functional outcomes, even after adjusting for hyperglycemic measures or hypoglycemic events. In one study, 336 diabetic AIS patients were recruited within 72 h of stroke onset, and the mean amplitude of glycemic excursion was found to be associated with early neurological deterioration (9). A study evaluating the association between GV indices and clinical outcomes in acute stroke patients showed that greater GV might be related to decreased odds of neurological improvement during hospitalization (10). Furthermore, a recent study demonstrated that high GV values during the first 48-h after ischaemic stroke were associated with increased mortality (11). Patients treated with intravenous thrombolytic therapy and non-diabetic patients were included in this study. The results showed that the random blood glucose levels at admission, glycosylated hemoglobin, mean blood glucose levels and blood glucose variability indices (SDBG, MAGE, MVCBG) in the improvement group were lower than those in the non-improvement group. Differences in blood glucose variation, however, were more significant. We therefore suggest that blood glucose variability indices will better predict outcomes in AIS patients treated with intravenous alteplase thrombolysis, and that the sensitivity of MAGE and MVCBG is higher than that of SDBG.

The mechanism by which elevated blood glucose variability could lead to poor outcomes is not entirely clear. Some studies have confirmed that blood glucose fluctuation can induce the adhesion of inflammatory cytokines and vascular endothelial cells, aggravate body's inflammatory responses, and then affect the prognosis of patients with acute cerebral infarctions (12). Barbieri M et al. showed that both acute and chronic blood glucose fluctuations could induce inflammatory responses in T2DM patients. Compared with stable hyperglycemia, excessively large and frequent blood glucose fluctuations may cause more intense T2DM complications (13). Lowering the levels of blood glucose variability may reduce the levels of inflammatory factors, reduce the degree of neurological impairment in ACI patients, and improve their prognosis (14). TNF-α is one of the most important Th1 pro-inflammatory cytokines, and is considered a potential therapeutic target for acute stroke (15). As an important factor in the inflammatory response, Il-6 induces blood vessel damage during and following AIS (16). IL-6 can increase vascular endothelial permeability, improve coagulation factor activity, promote coagulation, and cause vascular dysfunction, which may ultimately lead to thrombosis and bleeding events (17). MMP-9 expression levels are low in normal brain tissue, but are increased after ischemic strokes. MMP-9 is involved in brain tissue injury through a number of mechanisms, including destruction of the blood-brain barrier (BBB), the promotion of inflammatory cell infiltration and inflammatory factor release, inducing nerve cell death and hemorrhage transformation of ischemic tissue (18, 19). C-reactive protein (CRP) is a sensitive acute reactive protein. Previous studies have shown that hs-CRP can predict the occurrence of ACI, and that the degree of neurological impairment in ACI patients is closely related to hs-CRP levels. Therefore, hs-CRP levels can indirectly indicate disease severity (20, 21).

Here, we selected four important inflammatory factors related to acute cerebral infarction as observation indicators, and found that their levels were significantly higher in the non-improvement group than in the improvement group. We therefore postulate that because IL-6, MMP-9, TNF-α and hs-CRP levels in AIS patients with high blood glucose variability who are treated with intravenous alteplase thrombolysis are significantly increased, the degree of inflammation is severe, which may lead to poor prognoses.

In summary, our study showed that blood glucose variability was significantly correlated with the early therapeutic effects of intravenous alteplase thrombolysis, as well as with the level of inflammatory factors in acute cerebral infarctions. If blood glucose fluctuates greatly, inflammatory reactions are obvious, and intravenous thrombolysis has a somewhat negligible effect. Thus, the reduction of blood glucose variability and inhibition of inflammatory responses has become a novel therapeutic mechanism for improving the prognosis of AIS patients. Clinicians should closely monitor and manage blood glucose variability in AIS patients. Blood glucose fluctuations should be controlled effectively, rather than by simply lowering blood glucose levels. Reducing blood glucose fluctuations may improve the prognosis of AIS patients treated with intravenous thrombolytic therapy.

Our study had some limitations. Since not all subjects were diabetic, fingernail blood glucose measurements were used to calculate blood glucose variability, rather than employing a continuous blood glucose monitoring method. In the future, we hope to apply a dynamic blood glucose monitoring system and obtain more accurate data. In addition, there is no widely accepted optimal index for blood glucose variability, leading to substantial reporting heterogeneity in relevant studies. Additionally, our sample size was small because this was a single-center study. A larger sample drawn from multiple centers would be useful for obtaining more reliable results in the future.
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Purpose: To investigate the differences of retinal thickness (RT) and superficial vascular density (SVD) between patients with Sjogren's syndrome (SS) and healthy controls (HCs) using optical coherence tomography angiography (OCTA).

Methods: Individuals with SS and healthy controls were enrolled (n = 12 per group). An en-face OCTA scan was performed on each eye. Images were segmented into 9 subregions and macular RT and SVD were measured and compared between the 2 groups.

Results: Visual acuity (VA) differed significantly between patients with SS (24 eyes) and controls (24 eyes) (p < 0.001). In patients with SS, inner RT was reduced in the inner superior region, outer RT was reduced in the outer nasal (ON) region, and full RT was reduced in the ON region compared with the control group (p < 0.05). RT was negatively correlated with serum IgG level in the outer and full retina at ON regions (p < 0.05). SVD in the inner nasal, ON, and inner temporal regions was significantly lower in patients with SS than in control subjects (p < 0.05). SVD was positively correlated with full RT in the ON region in patients with SS (p < 0.05). The areas under the receiver operating characteristic (ROC) curves for the diagnostic sensitivity of outer RT and full RT in the ON region for SS were 0.828 (95% CI: 0.709–0.947) and 0.839 (95% CI: 0.715–0.963), respectively.

Conclusions: In patients with SS, retinal thinning in the macular area—which affects vision—can also reflect the severity of dry eyes in SS and has clinical value for assisted imaging diagnosis.

Keywords: retinal thickness, Sjogren's syndrome, optical coherence tomography angiography, biomarker, vascular density


INTRODUCTION

Sjogren's syndrome (SS) is a long-term diffuse connective tissue disease. The global prevalence rate is 61 people per 100,000 (1). The male-to-female ratio is between 1:9 and 1:10, and most patients are 30–60 years of age (2). The clinical manifestations of SS range from exocrine to systemic with multiple extraglandular involvement (3). Although SS is associated with a lower incidence of visceral damage than systemic lupus erythematosus (SLE), the degree of disability is similar (4). Patients with SS often have physical and psychological disorders that reduce the social functioning and quality of life (5, 6). The symptomatology of SS overlaps with that of other systemic diseases, drug reactions, and viral infections. Thus, SS diagnosis and treatment represent a clinical challenge. In fact, the two-thirds of patients with SS are not correctly diagnosed initially (3, 7) and a diagnosis can take up to 10 years from initial symptom onset (8).

Since its discovery in the 1930s, the classification of SS has been continually updated. SS is suspected when the following symptoms are present: (1) constant and annoying dry eyes persisting for at least 3 months; (2) continual foreign body sensation in the eyes; (3) requiring the use of artificial tears ≥3 times a day; (4) feeling thirst every day for more than 3 months; and (5) a need to drink water to swallow solid food (9). The European League Against Rheumatism (EULAR) and American College of Rheumatology (ACR) issued classification standards for SS that included clinical and immune evaluations, with less emphasis placed on the eyes (10).

Among patients with SS, the incidences of xerophthalmia and thirst—the most common disease symptoms—were 44% and 39%, respectively (11). However, a study with a large sample size found that dry eye was much more common than dry mouth (12). Patients with SS often have ocular surface inflammation, such as eyelid swelling and corneal ulcer (8, 13–15); and ocular lesions in other parts of the eye such as optic neuritis (8), uveitis (16), and scleritis (17) have also been reported. Over one-third of patients with SS have extraglandular ocular manifestations and when these interfere with vision, patients are more likely to have fatal complications than those without such lesions (8). In patients with systemic autoimmune disorders, the choroid and retina may not only reflect ocular diseases but also indirect ocular injury (18). In SLE, retinopathy is an accurate reflection of disease activity in both recessive and dominant cases, and SLE patients with related retinopathy have a significantly lower survival rate than those without retinopathy (19). In SS, the significance of retinal changes is worth exploring.

There is currently no single clinical index or gold standard assay for the diagnosis and/or differentiation of SS, although a lip biopsy is useful (20). However, the invasiveness of the procedure precludes regular follow-up and monitoring. The main measure of disease activity in SS is the EULAR Patient Report Index (21), which includes just one eye-related assessment item. Optical coherence tomography angiography (OCTA) is a novel in vivo imaging technique that provides detailed morphologic and quantitative information on microvascular changes in the eye (22). OCTA can be used to show the microvascular structure in the macula and optic disk (23, 24), which can facilitate the diagnosis of diseases, such as Alzheimer's disease (25), diabetes (26), multiple sclerosis (27), and thyroid-related ophthalmopathy (28).

To date there have been no studies that have applied OCTA to the diagnosis of SS. In this study, we investigated the ocular status of patients with SS, and used OCTA to assess retinal thickness (RT) and vascular density (VD) in patients with SS compared with healthy controls.



MATERIALS AND METHODS


Subjects

This cross-sectional study was conducted at the Department of Ophthalmology and Rheumatology of The First Affiliated Hospital of Nanchang University (Nanchang, China) in 2020. Patients diagnosed with SS were recruited from the Outpatient Department of Rheumatism Immunology; and sex- and age-matched healthy normal subjects were recruited from the Ocular Disease Clinical Research Center. An ophthalmologist from the Medical Center evaluated the absence of abnormalities in the eyes of these subjects through clinical examination and OCTA imaging. All subjects were examined by the same retina specialist.



Inclusion and Exclusion Criteria

All patients were women and met the 2002 American European Consensus Group classification criteria for SS (9). The patients ranged in age from 18 to 66 years. None of the patients showed symptoms or the signs of retinal vasculitis, choroiditis, or optic neuritis. Patients with chorioretinopathy induced by hydroxychloroquine (HCQ) were excluded.

Other exclusion criteria were as follows: (1) autoimmune diseases other than SS; (2) systemic diseases, such as endocrine, cardiovascular, or nervous system disease affecting the eye or optic nerve; (3) retinopathy or choroidal disease (e.g., arteriovenous disease, glaucoma, or high intraocular pressure (IOP); (4) any history of eye surgery or trauma or eye tumor; (5) contraindications, allergies, or intolerance to local anesthetics or mydriatic drugs; (6) diseases that could affect fundus imaging; and (7) pregnant or lactating women.



Ethical Considerations

The study was conducted in accordance with the Helsinki Declaration and was approved by the hospital's ethics council (cdyfy2018026). Before signing the informed consent statement, all participants fully understood the research methods and objectives.



Clinical Examinations

All subjects underwent the following clinical and ophthalmic examinations: (1) Immunological information, such as antinuclear antibody, anti-SS-A antibody, anti-SS-B antibody, IgG, and complement and salivary gland biopsy findings (29); (2) analysis of C-reactive protein (CRP) level and erythrocyte sedimentation rate to assess the patient's inflammatory status; (3) EULAR SS disease activity index for disease activity (ESSDAI) (21); (4) examination of mental state using the Hospital Anxiety and Depression Scale (HADS) (30); (5) ocular measurements, such as visual acuity (VA) (Snellen chart), IOP (Goldmann tonometry), spherical equivalent, and keratoconjunctivitis sicca; and (6) OCTA.



Ocular Measurements

Tear breakup time (BUT): apply fluorescein sodium evenly on the ocular surface, observe the first tear film rupture point under cobalt blue light, and calculate the tear film rupture time. Less than 10 s is positive (31).

Ocular staining score (OSS): corneal fluorescein staining and conjunctival lysamine green staining were used for comprehensive evaluation. The ocular surface of each eye was divided into three parts: nasal conjunctiva, cornea, and temporal conjunctiva. The nasal and temporal conjunctiva were scored according to the number of conjunctival spots in the palpebral fissure area. An OSS score ≥3 was positive (9).

Schirmer's test (SIT): fold one end of 5 mm × 35 mm filter paper into right angle, put it into conjunctival sac after disinfection. The soaking length of filter paper is normally 15 mm/5 min and <5 mm/5min is positive (9).

Tear meniscus height (TMH): infrared light was used to focus and guide patients to blink. After white light shooting, the software (Keratograph 5M) was used to measure and record (32).



Optical Coherence Tomography Angiography

We used an RTVue Avanti XR system (Optovue, Fremont, CA) to perform OCTA imaging to simultaneously display retinal cross section and microvessels. The scanning speed is set as 70,000 a-scans/s, the axial resolution is 5 mm, the horizontal resolution is 22 μm, the central wavelength is 840 nm, and the bandwidth is 45 nm. The imaging time was 3.9 s. Five angiography was performed in 3 mm × 3 mm scanning mode, focusing on the fovea along the X-axis (216 A scans in total) and along the Y-axis (216 grating positions for each scan). At 216 y positions ×5 positions, we captured 1,080 B scans at 270 frames/s (33). By 4 volume scans, OCTA images of 3 mm × 3 mm were obtained: a total of 933,120 A scans (2 horizontal scans and 2 vertical scans). A 3 mm × 3 mm en-face OCTA angiographic image was calculated for each eye.

After scanning, each retina was segmented into nine early treatment diabetic retinopathy study (ETDRS) subregions, composed of three concentric round (0.5, 1.5, and 3 mm in radius), and their thickness was analyzed. Each story of the retina covers: (1) inner retina: from internal limiting membrane (ILM) to inner plexiform layer (IPL); (2) full retina: from ILM to retinal segment epithelium (RPE). We defined outer RT as the difference between full RT and inner RT. The vascular perfusion area as a percentage of the measured area was vascular density. Using the threshold method, vascular density was reckoned by creating two-dimensional en-face images of superficial retina (the layer between the vitreous retinal interface and the front boundary of the ganglion cell layer). Determine the value of the image block and assign it to each pixel perfusion (1) or background (0). The average value of the skeleton plate in the region of interest was scaled based on the pixel size (512 pixels/3 mm) to calculate vascular density from the center of the macula to the edge of the 3 mm × 3 mm brightness gradient image. Macular RT and superficial (S) VD were measured. All subjects used the right eye first. Data from the left eye were flipped to obtain a mirror image of the right eye. Left and right eye data were averaged and analyzed together (Figure 1A).


[image: Figure 1]
FIGURE 1. The OCTA images and RT and SVD analysis of control and SS groups. (A) Cross-sectional view of RT in SS and health group used OCTA. The inner RT, full RT and SVD were measured by ETDRS. (B) The results of inner RT, outer RT, full RT and SVD in the SS and healthy group were compared. (C–E) Analysis of RT results in the SS and healthy group. The vertical coordinate is the value of RT, and the horizontal coordinate is the retinal subregions. (F) Analysis of SVD results in the SS and healthy group. The vertical coordinate is the value of SVD, and the horizontal coordinate is the retinal subregions. OCTA, optical coherence tomography angiography; SS, Sjogren's syndrome; RT, retinal thickness; SVD, superficial vessel density; ETDRS, early treatment of diabetic retinopathy study; IS, inner superior; OS, outer superior; IN, inner nasal; ON, outer nasal; II, inner inferior; OI, outer inferior; IT, inner temporal; OT, outer temporal; C center. * p < 0.05; ** p < 0.01; and *** P < 0.001.




Statistical Analysis

The data were analyzed using SPSS version 22.0 (IBM Corp, Armonk, NY, USA) and GraphPad Prism version 8 (La Jolla, California, USA) are reported as mean ± SD. Independent-samples t-test, chi-square test, and Fisher's exact test were used to compare data between groups. The generalized estimation equation was employed to compare RT and SVD between SS eyes and control eyes and data were adjusted for known confounding variables to explain interocular correlation within subjects. The relationship between RT and systemic and ocular variables was analyzed using univariate and multivariate regression analyses. A linear correlation analysis was conducted between RT (full thickness, inner layer, and outer layer) and SVD in each group. To analyze the distinction between healthy and SS subjects, receiver operating characteristic (ROC) curves for RT (full, inner and outer) and SVD were plotted. The value of p < 0.05 was deemed statistically significant.




RESULTS


Subjects

There were 12 cases (24 eyes) in each group and all were women. The patients with SS and control subjects were comparable in the terms of age (the mean age of SS was 55.17 ± 9.68 years and the mean age of the control was 54.50 ± 9.25 years, p = 0. 808). The mean time since diagnosis in the SS group was 3.92 ± 1.93 years, mean ESSDAI was 5.75 (range: 1–18), IgG was 16.11 ± 6.74 g/L, complement C3 was 0.85 ± 0.14 g/L, complement C4 was 0.21 ± 0.08 g/L. Patients with SS had a significantly higher HADS score than controls (8.08 ± 3.65 vs. 2.58 ± 0.97; p < 0.001) (Table 1).


Table 1. General information of patients with SS and healthy subjects.

[image: Table 1]

The SS group had lower VA than the control group (p < 0.001) and had shorter BUT (4.67 ± 0.92 vs. 13.42 ± 1.50 s; p < 0.001), OSS (3.12 ± 1.90 vs. 0; p < 0.0001), lower SIT score (3.33 ± 1.86 vs. 12.92 ± 1.32 mm; p < 0.001), and lower TMH (0.15 ± 0.04 vs. 0.58 ± 0.12 mm; p < 0.001) (Table 2).


Table 2. Ocular information of patients with SS and healthy subjects.
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Macular RT

The subregional RT in the SS and control groups is shown in Table 3, Figure 1B. After adjusting for age, IOP, VA, and blood pressure (BP), inner RT was significantly lower in the SS group than in controls in the superior quadrant of the inner ring (p = 0.022) (Figure 1C). The other 3 regions of the inner ring (nasal, p = 0.739; inferior, p = 0.115; and temporal, p = 0.841), 4 regions of the outer ring (superior, p = 0.348; nasal, p = 0.161; inferior, p = 0.513; and temporal, p = 0.472), and foveal center (p = 0.244) did not differ significantly between groups.


Table 3. Comparison of macular retinal thickness at different locations between patients with SS and healthy subjects.
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Compared with healthy subjects, the outer RT of patients with SS was significantly lower in the outer nasal (ON) (p < 0.001) quadrants (Figure 1D). The other 3 regions of the outer ring (superior, p = 0.493; inferior, p = 0.123; and temporal, p = 0.179), the 4 regions of the inner ring (superior, p = 0.118; nasal, p = 0.581; inferior, p = 0.228; and temporal, p = 0.302), and foveal center (p = 0.340) showed no significant difference between groups.

The full RT in the nasal region of the outer ring was significantly thinner in patients with SS than in control subjects (p = 0.007) (Figure 1E). No significant differences between groups were observed in any of the other regions (p > 0.05).

In the univariate regression analysis, macular RT was negatively correlated with VA (b = −14.237, p < 0.001) but not with age, IOP, or BP. The multivariate regression analysis showed that advancing age (b = −0.149, p = 0.030) and poor VA (b = −17.758, p = 0.002) were significantly associated with thinner macular RT (Table 4).


Table 4. Univariate and multivariate regression analyses of association between macular retinal thickness with demographic and ocular parameters in patients with SS.
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Superficial Macular Retinal VD

Superficial VD at different retinal subregions in the SS and control groups is shown in Table 5, Figure 1B. After adjusting for age, IOP, VA, and BP, SVD was significantly lower in patients with SS than in controls on the nasal side (inner ring, p = 0.010 and outer ring, p = 0.007) and temporal region (inner ring, p = 0.048) (Figure 1F). In the SS group, SVD was negatively correlated with disease duration (−0.464) (Figure 2A).


Table 5. Comparison of superficial vessel density at different locations between patients with SS and healthy subjects.
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FIGURE 2. Retinal thickness was correlated with serum IgG level and OSS. The correlation between the duration of disease and HADS, SVD. (A) Negative correlation was found between duration and SVD at IN region (r = −0.464, p = 0.022). The vertical coordinate is the value of SVD, and the horizontal coordinate is the duration. (B) Negative correlation was found between RT and OSS in the inner retina at IS region (r = −0.431, p = 0.035). The vertical coordinate is the value of RT, and the horizontal coordinate is the value of OSS. (C) Negative correlation was found between RT and serum IgG level in the outer retina at ON region (r = −0.564, p = 0.004). Negative correlation was found between RT and serum IgG level in the full retina at ON region (r = −0.467, p = 0.021). The vertical coordinate is the value of RT, and the horizontal coordinate is the value of IgG. (D) Positive correlation was found between duration and HADS (r = 0.897, p < 0.001). The vertical coordinate is the value of HADS, and the horizontal coordinate is the duration. SS, Sjogren's syndrome; OSS, ocular staining score; HADS, hospital anxiety and Depression Scale; RT, retinal thickness; SVD, superficial vessel density; IS, inner superior.




ROC Curve Analysis of RT and SVD

Optical coherence tomography angiography data were analyzed to evaluate the specificity and sensitivity of RT and SVD as the diagnostic indicators of SS-related changes (Figure 3). Significant differences between groups were found in the inner superior (IS), outer ON, and full ON regions in the SS group. In the ON region, the area under the ROC curve for outer RT was 0.828 (95% CI: 0.709–0.947) and full RT was 0.839 (95% CI: 0.715–0.963), suggesting moderate to high diagnostic sensitivity for SS (Figure 3A).
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FIGURE 3. A receiver operating characteristic (ROC) curve analysis of RT and SVD. (A) The area under the ROC curve were 0.688 (95% CI = 0.536–0.839) for inner IS, full ON 0.839 (95% CI = 0.715–0.963), outer ON 0.828 (95% CI = 0.709–0.947). (B) The area under the ROC curve were 0.806 (95% CI = 0.671–0.942) for SVD IN, SVD ON 0.752 (95% CI = 0.607–0.896), SVD IT 0.635 (95% CI = 0.473–0.798). ROC, receiver operating characteristic; CI, confidence interval; RT, retinal thickness; SVD, superficial vessel density; ON, outer nasal; IT, inner temporal; IS, inner superior; IN, inner nasal.


Significant between-groups differences in SVD were found in the inner nasal (IN) and ON and inner temporal (IT) regions. The area under the SVD IN ROC curve was 0.806 (95% CI: 0.671–0.942), and the area under the SVD ON ROC curve was 0.752 (95% CI: 0.607–0.896), suggesting that SVD has moderate diagnostic sensitivity for SS (Figure 3B).



Relationship Between RT, SVD, IgG, and OSS

In patients with SS, full RT was correlated with SVD in the ON region (r = 0.459) (Figure 4), suggesting that retinal thinning is related to decreased VD in SS. The inner RT in the IS region of the SS group was negatively correlated with OSS (−0.431), implying that a thinner RT is related to the greater severity of xerophthalmia (Figure 2B). In patients with SS, negative correlations were found between RT and serum IgG level in the outer and full retina at ON regions (−0.564 and −0.467, respectively) (Figure 2C).
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FIGURE 4. Correlation between RT and SVD in normal and patients with SS. The vertical coordinate is the value of RT, and the horizontal coordinate is the value of SVD. (A,B) In the SS group, SVD was positively correlated with full RT at ON region (r = 0.459, p = 0.024). SS, Sjogren's syndrome; RT, retinal thickness; SVD, superficial vessel density; ON, outer nasal.




Relationship Between Disease Duration and HADS

A longer disease course in patients with SS was associated with a higher HADS index (0.897) (Figure 2D).




DISCUSSION

Sjogren's syndrome is characterized by exocrine gland involvement, abnormal proliferation of B lymphocytes, tissue infiltration of lymphocytes, and autoantibody production. The main clinical features dry eye, dry mouth, low fever, fatigue, and joint pain; about one-quarter of patients have visceral involvement. The risk of developing non-Hodgkin lymphoma is 40 times higher in patients with SS than in the general population (2). The EULAR and ACR issued a new classification standard for SS in 2016 (10) that emphasizes the pathologic features of the disease and the presence of autoantibodies; various indices corresponding to histology (labial gland biopsy), clinical indicators (SIT, OSS, and salivary flow rate), and immunology (anti–SS-A antibody) are stratified and weighted, and SS is diagnosed if the total score is ≥4. However, the lack of emphasis on the eyes in the assessment means that the significance of extraglandular changes in ophthalmic parameters are overlooked, although they are an important indicator of disease activity. We found that in the absence of clear ocular symptoms, patients in the SS group had significantly lower VA than healthy subjects, which has not been adequately addressed by other studies.

Sjogren's syndrome is referred as “benign lupus erythematosus” (34), which is another diffuse connective tissue disease associated with multiorgan damage; when the disease is active, the manifestations are similar to those of SLE and involve the vascular and nervous systems. The retina allows direct visualization of vascular changes (35) and provides a basis for early differentiation of patients with nervous system diseases (36). In our study, RT was calculated according to the ETDRS partition method and was found to be decreased in all areas of the retina in patients with SS, such as in the IS area of the inner retina, the ON area of the outer retina, and the ON area of the full-thickness retina. The results of the multiple regression analysis showed that visual impairment was associated with retinal thinning. This is in agreement with previous studies demonstrating that the ganglion cell inner plexiform and retinal nerve fiber layers were thinner in patients with SS compared with healthy subjects (37, 38). In healthy subjects, the inner RT is negatively correlated with age (39), which may be due to the loss of neurons, while the outer RT (especially RPE) may thicken with age (40). Our study found that full RT was negatively correlated with advancing age in patients with SS, this may need further longitudinal follow-up to confirm. The measurement of the full thickness of the retina in SS by OCTA has not yet been reported.

The choroidal blood supply is the most abundant in the body per unit weight and is therefore susceptible to inflammation in systemic diseases. Immune activation, autoantibody production, and impaired cellular immunity can damage the choroid. The activation of platelets and clotting pathways following vascular injury can lead to intravascular microthrombosis. The resultant vascular lesions and intimal hyperplasia of small arterioles followed by lumen stenosis lead to tissue hypoxia and chronic ischemia (41). The choroid is particularly sensitive to subclinical disease activity. In SLE, changes in the choroid may reflect reversible nephropathy and neuropathy (42). Similar changes in the retina may have clinical value for SS.

The retina and brain originate from the same embryonic tissue and both have comparable metabolic activity. A decrease in retinal blood supply can lead to the death of retinal cells (43). The internal blood flow of the retina is mainly supplied by the central retinal artery with the contribution from choroid vessels. The choroid can increase the partial pressure of O2 in the retina through the Root effect (44). When this occurs in the blood vessels supplying the retina, the resultant pathologic changes can affect the entire chorioretinal vascular network. Our study found that in patients with SS, the SVD showed a downward trend in all subregions with statistically significant decreases in the IN, ON, and IT regions. An increased neovascularization and the upregulation of vascular endothelial growth factor (VEGF)-A and its receptor VEGFR-2, which promote neovascularization, have been previously observed in the salivary glands of patients with SS (45), and angiogenesis is closely linked to the progression of SS (46). In contrast, we observed a decrease vascular density in the retina with increasing disease severity. Moreover, full RT was positively associated with SVD. Similar changes and associations have been reported in patients with diabetes (47) and Behcet's syndrome (18); alterations in microcirculation in these patients may precede clinically distinguishable retinopathy. We speculate that such subclinical changes exist in patients with SS. Retinal thinning was more obvious on the nasal side, while capillary loss was detected in the nasal and temporal regions. Choroidal capillary network lesions directly affect the blood supply to the outer retina; this can lead to chronic ischemia, especially of the photoreceptor layer and the death of rod cells and cone cells due to a decreased energy supply and loss of vision (43), which is supported by our findings (Figure 5).
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FIGURE 5. Relationship among SVD decrease, RT thinning, and visual impairment in patients with SS. In patients with SS, the decrease of superficial retinal vascular density in macular area may lead to the decrease of retinal thickness in related areas, and the decrease of retinal thickness in macular area may lead to the decrease of vision. The macular area is marked on the image of eyeball, which indicates the decrease of superficial vascular density in this area. SS, Sjogren's syndrome; RT, retinal thickness; SVD, superficial vessel density.


The proliferation of peripheral B cells plays an important role in the development of SS. The overactivation of B cells is the main factor of hyperglobulinemia and autoantibody production (48, 49). At the same time, the disorder of peripheral B cell subsets exists in SS, such as the significant decrease of CD27 + memory B cells, the increase of CD27 initial B cells and CD19 + B cells (50), and the positive correlation between the number of CD19 + B cells and IgG serum level and hypergammaglobulinemia (51). In SLE, the deposition of IgG immune complex in retinal vascular wall is associated with retinal nerve fiber layer infarction and ganglion cell atrophy (52). In patients with glaucoma, the loss of retinal ganglion cells is accompanied by the accumulation of IgG autoantibodies on ganglion cell layer cells (53), and the deposition of IgG autoantibodies is accompanied by CD27 +/IgG + plasma cells, which occurs under pro-inflammatory conditions, the level of tumor necrosis factor-α (TNF-α), interleukin (IL)-6, and IL-8 were also increased (53). Immunity leads to antigen-specific and complex systemic immune responses, including the production of auto reactive antibodies against retinal and optic nerve epitopes with an increasing and time-dependent severity (53). Autoantibodies against a variety of retinal antigens have been reported, such as recoverin, α-Enolase, heat shock protein, arrestin, transducing protein, neurofilament protein, carbonic anhydrase II, and Tubby-related protein 1 (TULP1) (54). In our study, RT was found to be negatively correlated with IgG, indicating that RT may be affected by the abnormal immune state of SS disease. The exact mechanism of vascular occlusion in autoimmune diseases is still unclear, however, some possible pathogenic mechanisms include immune complex deposition, complement activation with microvascular thrombosis, and the fibrinoid degeneration of vascular wall (55). This may also be the possible reason for the decrease of SVD in patients with SS, and indirectly lead to the thinning of RT.

In patients with SS, an imbalance in the ratio of type 1 to type 2 helper T cells (56) leads to excessive interferon-γ (57), IL-17 (58), IL-21 (59), and IL-22 (60) production, which creates an inflammatory microenvironment that can cause tissue damage. Goblet cells are the main cells responsible for eye lubrication and their secretory ability is an important indicator of eye surface health. The secretory function and proliferative capacity of goblet cells are inhibited by increased inflammatory cytokine levels, resulting in changes in the ocular surface and irregular tear secretion (61). The OSS, similar to SIT test and BUT, is a reliable and objective index of the degree of dryness of the eyes. Our results showed that with the worsening of dry eye, the SIT score and BUT decreased while OSS increased. Additionally, SIT, BUT, and TMH were reduced whereas OSS was significantly higher in patients with SS compared with control subjects while inner RT was negatively correlated with OSS, which indirectly reflected the degree of dryness of the eyes.

Mental health disorders are more common in patients with SS than in healthy individuals (62, 63). The prevalence of anxiety and depression in patients with SS in China is 33.8 and 36.9%, respectively (64). Anxiety and/or depression are associated with lower physical activity and treatment compliance, which can have adverse effects on the well-being of patients with SS and may increase the incidence rate of cardiovascular disease and exacerbate SS (65). In our study, patients with SS had a higher HADS score than control subjects, which was positively correlated with disease duration.

The results of the ROC curve analysis of outer and full RT in the ON region indicated that these parameters have diagnostic utility for SS. Early diagnosis and accurate evaluation are critical for the successful treatment and good prognosis. SS has variable clinical manifestations, disease course, and prognosis, and clinical symptomatology is often unrelated to the degree of gland destruction. Classification criteria are standardized tools for the selection of appropriately defined homogeneous patient groups for research; however, they often fail to identify atypical individuals (20). OCTA is a noninvasive and convenient imaging method that can provide information on intraocular vascular network perfusion; RT measured by OCTA is a potential biomarker that can aid the diagnosis of SS. However, there is no previous report on the use of OCTA in patients with SS. So we did a preliminary study prudently. We set up a control group of healthy subjects in this study, so that we can distinguish SS from healthy people first through OCTA and then we will set up other control groups to test whether OCTA is helpful to distinguish SS from other diseases. At present, we are only exploring a possibility. We will conduct additional studies with larger samples to validate its diagnostic utility. At this stage, OCTA may be used in addition to the existing classification criteria.

This study had some limitations. First, given that patients with HCQ-induced retinochoroidosis were excluded, we did not consider the role of HCQ in SS in detail. Second, as the sample size was small, our findings require validation in a larger cohort before they can be translated into clinical practice. Due to the obvious gender bias of SS, the current study recruits female patients. With the deepening of the study, we will include more cases, both male and female will be taken into account. Third, RT is affected by many factors (such as, age and spherical equivalent). We will consider the influence of related factors as much as possible in the future study.



CONCLUSIONS

We used OCTA to evaluate the significance of RT and SVD in SS, and found that the inner, outer, and full RT were thinner while SVD was decreased in the ON, IN, and IT regions of patients with SS compared with controls; additionally, RT is positively correlated with SVD and negatively related to IgG. Thus, retinal thinning in the macular area—which affects vision—can also reflect the severity of dry eyes in SS and has clinical value for assisted imaging diagnosis.
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Background: In this study, we used the network pharmacology approach to explore the potential disease targets of the Eucommia ulmoides Oliver (EUO)-Tribulus terrestris L. (TT) drug pair in the treatment of hypertension-associated neurovascular lesions and IS via the ferroptosis pathway.

Methods: We used the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform to search for the key active compounds and targets of the drug pair. Based on the GeneCards database, the relevant targets for the drug pair were obtained. Then, we performed the molecular docking of the screened core active ingredients and proteins using the DAVID database and the R AutoDock Vina software. Based on the GSE22255 dataset, these screened target proteins were used to build random forest (RF) and support vector machine (SVM) models. Finally, a new IS nomogram prediction model was constructed and evaluated.

Results: There were 36 active compounds in the EUO-TT drug pair. CHRM1, NR3C1, ADRB2, and OPRD1 proteins of the neuroactive ligand-receptor interaction pathway interacted with the proteins related to the ferroptosis pathway. Molecular docking experiments identified 12 active ingredients of the drug pair that may tightly bind to those target proteins. We constructed a visual IS nomogram prediction model using four genes (CHRM1, NR3C1, ADRB2, and OPRD1). The calibration curve, DCA, and clinical impact curves all indicated that the nomogram model is clinically applicable and diagnostically capable. CHRM1, NR3C1, ADRB2, and OPRD1, the target genes of the four effective components of the EUO-TT drug pair, were considered as risk markers for IS.

Conclusions: The active ingredients of EUO-TT drug pair may act on proteins associated with the neuroactive ligand-receptor interaction pathway to regulate ferroptosis in vascular neurons cells, ultimately affecting the onset and progression of hypertension.

Keywords: stroke, hypertension, Eucommia ulmoides Oliver, Tribulus terrestris L, ferroptosis, network pharmacology Taubert D


INTRODUCTION

Ischemic stroke (IS), one of the neurovascular disorders, is a common complication of hypertension, the second most common cause of death worldwide, and has become a major public health problem. Stroke affects approximately 15 million people worldwide each year, resulting in 5 million deaths and 5 million disabilities (1). A study based on the Global Burden of Disease, Injuries and Risk Factors (GDB2010) showed that stroke mortality has increased by 26% since 1990 (2). A prospective observational study of 61 populations worldwide (~1 million people aged 40–89 years) found a positive association between stroke risk and blood pressure levels (3). The earliest appearances are changes in arterial elastic function and an increase in pressure wave conduction velocity. The continuous increase in blood pressure progressively damages the integrity of the vascular endothelium resulting in structural changes to the vessel wall. The higher the blood pressure level, the more severe the damage. There is a strong causal relationship between blood pressure levels and stroke morbidity and mortality. Although the effect of western medicine in the treatment of hypertension is precise, it is mainly based on the control of blood pressure. This treatment regimen has several disadvantages, such as high dependence on medicines, numerous side effects, and heavy economic burden due to long-term use. Chinese medicine has unique advantages in the prevention and treatment of hypertension and neurovascular related diseases since they target multiple pathways and are less toxic.

EUO is a living fossil plant. Recent studies have found more than a hundred compounds that can be extracted from EUO. Monomeric compounds and extracts of EUO have a wide range of pharmacological effects in the treatment of several diseases, including hypertension, hyperlipidemia, diabetes, and osteoporosis (4, 5). The active ingredients of EUO that are anti-hypertensive are divided into four major groups: lignans, phenylpropanoids, flavonoids, and cyclic enol ether terpenes. Among these, lignans are the most studied class of chemical compounds which may regulate nitric oxide levels, renin-angiotensin system, and direct arterial diastole (6). The lignans in EUO exert anti-hypertensive effects in spontaneously hypertensive rats (SHR), presumably by inhibiting aldose reductase (AR), inhibiting the Ang II-induced inflammation and oxidative stress signaling pathways, and preventing cardiovascular remodeling (7, 8). Moreover, lignans can protect against renal damage caused by hypertension (9). Other components of EUO, like phenylpropanoid caffeic acid, lowers the blood pressure by inducing nitric oxide synthase and promoting nitric oxide synthesis (10, 11). Further, quercetin, a flavonoid, has the effect of endothelium-dependent vasodilatation (11, 12). Thus, EUO contains a variety of anti-hypertensive components that may protect against hypertension-induced ischemic stroke.

Another Chinese medicine, TT, has been shown by modern pharmacological studies to be anti-hypertensive, diuretic, hypolipidemic, and anti-atherosclerotic. It also reduces left ventricular remodeling and improves cardiac function in the early post-myocardial infarction period (13–15). Phillips et al. studied the effects of the methanolic and aqueous extracts of TT on blood pressure and perfused mesenteric vascular bed in rats, and showed that TT resulted in a dose-related reduction in blood pressure of SHR (13). Further, Sharifi et al. found that TT lowers the blood pressure in hypertensive rat models by inhibiting the angiotensin-converting enzyme (16). Active components isolated from TT also exert anti-inflammatory effects by inhibiting inflammatory mediators and cytokines, including IL-6, IL-10, and TNF-α (17). Inflammation is one of the several pathogeneses of hypertension, and inflammatory factors such as IL-6 are involved in the development and progression of hypertension (18–20). Thus, the components of Tribulus terrestris L have a potential key role in the prevention and treatment of hypertension through several pathways.

Recent studies have found that treatment of ferroptosis may be an important means of preventing and improving the prognosis of patients with IS (21, 22). Ferroptosis is a novel form of cell death discovered by Dolma et al. (23). The main feature of ferroptosis is the iron ion-dependent accumulation of large amounts of lipid peroxides during cell death (24). P53, System Xc-, glutathione peroxidase 4 (GPX4), and Fe are the core components of the ferroptosis pathway. Moreover, ferroptosis-related genes are mainly involved in the oxidative stress response (25). Oxidative stress and associated oxidative damage may be the main cause of vascular injury and may be involved in hypertension, where increased utilization and/or decreased inactivation of reactive oxygen species (ROS) is key to vasoconstriction dysfunction (26–28). GPX4 is a highly active antioxidant enzyme in the basal body that scavenges ROS and prevents oxidative stress. Hence, its decline, either by using a GPX4 inhibitor or knockdown of the GPX4 gene, is associated with the development of pre-eclampsia and a significant increase in intracellular ROS and lipid peroxidation, thereby inducing ferroptosis (29–31). Recent research has established a clear correlation between ferroptosis and hypertensive brain injury, indicating that increased blood pressure results in a large drop in GPX4 and GSH levels in brain tissue, resulting in iron overload. Excessive iron levels in the brain enhance oxidative stress and lipid peroxidation, finally resulting in brain damage (32). Further, hypertensive patients have decreased activity and expression of GPX (33). Inhibition of endothelial ferroptosis may help prevent endothelial cell apoptosis and calcification due to hypertension (34, 35). Thus, ferroptosis-related pathways may play a role in hypertension related vascular endothelial damage, but there is a lack of direct research to prove this.

In previous study, the ferroptosis of neuronal cells in hypertension is important for neurovascular diseases progression (22). This may be a critical mechanism for neurological mediation of the progression of hypertension. According to traditional Chinese medicine theory, the EUO-TT medication combination may help increase cerebrovascular health in hypertension patients, however further research is needed to confirm this idea. We hypothesize that the EUO-TT drug pair may aid in inhibiting ferroptosis in the hypertensive milieu, hence reducing hypertensive damage to the brain's endothelial cells. Treatment with the EUO-TT medication combination may help prevent and improve the prognosis of people with IS.

In this study, we used a network pharmacology approach to construct a “compound-target-disease” network through bioinformatics analysis to unravel the pharmacological basis and mechanism of action of the drug pair of EUO-TT in the treatment of hypertension-associated neurovascular lesions through the ferroptosis pathway. We believe that the findings of our study will provide a pharmacological basis for the clinical treatment of hypertension using Chinese medicine.



MATERIALS AND METHODS


Acquisition of Effective Compounds and Action Targets of EUO-TT

In this study, we searched for the chemical composition of EUO and TT through the pharmacology platform of the Chinese medicine network. We extracted the main active compounds of each medicine with the screening conditions of oral bioavailability ≥30% and drug-likeness ≥0.18 (36).



Prediction of Hypertension Disease Target

The hypertension-related targets were searched by MOL ID numbers (expressed as protein name) of compounds using the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP). Further, the gene names corresponding to each target were searched by the Uniport database (37). Based on the GeneCards database, the relevant genes were searched by the keyword “hypertension” and intersected with the key active compounds of the pathway to obtain the relevant targets of the EUO-TT drug pair for the treatment of hypertension (38).



Protein-Protein Interaction (PPI) Network Construction and Key Target Screening

After importing the intersecting targets into the STRING database and restricting the study species to humans, we obtained the PPI network of EUO-TT drug pair acting on neuroactive ligand-receptor interaction pathway and ferroptosis pathway (39). The topological analysis of the PPI network was performed with the help of “Network Analyzer” in Cytoscape 3.7.1 software. The targets with degrees greater than the average of the degree of freedom, betweenness, and closeness were selected as key targets of the neuroactive ligand-receptor interaction pathway and ferroptosis pathway (39).



Construction and Analysis of the Neuroactive Ligand-Receptor Interaction Pathway-Ferroptosis Pathway Action Target Network

The active compounds and their targets in the neuroactive ligand-receptor interaction pathway were imported into Cytoscape 3.7.1 software, and the “STRING database” function was used to analyze the neuroactive ligand-receptor interaction pathway-ferroptosis pathway target network. The key compounds of EUO-Tribulus terrestris L drug pair mediating neuroactive ligand-receptor interaction pathway to coordinate ferroptosis pathway for the treatment of hypertension were screened based on compound-target connectivity.



Gene Ontology (GO) Functional Enrichment Analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analysis

In order to further understand the core target gene functions and the main pathways of action of EUO-Tribulus terrestris L in the treatment of hypertension, the drug-disease related targets were entered into the DAVID database (40). The species “homo sapiens” was selected, and a threshold value of adjust p < 0.05 was set for GO function enrichment and KEGG pathway analysis, of which results were visualized by R programming software (41, 42).



Molecular Docking

As described in previous studies, we molecularly docked the screened core active ingredient to the core protein to verify the interaction strength (43). The active ingredient structures were obtained from the PubChem database and the protein structures were obtained from the Protein Data Bank (PDB) (44, 45). The 3D structures of the active ingredients (mol2 format) were downloaded, and operations such as hydrogenation, charge addition, detection of ligand roots, and search and definition of rotatable bonds were performed with AutoDock. Molecular docking was performed using AutoDock Vina software, and the results were optimized for mapping and further analysis with the help of Pymol software (46, 47). R software was used to analyze and thermogram small molecule bound amino acids.



Data Acquisition and Pre-processing

The GSE22255 dataset is an ischaemic stroke-related microarray dataset obtained from the GEO database (48). The dataset consisted of 20 IS patients and 20 age-matched controls. Analysis of variance was done using the “limma” package of R software (version 4.0.5) and the remove Barch effect function was used to remove batch effects. Gene expression was used for normalization analysis and p-values less than 0.05 were defined as significant differences.



Building Predictive Models

In short, the predictive model was constructed with reference to previous studies (49–53). With CHRM1, NR3C1, ADRB2, and OPRD1 as dependent variables and the presence or absence of IS as the dependent variable, the “pacman” package of R software was used to build random forest (RF) and support vector machine (SVM) models. A receiver operating characteristic (ROC) curve, reverse cumulative distribution of |residual|, and boxplots of |residual| were plotted to select the most appropriate model. Then, using the “mlbench” and “caret” programmes, the cross curve was plotted to identify the relevance of each element. Following that, the “rms” function was used to build the nomogram prediction model. Additionally, calibration curves, DCA curves, and clinical effect curves were developed to validate the model's predictive ability (54, 55).




RESULTS


Extraction of Effective Compounds and Action Targets of EUO-TT Drug Pair

The TCMSP analysis platform was used to search the main active ingredients of the EUO-TT drug pair. The active ingredients of each drug were screened and the targets of each compound were obtained according to the active ingredient “MOL ID”. Among them, 25 active compounds were screened from EUO, 12 from TT, and one duplicate compound from both EUO and TT (MOL000422: kaempferol). We found 36 active compounds after de-weighting. Further, 30 compounds were found to correspond to 114 genes, and the gene names of each target were obtained from Uniprot (Table 1).


Table 1. Detailed information on active compounds from Eucommia ulmoides Oliver and Tribulus terrestris L.
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Enrichment Analysis of the Targets of Active Compounds in the EUO-TT Drug Pair

The potential target genes of the drugs were imported into the DAVID 6.8 database, the list of target genes was entered, the species was limited to “Homo sapiens”, and the threshold was set to P < 0.05 for GO functional analysis and KEGG pathway enrichment analysis. The pathways and functional information with the top P-values in each type of process and pathways were selected, where smaller P-values and longer bar lengths indicated the strongest enrichment significance (Figure 1A). The top-ranked biological processes (BP), cellular components (CC), and molecular functions (MF) included: response to ammonium ion, cellular response to drug, response to xenobiotic stimulus, integral component of synaptic membrane, intrinsic component of postsynaptic membrane, integral component of postsynaptic membrane, adrenergic receptor activity, catecholamine binding, and G protein-coupled amine receptor activity. The top-ranked KEGG included: Folate biosynthesis, Calcium signaling pathway, AGE-RAGE signaling pathway in diabetic complications, and Neuroactive ligand-receptor interaction. Among them, the target genes of the EUO-TT drug pair were found to be significantly enriched in the neuroactive ligand-receptor interaction pathway. Therefore, we speculated that this drug pair may regulate the ferroptosis pathway by modulating the neuroactive ligand-receptor interaction pathway.
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FIGURE 1. Enrichment analysis and protein-protein interaction (PPI) network of the active compound targets of EUO-TT L. GO functional analysis and KEGG enrichment analysis of the active compound targets of EUO-TT L. drug pair (A); PPI network analysis of the target genes of the neuroactive ligand-receptor interaction pathway, and the ferroptosis pathway mediated by the drug pair (B).




Potential Mechanism of Neuroactive Ligand-Receptor Interaction Pathway Mediated by the Active Compounds of EUO-TT Drug Pair for the Regulation of Ferroptosis

Since the target genes of the drug pair were significantly enriched in the neuroactive ligand-receptor interaction pathway, we completed the intersection analysis of the drug-neuroactive ligand-receptor interaction pathway, and 26 intersection targets were identified (Figure 2A). However, the drug-ferroptosis intersection analysis identified only two intersection targets (Figure 2B). We, therefore, hypothesized that the neuroactive ligand-receptor interaction pathway may be the direct targeting pathway of EUO-TT drug pair, while the ferroptosis pathway may be the indirect pathway. The STRING database was used for the PPI analysis of the 26 intersecting targets of the drug-neuroactive ligand-receptor interaction pathway and ferroptosis pathway proteins (from the KEGG database). The study species was set as “Homo sapiens” to obtain the PPI network of the drug pair (Figure 1B). We used the default parameters on the web page, and the file was saved in TSV format and imported into Cytoscape software for topological analysis of the PPI network. The nodes in Figure 1B were selected out in Figure 2C. Combined with the information on the degrees of freedom, degree, and centrality, the neuroactive ligand-receptor interaction pathway - ferroptosis pathway regulatory network was constructed (Figure 2C). The degree sizes of the proteins in the ferroptosis pathway were indicated by the size of the squares, and several proteins were found to be critical for the pathway, including GPX4, FTH1, TP53, SLC11A2, HMOX1, GCLM, STEAP3, SLC11A2, FTL, ATG7, and ATG5. Further, CHRM1, NR3C1, ADRB2, and OPRD1 in the neuroactive ligand-receptor interaction pathway were also found to interact with proteins related to the ferroptosis pathway. Among them, CHRM1 interacted with SLC3A2 and FTH1, NR3C1 interacted with TP53, ADRB2 interacted with PCBP2, and OPRD1 interacted with PCBP2. Therefore, CHRM1, NR3C1, ADRB2, OPRD1, FTH1, TP53, and PCBP2 were defined as the key proteins of the EUO-TT drug pair mediating ferroptosis through the neuroactive ligand-receptor interaction pathway.
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FIGURE 2. Network analysis of the active compounds of EUO-TT L. mediating the neuroactive ligand-receptor interaction pathway regulating ferroptosis. Intersection analysis of drug-neuroactive ligand-receptor interaction pathway (A); Intersection analysis of drug-ferroptosis pathway (B); PPI network of neuroactive ligand-receptor interaction pathway - ferroptosis pathway (C).




Active Ingredient-Pathway Target Network Construction and Analysis

The key proteins of the drug pair mediating ferroptosis were further used for enrichment analysis. The top-ranked BP, CC, and MF included: core promoter binding, G protein-coupled neurotransmitter receptor activity, neuropeptide binding, membrane raft, intrinsic component of the presynaptic membrane, integral component of the presynaptic membrane, G protein-coupled receptor signaling pathway coupled to cyclic nucleotide second messenger, adenylate cyclase-modulating G protein-coupled receptor signaling pathway, and phospholipase C-activating G protein-coupled receptor signaling pathway. The top-ranked KEGG included: Calcium signaling pathway, Ferroptosis, and Neuroactive ligand-receptor interaction (Figure 3A). Hence, the key proteins may be associated with cell membrane channels, cell signaling, ferroptosis, and the G-protein pathway. Further, Sankey plots were used to illustrate the regulatory network of drug-active ingredient-key targets of neuroactive ligand-receptor interaction pathway (Figure 3B). The “four target proteins with the highest values” refers to the neuroactive ligand-receptor interaction with the four most closely associated proteins in the ferroptosis pathway in the PPI network. Those four key target proteins of the neuroactive ligand-receptor interaction pathway may be regulated by 15 active ingredients of the EUO-TT drug pair.


[image: Figure 3]
FIGURE 3. Network construction and pathway analysis of the active ingredient-pathway targets. GO and KEGG enrichment analysis of the key proteins CHRM1, NR3C1, ADRB2, OPRD1, FTH1, TP53, and PCBP2 (A); Sankey plots were used to demonstrate the drug-active ingredients-key neuroactive ligand-receptor interaction pathway targets regulatory network (B).




Molecular Docking Verification Experiment

The 15 active ingredients and four target proteins with the highest values were screened according to the “drug-component-pathway-target” network, and molecular docking experiments were performed. Ultimately, 12 active ingredients were validated for potential target binding to these four proteins (Table 2). The results showed that the binding energy of docking of all proteins and the active ingredients were less than −5 kJ/mol, which indicates a tight binding between the ligand and receptor. The strongest protein-active ingredient bindings were as follows: ADRB2 and cyclopamine (−17.1 kJ/mol), CHRM1 and beta-sitosterol (−13.7 kJ/mol), and NR3C1 and mairin (−12.3 kJ/mol). OPRD1 bound to tabernemontanine (−9.4 kJ/mol), moupinamide (-8.1 kJ/mol), epiquinidine (−9 kJ/mol), 3-Hydroxymethylenetanshinquinone (−9 kJ/mol), and (–)- Tabernemontanine (−9.5 kJ/mol). In the molecular docking validation of ADRB2, CHRM1, NR3C1, and OPRD1 (Figures 4, 5), valine, serine, and phenylalanine were found to be the key amino acids for the action of the active ingredients on ADRB2 (Figure 4A). Erythraline, quercetin, cyclopamine, moupinamide, terrestriamide, and beta-sitosterol had highly similar binding sites on ADRB2 (Figure 4B). Tyrosine was found to be the key amino acid for the action of the active ingredient on CHRM1 (Figure 4C). Kaempferol, beta-sitosterol, epiquinidine, (–)-tabememontanine, erythraline, and mouplinamide had highly similar binding sites on CHRM1 (Figure 4D). Lysine, arginine, and phenylalanine were found to be the key amino acids for the action of the active ingredient on NR3C1 (Figure 5A). Erythraline, moupinamide, beta-sitosterol, and mairin had highly similar binding sites on NR3C1 (Figure 5B). PHE was found to be the key amino acid for the action of the active ingredient on OPRD1 (Figures 5C,D).


Table 2. Virtual docking of representative ingredients and proteins.
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FIGURE 4. Visualization of molecular docking validation of ADRB2 and CHRM1. Amino acid composition of ADRB2 binding site (A); Bulk molecular docking map of ADRB2 (B); Amino acid composition of CHRM1 binding site (C); Bulk molecular docking map of CHRM1 (D).
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FIGURE 5. Visualization of NR3C1 and OPRD1 molecular docking validation. Amino acid composition of NR3C1 binding site (A); Bulk molecular docking map of NR3C1 (B); Amino acid composition of OPRD1 binding site (C); Bulk molecular docking map of OPRD1 (D).




Construction of IS Prediction Models Based on the Expression Profiles of CHRM1, NR3C1, ADRB2, and OPRD1

Person correlation analysis suggested that in the control group, OPRD1, ADRB2, and NR3C1 were positively correlated with each other, while CHRM1 was found to be negatively correlated with NR3C1 and ADRB2 (Figure 6A). And in the IS group, CHRM1 was found to be significantly and positively correlated with NR3C1 and OPRD1 (Figure 6A). The positions of the four genes CHRM1, NR3C1, ADRB2, and OPRD1 on the chromosomes are shown in a circular diagram (Figure 6B). To evaluate the predictive power of CHRM1, NR3C1, ADRB2, and OPRD1 for IS, RF and SVM models were constructed separately. The boxplot and cumulative distribution characteristics of the “residuals” indicate that the RF model has a lower residual distribution than the SVM model (Figures 6C,D). The variation of error in the random forest model with the number of “trees” included in the model is shown in Figure 6E. Based on the RF model, the importance of each feature was ranked from the largest to the smallest as OPRD1, CHRM1, NR3C1, and ADRB2 (Figure 6F).
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FIGURE 6. Expression characterization and predictive power analysis of CHRM1, NR3C1, ADRB2, and OPRD1. Correlation analysis of CHRM1, NR3C1, ADRB2, and OPRD1 in the GSE22255 dataset in the control and IS groups, with red indicating positive correlation and blue indicating negative correlation (A); The positions of the four genes CHRM1, NR3C1, ADRB2, and OPRD1 in the chromosome are shown in a circular diagram (B); Boxplot of “residuals” in RF and SVM models (C); Cumulative distribution characteristics of “residuals” in RF and SVM models (D); The variation of error in the random forest model with the number of “trees” included in the model (E); The genes are ranked according to their importance (F); ROC curves reflecting the predictive power of RF and SVM models (G).


The ROC curve analysis revealed that the AUC value of the RF model (AUC = 1.0) was higher than that of the SVM model (AUC = 0.845) (Figure 6G).



The Construction of a Nomogram Prediction Model, as Well as Its Risk Enrichment Characteristics

To create a visual model for IS prediction, we created a nomogram (Figure 7A) using the four identified genes (CHRM1, NR3C1, ADRB2, and OPRD1). According to the calibration curve, the IS positivity rate predicted by this nomogram was generally consistent with the actual positivity rate (Figure 7B). The DCA and clinical impact curves show that the nomogram model has good clinical application and diagnostic ability (Figures 7C,D). Based on the IS prediction model, all samples in the GSE22255 dataset were scored and divided into high-risk and low-risk groups based on their scores. Differential analysis was performed between the high-risk and low-risk groups. KEGG and GO enrichment were then performed and KEGG enrichment analysis revealed that yersinia infection, B cell receptor signaling pathway and autophagy (animal) were significantly associated with the risk score of this nomogram (Figure 7E). GO enrichment analysis revealed that the risk score of this nomogram was significantly associated with the enrichment of dendritic cell differentiation, aging, focal adhesion, overall composition of organelle membranes, protein serine/threonine/tyrosine kinase activity and manganese ion binding pathways (Figure 7F). Among them, dendritic cell differentiation and protein serine/threonine/tyrosine kinase activity and manganese ion binding were the most enriched (Figure 7G). Therefore, CHRM1, NR3C1, ADRB2, and OPRD1, the target genes of the four EUO-TT drug pair active ingredients, are considered to be risk markers for IS.
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FIGURE 7. Construction of nomogram prediction model and enrichment analysis based on this model. Construction an IS nomogram model based on the selected genes CHRM1, NR3C1, ADRB2, and OPRD1 (A); Calibration curve showing the diagnostic power of the nomogram model (B); DCA shows that the nomogram model has a good clinical application (C); Clinical impact curves show high diagnostic power of the nomogram model (D); KEGG (E) and GO (F) enrichment analysis of the genes included in this prediction model (E,F); The most significant GO enrichment pathway associated with this predictive model (G).





DISCUSSION

This study unraveled the mechanism of action of EUO-TT drug pair in the treatment of hypertension related endothelial injury through the ferroptosis pathway, providing a pharmacological basis for the clinical treatment of hypertension related cerebrovascular endothelial injury using Chinese medicine. CHRM1, NR3C1, ADRB2, and OPRD1, the target genes of the four active ingredients of the EUO-TT drug pair, were considered as risk markers for IS and a visual IS nomogram prediction model was constructed.

Network pharmacology was used to screen the active compounds of EUO-TT L. drug pair and found that the target genes were mainly enriched in the neuroactive ligand-receptor interaction pathway in this research. By constructing the PPI network of neuroactive ligand-receptor interaction pathway-ferroptosis, we found that CHRM1, NR3C1, ADRB2, OPRD1, FTH1, TP53, and PCBP2 were the main target genes of the drug pair. Through the regulatory network of the drug's active ingredients and their key targets in the neuroactive ligand-receptor interaction pathway, we found 15 active ingredients of the drug pair that were involved in the regulation of the key target proteins. Further, molecular docking experiments verified that 12 active ingredients of the drug pair were tightly bound to the target proteins. The expression profiles of CHRM1, NR3C1, ADRB2, and OPRD1 were used to construct IS prediction models. The residual distribution of the RF model was found to be lower than that of the SVM model, and the ROC curve suggested a higher prediction accuracy of the RF model. The RF model rated the genes in ascending order of importance: OPRD1, CHRM1, NR3C1, and ADRB2. Following that, the nomogram prediction model was constructed using the four selected genes (CHRM1, NR3C1, ADRB2, and OPRD1). However, only CHRM1, NR3C1, and OPRD1 were eventually included in the prediction model, as inclusion of these three components was sufficient to reliably predict prognosis in the logistic model. The calibration curve, DCA, and clinical effect curves all indicated that this nomogram model is clinically applicable and diagnostically capable. The enrichment of dendritic cell differentiation and protein serine/threonine/tyrosine kinase activity and manganese ion binding pathways was found to be the most correlated with the prediction results based on nomogram risk scores.

SLC3A2, FTH1, TP53, and PCBP2 are directly or indirectly associated with ferroptosis. SLC3A2 is a SystemXc- heavy chain subunit involved in the maintenance of a redox steady state (56, 57). When SystemXc- is blocked, glutamate and cystine cannot be exchanged, resulting in intracellular glutamate accumulation, reduced glutathione synthesis, and reduced GPX4 activity, which ultimately leads to ferroptosis (58). Further, the inhibition of SLC3A2, a ferroptosis suppressor gene, promotes ferroptosis in tumor and normal cells (57, 59), and hence, its upregulation is associated with poor prognosis of cancer (60). FTH1 (Ferritin heavy polypeptide 1) is an important component of ferritin. Ferritin degradation increases intracellular free iron content and can activate ferroptosis (61–63), while the overexpression of FTH1 can inhibit ferroptosis by impairing ferritinophagy (64). For instance, in the head and neck squamous cell carcinoma, FTH1 suppressed ferroptosis and led to the poor prognosis of the carcinoma (65). Further, FTH1 expression is downregulated in cells sensitive to ferroptosis relative to cells resistant to ferroptosis (66). p53 is an oncogene that regulates the cell cycle, induces apoptosis, and promotes DNA metabolism (67, 68). P53 may also regulate ferroptosis (69–72). Jiang et al. found that P53 inhibited SystemXc- activity and downregulated the expression of solute carrier family 7 member 11, which in turn induced cellular ferroptosis (70). P53 can also catalyse glutamate production by enhancing glutaminase 2 activity, thereby reducing the entry of cystine into cells, reducing glutathione synthesis, and inducing ferroptosis (73). In addition, P53 promotes cellular unsaturated fatty acid oxidation by enhancing the activation of spermidine/spermine N1-acetyltransferase 1, which also leads to cellular ferroptosis (71). Thus, P53 is closely related to ferroptosis. PCBP2 is a multifunctional adaptor protein of the Poly-binding family which is involved in iron metabolism and is an iron chaperone of ferritin (74). However, the specific binding sites of iron and ferritin on PCBP2 have not yet been identified (75). Iron and ROS are promoters and mediators of ferroptosis (76). Iron metabolic homeostasis and lipid peroxidation are crucial for the occurrence of cellular ferroptosis (77). A study found that PCBP2 binding to severely oxidized RNA inhibited apoptosis induced by oxidative stress (78). Moreover, PCBP2 is one of the ferroptosis risk signature genes and can predict the prognosis of adrenocortical carcinoma in combination with the other five ferroptosis risk signature genes (79).

Similar to previous studies, we found that SLC3A2, FTH1, TP53, and PCBP2 were the ferroptosis pathway-associated proteins that interacted with CHRM1, NR3C1, ADRB2, and OPRD1. The NR3C1 protein regulates the genetic features involved in the P53 signaling pathway (80). Further, ADRB2 increases the protein levels of c-myc in pancreatic ductal adenocarcinoma cells through the recruitment of PCBP2 (81). Similarly, in this study, we found that NR3C1 interacted with TP53 andADRB2 interacted with PCBP2. In addition, this is the first study to show that CHRM1 interacted with SLC3A2 and FTH1, and OPRD1 interacted with PCBP2. These results indicated that CHRM1, NR3C1, ADRB2, and OPRD1 may influence the ferroptosis pathway by interacting with the key proteins related to ferroptosis. CHRM1, NR3C1, ADRB2, and OPRD1 were the target proteins related to the neuroactive ligand-receptor interaction pathway. Therefore, for the first time, we show that the neuroactive ligand-receptor interaction pathway may influence the process of ferroptosis through the interaction of its related proteins CHRM1, NR3C1, ADRB2, and OPRD1 with the key proteins of ferroptosis. We further showed that ADRB2 bound most tightly to cyclopamine; CHRM1 to beta-sitosterol; NR3C1 to mairin; OPRD1 to tabernemontanine, moupinamide, epiquinidine; and OPRD1 to tabernemontanine, moupinamide, epiquinidine, 3-Hydroxymethylenetanshinquinone, and (-)-Tabernemontanine. Beta-sitosterol has anti-inflammatory, anti-tumor, antioxidant, anti-hyperlipidemic, and antihypertensive effects (82–84), and moupinamide is also anti-inflammatory (85). Inflammatory processes are involved in the development of hypertension (86, 87). Therefore, it can be hypothesized that moupinamide has potential anti-hypertensive effects. Tanshinone was also found to have a protective effect against cardiac hypertrophy in SHRs (88). Tanshinone slowed the metabolism of the antihypertensive drug cloxacin by inhibiting CYP3A4/CYP2C9 activity (89). Further, the regulation of KV current by tanshinone reduced hypoxic pulmonary hypertension and inhibited hypoxia-induced pulmonary artery wall remodeling (90).

In this study, CHRM1, NR3C1, ADRB2, and OPRD1, the target genes of the four EUO-TT L. drug pair active ingredients, were considered as risk markers for IS. CHRM1 was found to be associated with muscarinic receptor-mediated anti-inflammatory mechanisms (91). Following IS, there is a decrease in B lymphocyte production, which may be related with aberrant NR3C1 expression (92). ADRB2, an apoptosis-related gene, was found to enhance the activity of BDNF/TrkB and cAMP/PKA signaling pathways leading to cellular ischemic injury (93). In addition, polymorphisms in the ADRB2 gene have been found to potentially contribute to a high risk of stroke (94). Common variants of OPRD1 have also been found to be associated with neurodegenerative diseases (95).

In the present study, the active ingredients of EUO-TT L., namely cyclopamine, beta-sitosterol, mairin, tabernemontanine, moupinamide, epiquinidine, and 3-Hydroxymethylenetanshinquinone, were found for the first time to target and bind neuroactive ligand-receptor interaction pathway-related proteins, which in turn regulated the process of cellular ferroptosis and ultimately affected the onset and progression of hypertension. There is a lack of previous studies confirming the association of the alkaloids tabernemontanine and epiquinidine, and the terpenoids cyclopamine, and mairin of EUO with hypertension, ferroptosis, and the neuroactive ligand-receptor interaction pathway. Hence, these pathways can be a new therapeutic target for the prevention and treatment of hypertension.

However, this study also has its shortcomings. The network pharmacology is based on the bioinformatics analysis of the database of herbal targets and disease genes, and thus lacks experimental validation. Hence, further experimental validation is needed to explore the mechanism of action of the drugs or their active ingredients. In addition, this study did not consider the selection of dosage in drug combination and the possible chemical reactions and changes of active ingredients in the process of concoction and decoction of herbal medicines. Furthermore, we also acknowledge that the current research in TCM for the treatment of endothelial injury in hypertension-related cerebrovascular disease is still limited, and therefore we suggest to provide more confirmation and discussion in the future.



CONCLUSIONS

The active ingredients of EUO-TT L. drug pair can act on proteins related to the neuroactive ligand-receptor interaction pathway, which may affect the process of cellular ferroptosis and potentially affect the progression of hypertension. CHRM1, NR3C1, ADRB2, and OPRD1, the target genes of the four EUO-TT L. drug pair active ingredients, were considered as risk markers for IS.
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Objective: Stroke is closely related to dementia, but there are few prospective studies on cognitive decline after stroke in patients with cerebral hemorrhage. Neuroglobin is an oxygen-binding protein mainly expressed in brain neurons. The aim of our current study was to determine whether neuroglobin could serve as a biomarker for cognitive prognosis in patients with intracerebral hemorrhage (ICH).

Methods: Three hundred and sixteen patients with ICH were consecutively enrolled in a prospective study. Baseline data such as age and gender of ICH patients on admission were recorded. Serum neuroglobin concentrations were determined by enzyme-linked immunosorbent assay (ELISA). All ICH patients 3 months after onset were divided into post-stroke cognitive impairment group (PSCI) and non-PSCI group according to MoCA assessment results.

Results: The PSCI and Non-PSCI groups had serum neuroglobin concentrations of (4.7 ± 0.9) and (7.5 ± 1.1) ng/ml, respectively, with a statistically significant difference between the two groups (p < 0.05). Age, gender, LDL, FBG, SBP, DBP, NHISS, and Hematoma volume were found to be adversely connected with MoCA (p < 0.05), while education, HDL, and serum neuroglobin were found to be positively correlated with MoCA (p < 0.05). After controlling for baseline data, regression analysis revealed that serum neuroglobin was remained an efficient biomarker for predicting cognitive performance in individuals with ICH (p < 0.05). The diagnostic accuracy of blood neuroglobin concentration for PSCI in ICH patients was 72.6%, the sensitivity was 67.4%, and the specificity was 75.5%, according to receiver operating characteristic (ROC) curve analysis.

Conclusions: Serum neuroglobin may serve as a potential biomarker to predict cognitive decline after ICH.

Keywords: intracranial hemorrhage, neuroglobin, post-stroke cognitive impairment, prognosis, biomarker


INTRODUCTION

Intracranial hemorrhage (ICH) is defined as any type of intracranial hemorrhage that kills neurons and pressures surrounding brain tissue, causing neurological impairments (1, 2). ICH accounts for 10–20% of all strokes and is the second most common subtype of stroke, with significant impairment or death as a result (3, 4). The prevalence of ICH varies greatly between countries and ethnic groups, with ICH in low- and middle-income countries being twice as common as in high-income countries (5). The incidence of ICH is 8–15% in Western countries such as the United States, United Kingdom and Australia, 18–24% in Japan and South Korea, and 14.9% in China (6–8). The average cost of initial hospitalization for ICH survivors was $28,360 and the first year after discharge was $16,035, with 8% requiring repeat hospitalizations and 41% unable to take care of themselves (9). The high morbidity, high cost, and disability rate of ICH make it an important factor restricting social and economic development, and the search for the potential etiology and biological targets of ICH has become an urgent need.

The globin isoform neuroglobin is found in both the central and peripheral neural systems (10). Thorsten Burmester et al. were the first to find it in 2000 (11). Its primary role is in maintaining cellular oxygen homeostasis and scavenging reactive oxygen species and nitrogen. It also improves brain tissue's oxygen supply capacity and protects it from hypoxic or ischemia damage, potentially lowering ischemic hypoxic brain injury (12, 13).

Cognitive impairment appears to be a common sequelae of (ICH) survivors, but effective prevention and treatment methods are still lacking (14, 15). Neuroglobin, as a potential neuroprotective protein discovered in recent years, is endowed with relatively broad application prospects (16). The goal of our research was to see if neuroglobin may be used as a biomarker for cognitive impairment following ICH.



METHODS


Study Population

Six hundred and thirty-seven patients with ICH were prospectively enrolled for screening and follow-up. The inclusion criteria for patients with cerebral hemorrhage were: within 24 h of onset, and confirmed ICH by cranial CT. The exclusion criteria for ICH patients were: pure intraventricular hemorrhage (N = 11), bleeding after trauma or tumor (N = 79), bleeding after trauma or tumor (N = 79), hemorrhage following a sinus thrombosis (N = 7), not survive the first 3 months (N = 109), prior dementia (N = 63), lost to follow-up (N = 14) and refuse MoCA inspection (N = 23). According to the inclusion and exclusion criteria, a total of 316 ICH patients were eventually included in the study. Figure 1 depicts a detailed flowchart. Our study was approved by the local medical ethics committee, and the application of clinical data was with the permission of all participants or their families.


[image: Figure 1]
FIGURE 1. Flow chart of the study. MoCA, Montreal Cognitive Assessment.




Baseline Data Collection

After enrolment, all ICH patients' baseline data were obtained. Age, gender, years of schooling, low density lipoprotein (LDL), high density lipoprotein (HDL), fasting plasma glucose (FBG), systolic blood pressure (SBP), diastolic blood pressure (DBP), National Institutes of Health Stroke Scale (NHISS), and Hematoma volumes were among the information collected. Statistical analysis of all baseline data was performed by professional personnel.



Serum Neuroglobin Concentration Determination

Within 24 h after the commencement of ICH, nurses drew venous blood from the patients. The venous blood was taken and left to sit at room temperature for 20 min before being centrifuged at high speed to extract serum. Serum was aliquoted and stored in a −80°C freezer. Purchased ELISA reagents from MyBioSource (San Diego, CA, USA) were used to detect serum neuroglobin concentrations. The specific experimental steps of ELISA refer to previous reports and product instructions (17).



MoCA Scale Evaluation

All ICH patients underwent cognitive function assessment 3 months after onset. The Montreal Cognitive Assessment (MoCA) is a worldwide cognitive screening tool founded in 1996 by Ziad Nasreddine in Montreal, Quebec. MoCA has a total score of 30 points, and the test content includes short-term memory, executive performance, attention, concentration, etc. (18). Compared with the well-known Mini Mental State Examination (MMSE), MoCA is a promising tool for the detection of mild cognitive impairment (MCI) and early Alzheimer's disease. The test is also being used in hospitals to decide whether to allow a patient to live alone or with a home assistant.



Statistical Analysis

Categorical variables are expressed as numbers, while continuous variables are expressed as mean and standard deviation (percent). The t-test and the chi-square test were used to compare continuous and categorical variables, respectively. The underlying etiologies affecting cognitive outcomes in patients with ICH were investigated using correlation and regression analysis. The predictive efficacy of serum neuroglobin levels for cognitive deterioration following ICH was assessed using a receiver operating characteristic (ROC) curve analysis. This study employed SPSS 22.0 (SPSS Inc., Chicago, IL, USA) for analysis, with p-values < 0.05 considered statistically significant.




RESULTS


Baseline Data

A total of 316 patients with cerebral hemorrhage were included in the study after screening. According to the MoCA score 3 months after ICH, ICH patients were separated into two groups: PSCI (MoCA 26) and non-PSCI (MoCA 26). Table 1 summarizes the baseline data of all subjects. The statistical results revealed that there was no significant difference between the two groups in terms of age, gender, years of education, LDL, HDL, FBG, SBP, DBP, NHISS, and hematoma volume (p > 0.05).


Table 1. Baseline characteristics of ICH patients in the PSCI and non-PSCI groups.
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The MoCA scores of the PSCI and non-PSCI groups, on the other hand, were (24.3 ± 1.2) and (27.1 ± 0.8), respectively, with a statistically significant difference between the two groups (p < 0.001). Similarly, the PSCI and non-PSCI groups had blood neuroglobin concentrations of (4.7 ± 0.9) ng/ml and (7.5 ± 1.1) ng/ml, respectively, with a statistically significant difference between the two groups (p < 0.001). Figure 2 shows a comparison of MoCA score and serum neuroglobin concentration.


[image: Figure 2]
FIGURE 2. Comparison of MoCA scores and serum neuroglobin concentrations between groups. MoCA, Montreal Cognitive Assessment; PSCI, post-stroke cognitive impairment. Compared to Non-PSCI group, *P < 0.05.




Correlation Analysis

Correlation analysis showed that age, gender, LDL, FBG, SBP, DBP, NHISS and hematoma volume were negatively correlated with MoCA (p < 0.05), while education, HDL and serum neuroglobin were positively correlated with MoCA (p < 0.05). The specific correlation coefficients are shown in Table 2.


Table 2. Correlation analysis of MoCA scores with baseline characteristics.
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Regression Analysis

The results of the regression analysis are shown in Table 3. In Model 1, after adjusting for sex, age, and years of education, serum neuroglobin concentration was an independent risk predictor for PSCI (β = 0.356, p < 0.001). In Model 2, after further adjustment for LDL, HDL, FBG, SBP, and DBP, serum neuroglobin concentration was also an independent risk predictor for PSCI after ICH (β = 0.329, p = 0.017). In Model 2, after further adjustment for NHISS scores and Hematoma volumes, serum neuroglobin concentration was also an independent risk predictor for PSCI after ICH (β = 0.311, p = 0.038).


Table 3. Regression analysis of serum neuroglobin levels and MoCA scores.
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ROC Analysis

We used ROC analysis to determine the predictive value of serum neuroglobin concentration for PSCI following ICH, as shown in Figure 3. In the diagnosis of PSCI following ICH, serum neuroglobin concentration had a sensitivity, specificity, and accuracy of 67.4, 75.5, and 72.6%, respectively. For the diagnosis of poor prognosis in ICH, the threshold value for serum neuroglobin concentration was 5.9 ng/mL.


[image: Figure 3]
FIGURE 3. ROC analysis of serum neuroglobin for predicting PSCI after ICH. ROC, receiver operating characteristic; ICH, intracranial hemorrhage.





DISCUSSIONS

We investigated the value of serum neuroglobin in predicting cognitive impairment after ICH. Our study found that serum neuroglobin concentrations were significantly lower in PSCI patients than in non-PSCI patients after ICH. Correlation regression analysis found that serum neuroglobin was an independent predictor of PSCI after ICH. Our further ROC analysis found that neuroglobin has high sensitivity and specificity in predicting PSCI after ICH, suggesting that it has a high value as a predictor of PSCI after ICH.

Neuroglobin is a monomeric hexametric heme protein with a molecular weight of 17 kda, belonging to the globin family, which is mainly expressed in neurons of the central and peripheral nervous systems (19, 20). Neuroglobin is a heme protein that is highly conserved during evolution, with more than 90% genetic sequence identity between humans and mice (21, 22). Neuroglobin is widely distributed in the human body, including the hippocampus, diencephalon, cerebral cortex, cerebellum, organs with endocrine functions, and retinal cells (23). Neuroglobin has a common 8 α-helix structure, and its main physiological function is to bind and transport oxygen, scavenge and detoxify reactive oxygen species (24). The heme prosthetic group of neuroglobin that transports oxygen is located between the fifth and sixth helices. Neuroglobin is mainly expressed intracellularly, and it cannot pass through normal cell membranes and blood-brain barrier, which limits its application (25–27).

Neuroglobin has been found to have neuroprotective effects in recent years. The research of Professor Jin Kunlin's team showed that the neuroglobin level in the autopsy brain tissue of Alzheimer's disease patients increased compared with the normal control group (28). Italian scholars have found that the causative gene of Huntington's disease can damage the 17β-estradiol/neuroglobin signaling pathway, thereby affecting neuronal survival, suggesting that neuroglobin is involved in the pathogenic mechanism of Huntington's disease (29). In addition, the expression of neuroglobin present in the substantia nigra and striatum was upregulated in a mouse model of Parkinson's disease, suggesting that neuroglobin may be involved in the mechanism of its pathogenesis (30, 31). The above studies suggest that neuroglobin has a neuroprotective role in neurodegeneration. Another study showed that neuroglobin could be detected in multiple regions after cerebral infarction, and its expression was significantly increased in the ischemic penumbra (32). Based on the neuroprotective effect of neuroglobin, scientists developed a hyaluronic acid nanoparticle delivery system that can pass through the BBB (33), breaking through the application dilemma of neuroglobin to a certain extent.

The role of neuroglobin in hemorrhagic stroke has also received increasing attention. Cai et al.'s study showed that serum neuroglobin concentration on the second day after subarachnoid hemorrhage was closely related to poor prognosis, suggesting that it may be a potential biological target for predicting poor prognosis of subarachnoid hemorrhage (34). Another study showed that neuroglobin expression was significantly increased in the surrounding neurons of arteriovenous malformation and ICH patients and in the perihematoma area near cerebral hemorrhage, which may be involved in neuroprotection after brain injury (35). A recent study showed that early serum neuroglobin concentration predicts delayed cerebral ischemia in patients with aneurysmal subarachnoid hemorrhage (36). However, the role of neuroglobin in ICH remains poorly understood.

Our study is the first to demonstrate that serum neuroglobin is associated with PSCI after ICH. However, our study also has some limitations. First, we are a single-center study and include no normal controls; second, our main research object is the northern Han population in China, and the findings may not be applicable to other regions and ethnic groups; third, there is a lack of in vitro and in vivo studies on the neuroprotective mechanism of neuroglobin.



CONCLUSIONS

Serum neuroglobin concentration may be a potential biomarker for predicting PSCI after ICH. The correlation between serum neuroglobin and PSCI after ICH needs to be further studied, and the research results may provide new prospects for the prevention and treatment of PSCI after ICH.
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Cerebral small vessel disease (CSVD) poses a serious socio-economic burden due to its high prevalence and severe impact on the quality of life of elderly patients. Pathological changes in CSVD mainly influence small cerebral arteries, microarteries, capillaries, and small veins, which are usually caused by multiple vascular risk factors. CSVD is often identified on brain magnetic resonance imaging (MRI) by recent small subcortical infarcts, white matter hyperintensities, lacune, cerebral microbleeds (CMBs), enlarged perivascular spaces (ePVSs), and brain atrophy. Endothelial cell (EC) dysfunction is earlier than clinical symptoms. Immune activation, inflammation, and oxidative stress may be potential mechanisms of EC injury. ECs of the blood–brain–barrier (BBB) are the most important part of the neurovascular unit (NVU) that ensures constant blood flow to the brain. Impaired cerebral vascular autoregulation and disrupted BBB cause cumulative brain damage. This review will focus on the role of EC injury in CSVD. Furthermore, several specific biomarkers will be discussed, which may be useful for us to assess the endothelial dysfunction and explore new therapeutic directions.

Keywords: cerebral small vessel disease (CSVD), endothelial cells (ECs), hypertension, blood-brain barrier, cognitive impairment, white matter hyperintensities (WMH)


INTRODUCTION

Cerebrovascular disease, one of the most important causes of neurological dysfunction, has become an urgent human health issue (1). Cerebral small vessel disease (CSVD) affects almost all people over 90, which is responsible for 45% of cases of dementia in the world (2). CSVD is caused by a disorder in perforating cerebral vessels, and most of the lesions are in cerebral white matter and deep gray matter (3). There is considerable evidence that vascular dysfunction is a fundamental change in CSVD. Vascular endothelial cells (ECs) form the luminal surface of all blood vessels and play an important role in maintaining vascular morphology and biological function (4). Recently, endothelial dysfunction has been considered as a key in the pathogenesis of CSVD and vascular dementia (VD). We focus on the decrease of cerebral blood flow (CBF) and the disruption of blood–brain barrier (BBB) during CSVD. Until now, there is a lack of effective prevention and treatment measures. A better comprehension of pathological mechanisms is beneficial for the investigation of diagnostic biomarkers and the development of treatment targets.


Arteriosclerosis-Related CSVD

Currently, CSVD is classified into six types according to its etiology (5): arteriosclerosis-related CSVD, amyloid-related CSVD, genetic CSVD (distinct from amyloid angiopathy), inflammatory/immunologically mediated CSVD, venous collagenosis, and other CSVDs. From xthe pathological point of view, nongenetic CSVD is mainly divided into arteriosclerosis-related CSVD and amyloid-related CSVD (6), and the former CSVD is discussed in our study. However, for brevity, we will simply refer to it as CSVD. The aging of the population is closely related to the occurrence of CSVD, but the contribution of ethnicity in CSVD needs to be further confirmed by epidemiological studies (7, 8). CSVD increases the risk of acute stroke more than 2-fold (9), and its classical form is characterized by cognitive impairment or dementia, motor dysfunction, and psychobehavioral abnormalities. In addition, a typical pattern of cognitive impairment due to CSVD is an impaired executive function with the preservation of memory (5). In the acute phase, its clinical feature is acute stroke syndrome, including hemorrhage and infarction (10).

Currently, the opinion that CSVD is a local manifestation of systemic small vessel lesions in the brain is widely accepted (11), scholars have found that patients with CSVD were often accompanied by small vessel damage in other organs, including the kidney and retina (12, 13). The arterial walls demonstrated hyaline degeneration, leading to thickening and narrowing of the arteries eventually. Cerebral small vessel mainly involves the penetrating vessels <1 mm in diameter, including small arteries, micro-arteries, capillaries, and small veins (14). Typical lesions of CSVD were located in the thalamocortical loop and the corticospinal tracts, affecting the information-processing efficiency. Intracranial vessel wall lesions can be identified by 7T magnetic resonance imaging (MRI), but this technique is not yet widely available in clinical centers (15). Advances in imaging help us to check for indirect signs of CSVD on brain MRI. There are six categories of specific changes, including (16) recent small subcortical infarcts, white matter hyperintensity (WMH), lacune, cerebral microbleeds (CMB), enlarged perivascular spaces (ePVS), and brain atrophy. All of these changes may be the result of vascular dysfunction and vascular pathology. The MRI signal characteristics and typical manifestations of CSVD have been shown in Table 1 and Figure 1 (except brain atrophy).


Table 1. Magnetic resonance imaging (MRI) characteristics related to cerebral small vessel disease (CSVD).
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FIGURE 1. The typical manifestation of cerebral small vessel disease (CSVD) on MRI.




Endothelial Cells

Vascular endothelium, a monolayer of ECs lining the interior walls of vessels, is an important tissue that regulates hemodynamic stability. ECs maintain the balance between coagulation and fibrinolysis and participate in vascular injury, inflammation, and repair (17). First, ECs are able to respond to hemodynamic changes via the release of vasoactive substances. For example, when shear stress increases, ECs release nitric oxide (NO), which mediates smooth muscle relaxation in blood vessels. This process begins with the upregulation of NO synthase in ECs (18). Second, ECs can secrete antiplatelet agents, including prostacyclin (PGI) and NO, which prevent platelet aggregation via increasing the cyclic adenosine monophosphate (cAMP) content in platelets (19). In addition, ECs can inactivate the clotting factors VIIIa and Va and suppress thrombosis with activation of the protein C/protein S pathway (20). Under the physiological state, ECs exhibit anticoagulant activities. Third, ECs express several innate immune receptors, including the toll-like receptor (TLR) family. When agonists bind to these receptors, the structure of adhesion molecules in ECs will change. This will increase vascular permeability, promote the production of inflammatory cytokines, recruit leukocytes, and reach a procoagulant state (21). Furthermore, ECs also play an important role in the process called angiogenesis, a physiological process by which new blood vessels grow from existing ones. During angiogenesis, activated ECs migrate toward the gradient of vascular endothelial growth factor (VEGF) under hypoxic conditions (22).

In the central nervous system, ECs mainly compose the structure of the neurovascular unit (NVU) and BBB (Figure 2). Nutrients transported via the blood supply ensure brain activities. However, researchers described for the first time that neuronal structures could influence brain blood flow (23), which regulated the supply of oxygen and nutrients (24). The NVU, a structure composed of neurons, interneurons, astrocytes, basal lamina covered with smooth muscle cells and pericytes, ECs, and an extracellular matrix, ensures the coupling relation between blood supply and neuronal demand (25, 26). ECs can interact with astrocytes and produce vasoactive factors (such as NO) to regulate vascular tone (27). Specifically, autoregulation maintains a nearly constant blood flow to the brain within the range of 50–160 mmHg (28), and hyperemia improves regional CBF by adjusting the changes in the activity of specific brain sectors (29), the phenomenon is called neurovascular coupling (NVC). In addition, complete BBB is the most important factor in maintaining brain tissue homeostasis, which prevents the entry of cells and molecules into brain tissue and eliminates masses formed in the brain by metabolic waste from the cerebral nerve. ECs anchored to each other by tight junctions or adherens junction constitute the most important component of the BBB. Astrocytes and pericytes provide essential support for BBB function with additional contribution from the basement membrane and the glycocalyx (1).


[image: Figure 2]
FIGURE 2. The structure of blood–brain barrier (BBB) and neurovascular unit (NVU). BBB regulates substance influx and efflux to ensure a homeostatic environment for the brain function, which is composed by basement membrane, astrocytes, and endothelial cells (ECs) anchored to each others by tight junction. Neurones, interneurones, astrocytes, smooth muscular cells, pericytes, and ECs are important constituents of NVU, which provides a basic structure for NVC and regulates the cerebral blood flow (CBF).


Currently, a lot of studies have shown that vascular endothelial injury is a key pathological process in many vascular diseases, including CSVD (Table 2). In trials, endothelial dysfunction has been shown to be associated with lacunar cerebral infarction (38). An Australian study (39) further demonstrated that in cerebral white matter lesions, the function of ECs and the integrity of BBB were significantly reduced compared to that of normal brain tissue. In addition, the content of intracellular adhesion molecule-1 (ICAM-1) was significantly increased in the diseased region of white matter (40). When focusing on the altered cerebral hemodynamics, it can be found that impaired CBF regulation is widely available in CSVD (41). Furthermore, endothelial impairment is common in the population with atherosclerosis, hypertension, diabetes, and chronic kidney disease (42). Such people are at a higher risk of CSVD. However, the mechanisms has not yet elucidated. In summary, to unfold the nature of CSVD, this review focuses on the relationship between endothelial dysfunction and CSVD.


Table 2. Studies suggest that the injury to endothelial cells (ECs) is involved in the pathology of CSVD.
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ETIOLOGIES OF AND RISK FACTORS FOR CSVD AND ENDOTHELIAL DYSFUNCTION

Similar to the cardiovascular risk factors associated with large vessel strokes and heart disease, common systemic vascular risk factors, such as hypertension, diabetes, hyperlipidemia, and hyperhomocysteinemia (43), also play an important role in CSVD. Such factors have been proven to be closely associated with WMH, lacune, and CMB. Among the many risk factors for CSVD, hypertension and age are the most important and independent ones (44). A study showed that EC integrity decreased with age, ultimately leading to an exponential decline in BBB function (45), which might be a potential reason for the high incidence of CSVD among the elderly population. With increasing age, other vascular risk factors further accelerate the development of CSVD (11). Compared to CSVD patients with normal blood pressure, those with hypertension exhibit more severe clinical manifestations and more obvious neuroimaging signs (46). Hypertension may induce microcirculatory change. Rajani et al. (32) also confirmed that EC injury caused by hypertension might be the earliest manifestation of CSVD in rats. Adequate antihypertensive medication contributes to a higher degree of microstructural integrity in cerebral white matter, providing the potential method to delay or prevent the emergence of WMH (47). Unsurprisingly, a recent meta-analysis showed that intensive blood pressure control could prevent the progression of WMH (48). It was found that there is a narrowing of the lumens in the arterioles, which suggested that arteriolosclerosis might be one of the complications associated with hypertension (49). In addition, hyperglycemia and smoking cause CSVD mainly via damage to vessel ECs. A study found that type 2 diabetes mellitus (T2DM) increased the risk for WMHs (50). NO produced by ECs plays an important role in blood flow regulation. While the endogenous NO synthase inhibitor, asymmetric dimethylarginine (ADMA), was shown to be significantly elevated in the plasma of patients with CSVD, the level of ADMA correlated with cognitive impairment in patients (51). Both elevated blood glucose levels and smoking (52) can cause vasodilatory dysfunction by downregulating the expression of endothelial nitric oxide synthase (eNOS), which affects endothelium-dependent vasodilation. Furthermore, metabolic syndrome, a combination of abnormalities, including hypertension, T2DM, obesity, and dyslipidemia, is able to stimulate generalized inflammation and promote arteriolosclerosis (53). Insulin resistance (IR) increases the risk of metabolic syndrome. Interestingly, a high triglyceride–glucose (TyG) index (a marker of IR) has been shown to be associated with a higher prevalence and burden of CSVD (54).

As noted previously, the risk factors for atherosclerosis are very similar to those for CSVD. However, almost 90% of cerebral infarctions caused by intracranial atherosclerosis are larger than 2 cm in diameter, and large-artery atherosclerosis occasionally leads to lacunar stroke. In addition, the small perforating arterioles are thickened and stiff, with a reduced lumen size but not containing clots or occlusion. Thus, the pathology of CSVD is distinct from that of atherosclerosis, and the specific mechanisms are still unknown. Furthermore, Arntz et al. (55) conducted a follow-up study of young patients with transient ischemic attack or acute cerebral infarction for nearly 10 years. It was found that these patients developed CSVD 10–20 years earlier than controls and had more severe lesions. Patients with a history of stroke are more susceptible to cerebrovascular diseases because of their poor tolerance to vascular risk factors. Genetic predisposition may be a potential factor, which needs further investigation.



VASCULAR EC INJURY IN CSVD

In basilar ganglion, brain stem, centrum semiovale, and subcortical white matter, there are mutiple anastomoses between perforators from pial arteries and intracranial large arteries. The capillary bed composed of these terminal microarteries enables the actual exchange between the blood and the brain, which are diseased under the effect of vascular risk factors as we have discussed. In the 1960s, Fisher (56) performed an autopsy on a patient with lacunar cerebral infarction and first described the pathological features of CSVD in terms of vascular stenosis and hyalinosis, which were mainly found in arteries with a diameter of 40–150 μm. With the breakdown of the integrity of the vascular walls, these smaller arteries have thickened and narrowed (57). Meanwhile, vascular endothelial dysfunction is related to decreased CBF and impaired BBB (58, 59). Endothelial dysfunction is gradually being considered as the driving factor in the development of CSVD (31, 37) (Figure 3).


[image: Figure 3]
FIGURE 3. Graphic abstract of this review.



CBF Dysregulation in CSVD

Stable CBF ensures a sufficient supply of nutrients and elimination of metabolic waste. Dramatic changes in CBF will result in ischemia or hemorrhage (60), and impaired cerebrovascular hemodynamics is associated with the loss of the structural integrity of cerebral white matter (61).

The neurovascular unit is important in the blood circulation of the brain (4), which provides a basic structure for NVC (Figure 2). In patients with CSVD, an altered adaptive response of the cerebral microvasculature has been found (62). The regulation of CBF depends on intact vascular endothelial structure and function (30). Pericytes have also been shown to play an important role in vasoconstriction. The loss of pericytes severely affects NVC and impairs cerebral vascular autoregulation (63). In summary, the modes of endothelium-derived blood flow regulation include chemical control of CBF, cell–cell interactions, second messenger signaling, and endothelial response to physical forces and inflammatory factors (30). Endothelial injury may alter this adaptation of blood supply to the local energy needs of the brain. In addition, cerebrovascular ECs are sensitive to elevated shear forces and hypoperfusion, which further affect microcirculation regulation due to endothelial dysfunction. This vicious circle aggravates the ischemic–hypoxic brain injury. Anatomically, the deep white matter of the bilateral cerebral hemispheres is supplied by terminal branches of small vessels from two sources, making it extremely fragile to this chronic hypoperfusion. Sustained and intermittent hypoxia causes damage to white matter fiber tracks of the brain resulting in corresponding clinical symptoms, which may be precursors or predictors of dementia (64).

In addition, a few studies have shown reduced CBF in the white matter of patients with CSVD, and the CBF is lower in subjects with more WMH (65, 66). More significantly, researchers confirmed the presence of decreased CBF in the normal-appearing white matter surrounding WMH. This area, termed the CBF penumbra, may be associated with future WMH expansion (67).



The Function of BBB in CSVD

The blood-brain barrier is made up of ECs, pericytes and astrocytes, which regulates the exchange of substances between the brain and the blood. While ECs tightly regulate this exchange across the BBB (30). In addition to the reduction of CBF, BBB failure also plays an equally important role in the pathological process of CSVD (33). Classical vascular risk factors, salt toxicity, inflammation/infection, and altered hemodynamics can damage the BBB (68).

Via dynamic contrast-enhanced MRI, a larger volume with BBB leakage in WMH and cortical gray matter could be found in patients with CSVD (69), and the compromised BBB integrity was associated with total MRI CSVD burden (70). Interestingly, Wong et al. (59) confirmed by functional MRI that BBB permeability was higher in the normal appearing white matter surrounding WMH than in other normal white matter, suggesting that increased BBB permeability might precede the onset of WMH. Researchers also suggested the altered BBB permeability in the normal white matter might be an early indicator of CSVD, which signified a poor prognosis (71, 72). Another study added to mounting evidence that the integrity of BBB was associated with the severity of WMH (39).

White matter hyperintensity pathology might link to the decline of information processing speed (73). Besides, cognitive function descending of patients with CSVD was associated with the degree of BBB leakage at baseline, especially in executive function (74). BBB leakage leads to local microhemorrhage and reduced distal blood flow, which intensifies regional ischemia and hypoxia in the brain. What is more, the leakage and deposition of hematogenous material can lead to perivascular edema (75), which injuries brain cells and leads to demyelination as observed in WMH. Unfortunately, whether BBB breakdown is the starting point of CSVD remains to be studied.

At the same time, it was found that local low CBF was significantly negatively correlated with the permeability of BBB (57). On one hand, it is possible that the low shear stress caused by hypoperfusion leads to the downregulation expression of tight junctions, which results in larger intercellular space and increased material permeation (76). On the other hand, hypoxia may, to some extent, induce the increase of vascular permeability adaptively, allowing more nutrients to enter the brain parenchyma (77). However, the interaction between the two in CSVD and whether they jointly contribute to disease progression remains to be elucidated by further studies.



Potential Mechanisms of ECs Injury

Endothelial cell injury includes two important pathophysiological processes: EC overactivation and EC dysfunction. Endothelial activation refers to the alterations in the expression, structure, and distribution of endothelial tight junctions responding to a variety of pathological conditions, and ECs turn to an abnormal pro-inflammatory and pro-thrombotic phenotype (78). EC dysfunction is mainly reflected in the imbalance between biomolecules produced by the endothelium that contribute to vasodilation and vasoconstriction, which leads to a series of pathological changes, such as vasoconstriction, leukocyte aggregation, platelet activation, and thrombosis (79). As we have discussed earlier, increased vascular shear stress and ischemic–hypoxic injury both lead to endothelial dysfunction; however, pathological responses, including immune activation, inflammation, and oxidative stress, may be potential mechanisms for EC injury, which ultimately leads to the development of CSVD.

Produced by many different cellular processes, reactive oxygen species (ROS) are the mediators of demyelination and disruption of the BBB. ROS have strong oxidant effects and are able to induce the accumulation and extravasation of leukocytes and trigger the innate immune response. Indeed, several vascular risk factors, such as hypertension, diabetes, smoking, hyperhomocysteinemia, and infections, can promote excess ROS levels. The imbalance between ROS and the antioxidant defense system will cause endothelial injury (80). Homocysteine (HCY) has been shown to promote oxidative injury to the endothelium (81), and total HCY level correlates with CSVD MRI burden (43). In addition, it is believed that smoking-induced oxidative stress can also be a triggering factor that disrupts endothelial integrity (82).

A few experts pointed out that inflammatory factors play an important role in the pathogenesis of CSVD, and patients with ischemic or hemorrhagic lesions on brain MRI have a different distribution of inflammatory markers in their plasma (83). Pro-inflammatory cytokines induce ECs to secrete adhesion molecules and chemokines, recruit immune cells, and generate a waterfall-like inflammatory response, which further impairs the function of endothelium and BBB. In innate immune responses, monocytes activate inflammatory polarization pathways and produce ROS, while macrophages infiltrate the vascular wall, causing smooth muscle cell proliferation and blood vessel remodeling (84). In addition, both cytokines and neopterin secreted by mononuclear macrophages are able to impair BBB by acting directly on the endothelium (85). Neopterin can promote the interaction between EC adhesion molecules and leukocytes, perhaps through the kappa-B pathway (86). In addition, neopterin is able to induce the production of C-reactive protein in the liver, which further generates systemic vascular inflammation (85). In fact, it has been confirmed that adaptive immune responses also participate in the process of endothelial injury. A previous study suggested that aggregated T-cells can attack vascular endothelium directly and decrease CBF (87). Various anti-EC antibodies were detected in the serum of patients with CSVD (35), suggesting that the activation of B-cells might play a role in pathophysiological processes and, to some extent, confirming widespread endothelial dysfunction in CSVD.




ECS IN THE DIAGNOSIS AND TREATMENT OF CSVD


Diagnostic Strategies

The autoregulation of cerebral blood flow is the most important feature of cerebral microcirculation. Endothelial injury, the critical part of vascular dysfunction, can be evaluated by flow-mediated dilatation (FMD) of the brachial artery or digital reactive hyperemia index in peripheral arterial tonometry (88, 89). However, these devices have not become popular in clinical practice for various reasons. Thankfully, new techniques, such as digital pulse amplitude tonometry and passive leg movement technique, are on the way (90, 91). In addition, taking BBB leakage into consideration may be helpful in diagnosing CSVD. Another study showed that markers of vascular inflammation and endothelial injury were significantly elevated in blood samples from patients with hypertension-induced CSVD (30). And, it has been found that BBB leakage could be reflected by slow-wave activity during sleep, which could be another biomarker of CSVD (92). However, circulating biomarkers are the ones that provide us with the most opportunities to assess endothelial function (Table 3). These biomolecules are mainly related to endothelial injury and activation (131), including ICAM-1, vascular cell adhesion molecule-1 (VCAM-1), the soluble fraction of von Willebrand factor (vWF), and endothelium-derived exosomes (109, 132). However, most of them are still limited to the laboratory. Previous longitudinal research found that ICAM levels and baseline WMH load were independent predictors of WMH progression (98). Abnormally increased ADMA levels are associated with endothelial dysfunction and the risk of silent brain infarcts (93). Patients with CSVD had higher levels of ADMA in their blood. Matrix metalloproteinase-9 (MMP-9) regulates the metabolism of an extracellular matrix, which is an important component of the blood vessel wall. The levels of MMP-9 were determined to be significantly elevated in patients with WMH (41). In addition, it was confirmed that EC-specific molecule-1 reflected endothelial injury with increased specificity and sensitivity (110). This molecule, also known as Endocan (92), is a soluble dermatopoietin sulfate proteoglycan (DSPG) secreted mainly by ECs. Other studies found that higher levels of Endocan contributed to the production of proinflammatory substances, such as lipopolysaccharide, tumor necrosis factor-α, and interleukins-1β (111). It was hypothesized that Endocan exerted its biological effects through several mechanisms (Figure 4):

① Involve in endothelial activation by regulating the interaction between ECs and leukocytes (133).

② Act on the VEGF signaling pathway to mediate the inflammatory response (134): on one hand, Endocan promotes the expression of VEGF-A and enhances the binding of VEGF-A to its receptors. This process alters vascular permeability; on the other hand, activation of the VEGF signaling pathway contributes to the production of Endocan.

③ Promote the release of proinflammatory substances from ECs, including ICAM-1 and VCAM-1 (135).


Table 3. Potential biomarkers of endothelial injury.
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FIGURE 4. Physiological functions of Endocan. The yellow squares at the upper or lower edges represent ECs, which form vascular endothelium by tight junctions; the red hollow circles represent red blood cells; the light blue circles represent leukocytes; the yellow squares with black borders represent platelets. (1) Endocan regulates the interaction between ECs and leukocytes. (2) Endocan promotes the expression of vascular endothelial growth factor-A (VEGF-A) and enhances the binding of VEGF-A to its receptors. The activation of a VEGF signaling pathway contributes to the production of Endocan. (3) Endocan promotes the release of pro-inflammatory substances.


In contrast to blood biomarkers, there are a few studies assessing biomarkers of CSVD or endothelial dysfunction using cerebrospinal fluid (CSF) samples. Elevated albumin and other serum proteins have been found in the CSF of patients with VD (42). An increased albumin CSF/serum ratio, though not specific, may be useful in reflecting BBB dysfunction. In addition, the CSF level of ICAM-1 and VCAM-1 were higher in diabetics with cerebral vascular injury (136), but the correlation between adhesion molecules in CSF and CSVD is still unknown. Further studies are needed to search for CSF biomarkers of CSVD.

Currently, several methodological issues prevent clinical practice, and the replication of these results is indispensable. On one hand, the distribution of biomolecules in different populations is also with heterogeneity and complexity, and the variability of labs or measuring approaches will induce a great measurement error. On the other hand, changes in peripheral blood biomarkers may not be able to fully reflect the degree of cerebral tissue damage and the state of brain function, and the content of biological molecules may be influenced by various physiological or pathological conditions. In addition, it may be more reliable to assess endothelial function by monitoring changes of a set of molecules rather than a single molecule.



Therapeutic Directions

The goal of treating CSVD is to prevent stroke, delay cognitive decline, improve gait, and resolve psychological abnormalities. According to the lesion changes revealed by MRI, doctors can observe the curative effect (137). Currently, clinical interventions for CSVD are mainly limited to health management of risk factors. Tight blood pressure control may be beneficial in preventing or delaying the onset of CSVD. It is important to note that blood pressure variability (BPV) comes to be valued in treatment. In addition, low-dose rosuvastatin (a kind of lipid lower agents) may be a reasonable therapy for CSVD (138). In a recent study, the results suggested that nimodipine (a kind of antihypertensive medications) combined with rosuvastatin was safe and effective in treating mild cognitive impairment in patients with CSVD (139). Apart from the routine drug therapy, healthy lifestyles, such as smoking cessation, low-salt diet, and exercise, may help to halt or delay the progression of CSVD. Antiplatelet therapy is one of the most important measures in the treatment of cerebrovascular disorders. Due to hemodynamic fluctuations in the cerebral microcirculation and impaired BBB, patients with CSVD have a higher risk of bleeding during the application of antithrombotic drugs, especially in patients with more microhemorrhage foci (140). Something else we need to be careful about is the higher prevalence of aspirin resistance in patients with CSVD (141). Unfortunately, donepezil and memantine, which are commonly used to improve cognitive function, have little effect on the cognitive impairment caused by CSVD.

Endothelial dysfunction, the keystone of this article, is a key in the pathological process of CSVD. Therefore, the treatment of ECs is expected to be a breakthrough. The concept of “endothelial therapy” was proposed in the late 1990s. The therapy was aimed to prevent and repair EC injury and was mainly involved in the treatment of cardiovascular diseases (142). A study (32) has confirmed that reversal of endothelial dysfunction could reduce the cerebral white matter damage in CSVD rats, providing a basic theory for subsequent clinical applications.

Firstly, a healthy lifestyle may be beneficial to endothelial health. A study found that the Mediterranean diet could modulate endothelial function, even in those with severe endothelial dysfunction (143). In addition, aerobic exercise training was considered to provide the same benefit (144). Secondly, existing drugs may be effective in protecting ECs. For example, it has been found that metformin may exert protective effects in preventing endothelial dysfunction (106). Carvedilol, a nonselective beta- and alpha-receptor antagonist, was found to have the antioxidative potential in vitro (145). Anti-inflammation and anti-oxidation agents may play a positive role in endothelial health. However, more randomized controlled trials and experimental studies are needed to confirm the above conclusions, and whether these interventions are effective in delaying the progression of CSVD needs to be further clarified. What is more, new therapeutic strategies targeting endothelial repair are worth investigating. Several cytokines or molecules may be useful in endothelial repair. Scholars have found that granulocyte colonystimulating factor (G-CSF) had protective effects on endothelial impairment and WM injury in CSVD. G-CSF promoted the expression of VEGF and downregulated the level of MMP-9, thus repairing the cerebral vascular endothelium (146). Endothelial progenitor cells (EPCs) are capable of repairing injured endothelium, thus providing promising therapy to treat CSVD (147). In addition, several plant extracts have also been shown to be potential for alleviating the EC injury (148, 149). The pharmacological functions of these natural substances mainly include lessening oxidative injury, decreasing EC apoptosis, and reducing the inflammation response. In addition, the therapeutic potential of endothelium-specific microRNAs for the treatment of EC dysfunction is attracting attention (150), and antibodies against the endothelium may be a target for immunotherapy in the future.




CONCLUSION

This review focuses on the function of ECs, particularly their pathological changes in the process of CSVD. We hold the opinion that ECs are culprits and victims during CSVD at the same time. Increased shear stress or hypoxia causes EC dysfunction. More importantly, endothelial activation enhances the inflammatory response and immune reaction, leading to BBB leakage and impaired cerebral blood supply. In addition, reduced endothelial NO synthesis and the pro-thrombotic state exacerbate the ischemic brain damage.

In summary, it is important to continue to deepen our knowledge of endothelial dysfunction to understand the nature of CSVD. Identification of endothelial-specific markers will be useful for both laboratory studies and clinical trials. And, it certainly makes sense to therapeutically target ECs during CSVD.
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Objectives: Ischemic cerebral infarction (ICI) is a fatal neurovascular disorder. A bioinformatics approach based on single-cell and bulk RNA-seq analyses was applied to investigate the pathways and genes involved in ICI and study the expression profile of these genes.

Methods: First, the aberrantly regulated “small-molecule ribonucleic acids” [microRNA (miRNAs)] and messenger RNAs (mRNAs) were analyzed using transcriptome data from the ischemic brain infarction dataset of the Gene Expression Omnibus (GEO) database. In mouse cerebrovascular monocytes, the single-cell regulatory network inference and clustering (SCENIC) workflow was used to identify key transcription factors (TFs). Then, the two miRNA-TF-mRNA interaction networks were constructed. Moreover, the molecular complex detection (MCODE) extracted the core sub-networks and identified the important TFs within these sub-networks. Finally, whole blood samples were collected for validation of the expression of critical molecules in ICI.

Results: We identified four cell types and 266 regulons in mouse cerebrovascular monocytes using SCENIC analysis. Moreover, 112 differently expressed miRNAs and 3,780 differentially expressed mRNAs were identified. We discovered potential biomarkers in ICI by building a miRNA-TF-mRNA interaction network. The hsa-miR-518-5p/hsa-miR-3135b/REL/SOD2 was found to play a potential role in ICI progression. The expression of REL and superoxide dismutase 2 (SOD2) was significantly elevated in the ICI group in the clinical cohort (P < 0.05). Furthermore, a REL expression was elevated in endothelial cells and fibroblasts at the single-cell level, indicating that REL is a cell-specific regulon. Functional enrichment analyses revealed that REL is primarily engaged in neurotransmitter activity and oxidative phosphorylation.

Conclusions: Our research uncovered novel biomarkers for ICI of neurovascular disease. The hsa-miR-518-5p/hsa-miR-3135b may regulate the REL/SOD2 pathway in ICI progression.

Keywords: neurovascular, ischemic stroke (IS), scRNA-seq, regulatory network, REL


INTRODUCTION

Stroke is a common and fatal neurovascular disease that has high morbidity and mortality rates worldwide, accounting for ~17 million new cases annually (1–5). Ischemic stroke (IS) accounts for 80% of all stroke cases (6). Multiple emboli blocking the intracerebral arteries result in irreversible functional deficiencies in local brain tissue, eventually leading to ischemia and hypoxic necrosis (7, 8). Ischemic cerebral infarction (ICI) is a fatal neurovascular disorder (9). Due to its complexity, the molecular pathways underlying the development of ICI are not well-known at the transcriptome level. Exploring the regulatory network of signaling pathways is critical to understanding the mechanism by which ICI develops and to developing effective strategies for preventing and treating ICI.

Single-cell RNA sequencing (scRNA-seq) is a technique for obtaining whole-transcriptome expression profiles at the single-cell level. It is based on the amplification of microscopic whole-transcriptome RNA from isolated individual cells and subsequent high-throughput sequencing to elucidate the molecular regulatory mechanisms underlying specific biological processes and disease pathogenesis (10). In recent years, the scRNA-seq has gradually gained traction in the disciplines of oncology, microbiology, and neuroscience (11–13). In addition to studying changes in gene expression patterns at the population level, the scRNA-seq can be used to study single-cell gene expression, thus, resolving any bias arising due to cellular heterogeneity. Therefore, scRNA-seq is particularly well-suited for studying highly heterogeneous cell populations, such as neural cells (14, 15). Using scRNA-seq, Gate et al. showed that the T-cell receptor (TCR) signaling pathway is activated in CD8+ terminally differentiated effector cells (TEMRA) in the cerebrospinal fluid of patients with Alzheimer's disease, indicating that these cells contribute to the onset of neurological symptoms through their cytotoxic role (16). Vanlandewijck et al. used scRNA-seq to conduct a transcriptional investigation of the constituent cell types of the cerebral vasculature and discovered that endothelial cells, pericytes, and fibroblasts are implicated in the formation of neurovascular disease lesions. In this study, we attempted to address the dearth of molecular studies on cerebrovascular cell types and to establish the groundwork for future research on the molecular pathways underlying cerebrovascular disorders (17). The single-cell regulatory network infeAbegail Floresrence and clustering (SCENIC) is a computational approach for identifying cell states and constructing gene regulatory networks from scRNA-seq data (18). The SCENIC can be used to identify critical transcription factors (TFs) involved in the pathophysiology of ICI.

Apart from single-cell technology, various bioinformatics techniques have emerged as important tools to study complex biological phenomena. The “small-molecule ribonucleic acids” [microRNA (miRNAs)] are a class of non-coding, endogenous single-stranded RNA molecules composed of 20–24 nucleotides that regulate the expression of target genes in various physiological and pathological processes (19). The miRNAs serve as molecular markers for early diagnosis and prognosis, as well as therapeutic targets for ICI (20–23). The miR-PC-5P-12969 inhibits the production of amyloid and promotes IS (24). In acute ICI, the serum miR-124 and other miRs are inhibited, resulting in neuroinflammation and brain damage (25). Additionally, miRNAs can contribute to ICI by modulating TFs. Atherosclerosis (AS) has a significant role in the pathophysiology of ICI (26). Li et al. showed that miR-NA-663 governs the phenotypic metamorphosis of human vascular smooth muscle cells by adversely regulating the expression of its downstream TF, Jun B (27). The miRNA-23b can reduce vascular smooth muscle cell proliferation and migration, and the TF FoxO4 may be a direct target of miRNA-23b (28). Thus, the miRNAs play a critical role in the development of AS by controlling the proliferation, differentiation, and function of vascular smooth muscle cells via TF regulation, potentially altering the course of ICI. Therefore, single-cell sequencing is critical for identifying miRNA-TF-gene regulatory networks involved in ICI progression, which may reveal novel gene targets and molecular markers for ICI diagnosis and therapy.

In this study, we analyzed bulk RNA-seq, as well as scRNA-seq data, to identify a miRNA-TF-mRNA regulatory network that may be vital to ICI progression. Our research aimed to uncover novel biomarkers for ICI of neurovascular disease. The findings of this study may provide new avenues for the prevention and treatment of IS, as well as strategies to improve patient outcomes.



METHODS


Data Acquisition

First, the ICI dataset was retrieved from the Gene Expression Omnibus (GEO) database. The GEO database is a repository of raw data, including transcriptomic data from published studies. From the GSE16561 dataset, transcriptomic data was acquired from whole blood samples of 39 patients with ICI, and 24 healthy individuals (29). Moreover, transcriptomic data from 24 control blood samples were collected from the GSE55937 dataset (30). The GSE98816, an scRNA-seq collection, contains transcriptomic information of 3,186 cells derived from mouse cerebrovascular tissue (17). Then, the expression of differentially expressed TFs in mouse cerebrovascular tissue was analyzed based on bulk RNA-seq data. Finally, to validate the expression of differentially expressed genes (DEGs) identified from bioinformatics analyses, whole blood samples were collected from 24 patients with ICI and 22 healthy individuals at our institution and were subjected to differential gene expression analysis. The inclusion criteria are: patients with ischemic cerebral infarction met the diagnostic criteria; patients with cerebral infarction were confirmed by imaging and the onset of the disease did not exceed 48 h; and informed consent was provided and signed by the patients. The exclusion criteria are: severe liver and kidney damage; cardiac diseases such as myocardial infarction and heart failure; acute complications of diabetes mellitus; acute infection combined with malignancy; and cerebral hemorrhage or cardiogenic cerebral embolism. This study was approved by the Institutional Ethics Review Board of The Xijing Hospital. Informed written consent was obtained from all the patients. The following statistical criteria were used for comparing differences between the two groups: *P < 0.05, **P < 0.01, and ***P < 0.001.



scRNA-seq Analysis

The GSE98816, a scRNA-seq collection, was used for scRNA-seq analysis. The cells isolated from mouse cerebrovascular tissue were clustered and annotated to facilitate subsequent analysis of transcriptional regulation patterns in different cell populations. Like previous research, the R package Seurat (v. 4.0) was used to perform quality control on the scRNA-seq data, as well as data reduction, cell clustering, and cell annotation (31–33). After identifying highly variable genes using the “FindVariableFeatures” function, the principal component analysis (PCA) was performed to extract gene expression features from scRNA-seq data. The principal components (PCs) that account for the majority of the true signal were identified using JackStraw and Elbow plots. Then, cells were grouped according to these selected PCs. Cell clustering was performed using uniform manifold approximation and projection (UMAP). In the cell clustering results, the characteristic genes were identified for each cell cluster. Cell annotation was performed using SingleR (v. 1.0), and marker genes were annotated based on the results of previous studies (34, 35).



SCENIC Analysis and Gene Regulatory Network Construction

Core TFs in scRNA-seq were obtained using the SCENIC method. The SCENIC is a computational approach for identifying cell states and constructing gene regulatory networks from scRNA-seq data (34). The SCENIC was used to analyze the significant TFs in each cell population after acquiring the annotation information and tissue origin of each cell. First, a gene co-expression network was constructed using data from a gene expression matrix of mouse cerebrovascular cells. Subsequently, from this gene co-expression network, the “RcisTarget” package in R was used to identify TF-mRNA regulatory networks with direct regulatory linkages, and these TFs were classified as regulons. Finally, a regulon activity score (RAS) was calculated for each cell corresponding to each regulon, which represents the regulatory activity of the associated regulon in each cell. Subsequently, these newly discovered regulons were used for further analysis.



Differential Analysis and Identification of miRNA-mRNA Interactions

To identify genes that are dysregulated in IS, the “linear model” function of the “limma” package in R was used to compare the expression of mRNAs and miRNAs between the ICI and healthy control (HC) groups (36, 37). Differentially expressed mRNAs (DEmRNAs) and miRNAs (DEmiRNAs) were selected according to P < 0.05. Subsequently, the miRWalk (< http://mirwalk.umm.uni-heidelberg.de/>) open-source platform was used to identify DEmiRNA-DEmRNA networks.



Identification of Molecular Interaction Networks and Core Regulons

First, the TF-target gene pairs present in the miRNA-mRNA network were predicted using the TRRUST (v2) database, followed by the identification of the key TFs in the network (38). Then, the core regulons were derived by conducting an intersection analysis on these major TFs, and the regulons were identified by SCENIC analysis. Finally, a network of interactions between miRNAs, TFs (regulons), and mRNAs were constructed. Protein-protein interaction (PPI) networks were visualized using Cityscape (v. 3.9), with all proteins corresponding to the nodes in this network. Furthermore, the Molecular Complex Detection (MCODE) plug-in was used to investigate and generate the core sub-networks of the gene interaction network (degree cutoff = 2, node score cutoff = 0.2, and maximum depth = 100).



Gene Set Enrichment Analysis

To understand the function of the DEGs, the “clusterProfiler” package in R was used for functional enrichment analysis, including the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analyses (39). In contrast, the gene set enrichment analysis (GSEA) was performed to analyze the functional pathways involved in the screening of dysregulated regulons in patients with ICI (40). The reference gene set “c2.cp.v7.2.symbols.gmt [Curated]” was obtained from MSigDB Collections (https://www.gsea-msigdb.org/gsea/msigdb/), and P-values were calculated using a random sample swap (n = 1,000). The threshold for screening functional pathways was set as follows: false discovery rate (FDR) <0.25 and adjusted P-value <0.05.



Quantitative Real-Time PCR

The total RNA was extracted from whole blood samples using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The RNA was reverse-transcribed to complementary DNA (cDNA) using a cDNA synthesis kit (K1622; Fermentas, Waltham, MA), following the manufacturer's instructions. Finally, quantitative real-time PCR (qRT-PCR) was performed using an ABI 7500 real-time PCR system (Applied Biosystems, CA, USA), and amplification was performed using SYBR Green (Prime Script RT Master Mix, Takara, Tokyo, Japan). The Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as an internal reference gene for the normalization of gene expression levels. As with previous research, the following gene-specific primers were used: GAPDH, forward: 5′-AGAAGGTGGTGAAGCAGGC-3′ and reverse: 5′-TCCACCACCCAGTTGCTG-3′; REL, forward: 5′-GAATCAATCCATTCAATGTCCC-3′ and reverse: 5′-AAGAGCAGTCGTCAAATTACC-3′; SOD2, forward: 5′-GACAAACCTCAGCCCTAACG-3′ and reverse: 5′-CGTCAGCTTCTCCTTAAACTTG-3′ (41, 42). The gene expression levels were calculated using the 2 ΔΔCT method and normalized to the mRNA levels of GAPDH.



Statistical Analysis

Statistical analysis and graphing were performed using R software (version 4.0.2). Gene regulatory networks based on SCENIC analysis were constructed using the pySCENIC (v. 0.11) package in Python. The Pearson's correlation analysis was performed to calculate the correlation between two measured variables. Statistical significance was set at P < 0.05.




RESULTS


Single-Cell Data Filtering and Cell Fractionation

First, we filtered the mouse cerebrovascular scRNA-seq data according to a set threshold (i.e., traits expressed in a minimum of 3 cells and cells with a minimum of 500 traits expressed were screened for inclusion in the study). A total of 3,186 cells were obtained for subsequent analysis. We estimated the top 2,000 DEGs and analyzed their expression patterns using PCA. The top 10–20 PCs were selected (Figure 1A). The JackStraw plot also verified that the top 20 PCs were enriched in most of the features with low P-values (Figure 1B). Fifteen PCs were selected for further clustering analysis, the results of which revealed nine-cell clusters (Figure 1C). The expression of the marker genes for these nine-cell clusters is depicted as a heat map in Figure 1D. The UMAP diagram depicts the clustering of these nine-cell clusters (Figure 1E). Based on the results of singleR and cell markers, the cell types were further classified as fibroblasts, endothelial cells, oligodendrocytes, and microglia (Figure 1F). Subsequently, we used SCENIC to identify 266 regulons, as well as the accompanying gene regulatory networks in four cell groups.


[image: Figure 1]
FIGURE 1. Cell clustering and annotation processes in single-cell analysis. (A) The top twenty principal components (PCs) were ranked according to the extent of the explanatory difference between them. According to the calculation, several PCs between 10 and 20 may cover all features of ICI. Here, 15 PCs are selected for the following round of investigation. (B) The top 20 PCs were found to be significantly enriched for features with low P-values. (C) A tree was constructed during the cell-clustering phase and nine distinct cell clusters were obtained. (D) The heat map shows the significant differences in the expression of marker genes in these nine cell clusters. (E) UMAP visualized the distribution of nine cell clusters. (F) These four cell clusters were annotated as fibroblasts, endothelial cells, oligodendrocytes and microglia, respectively.




miRNA-TF-mRNA Interactions Analysis

Bulk RNAs were analyzed for differences in their expression between the ICI and HC groups based on GSE16561 and GSE55937. We found 73 upregulated and 39 downregulated miRNAs (Figure 2A), as well as 1,496 upregulated and 2,284 downregulated mRNAs, based on the filtering conditions (Figure 2B). Moreover, we found 11,525 DEmiRNA-DEmRNA interaction pairs using the prediction results of the miRWalk database. Based on the prediction results of the TRRUST database and the 266 regulons identified by SCENIC analysis, we identified 20 regulons and their corresponding target genes. Finally, the identified DEmiRNAs, DETFs, and DE gene mRNAs were used to build the miRNA-TF-gene interaction network (Figure 2C). Using MCODE, two key sub-networks (Figures 2D,E) were identified in this network. The REL was identified as the key TF in sub-network 1, while SOD2 was identified as a target gene of REL (Figure 2D). Therefore, the hsa-miR-518a-5p and hsa-miR-3135b were found to control the expressions of REL and SOD2. Furthermore, TFs [Retinoic Acid Receptor Alpha (RARA), Recombination Signal Binding Protein For Immunoglobulin Kappa J Region (RBPJ), CAMP Responsive Element Binding Protein 1 (CREB1), and Signal Transducer and Activator of Transcription 5A (STAT5A)] and microRNAs (hsa-miR-601, hsa-miR-320d, hsa-miR-3131, hsa-miR-4437, hsa-miR-518-3p, and hsa-miR-3185) co-regulate mRNAs (CD36, CAV1, and CDKN2B) in sub-network 2 (Figure 2E). Here, potential mechanisms of ICI are uncovered based on miRNA-TF-mRNA integration analysis.


[image: Figure 2]
FIGURE 2. Variance analysis and PPI network construction. (A) A map of differentially expressed micro RNAs (DEmiRNAs) in the form of a volcano. The important miRNAs were identified and tagged. (B) Differentially expressed messenger RNA (DE-mRNA) volcano map. The diagram labels important transcription factors (TFs) and genes in the protein-protein interaction (PPI) sub-network. (C) Network investigation of miRNA-TF-gene connections. The network diagram depicts the connections between dysregulated miRNAs, TFs, and target genes. Dysregulated microRNAs are represented by the diamond, dysregulated genes are represented by the oval, and transcription factors are represented by the inner quadrilateral. Increased regulation is shown by the color red, whilst lower regulation is indicated by the color blue. (D) REL is the core TF in the PPI network. Subnetwork 1 of PPI and REL/superoxide dismutase 2 (SOD2) was regulated by the hsa-miR-518a-5p and hsa-miR-3135b microRNAs. (E) RARA, CREB1, RBPJ, and STAT5A were shown to be the most critical TFs in PPI Subnetwork 2.




Functional Pathways Enriched in the Core Network

Next, enrichment analysis of mRNAs in sub-networks 1 and 2 was conducted to investigate the pathways involved in the core sub-network. The findings revealed that the ICI group had increased functions and pathways involved in viral oncogenesis, DNA-binding transcriptional activator activity, transcription factor complex, and myeloid cell differentiation (Figure 3A). Then, we performed a functional enrichment analysis of the downstream target genes of the transcription factor REL based on the findings of SCENIC prediction. The findings revealed that the downstream molecules of REL were mostly enriched in the functional pathways of the actin cytoskeleton, positive control of muscle tissue development, eicosanoid biosynthetic process, and mitotic nuclear division regulation (Figure 3B). The results of the above enrichment analysis exemplify the potential functions and pathways enriched by these TFs and guide the way for further research.


[image: Figure 3]
FIGURE 3. GO and KEGG enrichment analysis. (A) Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of genes from PPI subnetwork 1 and subnetwork 2 gene. (B) Based on the results of the single-cell regulatory network inference and clustering (SCENIC) analysis, GO functional enrichment analysis was performed for genes downstream of the transcription factor REL. The size of the dot indicates the number of genes.




Expression of REL in Mouse Cerebrovascular Cells

We analyzed the expression of key regulons in the gene interaction network in mouse cerebrovascular cells. Firstly, TFs in endothelial cells and fibroblasts were sorted for presentation according to the regulon specificity score (RSS) (Figures 4A,B). The t-Distributed Stochastic Neighbor Embedding (tSNE) plots in Figures 4C,D show the distribution of REL expression in endothelial cells and fibroblasts. Furthermore, the expression of REL is presented in the tSNE plot (Figure 4E). Figure 4F depicts the motifs of the downstream target genes of REL. The results revealed that REL is highly expressed in both endothelial cells and fibroblasts. However, REL is potentially regulated by hsa-miR-518-5p/hsa-miR-3135b (Figure 2D). We concluded that hsa-miR-518-5p/hsa-miR-3135b-regulated REL/SOD2 plays a potential role in ICI progression.


[image: Figure 4]
FIGURE 4. The findings of the SCENIC investigation of REL. (A) The regulon specificity score was used to rate the various regulators in endothelial cells. (B) The regulon specificity score was used to rank the various regulators in fibroblasts. (C) In the tSNE map, endothelial cells are visible. (D) Fibroblasts are visualized in the tSNE map. (E) REL was discovered to be significantly expressed in endothelial cells and fibroblasts. As can be seen, endothelial cells have greater levels of REL expression than fibroblasts. (F) Base distribution in REL-functioning motifs.




Expression of REL/SOD2 in Clinical Cohorts

The qRT-PCR was performed on blood samples from ICI and HC to further validate the results of the bioinformatic analysis in a clinical cohort. The expressions of REL and SOD2 were significantly higher in the ICI group than in the HC group (P < 0.05) (Figure 5A). Additionally, results of PCA revealed a positive correlation between SOD2 and REL expressions (r = 0.325, P = 0.027) (Figure 5B). These findings confirm that REL and SOD2 are dysregulated in the ICI group.


[image: Figure 5]
FIGURE 5. REL and SOD2 expression in clinical cohorts. (A) There was a substantial difference in REL and SOD2 expression between the healthy controls (HC) and Ischaemic cerebral infarction (ICI) groups. The ICI group had greater levels of REL and SOD2 expression than the HC group, and the results were statistically significant (P = 0.05). **means the p-value is less than 0.01, ***means the p-value is less than 0.001. (B) Pearson correlation analysis revealed a strong positive correlation between SOD2 and REL expression (r = 0.325, P = 0.027). (C) In samples with high REL expression, gene set enrichment analysis (GSEA) reveals up-and downregulated functional pathways.




GSEA in Samples With Upregulated REL Expression

The GSEA was performed to further explore the pathways associated with REL expression. The results revealed that neuroactive ligand-receptor interaction and pyruvate dehydrogenase (PDH) complex regulation pathways were upregulated in samples with increased REL expression, but the cytosolic Fibroblast growth factor receptor 1 (FGFR1) fusion mutant signaling pathway was downregulated (Figure 5C). These findings imply that REL may be associated with the action of numerous neurotransmitters and their receptors, thus, affecting neurological and psychiatric symptoms. Additionally, REL may be involved in changes in oxidative phosphorylation, which is associated with ICI.




DISCUSSION

The major miRNA-TF-mRNA regulatory network in the ICI was investigated employing a bioinformatic approach that integrated single-cell analysis with bulk RNA-seq data. This study uncovered novel biomarkers for ICI of neurovascular disease. The hsa-miR-518-5p/hsa-miR-3135b/REL/SOD2 was identified as a potential player in ICI progression. The expression of the key molecules was also validated in clinical samples and at the single-cell level.

In this study, we first tried to construct two miRNA-TF-mRNA interaction networks and then found that REL was the key transcription factor. A miRNA-TF-mRNA interaction network was established and then two major sub-networks from this network were constructed. We also uncovered novel biomarkers for ICI of neurovascular disease. The hsa-miR-518-5p/(hsa-miR-3135b)/REL/SOD2 was identified as a key pathway involved in the course of ICI in sub-network 1. The RARA, CREB1, RBPJ, and STAT5A were identified as TFs involved in ICI progression in another network sub-network (sub-network 2). The REL and SOD2 expression were higher in the ICI group than in the clinical cohort. The REL expression was also enhanced in endothelial cells and fibroblasts at the single-cell level, indicating that it is a cell-specific regulon. Functional enrichment analyses revealed that REL is implicated in neurotransmitter activity and oxidative phosphorylation pathways.

No previous study has elucidated the direct role of miRNA-518 and miR-3135b in ICI. The hsa-miRNA-518 and its target gene Early growth response factor 1 (EGR1) are implicated in the regulation of cell proliferation, death, and angiogenesis (43). The EGR1 serves as a pro-inflammatory factor in experimental animal models and is implicated in post-ischemic inflammation, inflammation-induced blood-brain barrier (BBB) dysfunction, and ischemic brain injury, suggesting that it plays a role in ICI progression (44–47). The peroxisome proliferator-activated receptor alpha (PPAR) mRNA may also be targeted by miR-518 (48). The PPAR suppresses the expression of the pro-inflammatory factor EGR1, which is important for lipid homeostasis and inflammation (44, 49). In a model of experimental IS, the PPARic stroke exped the (ul13) infarct volume (43, 44). The miR-518 may play a role in the evolution of ICI by regulating PPAR and EGR1. Human endothelial cells exposed to acrolein, an unsaturated aldehyde capable of generating oxidative stress and inflammation, showed higher expression of miR-518 (50). As a result, we postulate that miRNA-518 is implicated in IS-related inflammation and vascular endothelial dysfunction. In individuals with severe hypertension, miR-3135b expression was found to be dramatically increased (51, 52). Additionally, miR-3135b is linked to coronary artery calcification and is an excellent marker for the diagnosis of obstructive coronary artery disease (53). In contrast, diabetes, hypertension, atherosclerosis, and other metabolic disorders are all risk factors for ICI (26, 54–56). As a result, we postulate that miR-3135b has a role in ICI as well. Moreover, based on the increased expression of REL and SOD2 in patients with ICI compared to healthy controls, we postulated that hsa-miR-518-5p and hsa-miR-3135b were downregulated in ICI. The hsa-miR-518-5p and hsa-miR-3135b, which are differentially expressed in IS, are implicated in ICI progression via the regulation of the core TF, REL, and its target gene SOD2 in the ICI regulatory network. Therefore, based on our study and previous studies showing the significance of miR-518 and miR-3135b in IS-related pathogenic processes, we suggest that both may affect the development of ICI through various pathways.

The miRNAs can form gene regulatory networks by targeting TFs (57). The miRNAs may contribute significantly to the development of AS by controlling the proliferation, differentiation, and function of vascular smooth muscle cells through TF regulation, thereby affecting the course of ICI (26–28). Similar to previous findings, the current study showed that hsa-miR-518-5p and hsa-miR-3135b regulate the expression of their target gene SOD2 by targeting the core TF REL, which forms the key regulatory network for ICI development. In this study, REL and SOD2 were highly expressed in patients with cerebral infarction at the bulk RNA, single-cell RNA, and clinical levels. Previous research indicates that v-rel reticuloendotheliosis viral oncogene homolog A (RELA) may enhance inflammatory responses and apoptosis in cerebral hemorrhage, however, c-REL may exert the opposite effect (58). Additionally, RELA, RELB, and c-REL, all of which are involved in the production of pro-inflammatory cytokines, are related to NF-κB-mediated inflammatory disorders (59). Inhibition of NF-κB activation prevented cerebral ischemia/reperfusion injury in rats (60). Inflammation is a risk factor for ICI and is associated with poor patient prognosis (61, 62). Therefore, we postulate that REL may affect the course of ICI and, hence, affect patient prognosis. Similarly, one study discovered that SOD2 is a mitochondrial enzyme with increased mRNA expression in patients with type 2 diabetes mellitus and those with Parkinson's disease (63). The SOD2 is involved in a variety of biological processes, including inflammation, glucose metabolism, and lipid metabolism, all of which contribute to the development of ICI (64–66). In this study, SOD2 was identified as a target gene of REL in the ICI gene regulatory network. We found that REL might be involved in the activity of various neurotransmitters and their receptors, which may affect neurological and psychiatric symptoms. Therefore, we postulate that REL and ROS contribute significantly to ICI progression.

Along with the major sub-network hsa-miR-518-5p/hsa-miR-3135b/REL/SOD2, we identified a sub-network containing the transcription factors RARA, CREB1, RBPJ, and STAT5A. Previous studies have found that activation of RARA can exert neuroprotective effects after ischemic brain injury. Tanka et al. found a significant increase in phosphorylated CREB levels in the peri-infarct region after focal cerebral ischemia (67). The RBPJ is an important transcription factor of the Notch signaling pathway (68). Activation of the Notch signaling pathway is associated with atherogenesis and inflammatory responses, which are risk factors for ICI (26, 69, 70). After cerebral ischemia, activated STAT5 could improve the hypoxia tolerance of neurons and inhibit apoptosis, as well as participate in the protective effect of brain tissue (71). Similar to previous studies, we found that RARA, CREB1, RBPJ, and STAT5A may be critical transcription factors implicated in the development of ICI.

We studied the miRNA-TF-gene interaction network (hsa-miR-518-5p/hsa-miR-3135b regulates the REL/SOD2 pathway), which may play a critical role in ICI progression. Our research uncovered novel biomarkers for ICI of neurovascular disease. The findings of this shed light on the mechanism of ICI development and are expected to facilitate the identification of novel targets and therapeutic strategies for the treatment of ICI. There are certain limitations to the present study. In the future, the sample size for inclusion in the study should be further expanded. Since the findings of this study are mostly based on bioinformatic analysis, the identified signaling pathways still require experimental validation, including elucidation of their mechanisms of action, in vitro and in vivo.



CONCLUSION

Our research uncovered novel biomarkers for ICI of neurovascular disease. The REL/SOD2 pathway is important in the formation of ICI as a key network route and may be regulated by hsa-miR-518-5p/hsa-miR-3135b. This study's findings provide insight on the potential relevance of the REL/SOD2 pathway in IS, paving the way for additional research into ICI mechanisms.
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Background and Purpose: Blood pressure in the days following endovascular thrombectomy (EVT) can influence functional outcomes of patients who have suffered an acute ischemic stroke, but whether the same is true of blood pressure during the first few hours after EVT is unclear.

Methods: Several blood pressure parameters were retrospectively analyzed in acute ischemic stroke patients who underwent EVT at West China Hospital from March 2016 to December 2019. Baseline blood pressure, speed of blood pressure reduction, postoperative blood pressure, degree of blood pressure reduction, and quality of blood pressure management were evaluated during the first 24 h after EVT. We explored whether these parameters during different time windows correlated significantly with patients' modified Rankin Scale (mRS) score at 90 days.

Results: Analysis of 163 patients showed that poor functional outcome (mRS scores 3–6) correlated significantly with higher postoperative blood pressure and worse blood pressure management during the first 6 h after EVT. Postoperative systolic blood pressure at 37 min after EVT was significantly higher in patients with poor outcome (141 mmHg) than in those with good outcome (mRS scores 0–2; 122 mmHg, p = 0.006), and systolic pressure >136 mmHg at this time point was associated with a significantly higher risk of poor outcome, before and after adjusting for other risk factors (adjusted OR 0.395, 95% CI 0.20–0.79).

Conclusions: Among acute ischemic patients who successfully undergo recanalization, adequate blood pressure management during the first 30–40 min after EVT may be important for ensuring good 90-day functional outcomes.

Keywords: brain ischemia, cerebral Infarction, stroke, endovascular procedures, thrombectomy, cerebral revascularization, blood pressure, hypertension


INTRODUCTION

Since its description in 2015, endovascular thrombectomy (EVT) has become a standard method for treating large-vessel acute ischemic stroke within 6 h of onset (1), and large clinical trials suggest that it remains effective even when performed up to 24 h after onset (2, 3). How blood pressure management before and after EVT affects patient outcomes remains uncertain, which makes it difficult to optimize such management.

Several studies have suggested that lower blood pressure during 24 h after EVT is associated with a better prognosis (4–6), but we are unaware of studies examining whether blood pressure sooner after EVT is also important. This is an important question, given that the blood pressure of most acute ischemic stroke patients stabilizes at 6–8 h after EVT (7).

Therefore, we performed a retrospective observational study to explore whether blood pressure parameters during the first 6 h after EVT significantly influence functional outcomes.



METHODS


Study Population

Medical records were retrospectively examined for acute ischemic stroke patients who underwent EVT at West China Hospital from March 2016 to December 2019. Follow-up information was derived from a database we set up prospectively since 2016 for all ischemic stroke patients admitted to West China Hospital and underwent reperfusion. Patients were considered eligible for the present study if they were older than 18 years, underwent emergency EVT for acute ischemic stroke affecting the anterior circulation [including the internal carotid artery (ICA), middle cerebral artery (MCA), and anterior cerebral artery (ACA)], and underwent successful recanalization after EVT [defined as the modified Thrombolysis in Cerebral Infarction score (mTICI) ≥2b]. Patients were excluded if blood pressure data were missing for any of the following time points: on admission, every hour during the first 6 h after EVT, and every 2 h until 24 h after EVT. Patients were also excluded if computed tomography (CT) data were unavailable within 24 h after EVT, or if the modified Rankin Scale (mRS) score at 90 days after EVT was unknown.

This study was approved by the Institutional Review Board of West China Hospital, which waived the requirement for written informed consent because, at the time of treatment, patients or their legal guardians gave informed oral consent for the patient's anonymized medical data to be analyzed and published for research purposes.



Procedures and Treatment

Patient eligibility for EVT was determined based on established clinical guidelines (8). Vasopressors or the antihypertensives urapidil hydrochloride or nicardipine hydrochloride were injected at the attending physician's discretion to control blood pressure. The blood pressure target of patients during the first 24 h after EVT in this study was 120 mmHg, which reflects the standard practice at our hospital for acute ischemic stroke patients who successfully undergo recanalization.



Blood Pressure Parameters

BP values at set points were measured non-invasively. Based on the blood pressure information, we calculated parameters reflecting 5 aspects of blood pressure profiles: (1) baseline BP level: including admission SBP and the first postoperative SBP (FPO SBP). FPO SBP was the SBP value patients on their first measurement when they returned to the ward after EVT; (2) postoperative BP level: including mean SBP and minimum SBP; (3) degree of BP reduction: including FPO SBP-mean SBP, FPO SBP-minimum SBP (FPO SBP-mean SBP)/FPO SBP and (FPO SBP-minimum SBP)/FPO SBP; (4) velocity of BP reduction: indicated by the time from FPO SBP to the minimum SBP record during the first 6 h after EVT; (5) BP management quality: including maximum SBP and the time below 120 and 140 mmHg. The threshold of 140 mmHg was chosen because several studies have proposed it as a target blood pressure during the first 24 h after EVT for patients with successful recanalization (9–11).

Time points of measurements were divided into intervals of 0.5 h. Measurements for the abovementioned parameters, excluding baseline blood pressure and speed of BP reduction, were categorized into the following four intervals after EVT: 1–6, 7–12, 13–18, and 19–24 h.



Outcomes and Covariates

The primary study outcome was the mRS score at 90 days, which was determined through telephone interviews with patients or their legal guardians. Good outcome was defined as mRS scores 0–2, while poor outcome was defined as mRS scores 3–6. The secondary study outcome was intracerebral hemorrhage (ICH) which may have occurred during hospitalization and malignant cerebral edema (defined as the development of clinical signs of herniation, including a decrease in consciousness and/or anisocoria), accompanied by prominent imaging evidence of brain swelling (i.e., midline shift of brain structure or effacement of basal cisterns).

We collected data on numerous covariates to adjust for their potential influence in our analyses and thereby isolate the influence of blood pressure at different times after EVT. Covariates included age; sex; history of hypertension, diabetes, coronary heart disease, cardiac dysfunction, and atrial fibrillation; pre-EVT laboratory findings, such as fasting blood glucose, low-density lipoprotein, prothrombin time, and international normalized ratio; Alberta Stroke Program Early Computed Tomography Score (ASPECTS) on pre-EVT computed tomography; score on the National Institutes of Health Stroke Scale (NIHSS) at admission; occluded segment; prior treatment with intravenous alteplase; time from onset to puncture (OTP); postoperative hypotension, underwent decompressive craniectomy and postoperative residual moderate to severe stenosis.



Statistical Analysis

Continuous data were expressed as mean ± standard deviation if normally distributed, or as median (interquartile range, IQR) otherwise. Categorical data were expressed as n (%). The normality of data distribution was assessed using the Shapiro-Wilk test. Analyses were conducted initially across all patients for whom covariate data were complete. Differences between patients with poor or good outcome and between patients with or without intracerebral hemorrhage were assessed for significance using a chi-squared test in the case of categorical data, Student's t test in the case of normally distributed continuous data, or the Mann-Whitney U test in the case of skewed continuous data.

Variables with a p < 0.1 in univariate analysis were entered into two logistic regression models: Model 1 adjusted for gender, fasting blood glucose, and NIHSS; Model 2 adjusted for age and ASPECTS. Multiple imputation was used to fill in missing values. Stratified analysis was performed based on whether systolic blood pressure at admission was <140 or ≥140 mmHg, patients had ICA occlusion or not, time from onset to thrombectomy was ≤6h, and patients had cardiac dysfunction or not. We set the systolic blood pressure threshold at 140 mmHg because a previous study found that systolic pressures higher than this value were associated with higher mRS score (9).

We also performed four analyses to examine closely the potential relationship between the first postoperative systolic blood pressure and the primary study outcome. First, we created a generalized additive model to describe how the 90-day mRS score varied with first postoperative systolic blood pressure. Second, we created a linear regression model to describe how the risk of poor functional outcome changed with increasing first postoperative systolic blood pressure. Third, we determined the first postoperative systolic blood pressure that best predicted good or poor functional outcome based on receiver operating characteristic curves and the Youden index. Fourth, we dichotomized first postoperative systolic blood pressure values at the cut-off values and assessed the association of each group of values with functional outcome using the chi-squared test and the abovementioned logistic regression models.

All regressions and imputations were conducted using SPSS for Windows (version 26.0; IBM, Chicago, IL, USA). Data were plotted and Student tests were performed using GraphPad Prism for Windows (version 8.01; GraphPad Software, San Diego, CA, USA). Generalized additive modeling was conducted using R (version 4.1). Differences were considered significant at a level of α = 0.05.




RESULTS


Characteristics of the Study Population

Of the 206 consecutive patients reviewed for enrollment, 163 were included in the final analysis (Figure 1). The median age of the 163 patients was 69 years (IQR 59–78) and mean NIHSS was 15 (SD 5) (Table 1). One-third of patients (49, 30.1%) had ICA occlusion. All patients underwent EVT under general anesthesia.


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



Table 1. Baseline characteristics of study population compared between patients with good and poor functional outcome (mRS 0–2 vs. 3–6).
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Just over half of patients (90, 55.2%) had poor functional outcome at 90 days. These patients were older and showed more severe infarction reflected in a lower rate of ASPECTS > 6 and higher NIHSS score than patients with good functional outcome.



Associations of Functional Outcome With Various Blood Pressure Parameters During the First 24 h After EVT

Patients who experienced good or poor functional outcomes did not differ significantly in systolic blood pressure at admission (141 ± 24 vs. 149 ± 27 mmHg, p = 0.072, Table 2). In contrast, those with poor functional outcome showed significantly higher systolic blood pressure at the first postoperative measurement (141 vs. 122 mmHg, p = 0.006), which was taken an average of 37 min (95%CI 34–40) after EVT.


Table 2. Associations between BP parameters and functional outcomes (mRS 0–2 vs. 3–6).
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During the first 6 h after EVT, patients with poor functional outcomes showed significantly higher postoperative blood pressure, in terms of mean SBP (p = 0.023) and minimum SBP (p = 0.011) (Table 2). Those patients also showed worse quality of blood pressure management, reflected in significantly higher maximum SBP (p = 0.005) and shorter time when SBP was below 140 mmHg (p = 0.025). During the other time windows analyzed during the first 24 h after EVT, patients who experienced good or poor functional outcomes did not differ significantly in any of the blood pressure parameters except the degree of blood pressure reduction (Table 2).

Consistent with these results, logistic regression Model 1 showed significant correlations of functional outcome with the first postoperative measurement of systolic blood pressure as well as minimum and maximum values of systolic blood pressure during the first 6 h after EVT. However, the significance did not remain when adjusted for age and ASPECT in Model 2 (Supplementary Table 1).

When we dichotomized patients based on whether the first postoperative measurement of systolic blood pressure was <140 or ≥140 mmHg, we found that none of the other blood pressure parameters correlated significantly with the functional outcome in both subgroups (data not shown). Among the subgroups of patients with ICA occlusion, time from onset to puncture (<6h), or without cardiac dysfunction, good functional outcome significantly correlated with lower FPO BP, lower postoperative blood pressure, and better quality of blood pressure management during the first 6 h. Among patients without ICA occlusion, functional outcome correlated significantly with maximum and minimum systolic blood pressures during the first 6 h. Among patients with admission SBP ≥140 mmHg, good functional outcome correlated significantly with lower FPO BP and lower maximum SBP during the first 6 h (Supplementary Table 2). Our additional comparison of patients with or without ICA occlusion showed that the two subgroups did not differ significantly in systolic blood pressure at admission or the first postoperative measurement, nor in mean or maximum systolic blood pressures during any time windows within the first 24 h after EVT (data not shown).



Further Analysis of the Association Between Functional Outcome and the First Postoperative Measurement of Systolic Blood Pressure

A generalized additive model showed that an increase in the first postoperative measurement of systolic blood pressure was associated with poor functional outcomes (Figure 2A). In fact, each 10-mmHg increase in this measurement, as long as it remained below 160 mmHg, raised the risk of poor outcome in a linear fashion (β = 0.073, p = 0.004, R2 = 0.91; Figure 2B). The Youden index identified a value of 136 mmHg as able to discriminate between patients who experienced good or poor functional outcomes. The area under the receiver operating characteristic curve was 0.63 (95%CI 0.54–0.71, p = 0.006), sensitivity was 57%, and specificity was 67%.


[image: Figure 2]
FIGURE 2. Association of 90-day mRS and the first postoperative SBP. mRS, modified Rankin Scale. (A) A generalized additive model with the line shows predictive values of 90-day mRS score according to the first postoperative SBP (the shade represents 95% CI of them). (B) Linear regression model for the first postoperative SBP and the incidence of poor outcome (mRS 3–6).


Significant correlation of higher FPO BP dichotomized at 136 mmHg and poor functional outcome was shown in both univariate analysis (p = 0.004; OR 2.55; 95%CI 1.34–4.85) and logistic regression (model 1 p = 0.009, OR 0.395; 95%CI 0.20–0.79; model 2 p = 0.329, OR 0.69; 95%CI 0.32–1.46) (Figure 3). Patients with first postoperative systolic blood pressure above 136 mmHg had significantly higher postoperative blood pressure and worse quality of blood pressure management during the first 6 h after EVT (Supplementary Table 3). Their systolic blood pressure also took significantly longer to fall from the first postoperative level to the minimum level during the first 6 h.


[image: Figure 3]
FIGURE 3. Distributions of 90-day modified Rankin Scale (mRS) in patients with different first postoperative SBP values.




Associations of Intracerebral Hemorrhage and Baseline Characteristics or Various Blood Pressure Parameters During the First 24 h After EVT

Of the 163 patients we included, 61 patients (37%) had ICH during hospitalization. These patients were more likely to suffer malignant cerebral edema and have lower ASPECTS, higher NIHSS score and higher fasting blood glucose than patients without ICH (Supplementary Table 4). As data showed in Supplementary Table 5, no significant association was found between blood pressure parameters and intracerebral hemorrhage.




DISCUSSION

Our analysis of acute ischemic stroke patients who underwent EVT found that higher blood pressure within 6 h after the procedure correlated with worse functional outcomes at 90 days, particularly in patients with ICA occlusion or without cardiac dysfunction. In particular, using various approaches, we demonstrated an association between blood pressure within 30–40 min after EVT and functional outcome. Increasing blood pressure at this early time point correlated with increasing mRS score at 90 days, and blood pressure of 136 mmHg at this time point predicted reasonably well which patients later experienced poor or good functional outcome. Our study suggests that blood pressure should be adequately managed early after EVT to ensure good outcomes.

Differences in blood pressure parameters, especially postoperative blood pressure, between patients with good or poor functional outcomes were larger during the first 6 h after EVT than during other time windows within the first 24 h. Our results are consistent with previous studies reporting that clinical outcomes were significantly associated with mean blood pressure (12) or maximum systolic blood pressure (13) during the first 6 h after EVT. The importance of adequate blood pressure immediately after EVT may have several explanations. One is that cerebral autoregulation may be injured during the acute phase of ischemic stroke, leading to dysregulation of blood pressure (5, 14, 15). The effects of such dysregulation may be exacerbated by the large fluctuations in perfusion soon after recanalization. A second explanation may be that blood pressure soon after EVT may rise above preoperative levels but then decrease over the next several hours until stabilizing (6, 7). Blood pressure fluctuations may be more damaging when blood pressure is already high, which may help explain why functional outcomes can be so sensitive to blood pressure management early after EVT. Third, our previous study revealed that the extent of cerebral hyperdensities after EVT on postinterventional non-contrast-enhanced CT correlated with malignant brain edema (16). Whether early blood pressure parameters after EVT had an impact on postinterventional cerebral hyperdensities need more evidence.

To the best of our knowledge, this is the first study to report a potential association between blood pressure at 30–40 min after EVT and clinical outcomes. When patients were stratified according to whether systolic blood pressure at this time point was above or below 130 or 140 mmHg, no other blood pressure parameters showed significant associations with functional outcome. This implies that the various correlations of other blood pressure parameters with functional outcome reflect the influence of systolic blood pressure at 30–40 min. Consistent with this idea, we found that pressures at this time point that was below 160 mm were linearly associated with the risk of poor functional outcome. In our sample, a pressure of 136 mmHg predicted well whether our patients experienced good or poor outcomes at 90 days.

In our study, patients with higher systolic blood pressure at the first postoperative measurement had higher mean, minimum and maximum blood pressures, and they were at higher risk of poor mRS score at 90 days. This is consistent with previous reports that higher blood pressure can lead to poor functional outcomes in acute ischemic stroke patients (6, 9–11, 17, 18). These observations lead us to recommend strictly controlling blood pressure during the first 6 h or at least the first 24 h after EVT based on the first postoperative measurement of blood pressure.

Our subgroup analyses revealed that blood pressure parameters correlated significantly with functional outcomes in patients with ICA occlusion, but not in those without such occlusion. We originally thought that this result might reflect that ICA occlusion correlates with higher blood pressure at admission, but we did not detect such a correlation when we compared blood pressure between subgroups with or without occlusion. Therefore, other mechanisms may be responsible. One possibility is that ICA occlusion is associated with poor collateral circulation (19). Poor collateral circulation may compromise the body's ability to compensate for ICA occlusion, rendering tissues and vessels more sensitive to changes in perfusion.



LIMITATION

Given the retrospective design of our study, we didn't collect blood pressure data 30–40 mins after EVT, which made it difficult to analyze and demonstrate the accuracy of the blood pressure profile at the early stage. Besides, we did we have data on NIHSS after EVT, so we could not explore the potential influence of symptomatic intracerebral hemorrhage on functional outcomes. All our patients underwent EVT while under general anesthesia, so our results may not be generalizable to those who undergo the procedure with local anesthesia, with or without conscious sedation. The type of anesthesia is known to affect blood pressure (20–22).



CONCLUSION

Blood pressure of acute ischemic stroke patients during the first 6 h after EVT can significantly influence functional outcomes at 90 days. In fact, blood pressure at 30–40 min after the procedure may be independently associated with outcomes, highlighting the need to carefully manage blood pressure early after EVT.
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Background: Caveolin-1 (Cav-1) plays pivotal roles in the endothelial function and angiogenesis postischemia. Moyamoya disease (MMD) is characterized by progressive artery stenosis with unknown etiology. We aim to determine whether serum Cav-1 levels of patients with MMD were associated with collateral vessel formation after bypass surgery.

Methods: We studied serum Cav-1 levels of 130 patients with MMD (16 with RNF213 p.R4810K mutation and 114 without RNF213 p.R4810K mutation), 15 patients with acute stroke, and 33 healthy controls. Cerebral perfusion and collateral circulation were evaluated preoperation and at 6 months after operation using pseudocontinuous arterial spin labeling MRI (pCASL-MRI) and digital subtraction angiography (DSA), respectively. Endothelial expression of Cav-1 was verified in the superficial temporal artery (STA) wall of patients with MMD by immunofluorescence double staining. We also investigated whether overexpression of Cav-1 affects cell migration and tube formation using human microvascular endothelial cells (HMECs).

Results: The serum Cav-1 level of patients with MMD intermediated between the stroke group and healthy controls and it was enhanced after the bypass surgery (681.87 ± 311.63 vs. 832.91 ± 464.41 pg/ml, p = 0.049). By 6 months after bypass surgery, patients with MMD with better collateral compensation manifested higher postoperative/preoperative Cav-1 ratio (rCav-1) than bad compensation patients. Consistently, cerebral blood flow (CBF) determined by pCASL-MRI (nCBFMCA ratio) was positively in line with rCav-1 ratio (r = 0.8615, p < 0.0001). Cav-1 was expressed in the endothelial cells of the STA vessels of patients with MMD. Overexpression of Cav-1 by plasmid transfection in HMECs promoted tube formation and cell migration.

Conclusion: This study indicated that Cav-1 may be a potential driver to promote angiogenesis and collateral formation after bypass surgery in patients with MMD, providing a better understanding of MMD pathophysiology and potential non-surgical targets of MMD.

Keywords: moyamoya disease, caveolin-1, collateral circulation, bypass surgery, stenosis


INTRODUCTION

Moyamoya disease (MMD) is a chronic progressive cerebrovascular disease with bilateral or unilateral distal internal carotid artery (ICA), middle cerebral artery (MCA), and anterior cerebral artery (ACA) stenosis or occlusion, accompanied by the formation of hazy vessels at the base of the brain. Owing to the stenosis of ICA, patients typically present with transient ischemia attack and infarction, while aberrant formation of basicranial hazy vessels leads to cerebral hemorrhage. In clinic, bypass surgery is a main option to restore cerebral perfusion for MMD (1), although it entails the possibility of perioperative complications and long-term insufficient collateral growth. Currently, there is no pharmaceutical treatment to prevent MMD progression (2). In theory, the outgrowth of preformed collateral vessels is the most important endogenous rescue system to cope with the chronic cerebral hypoperfusion (3). Therefore, the concept of therapeutic stimulating collateral vessel growth is supposed to be an effective remedy for patients with MMD.

Caveolin-1 (Cav-1) is a small concave protein, particularly abundant in endothelial cells, smooth muscle cells, fibroblasts, and epithelial cells (4). Cav-1 may promote angiogenesis and collateralization in ischemic stroke (5) and limb ischemia (6). On the other hand, Cav-1 recruited endothelial progenitor cells from the bone marrow to circulation, creating favorable conditions for vasculogenesis (7). Therefore, Cav-1 is predicted to be a possible target of MMD. Recent studies demonstrated that serum Cav-1 level was positively associated with the ICA diameter of MMD, indicating that Cav-1 may take part in ICA stenosis and occlusion (8). The Ring Finger Protein 213 (RNF213) gene was identified as the strongest susceptibility gene for MMD in the East Asian countries such as Japan (9). Bang et al. showed that the presence of the RNF213 variant was associated with Cav-1 level, showing that the RNF213 mutant patients with MMD have lower Cav-1 levels (10). These studies aroused our interest in studying the role of Cav-1 in angiogenesis of MMD in Chinese population. However, there is still lacking studies concerning the association between serum Cav-1 and the collateral formation of MMD. Additionally, whether compensative collateral network formation and cerebral perfusion after bypass surgery are associated with serum Cav-1 is unknown.

Conventional angiography such as digital subtraction angiography (DSA) is the mainstay to visualize the degree of artery lumen stenosis and the collateral vessels of MMD. Additionally, territory-specific perfusion measured by cerebral blood flow (CBF) imaging also plays a determine role in disease severity and whether to choose bypass surgery or not. Pseudocontinuous arterial spin labeling (pCASL) is a non-invasive MR perfusion imaging technique, which is a feasible way to access CBF changes in patients with MMD (11, 12). pCASL with multiple postlabeling delay (PLD) could provide more accurate CBF measurements because of the severe intracranial arterial stenosis and occlusion.

In this study, we investigated serum Cav-1 levels preoperation and 6 months postoperation and correlated Cav-1 levels with collateral compensation and CBF, with the purpose to find a better understanding of MMD pathophysiology and potential non-surgical targets of MMD. Furthermore, we proved the expression of Cav-1 in human artery and the function of that in in-vitro experiment. We hypothesized that enhanced postoperative expression of Cav-1 could be positively correlated with collateral formation and cerebral perfusion.



METHODS


Patients

We prospectively recruited 130 patients with MMD (16 patients with RNF213 mutation and 114 patients without RNF213 mutation), 15 patients with acute stroke, and 33 healthy controls from the Nanjing Brain Hospital and Nanjing Drum Tower Hospital between January 2016 and May 2021. The diagnosis of MMD was based on the distal ICA or MCA/ACA stenosis and a hazy network of basal collaterals evaluated by DSA. Enrolled criterions of patients with MMD were as follows: (1) Adult patients with MMD; (2) All the patients underwent DSA examination and met the diagnostic criteria recommended by the Japan Research Committee on the Pathology and Treatment of Spontaneous Occlusion of the Circle of Willis in 2012; and (3) A written consent signed by the patients for the use of serum samples for biomarker examinations and other clinical data including DSA and MRI data. Patients with surgical contraindications were excluded. All the enrolled patients underwent unilateral superficial temporal artery-middle cerebral artery (STA-MCA) anastomosis and encephalo-duro-myo-synangiosis (EDMS). For patients with MMD with ischemic symptoms, bypass operations were performed at least 1 month after acute ischemia onset; for patients with MMD with cerebral hemorrhage, bypass operations were performed at least 2 months after bleeding absorption. Therefore, serum taken from patients with MMD was 1 or 2 months after acute cerebrovascular event. The STA samples were collected during the surgery. In the operation, the STA should be trimmed to an adequate length before anastomosed to M4 cortical artery and the trimmed STA arteries were collected as samples. In the control group, patients with temporal epilepsy underwent anterior temporal lobectomy or selective amygdalohippocampectomy and the STA trunk or branches under the incision were collected as samples for the control group. Patients with age-matched ischemic stroke (7 days within stroke onset) and healthy controls were recruited. This study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Nanjing Brain Hospital. Each patient signed a written consent.



Blood Biomarkers for Caveolin-1

Serum samples were collected uniformly on the second day after patient admission. Among 130 patients with MMD, 55 patients provided the serum preoperatively and 6 months postoperatively. The other 75 patients only provided the serum preoperatively. Peripheral fresh blood samples were drawn out in coagulation tubes and serum was collected after centrifugation with 1,500 g for 10 min. Serum Cav-1 was quantified using the Cav-1 ELISA Kit (Catalog No. E0214h; EIAAB, Wuhan, China) according to the manufacturer's instructions. All the samples were run in duplicate. All the ELISA plates were read at the absorbance of 450 nm using the Tecan Spark 10M Microplate Reader (Tecan, Switzerland).



Identification of the Ring Finger Protein 213 Mutation

The RNF213 mutation analysis was performed by PCR amplification. The genomic DNA was extracted from peripheral blood leukocyte using the DNA Purification Kit (Promega, Madison, USA). Specific primers were designed according to the genomic sequence data of the RNF213, which was obtained from the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/). The primers were designed as follows: RNF213 p.R4810K F: TCTCGCAGCCAGTCTCAAAG and RNF213 p.R4810K R: AGAGGGAGGTGCTTTTCAGC.

Polymerase chain reaction was performed using the ABI PRISM BigDye Terminator Cycle Sequencing Kit and the products were analyzed by the ABI 310 Genetic Analyzer (Applied Biosystems, California, USA).



Human Microvascular Endothelial Cells Cultures and Plasmid Transfection

Human microvascular endothelial cells (HMECs) were grown in Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum (FBS) maintained at 37°C in 5% CO2 atmosphere. HMECs were transfected with Cav-1 overexpression plasmid or vector CMV-MCS-IRES-EGFP-SV40-neomycin by lipofectamine 3000 (Thermo Fisher Scientific, USA) according to the manufacturer's protocols. Plasmid mixtures were added to the HMECs and incubated at 37°C in 5% CO2 for 6 h and then altered to fresh DMEM/5% FBS media. 24 h later, transfection efficiency was verified by Olympus IX73. Then, transfected HMECs were used to the following experiments.



Capillary-Like Tubule Formation Assay and Wound Scratch Assay

BD Matrigel Basement Membrane Matrix (Corning, USA) was diluted 1:1 in the cultured media. Then, 96-well plates were precoated with 50 μl diluted mixture per well for 30 min at 37°C. HMECswere transfected with Cav-1 or vector plasmids for 24 h as described above. Then, cells were digested with trypsin and seeded at a density of 15,000 cells per well in the endothelial cell medium (ECM) (ScienCell Research Laboratories, USA) in Matrigel-coated plates and incubated at 37°C for a period of 20 h. The formation of capillary-like tubular structures was captured using an Olympus IX70 microscope and assessed with Image J version 1.8.0 software. Wound scratch assay was performed on confluent layers of transfected HMECs. 24 h after plasmid transfection, cells were seeded into 24-well cell culture plate confluently and were incubated for 24 h to allow them to adhere. Migration was initiated by scratching wound with the 10 μl pipette tip followed by two washes with DMEM media. Images of migration were taken immediately and 14 h after scratch.



Magnetic Resonance Images and Cerebral Blood Flow Measurements

Cerebral blood flow of patients with MMD was investigated using pCASL sequence of 3.0-Tesla MR scanner (Discovery MR750, GE Healthcare, USA). Each raw ASL scan had a 3-dimensional fast gradient and spin-echo readout module with background suppression. Besides, we applied different postlabeling delays (PLDs) of pCASL scan for more accurate evaluation of cerebral perfusion. The standard and long PLDs were set as 1,525 and 2,525 ms, respectively. Quantitative measurement of regional CBF values was acquired by a recommended equation (13). Regions of interest (ROIs) were drawn over the MCA territory (CBFMCA) at the level of basal ganglia and ventricular roof (14–16). ROI within cerebellum (CBFCbll) was set as control because of its hemodynamic stability in MMD (17). Thus, normalized CBF ratios adjusted to the cerebellum (nCBFMCA = CBFMCA/CBFCbll) were calculated to minimize the known inhomogeneous perfusion effect.



Clinical Evaluation Scales

Collateral formations were graded by two independent experienced neurosurgeons. Preoperative angiographic stages of MMD by DSA were categorized into I to VI according to Suzuki and Takaku's Scale (18). Matsushima Clinical scale represents the clinical manifestations of each patient (19). Briefly, Type I: Transient ischemic attacks (TIAs) or episodes of reversible ischemic neurological deficit (RIND) occurring less than twice a month and with a normal CT appearance. Type II: Episodes of TIA or RIND occurring at least twice a month, with normal CT findings and neurological examination. Type III: Repeated TIAs or RINDs, with low density areas present on CT or with permanent focal neurological deficits. Type IV: Permanent focal neurological impairment secondary to cerebral infarction, followed by recurrent TIAs or RINDs or rarely repeated episodes of cerebral infarction. Type V: Neurological deficits due to cerebral infarction, followed by repeated episodes of cerebral infarction. Type VI: Intracerebral hemorrhage and other symptoms.

Then, DSA follow-ups were scheduled at 6 months after surgery to evaluate collateral revascularization. Revascularization assessments were conducted according to postoperative angiographic grading, as described previously (20). Briefly, Level 0: No obvious neoangiogenesis was found; level 1: collateral formation covering less than one-third of MCA territory; level 2: one-third to two-thirds of MCA territory; and level 3: collateral formation from external carotid artery system covering more than two-thirds of MCA territory. Based on this criterion, levels 0 and 1 were further defined as “bad compensation,” while levels 2 and 3 were defined as “good compensation.”



Immunofluorescence

The STA vessels were fixed in 4% paraformaldehyde for 24 h and sliced by Leica slicer. Cryostat sections were washed twice in phosphate-buffered saline (PBS) and blocked with 2% bovine serum albumin (BSA) for 1 h. Sections were incubated sequentially with the primary antibodies for double immunofluorescent staining. Staining for Cav-1 and CD31 was performed first at 4°C overnight with rabbit monoclonal antibody to caveolin-1 (1:200; Abcam) and mouse monoclonal antibody to CD31 (1:500; Abcam), respectively. Sections were then washed in PBS three times for 10 min each time, followed by incubation with 594-conjugated donkey antirabbit immunoglobulin G (IgG) (1:500; Invitrogen, USA) and 488-conjugated donkey antimouse IgG (1:500; Invitrogen, USA) at 37°C for 1.5 h in the dark. Finally, 4',6-diamidino-2-phenylindole (DAPI) was used to stain the cell nuclei for 2 min at room temperature. After washed 5 times with PBS for 5 min each time, the slides were mounted and covered. Images were examined using Olympus IX70 microscope (Tokyo, Japan).



Western Blotting

Twenty four hours after transfection, HMECs were lysed for detecting the expression of Cav-1. Briefly, 50 μg protein extracted from cell lyses was loaded to each lane, separated by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membrane. The membranes were blocked with 5% non-fat milk and incubated overnight at 4°C with primary antibodies [rabbit antihuman caveolin-1, 1:1,000 dilution, Abcam, USA; rabbit antihuman glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 1:2,000 dilution, Abcam, USA] and then incubated for 2 h with secondary antibodies. Membranes were developed by enhanced chemiluminescence (ECL) system.



Statistical Analysis

All the statistical analyses were performed with SPSS version 26.0 (IBM Incorporation, Chicago, USA) and GraphPad Prism version 8.0 (GraphPad Software, San Diego, USA). Qualitative parameters of the different groups were analyzed by the Student's t-test and one-way or two-way ANOVA. Categorical variables and non-Gaussian distribution data were assessed by non-parametric tests such as the non-parametric Spearman's correlation analysis. The receiver operating characteristic (ROC) curve was run for testing the sensitivity and specificity for serum Cav-1 at different cutoff values. All the data were expressed as mean ± SD and p < 0.05 was set as statistically significant difference.




RESULTS


Characterizations of Enrolled Patients

A total of 130 patients with MMD, 15 patients with acute stroke, and 33 age-matched healthy controls were enrolled in this study. The baseline features of patients are given in Table 1. Generally, in the MMD group, 16/130 (12.31%) patients were the RNF213 mutation. Patients with MMD frequently presented with ischemic stroke (46.92%), hemorrhage (27.69%), dizziness (32.30%), headache (25.38%), and transient ischemic attack (TIA) (9.23%). All the enrolled patients with MMD underwent bypass surgery after diagnosis. The postoperative complications frequently occurred during the first 2 weeks, including hemodynamic disorders (28/130), acute postoperative seizure (10/130), acute stroke (9/130), intracerebral hemorrhage (3/130), and wound complication (2/130). Most patients recovered during the follow-up period and only two patients suffered from moderate disability. The average Cav-1 levels of patients with MMD (without the RNF213 mutation) was 581.56 ± 357.63 pg/ml, which was much higher than age-matched controls (221.52 ± 131.63 pg/ml, p < 0.001), but lower than the acute stroke group (891.27 ± 489.38 pg/ml, p < 0.001, Figure 1A). Additionally, there was no statistical difference of serum Cav-1 levels between the patients with the RNF213 mutation and without the RNF213 mutation (487.63 ± 259.70 vs. 581.56 ± 357.63 pg/ml, p = 0.7176, Figure 1A).


Table 1. The clinical properties of patients from healthy controls (CNT), MMD groups, and acute stroke group.
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FIGURE 1. Serum caveolin-1 (Cav-1) levels in patients with moyamoya disease (MMD), acute stroke, and healthy controls. (A) Serum Cav-1 levels of patients with MMD [with or without the Ring Finger Protein 213 (RNF213) mutation], age-matched controls, and patients with acute stroke. (B) Serum Cav-1 levels of patients with MMD categorized by Suzuki and Takaku's stages. Stage V demonstrated higher Cav-1 levels than patients in stage IV. (C) Serum Cav-1 levels of patients with MMD categorized by the Matsushima grades. *p < 0.05, ***p < 0.001. WT, wild type; Mu, mutation.




Serum Caveolin-1 Is Associated With Collateral Circulation Determined by Digital Subtraction Angiography

Among patients with MMD, Cav-1 level differs by angiographic features. Generally, there were 2, 74, 36, and 18 patients belonging to grades II, III, IV, and V by Suzuki and Takaku's Scale, respectively. Interestingly, patients in grade V, who were characterized with better spontaneous collateral formations, demonstrated higher Cav-1 levels than patients in grade IV (717.93 ± 311.79 vs. 487.74 ± 276.2 pg/ml, p < 0.05, Figure 1B). Cav-1 levels did not differ by clinical presentation scale—the Matsushima scale. The Matsushima scale VI reflects a group of patients with MMD with hemorrhage or other atypical symptoms, while the Matsushima scale I-V reflects patients with recurrent stroke or TIA (Figure 1C).

Preoperative and 6 months postoperative serum Cav-1 were detected in 55 patients with MMD and the baseline information is given in Table 2. By DSA grading, 5 patients were graded 0, 8 patients were graded 1, 9 patients were graded 2, and the rest 33 patients were graded 3. Therefore, there are 13 cases in the bad compensation group (DSA grades 0–1) and 42 cases in the good compensation group (DSA grades 2–3), respectively. We found that the Cav-1 levels increased obviously after surgery (preoperative 681.87 ± 311.63 vs. postoperative 832.91 ± 464.41 pg/ml, F = 3.981, p = 0.049), while the absolute Cav-1 levels did not show any statistical difference between the “bad compensation” and “good compensation” groups (F = 0.187, P = 0.666) by two-way ANOVA. Furthermore, the change of Cav-1 was analyzed. ΔCav-1 was defined as postoperative serum Cav-1 subtracted the preoperative serum Cav-1. We carefully assessed the revascularization by DSA after bypass surgery. Notably, good compensation patients presented much higher ΔCav-1 than the bad compensation group (p < 0.01, Figure 2B), so did postoperative/preoperative Cav-1 ratio (rCav-1, p < 0.05, Figure 2A). By the Spearman's correlation analysis, we observed that both the ΔCav-1 and rCav-1 were positively correlated with the collateral compensation (r = 0.3586, p = 0.0072; r = 0.3784, p = 0.0044, respectively, Figures 2C,D). Besides, the area under the ROC curve for rCav-1 was 0.841 (p < 0.0001). The rCav-1 cutoff value of 1.02 yields good sensitivity at 71.4% and specificity at 84.6% (Figures 2E,F). Therefore, higher postoperative/preoperative Cav-1 ratios indicated better collateral formation after bypass for patients with MMD.


Table 2. The clinical properties of 55 MMD patients with both preoperative and postoperative serum Cav-1.
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FIGURE 2. Serum Cav-1 increase after operation indicated good collateral circulation by digital subtraction angiography (DSA). (A) Preoperative and 6 months postoperative serum Cav-1 levels in both the bad and good compensation groups. The rCav-1 increased in the good compensation group (R2) and differed considerably from the bad compensation group (R1). (B) The ΔCav-1 value in the bad and good compensation groups, respectively. (C,D) ΔCav-1 and rCav-1 were positively correlated with the postoperative angiographic grading by the Spearman's correlation analysis (r = 0.3586, p = 0.0072; r = 0.3784, p = 0.0044, respectively). (E,F) The receiver operating characteristic (ROC) curve and cutoff value of rCav-1 in the bad and good compensation groups. The area under the curve was 0.841 (p < 0.0001), and the rCav-1 cutoff value was set at 1.02 with sensitivity at 71.4% and specificity at 84.6%. ΔCav-1: postoperative serum Cav-1 subtracted preoperative serum Cav-1; rCav-1: postoperative/preoperative Cav-1 ratio; *p < 0.05, **p < 0.01.




Serum Caveolin-1 Is Associated With Cerebral Blood Flow Determined by Pseudocontinuous Arterial Spin Labeling MRI

The CBF is calculated as ml/100 g/min, indicating the volume of blood (ml) that circulates through 100 g brain parenchyma in 1 min. By pCASL-MRI, mean absolute CBF values in MCA territory of the anastomosed hemisphere were 33.70 ± 9.21 and 40.48 ± 9.16 ml/100 g/min at pre- and postoperative follow-up time points, respectively (p < 0.001). The pCASL-MRI changes of one typical patient with MMD underwent the left STA-MCA anastomosis and EDMS are shown in Figure 3. We observed the profound hypoperfusion signal of the left MCA territory from the raw and color CBF maps at PLD 1,525 ms (Figures 3A,B) and 2,525 ms (Figures 3C,D) before bypass surgery. By 6 months after bypass surgery, cerebral perfusion was improved by pCASL-MRI re-evaluation (Figures 3G–J), which was verified by DSA with abundant collateral formation in the left hemisphere (Figures 3E,K).
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FIGURE 3. Serum Cav-1 was associated with cerebral blood flow (CBF) determined by arterial spin labeling MRI (ASL-MRI). (A) 24-year-old female patient was hospitalized for right hand numbness and diagnosed as MMD. The raw and color preoperative CBF maps by regular postlabeling delay (PLD) (A,B) and long PLD pseudocontinuous ASL (pCASL) imaging (C,D) demonstrated the hypoperfusion of middle cerebral artery (MCA) territory (circled by yellow lines). The CBF improved obviously in 6 months postoperative pCASL scanning with regular PLD (G,H) and long PLD (I,J). The collaterals from the left external carotid artery before and after bypass surgery were shown in (E,K) by DSA. The rCav-1 had a strong positive relationship with the nCBFMCA ratio in both the regular (r = 0.8615, p < 0.0001, (F)) and long PLD (r = 0.5915, p = 0.0428, (L)) by Spearman analysis. nCBFMCA ratio, postoperative/preoperative nCBFMCA; nCBFMCA, CBF of MCA territory/CBF of ipsilateral cerebellum; rCav-1, postoperative/preoperative Cav-1.


A total of 15 patients with MMD with detailed preoperative and postoperative clinical data (including serum Cav-1 levels, DSA, and pCASL images) were recruited for statistics. To minimize the inhomogeneous perfusion effect, we used normalized CBF ratio (nCBFMCA ratio = Postoperative/Preoperative nCBFMCA) for further analysis. The rCav-1 had strong positive relationship with the nCBFMCA ratio in both the regular PLD (1,525 ms, r = 0.8615, p < 0.0001) and long PLD (2,525 ms, r = 0.5915, p = 0.0428) by the Spearman's correlation analysis (Figures 3F,L). These trends supported higher serum Cav-1 ratios that represented improved CBF and cerebral perfusion after bypass surgery.



Caveolin-1 Overexpression Promotes Endothelial Cell Migration and Capillary-Like Tube Formation

We further determined whether endothelial cells could express Cav-1 in patients with MMD. The STA tissue samples of patients with MMD were stained with Cav-1 (Figure 4A), CD31 (Figure 4B) and 4',6-diamidino-2-phenylindole (DAPI, Figure 4C). As shown in Figure 4D, Cav-1 was mainly located in the intima and media of the STA. CD31 positive cells co-expressed Cav-1, indicating endothelial cells could express Cav-1 (Figure 4D). Then, we investigated Cav-1 functions in cultured HMECs. The cultured HMECs were dealt with empty vector (Figure 5A) and Cav-1 overexpression plasmid vector (Figure 5B) for 24 h before the following two assays. The green signals represented successful transfection and the enhanced expression of Cav-1 after transfection was confirmed by Western blotting (Figure 5C). Transfecting Cav-1 accelerated tubule formation, leading to a dramatic 1.83-fold increase in the number of capillary-like tubular structures (p < 0.01, Figures 5D,E,I). Consistently, tube branch length of the Cav-1 transfection group was 1.34-fold of that in the control group (p < 0.01, Figures 5D–F). Next, we assessed the effect of Cav-1 on endothelial cell migration by wound scratch assay. HMECs migration in the Cav-1 overexpression group and the control group was analyzed at 0 and 14 h after cell scratching. As shown in Figures 5G–L, HMECs in the Cav-1 overexpression group demonstrated reduced scratching gap compared to the cells in the control group (p < 0.01). The results demonstrated that Cav-1 promoted the migration of endothelial cells.


[image: Figure 4]
FIGURE 4. Enhanced expression of Cav-1 in the superficial temporal artery (STA) of patients with MMD. The STA samples from patients with MMD were stained with Cav-1 (red, A), CD31 (green, B), and 4',6-diamidino-2-phenylindole (DAPI) (blue, C). Cav-1 was mainly located in the intima and media of the STA (yellow arrows, (D)). Scale bar = 50 μm.
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FIGURE 5. Cav-1 overexpression promotes endothelial cell proliferation and capillary-like tube formation. The cultured human microvascular endothelial cells (HMECs) were dealt with empty vector (A) and Cav-1 overexpression plasmid vector (B) for 24 h. before the following two assays (green signals represented successful transfection) and the enhanced expression of Cav-1 after transfection was confirmed by Western blotting (C). The capillary-like tube formation assay (D,E) was evaluated at 20 h after HMECs reseeded and the total branch length and tube numbers in per field were calculated (F,I). Wound scratching assay of HEMCs was assessed at 0 (G,H) and 14 h (J,K) after scratching by the 10 μl pipette tip for both the groups. The residual area after scratching was calculated to evaluate the cell migration ability (L). **p < 0.01; scale bar = 100 μm.





DISCUSSION

To summarize our findings, the serum Cav-1 level of patients with MMD intermediated between the stroke group and healthy controls and it was enhanced after the bypass surgery. Patients with MMD with better collateral compensation manifested higher postoperative/preoperative Cav-1 ratio (rCav-1) than bad compensation patients. The rCav-1 cutoff value of 1.02 yield good sensitivity (71.4%) and specificity (84.6%) in determining good or bad compensation. Consistently, CBF determined by pCASL-MRI (nCBFMCA ratio) was positively in line with postoperative/preoperative Cav-1 ratio. Cav-1 could be expressed in the endothelial cells of the STA vessels of patients with MMD. Overexpression of Cav-1 by plasmid transfection in HMECs promoted tube formation and cell migration. This study indicated that Cav-1 could be a potential driver to promote angiogenesis and collateral formation of patients with MMD.

Moyamoya disease is an idiopathic cerebrovascular disease with unknown etiologies. Multiple factors involving genetic, inflammatory, and angiogenic aspects covalently contributed to MMD pathogenesis (2, 21). The RNF213 has been confirmed to be a high susceptibility gene for MMD in East Asian populations. It is reported that p.R4810K mutation of the RNF213 gene is about 13% in Chinese Han population (22) and 80% in sporadic patients with MMD of Japan (9, 23). Consistent with previous literatures, the incidence of the RNF213 p.R4810K mutation is about 12.3% (16/130) in this study. One study from the Korea cohort demonstrated that the RNF213 mutant patients with MMD were associated with lower serum Cav-1 levels (10), while another study of Chung (8) did not find any difference between the RNF213 mutant and non-mutant groups, which is similar with the results of this study. This discrepancy may be caused by racial difference or statistical bias due to insufficient sample sizes. The RNF213 global knockout mice demonstrated similar Cav-1 level with wild-type mice in endothelial cells of lung tissue (24). The correlation between the RNF213 and Cav-1 does not come into consensus and needs further study. In our Chinese cohort, the serum Cav-1 level of patients with MMD intermediated between the stroke group and healthy controls. Our result is consistent with previous studies showing that serum Cav-1 level of patients with acute stroke is much higher than patients with MMD (8) and age-matched healthy controls (25). Whether the serum Cav-1 comes from is currently unknown. Studies from mouse ischemic stroke model demonstrated that Cav-1 immunoreactivity is significantly and specifically increased in the endothelial cells in the infarcted area 24 h post-MCA occlusion (MCAO). Serum Cav-1 is positively correlated with Cav-1 immunoreactivity of the brain (26). Accumulating evidence pointed out that Cav-1 was expressed in human brain microvascular endothelial cells and smooth muscle cells (8, 27). In this study, we observed the expression of Cav-1 in endothelial cells and smooth muscle cells in patients with MMD. Therefore, it is possible that serum Cav-1 may be derived from vessel wall. However, this hypothesis needs further investigation.

Although we observed the serum alternation of Cav-1 in patients with MMD, clinical significance of Cav-1 is still unknown. Preliminary study reported that patients with MMD with higher baseline Cav-1 level was positively associated with larger ICA diameter (8). MCA or ICA diameter was not a staging parameter in Suzuki and Takaku's grades. Suzuki and Takaku's grades are sensitive to categorize the collateral establishment. During the progression of Suzuki and Takaku's stages IV–V, abnormal smoking-like vessels begin to decrease, while good collateral circulation gradually develops. In this cross-sectional study, baseline serum Cav-1 levels in the stage V group were higher than that in the stage IV group, which provided a hint that Cav-1 may take part in the progression of collateral branch formation. Nevertheless, the level of Cav-1 among each grade may be a comprehensive result of multiple factors, including negative remodeling and collateral formation. Combined STA-MCA anastomosis and encephalo-duro-myo-synangiosis surgery (EDMS) is considered to be the optimal therapy for patients with MMD (1). All our enrolled patients received bypass surgery. This longitudinal study initially applied Cav-1 detection during the anastomosis follow-up period. It beared noting that patients with better Cav-1 expression indicated good collateral circulation compensation. Currently, DSA is still the “gold standard” for evaluating the severity of moyamoya angiopathy and the revascularization after bypass surgery (28). Among the promising non-invasive imaging options, ASL enables CBF evaluation by magnetically labeling the protons of inflows in feeding arteries. Pseudocontinuous ASL with multiple PLDs offers more accurate information compared to ASL with a single standard PLD (29, 30). With the application of DSA and pCASL with two PLDs, this study demonstrated that good post-/preoperative Cav-1 ratio was positively correlated with the establishment of collateral circulation and cerebrovascular perfusion improvement. The rCav-1 cutoff value of 1.02 yields good sensitivity (71.4%) and specificity (84.6%) in determining good or bad compensation after bypass surgery. PET/single-photon emission CT (SPECT) was considered to be a gold standard for estimating brain perfusion. However, those perfusion studies cannot be performed frequently due to the cost, contrast use, and radiation dose. ASL-MRI is a non-invasive and could be repetitively performed examination, which enables us to estimate brain perfusion frequently over a long-term follow-up period in MMD. Studies comparing SPECT and ASL-MRI addressed a strong correlation coefficient in patients with MMD (31). Recent studies in patients with steno-occlusive disease demonstrated that higher test-retest reliability led to better ASL sensitivity than SPECT for postoperative ΔCBF, suggesting that ASL-MRI may be better than SPECT for postoperative re-evaluation. Additionally, ASL with postlabeling delay of 2,333 ms presented higher reliability and sensitivity to ΔCBF (32). In this study, we evaluated CBFMCA ratio (postoperative/preoperative nCBFMCA) in both the regular PLD (1,525 ms) and long PLD (2,525 ms), which was reliable and feasible. These findings indicated that serum Cav-1 in MMD could be a promising biomarker used to determine the collateral circulation after bypass surgery.

Besides MMD, serum level of Cav-1 has been reported in other cerebrovascular disease. In acute ischemic stroke, lower serum Cav-1 level is associated with the presence of microbleeds (33) and predicts symptomatic bleeding after thrombolytic therapy (25). In our MMD cohort, 65 patients were enrolled in the Matsushima scale VI group, which reflected a group of patients with MMD with intracranial hemorrhage or other atypical symptoms such as headache and dizziness. However, we did not observe patients with MMD in the Matsushima scale VI presented with lower Cav-1. Though the serum Cav-1 levels of patients with acute ischemic stroke were tremendously higher than the control group and the MMD group, patients with recurrent episode of ischemia or infarction (the Matsushima scale I–V) were comparable with that in patients in the Matsushima scale VI.

Histological investigations of the STA revealed apparently fibrocellular thickening intima (34–36), indicating an involvement of extracranial arteries of MMD. Moreover, the STA is relatively easy to obtain during surgery. In EDMS, the deep temporal artery (DTA) and middle meningeal artery (MMA) must be protected because of their vigorous revascularization ability after surgery. So, the tissue samples of DTA and MMA were uneasy to obtain and the STA was abundant for further immunohistochemical staining with Cav-1 antibody. We observed Cav-1 signals in the endothelial cells of intima. Except in the intima, we also detected Cav-1 expression in the smooth muscle cells of media layer, which is supposed to function in the negative remodeling of MMD arteries (8). It is widely accepted that Cav-1 was abundantly expressed in endothelial and smooth muscle cells from previous studies (37). Overexpression of Cav-1 in HMECs accelerated the capillary-like tube formation and cell migration in this study, which is consistent with previous study by Chung et al. (8). In endothelium-specific Cav-1-KO mice, angiogenesis in both the isolated aortic ring assay and hindlimb ischemia animal model was impaired (38). Similarly, in systemic Cav-1-KO mice, disrupted endothelial network formation was found in a hindlimb ischemia model (6). Mechanically, as a key structural protein of caveolae domains, Cav-1 compartmentalized endothelial nitric oxide synthase (eNOS) and exerted a tonic inhibition of eNOS activity, while excess eNOS activity secondary to Cav-1 deletion impaired endothelial angiogenesis (39). On the other hand, Cav-1 also appears to be a critical regulator of vascular endothelial growth factor (VEGF)-mediated angiogenesis by anchoring VEGF receptor (VEGFR) in the caveolae (6, 40).

There are some limitations, which should be pointed out when interpreting the results. First, in this study, we only enrolled patients with MMD who needed bypass surgery. Patients of Suzuki and Takaku's grades I and VI were excluded and only two patients of grade II were included. Patients selected under these criteria may be unable to represent the overall MMD population. Second, low mutation rate of the RNF213 gene in Chinese Han population and the relatively small number of patients with preoperative and postoperative data weakening the strength of our conclusions. We proposed that further studies could be conducted to confirm our results, utilizing broader sample sizes, multicenter cooperation, and longer follow-up periods. Third, the number of control patients is much smaller than the MMD group, which may lead to statistical bias.

Taken together, this study demonstrated that the serum Cav-1 level of patients with MMD intermediated between the stroke group and healthy controls. The elevation of Cav-1 after bypass surgery plays an important role in the establishment of collateral circulation in patients with MMD.
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Vascular cognitive impairment and dementia (VCID) is a neurodegenerative disease that is recognized as the second leading cause of dementia after Alzheimer's disease (AD). The underlying pathological mechanism of VCID include crebromicrovascular dysfunction, blood-brain barrier (BBB) disruption, neuroinflammation, capillary rarefaction, and microhemorrhages, etc. Despite the high incidence of VCID, no effective therapies are currently available for preventing or delaying its progression. Recently, pathophysiological microRNAs (miRNAs) in VCID have shown promise as novel diagnostic biomarkers and therapeutic targets. Studies have revealed that miRNAs can regulate the function of the BBB, affect apoptosis and oxidative stress (OS) in the central nervous system, and modulate neuroinflammation and neurodifferentiation. Thus, this review summarizes recent findings on VCID and miRNAs, focusing on their correlation and contribution to the development of VCID pathology.
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INTRODUCTION

Vascular cognitive impairment and dementia (VCID) is a term that ranges from mild cognitive impairment (MCI) to vascular dementia (VaD) and encompasses a continuum of cognitive disorders with cerebrovascular pathology (1). With an increase in the human lifespan, the number of individuals over the age of 60 in 2,050 is projected to be 2 billion (2), which will increase the demand for research on neurodegenerative diseases, especially those associated with aging. Age-related cerebrovascular factors are becoming recognized as a hallmark of VCID; thus, the number of patients affected by VCID is expected to exponentially increase in the upcoming decades (3) and be responsible for approximately 30% of the aging population living with dementia in Asia and developing countries (4).

VCID and dementia is a subtype of dementia affected by multiple factors, such as low educational attainment, female sex, stroke, and lifestyle (5). Current theories of the pathologies of VCID include cerebromicrovascular dysfunction, blood–brain barrier (BBB) disruption, neuroinflammation, capillary rarefaction, and microhemorrhages (3). However, none of the available pharmacological or preventative treatments decrease the development and progression of VCID. Improving our understanding of microRNAs (miRNAs) has provided strong epidemiological and experimental evidence that miRNAs are crucial for neuronal differentiation, survival, and activity (6). By inhibiting messenger RNA (mRNA) translation or promoting its degradation, miRNAs can regulate the expression levels of proteins and ultimately affect disease progression (7, 8). In the central nervous system (CNS), miRNAs can modulate the tight junctions of the BBB, affect the proliferation and differentiation of neuronal cells, and participate in the occurrence and development of neuroinflammation and oxidative stress (OS), resulting in neurodegenerative diseases and cognitive impairment and indicating that miRNAs have a more extensive influence on various brain diseases.

Biomarkers found in the CNS are typically present at relatively low concentrations in the BBB. The miRNAs are mainly transported within liposomes, high-density lipoproteins (HDLs), exosomes, and proteins that can protect them from degradation (9). Therefore, miRNAs are relatively stable compared to other biomarkers, and it is easy to monitor changes in their expression. Compared with Alzheimer's disease (AD), VCID is preventable and curable, suggesting that advanced diagnoses and reliable risk assessments will provide patients with more promising clinical outcomes. This review provides an up-to-date assessment of the role of miRNAs in VCID, from the series of depression of the BBB, apoptosis and OS, neuroinflammation, and neurodifferentiation (Figure 1).
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FIGURE 1. Overview of miRNAs and mechanisms of VCID. From the aspects of blood–brain barrier (BBB) dysfunction, apoptosis and oxidative stress, neuroinflammation and neurodifferentiation, microRNAs (miRNAs) playing multiple roles in the pathology of vascular cognitive impairment and dementia (VCID), providing a novel sight and promising targets in the diagnosis and treatment of VCID.




DEVELOPMENT AND FUNCTION OF MIRNAS

miRNAs are small non-coding RNAs of approximately 18–21 nucleotides that regulate gene expression by targeting mRNAs via cleavage and translational repression (10). The biogenesis of miRNAs starts with pri-miRNAs, which are transcribed by RNA polymerase II and converted into mature miRNA by RNase III enzymes such as Drosha and Dicer (11). Mature miRNAs leave the nucleus and are then combined with the Argonaute protein (AGO) or targeted mRNAs. It is understood that miRNAs can participate in and regulate molecular expression by interacting with 3′ untranslated regions (3′-UTRs) to post-transcriptionally affect the expression of target mRNA (11). Complete or partial function of miRNAs is also based on 3′-UTRs of target mRNAs (12). Several studies have shown that miRNAs may serve as novel therapeutic agents. While a single miRNA could target hundreds of mRNAs and influence the expression of genes involved in a functional interacting pathway (13), synergetic miRNAs share a common transcriptional regulatory mechanism on the levels of sequence, secondary structure, and transcriptional regulation (12). Depending on the construction of these miRNA–mRNA functional synergetic networks (MFSNs), the central role of these synergetic miRNAs can be analyzed in complex diseases (3). To further apply miRNAs in disease diagnosis and therapy, considerable research has been conducted to characterize their pathophysiological function.

The ability of miRNAs to target multiple genes within the signaling pathway makes them a promising target for modulation, and powerful regulators of cellular activities, such as cell differentiation, development, and apoptosis (14); synaptic homeostasis and plasticity processes (15); and angiogenesis in endothelial cells (ECs) (16) in CNS. In CNS, functional neurons are specialized and persistently renew the information required for constant neuronal adaptation to environmental clues (17), and the value of miRNAs has been recognized, especially for neural cells. As non-protein-coding molecules, miRNAs could modulate the function of tight junction proteins, ECs, astrocytes, and pericytes of BBB (18, 19), which help maintain the microenvironment of neural cells. To protect neural cells from apoptosis and OS, miRNAs can regulate the signaling pathway involved in modulating the proliferation or differentiation of cells (7, 20). Using public databases, such as the Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses, the principles of miRNA–mRNA interactions in signaling pathways were further characterized and provide a novel insight into the mechanisms of disease progression (21).



MIRNAS AND VCID


miRNAs and BBB Dysfunction

As the most important protector of neurons in the brain, BBB exists between the blood microcirculation system and the brain parenchyma (19) to restrict the invasion of toxic substances, immune cells, and pathogens, playing an irreplaceable role in maintaining CNS homeostasis and proper function (22). Tight junctions constructed by ECs form the basic BBB structure, along with the basement membrane (BM), astrocytes, and pericytes, that contribute to the support and regulatory function of the BBB (23). However, the structural and functional integrity of the BBB is easily degraded by neuroinflammation, age-related degeneration, and other risk factors, which contribute to the onset and progression of cerebrovascular changes and neurodegenerative pathologies (24, 25).

Scientists have made great efforts to understand the molecular structure and pathological changes in the BBB, and have found that, compared with other cytokines, exosomes enriched with proteins and miRNAs can be easily released into the extracellular space, with functions ranging from blood coagulation to cell-to-cell communication (26). Ischemia is one of the most pathological processes of VCID that results in BBB dysfunction via inflammation or OS under the regulation of miRNAs and other factors (27, 28). A recent study showed that circular RNA DLGAP4 (circDLGAP4), which is an endogenous sponge of miR-143, via regulating the tight-junction protein and mesenchymal cell marker to inhibit the endothelial–mesenchymal transition, circDLGAP4 can significantly attenuate infarct areas and BBB damage, and is proposed to partially decrease the incidence of dementia (29). The miR-132 could target matrix metalloproteinase 9 (MMP-9) and dysregulate its expression, acting protection role in reducing the degradation of tight-junction proteins VE-cadherin and β-catenin to maintain the integrity of BBB (30). In addition, miR-9-5p can also mitigate BBB damage by activating the Hedgehog pathway and inhibiting the nuclear factor (NF)-κB/MMP-9 pathway (31). As mentioned earlier, ECs form the basic structure of the BBB. Of note, miR-126 participates in the maintenance of BBB integrity by regulating the functional status of ECs and attenuating BBB disruption by suppressing pro-inflammatory cytokines (32). It has been certificated that both in vivo and in vitro, miR-98 and miR-126-3p/-5p could significantly reduce the brain infract volume and improved behavioral outcomes (27, 32). Moreover, tumor necrosis factor alpha (TNF-α) modulates cerebral tight junctions and affects the BBB via the regulation of laudin-5 and tight-junction protein 1 (ZO-1) through the TNF-α-miR-501-3p–ZO-1 axis, resulting in working memory deficits and white matter lesions (33). In addition, it was found that overexpression of miR-Let7A does not only prevent brain endothelial (bEnd.3) cell death and inhibit pro-inflammatory responses but also protects tight-junction proteins from degradation under high-glucose conditions, indicating that miR-Let7A may be a novel solution for controlling BBB degradation, especially in patients with concomitant diabetes mellitus (DM) (34). Furthermore, exact mechanisms of how miRNAs affect the BBB integrity and ECs function have also been carried out, and miR-30a and miR-182 could modulate BBB permeability, tight-junction protein loss, and ECs apoptosis via ZnT4/zinc signaling pathway and mTOR/FOXO1 pathway, respectively (35, 36). Further study of complex physiological processes between miRNAs and BBB, and how to apply these mechanisms in clinic treatment are warranted.



miRNAs and Apoptosis/Oxidative Stress

Abnormal apoptosis is a prerequisite for endothelial and neuronal cell damage, resulting in the onset and progression of VCID (37). Additionally, synergistic and additive interactions between apoptosis and other signaling pathways add to the symptoms of VCID. Dementia caused by multiple infarcts implies that if strokes are prevented, so is the VCID that results from cerebral infarcts (38). Identifying pathways that predominantly include miRNAs during apoptosis will contribute to a better understanding of the functional overlap across diseases. As one of the most abundant miRNAs in brain tissue, miR-124a can be transported into astrocytes through neuronal exosomes, significantly increasing the expression of protein excitatory amino acid transporter 2 (EAAT2, rodent analog GLT1) and modulating synaptic activation (Figure 2) (39). However, the exact role of miR-124 has not been systematically elucidated. In age-related ischemic encephalopathy (IE), miR-124 can improve the effects of cerebral ischemic reperfusion injury (CIRI) by regulating OS, autophagy, and neuroinflammation but plays a negative role in synaptic plasticity and axonal growth via apoptosis (40). A greater understanding of miR-124 will open new avenues for further intervention in VCID. Increasing evidence suggests that cognitive decline in the early stages of neurodegenerative diseases, such as VCID, is a consequence of changes in synaptic structure and function (15). Based on analyses using online tools and a luciferase reporter assay, miR-132 was shown to protect acetylcholine (Ach) from degradation by most fast enzymes like acetylcholinesterase (ACHE) found in the body, and that miR-132 could also exert favorable effects on CNS neurons via brain-derived neurotrophic factors (BDNF) (41). In contrast, another report showed that miR-132 negatively regulates neural stem cell (NSC) proliferation by affecting the cell cycle and apoptosis through the Notch-Hes1 pathway, Bax, Bcl-2, and glycosyl transferase-like domain containing−1 (GTDC-1), which could induce neural cell apoptosis and tau phosphorylation (Figure 2) (20, 42). Due to the complexity of miRNAs, the key miRNA in these types of pathways and the construction of a shared-miRNA network is imperative. Previous studies have investigated the implications of α-synuclein (α-Syn), especially in inducing mitochondrial fragmentation, OS, and autophagy, which could promote neuronal cell death after stroke. It has been reported that treatment with miR-7 mimics greatly reduces the post-ischemic induction of α-Syn, significantly decreases the lesion volume, and improves motor and cognitive functional recovery (43). In addition, miR-153 and miR-34a have confirmed roles in protecting neural cells from death and apoptosis by upregulating peroxiredoxin 5 (PRX5) and MAPK/ERK signaling pathways, respectively, reducing the cell cycle and leading to a reduction in cell proliferation (44, 45), which could ultimately mitigate the pathology of dementia. Moreover, compared with the miR-150 mimic negative group, miR-150 overexpression significantly aggravated cell apoptosis by inhibiting the expression of homeobox (HOX) A1, which aggravates hippocampal neuronal apoptosis and cognitive impairment (46).
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FIGURE 2. miRNAs and the synapse. MicroRNAs enveloped in exosomes can be released to target acetylcholine (Ach) and synaptic proteins, affecting the transmission of information at the synapse. miR-124 can modulate synaptic activation via the excitatory amino acid transporter 2 (EAAT2) and dysregulate oxidative stress autophagy to reduce cerebral ischemia reperfusion injury. Furthermore, miR-132 can modulate the degradation of Ach and dysregulate the proliferation of neural stem cells. On the other hand, miRNAs can also modulate synaptic neurodifferentiation via Snap 25, FxP2, and many other inflammatory cytokines.


In addition to apoptosis, OS is also considered as one of the significant events in the pathological cascade of dementia, causing mitochondrial dysfunction and protein misfolding (47). Many studies in this field have shown that there is a mutual correlation between OS and miRNAs, and OS affects the expression of miRNAs, which have a counteracting effect on genes involved in OS (6). In the CNS, ECs play an irreplaceable role in protecting the cerebrovascular system from conditions, such as OS erosion, inflammation, and diabetes; however, OS has been predicted to predispose neurons to death in both direct and indirect ways (6, 48). Attenuating OS responsiveness could specifically limit the risk factors of cerebrovascular disease and improve endothelial homeostasis in vascular depression and VCID (49). The miR-107c and miR-29a could target glutamate transporter-1 (GLT-1) to modulate excitotoxicity in the CNS; miR-107c could target GLT-1 directly to evaluate the glutamate accumulation and neuronal excitotoxicity, whereas miR-29a mainly acts on p53 upregulated modulator of apoptosis (PUMA), which could attenuate OS and protect neurons from dementia caused by ischemic injury (50). The miR-128 is enriched in the CNS and easily detected in circulating lymphocytes and can inhibit neuronal damage caused by oxygen and glucose deprivation/reoxygenation (OGD/R) via the PTEN and ERK pathways (51). The correlation between miR-124 level and lesion size on CT indicated that miR-124 could be released from damaged brain tissue in patients who died within 3 months after suffering from a stroke (52). In contrast, by binding to the regulatory factor X1 (RFX1) mRNA, miR-124 could increase the expression of RFX1, resulting in the suppression of apolipoprotein E (APOE) and cellular amyloid beta (Aβ) in microglia, which could undermine the cognitive behavior of dementia (53). Another area of research in this field tracked the expression level of miRNAs in 45 patients with MCI and AD; notably, miR-146a and miR-181a were significantly upregulated in patients with MCI who later converted to AD, which was related to Aβ and APOE ε4 allele presence (54). This indicates that miRNAs can also be an indicator of disease progression, providing an insight in disease prediction. Furthermore, according to the measurement of OS-related proteins, superoxide dismutase and Na+, K+, and ATP, Chen et al. found that miR-98 could bind to the enhancer of split (Hes) related with the YRPW motif protein 2 (HEY2) to inhibit the production of Aβ and improve OS and mitochondrial dysfunction, providing a novel basis for targeted therapy for dementia (55).



miRNAs and Neuroinflammation

Dynamic changes in miRNAs regulate the expression of genes involved in cognitive processes such as learning and executive abilities. Although the pathophysiology of VCID remains largely unknown, considerable efforts have been focused on neuroinflammation. Neuroinflammation is a hallmark of many neurological disorders, and pro-inflammatory or anti-inflammatory miRNAs within CNS signaling pathways can greatly aggravate or mitigate the pathological consequences of neurodegenerative diseases (56, 57). It has been reported that anti-inflammatory miRNAs (miR-21, miR-124, and miR-146a) and pro-inflammatory miRNAs (miR-27b, miR-155, and miR-326) regulate neuroinflammation by down or upregulating endogenous levels of immune receptors such as toll-like receptors (TLRs) or misfolded proteins that accumulate in the extracellular space (58). Related experiments conducted in BV-2 microglial cells and mice showed that miR-146 could suppress the release of pro-inflammatory factors [TNF-α, interleukin (IL)-1β, and IL-6] and the expression of mRNA in targeted cells; the upregulation of miR-146 could not only suppress the NF-κB pathway and microglial activation in the hippocampus but also promote hippocampus-dependent learning and memory capability (59). In addition to miR-146, mouse model and bioinformatics studies confirmed that miR-181b-5p can repress the expression of pro-inflammatory mediators such as TNF-α, IL-1β, and monocyte chemoattractant protein (MCP)-1. Injection of an miR-181b-5p mimic into the hippocampus of mice significantly improved cognition (60). Moreover, middle cerebral artery occlusion (MCAO)-induced behavioral disability and microglial activation in the brain were greatly improved and inhibited by miRNA-210-LNA (miR-210 inhibitor) post-treatment, providing new insight into the molecular basis of a novel therapeutic strategy (61). As the cholesterol metabolite, 27-hydroxycholesterol (27-OHC), induces discrete or directional inflammatory factors in microvascular endothelial cells (human microvascular endothelial cells, HMVECs) and increases the expression of miR-933 and inflammatory cytokines, which are elevated in plasma from dementia patients, more than that, via facilitates permeability and directional secretion from ECs into the brain, miR-933 may act as a paracrine inhibitor of neuronal BDNF, which provides a useful neuroprotective properties (62). These results show how miRNA functions in neuroinflammation and VCID progression, providing a novel insight on possible VCID interventions.

Before VCID occurs, a sustained pro-inflammatory environment brought about by NF-κB leads to chronic reactive astrogliosis, undermining the white matter (WM) (63). By interacting with NF erythroid 2-related factor 2 (Nrf2), NF-κB can fine-tune the cellular oxidative and inflammatory balance and participate in multiple pathologies in VCID, such as restoration of endothelial function and neurovascular coupling, reduction of amyloidopathy, and protection of WM integrity (64). To further implement miRNAs in disease mechanisms, counter intervention between miRNAs and NF-κB is ongoing. With advances in understanding that acupuncture can alleviate cognitive degeneration in VCID, in rats treated with acupuncture, TLR-4 was greatly dysregulated, accompanied by a decrease in miR-93 and MyD88/NF-κB signaling pathway activation (65). Furthermore, miR-301b accelerated cognitive impairment in mice with depression-like behavior; overexpression of miR-301b activated the NF-κB signaling pathway and aggravated inflammation in hippocampus, which accompanied the release of TNF-α, IL-1β, and many other cytokines (66).



miRNAs and Neurodifferentiation

Vascular cognitive impairment and dementia typically refers to patients with both stroke and cognitive impairment. Recent studies have highlighted the roles of cerebrovascular injury, white matter tract integrity, microinfarcts, and secondary neurodegeneration in the development of VCID. The miRNAs modulate multiple biological functions, such as cell fate determination and differentiation. It has been found that the onset of cognitive impairment is accompanied by the senescence, loss, and neurogenesis decline of hippocampal neural stem cells (H-NSCs). Interestingly, embryonic stem cell-derived small extracellular vesicles (ESC-sEVs) can alleviate senescence and recover the compromised proliferation and differentiation capacity of H-NSCs via miR-17-5p, miR-18a-5p, miR-21-5p, and miR-29a-3p, which can inhibit the mammalian target of rapamycin complex 1 (mTORC1) activation (67).

Over the past 20 years, stem cell technology has become an increasingly helpful in the investigation and treatment of neurodegenerative diseases. NSCs participate in brain homeostasis and repair and show pleiotropic intrinsic properties, making them a promising candidate for the treatment of dementia (Figure 3) (68). Indeed, Notch signaling encodes a highly conserved cell-surface receptor that affects cell processes such as cell differentiation, cell apoptosis, and cell proliferation. In serum-free medium, miR-146 significantly promoted NSC proliferation by targeting the Notch 1 pathway but reduced the differentiation efficiency of glial cells (69). However, miR-485-3p has the complete opposite effect; miR-485-3p can reduce proliferation but can promote the differentiation of NSCs by decreasing TRIP-6 activity (70). Following the criteria and moderated t-statistics, miR-10a-5p was shown to attenuate the self-renewal of undifferentiated NSCs; however, similar to miR-574, miR-30c-5p, miR23-3p, miR130a-3p, and miR-17-5p miRNA families were predicted to decrease the expression of several genes associated with the differentiation of neurons, synapse formation, and neurite outgrowth (71). The miR-214 not only affects the differentiation of NSCs but also plays a key role that helps maintain the balance between proliferation and differentiation by binding the 3′-UTR of Qki mRNA, affecting downstream its signal transmission (72). Additionally, miR-132 is significantly overexpressed in differentiating NSCs and is accompanied by the activation of the ERK1/2 pathway, and it promotes glial cell differentiation via Mecp2 expression (20). During the process of neurodifferentiation, the level of miR-29a in plasma shows a time-dependent increase similar to that of Kruppel-like factor 4 (KlF4), which suggests that the regulation of miR-29a occurs through the KlF4 signaling pathway (73). This mechanism suggests that KIF4 may be used to promote miR-29a and provides a novel possibility for the treatment of VCID (73).
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FIGURE 3. The relationship between miRNAs and neural stem cells (NSCs). NSCs play a key role in brain homeostasis and repair and show intrinsic pleiotropic properties. Thus, the intimate connections between NSCs and miRNAs are under study. As shown here, miR-146 and miR-585-3p play an opposite role in the proliferation and differentiation of NSCs. Moreover, a great number of miRNAs participates in the self-renewal and gene expression of NSCs.


A widely accepted theory is that memory deficiency associated with cognitive impairment results from synaptic dysfunction. Another focus of research in this field is the investigation of the correlation between miRNAs and synaptic proteins (Figure 2). It has been found that miR-134-5p can act on Forkhead box P2 (Foxp2) mRNA to affect its level of expression; however, silencing Foxp2 minimizes the effect of miR-134-5p on synaptic protein loss, which may prevent the development of cognitive impairment, especially in vocal learning (74). In addition, by comparing the expression level of miR-30b in APP transgenic (TG) and wild-type (WT) mice, miR-30b was significantly upregulated in TG mice, causing synaptic and cognitive dysfunction (75). Indeed, miR-30b is triggered by pro-inflammatory cytokines through NF-κB signaling, suggesting a feedback loop in the process of dementia. More specifically, real-time reverse transcription polymerase chain reaction (RT-PCR) revealed that overexpression of miR-210-5p can decrease the number of synapses in primary hippocampal neurons by targeting synaptosomal-associated protein, 25 kDa (Snap25) (76). In experimental trials that used APP/PS1 mice and WT mice, miR-574 could lower neuritin and synaptic protein expression in primary hippocampal neurons via targeting Aβ25-35, resulting aggravation of cognitive dysfunction in APP/PS1 mice compared with WT mice (77).




THE PERSPECTIVE OF MIRNAS IN THE DIAGNOSIS AND TREATMENT OF VCID

As the second most common cause of cognitive impairment, patients with VCID will be up to 150 million in 2,050. VCID has drawn the attention of researchers because it is preventable and curable; however, some neuroprotective agents have been reported to attenuate but not cure symptoms. Risk factors of VCID including protective factors, such as higher education, occupation and social networks, and others, increase the risk of dementia (38). According to the National Institute for Neurological Disorders and Stroke-Association International pour la Recherché et l'Enseignement en Neurosciences (NINDS-AIREN), the basic features of VCID include (1) acute impairment of memory and at least two other cognitive domains, (2) neuroimaging evidence of cerebrovascular lesions, and (3) evidence for a temporal relationship between stroke and cognitive loss (78). In recent years, miRNAs are regarded as cost-effective and non-invasive biomarkers in disease diagnosis and therapy response monitoring (79). Additionally, miRNAs are easily detected in biofluids like plasma and cerebrospinal fluid (CSF) due to their unique biological characteristics (15), which can provide biological and clinical breakthroughs.

To gain a better understanding of how miRNAs could support both diagnosis and therapy, studies of clinical patients and biological experiments have been conducted. Validation studies revealed that four miRNAs (miR-409-3p, miR-502-3p, miR-486-5p, and miR-451a) are potentially valuable biomarkers for identifying VCID with relatively high sensitivity and specificity (80). Moreover, combined receiver operating characteristic curve analysis of seven miRNAs revealed an area under the curve (AUC) of 0.64 with a sensitivity of 55.5% and specificity of 65.7%, whereas plasma miR-409-3p, miR-502-3p, miR-486-5p, and miR-451a could differentiate patients with VCID from healthy controls (80). To improve the diagnosis and anti-diastole level of dementia, the value of miRNAs in differential diagnosis protocols was determined. Through the measurement of miRNA expression levels in MCI, VCID, AD, and Parkinson's disease with dementia (PDD), miR-1, miR-384, and miR-19b-3p were identified as good diagnostic biomarkers and provided a novel insight in disease prevention (81, 82). Another study comparing different miRNAs expressed in AD, MCI, and healthy controls found that miR-455-3p, miR-4668-5p, miR-3613-3p, and miR-4674 were upregulated, whereas miR-6722 was downregulated in AD and MCI compared with healthy controls (83). More research is warranted concerning the clinical consequences of VCID and expression changes of miRNAs, especially in disease diagnosis and prediction (Table 1).


Table 1. Changes in miRNAs expression level and its role in disease diagnostics.

[image: Table 1]

A large number of fundamental experiments have been conducted to gain a better understanding of their signaling pathways and the post-transcriptional mechanisms of miRNAs. Comparison of astrocytic and microglial activation, WM damage, water channels, and glymphatic dysfunction in mice with miR-126 deletion (miR-126 EC−/−), and control (miR-126 flox/flox), miR-126 EC−/−mice showed significantly decreased cerebral blood flow (CBF) and increased inflammation that was accompanied by poor performance and cognitive deficits (84). As a vasoconstrictor factor, endothelin-1 (ET-1) was increased in the plasma of patients after stroke and in the CSF of patients with VCID (86). An miR-125a inhibitor substantially upregulated the expression of ET-1, whereas miR-125a and the presence of the rs12976445 minor allele polymorphism downregulated the delivery of ET-1 to ECs (87). These results suggested that miR-125a, ET-1, and rs12976445 have a promising potential as pathological solutions for post-stroke dementia.

Apoptosis and proliferation have been implicated in many diseases, confirming the negative correlation between miRNAs and cognitive impairment. It is known that miR-191 can aggravate apoptosis and misregulate proliferation and migration; in vivo studies have shown that applying an miR-191 antagomir significantly attenuated infarction volume by mechanically targeting vascular endothelial zinc finger 1 (VEZF1) transcript (85). In addition, miR-196a and LRIG3 enhanced learning and memory by ameliorating injury to hippocampal neurons via the PI3K/Akt pathway (88). Although these studies represent only the tip of the iceberg, they provide a novel insight into the multiple miRNAs that can intervene in signaling pathway function and affect the outcomes of patients with different forms of dementia and cognitive impairment.

Various treatments and interventions have been reported to be effective for dementia; however, no therapeutic cures are currently available. According to previous reports, symptomatic and alternative therapies are effective; however, antipsychotic treatment is less satisfactory (89). For VCID caused by vascular factors that may be mixed with AD pathological changes, more attention should be focused on therapeutic agents for synaptic protection, anti-pathologic therapeutics, and effective management of vascular risk factors (90). However, acupuncture is a promising alternative therapy and may be an underlying TLR4 inhibitor for VCID (65). Preclinical experiments indicate the advantages of remote ischemic conditioning (RIC) for decreasing the recurrence of ischemic stroke, and repetitive treatments with RIC in patients for 6 months show satisfactory outcomes, especially in neuropsychological assessments (91). Currently, therapeutics based on miRNAs are mainly focused on miRNA mimics and inhibitors (antagomirs), respectively, to adjust the expression level of target genes (92). Mice with transient middle cerebral artery occlusion showed that pre- or post-ischemic treatment with an miR-7 mimic decreased lesion volume and improved motor and cognitive functional recovery (43). Biomarkers can aid in early diagnosis before the pathology occurs, limiting disease progression, and potentially indicating patient response to the treatment. Thus, refining the use of biomarkers will allow dementia treatment to enter the era of precision medicine (93).



CONCLUSION

This is an exciting time for miRNAs research because of the recent advancement and identification of miRNA genes, their expression patterns, and their regulatory targets in diseases such as VCID, AD, and other neurodegenerative diseases. The mechanisms discussed in this review provide prima facie evidence for the mutual effects of miRNAs on the pathogenesis of VCID. A vast number of miRNAs play roles in the mutual regulation in genes and proteins, and it has been reported that high- or low-expression level of miRNAs can improve or impair the pathological progress of diseases. Hence, we have highlighted the roles of miRNAs in the modulation of VCID. However, the clear interventions of miRNAs and VCID are still poorly reported, and further studies in this area are expected to emphasize the pathways and mechanisms that could improve disease and help develop VCID therapies.
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Gliomas are the most frequent primary malignant brain tumors of the central nervous system, causing significant impairment and death. There is mounting evidence that N7 methylguanosine (m7G) RNA dysmethylation plays a significant role in the development and progression of cancer. However, the expression patterns and function of the m7G RNA methylation regulator in gliomas are yet unknown. The goal of this study was to examine the expression patterns of 31 critical regulators linked with m7G RNA methylation and their prognostic significance in gliomas. To begin, we systematically analyzed patient clinical and prognostic data and mRNA gene expression data from The Cancer Genome Atlas (TCGA) and the Gene Expression Omnibus (GEO) databases. We found that 17 key regulators of m7G RNA methylation showed significantly higher expression levels in gliomas. We then divided the sample into two subgroups by consensus clustering. Cluster 2 had a poorer prognosis than cluster 1 and was associated with a higher histological grade. In addition, cluster 2 was significantly enriched for cancer-related pathways. Based on this discovery, we developed a risk model involving three m7G methylation regulators. Patients were divided into high-risk and low-risk groups based on risk scores. Overall survival (OS) was significantly lower in the high-risk group than in the low-risk group. Further analysis showed that the risk score was an independent prognostic factor for gliomas.

Keywords: N7-methylguanosine, gliomas, epigenetics, prognostic signature, bioinformatics


INTRODUCTION

Gliomas square measure the foremost frequent primary central systema nervosum tumors in humans, accounting for 30% of all primary brain tumors and 81% of malignant brain tumors (1). Due to their unique biology and clinical properties, gliomas are a highly varied group of brain tumors. Traditionally, gliomas subtypes and grades were determined primarily by histological characteristics. However, this classification technique does not adequately replicate the tumor's heterogeneity, is subject to subjectivity and disagreement among neuropathologists, falls short of precisely forecasting disease course, and cannot be used to guide treatment in a reliable manner (2). Despite advancements in surgical procedures and clinical regimens, high-grade gliomas therapy remains difficult and is associated with poor therapeutic effectiveness and overall survival (3). As a result, it is critical to develop innovative and trustworthy molecular signs for prognostic prediction in order to improve the dismal outcomes of patients with gliomas.

Currently, RNA methylation is a widespread post-transcriptional modification found in eukaryotes, prokaryotes (4, 5), and a few archaea (6). As with epigenetic modifications at the DNA and protein levels, these posttranscriptional RNA modifications, included N1-methyladenosine, N7-methylguanosine (m7G), 5-Methylcytidine (m5C), pseudouridine, N6-methyladenosine (m6A), and2-O-methylation (7), can be dynamically and reversibly regulated by specific enzymes (8). Among these, m7G, or guanosine methylation at position N7, is a highly conserved RNA modification found in tRNA, rRNA, mRNA 5′cap, and internal mRNA regions, where it plays a vital role in regulating RNA processing, metabolism, and function (9).

RNA modifications are required for the metabolism of RNA, the regulation of gene expression, and the development of human diseases such as cancer. Recent research demonstrates that various RNA modifications play critical roles in cancer. For instance, when overexpressed, METTL3, an m6A “writer” that modifies a large subset of messenger RNAs, is carcinogenic (10). Lan et al. demonstrated that KIAA1429 is significantly expressed in hepatocellular carcinoma and is linked with poor prognosis (11). Deposition of m5C by NSUN2 and mcm5s2U alteration at tRNA nucleotide position 34 play crucial roles in cancer. Increased levels of m1A, which are linked to hTrm6p/hTrm61p, were found to be linked to an increased risk of urinary bladder cancer (12). In eukaryotes, METTL1 and WDR4 form a methyltransferase complex that catalyzes the m7G modification of tRNAs (13). Dai et al. discovered that silencing METTL1 or WDR4 in human intrahepatic cholangiocarcinoma cell lines resulted in the loss of typical malignant transformation markers such as stalled cell proliferation, increased apoptosis, reduced colony formation, and migration, and decreased tumor formation in xenografted mice (14). These studies demonstrate that abnormal RNA modifications can have an effect on tumor initiation and progression. Additionally, methylation of RNA has been shown to have a key role in gliomas. Recent studies have reported that m6A RNA methylation regulators are critical in maintaining glioma stem cells and radioresistance and have a potential role in prognostic and therapeutic strategy development (15). However, there is a dearth of thorough studies examining the expression of m7G RNA methylation regulators in gliomas, their role in malignant progression, and their prognostic relevance.

The expression of 31 major regulators of m7G RNA modification in gliomas was assessed in this work using transcriptome data from The Cancer Genome Atlas (TCGA) database. Additionally, by using consensus clustering, glioma patients were classified into two clusters based on the expression of regulators of m7G RNA modification, and the two clusters had dramatically different prognoses. Additionally, a signature incorporating three selected m7G RNA methylation regulators was developed to stratify glioma prognosis.



MATERIALS AND METHODS


Data Collection

RNA-sequencing transcriptome data and clinical data on patients with glioma were extracted from the TCGA database (https://portal.gdc.cancer.gov/; until January 2022). A total of 698 glioma patients and 5 normal surrounding tumor tissues were used for further investigation. We downloaded 31 m7G methylation-related genes from the Gene Set Enrichment Analysis (GSEA) database (http://www.gsea-msigdb.org/gsea/index.jsp), including DCP2, DCPS, NUDT1, NUDT10, NUDT11, NUDT16, NUDT16L1, NUDT3, NUDT4, NUDT4B, NUDT5, NUDT7, AGO2, CYFIP1, CYFIP2, EIF4E, EIF4E1B, EIF4E2, EIF4E3, GEMIN5, LARP1, NCBP1, NCBP2, NCBP3, EIF3D, EIF4A1, EIF4G3, IFIT5, LSM1, NCBP2L, and SNUPN (collect and download from GSEA). The expression data for these 31 genes were retrieved for further investigation from the TCGA gliomas group. External validation was performed using an independent cohort (GSE4412) encompassing glioma samples with associated gene expression and survival data collected from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo).



Bioinformatics Analysis

The Wilcoxon test was utilized to identify genes encoding m7G RNA methylation regulators that were differentially expressed across gliomas and normal tissues. The following criteria were used to determine significance: A false discovery rate (FDR) of <0.05 and an absolute Fold change (FC) >1.5 are required. The expression of these m7G-related genes was then visualized using a vioplot in 698 Glioma patients and five normal neighboring samples. We used Spearman correlation analysis in R (https://www.r-project.org/, version R 4.1.2) to determine the relationship between m7G RNA methylation regulators. The packages of “limma,” “ggplot2,” “pheatmap” and “corrplot” were used in these analyses.

To evaluate the relation between the expression of m7G RNA methylation regulators and glioma prognosis, the glioma tissues were grouped into two distinct subgroups exploitation the R package “ConsensusClusterPlus.” Then, principal component analysis (PCA) was used to validate the categorization findings using the “ggplot2” and “limma” packages.

To assess survival between subgroups, a survival curve was produced using the Kaplan–Meier analysis log-rank test. The Chi-square tests were used to compare the differences in clinical parameters between the two clusters. Functional annotation of differentially expressed genes in two clusters using Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analysis. The link between m7G-related genes and overall survival (OS) was evaluated using univariate Cox regression models. Subsequently, to minimize overfitting, To eliminate highly associated genes, we utilized the “glment” package to perform least absolute shrinkage and selection operator (LASSO) Cox regression. Finally, a risk profile consisting of three m7G regulatory genes was found. To calculate a risk score, we multiplied the gene expression by the LASSO Cox regression coefficient. Patients with glioma were then categorized into low- or high-risk groups based on median risk scores. Kaplan–Meier analysis was performed using the “Survival” software. The accuracy of the model for prognostic prediction was determined using receiver operating characteristic (ROC) curves. Clinicopathological characteristics were compared between low- and high-risk groups using the Chi-square test and displayed using a heatmap.

We utilized the GSE4412 dataset from GEO to evaluate the predictive usefulness of this three-m7G-regulatory-gene risk profile. We adopted this cutoff criterion to categorize patients as low- or high-risk. Following that, the prognostic value was determined using Kaplan–Meier survival analysis and receiver operating characteristic curve analysis. Moreover, to use the “rms” package, we used the risk score of three m7G-regulatory genes to predict survival in patients with glioma. All of the R packages listed before were downloaded from http://www.bioconductor.org.



Statistical Analysis

All statistical analyses were conducted using R software (version 4.1.2).




RESULTS


Identification of Glioma-Specific m7G RNA Modification Regulators

The differentially expressed 17 m7G regulatory genes were analyzed in Glioma (n = 698) and surrounding tissues (n = 5). The heatmap demonstrated unequivocally that the majority of these m7G regulatory genes were differently expressed across glioma and normal tissues (Figure 1A). NUDT1, DCPS, NUDT5, EIF3D, NCBP2, CYFIP1, LSM1, GEMIN5, IFIT5, NCBP1, EIF4E, EIF4G3, LARP1, EIF4E3, CYFIP2, NCBP2L, and EIF4E1B expression levels were significantly different between the glioma group and normal group. The relevant heat map and box-plot of these differential genes are shown, respectively, in Figures 1B,C.
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FIGURE 1. Expression of m7G methylation regulators in glioma tissues and normal tissues. (A) Heat map showing 17 m7G RNA methylation regulators expressed at different levels between the two samples (Red for high expression level, green for low expression level. *p < 0.05, **p < 0.01, ***p < 0.001). (B) Spearman correlation analysis of 17 m7G RNA methylation regulators in gliomas (Red for positive correlation, green for negative correlation). (C) Vioplot visualizes the expression levels of 17 m7G RNA methylation regulators in two samples.




Clusters of Glioma Patients Identified by Consensus Clustering Based on m7G RNA Modification Regulators

Based on the similarity of expression of the m7G RNA methylation regulators, k = 2 seemed to be the best cluster to divide these samples into two clusters, i.e., clusters 1 and 2 (Figures 2A–D). Furthermore, the expression of most m7G RNA modification regulators in cluster 1 was greater than in cluster 2 (Figure 2E). Cluster 1 was strongly linked with high grade (p < 0.001) and high age (p < 0.05). However, gender was not shown to be a major factor (Figure 2E). Thus, the consensus clustering results suggested a strong correlation between the expression pattern of m7G RNA modification regulators and the malignant state of glioma. As a consequence, cluster 2 has a significantly lower OS than cluster 1 (p < 0.001) (Figure 2F). To validate the clustering results, we used PCA and t-SNE to examine these two clusters further. The PCA and t-SNE plots revealed a significant difference between clusters 1 and 2 (train: Figures 3A,C; test: Figures 3B,D).


[image: Figure 2]
FIGURE 2. Consistent cluster analysis of gliomas. (A) Consensus clustering matrix with k = 2. (B) Cumulative distribution function (CDF) for consistent clustering at k = 2–9. (C) For k = 2–9, the relative change in the area under the CDF curve. (D) Sample distribution for k = 2–9. (E) Heatmap and clinicopathologic characteristics of the two clusters established by the consensus expression of the m7G RNA methylation regulators (Red for high expression level, green for low expression level). (F) Comparison of Kaplan–Meier OS rates for overall survival (OS) curves in the two clusters (*p < 0.05, ***p < 0.001).
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FIGURE 3. Principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE) analysis. (A, C) PCA and t-SNE analysis of Clusters 1 and 2 from the TCGA database. (B, D) PCA and t-SNE analysis of Clusters 1 and 2 from the GEO database.


To explore the biological processes associated with m7G RNA methylation regulators in gliomas, functional annotation of differentially expressed genes in clusters 1 and 2 was performed using GO and KEGG analysis. In the TCGA group, according to the KEGG analysis, the differential genes were primarily enriched in “Phagosome,” “Focal adhesion,” “Staphylococcus aureus infection,” “GABAergic synapse,” “Complement and coagulation cascades Leishmaniasis,” “Viral myocarditis,” “Amoebiasis,” “Nicotine addiction,” “ECM-receptor interaction,” “AGE-RAGE signaling pathway in diabetic complications Type I diabetes mellitus” (Figures 4A,C,E). In the GSE4412 group, the KEGG analysis revealed that the differential genes were primarily enriched in “GABAergic synapse,” “Morphine addiction,” “Nicotine addiction,” “Glutamatergic synapse,” “Synaptic vesicle cycle,” “Type I diabetes mellitus,” “Phagosome,” “Insulin secretion,” “Retrograde endocannabinoid signaling,” “Neuroactive ligand-receptor interaction” (Figures 4B,D,F). In the TCGA group, the GO analysis revealed that the differential genes were primarily enriched in “Regulation of trans-synaptic signaling,” “Synapse organization,” “Modulation of chemical synaptic transmission,” “Learning or memory,” “Cognition,” “Extracellular matrix organization,” “Extracellular structure organization,” “External encapsulating structure organization,” “Wound healing,” “Regulation of synaptic plasticity” (Figures 5A,C,E). In the GSE4412 group, the GO analysis revealed that the differential genes were primarily enriched in “Modulation of chemical synaptic transmission,” “Regulation of trans–synaptic signaling,” “Synapse organization,” “Vesicle–mediated transport in synapse,” “Synaptic vesicle cycle,” “Regulation of synaptic plasticity,” “Neurotransmitter transport,” “Learning or memory,” “Regulation of membrane potential,” “Cognition” (Figures 5B,D,F).
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FIGURE 4. Analyses of differentially expressed genes between two clusters using the Kyoto Encyclopedia of Genes and Genomes (KEEG). (A, C, E) KEGG analysis for functional annotation of differentially expressed genes in two clusters of the TCGA database. (B, D, F) KEGG analysis for functional annotation of differentially expressed genes in two clusters of the GSE4412 data sets.
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FIGURE 5. Analyses of differentially expressed genes between two clusters using the Gene ontology (GO). (A, C, E) GO analysis for functional annotation of differentially expressed genes in two clusters of the TCGA database. (B, D, F) GO analysis for functional annotation of differentially expressed genes in two clusters of the GSE4412 datasets.




Development of a Predictive Risk Model Based on m7G Regulator Gene Expression Profiles and Validation Using the GEO Database

Given the high correlation between m7G RNA methylation regulators and glioma patient prognosis. Combined with the results of the TCGA and GSE4412 datasets, three genes (NUDT7, NUDT11, CYFIP2) were chosen for the development of the risk model (Figure 6A), along with the related LASSO method coefficients (Figures 6B,C). The univariate Cox regression analysis of these genes showed that NUDT7, NUDT11, and CYFIP2 are all protective factors with a hazard ratio (HR) of less than 1 for the OS of glioma patients. To evaluate the prognostic value of this three-gene signature model, glioma patients were separated into low- and high-risk groups based on their median risk score. Survival analysis revealed that patients with a high-risk score had a lower OS than patients with a low-risk score (Figure 6D). The ROC curve analysis showed that the AUC for 1-, 3-, and 5-year OS was 0.783, 0.807, and 0.763, respectively. The above results indicated the risk model has good discrimination for the outcome of patients with glioma (Figure 7A). Additionally, as illustrated in Figure 7C, the risk score distribution of glioma patients was displayed. The survival status of each patient was represented by a dot plot (Figure 7E). A heatmap was created to show the expression of three prognostic genes in high- and low-risk groups (Figure 8C). Above the heatmap, clinical importance was also shown. To verify the predictive discrimination of the gene signature; we used the GEO data (GSE4412) to assess the prognostic utility of the three-gene signature in new files for survival prediction. The area under the curve (AUC) for the ROC curves for 1, 3, and 5 year OS was 0.573, 0.705, and 0.656, respectively (Figure 7B). Additionally, as illustrated in Figure 7D, the risk score distribution of glioma patients was displayed. The survival status of each patient was represented by a dot plot in Figure 7F.
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FIGURE 6. Risk signature with three m7G RNA methylation regulators. (A) Univariate Cox regression analysis of the m7G RNA methylation regulators. (B, C) LASSO regression analysis was used to calculate the coefficients of the three m7G RNA methylation regulators. (D) Glioma patients were divided into low- and high-risk groups based on the median risk score.
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FIGURE 7. Prognostic value of three m7G RNA methylation regulators. (A, B) In the TCGA and GEO databases, the receiver operating characteristic (ROC) curves demonstrate the risk scores' predictive ability for patient survival at 1, 3, and 5 years. (C,D) Distribution of risk scores for glioma patients. (E,F) Survival status of each patient.
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FIGURE 8. The effect of a risk score on the prognosis of patients with gliomas. (A) Univariate Cox regression analysis of three-gene risk score, age, and grade. (B) Multivariate Cox regression analysis of three-gene risk score, age, and grade (***p < 0.001). (C) Heat map shows the distribution of the expression of three m7G RNA-modifying regulators and clinicopathological features in high- and low-risk populations.


Univariate and multivariate Cox regression analysis to determine the prognostic value in m7G methylation regulator based on clinical information on gliomas in the TCGA database. By univariate analysis, trigene risk score, age, and grading were all significantly associated with OS in patients with glioma (Figure 8A). To determine whether the trigene risk score was an independent prognostic factor for glioma independent of other clinical factors, these factors were included in a multivariate Cox regression analysis, which showed that all three gene risk scores, age, and grade were independently associated with OS in glioma patients (Figure 8B).




DISCUSSION

Despite recent breakthroughs in glioma treatment, effective glioma therapy remains an unmet medical need, as current treatments, which often include a mix of surgical intervention (tumor excision), radiotherapy, and chemotherapy, do not achieve satisfying results. The prognosis for patients remains poor, with a median OS of approximately 15 months for those with the most aggressive grade IV glioblastomas (16). According to the WHO, cellularity, mitotic activity, nuclear atypia, vascularity, and necrosis are used to grade (17). This classification method has some limitations, including a lack of consistency, which results in a high rate of inter- and even intra-observer variability, and a lack of prognostic precision (18, 19). As a result, there is an urgent need to understand the molecular mechanisms driving glioma formation.

Traditional molecular techniques, which have mostly focused on structural changes in genes such as point mutations, gene deletions, and rearrangements, have provided vital insights into the glioma-genesis process as well as the diagnostic, prognostic, and predictive power of these tumors (20). For the past few years, understanding the role of epigenetic modifications in the development of human tumors has added critical pieces to the gliomagenesis puzzle and will result in the discovery of novel prognostic biomarkers and therapeutic techniques. DNA methylation and histone alterations are two of the most well-studied epigenetic changes in gliomas, and they are both associated with an increased risk of cancer (21, 22). Recently, RNA methylation has been found to be another way to control your DNA. RNA has been revealed to have over 170 chemical modifications, which play important roles in many cellular processes (23, 24). Among them, m7G, the most prevalent RNA cap modification, is co-transcribed with the 5′ cap during the earliest phases of transcription and prior to subsequent RNA processing processes (25). The m7G capping is a positively charged RNA modification that is required for gene expression, protein synthesis, and transcript stabilization. It has been discovered that m7G cap alteration can influence practically every part of the mRNA life cycle (26). The m7G RNA alteration was also discovered in tRNA (27) and rRNA (28), and its presence has been linked to a variety of illnesses. In humans, for example, a mutation in the methyltransferase complex WDR4 has been associated with primordial dwarfism, a condition marked by facial dysmorphism, brain malformation, and severe encephalopathy with convulsions (29). Because of the widespread use of RNA-seq and microarray techniques, which offer significant potential for the development of innovative diagnostics, risk score methods based on multiple gene signatures are increasingly being utilized to forecast human cancer prognosis (30). In the current investigation, we found that the expression of regulators of m7G RNA methylation was strongly associated with the malignancy and prognosis of gliomas. Using three m7G RNA modification regulators, we produced a predictive signature. Fortunately, the risk score was capable of independently predicting the fate of glioma patients. As a result, the risk signature identified in this study may aid clinicians in performing more accurate customized survival forecasts.

Previous research has established that the expression levels of the METTL1 and WDR4 components of the tRNA m7G methyltransferase complex are dramatically increased in human cancer samples and are negatively linked with patient prognosis. For example, Yang et al. found that overexpression of METTL1 inhibited colon cancer progression by regulating the let-7e miRNA/high mobility group AT-hook 2 axis in a m7G dependent manner (31). Chen, Z. et al. found that m7G tRNA modification and its catalase METTL1 and WDR4 proteins were significantly upregulated in hepatocellular carcinoma and inversely correlated with patient survival (32). Orellana et al. established a link between higher METTL1/WDR4 complex expression and elevated m7G tRNA levels and malignancy and poor survival in a variety of human malignancies, including glioblastomas, breast tumors, and acute myelogenous leukemias, among others (33), m7G methylation can selectively boost the translation of specific cell cycle regulating and carcinogenic mRNAs that are enriched in corresponding m7G-tRNA cognate codons, thereby buffering against ribosome stopping, which can result in translation inhibition via ribosome collisions (34). However, no research on m7G methylation in gliomas has been conducted. In this investigation, we compared the expression of all m7G RNA methylation regulators in glioma and normal tissues. The results indicated that tumor tissues expressed considerably more m7G regulatory genes than normal tissues. Additionally, we divided patients with glioma into subgroups based on their gene expression profiles. The consensus clustering results indicated a strong correlation between the expression pattern of m7G RNA methylation regulators and the gliomas malignancy. Based on previous findings, the reason may be related to the up-or down-regulation of specific m7G RNA methylation regulators associated with mis-regulated RNAs in tumors.

The m7G RNA methylation regulators were also linked to the biological processes and signaling pathways involved in the malignant development of gliomas, according to this study. According to current research, the main biological processes and signaling pathways associated with m7G methylation in cancer are RNA metabolism, embryonic stem cell self-renewal and differentiation (13), tumor immunity (35), vascular development (36), FGF/TGF-β/Wnt pathway (37), WNT/β-catenin pathway (38), MAPK/ERK pathway (39), and so on. Here, we conducted KEGG and GO analysis on differentially expressed genes. The KEGG analysis revealed that the differential genes were primarily enriched in “Phagosome,” “Focal adhesion,” “Staphylococcus aureus infection,” “GABAergic synapse,” “Complement and coagulation cascades Leishmaniasis,” “Viral myocarditis,” “Amoebiasis,” “Nicotine addiction,” “ECM-receptor interaction,” “AGE-RAGE signaling pathway in diabetic complications Type I diabetes mellitus,” “Morphine addiction,” “Glutamatergic synapse,” “Synaptic vesicle cycle,” “Type I diabetes mellitus,” “Insulin secretion,” “Retrograde endocannabinoid signaling,” “Neuroactive ligand-receptor interaction”. The GO analysis revealed that the differential genes were primarily enriched in “Regulation of trans-synaptic signaling,” “Synapse organization,” “Modulation of chemical synaptic transmission,” “Learning or memory,” “Cognition,” “Extracellular matrix organization,” “Extracellular structure organization,” “External encapsulating structure organization,” “Wound healing,” “Regulation of synaptic plasticity,” “Vesicle-mediated transport in synapse,” “Synaptic vesicle cycle,” “Neurotransmitter transport,” “Regulation of membrane potential.” According to the data collected, we discovered that the expression of m7G RNA methylation regulators in gliomas is associated significantly with biological processes such as extracellular matrix formation, response to hypoxia, inflammatory response, synaptic vesicle regulation, and others, as well as signaling pathways such as AGE-RAGE signaling pathway, ECM receptor interaction, and others.

To further investigate the effect of m7G RNA methylation regulators on glioma prognosis. After performing Cox univariate and LASSO Cox regression analyses, we selected three genes (NUDT7, NUDT11, and CYFIP2) to construct a risk score model that stratified glioma patients into low- and high-risk groups. The results showed that NUDT7, NUDT11, and CYFIP2 were all protective factors for OS in glioma patients. Survival analysis revealed that patients with high-risk scores had worse OS. Finally, we established a prognosis model consisting of these three m7G RNA methylation regulators. Cox regression analysis showed that the risk score can independently predict the prognosis of gliomas. These findings suggest that NUDT7, NUDT11, and CYFIP2 are promising gliomas prognostic biomarkers. Notably, the expression and potential role of NUDT7, NUDT11, and CYFIP2 in cancer are becoming increasingly important. NUDT7 and NUDT11 are both hydrolases that belong to the peroxisomal nudix family of enzymes (40, 41). Mutations of NUDT7 have been described in colorectal cancer, inhibition of Nudt7 may contribute to the progression of Kras G12D colorectal cancer through upregulation of Wnt/β-catenin signaling and palmitic acid accumulation (42). Genetic and functional analyses showed that when NUDT11 was inhibited, colony formation of tumor-associated cell phenotypes was significantly reduced and their proliferation/survival capacity was compromised (43). Therefore, genetic alterations in m7G regulatory factors may contribute to the pathogenesis of glioma in conjunction with dysregulation of peroxisome lipid metabolism. CYFIP2, a member of the cytoplasmic FMR1-interacting protein family (44). It has been reported that inhibition of CYFIP2 increased cell growth and resistance to chemotherapy in gastric cancer through activating the Akt signal (45). In addition, Saller et al. reported CYFIP2 as a candidate p53 target gene in H1299 lung cancer cells (46), and Jackson et al. verified in DLD1 colorectal adenocarcinoma cells that CYFIP2 can act as a p53-inducible gene to promote apoptosis in colorectal adenocarcinoma cells (47). Also, Tong et al. found that CYFIP2 expression was decreased in clear cell renal cell carcinoma and was associated with poorer clinicopathological parameters of clear cell renal cell carcinoma patients (48). CYFIP2 activates the cell death program to inhibit the proliferation of tumor cells, indicating that CYFIP2 is a potent tumor suppressor. In this study, we demonstrate for the first time that the risk scores of NUDT7, NUDT11, and CYFIP2 can be used as independent prognostic factors for gliomas.

Nevertheless, we acknowledge several limitations in this study worth mentioning. Since our data are derived from the TCGA and GEO databases, further experimental evidence is required to corroborate our findings. And the sample size for the normal and tumor groups varied significantly, which may impair the credibility of the results. In addition, the mechanisms underlying the aberrant expression and up- or down-regulation of m7G RNA methylation regulator in gliomas require further studies to validate.

In conclusion, our study demonstrates the expression of m7G RNA methylation regulator in gliomas and its association with clinical characteristics. Notably, prognostic models generated by three m7G methylation-regulated gene risk scores independently predicted the prognosis of glioma patients. These findings provide a new insight into the underlying mechanism of m7G modification in tumorigenesis and the development of gliomas.
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Objective: The purpose of this study was to identify potential therapeutic targets by examining the hub genes contributing to progression of intracranial aneurysm (IA) in patients with hypertension.

Methods: The bulk RNA sequencing (RNA-seq) datasets of hypertension and IA were obtained from the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) database. These data were then used to calculate disease-related differentially expressed genes (DEGs) at the individual level. An scRNA-seq dataset of patients with abdominal aortic aneurysms (AAA) was used to analyze monocyte/macrophage-related DEGs. On the basis of the DEG data related to monocytes and macrophages, a TF-genes network has been developed. Hub genes and core sub-networks have also been identified. Furthermore, the key genes have been validated in an external cohort.

Results: From combined monocyte and macrophage-derived DEGs from abdominal aortic aneurysms, five hub DEGs were detected, including IFI30, SERPINE1, HMOX1, IL24, and RUNX1. A total of 57 genes were found in the IA bulk RNA-seq dataset. A support vector machine-recursive feature elimination algorithm (SVM-RFE) was applied to further screen the seven genes (RPS4Y1, DDX3Y, RUNX1, CLEC10A, PLAC8, SLA, and LILRB3). RUNX1 was the hub gene that regulated NFKB1 in the monocyte/macrophage-related network. And RUNX1 is implicated in IA progression by regulating hematopoietic stem cell differentiation and abnormal platelet production, according to gene set enrichment analysis.

Conclusion: Among patients with hypertension, RUNX1 in monocytes and macrophages was associated with a higher risk of IA through its regulation of NFKB1.

Keywords: intracranial aneurysm (IA), hypertension, monocytes/macrophages, Runx1, NFKB1


INTRODUCTION

Intracranial aneurysm (IA) is a cerebrovascular disease caused by the limited dilation of cerebral arteries (1). Its incidence is approximately 3.2%, and it is higher in women than in men (2–4). IA ruptures and bleeding are associated with high morbidity rates and mortality rates (5). Subarachnoid hemorrhage (SAH) results from an IA rupture or bleeding, and accounts for 70–85% of all spontaneous SAHs (6). In addition, IA can induce intracerebral or subdural hematoma (7, 8). Hypertension is a common risk factor for IA as well as an independent risk factor for IA rupture (9–11). IA poses a significant risk to patients with hypertension. Therefore, IA progression in this patient group should be prevented.

The role played by monocytes/macrophages in the pathogenesis of IA has been demonstrated in recent studies. Development of IA involves complex pathophysiological processes, such as endothelial inflammatory responses triggered by altered hemodynamics and genetic factors (12, 13). Changes in cerebral artery hemodynamics can trigger a prolonged and excessive inflammatory response in the vessel wall, leading to the development, growth, and rupture of IA (13). Cell death in the vessel wall and destruction of the extracellular matrix can occur as a result of this chronic inflammation caused by the recruitment of monocytes/macrophages (14). During inflammation, monocytes can infiltrate the vessels and become macrophages, which modulates the immune response (15). Macrophages of the M1 type can release cytokines to increase the inflammatory response and recruit further macrophages (16). It is also possible for M1-type macrophages to remodel the blood vessels in addition to releasing cytokines (17). By inhibiting macrophage recruitment and accumulation in the vessel wall of individuals with IA, the incidence and size of IA in animal models will be significantly reduced (18). Monocytes and macrophages play an important role in IA pathogenesis, but the mechanism is not known.

Cells are the basic unit of life, which can communicate via two distinct pathways (paracrine and autocrine) to regulate metabolism, differentiation, and other biological functions (19). Monocytes and macrophages in a hypertensive microenvironment may cause IA through scRNA-seq analysis. The rapid development of single-cell sequence technologies has allowed previous studies to collect gene expression data at the single-cell level in recent years (20–24). The analysis of single cells can identify the mechanisms of cellular interactions and is essential for establishing the molecular regulation of diseases at the microscopic level (25–28). Single-cell RNA sequencing analysis revealed that megakaryocytes and a few monocyte subpopulations may significantly elevate cytokine levels in patients with severe coronavirus disease 2019 (29). We hypothesized that single-cell analysis could provide insight into possible mechanisms underlying the development of hypertension-induced IA.

This study examined hub genes that contribute to IA progression among patients with hypertension and identified potential therapeutic targets for preventing and reducing the risk of IA, thereby lowering the risk of neurovascular diseases including cerebral hemorrhage.



METHODS


Data Acquisition

First, the Gene Expression Omnibus (GEO) database was searched for IA-related bulk and single-cell RNA-seq datasets. To investigate the possible role of hypertension in IA development, the keyword “Hypertension” was retrieved from the GEO dataset to obtain HT-related datasets. The filtering criteria for the datasets were as follows: First, bulk RNA-seq datasets were derived from human samples, and each dataset contained at least 10 samples. Second, single-cell RNA-seq datasets were assigned as the control design. Transcriptomic data from the peripheral blood mononuclear cells (PBMCs) of 11 patients with hypertension and 10 healthy controls (HCs) were collected from the GSE75360 dataset to analyze hypertension-related differentially expressed genes (DEGs) according to the set conditions (30). The mRNA transcriptomic data from 44 IA samples and 16 HC samples of the intracranial cortical artery from the GSE122897 dataset were used to analyze IA-related DEGs. The GSE13353 dataset contains 11 ruptured and 8 unruptured intracranial aneurysm samples, and this dataset was used as an external validation cohort in this study (31). To assess the transcription of AI-related genes at the single-cell level, we included a single-cell RNA-seq dataset (Gene Expression Omnibus accession no. GSE166676) with four cases of abdominal aortic aneurysm (AAA) and two cases of non-aneurysmal control (NAC) among patients with atherosclerotic occlusive disease after a cautious examination (32). The single-cell RNA sequencing (scRNA-seq) dataset contains transcriptomic data from 14,088 cells. All analyses and plots were created using R (version 4.0.2). Differences between groups were assessed using the Wilcoxon rank-sum test.



Quality Control and Data Merging of ScRNA-Seq Data

First, the R package Seurat (version 4.0) was used for the quality control of scRNA-seq data from AAA and NAC samples (33). The metrics used for quality control included the number of gene signatures detected in each cell, total RNA count, and proportion of mitochondrial and hemoglobin genes expressed. High-quality data from the scRNA-seq dataset were screened by removing cells containing <200 or > 2,500 genes as well as cells with > 10% of mitochondrial genes. Finally, we obtained 9,796 cells for subsequent analysis. The “SelectIntegrationFeatures” function was then used to identify the top 2,000 highly variable genes shared among the six samples. Further, the “FindIntegrationAnchors” function was then used to find the anchors from the highly variable genes. Finally, by applying the “IntegrateData” function, the scRNA-seq data from the six samples were combined for subsequent dimension reduction and clustering analysis.



Dimensionality Reduction, Clustering, and Annotation of scRNA-seq Data

The uniform manifold approximation and projection (UMAP) algorithm was used to analyze and visualize cell clustering (34). The top 30 principal components (PCs) were selected to further perform UMAP and clustering analysis. We first used SingleR (version 1.4) to predict the cell types of individual cell clusters (35). The Database of Immune Cell Expression (DICE) and Monaco Immune Cell Data were selected as the reference datasets to predict the types of immune cells in the IA single-cell dataset. Then, the cell type predictions were manually validated against the marker molecules of immune cells from the CellMarker (http://biocc.hrbmu.edu.cn/CellMarker/index.jsp) website to complete the final cell annotation.



Extraction and Differential Analysis of Target Cell Populations

According to a literature review, monocytes/macrophages play an essential role in IA progression (36). Therefore, we further included monocytes/macrophages for subsequent analysis. First, the RNA transcripts of all genes in the monocytes/macrophages between the AAA and NAC groups were subjected to differential expression analysis. Two approaches were used to identify DEGs between the two groups. The first approach applied the “FindMarker” function to identify DEGs between the two cell populations. The other approach used DESeq2 to the constructed pseudo-bulk RNA data after establishing the pseudo-bulk RNA-seq data for differential expression analysis. DEGs identified with these two approaches were combined as monocyte/macrophage-related DEGs.



Differential Analysis of Bulk RNA and Identification of Shared DEGs

Based on the type of bulk RNA-seq data, the limma or edgeR package was used for differential expression analysis. We applied the limma package for the differential analysis of FPKM-type RNA data and obtained IA-related DEGs (37). The R package “edgeR” was used to identify hypertension-related DEGs and to perform the differential analysis of count-type RNA data (38). DEGs were screened with a threshold of P < 0.05. Subsequently, we performed intersection analysis of IA-related DEGs, hypertension-related DEGs, and monocyte/macrophage-related DEGs to obtain shared DEGs, which were considered as genes of interest (GOIs).



Support Vector Machines–Recursive Feature (SVM-RFE) Elimination Model Construction and Variable Selection

Intersection analysis of IA-related DEGs and monocyte/macrophage-related DEGs revealed 57 shared DEGs. Then, using the bulk RNA-seq data for IA, we incorporated these 57 genes into the Support Vector Machines–Recursive Feature Elimination (SVM–RFE) model to predict the incidence of IA. This model can be applied to select the optimal number of variables that must be included in the model and can yield the most relevant variables for classification prediction (39).



TF-Gene Network Construction and Functional Pathway Enrichment Analysis

To explore the significant TF regulatory network in monocytes/macrophages, we applied the TRRUST (version 2.0) database to predict the TF–gene pairs corresponding to monocyte/macrophage-related DEGs (40). Cytoscape (version 3.9) was used to visualize this TF–gene network, and the Molecular Complex Detection plug-in was further used to identify the core sub-networks in this network (degree cutoff = 2, node score cutoff = 0.2, and max depth = 100).

To explore the potential pathways involved in DEGs, we used the clusterProfiler R package for Kyoto Encyclopedia of Genes and Genomes and Gene Ontology (GO) analysis as previous research (41, 42). Gene Set Enrichment Analysis (GSEA) was applied to analyze the functional pathways of enrichment of core genes at the individual and cellular levels. The “c2.cp.v7.2.symbols.gmt [Curated]” gene set downloaded from MSigDB Collections (https://www.gsea-msigdb.org/gsea/msigdb/) was used as the reference gene set. The filtering threshold for differences in functional pathways was set at P < 0.05 (43).




RESULTS


Quality Control and Annotation Results for scRNA-seq Data

First, we performed quality control on the scRNA-seq data of arterial tissue. The Figure 1A shows the distribution of total NRA counts, the number of gene signatures, and the proportion of mitochondrial gene expression and hemoglobin-related gene expression in cells before filtration. Following the pre-defined filtering conditions, 9,796 cells were included in the subsequent analysis (Figure 1B). UMAP showed that each cell cluster overlapped between the two groups and between the six samples. Therefore, data integration eliminated the batch effect (Figures 1C,D). Data were reduced in dimension and clustered into 21 cell clusters (Figure 2A). Figures 2B,C show four and eight cell clusters annotated using the DICE and Monaco reference datasets, respectively. Among them, monocytes had a relatively large overlap between the two annotation methods. Subsequently, we applied cellular annotation with nine cellular marker genes from CellMarker, which were consistently expressed between the two groups (Figure 2D). Figures 3A,B illustrate the expression of these nine cell markers within each cluster of cells. Among them, CSF1R was used to annotate monocytes/macrophages, CD14 to annotate monocytes, CD68 to annotate macrophages, CD3D and CD2 to annotate T cells, PRF1, and KLRF1 to annotate NK cells, ITGAX to annotate dendritic cells, and CD19 to annotate B cells. Finally, four cell types were annotated by combining the cell annotation results of SingleR and CellMarker, including T cells, B cells, NK cells, and monocytes/macrophages (Figure 3C). A significant difference in the percentage of T cells was observed between the AAA and NAC groups (p 0.05) (Figure 3D). In addition, the proportion of monocytes/macrophages differed significantly between samples in the AAA group. Thus, monocytes/macrophages might be involved in the different stages of IA progression.


[image: Figure 1]
FIGURE 1. Quality control and cell clustering of single cell data. (A) Scatter plot of quality control metrics for scRNA-seq data. The red dashed line represents the threshold used to filter out high quality transcriptomic data. pMT: percent of mitochondrial counts; pHB: percent of hemoglobin RNA counts. (B) Violin plots showing the distribution of cell characteristics after quality control. (C,D). UMAPs show the results of cell clustering based on the top 30 principal components, color coded by (C) tissue type, or (D) patient.
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FIGURE 2. SingleR annotation of cell clusters. (A) The UMAPs show a distribution of 21 cell clusters in the AAA and NAC groups, respectively. (B). Application of cell annotation to the DICE reference dataset.DICE: Database of Immune Cell Expression (/eQTLs/Epigenomics). (C) Cell annotation using Monaco Immune Cell Data. (D) Heat map showing good concordance in the expression of cellular marker genes between AAA and NAC groups.



[image: Figure 3]
FIGURE 3. Cell annotation in conjunction with CellMarker. (A) UMAPs show the results of applying the marker genes in CellMaker to annotate cells. (B) The bars depict the percentage of each cell type in each tissue type and patient. (C) UMAPs show the expression of cellular marker genes in cells. (D) Violin diagram depicting cell marker gene expression in each cell cluster.




Results of Differential and Intersection Analyses

In total, 2,102 monocytes/macrophages were extracted and used for differential analysis between the AAA and NAC groups. Further, DESeq2 and FindMarker identified 419 and 539 DEGs, respectively, with a total of 869 genes after removal of intersections. Then, 2,550 and 3,079 DEGs were identified from the bulk RNA-seq data of HT and IA, respectively. These genes of interest (GOIs) were annotated in the volcano map (Figures 4A,B). The top 20 upregulated and downregulated DEGs in AAA identified by FindMarker and DESeq2, respectively, are shown in Figures 4C,D. To further explore the functional pathways that are jointly dysregulated in hypertension and IA, GO function enrichment analysis of the 95 DEGs common to HT and IA was performed. Figures 4E,F show the pathways that are jointly upregulated and downregulated in hypertension and IA, respectively. Finally, cross-tabulation analysis revealed that five GOIs, including IFI30, SERPINE1, HMOX1, IL24, and RUNX1, were found to be associated with hypertension, IA, and monocytes/macrophages (Figure 4G). And the differential expression of IFI30, SERPINE1, HMOX1, IL24, and RUNX1 were shown in the volcano plot (Figures 4A,B).


[image: Figure 4]
FIGURE 4. Differentially expressed genes and intersection analysis. (A,B) Volcano plots showing the results of tests for differentially expressed genes in (A) HT, and (B) IA, respectively, and the differences in expression of GOIs are marked in the plots. (C,D). Differentially expressed genes in monocytes/macrophages obtained by applying (C) FindMarker, or (D) DEGs. (E,F) Differential gene-enriched (E) up-regulation pathway and (F) down-regulation pathway shared in HT and IA. (G) Intersection analysis of HT-associated DEGs, IA-associated DEGs and monocytes/macrophages-associated DEGs revealed five GOIs.




SVM–RFE Analysis of the Expression Distribution of Hub Genes in the Bulk RNA of IA

In total, 57 genes were identified as shared DEGs in monocytes/macrophages from AAA and IA (Figure 4G). These DEGs were then further screened by applying SVM–RFE to the bulk RNA-seq dataset from IA. The variable screening results of the SVM–RFE algorithm showed that the IA prediction model constructed from seven gene features (RPS4Y1, DDX3Y, RUNX1, CLEC10A, PLAC8, SLA, and LILRB3) had the highest accuracy (Figure 5A), with an area under the curve (AUC) of 0.862 (Figure 5B). This seven-gene SVM model was validated by ROC analysis with the GSE13353 dataset as an external cohort (AUC: 0.812) (Figure 5C). Figures 5D,E depict the ROC curves for each of the seven genes (AUC: 0.601–0.817). The above studies suggest that these genes (RPS4Y1, DDX3Y, RUNX1, CLEC10A, PLAC8, SLA, and LILRB3) can predict the prevalence of IA. Figure 5F depicts the expression distribution of these seven genes in the bulk RNA of IA. By analyzing the heat map, RUNX1, CLEC10A, PLAC8, SLA, and LILRB3 were found to be highly expressed in IA, while RPS4Y1 and DDX3Y were lowly expressed in IA.


[image: Figure 5]
FIGURE 5. Construction and variable selection of the intracranial aneurysm prediction model using the Support Vector Machines–Recursive Feature Elimination (SVM–RFE) algorithm. (A) Broken line graph of the number of genes identified using the SVM–RFE model and the accuracy of the model. Hence, the highest accuracy can be achieved using the SVM model constructed from seven genes. (B) Receiver operating characteristic (ROC) curve based on the SVM model constructed from these seven genes, with an area under the curve (AUC) value of 0.862. (C) Validation of this seven-gene SVM model by ROC analysis with an external cohort. (D,E) ROC curves showing the AUCs of RUNX1, LILRB3, PLAC8, SLA, RPS4Y1, CLEC10A, and DDX3Y. (F) Heatmap depicts the expression distribution of these seven genes in the bulk RNA of IA.




RUNX1 As a Hub Gene in IA Progression Determined via Network Analysis and Intersection Analysis

We analyzed and constructed the TF regulatory network in monocytes and macrophages (Figure 6A). In addition, the intersection analysis of the seven genes and five GOIs used to build the IA prediction model revealed that RUNX1 was the hub gene (Figure 6B). In the PPI network, RUNX1 was responsible for regulating four downstream molecules. According to the core sub-network of this PPI network, NFKB1, regulated by RUNX1, is the hub gene of the entire network (Figure 6C). Therefore, RUNX1 was identified as a hub gene in the IA process by network analysis and crossover analysis.


[image: Figure 6]
FIGURE 6. Construction of the protein–protein interaction network and hub gene screening. (A) TF-mRNA protein–protein interaction network in monocytes/macrophages. The red circles denote the RUNX1 and target genes. (B) Intersection analysis of the seven genes screened using the SVM–RFE model, and these five regions of interest yielded the hub gene RUNX1. (C) Sub-protein–protein interaction network showing that NFKB1, which is regulated by RUNX1, is the hub gene in this PPI network. (D) Gene Set Enrichment Analysis of RUNX1 at the single-cell level.




Correlation Between RUNX1 and IA Progression

We performed GSEA analysis of monocytes/macrophages in the single cell dataset. GSEA showed phospholipase C-mediated cascade FGFR4, dopaminergic neurogenesis, and RHO GTPases activate PAKs were downregulated in monocytes/macrophages upregulated with RUNX1 (Figure 6D). Based on GSE122897, GSEA was also further performed to explore the functional pathways enriched for RUNX1 at the individual level (Figure 7). Moreover, it revealed that in samples with upregulated RUNX1 expression, nonalcoholic fatty liver disease, oxidative phosphorylation, RUNX1 regulates the transcription of genes involved in the differentiation of HSCs and those involved in megakaryocyte differentiation, and platelet function pathway RUNX1 regulates genes involved in megakaryocyte differentiation and platelet function. Therefore, RUNX1 plays a complex role in IA progression. Further, it might be involved in IA progression via the regulation of HSC differentiation and platelet production and might play a potential regulatory role in oxidative phosphorylation.


[image: Figure 7]
FIGURE 7. RUNX1 GSEA at the bulk RNA level.





DISCUSSION

From cellular data, it is evident that RUNX1 contributes to the development of IA via its role in regulating NFKB1 in monocytes/macrophages within the hypertensive microenvironment. GSEA revealed that RUNX1 was associated with IA progression by regulating hematopoietic stem cell differentiation and platelet production.

In this study, scRNA-seq data were used to examine the transcriptional patterns of IA at the single-cell level. The risk mRNAs of IA were screened, and predictive models were established using the combined bulk RNA-seq data. Further, the IA-related TF-gene regulatory network was constructed. RUNX1 was identified as the hub gene, and it regulated four genes. And NFKB1 was found to be regulated by RUNX1. This finding was consistent with that of previous studies showing that NF-κB was involved in IA progression (44, 45). And we first identified the mechanism at the single-cell level.

RUNX1 was significantly expressed in the IA group (P < 0.001). GSEA revealed that phospholipase C-mediated cascade FGFR4, dopaminergic neurogenesis, and RHO GTPases activate PAKs were downregulated in monocytes/macrophages cells where RUNX1 was upregulated. Thus, RUNX1 plays a complex role in IA progression, possibly via the regulation of hematopoietic stem cell differentiation and platelet production. RUNX1 might be a hub gene between hypertension, IA, and DEGs in monocytes. Previous studies have found that RUNX1 is involved in hypertension progression to some extent. Further, it is an important hematopoietic transcription factor associated with thrombocytopenia and impaired platelet activation response and is correlated with vascular disease progression (46). RUNX1 is involved in endothelial cells and hematopoietic processes, thereby affecting endothelial function and inflammatory changes, and the abnormal expression of RUNX1 can induce hypertension (47). An experimental study has shown that the inhibition of RUNX1 expression decreases pulmonary hypertension progression in mice (47). In addition, it reduces vascular remodeling and macrophage recruitment, which play essential roles in hypertension progression (48, 49). Hypertension is a significant risk factor for IA progression.

The role of RUNX1 identified in related studies may be relevant to IA. RUNX1 is involved in regulating endothelial cell function and is a key transcriptional regulator of the conversion of endothelial to hematopoietic cells (47, 50). An early feature of IA is endothelial cell dysfunction and degeneration (51). Lilly et al. found that SOX7 interacted with RUNX1 at the protein level and inhibited the transcriptional activity of RUNX1, thereby regulating the conversion of endothelial to hematopoietic cells and maintaining arterial endothelium stability (52). RUNX1 can directly or indirectly regulate signal transduction pathways such as the TGF-β signaling pathway and the Wnt signaling pathway (53). TGF-β is associated with cerebral edema after subarachnoid hemorrhage and can be used as a prognostic indicator (54). Therefore, RUNX1 in the TGF-β signaling pathway may be correlated with the progression and prognosis of IA. Based on the functions played by RUNX1 in the progression of hypertension and IA, we hypothesized that RUNX1 promotes hypertension progression combined with IA.

A population-wide genomic study showed that NFKB1 is a susceptibility gene for primary hypertension (54). NFKB1 is involved in hypertension progression by affecting vascular endothelial function via the regulation of downstream NOS3 gene expression (55). It also promotes oxidative stress injury in gestational hypertensive mice, which contributes to hypertension pathogenesis (56–58). In addition, NF-κB is involved in the IA progression via several pathways. The activation of NF-κB in signaling pathways upregulates MCP-1 expression and participates in the apoptotic process in vascular smooth muscle cells. This phenomenon further reduces the elasticity of the cerebral vascular wall, making it less able to adapt to altered hemodynamics, promotes IA progression, and increases the risk of rupture (59–61). NF-κB elevates the transcription of various pro-inflammatory genes such as COX-2, CCL-2, MMP, and iNOS, and the inflammatory response is involved in the progression and rupture of IA (62, 63). Moreover, macrophage infiltration and NF-κB activation are reduced if macrophages are specifically absent or in the mutants of the NF-κB inhibitory protein. To the best of our knowledge, this study first identified the role of RUNX1 in monocytes/macrophages at the single-cell level in IA progression among patients with hypertension via the regulation of NFKB1.

The purpose of this study was to investigate the potential mechanisms of IA induction by monocytes and macrophages in the hypertensive microenvironment at the single-cell level using bioinformatics. RUNX1 and its regulated NFKB1 were identified as hub genes. RUNX1 may play a role in the progression of IA by regulating abnormalities in hematopoietic stem cell differentiation and platelet production. Identification of these two genes is an important step in understanding IA mechanisms in patients with hypertension. Moreover, it can facilitate further research about potential targets for preventing and reducing the risk of IA in patients with hypertension. There was no single-cell dataset available for IA assessment; therefore, the single-cell dataset (GSE166676) for AAA assessment was used instead. The dataset should be expanded in the future. Finally, neither cellular nor animal tests were conducted to investigate the signaling pathways of the identified hub genes. Further work is required to corroborate these findings.



CONCLUSION

RUNX1 in monocytes/macrophages is associated with the development of IA via the expression of NFKB1 among patients with hypertension. This potential role can lay the foundation for the further identification of molecular mechanisms underlying IA progression in patients with hypertension and can provide data about treatment targets in IA among patients with hypertension.
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We aim to investigate potential morphological alterations of the brain in female climacteric patients with dry eye (DE) and their relationship to behavioral performances. Twenty-five female patients with DE disease during the female climacteric period and 25 age and education-matched healthy controls (HCs) underwent magnetic resonance imaging. Imaging data were analyzed using voxel-based morphometry (VBM) to identify group differences in DE patients and HCs. Compared with HCs, patients with DE during the female climacteric period had significantly decreased VBM in the Putamen_L, Thalamus_R, Precuneus_L, Frontal_Sup_R, Cingulum_Mid_L, and Frontal_Mid_L. There was increased VBM in the Temporal_Pole_Sup_R, Precentral_R and Insula_L. Receiver operating characteristic curve analysis indicated that the VBM method has clear potential for diagnosis of DE patients during the climacteric period. Correlation analysis found a negative correlation between the VBM values of the Putamen_L and the anxiety score (AS) and depression score (DS), a positive correlation was found between VBM values of the Temporal_Pole_Sup_R and AS. Moreover, VBM values in the Cingulum_Mid_L were positively correlated with AS and DS. These results revealed abnormal spontaneous activity in the brain regions of patients with DE during the climacteric period, which may indicate underlying pathological mechanisms. These results may help to advance clinical treatments.

Keywords: voxel-based morphometry, magnetic resonance imaging, gray matter density, dry eye disease, climacteric period


INTRODUCTION

Dry eye (DE) is a term used for a variety of diseases with eye surface tissue damage caused by an abnormal quantity or quality of tears or tear film instability caused by dynamic abnormalities. Eye discomfort is the main complaint and, in some severe cases, visual impairment may occur. Generally, DE can be divided into two types: insufficient tear production and excessive tear evaporation. The former is caused by lacrimal gland dysfunction, which has been termed aqueous tear deficiency (ATD). The latter mainly refers to meibomian gland dysfunction (MGD). DE is more prevalent in women than men and the incidence increases with age (1, 2). According to an epidemiological study, 11.3% of people more than 50 years old were diagnosed with DE, and that percentage increased to 22.8% in women more than 75 years old (1). Since DE not only causes visual impairment, which directly affects daily living, it also brings sociopsychological problems that reduce the quality of life. The increased need for therapy and reduced incomes due to decreasing productivity makes DE a cause of economic burdens (1–5).

The climacteric period, also known as menopause, refers to a period of time that correlates with the age-related decline in ovarian hormone production, usually starting at the ages of 49 to 52 years. Although statements about the climacteric period have been made in the medical literature for centuries, a scientific approach to understanding the climacteric years is a young branch of medicine (6). As mentioned above, DE is more prevalent in females, especially at the age of menopause. This is mainly because of hormonal disorders. Decreased hormonal levels may reduce production of tear film components (7). Several studies have suggested that hormone replacement therapy may have benefits in DE patients during the female climacteric period (8, 9). AlAwlaqi and Hammadeh showed an increased risk of DE symptoms in women taking hormone replacement therapy (10). Thus, the specific mechanism of hormonal disorders and DE remains unclear.

In recent years, research on the clinical diagnosis, treatment, and pathological development of ophthalmic diseases has increasingly proliferated with medical imaging technology. Voxel-based morphometry (VBM), as a new method of magnetic resonance imaging (MRI) analysis, can be used to quantitatively analyze alterations in the density and volume of white and gray matter using each individual voxel in magnetic resonance images, thus reflecting the anatomical structure differences in corresponding regions (11). This may provide an entirely new way to explore neuropathological changes with eye diseases. The VBM technique has already been used widely in many ophthalmic diseases, such as retinal detachment, monocular blindness, concomitant strabismus, optic neuritis, and acute eye pain, as well as other neurogenic diseases (Table 1). In our study, we aimed to determine whether structural changes exist in certain brain regions of female patients with DE during the climacteric period compared to healthy controls (HCs).


Table 1. VBM method applied in ophthalmologic and neurogenic diseases.
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MATERIALS AND METHODS


Subjects

Twenty-five female patients with DE during the female climacteric period were recruited. Inclusive criteria were as follows: 1) primary DE diagnosed by an experienced ophthalmologist; 2) no menstruation for at least 12 months and met the criteria of climacteric period judged by the gynecologist; and 3) not treated with any drugs or had stopped treatment for at least 2 weeks before recruitment. Exclusive criteria were as follows: 1) conjunctival scarring, atresia, or complete atrophy of the lacrimal gland and accessory lacrimal glands; 2) other obvious abnormalities of the conjunctiva, cornea, or iris; 3) pregnant or nursing women; 4) history of mental health disorders, diabetes, cerebral infarction, or cardiovascular diseases; 5) history of addictions (alcohol and/or drugs); 6) abnormality of the brain parenchyma as shown by MRI; and 7) contraindication for MRI scanning.

Twenty-five female HCs were also enrolled. Their average age and educational level were similar to the participants in the DE group. All HCs met the following criteria: 1) best-corrected visual acuity >1.0; 2) no organic ocular diseases; 3) no menstruation for at least 12 months and met the criteria of climacteric period judged by the gynecologist; 4) no abnormalities of the brain parenchyma or visual pathway on head MRI scans; 5) no drug or alcohol addiction; 6) no mental illness or cerebral diseases, and 7) no contraindications for MRI.

The study was authorized by the Ethics Committee of the First Affiliated Hospital of Nanchang University. All participants were offered an explanation of the standard operation procedure (SOP) for MRI scans and signed the consent form. All the protocols in the study followed the Declaration of Helsinki and conformed to the principles of medical ethics.


Administration of the Hospital Anxiety and Depression Scale (HADS)

The HADS was used to quantitatively assess anxiety and depression (20). For participants who were illiterate or were unable to read due to visual impairment, an investigator read the questionnaire aloud. For all participants, an investigator verbally explained the purpose of the questionnaire and its confidential nature. We calculated the anxiety score (AS) and depression score (DS) separately.



Structural MRI Parameters

A 3T MR scanner (Siemens, Munich, Germany) with a 12-channel head coil was used to perform MRI scanning. We acquired high-resolution T1-weighted functional images using a magnetization-prepared rapid gradient echo (MP-RAGE) sequence covering the entire brain. The detailed parameters were as follows: 176 slices with section thickness of 1.0 mm; echo time = 2.26 ms; repetition time = 1,900 ms; and field of view = 215 × 230 mm. The scanning procedure was carried out for all participants by the same experienced radiologist and no participants were excluded.



Image Processing

For data acquisition and processing, MRIcron (http://www.nitrc.org/projects/mricron) was employed to classify functional data and eliminate incomplete data. The structural images were processed with a voxel-based morphometry toolbox (VBM8, dbm.neuro.uni-jena.de/vbm8) on a statistical parameter map (SPM8; http://www.fil.ion.ucl.ac.uk). All procedures were carried out using MATLAB7.9.0 software (The MathWorks, Natick, MA). Based on VBM8, individual brains were divided into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). More details were presented in a previous study (13).



Processing of Data

Using the SPM8 toolkit, we applied general linear model analysis (GLM) to investigate the differences in GM and WM between DE patients and HCs after controlling for age. P < 0.05 was considered statistically significant, and Gaussian random field (GRF) theory correction was used for multiple comparisons (minimum z >2.3). To generate a colored map, significant voxels were superimposed on the normalization of three-dimensional magnetization, fast acquisition gradient echo sequences (3DT1WIs). Area analysis of gray matter changes was performed at the voxel threshold setting as 20 neighboring voxels.

Using REST1.8 software (www.resting-fmri.Sourceforge.net), distinct brain regions were defined as regions of interest (ROIs). We then used receiver operating characteristic (ROC) curves for each ROI to explore the relationship between mean outcomes and clinical features in different regions of the brain.



Statistical Analysis

We used two-sample t-tests to compare VBM values at the ROIs between the DE and HCs groups with age as covariates to control for these factors. ROC curves were also used to assess sensitivity of the discrimination between mean VBM values in the two groups. In addition, Pearson's correlation analysis was applied to VBM and HADS scores. SPSS version 19.0 statistical software for Windows (SPSS, IBM Corp, USA) was used to analyze the data, and GraphPad Prism 8.0 software (the GraphPad Software, Inc. La Jolla, CA) was applied for figure generation. * meant the P-value was <0.05 and was considered statistically significant in all cases.





RESULTS


Demographics and Visual Measurements

The best-corrected visual acuity was significantly decreased in both eyes of DE patients, compared with HCs (p = 0.034, right eyes; p = 0.032, left eyes.) No significant differences were found in weight (p = 0.892) or age (p = 0.854) between the DE patients and HCs (Table 2).


Table 2. Clinical characteristics of patients in the DE and HC groups.
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VBM Values and Brain Regions

Compared to HCs, DE patients had significantly increased VBM in the Temporal_Pole_Sup_R (t = −4.1164), Precentral_R (t = −27.6921) and Insula_L (t = −4.6003), decreased VBM values in the Putamen_L (t = 7.5285), Thalamus_R (t = 5.4554), Precuneus_L (t = 6.5564), Frontal_Sup_R (t = 9.7716), Cingulum_Mid_L (t = 12.6833) and Frontal_Mid_L (t = 7.7449; Figures 1, 2, Table 3).


[image: Figure 1]
FIGURE 1. Significant differences in VBM values between DE patients and HCs. The brain regions with different VBM values were the Precuneus_L, Putamen_L, Frontal_Sup_R, Frontal_Mid_L, Thalamus_R, Cingulum_Mid_L, Insula_L, Precentral_R, Temporal_Pole_Sup_R (A). The read areas denote higher fALFF brain regions and blue areas denote lower fALFF brain regions (B).
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FIGURE 2. The average VBM values of DE patients and HCs. Compared with HCs, DE patients had significantly decreased VBM values in the left putamen, right thalamus, left precuneus, right superior frontal lobe, left middle cingulum and left middle frontal lobe; increased VBM in the right superior temporal_pole, right precentral area, and left insula lobe.



Table 3. Brain areas with significantly different VBM values between the groups.
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3.3. ROC Curve Analysis

The area under the ROC curves were 0.548 for the Precuneus_L (p = 0.562; 95% CI: 0.385–0.711); 0.415 for the Putamen_L (p = 0.308; 95% CI: 0.253–0.577); 0.525 for the Frontal_Sup_R (p = 0.764; 95% CI: 0.360–0.690); 0.518 for the Frontal_Mid_L (p = 0.826; 95% CI: 0.353–0.683); 0.545 for the Thalamus_R (p = 0.589; 95% CI: 0.381–0.709); and 0.590 for the Cingulum_Mid_L (p = 0.280; 95% CI: 0.428–0.752; Figure 3A). The area under the ROC curves were 0.532 for the Insula_L (p = 0.704; 95% CI: 0.367–0.696); 0.585 for the Precentral_R (p = 0.308; 95% CI: 0.423–0.747); and 0.517 for the Temporal_Pole_Sup_R (p = 0.841; 95% CI: 0.351–0.682; Figure 3B).
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FIGURE 3. ROC curve analysis of the mean VBM values for altered brain regions. (A) The areas under the ROC curve were 0.548 for Precuneus_L (p = 0.562; 95% CI: 0.385–0.711); Putamen_L 0.415, (p = 0.308; 95% CI: 0.253–0.577); Frontal_Sup_R 0.525, (p = 0.764; 95% CI: 0.360–0.690); Frontal_Mid_L 0.518, (p = 0.826; 95% CI: 0.353–0.683); Thalamus_R 0.545, (p = 0.589; 95% CI: 0.381–0.709); Cingulum_Mid_L 0.590, (p = 0.280; 95% CI: 0.428–0.752). (B) The areas under the ROC curve were 0.532 for the Insula_L (p = 0.704; 95% CI: 0.367–0.696); 0.585 for the Precentral_R (p = 0.308; 95% CI: 0.423–0.747) and 0.517 for the Temporal_Pole_Sup_R (p = 0.841; 95% CI: 0.351–0.682). AUC, area under the curve; ROC, receiver operating characteristic.




Correlation Analysis of the VBM Values and Clinical Measurements in DE Patients

Mean VBM values in the Cingulum_Mid_L of DE patients were positively correlated with the AS (r = 0.2371, p = 0.0136) and DS (r = 0.2135, p = 0.0200). The mean VBM values in the Putamen_L of DE patients were negatively correlated with the AS (r = 0.3956, p = 0.0008) and DS (r = 0.3770, p = 0.0011). The mean VBM values in the Temporal_Pole_Sup_R of DE patients were positively correlated with the AS (r = 0.2190, p = 0.0183; Figure 4). No correlation was found between the duration of the disease and VBM values in any of the brain regions.


[image: Figure 4]
FIGURE 4. Correlation between the VBM values of the brain regions and HADS. In the DE group, the VBM values of the Cingulum_Mid_L showed a positive correlation with the AS [r = −0.2371, p = 0.0136, (A)] and DS [r = 0.2135, p = 0.0200, (D)]. Mean VBM values in the Putamen_L of DE patients were negatively correlated with the AS [r = 0.3956, p = 0.0008, (B)] and DS [r = 0.3770, p = 0.0011, (E)]. Mean VBM values in the Temporal_Pole_Sup_R of DE patients were positively correlated with AS (C) [r = 0.2190, p = 0.0183].






DISCUSSION

This is the first study that investigated changes in brain regions in DE patients during the female climacteric period using a VBM approach. In our study, compared to HCs, significantly decreased VBM values was found in the left putamen, right thalamus, left precuneus, right superior frontal lobe, left middle cingulum, and left middle frontal lobe. Meanwhile, increased VBM values were found in the right superior temporal pole, and right precentral and left insula (Figure 5). ROC curve analysis indicated the potential role of the VBM method for diagnosing DE patients during the climacteric period. Correlation analysis suggested a correlation between the VBM values of certain brain regions in DE patients and their HADS score, but no correlation was found between the duration of the disease and VBM values. Namely, the VBM values of the Putamen_L were negatively correlated with the AS and DS, while a positive correlation was found between VBM values in the Temporal_Pole_Sup_R and the AS. Moreover, VBM values in the Cingulum_Mid_L of DE patients were positively correlated with the AS and DS.


[image: Figure 5]
FIGURE 5. Mean VBM values of altered brain regions. Compared to HC subjects, the VBM values of the following regions were decreased to various extents: 6- Precuneus_L (t = 6.5564), 5- Putamen_L (t = 7.5285), 3- Frontal_Sup_R (t = 9.7716), 4- Frontal_Mid_L (t = 7.7449), 7-Thalamus_R (t = 5.4554), 2- Cingulum_Mid_L (t = 12.6833). Compared with the HCs, the VBM values of the following regions were increased to various extents: 8-Insula_L (t = −4.6003), 1- Precentral_R (t = −27.6921), 9- Temporal_Pole_Sup_R (t = −4.1164). HCs, healthy controls; BA, Brodmann's area.


The precuneus is the posterior part of the medial parietal cortex (21). Recent functional imaging findings suggested that the precuneus may participate in visuo-spatial imagery and other highly integrated works (22). The precuneus may also be responsible for self-consciousness (23). In our study, lower VBM values of the Precuneus_L were found in DE patients compared to HCs, suggesting that visual impairment secondary to DE may be correlated with changes in the precuneus lobe.

The thalamus is located in the diencephalon and is comprised of four parts (24). It is a vital relay center for both sensory and motor mechanisms and has several important functions, including sensory and motor functions, sleeping, and emotions (22). Basilious summarized 32 studies and concluded that the prevalence of depression and anxiety are much higher in DE patients (25). In another study, DE patients showed sleep quality reduction (26). In addition, menopausal women with sexual dysfunction also reported a higher prevalence of depression and anxiety (27), as well as sleeping disorders (28). In the present study, the VBM values of Thalamus_R were obviously decreased in DE patients compared to HCs, which corresponded with emotional changes (depression and anxiety) and sleep disorders in DE patients during menopause.

The putamen is part of the lentiform nucleus, which constitutes part of the basal ganglia with other nuclei (29). The putamen is mainly responsible for learning and motor control, as well as cognitive function (30, 31). Kuru found putamen abnormalities in patients with various motor and cognitive dysfunctions (32). In our study, the VBM values of Putamen_L in DE patients were lower and negatively correlated with HADS scores, indicating that these patients may have cognitive disfunction or movement disorders.

The frontal lobe is located anteriorly to the central sulcus and superiorly to the lateral sulcus. The external part of the frontal lobe is divided into three large surfaces (33). In recent years, the middle frontal gyrus (MFG) has been suggested to be part of the language network (34). In addition, Carter's research indicated the role of MFG in stress and cognitive functions (35). The superior frontal gyrus (SFG) has been linked to depression, cognition, and attention (36). Chang and his colleagues found SFG abnormalities in patients with depression (37). Thus, dysfunction of the frontal lobe may result in emotional and cognitive problems. In fact, we found VBM values declined in the frontal lobe, which was in accordance with our previous study (38).

The temporal lobe is a complex region. It has diverse cortical functions. Abnormal activation of these brain regions may cause epilepsy, schizophrenia, and amnesia (39). The insular cortex is buried inside the lateral sulcus of the brain (40). It can be divided into four functional parts with motor, olfactogustatory, socioemotional, and cognitive functions (41). The precentral gyrus is located on the lateral surface of the frontal lobe. It is involved in controlling voluntary motor movement (42). Another study found a correlation between decreased FA values in the precentral gyrus and age processing (43). Brain region alternation and its potential impact was summarized in Table 4. In this study, we demonstrated increased VBM values in the above brain regions in DE patients during menopause. Abnormal activity in these brain regions may be correlated with some excessive symptoms of DE patients, such as anxiety. Given that other functionally-similar brain regions showed contradictory low VBM values, compensation mechanisms may also exist in these brain regions.


Table 4. Brain region alternations and their potential impact.

[image: Table 4]

A variety of systemic comorbidities has been reported in patients with DE and other ocular diseases, such as problems with memory, depression, cognition, and sleep (44). More severe organic symptoms, sensory and sensorimotor neuropathies, and movement disorders have also been reported (45). We believe that these symptoms may be related to changes in the VBM values of the brain regions mentioned above. Our research demonstrated that the clinical symptoms of DE patients were indeed associated with brain dysfunctions. Thus, we offer two assumptions: 1) DE causes emotional instability, which aggravates endocrine disorders and makes menopausal symptoms more obvious; and 2) abnormal endocrine function in menopause leads to poor lacrimal gland function, meibomian gland dysfunction, and then finally develops to DE.

There are some limitations in our study. First, DE can be divided into many different types, and our sample size was not large enough to subdivide patients into subgroups. Larger sample MRI studies may help increase understanding of the explicit changes in brain activity and DE at different ages or in different categories. Second, both DE and the climacteric period may cause psychological problems, thus impacting brain activity. Whether brain activity changes are secondary to DE, further aggravate symptoms of the climacteric period, or that the climacteric period caused brain activity changes and then contributes to DE remains unknown. In the future, larger more in-depth studies may help to address this question.



CONCLUSIONS

In conclusion, our study found significant abnormalities in certain brain regions in patients with DE during the climacteric period. ROC analyses indicated high accuracy of the VBM method for diagnosing DE patients. In the future, further investigations are needed to form a comprehensive understanding of the neuropathological mechanisms of DE.
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Objectives: Present study aims to identify the essential mRNAs responsible for the development of brain neurovascular-related metastases (BNM) among lung adenocarcinoma (LUAD) patients. Further, we attempted to predict brain metastases more accurately and prevent their development in LUAD patients.

Methods: Transcriptome data analysis was used to identify differentially expressed mRNAs (DEMs) associated with brain metastasis, and thereby the ferroptosis index (FPI) is calculated using a computational model. Meanwhile, the DEmRNAs linked with FPI, and brain metastasis were derived by the intersection of these two groups of DEMs. We also constructed a ceRNA network containing these DEmRNAs, identifying the HCP5 /hsa-miR-17-5p/HOXA7 axis for analysis. Further, a clinical cohort was employed to validate the regulatory roles of molecules involved in the ceRNA regulatory axis.

Results: Here we report the development of a ceRNA network based on BNM-associated DEMs and FPI-associated DEmRNAs which includes three core miRNAs (hsa-miR-338-3p, hsa-miR-429, and hsa-miR-17-5p), three mRNAs (HOXA7, TBX5, and TCF21), and five lncRNAs (HCP5, LINC00460, TP53TG1). Using gene set enrichment analysis (GSEA) and survival analysis, the potential axis of HCP5 /hsa-miR-17-5p/HOXA7 was further investigated. It is found that HOXA7 and ferroptosis index are positively correlated while inhibiting tumor brain metastasis. It may be that HCP5 binds competitively with miR-17-5p and upregulates HOXA7 to increase iron death limiting brain cancer metastases

Conclusions: The expression of both HOXA7 and HCP5 is positively correlated with FPI, indicating a possible link between ferroptosis and BNM. According to the results of our study, the ferroptosis-related ceRNA HCP5 /hsa-miR-17-5p/HOXA7 axis may contribute to the development of BNM in LUAD patients.

Keywords: HCP5, hsa-miR-17-5p, HOXA7, lung adenocarcinoma, ferroptosis, neurovascular, brain metastasis, biomarker


INTRODUCTION

Lung adenocarcinoma (LUAD) is the most common histological subtype of non-small cell lung cancer (NSCLC) which frequently occurs in peripheral lung tissue while accounting for approximately 70% of NSCLC and 40% of lung tumors (1–4). There has been an increase in LUAD morbidity and mortality rates worldwide in recent years (5–7). LUAD patients have an extremely low average survival rate (8, 9). In some studies, it has been estimated that there are 90,000 LAUD cases and around 8,00,000 LUAD deaths worldwide each year (10, 11). The 5-year survival rate for LUAD is <20% even though treatment options have evolved in recent times (12, 13). Such a low survival rate for LUAD patients may be attributed to its high infiltration and metastasis rates (14). Metastasis of LUAD often occurs in the brain, where the incidence and prognosis are poor, which poses a significant risk to the patients' health (15, 16). This suggests that brain metastases are a significant cause of treatment failure and death in patients with LUAD. Hence, to improve LUAD patients' prognosis, it is critical to identify biomarkers associated with brain metastases (17).

It has been demonstrated that ferroptosis plays a significant regulatory role in the treatment of many diseases, including cardiovascular, kidney, and oncological disorders (18–21). A ferroptosis process has been observed to influence tumor growth in oncological diseases and its role is expected to be exploited as an anti-cancer therapy target (22, 23). Ferroptosis is associated with the development of NSCLC and inducing ferroptosis may improve the therapeutic potential of NSCLC (24, 25). Some studies suggest that ferroptosis in lung cancer is regulated by USP35, which is thought to affect the growth and progression of the disease and may represent a new therapeutic target (22). Furthermore, ferroptosis appears to enhance the antitumor effects of conventional chemotherapy and radiotherapy (26–28). However, an exact mechanism of action for ferroptosis in LUAD brain metastases is still unknown.

Additionally, the ceRNA network is involved in regulating multiple tumor types (29–32). Several studies have shown that the ceRNA network has an association with lung cancer prognosis and NSCLC cell proliferation (33, 34). There was previously a finding that lincRNA00494 as ceRNA suppresses the proliferation of non-small cell lung cancer cells by regulating SRCIN1 expression (33). Studies have also shown that ceRNA regulatory networks can be used to construct models for assessing the prognosis of patients with malignancies (35). Thus, ferroptosis-related ceRNA may be a good candidate for the identification of new biomarkers in lung cancer diagnosis and prognosis (36).

The major focus of our study was to identify the major mRNAs involved in the development of BNM among LUAD patients and to explore the potential of the ceRNA regulation network for identifying new biomarkers. In addition, this research also intended to uncover any possible therapeutic target to monitor and improve the risk of BNM in LUAD patients with the possibility to extend their survival period.



METHODS


Data Download

Due to the lack of BNM information in The Cancer Genome Atlas (TCGA, accessible at https://portal.gdc.cancer.gov/) project, we downloaded the transcriptome profile of LUAD brain neurovascular-related metastases (BNMs) from GSE141685 in the Gene Expression Omnibus (GEO) database (37). This BNM-LUAD dataset is containing bulky RNA sequencing (RNA-seq) data from surgically resected brain metastases of 6 LUAD patients. To investigate the potential molecules and pathways involved in LUAD brain metastasis, we have compared the BNM-LUAD bulk RNA-seq data with nM-LUAD (LUAD with no metastasis) bulk RNA-seq data of 384 patients from the TCGA database. From the TCGA database, we also downloaded miRNA sequences and clinical characterization data on nM-LUAD. In addition, the raw transcript RNA-seq data from the BNM-LUAD dataset were stored in Sequence Read Archive (SRA) file format and downloaded locally for subsequent RNA-seq analysis.



Data Preparation and Recruitment of Patients

The Kallisto software was used to quantify transcript abundance on bulk RNA-seq data (38). The transcripts per million (TPM) units of gene expression are included in the quantitative results of the transcriptome data and the log (TPM+1) for gene expression is calculated. In the next step, we applied the “ComBat” function from the limma package to remove the batch effect and pooling of data (39). To validate the findings of this study, an independent cohort of LUAD patients was also utilized. The Institutional Ethics Review Board of The First Affiliated Hospital of Guangxi Medical University has approved this study and informed written consent was also obtained from all the patients. We randomly collected and then examined 29 tumor tissue samples from the First Affiliated Hospital of Guangxi Medical University where this cohort was enrolled as a clinical cohort. A combination of diagnostic imaging and histology is used to better understand the clinical diagnosis. To obtain tumor tissue samples, surgical excision was used, and excess tumor tissues were collected only after a confirmed pathological diagnosis.



Identification of FPI-Related Genes

In the TCGA nM-LUAD dataset, we used the GSVA package to calculate the enrichment scores of ferroptosis-related gene sets (including ACSL4, ALOX15, COQ10A, COQ10B, FDFT1, GPX4, HMGCR, SLC3A2, SLC7A11, NFE2L2, NOX1, NOX3, NOX4, and NOX5). This followed the ferroptosis index (FPI) calculation by applying the standardized method as described previously (40, 41). These FPI scores are used to quantify the likelihood of ferroptosis of cells within a tumor or tissue and based on median FPI scores, nM-LUAD patients are divided into high and low FPI groups. We next performed differential expression analyses for lncRNAs, miRNAs, and mRNAs between the low and high FPI groups with the limma package (p < 0.05). These differentially expressed mRNAs (DEMs) were defined as ferroptosis-related or FPI-related mRNAs (including FPI-related DEmRNAs, DEmiRNAs, and DElncRNAs). As described previously by utilizing the clusterProfiler R package the FPI-associated DEmRNAs are used for functional pathway analysis including the Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene ontology (GO) (42–44).



Identification of Brian Metastasis-Related Genes

In this study, a significance level of p < 0.05 was set as the cut-off criterion. We have also performed a differential expression analysis between the BNM and no metastasis groups using the “limma” package. The calculated DEMs were named BNM-related mRNAs which are associated with the development of BNM in LUAD.



Identification of Genes Potentially Regulated by Identified FPI-Related miRNAs

We performed intersection analysis studies while including FPI-related DEmRNAs and BNM-related DEmRNAs that may play a crucial role in ferroptosis and brain metastases. Firstly, the miRcode database confirmed a relationship between delncRNAs and demiRNAs (45, 46). After that, we used miRWalk (http://mirwalk.umm.uni-heidelberg.de/) to identify shared DEmiRNAs and DEmRNAs between FPI and BNM (47). As a result, ceRNA networks were constructed based on DElncRNA-DEmiRNA interaction pairs and DEmiRNA-DEmiRNA interaction pairs.



Identification of Genes as the Target of FPI-Related miRNAs Associates to FPI, Brain Metastasis, and FPI-Related miRNAs

The correlation analysis was used to screen possible lncRNA-miRNA and miRNA-mRNA interaction pairs further. A Cox regression analysis was conducted on the molecules in these interaction pairs to predict the probability of survival of LUAD patients after 1, 3, and 6 years. To quantify and predict the survival rates of LUAD patients, the time-dependent receiver operating characteristic curve (ROC) and area under the curve (AUC) were used. We used the “survival” R package to analyze survival data and the “survminer” R package to visualize the data. A Pearson's method and linear regression analysis were then performed to determine the correlation between the variables. The “ggplot2” package was used to plot the heat map and scatter plots of the statistical tests.



Gene Set Enrichment Analysis

GSEA (Gene Set Enrichment Analysis) is a bioinformatics technique for exploring a specific set of functional genes (48, 49). Two groups are generated depending on the expression level of the target gene and critical pathway analysis was then conducted using GSEA. We used the reference dataset “c2.cp.v7.2.symbols.gmt [Curated]” for the enrichment analysis. All adjusted p-values < 0.05 were considered significantly enriched.



Quantitative Reverse Transcription PCR (qRT-PCR)

To quantify the abundance of mRNAs and miRNAs in samples, the total RNA was extracted from cells using Trizol reagent (Invitrogen) and quantified using Nanodrop (Thermo Scientific, Waltham, USA). The expression of miRNAs was determined by stem-loop qPCR (Taq-Man) as mentioned previously as a reference. We conducted a qPCR on the cDNA template with TB GreenTM Premix Ex TaqTM II (Takara; RR820A) to determine the levels of mRNA. In addition, qPCR primer sets for miRNAs as well as mRNAs were obtained from RiboBio while mRNA qPCR primers have been synthesized by Sangon (Shanghai, China), as described in previous studies (50). For the relative quantification of gene expression levels, the CT method was performed in triplicates while GAPDH or U6 are included as internal controls.



Statistical Methods

Statistical analyses were performed using R software (version 4.0.2). The Kaplan-Meier method was used, and survival curves were plotted for survival analyses. Unless otherwise stated, p < 0.05 was found to be significant.




RESULTS


DEGs Related to Ferroptosis Index in LUAD

The flow chart of this study is shown in Figure 1. We calculated the probability of ferroptosis based on the core mRNAs associated with ferroptosis and it was termed the ferroptosis index (FPI) (40). According to their median FPI values, 384 LUAD patients without metastasis (nM-LUAD) in the TCGA-LUAD project were classified into high or low FPI groups. We then identified 5,958 DEmRNAs, 2,380 lncRNAs, and 68 DEmiRNAs to analyze the differences between the low and high FPI groups (Figures 2A–C). It has been proposed that these dysregulated mRNAs are associated with ferroptosis and are known as FPI-related mRNAs. The DEmRNAs that were upregulated in the low FPI group were enriched in RNA splicing, stereocilium, presynaptic active zone, and RNA polymerase complex (Figure 2D). Conversely, pathways that were downregulated in the low FPI group included collagen–containing extracellular matrix, positive regulators of cell adhesion, focal adhesion, and cell adhesion molecule binding (Figure 2E). The analysis described above can identify the mRNAs associated with FPI in LUAD, as well as their possible functions.


[image: Figure 1]
FIGURE 1. The research strategy for this study.
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FIGURE 2. FPI-related DEGs and functional pathway analysis. Volcano plots showed FPI-related (A) DEmRNAs, (B) DEmiRNAs, and (C) DElncRNAs. The plots show the predicted RNAs in ceRNA networks. Red dots indicate upregulated genes in low FPI groups. The low FPI fraction group (D) upregulated (E) downregulated GO and KEGG pathways.




Identification of Shared DEmRNAs and Construction of ceRNA Network

To identify DEmRNAs shared with both FPI and BNM, the differential analysis between BNM-LUAD and nM-LUAD revealed 154 BNM-related DEmRNAs. Then, the intersection analysis of BNM-related DEmRNAs and FPI-related DEmRNAs identified 46 downregulated 44 mRNAs that are common to both brain metastases and ferroptosis (Figures 3A,B). BNM-LUAD downregulated 44 out of the 46 shared mRNAs. Downregulated mRNAs were mostly found to be enriched in leukocyte-mediated cytotoxicity MHC protein complexes, segment specification, HMG box domain binding, allograft rejection, and graft-vs.-host diseases (Figure 3C). Immunologically-related pathways may likely be downregulated in patients with LUAD, contributing to brain metastases.


[image: Figure 3]
FIGURE 3. An intersection analysis of FPI- and BM-associated DEmRNAs, and the construction of ceRNA networks. (A) Venn plot showed 46 shared DEmRNAs among FPI- and BNM-associated DEmRNAs. In BNM and the low FPI group, 44 of these shared DEmRNAs were downregulated. (B) Expression of genes shared by brain metastases and non-metastases. (C) The functional pathways of the shared DEmRNAs downregulated in BNM. (D) Construction of ceRNA networks based on the shared DEmRNAs.


Based on these 44 DEmRNAs [RT1], we constructed a ceRNA network (Figure 3D). The DElncRNAs and DEmiRNAs in the network were derived from DEMs related to FPI. The ceRNA network consists of three core miRNAs (hsa-miR-338-3p, hsa-miR-429, and hsa-miR-17-5p), three mRNAs (HOXA7, TBX5, and TCF21), and five lncRNAs (HCP5, LINC00460, TP53TG1, RGS5, and MAGI2-AS3).



Identification of Potential HCP5/hsa-miR-17-5p/HOXA7 Pathways From the ceRNA Network

Based on the constructed ceRNA network, we performed correlation analysis to identify potential pathways. An analysis of the correlation between these 11 dysregulated molecules is depicted in Figure 4A. Significant correlations (p < 0.01) were observed between the mRNA and miRNA groups. The heat map in Figure 4B shows the expression of these 11 dysregulated molecules in LUAD. The correlation studies identified the HCP5 /hsa-miR-17-5p/HOXA7 axes associated with ferroptosis and BNM from the ceRNA network (Figures 4C,D). There was a negative correlation between the expression of HCP5 and hsa-miR-17-5p (Pearson r = −0.13, p 0.05). Also, the expression of hsa-miR-17-5p and HOXA7 exhibited a negative correlation (Pearson r = −0.17, p 0.01). Additionally, we found a positive correlation between FPI and HXOA7 and HCP5 (p < 0.01), as well as a negative correlation between FPI and hsa-miR-17-5p (p < 0.05). HCP5 overexpression was also linked to a superior primary therapy outcome, suggesting that it may improve the prognosis of LUAD patients (Table 1). Thus, ceRNA HCP5 /hsa-miR-17-5p/HOXA7 may play a role in the development of LUAD.


[image: Figure 4]
FIGURE 4. Identification of potential HCP5 /hsa-miR-17-5p/HOXA7 pathways from the ceRNA network. (A) Correlation analysis of each element in the ceRNA network. (B) FPI and the expression of individual elements in the HCP5 /hsa-miR-17-5p/HOXA7 pathway have statistically significant connections. (C,D) Ferroptosis is significantly linked to each molecule in the HCP5 /hsa-miR-17-5p/HOXA7 pathway; (C) shows the correlation coefficients and (D) shows the statistical differences.



Table 1. The relation between HCP5 expression levels and LUAD clinicopathological features.

[image: Table 1]



Correlation of HCP5, hsa-miR-17-5p, and HOXA7 With LUAD Prognosis and FPI

To further evaluate the effect of HCP5 /hsa-miR-17-5p/HOXA7 in LUAD, ROC curves and analysis of differential expression were used to examine the relationship between HCP5, hsa-miR-17-5p, and HOXA7 and LUAD prognosis and FPI. In ROC analysis, HCP5 (AUC = 0.596, 95% CI: 0.534-0.657), HOXA7 (AUC = 0.617, 95% CI: 0.556–0.678) and hsa-miR-17-5p (AUC = 0.575, 95% CI: 0.512–0.637) significantly predicted low FPI scores (Figures 5A–C). In addition, time-dependent ROC curves indicated that HCP5, HSA-miR-17-5p, and HOXA7 might be associated with the survival of LUAD patients (Figures 5D,E). In addition, there was a statistically significant difference in the expression levels of HCP5, HOXA7, and hsa-miR-17-5p between the high and low FPI groups (Figure 5G). The potential HCP5 /hsa-miR-17-5p/HOXA7 axis is therefore thought to be related to ferroptosis.
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FIGURE 5. Correlation between HCP5, hsa-miR-17-5p, and HOXA7 with LUAD prognosis and FPI. (A–C) ROC curves predicting high or low FPI scores for (A) HCP5, (B) HOXA7, (C) hsa-miR-17-5p. (D–F) ROC curves for predicting 1-, 3-, and 6-year survival rates. (G) Comparison of the expression of HCP, hsa-miR-17-5p, and HOXA7 in high and low FPI groups. *P < 0.05, **P < 0.01, and ***P < 0.001.




Clinical Correlation Analysis of HCP5, hsa-miR-17-5p, and HOXA7

To explain the potential effectiveness of the HCP5 /hsa-miR-17-5p/HOXA7 axis in LUAD at the clinical level, we performed qRT-PCR using available tumor samples from 29 LUAD patients. The expression of HCP5 and HOXA7 correlated positively in clinical samples (Figure 6A; Pearson r = 0.45, p = 0.014), while hsa-miR-17-5p correlated negatively with HCP5 (Figure 6B; Pearson r = −0.39, p = 0.037) as well as HOXA7 (Figure 6C; Pearson r = −0.548, p = 0.002). Furthermore, HOXA7 expression and hsa-miR-17-5p expression were negatively related. In this study, lncRNA HCP5 was found to act as an “RNA sponge” to sequester hsa-miR-17-5p, thereby decreasing the effects of hsa-miR-17-5p on the target HOXA7 mRNA.


[image: Figure 6]
FIGURE 6. Validation of the HCP5 /hsa-miR-17-5p/HOXA7 pathway using GSEA and correlation analysis. (A) A positive correlation between the expression of HOXA7 and HCP5 in clinical cohort samples (Pearson r = 0.45, p = 0.014). (B) The expression of hsa-miR-17-5p and HCP5 was negatively correlated (r = −0.39, p = 0.037). (C) The expression of HOXA7 and hsa-miR-17-5p was negatively correlated (Pearson r = −0.548, p = 0.002). (D,E) GSEA demonstrates pathways involving HOXA7 and HCP5.




Functional Analysis of HCP5 and HOXA7

Using GSEA, we determined the relationship between pathway activation and inhibition when HCP5 and HOXA7 expression levels were high and low, respectively. The GSEA indicated that the tumor samples with elevated HOXA7 expression downregulated miRNA targets in ECM and membrane receptors, as well as metastatic brain tumor pathways, while the apoptosis pathway was upregulated (Figure 6D). Additionally, the tumor samples with elevated HCP5 expression downregulated miRNA targets in ECM and membrane receptors, metastatic brain tumors, as well as and miRNA regulation of the p53 pathway in prostate cancer (Figure 6E). Therefore, increased levels of HOXA7 and HCP5 were associated with the downregulation of tumor brain metastasis. Additionally, the expression of HOXA7 and HCP5 was positively correlated with FPI, indicating a strong relationship between ferroptosis and BNM.




DISCUSSION

According to this study, BNM and ferroptosis are linked in LUAD. It has been observed that the ferroptosis-related ceRNA HCP5/hsa-miR-17-5p/HOXA7 axis may play an important role in the development of BNM in LUAD.

We examined the BNM-related DEMs in LUAD with and without metastatic tumors. In addition, we investigated DEmRNAs associated with FPI in LUAD patients without metastatic tumors between high and low FPI. Furthermore, the intersection studies identified DEmRNAs shared between BMogenesis and ferroptosis. Based on intersection analysis, a ceRNA network associated with BNM and ferroptosis was constructed. The HCP5/hsa-miR-17-5p/HOXA7 axis is thought to play a central role in the ceRNA regulatory network of LUAD. In a clinical cohort, we validated the HCP5 /hsa-miR-17-5p/HOXA7 axis and confirmed our bioinformatic findings.

Previous studies suggest that HOXA7 participates in the pathogenesis of LUAD, providing a new target for the early treatment of LUAD (51). In brain tumors, HOXA7 is involved in glioma progression and affects patient prognosis (52). However, there is a lack of research on the role of HOXA7 in the brain metastasis of lung cancer. Several studies have demonstrated that HOXA7 is involved in tumor metastasis, suggesting that HOXA7 expression is different in different types of cancer.

HOXA1 has diverse effects on tumor progression depending on the type of malignancy. By downregulating HOXA7 and promoting cell migration and invasion, miR-196a plays a pro-cancer role in colorectal cancer (53). It has been shown that HOXA7 expression is elevated in metastatic hepatocellular carcinoma, enhancing the metastasis of hepatocellular carcinoma, and is associated with a poor prognosis for patients (54). Also, HOXA7 is upregulated in the ceRNA network in oral squamous cell carcinoma, increasing the invasion and migration of oral cancer cells (55). Our study is the first to investigate the role of HOXA7 in brain metastasis in LUAD. In patients with brain metastases, HOXA7 expression has been observed to be downregulated. Downregulation of HOXA7 can lead to tumors becoming more likely to metastasize to the brain, which may be associated with a poor prognosis in patients who have brain metastases. Our findings showed a positive correlation between HOXA7 and the ferroptosis index, suggesting HOXA7 may promote ferroptosis. Some studies have revealed that negative regulation of ferroptosis can lead to increased resistance to chemotherapy in lung cancer patients with brain metastases (56). In addition, the promotion of ferroptosis inhibited brain metastasis in HER2-positive breast cancer (57). Thus, we hypothesized that HOXA7 downregulation promotes LUAD brain metastasis, which may be related to ferroptosis induced by HOXA7.

Li et al. demonstrated that miR-17-5p is highly expressed in LUAD and is associated with patient prognosis as a novel marker for clinical diagnosis of NSCLC (58, 59). Moreover, miR-17-5p is a direct target of metastasis-associated LUAD transcript 1 (MALAT1) (60). Additionally, miR-17-5p has been shown to directly target MALT1 (metastasis-associated LUAD transcript 1). A study has shown that increased MALAT1 expression promotes brain metastasis in lung cancer and correlates with patient survival (61). Additionally, miR-17-5p is also involved in brain metastasis of other cancers (62). It is therefore thought that miR-17-5p promotes LUAD brain metastasis, and this may be due to the inhibition of ferroptosis. Even though no studies have indicated a link between miR-17-5p and ferroptosis, some studies have found that miR-17-5p can resist lung cancer cell apoptosis (63). In the present study, miR-17-5p has been observed to negatively regulate HOXA7, thus possibly promoting LUAD brain metastasis. According to our correlation analysis, miR-17-5p promotes LUAD brain metastasis by inhibiting ferroptosis and negatively targeting HOXA7.

HCP5 affects tumor progression differently depending on the type of malignancies. Several studies have explored the relationship between HCP5 and metastasis and prognosis in cancer (64). It was reported by Jiang et al. that HCP5 was highly expressed in tumor tissues of LUAD patients and contributed to epithelial-mesenchymal transition (EMT) of LUAD cells, tumor growth, and metastasis, and was positively correlated with poor patient prognosis (65). Brain metastasis associated with lung cancer is also attributed to EMT (61, 66). We observed that patients with high HCP5 expression had a lower prognosis than those with low HCP5. We found, however, that HCP5 may regulate HOXA7 by binding to miR-17-5p and inhibiting LUAD brain metastasis by adsorbing miR-17-5p, indicating a different mechanism of action for HCP5 to affect LUAD brain metastasis. Furthermore, our study revealed a positive correlation between HCP5 and ferroptosis index, suggesting that HCP5 may promote ferroptosis. Cancer metastasis is promoted by HCP5 through EMT in several tumor diseases (65, 67). Ferroptosis is enhanced by the induction of EMT in cancer cells (68). We, therefore, proposed that HCP5 promotes ferroptosis and inhibits LUAD brain metastasis by upregulating HOXA7 through adsorption of miR-17-5p.

We can speculate that dysregulation of HCP5 expression in LUAD patients may lead to tumor brain metastasis by downregulating HOXA7 by affecting miR-17-5p. Therefore, a decrease in HOXA7 expression may promote the development of brain metastases. In the present study, HOXA7 levels were significantly lower in the BNM group than in the metastasis-free group. According to GSEA, elevated HOXA7 and HCP5 were linked to a decreased incidence of brain metastasis in tumors and may affect brain metastasis by regulating cell membrane surface receptors. In addition, the expression of both HOXA7 and HCP5 was positively correlated with FPI, suggesting a strong correlation between ferroptosis and tumor brain metastasis. The study demands further investigation to explore the relationship between brain tumors and ferroptosis.

The study was limited by the small number of subjects, including clinical study, and the lack of in vitro cell-based validation. We plan to further validate the ceRNA HCP5 /hsa-miR-17-5p/HOXA7 axis' effect on LUAD BNM from basic experiments and clinical samples in our future studies.



CONCLUSION

In conclusion, bioinformatics and clinical studies have demonstrated a correlation between the expression of HOXA7 and HCP5. It may be possible to link ferroptosis to tumor neurovascular brain metastasis from correlation studies. Moreover, our study demonstrated that the ferroptosis-related ceRNA HCP5 /hsa-miR-17-5p/HOXA7 axis may play an essential role in LUAD BNM.
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Background and Purpose: Stroke is a serious fatal and disabling disease. Stroke-associated pneumonia (SAP) is the most common complication of stroke, which may further aggravate the stroke. The prevention and early prediction of SAP is a key clinical strategy. 15-hydroxyprostaglandin dehydrogenase (15-PGDH) is involved in pneumonia, while its relationship with SAP has yet to be determined. Therefore, we investigated the predictive value of 15-PGDH for SAP and visualized their relationship.

Methods: Stroke patients were recruited and divided into SAP group and Non-SAP group. Baseline demographic and clinical data were obtained from the medical record system, blood samples were collected to detect relevant variables and 15-PGDH levels. Patient characteristics were compared with a t-test. Binary logistic regression analysis was performed to determine the predictive value of 15-PGDH for SAP. Restricted cubic splines (RCS) were performed to visualize the relationship between 15-PGDH and SAP risk. Finally, the SAP patient characteristics between the severe group and mild group were compared.

Results: 50 patients were enrolled and divided into SAP group (n = 26) and Non-SAP group (n = 24). 15-PGDH in the SAP group was lower than that in the Non-SAP group (0.258 ± 0.275 vs. 0.784 ± 0.615, p = 0.025). Binary logistic regression analysis revealed that the lower 15-PGDH, the higher the risk of SAP (OR = 0.04, 95%CI, 0.010–0.157, p < 0.001). The RCS model showed the L-shaped relationship between 15-PGDH and SAP.

Conclusions: In stroke patients, serum 15-PGDH is a valuable biomarker for predicting SAP. There is an L-shaped relationship between the level of 15-PGDH and the risk of SAP.

Keywords: 15-PGDH, stroke, pneumonia, PGE2, predictor


INTRODUCTION

Stroke is a common acute cerebrovascular disease, which is the second leading cause of death and the third-leading cause of death and disability combined globally (1). The high mortality rate of stroke is largely attributable to its complications. Stroke-associated pneumonia (SAP) is the most common complication of stroke, occurring most often within the first week in 8.6% to 14.3% of stroke patients (2–4). Stroke activates inflammatory cascades in the brain, such as the excessive release of cytokines, then stimulates the central immune system to produce anti-inflammatory signals. Subsequently, the efferent vagus nerve is activated and inhibits cytokine production, ultimately leading to the suppression of systemic immunity. Stroke-induced immunosuppression increases the susceptibility of stroke patients to infection, accompanied by decreased pulmonary clearance and impaired secretion drainage caused by the alteration in tracheal endothelia after stroke, ultimately leading to the occurrence of SAP (5–7). At the same time, risk factors such as stroke severity, advanced age, hypertension, and smoking history also contribute to the occurrence of SAP (8, 9). SAP further increases the severity of the stroke, lengthens hospital stay, increases financial burden, worsens the functional outcome, and increases patient mortality (9, 10). Prevention and early diagnosis or prediction of SAP is an important clinical strategy. However, current methods are less specific and sensitive, making the early diagnosis of SAP become a big difficulty (3, 11). There is still great value in exploring the early markers of SAP.

Prostaglandin E2 (PGE2) is a key mediator of inflammation, its elevation is a response to inflammation (12). 15-hydroxyprostaglandin dehydrogenase (15-PGDH) is the sole degradation enzyme of PGE2 by oxidizing it to inactive 15-keto PGE2 (13). The decrease of 15-PGDH can lead to an increase in PGE2, which has been observed in stroke (14). Meanwhile, 15-PGDH is generally identified as a tumor suppressor, such as lung cancer, breast cancer, colorectal cancer, etc (15–17). In addition, 15-PGDH is also involved in lipopolysaccharide-induced acute kidney injury, pulmonary fibrosis, tissue repair, and other pathological processes (18–20). Interestingly, a previous study reported that in pulmonary infection caused by pseudomonas aeruginosa, inhibition of PGE2 overproduction shows a protective effect, in part by raising the level of 15-PGDH (21). However, no report has revealed the level of 15-PGDH in SAP and the relationship between 15-PGDH and SAP. Therefore, we will determine the relationship between 15-PGDH and SAP, and determine whether it can be used as an early marker to predict SAP and provide a basis for early diagnosis of SAP.



METHODS


Patients Selection

This was a retrospective study, all the patients with hemorrhagic stroke or ischemic stroke were recruited from the Department of Neurosurgery, Xiangya Hospital, Central South University between February 2019 to June 2021. This research was approved by the ethics committee of the Xiangya Hospital of Central South University and the human ethics identification number is 2021101119. All participants involved in this study provided written informed consent.

The inclusion criteria of stroke patients were as follows: (1) age≥18 years; (2) stroke onset within 48 h; (3) acute stroke confirmed by brain magnetic resonance imaging (MRI) or brain computerized tomography (CT). The exclusion criteria were as follows: (1) active infection or pneumonia before admission; (2) patients treated with nonsteroidal anti-inflammatory drugs; (3) patients with incomplete clinical records. Besides, the diagnosis of SAP was performed by two experienced neurologists based on the modified Centers for Disease Control and Prevention criteria of hospital- acquired pneumonia (22), assisted with clinical and laboratory parameters of respiratory infection and was confirmed by chest X-ray or CT (23).

54 Patients Were Recruited, 4 Patients Were Excluded, and 50 Patients Were Included in This Study. Further, 26 Patients Were Diagnosed in the SAP Group and 24 Patients Were Diagnosed in the Non-SAP Group (Figure 1). The SAP Group Was Evaluated by Pneumonia Severity Index (PSI) for Severity and Was Divided Into Severe Group (PSI>90) and the Mild Group (PSI ≤ 90) (24).


[image: Figure 1]
FIGURE 1. Flowchart of case recruitment. SAP, stroke-associated pneumonia; PSI, pneumonia severity index.




Clinical Characteristics and Laboratory Data Collection

Baseline demographic and clinical data were obtained from the medical record system, mainly including age, sex, risk factors or past medical history such as history of smoking and drinking, hypertension, hyperlipidemia, coronary heart disease, chronic obstructive pulmonary disease (COPD), diabetes mellitus, and nephropathy, as well as ICU admission, hospitalization time, stroke subtype. Glasgow coma score (GCS) was used to assess the severity of stroke at admission. Blood samples were collected the morning after admission and tested for the counts of white blood cell (WBC), red blood cell (RBC), hemoglobin, platelets, neutrophils, and lymphocytes. Further, after SAP diagnosis, PSI was used to assess the severity of SAP.



Measurement of 15-PGDH

Blood samples were collected the morning after admission. After centrifugation at 2000 g for 10 min, serum was isolated and frozen at −80°C for later measurement. A Human 15-PGDH/HPGD enzyme-linked immunosorbent assay (ELISA) kit (Cat No. ELH-15PGDH-1, RayBiotech) was used to detect the levels of serum 15-PGDH. Detect and calculate the results according to the instructions of the kit.



Statistical Analysis

All statistical analyses were performed using Statistical Package for the Social Sciences version 26 (SPSS) and R (version 4.1.2). Normally distributed continuous variables were presented as the mean ± standard deviation, while other continuous variables were presented as the median and interquartile range (IQR). Continuous variables were analyzed by t-test or the Mann–Whitney U-test. Classified data were presented as percentages and analyzed by the chi-square test or Fisher exact test. Binary Logistic regression analysis was used to confirm the contribution of risk factors to SAP occurrence. The receiver operating characteristic (ROC) curve was used to determine the discrimination ability of 15-PGDH levels to predict SAP. The area under the curve (AUC) was determined from the ROC curve analysis. Restricted cubic splines (RCS) with four knots were performed to visualize the relationship between 15-PGDH and SAP risk. All statistical analyses were two-sided and p < 0.05 was set to be a statistical difference.




RESULTS


Patient Characteristics

From February 2019 to June 2021, 54 stroke patients were recruited from the Department of Neurosurgery, Xiangya Hospital, Central South University. While 4 patients were excluded, 1 patient due to active infection or pneumonia before admission, 1 patient due to treatment with non-steroidal anti-inflammatory drugs, and 2 patients due to incomplete clinical records. Finally, 50 patients were included in the study. Twenty Six patients were assigned to the SAP group (52%) and 24 to the Non-SAP group (48%). Further, according to PSI, the SAP group was further divided into severe group (n = 12) and mild group (n = 14). These results were summarized in Figure 1.

As shown in Table 1, age (p = 0.011), smoking (p = 0.037), the counts of WBC (p = 0.034) and neutrophils (p = 0.012) and hospitalization time (p = 0.039) in SAP group were significantly higher than those in Non-SAP group, and GCS score (p = 0.029), the counts of thrombocytes (p = 0.032) and lymphocytes (p = 0.021) in SAP group were significantly lower than those in Non-SAP group. While other variables including sex, drinking, hypertension, hyperlipidemia, coronary heart disease, COPD, diabetes mellitus, nephropathy, stroke type, the counts of RBC and hemoglobin were not statistically different. Notably, the level of 15-PGDH (p = 0.025) in the SAP group was significantly lower than that in the Non-SAP group, indicating that there may be some relationship between 15-PGDH and SAP, which is what we will analyze next.


Table 1. Patient characteristics with SAP and Non-SAP with stroke.
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15-PGDH Is Valuable to Predict SAP

A binary logistic regression analysis was performed to determine which variables could be potential for predicting SAP. As shown in Table 2, higher age (OR = 1.057, 95%CI = 1.026–1.090, p < 0.001), smoking (OR = 4.375, 95%CI = 2.214–9.010, p < 0.001), WBC (OR = 1.283, 95%CI = 1.128–1.459, p < 0.001), neutrophil (OR = 1.088, 95%CI = 1.015–1.166, p = 0.017) and lower GCS (OR = 0.754, 95%CI = 0.658–0.864, p < 0.001), thrombocytes (OR = 0.992, 95%CI = 0.988–0.996, p < 0.001), lymphocytes (OR = 0.575, 95%CI = 0.354–0.933, p = 0.025) were risk factors of SAP.


Table 2. Factors contributed to SAP by the multivariate analysis.
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Notably, lower 15-PGDH (OR = 0.040, 95%CI = 0.010–0.157, p < 0.001) was also a risk factor for SAP. Further, according to the ROC curve in Figure 2, the AUC of 15-PGDH for predicting SAP was 0.836, 95%CI = 0.751–0.922, p < 0.001. Besides, the optimal cutoff value of 15-PGDH for SAP was 0.186 ng/mL, with a specificity of 100% and a sensitivity of 59.1%.


[image: Figure 2]
FIGURE 2. The ROC curve to evaluate the diagnostic value of 15-PGDH for SAP. ROC, receiver operating characteristic; SAP, stroke-associated pneumonia; 15-PGDH, 15-hydroxyprostaglandin dehydrogenase.


To further visualize the relationship between 15-PGDH and SAP risk, restricted cubic spline was next performed. As shown in the Figure 3, the lowest level of 15-PGDH represented the highest risk of SAP. With the increase of 15-PGDH, the risk of SAP decreases continuously. In particular, 0.37 ng/ mL was a point of interest. When it was lower than 0.37 ng/ mL, the risk of SAP increased sharply with the decrease of 15-PGDH, while when it was higher than 0.37 ng/ mL, the risk of SAP increased relatively gentle.


[image: Figure 3]
FIGURE 3. Restricted cubic spline analysis to evaluate the association between serum 15-PGDH levels and risk of SAP. SAP, stroke-associated pneumonia; OR, odds ratio; 95%CI, 95% confidence interval; 15-PGDH, 15-hydroxyprostaglandin dehydrogenase.




Patient Characteristics With Severe SAP and Mild SAP

According to PSI, the SAP group was further divided into severe group (n = 12) and mild group (n = 14). There were some differences between the two groups in terms of patient characteristics in Table 3. Patients in the severe group observed higher age (p < 0.001), WBC count (p = 0.017) and neutrophils count (p = 0.018) than those in the mild group.


Table 3. Patient characteristics with severe SAP and mild SAP.
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DISCUSSION

Two important findings are presented in this study. First, lower serum 15-PGDH increases the risk of SAP in stroke patients. Second, there is an L-shaped relationship between 15-PGDH and SAP risk. Once 15-PGDH is lower than the critical value, SAP risk will be significantly increased.

Stroke is an acute neurovascular disease with high morbidity, mortality and disability. SAP is the most common complication of stroke, usually manifests within 7 days after the onset of stroke (3). The complication of SAP further aggravates the severity of stroke, prolonged hospitalization, worsen the prognosis, and increase mortality (6, 10). The occurrence of SAP increases the difficulty of stroke treatment. Therefore, the prevention and early prediction or diagnosis of SAP should not be ignored in the treatment of stroke patients. Our study demonstrates that advanced age, smGoking, higher WBC and neutrophils, and lower GCS, thrombocytes, and lymphocytes are all risk factors for SAP. In addition, previous studies have found that dysphagia (25), aspiration (26), invasive treatments, antacids, hypertension, diabetes, pulmonary diseases and so on are also risk factors for SAP (27). Prevention and early diagnosis of so many risk factors are an important part of stroke and SAP management.

Inflammation-related indicators are the most important predictive markers of SAP and contribute greatly to the early diagnosis of SAP. Monocyte to lymphocyte ratio (28), neutrophil to lymphocyte ratio (24) and platelet to lymphocyte ratio (29) have been proven to be valuable predictors of SAP markers. PGE2 is an important inflammatory mediator involved in many inflammatory processes. As the degradation enzyme of PGE2, 15-PGDH is potential to become one predictive marker of SAP. In our study, serum 15-PGDH level in patients with SAP were significantly lower than those without SAP. Binary logistic regression analysis proved that low 15-PGDH was a risk factor for SAP. With an AUC of 0.836, 15-PGDH is undoubtedly a valuable predictor of SAP. Furthermore, RCS visualizes the relationship between 15-PGDH and SAP risk as L-shaped, which may contribute significantly to the prediction and treatment of SAP. It should be noted that the 15-PGDH concentration of 0.37 ng/mL is a critical threshold. When 15-PGDH is lower than 0.37 ng/mL, its decrease will sharply increase the risk of SAP, while when higher than 0.37 ng/mL, this trend is very gentle. Therefore, when assessing the risk of SAP, on the premise of avoiding the reduction of 15-PGDH, it is more important to ensure that 15-PGDH should not be lower than 0.37 ng/mL, which may be critical for SAP prevention.

Admittedly, there are some limitations to our research. First, since our study is a retrospective study, it is difficult to draw a causal relationship between 15-PGDH and SAP, which requires further verification by subsequent studies. Second, we did not collect enough patients, which may lead to partial results bias. For example, the incidence of SAP was higher than previously reported. Third, although we compared the characteristics of SAP patients in the severe group and mild group, it is unclear whether the level of 15-PGDH is predictive of the severity of SAP. Furthermore, we did not analyze patients with different stroke types separately, and there may be some different findings.



CONCLUSION

In stroke patients, serum 15-PGDH is a valuable biomarker for predicting SAP. There is an L-shaped relationship between the level of 15-PGDH and the risk of SAP. Once lower than 0.37 ng/mL, the risk of SAP will increase rapidly.
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Purpose: To explore alterations in macular retinal thickness (RT) and analyze correlation between macular RT and pterygium area, length in pterygium patients.

Methods: Totally 13 patients with pterygium (left eye) and 13 healthy controls (left eye) were recruited. OCTA was applied to scan each eye to generate three-dimensional images. Based on the Early Treatment Diabetic Retinopathy Study (ETDRS) method, each image was divided into nine subregions for the ETDRS: central (C); inner superior (IS); outer superior (OS); inner nasal (IN); outer nasal (ON); inner inferior (II); outer inferior (OI); inner temporal (IT); and outer temporal (OT). The macular RT in each subregion was measured. Furthermore, the correlation between RT and the area, length of pterygium was analyzed.

Results: The visual acuity of pterygium patient was different from that of the control (P < 0.05). Besides, decreased intraretinal thickness of the IN and ON, increased intraretinal thickness of OT, decreased extraretinal thickness of OT, IN, ON, OS, and decreased retinal full layer thickness of medial superior, OS, IN, ON, and II subregions in pterygium group were observed. There was a negative correlation between RT of the IN and ON subregions and the length of pterygium (r = −0.5803 and r = −0.6013, P = 0.0376 and P = 0.0297). The RT of IN subregion was negatively correlated with pterygium area (r = −0.5844, P = 0.0359). According to the receiver operating characteristic analysis, in the ON subregion, the areas under the curve of the inner retinal thickness, outer retinal thickness and the whole retinal thickness were 1.0 (95% CI: 1.0), 0.882 (95% CI: 0.715 and 0.963), and 1.0 (95% CI: 1.0). The smallest area under the curve of retinal thickness in OT subregion was 0.018 (95% CI: 0–0.059).

Conclusion: RT of pterygium patients was significantly decreased, and the main alterations occurred in the temporal side suggesting there might exist retinal structural alterations in pterygium.

Keywords: pterygium, optical coherence tomography angiography, macular, retinal thickness, examine


INTRODUCTION

Pterygium is an ocular disorder occurring on the surface of the eye. The main characteristic is the pterygoid growth which could invade the limbus and conjunctiva on the adjacent cornea (1). The prevalence of pterygium ranges from 3 to 19.5% (2); although it typically occurs in the lateral nasal position, it occasionally develops in both directions (3). The pathogenesis of pterygium is currently unclear; however, research suggests that environmental factors, especially ultraviolet radiation (UV), play an important part (3, 4). Surgical resection is the only effective treatment for pterygium. However, depending on the technology used, the risk of recurrence can be as high as 89% (3). Therefore, the long-term efficacy of surgery is debatable. Corneal irregularity has an important influence on maintaining good eyesight after surgery. The improvement will not be evident in the early postoperative period. Hence, the evaluation of visual function has important clinical significance in determining whether surgery should be performed (5). Nevertheless, the human fundus macular area is responsible for almost the entire vision of humans and contains the highest distribution of visual (6) and retinal ganglion cells.

Recent studies have shown that changes in the anterior segment can also cause changes in macular structure. Zhang et al. (7) found that in the unilateral congenital cataract patients, the results of OCTA recorded after cataract surgery revealed increased vascular density and retinal thickness (RT), compared with that recorded before surgery. These findings suggested that the refractive axis became transparent after alleviating visual deprivation in the affected eyes would increase the light stimulation to fundus and change the structure. This increases the amount of light signal stimulation that enters the eye. Srujana et al. (8) used OCT to analyze 67 cases of keratoconus (129 eyes) and 87 cases of non-keratoconus (174 eyes). The average RT of the central fovea and macular area of keratoconus patients was lager than that of the control. They hypothesized that macular changes may be related to broader eye structural disorders of patients with keratoconus or optimization of the compensation mechanism of corneal irregular vision. Extension of pterygium beyond 2.2 mm results in obvious corneal astigmatism (9). Corneal astigmatism (mainly regular) or direct invasion of the visual axis will lead to visual problems (10). As a non-invasive in vivo imaging technique, OCTA can display morphological and quantitative information regarding fudus alterations in detail (11), including microvascular system of the retina and choroid (12), which is helpful to diagnose of myopia (13), microvascular changes in macular area after Phacoemulsification (14), glaucoma (15), thyroid-associated ophthalmology (TAO) (16) etc. Thus far, OCTA has not been used to study whether macular area changes is related to pterygium or not. In this study, we used OCTA to analyze the macular retina of all subjects and investigate changes of RT. The correlation between macular RT and pterygium length and area in patients with pterygium was also evaluated.



MATERIALS AND METHODS


Research Subjects

This retrospective cross-sectional study was carried out at The First Affiliated Hospital of Nanchang University (Nanchang, China) in 2021. All subjects were recruited from the Outpatient Department and examined by the same retina specialist and divided into two groups. Patients diagnosed with pterygium belong to the experimental group and healthy subjects matched for sex and age with no ocular or systemic disease constitute the control.



Recruitment Criteria

A total of 26 subjects, including 13 patients with primary pterygium in the left eye (pterygium group; aged 40–52 years; mean age: 46 ± 3 years) and 13 healthy individuals (control group; 13 left eyes; mean age: 45 ± 4 years) were recruited. The clinical condition score was evaluated using the NOSPECS classification, and inflammation score would be determined through the 7-point Clinical Activity Score. The control group included healthy subjects without ocular abnormalities according to clinical examination at the medical center and the OCTA imaging examination did not display any disorder.

Inclusion criteria (1) Patient who was diagnosed with pterygium in left eye for the first time (2) The primary pterygiod growth occurred in the nasal side; (3) A medical history of 7 months to 20 years, with an average of 8.77 ± 5.94 years; (4) pterygium invasion toward the corneal limbus is almost 2.0–7.0 mm; (5) binocular visual acuity was in the normal range (without anisometropia >2 D); (6) the intraocular pressure ranged from 10 to 21 mmHg; (7) Fundus examination did not display obvious abnormality.

Exclusion condition (1) the medical history of ocular trauma and surgery; (2) drug treatment or radiotherapy within the recent 14 days; (3) anterior abnormality, such as corneal diseases (including patients who wear corneal contact lens, pseudopterygium and fibromyalgia), glaucoma, cataract; (4) retinal abnormality, such as highly myopic, maculopathy and retinal detachment (5) systemic diseases which can affect ocular vasculature, such as diabetes, hypertension, nephropathy; (6) patients with amblyopia; (7) patients with systemic diseases such as autoimmune diseases and nervous diseases; (8) pregnancy and lactating women; (9) Pupil dilation and patients who are sensitive to mydriatic. The general condition of the patients and condition of pterygium are shown in Table 1.


Table 1. Demographic characteristics and clinical findings of patients with Pterygium and HCs.
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Ethical Considerations

The study was carried out in accordance with the principles of the Helsinki Declaration seriously and was approved by the Medical Ethics Committee of Nanchang University. Before the consent forms were signed, all subjects had comprehended the objectives and methods.



Clinical Examinations

Volunteers completed the following testings.

(1) Slit lamp examination. The anterior segment of the eye was examined by Slit lamp microscopy including ocular surface inflammation, cataract with severe intraocular astigmatism, the pterygium size;

(2) Optometry. Obtain corrected binocular visual acuity of all participants by standard logarithmic visual acuity chart;

(3) Intraocular pressure (IOP). Measure intraocular pressure by transpalpebral diatom tonometer (TDT, BiCOM, Long Beach, NY, USA) for 3 times and calculatethe average values. IOP recorded of both eyes are in the normal range. The D-value between the different measurements of the same one was ≤ 3 mmHg.

(4) Calculate the size of pterygium by ImageJ software (WayneRasband,NIH,USA). The horizontal distance between corneal limbus and pterygium head is length. The distance between upper and lower point where pterygium grows into the limbus is the height, and coverage of pterygium to cornea is the area (Figure 1) (17). Measure the length (A), height (B) and area (C) of each meat for 5 times, and calculate the average.


[image: Figure 1]
FIGURE 1. Note clinical photographic imaging using Zeiss slit lamp mounted camera and nihimage J software to measure the size of pterygium. Green, blue and red lines depict length (A), height (B) and area (C), respectively.




OCTA Imaging

We used RTVue Avanti XR system to performed OCTA imaging and display both the cross-section of the retina and microvasculature. The scanning speed was set at 70,000 A-scans/s; the axial resolution was 5 mm; the horizontal resolution was 22 μm; the central wavelength was 840 nm; and the bandwidth was 45 nm. The imaging time was 3.9 s. Five angiograms were performed in the 3 × 3 mm scan mode, focusing on the fovea along the x axis (total: 216 A-scans) and along the y axis (216 raster positions per scan). At 216 y positions × 5 positions, we captured 1,080 B-scans at a speed of 270 frames (33 frames) pers. Following four volume scans, 6 × 6 mm OCTA images were obtained. Also, the 3 × 3 mm macular retinal image of each eye was obtained. According to the ETDRS, retina of each eye was divided into 9 subregions. Three cercles concentriques composed them. The radii were set at 0.5, 1.5 and 3 mm, respectively. These subregions whose thickness was analyzed were as follows: outer superior (OS); outer temporal (OT); outer nasal (ON); outer inferior (OI); inner superior (IS); inner temporal (IT); inner nasal (IN); inner inferior (II) and central (C); Each retinal layer includes the inner retina and the full-year retina. The relationship between pterygium and the retinal fovea is illustrated in Figure 2. The partition of macular retinal area is shown in Figures 3A–C.


[image: Figure 2]
FIGURE 2. Illustration of the pterygium and macular retinal thickness area: As shown in the figure, see the pterygium of the nasal limbus of the left eye and the macula of the fundus.



[image: Figure 3]
FIGURE 3. OCTA images and RT analysis of the control group and pterygium group. (A) RT cross sections of the control group and pterygium group measured by OCTA. (B) Internal RT was measured with ETDRS. (C) Complete RT measurement diagram. (D) Internal RT measurement results of the control group and pterygium group (red area indicates the area with significant decrease in retinal thickness, yellow area indicates the area with significant increase in retinal thickness, P < 0.05). (E) External RT measurements in the control group and pterygium group (F) complete RT measurements. (G–I) Analysis of retinal thickness results in the control group and pterygium group. OCTA, optical coherence tomography angiography; RT, retinal thickness; ETDRS, early treatment of diabetic retinopathy study; IS, inner superior; OS, outer superior; IN, inner nasal; ON, outer nasal; II, inner inferior; OI, outer inferior; IT, inner temporal; OT, outer temporal; C, center. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.




Statistical Analysis

All data were analyzed by statistical software package (statistica, v7.1; StatSoft, Inc, Tulsa, OK, USA) and medcalc software (V10; medcalc software, mariakerke, Belgium). Continuous variables are proposed to be expressed as mean ± standard deviation (SD). RT of each subregion among each group was analyzed by One Way ANOVA. The difference between two group was access from minimum significant difference by a specific test. P < 0.05 was statistically significant. Graphpad prism 7.0 was used to analyzed the correlation between retinal thickness and the length, width and area of pterygium. Use Graphpad prism 7.0 to analyze the relation between RT and pterygium size, and the Receiver Operator Characteristic (ROC) curves of retinal thickness in the retinal epithelium was plotted by SPSS 23.0 (IBM Corp, Armonk, NY, USA) to differentiate between patients with pterygium and healthy subjects.




RESULTS


Macular Retinal Thickness

Regional retinal thicknesses of the experimental and the control is shown in Table 2. The internal RT in the IN and ON subregions of patient were lower than that recorded in the control (P = 0.0001, P < 0.0001, respectively). The internal RT of the OT subregion in the patient with pterygium was higher than that recorded in the healthy (P < 0.0001) (Figures 3D,G). Three other domains of the inner loop (superior part: P = 0.0703; lower part: P = 0.0673; temporal part: P = 0.6463, respectively), two subregions of the outer loop (superior part: P = 0.0547; lower part: P = 0.1543, respectively), C subregions (P = 0.1921) were not distinctly different when comparing those two groups.


Table 2. Comparison of macular retinal thickness at different locations between patients with Pterygium and health controls.

[image: Table 2]

The external retinal thicknesses in the IN, ON, OT, and OS subregions of pterygium were lower than that measured in the healthy (P = 0.0268, P = 0.0062, P = 0.0180, P 0.0454) (Figures 3E,H). The other three subregions of the inner loop (temporal part: P = 0.8775; lower part: P = 0.4172; superior part: P = 0.1366), one subregion of the outer ring (lower part: P = 0.2649), C subregion (P = 0.2837) were not distinctly different when comparing those two groups.

The full-layer retinal thickness of the IN, ON, IS, II, and OS subregions in the pterygium group was lower than that noted in the control (P = 0.0014, P < 0.0001, P = 0.0398, P = 0.0363, P = 0.0283, respectively) (Figures 3F,I). One other subregion of the inner ring (nose: P = 0.0283), two subregions of the outer ring (lower part: P = 0.1476; temporal: P = 0.4465), and the foveal center (P = 0.6825) were not distinctly different between when comparing those two groups.



ROC Curve Analysis of RT

Use OCTA results to evaluate the sensitivity and specificity of RT to changed anterior segments of pterygium patients (Figure 4). In ON subregion, the areas under the curve of the inner retinal thickness, outer retinal thickness and the whole retinal thickness were 1.0 (95% CI: 1.0), 0.882 (95% CI: 0.715–0.963), and 1.0 (95% CI: 1.0). It suggested medium to high specificity and sensitivity in pterygium diagnosis (Figure 4). In the IN area, the areas under the curve of external retinal thickness and full retinal thickness were 0.973 (95% CI: 0.916–1.0), 0.698 (95% CI: 0.491–0.905), and 0.852 (95% CI: 1.0), respectively. That indicated medium to high specificity and sensitivity in pterygium diagnosis (Figure 4). The minimum area under the ROC curve of retinal thickness in OT area was 0.018 (95% CI: 0–0.059), indicating low diagnostic specificity and sensitivity for pterygium, with high possibility for false positive results (Figure 4).


[image: Figure 4]
FIGURE 4. ROC curve analysis of RT. In ON subregion, the areas under the curve of the inner retinal thickness, outer retinal thickness and the whole retinal thickness were 1.0 (95% CI: 1.0), 0.882 (95% CI: 0.715–0.963), and 1.0 (95% CI: 1.0). In the IN area, the areas under the curve of external retinal thickness and full retinal thickness were 0.973 (95% CI: 0.916–1.0), 0.698 (95% CI: 0.491–0.905), and 0.852 (95% CI: 1.0), respectively, the minimum area under ROC curve of RT in OT area is 0.018 [95% confidence interval (CI): 0–0.059]. ROC, receiver operating characteristic; CI, confidence interval; RT, retinal thickness; IS, inner superior; OS, outer superior;IN, inner nasal; ON, outer nasal; II, inner inferior; OI, outer inferior; IT, inner temporal; OT, outer temporal; C, center.




Correlation Between Retinal Thickness and Length and Area of Pterygium

There was a negative correlation between RT of the IN and ON subregions and the length of pterygium (r = −0.5803 and r = −0.6013, P = 0.0376 and P = 0.0297), indicating that a lower RT was associated with longer pterygium (Figures 5A,B). In the pterygium group, RT in the IN region was in a negative correlation with pterygium area (r = 0.5844, P = 0.0359). This revealed that lower RT is related to larger pterygium (Figure 5C).


[image: Figure 5]
FIGURE 5. The correlation between RT and pterygium length and area in patients with pterygium. (A) RT in ON area of internal retina was in a negative correlation with the length of pterygium (r = −0.5803, P = 0.0376). (B) RT in ON region of the complete retina was in a negative correlation with area of pterygium (r = −0.6013, P = 0.0297). (C) Total retinal RT is negatively correlated with pterygium area (r = −0.5844, P = 0.0359). RT, retinal thickness; IN, inner nasal; ON, outer nasal.





DISCUSSION

In this study by using the OCTA approach, our data revealed significant alterations in RT of patients with pterygium. According to ROC curve, the inner, the outer, and full-layer retinal thickness of the IN and ON regions of patients with pterygium exhibited high sensitivity and specificity, whereas the ON region showed low sensitivity and specificity of the approach. These findings indicated that the RT of individuals with pterygium was distinctly decreased, and alterations mainly occurred on the temporal side. At the same time the area and length of pterygium were in a negative correlation with retinal thickness. This is the first time to investigate retinal thickness alterations in pterygium patients. The research provides a potential way to assess the progression of pterygium according to the changed retinal thickness. Also, it may indicate the natural etiology of pterygium at the retinal level.

However, it is unclear whether the alterations in RT occurs due to alterations in the anterior segment, which occures prior to these alterations or accompanied by alterations in the anterior segment. Nevertheless, we hypothesized several possible mechanisms underlying the alterations. This alteration in RT may be related to the retinal movement of photoreceptors, similar to those observed in animal models of visual deprivation. Liang et al. (18) used opaque occluders to cover one eye of hatchling chicks reared for 1, 2 or 4 weeks to expound the pathogenesis of deprivation myopia. Thinner retina and choroid existed in all deprived eyes. Thicker cone inner segments, rod outer segments, damaged cone outer segment made their distal tips can attach to the RPE basement membrane or depress the nucleus. In this study, the visual acuity of subjects with pterygium was decreased (Table 1). We hypothesized the “rod-push” mechanism induces thinner retina with poor vision. Pterygium may cover the cornea on the nasal side, resulting in thickening of the corneal tissue. The decrease in the thickness of the temporal retina may occur as a compensatory response to corneal alterations and prevent the overall structural disorder of the eye. Feng et al. (19) indicated total macular volume could increase after corneal refractive surgery while Lasik should not influence fundus. Therefore, according to OCTA scans, alterations in the optical surface of the eye may lead to retina changes. Longer length and larger area of pterygium will result in more compensation for the apparent volume of the retina and lower thickness of the temporal retina. This is consistent with our study results, implying a compensation mechanism in the eye, through which alterations in one component might impact other components.

Another possible reason for alterations in RT is a decrease in the amount of light. It is reported that cataract could block 18–40% of different wavelengths of light (20). Zhou et al. (21) found that macular vascular density increased after cataract surgery. Although some studies have shown that inflammation after cataract surgery is a potential pathogenic factor for fundus alterations after cataract surgery (22), inflammation itself cannot last for prolonged periods of time. The investigators suggested that higher light levels could induce retinal metabolism and angiogenesis; this process can be taken as postoperative phototoxicity and explain why age-related macular degeneration is more common in intraocular lens eye (23). Similarly, pterygium on the side of the nose will also block light. Nevertheless, whether the decrease in light will also lead to a decrease in the activity and metabolic needs of photoreceptor cells in the retina, thereby resulting in a decrease in blood flow (24), will still need further investigations.

In our previous study, there was also a decrease in vascular density (VD) in temporal subregion of pterygium (25). Retina and brain exhibit similar metabolic activities because they derive from the same embryonic tissue. The lack of blood supply could induce retinal cell apoptosis (26). A reduction in the blood supply to the temporal side of the retina may lead to not only chronic ischemia, but also the death of rods and cones due to reduced energy supply and loss of vision (26). Thus, all these alterations lead to a decrease in RT. which is supported by our findings. Our results also demonstrated that alterations in the internal and panretinal thickness of the ON subregion were in a distinctly negative correlation with length of pterygiod growth while the intraretinal thickness of the IN subregion was in a distinctly negative correlation with the area. Han et al. (27) reported that the corneal astigmatism caused by pterygium was more correlated with the length than with width and area. Mohammad-Salih and Sharif (9) reported the corneal astigmatism was most correlated with the dilatation of pterygium, then the whole area This is consistent with our results showing the length and area of pterygium have the greatest impact on corneal astigmatism, which thus affects vision and further leads to alterations in fundus RT. On the other hand, as light vision is done by cone cells, reducing light leads to a decrease of cellular activity. While the location of the ON subregion is shown to be closest to the central fovea, the consistency in location supports that the decrease in light may reduce macular blood vessel density. Accordingly, a larger size or longer length of pterygium, will result in more light block, thus lead to more significant alterations, which further confirms our results (Figure 6).


[image: Figure 6]
FIGURE 6. Relationship between RT thinning in patients with Pterygium, and there is also a correlation between RT thinning and visual impairment. In Pterygium group, astigmatism and occlusion of light may lead to the decrease of vision., SVD in macular and RT in related areas. The macular area is marked on the image of eyeball, which reveals the decrease of SVD and RT in this area. RT, retinal thickness; SVD, superficial vessel density.


Certain shortcoming existed in this research. First of all, the sample size was not large. And then, the optometry of pterygium patients was lower than that of healthy individuals (Table 1). This might be explained that pterygium could cause corneal alterations (28), thus leading to poor visual acuity. Besides, the large pterygium will invades the pupil area; thus result in a decrease in visual acuity. Therefore, the effect of alteration in RT on visual acuity warrants further investigation. In addition, in this study, we obtained false positive results of increased thickness of the retina in the nasal OT subregion of patients with pterygium. As a non-invasive technique, OCT could use light to scan retina or anterior segment and obtain image according to the interference with backscatter or reflectance (29). While, depend on the enface and depth-encoded slabs, OCTA technology can display flowing image of retinal and choroidal vascular plexus, which would be indistinct with previous imaging mode (30). However, OCTA also has its own shortcomings, e.g., Opaque medium limits OCTA examination and lead to signal abnormality because light source is the foundation of the technology. Significant astigmatism also affects the assessment of RT and results in signal attenuation and shadow artifacts (12). Hence, we speculate this may be related to pterygium, which blocks the light on the side of the nose. Consequently, motion artifacts or measurement errors occur, resulting in an increase in the thickness of the retina in the measured OT area.



CONCLUSION

In summary, the RT of patients with pterygium is decreased than that of healthy individuals, and the main alteration is observed in the temporal side. The results show that, there are important differences in the posterior segment of pterygium as well as the anterior segment. Therefore, macular alterations may be related to broader eye structural disorders in patients with pterygium or the optimization of the compensation mechanism of irregular corneal vision and light occlusion in patients with pterygium. However, it is unclear whether these alterations occur before or as a result of the development of pterygium. Further investigation is warranted to repeat the present findings and determine their clinical importance.
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Backgrounds: Studies on risk factors influencing the prognosis of patients with sudden onset deafness are lacking.

Methods: From March 2018 to March 2021, 500 patients, from the Tongde Hospital in Zhejiang Province, with sudden onset deafness were enrolled. We collected clinical information from the hospital medical records, including certain demographic characteristics, information related to sudden-onset deafness, and laboratory parameters. Univariate and multivariate analyses were performed to determine independent prognostic risk factors for patients with sudden deafness. Additionally, we also employed orthogonal partial least squares discriminant analysis (OPLS-DA) to analyze the data of these enrolled patients.

Results: The baseline clinical characteristics of the enrolled patients were analyzed. Based on their prognoses, the included patients were divided into the overall effective and ineffective groups. Between these two groups, the univariate and multivariate analyses were performed. Age, type of hearing curve at the initial diagnosis, acute phase, and sudden deafness site were found to be independently associated with the prognoses of patients with sudden deafness (all P < 0.05). Through the OPLS-DA, the sudden deafness site was found to be an indicator with the highest predictive power.

Conclusions: Age, type of hearing curve at the initial diagnosis, acute phase, and sudden deafness site were all independently correlated with the prognoses of patients with sudden deafness and, therefore, need to be emphasized.

Keywords: clinical characteristics, risk factors, treatment effects, prognosis, sudden deafness


INTRODUCTION

Sudden deafness, also known as idiopathic sudden deafness, refers to sudden and unexplained sensorineural hearing loss (1). In recent times, the incidence of sudden deafness is on the rise (2). Although large sample epidemiological data are lacking, the incidence of sudden deafness has been increasing in China in recent years (3). The incidence of sudden deafness in the United States ranges from 5 to 27 people per 100,000, and approximately 66,000 new cases are reported annually (4). The incidence of sudden deafness in Japan was 27.5 persons per 100,000 in 2001, and it shows an increasing year-on-year trend (5). The incidence reported in the German guidelines for sudden deafness in 2004 was 20 per 100,000, which increased to 160–400 per 100,000 per year in 2011 (6).

The etiology and pathophysiological mechanism underlying sudden deafness remains unclear. Local and systemic factors may lead to sudden onset deafness (7, 8). Common causes include vascular diseases, viral infection, autoimmune diseases, and so on (9). Mental tension, pressure, mood swings, irregular life, and sleep disorders also underlie the main causes of sudden onset deafness (10, 11). Currently, the recognized pathogenesis includes inner ear vasospasm, stria vascular dysfunction, vascular embolism or thrombosis, membrane labyrinth hydrops, and hair cell injury (12, 13).

The clinical manifestations of patients with sudden onset deafness include sudden hearing loss, tinnitus, ear fullness, dizziness, hyperacusis, and paresthesia around the ear (14, 15). Some patients even face psychological symptoms, such as anxiety and sleep disorder, which affect their quality of life (16, 17). Nowadays, several prognostic factors may affect the prognoses of patients with sudden onset deafness. Several previous studies have focused on the factors influencing different diseases from multiple perspectives (18–20). Nevertheless, the research on risk factors influencing the prognosis of patients with sudden onset deafness is incomplete. Therefore, we examined the independent risk factors for the treatment of patients with sudden deafness in a clinical cohort to provide new directions and insights into the treatment and prognosis of sudden deafness.



PATIENTS AND METHODS


Patients

From March 2018 to March 2021, 500 patients who met the inclusion criteria for sudden deafness were enrolled at the Tongde Hospital in Zhejiang Province. Inclusion criteria for sudden deafness were as follows (21): (1) sensorineural hearing loss occurred suddenly within 72 h, with hearing loss of ≥ 20 dBHL in at least two adjacent frequencies, mostly unilateral, and a few cases could occur bilaterally or sequentially; (2) no clear etiology was found, including systemic or local factors; (3) patients may be accompanied by tinnitus, ear fullness, and paresthesia around the ear; and (4) patients may be accompanied by dizziness, nausea, and vomiting. Exclusion criteria were as follows: (1) patients who did not meet the above inclusion criteria; (2) those with organic lesions of the middle ear; (3) cases of sudden deafness and pregnant women suffering from systemic diseases, such as hypertension and diabetes; and (4) patients considered with the possibility of the posterior cochlear space-occupying lesion as evidenced by magnetic resonance imaging (MRI) of the skull or middle inner ear, or computed tomography (CT) scan of the temporal bone.

The following treatment methods were adopted in this study: antiviral drug ribavirin liquid injection, glucocorticoid oral prednisone, nerve adenosine triphosphate (ATP) oral nutrition, low molecular dextran, B vitamins, and other comprehensive treatment regimens; simultaneous oxygen therapy during infusion therapy, children under the age of 14, according to the weight-adjusted doses. After treatment for 7 days, bone-air conduction pure tone audiometry results were reviewed and compared with those before treatment.

Based on the curative effect grading standard of sudden deafness, hearing curative effects were evaluated as follows (21): recover: the average hearing threshold of the damaged frequency was completely restored to normal, or reached the level of the healthy ear; significantly effective: the average hearing threshold of damaged frequencies improved by ≥ 30dB; effective: the average hearing threshold of damaged frequencies improved by ≥ 15dB; and ineffective: the average hearing threshold of damaged frequencies improved by <15dB. Recovery, significantly effective, and effective were considered as the overall efficacy of the treatment.

We collected clinical information from the hospital medical records, including certain demographic characteristics, information related to sudden deafness, and laboratory parameters. This study design was approved by the Ethics Committee of the Tongde Hospital, Zhejiang Province (approval number: KTSC2019132). Informed consents were obtained from patients or their families.



Data Analysis

Statistical analyses were performed using GraphPad Prism 9 and SIMCA. Univariate and multivariate analyses were used to determine independent risk indicators for the prognoses of sudden onset deafness patients. Data for all samples were analyzed using the Statistical Software SIMCA (Version 14.1.0.2047, 64-bit, MKS Umetrics, Umea, Sweden) for orthogonal partial least squares discriminant analysis (OPLS-DA). P < 0.05 was considered statistically significant.




RESULTS


Clinical Characteristics of Enrolled Patients

A total of 500 patients with sudden onset deafness were enrolled in our study. Table 1 shows the baseline clinical characteristics of these included patients. The average age was 40 years. The age distribution of patients ranged between 30 and 54 years. Of the 500 patients with sudden onset deafness, 261 were males and 239 were females. According to the types of the hearing curve, flat type deafness was present in 52 patients, low-mid frequency decline type deafness in 187 patients, high-mid frequency decline type deafness in 157 patients, and total deafness in 104 patients. A total of 385 patients were in the acute phase within 3 weeks; the remaining 115 patients were not. Notably, none of the patients in this cohort had a family or genetic history of sudden onset deafness.


Table 1. Clinical characteristics of enrolled patients with sudden deafness.
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All patients underwent laboratory tests. Based on the results of the patients' examination, the average level of total bilirubin level was 12.40 (9.60–16) μmol/L, and the level of indirect bilirubin level was 9.95 (7.70–12.80) μmol/L, the total protein level was 73.40 (69.72–76.90) g/L, and the albumin level was 45 (42.30–47.20) g/L. Approximately 76% of these patients had unilateral, while 24% had bilateral sudden onset deafness. Moreover, 79 patients developed vertigo. About 380 patients presented symptoms of tinnitus. A total of 312 patients received hyperbaric oxygen treatment, while the remaining did not.



Univariate and Multivariate Analyses of the Prognostic Risk Factors for Patients With Sudden Deafness

To determine the prognostic risk factors for patients with sudden onset deafness, 117 patients in our cohort were divided into the recovery, significantly effective, effective, and ineffective groups according to the observed treatment effects. A total of 110 patients were in the recovery group, 45 in the significantly effective group, 45 in the effective group, and 323 in the ineffective group. Patients in the recovery, significantly effective, and effective groups were considered to show overall effective treatment. Therefore, univariate and multivariable analyses for the prognostic risk factors were performed between the overall effective and ineffective groups (Table 2). Through univariate analysis, age, type of hearing curve at the initial diagnosis, acute phase, total protein level, albumin level, sudden deafness site, and hyperbaric oxygen treatment were found to be the significant risk factors for poor prognosis of patients with sudden onset deafness. Subsequently, the multivariable analysis was performed for these risk factors, and age, type of hearing curve at the initial diagnosis, acute phase, and sudden deafness site were found to be independently associated with prognoses of patients with sudden deafness (all P < 0.05).


Table 2. Univariate and multivariate analysis in the overall effective and ineffective groups.
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OPLS-DA

To further rank and assess the risk factors for poor prognosis of patients with sudden deafness, the OPLS-DA method was used. According to the results of OPLS-DA, differences could be clearly distinguished between patients with sudden deafness in the overall effective and ineffective groups (Figures 1A,B). In addition, sudden deafness site was an indicator with the highest predictive power (Figures 1C,D).


[image: Figure 1]
FIGURE 1. Orthogonal partial least squares discriminant analysis (OPLS-DA) assessed the ability of risk factors to predict the prognosis of patients with sudden deafness (A,B). Through OPLS-DA, patients in the overall effective group could be unambiguously distinguished from patients in the ineffective group; (C,D). Sudden deafness site was considered as the top 1 indicator with highest predictive capability.





DISCUSSION

Sudden deafness is a common emergency in otorhinolaryngology. The incidence ratio in males and females is similar, and, most frequently, comprises unilateral onset. Since the etiology and pathogenesis remain unclear, the clear clinical cause underlying sudden deafness is known in approximately 10% of these patients. It is difficult to evaluate the curative effects and prognoses due to the lack of standardized specific treatment and the presence of several influencing factors. Although sudden deafness shows a self-healing tendency, some patients recover to varying degrees. However, a poor prognosis is seen in some patients. Therefore, this present study focused on identifying the independent risk factors affecting the prognoses of patients with sudden deafness.

A total of 500 patients with sudden onset deafness with an average age of 40 years were enrolled. The age distribution ranged from 30 to 54 years. Among the patients enrolled in this study, 261 were males and 239 were females. According to the hearing curve types, 52 patients showed flat type deafness, 187 patients had low-mid frequency decline type deafness, 157 had high-mid frequency decline type deafness, and 104 patients had total deafness. Three hundred eighty five patients were in the acute phase within 3 weeks, while 115 were not. Notably, none of the patients in the cohort had a family or genetic history of sudden onset deafness. All included patients underwent laboratory tests. Based on these results, the total bilirubin level was 12.40 (9.60–16) μmol/L and the indirect bilirubin level was 9.95 (7.70–12.80) μmol/L. The level of total protein was 73.40 (69.72–76.90) g/L, and the level of albumin was 45 (42.30–47.20) g/L. In addition, 76% of these patients showed unilateral sudden deafness, while 24% had bilateral sudden deafness. A total of 79 patients developed vertigo, while 380 patients presented with symptoms of tinnitus. A total of 312 patients received hyperbaric oxygen treatment, while the remaining 188 patients did not receive it.

To determine the prognostic risk factors for patients with sudden deafness, 177 patients were divided into recovery, significantly effective, effective, and ineffective groups according to the outcomes of treatment received by patients with sudden deafness. Recovery, significantly effective, and effective were considered as overall effective. Univariate and multivariate analyses for risk factors were performed between the overall effective and ineffective groups. In univariate analysis, age, type of hearing curve at the initial diagnosis, acute phase, total protein level, albumin level, sudden deafness site, and hyperbaric oxygen treatment were identified as the risk factors for poor prognosis in patients with sudden deafness. Multivariate risk factor analysis was then performed. Based on these results, age, type of hearing curve at the initial diagnosis, acute phase, and sudden deafness site were all found to be independently associated with the prognosis of patients with sudden deafness (all P <.05). Among them, the older were the patients, the worse was the prognosis, mainly due to the vulnerability of the auditory system and other physical conditions that can exacerbate deafness (22). Additionally, sudden deafness site was also considered an important factor that influenced the prognosis of patients with sudden deafness, consistent with the results of several previous studies (23, 24). Therefore, these factors should be emphasized during the treatment of patients with sudden deafness, which would be conducive to their better treatment and prognosis.

To further rank and evaluate the risk factors affecting the prognosis of patients with sudden deafness, the OPLS-DA method was used for analysis. Based on the results, the difference between patients in the overall effective and ineffective groups could be distinguished. Moreover, sudden deafness site was considered to be an indicator with the highest predictive power. It was speculated that patients with bilateral sudden deafness may have a poorer prognosis than those with unilateral sudden deafness.

However, there are limitations to this study. First, the sample size of patients with sudden deafness needs to be increased to validate the above conclusions. Second, the patients in this study all came from the same hospital, which may contribute to certain regional deviations. Finally, the statistics of some clinical parameters in patients with sudden deafness were incomplete, and more clinical data are needed to evaluate the independent risk factors that may lead to poor prognoses of sudden onset deafness.



CONCLUSION

In conclusion, age, type of hearing curve at the initial diagnosis, acute phase, and sudden deafness site were independently correlated with the prognosis of patients with sudden deafness (all P < 0.05). Notably, sudden deafness site was an indicator with the highest predictive power. These factors should be considered during the treatment of patients with sudden deafness. Our finding may thus provide better clinical guidance for the treatment and prognosis of patients with sudden deafness.
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The purpose of this study was to identify the biomarkers implicated in the development of intracranial hemorrhage (ICH) and potential regulatory pathways. In the transcriptomic data for patients with ICH, we identified DEmiRNAs and DEmRNAs related to hypoxia, inflammation, and their transcription factors (TFs). An ICH-based miRNA-TF-mRNA regulatory network was thus constructed, and four biomarkers (TIMP1, PLAUR, DDIT3, and CD40) were screened for their association with inflammation or hypoxia by machine learning. Following this, SP3 was found to be a transcription factor involved in hypoxia and inflammation, which regulates TIMP1 and PLAUR. From the constructed miRNA-TF-mRNA regulatory network, we identified three axes, hsa-miR-940/RUNX1/TIMP1, hsa-miR-571/SP3/TIMP1, and hsa-miR-571/SP3/PLAUR, which may be involved in the development of ICH. Upregulated TIMP1 and PLAUR were validated in an independent clinical cohort 3 days after ICH onset. According to Gene Set Enrichment Analysis (GSEA), SP3 was discovered to be important in interleukin signaling and platelet activation for hemostasis. Transcription factor SP3 associated with hypoxia or inflammation plays an important role in development of ICH. This study provides potential targets for monitoring the severity of inflammation and hypoxia in patients with ICH.

Keywords: ICH, hypoxia, inflammation, SP3, biomarkers, cerebrovascular disease


INTRODUCTION

Intracranial hemorrhage (ICH) is a condition characterized by bleeding from the brain parenchyma caused by the rupture of blood vessels in the brain, which leads to compression of the surrounding nerve tissue, disruption of the brain function, and triggering of disorders (1). ICH can be triggered by various factors, such as trauma, hypertension, and infection (2, 3). ICH accounts for 10–15% of strokes and is its most lethal subtype (4–8). The formation of a hematoma from ICH can severely disrupt tracts, leading to various dysfunctions and threatening patients' lives, which makes ICH highly disabling and mortal (4). More than 1 million people are affected by ICH each year (9). The mortality rate for patients with ICH range from 30 to 50% at 1 month and 54% at 1 year (10, 11). The unprecedented virus (COVID-19) have also been identified as potential risk factors for ICH (12). Patients with ICH need to be diagnosed and treated early and accurately in order to achieve the best possible outcome.

Neuronal apoptosis, inflammation, oxidative stress, edema formation, and the breakdown of the blood–brain barrier all contribute to ICH development (13, 14). ICH is not only pathologically characterized by inflammation, but it also causes secondary damage to the brain (15, 16). Inflammatory injury can damage the vascular endothelium and, thus, is involved in ICH development (17, 18). The infiltrating leukocytes can release pro-inflammatory factors, which further damage the blood–brain barrier, thereby worsening the secondary brain injury after ICH development (19–21). Meanwhile, hypoxia can be activated through oxidative stress mechanisms, which in turn are involved in the developmental mechanisms of ICH (14, 22). Therefore, we hypothesize that inflammation and hypoxia play important roles in ICH pathogenesis; however, the molecular mechanisms involved are not yet clear.

Because inflammation is involved in secondary damage after ICH, the degree of inflammation can be used to predict the prognosis of patients with ICH (21, 23, 24). Some indicators of inflammation, such as the neutrophil-to-lymphocyte ratio, have been shown to be useful in predicting the prognosis of patients with ICH, and they are predictive of a good outcome (25). Brain tissue can become hypoxic from ICH, causing irreversible damage (26). Genes associated with hypoxia or inflammation, as well as their pathways of action, play an important role in the development and progression of ICH. ICH development is involved in the Nrf2/HO-1 signaling pathway, according to the previous studies (27). KLF6 acts as a transcription factor that mediates SIRT5 inhibition of the Nrf2/HO-1 signaling pathway, which in turn exacerbates neuronal apoptosis and oxidative stress after ICH development (28). KLF6 plays a crucial role in the inflammatory and hypoxic response (27). Inflammation and hypoxia dramatically impact the survival and quality of life of patients with ICH. Thus, identifying the degree of inflammation and hypoxia in ICH is essential for monitoring the prognosis of patients with ICH.

Recent developments in bioinformatics, including the availability of considerable RNA sequencing data resources, have provided a direction for disease diagnosis and treatment (29–32). Gene expression profiles associated with inflammation or hypoxia can be obtained from RNA sequencing data. This study was designed to examine the genes and pathways that are potentially involved in inflammation during ICH.



METHODS


Data Downloaded From the GEO Database

The GEO database was searched for intracerebral hemorrhage-related RNA transcriptomic datasets based on the following keywords: “intracerebral haemorrhage” and “brain haemorrhage”. Exclusion criteria were set as follows: (1) transcriptomic data from animal models or knockout animals; (2) brain hemorrhage caused by vascular malformations, aneurysms, etc.; and (3) drug experiments designed. A dataset containing mixed plasma samples from 15 patients with ICH and eight healthy controls (GSE43618 dataset) was filtered based on the filtering criteria (33). Peripheral blood mRNA transcriptomic data were obtained from GSE125512 for 11 patients with ICH at the onset and 3 days after onset (34). These two datasets were used to identify differentially expressed miRNAs (DEmiRNAs) and differentially expressed mRNAs (DEmRNAs). These DEmRNAs were derived from an analysis of differences between peripheral blood transcriptome expression profiles 3 days after and at ICH onset. The transcriptome data were log-2 transformed with different unit formats, and de-batching between samples was performed. Finally, we collected peripheral blood samples from 20 patients with an ICH and 17 healthy control volunteers in order to validate the genes related to inflammation and hypoxia identified by the bioinformatics analysis. Included patients must meet the following criteria: (1) experience acute cerebral hemorrhage within 3 days; (2) have clear diagnostic imaging and laboratory results; (3) have no vascular malformations, coagulation disorders, or other causes of bleeding; and (4) be free of malignant tumors and other serious diseases. Ethics approval for this study was obtained from the General Hospital of Ningxia Medical University. All the participants provided written informed consent.



Inflammation or Hypoxia-Associated Gene Sets

In order to select a broad list of candidate gene sets for inflammation- and hypoxia-related genes, we searched the Kyoto Encyclopedia of Genes and Genomes (KEGGs) database (www.kegg.jp). Furthermore, the PubMed and Web of Science databases were searched for inflammation- or hypoxia-related gene complements. Ultimately, a total of 50 hypoxia-related genes and 200 inflammation-related genes were identified. These genes are mainly involved in inflammatory or hypoxic response processes during disease development.



Analysis of Variances

First, the limma R package was used to identify DEGs, including DEmiRNAs and DEmRNAs, in the occurrence of ICH (35). We identified mRNAs that are up- and down-regulated in patients with ICH 3 days after cerebral hemorrhage compared with those at the onset of cerebral hemorrhage using differential expression analysis of the peripheral blood transcriptome. DEGs were filtered using p < 0.05 as the threshold. Data were then filtered by genes using Perl (https://www.perl.org/) to obtain dysregulated genes associated with inflammation or with hypoxia and the corresponding gene expression matrix.



Biological Functional Pathway Analysis

Functional pathway analysis of up- or down-regulated DEmRNAs using the Kyoto Encyclopedia of Genes and Genomes (KEGGs) and Gene Ontology (GO). GO terminology is described in three parts: biological processes (BPs), cellular components (CCs), and molecular functions (MFs). The clusterProfiler R package was used to complete GO and KEGG analysis as previous research (36, 37). Further, GSEA is used to analyze functional pathways of dysregulated biology involving key genes (38). Selected functional pathways for differential analysis are referenced from “c2.cp.v7.2.symbols.gmt [Curated]” in MSigDB collections (https://www.gsea-msigdb.org/gsea/msigdb/) gene set. The threshold used to identify dysfunctional pathways was set at a false discovery rate of <0.25 and adjusted p of <0.05.



Construction of miRNA–TF–mRNA Network

According to the previous study, the miRNA–TF–mRNA network was constructed (39–42). First, TF–mRNA relationship pairs were predicted in DEmRNAs using the TRRUST (v2) database (43), where mRNAs were associated with hypoxia or inflammation. To explore regulatory relationships between DEmiRNAs and DEmRNAs (including TFs), miRWalk was used (http://mirwalk.umm.uni-heidelberg.de/). R software was used to match the interrelationships between DEmiRNAs and DEmRNAs. Among the predicted miRNA–mRNA molecular pairs, only those with opposite regulatory directions were subjected to further analysis. Furthermore, Cytoscape was used to visualize the entire miRNA–TF–mRNA interaction network and to identify the hub genes in the network based on the number of connections in each node (44).



Machine Learning

Intelligent machines are converging with advancing biotechnologies to shape the future of medicine (45). Machine learning is used to screen genes associated with the progression of ICH. Support Vector Machine–Recursive Feature Elimination (SVM–RFE) was used to investigate genes associated with hypoxia and inflammation (46). SVM is excellent at handling small datasets and shows good classification performance. Redundant genes are filtered using the iterative algorithm of SVM–RFE, resulting in genes highly correlated with the outcome. Furthermore, the least absolute shrinkage and selection operator (LASSO) is used for gene screening. As previous research, LASSO analysis was performed using the “glmnet” R package (42, 47). ROC curves were used to assess the predictive ability of core genes to distinguish between patients with ICH at different progression stages, thereby testing their reliability for the outcome prediction. Principle component analysis and t-distributed stochastic neighbor embedding (t-SNE) (48) were used to demonstrate the ability of screened core genes to classify patients with ICH at different developmental stages. The R package “Rtsne” was used to implement the t-SNE algorithm based on non-linear dimensionality reduction.



Quantitative qRT-PCR

Total RNA was extracted using TRIzol (TaKaRa Bio, Shiga, Japan) and reverse-transcribed into cDNA using PrimeScript RT Master Mix (TaKaRa Bio, Shiga, Japan). According to the manufacturer's instructions, Real-time PCR was performed using SYBR Green PCR Master Mix (Takara). Using GAPDH as a reference, the 2−ΔΔCt method was applied for the relative quantification of core gene expression levels and normalized.



Statistical Analysis

All the drawings are performed using the R software (version 4.0.5). The “VennDiagram” R package is used to create a Venn diagram to present the results of the gene intersection analysis. Spearman's correlation test was used to assess the correlation between key genes, and correlation coefficients of >0.3 were considered to be co-expression relationships. Differential analysis of gene expression between the two groups was performed using the Wilcoxon rank-sum test. Unless otherwise indicated, p < 0.05 was considered a statistically significant difference.




RESULTS


Neutrophils Play an Important Role in ICH Development

To obtain biomarkers and pathways associated with the occurrence or progression of ICH, we performed a differential expression analysis. First, 46 DEmiRNAs were identified by differential analysis between ICH and healthy control (HC) (Figure 1A). Based on the transcriptomic data obtained from the peripheral blood of ICH at different development stages, 914 DEmRNAs were identified. Compared to the onset of ICH, 444 genes were upregulated and 470 genes were downregulated 3 days after the onset of ICH (Figure 1B). These up- and downregulated genes were then subjected to separate functional pathway analyses. The main pathways shown to be upregulated in ICH by GO and KEGG included neutrophil-mediated immunity, secretory granule lumen, cell adhesion molecule binding, and regulation of actin cytoskeleton (Figure 1C). In addition, the pathways enriched by the downregulated genes contained RNA splicing, nuclear speck, Herpes simplex virus 1 infection, and condensed chromosome (Figure 1D). These results suggest that neutrophils play an important role in the development of ICH.


[image: Figure 1]
FIGURE 1. Biological functional pathways of DEGs. Volcano plot showing DEmiRNAs (A) and DEmRNAs (B). Red represents upregulated genes, and blue represents downregulated genes. Upregulated (C) and downregulated (D) biological functional pathways enriched by DEGs.




Identification of Differentially Expressed Genes Associated With Inflammation or Hypoxia

To explore the possible role of inflammation- or hypoxia-related genes in ICH development, we further screened the inflammation- and hypoxia-related genes separately in the DEmRNAs. We identified 15 genes associated with hypoxia; their relative expression between ICHs is shown in Figure 2A. The number of genes related to inflammation was 16 (Figure 2B). The corresponding heat map showed a clear boundary between hypoxia or inflammation-related DEGs in patients with different stages of ICH. This suggests that the genes associated with hypoxia or inflammation play an important role in ICH development.


[image: Figure 2]
FIGURE 2. Construction of molecular interactions networks. Heat map showing hypoxia- (A) and inflammation-related (B) DEGs in patients with ICH. The depth of the color was used to indicate the intensity of gene expression. (C) The constructed miRNA–TF–mRNA network. Each node represents a gene and each edge represents a gene interaction. Triangle represents transcription factors, parallelogram represents miRNAs, ellipse represents hypoxia-related genes, and the round rectangle represents inflammation-related genes. (D) Number of junctions between individual genes in this miRNA–TF–mRNA network.




PPI Network Shows SP3 as a Hub Gene and May Be Associated With Hypoxia and Inflammation

From all the DEmRNAs, eight differentially expressed transcription factors (DETFs) were identified, which can regulate some of these genes in DEGs associated with hypoxia or inflammation. Furthermore, 10 DEmiRNAs were predicted to potentially act on these DEmRNAs (or DETFs) associated with hypoxia or inflammation. And the relationship pairs between these DEmiRNAs and DEmRNAs (including DETFs) were constructed as an miRNA–TF–mRNA interaction network (Figure 2C). From this molecular interaction network, SP3 was identified as the hub gene in the network, as it has the highest number of linkages (Figure 2D). From the constructed molecular interaction network, we further identified a possible correlation between SP3 and TIMP1 and PLAUR. TIMP1 is an inflammation-related gene, while PLAUR is a gene associated with hypoxia and inflammation. Therefore, the hub gene SP3 might be a transcription factor associated with hypoxia and inflammation.



Thirteen Important Genes Obtained From Machine Learning Screening

To evaluate the genes associated with hypoxia or inflammation that are closely related to ICH development, SVM–RFE and LASSO analyses were applied to screen DEGs. SVM–RFE showed minimal error in outcome prediction when all 31 hypoxia- or inflammation-related DEmRNAs were selected (Figure 3A). In a subsequent analysis, the Lasso analysis identified 13 hypoxia- or inflammation-related genes that were strongly associated with ICH development (Figure 3B). Figure 3C shows the co-expression network of these 13 genes, and TIMP1 and PLAUR were found to be co-expressed with several genes. Moreover, PCA and tSNE visualizations demonstrate that these 13 genes can be used to distinguish patients with ICH at different stages (Figures 3D,E).


[image: Figure 3]
FIGURE 3. SVM–RFE and LASSO regression analysis results. (A) On a line graph the prediction accuracy of each variable included in the model is displayed. And the SVM–RFE screening process showed the smallest errors were obtained when all 31 genes were included in the model. (B) The LASSO analysis resulted in a final screening of 13 genes. (C) Correlation linkage maps of hypoxia- and inflammation-related genes using machine learning. (D) PCA shows that the visualization of data based on PC1 and PC2 can be clearly distinguish between patients with ICH at different stages. (E) Visualizes the ability to distinguish patients with ICH at different stages of development by tSNE method.




Venn Analysis Identified Four DEGs Associated With Inflammation or Hypoxia

An intersection analysis of hypoxia- or inflammation-related DEGs obtained from machine learning and PPI networks was performed, and four core inflammation- or hypoxia-related DEGs (TIMP1, PLAUR, DDIT3, and CD40) were identified (Figure 4A). The relative expression profiles of these four core genes in patients with ICH are shown in Figure 4B. The ROC curves for PLAUR (AUC = 0.777), DDIT3 (AUC = 0.669), CD40 (AUC = 0.727), and TIMP1 (AUC = 0.719) for the different stages of ICH development are shown in Figures 4C–F, respectively, indicating their moderate predictive power. PCA and tSNE visualization showed that patients with different stages of ICH can be distinguished based on these four genes (TIMP1, PLAUR, DDIT3, and CD40) (Figures 4G,H). Therefore, four biomarkers (TIMP1, PLAUR, DDIT3, and CD40) were screened for their association with inflammation or hypoxia by machine learning.


[image: Figure 4]
FIGURE 4. Four key genes obtained from the cross-tabulation analysis. (A) The Venn diagram shows that four core genes are shared in the PPI network, SVM–RFE, and LASSO. (B) Relative expression profiles of these four core genes in all the patients. (C) PALUR, (D) DDIT3, (E) CD40, and (F) the ability of TIMP1 to differentiate between patients with ICH at different development stages. (G) PCA and (H) tSNE visualization showing the ability to discriminate between patients with ICH at different development stages.




Transcription Factors and Corresponding miRNAs That Regulate TIMP1

In the regulatory network, we discover that RUNX1 and SP3 may act as transcriptional regulators of TIMP1 (Figure 2C). RUNX1 is regulated by hsa-miR-940, and SP3 is regulated by hsa-miR-571 (which has the most junctions). The magnitudes of the fold change values for hsa-miR-940 and hsa-miR-571 are shown in Figure 5A. The relative ranking of the fold change values for TIMP1, PLAUR, DDIT3, and CD40 are shown in Figure 5B. Further correlation analysis showed a positive correlation between RUNX1 and TIMP1 (r = 0.24, Figure 5C) and a negative correlation between SP3 and TIMP1 (r = −0.381, Figure 5D). Although there was no statistically significant difference, more cellular research are needed. Therefore, we further predicted two miRNA–TF–mRNA axes around the inflammation-related gene TIMP1, namely, hsa-miR-940/RUNX1/TIMP1 and hsa-miR-571/SP3/TIMP1 (Figure 2C). Validation in an independent clinical cohort showed statistically significant differences in TIMP1 expression between ICH and HC (p < 0.01, Figure 5E).


[image: Figure 5]
FIGURE 5. Results of co-expression analysis of four core genes. DEmiRNAs (A) DEmRNAs (B) are arranged by log2 (Fold Change). (C) Correlation analysis between RUNX1 and the inflammation-associated gene TIMP1. (D) Correlation analysis between SP3 and the inflammation-associated gene TIMP1. (E) PCR showed differential expression of TIMP1 and PLAUR between the HC and ICH groups. (F) Correlation analysis between FOS and PLAUR. (G) Correlation analysis between SP3 and PLAUR.




Transcription Factors and Corresponding miRNAs That Regulate PLAUR

In the molecular interaction network (Figure 2C), the transcription factors of the hypoxia-related gene PLAUR were SP3 and FOS. SP3 also exhibited a regulatory effect on the inflammation-related gene TIMP3. Based on a condition of >0.3 correlation coefficient, we found no co-expression between FOS and PLAUR (r = 0.08, p = 0.282, Figure 5F), while there was some negative correlation between SP3 and PLAUR (r = −0.348, Figure 5G). Therefore, we identified SP3 as a key hypoxia- and inflammation-related transcription factor. In addition, hsa-miR-571/SP3/PLAUR was constructed around SP3 and PLAUR as an axis miRNA-TF-mRNA (Figure 2C). There was a significant difference in PLAUR expression between ICH and HC based on the data from an independent clinical cohort (p < 0.01, Figure 5E).



SP3 Is Involved in Leukocyte- and Platelet-Related Physiological Processes

We performed GSEA analysis of the transcription factors SP3 and RUNX1 to explore the pathways in which they might be involved. GSEA showed that the signaling by interleukins, hemostasis, platelet activation signaling and aggregation, and mitotic prometaphase pathways were upregulated in patients with ICH with SP3 downregulation (Figure 6A). In patients with ICH with elevated RUNX1 expression, elastic fiber formation was downregulated, while the transcriptional regulation of the granulopoiesis pathway was upregulated (Figure 6B). The aforementioned results indicate that SP3 may be involved in interleukin signaling and platelet activation for hemostasis, while RUNX1 may be involved in granulopoiesis after ICH onset.


[image: Figure 6]
FIGURE 6. Gene set enrichment analysis. (A) GSEA shows altered pathways in samples with downregulated SP3. (B) GSEA shows altered pathways in samples with upregulated RUNX1. (C) GSEA shows altered pathways in samples upregulated by PLAUR. (D) GSEA shows altered pathways in samples with TIMP1 upregulation. The upward peaks of the curve represent the upward adjustment pathway, while the downward peaks represent the downward adjustment pathway.




TIMP1 Is Associated With Platelets and Angiogenesis

In patients with ICH with PLAUR upregulation, mitotic prometaphase and cell cycle checkpoints were downregulated, while interferon signaling and hippoyap signaling pathway were upregulated (Figure 6C). In patients with ICH with elevated expression of TIMP1, the platelet activation signaling and aggregation, insulin signaling pathway, and angiogenesis pathways were upregulated (Figure 6D). PLAUR and TIMP1 were both upregulated 3 days after ICH onset. Therefore, it is hypothesized that PLAUR, a hypoxia and inflammation-related gene, may be involved in upregulating the interferon signaling pathway and hippo pathway, while TIMP1 may be involved in platelet activation and aggregation, activating insulin signaling pathways, and promoting angiogenesis.




DISCUSSION

Four hypoxia- or inflammation-related biomarkers (TIMP1, PLAUR, DDIT3, and CD40) were identified in this study. Among them, SP3 might act as a transcriptional regulator for TIMP1 and PLAUR. A bioinformatics approach was used to predict the possible roles of the three hypoxia- and inflammation-related miRNA–TF–mRNA axes (hsa-miR-940/RUNX1/TIMP1, hsa-miR-571/SP3/TIMP1, and hsa-miR-571/SP3/PLAUR) in ICH development. Independent clinical cohort studies have validated upregulation of TIMP1 and PLAUR expression after the onset of ICH. In addition, GSEA was used to analyze the functions of SP3, RUNX1, TIMP1, and PLAUR.

TIMP1 and PLAUR have been identified in the previous studies as involved in the progression of ICH. Matrix metalloproteinases (MMPs) are the most important degrading enzymes in the pathogenesis of ICH (49), during extracellular matrix reconstruction and blood–brain barrier disruption (50). TIMP1 is a major endogenous inhibitor of MMP-9 and was found to be significantly more expressed in the serum of patients with ICH than in normal controls in a study of the Chinese Han patients with ICH (51). TIMP-1 expression is also associated with early mortality in ICH as its potential biomarker for predicting mortality (52). The urokinase-type fibrinogen activator encoded by the PLAUR gene plays an important role in the development of cortical neural circuits and in brain tissue remodeling after brain injury (53, 54). Thus, PLAUR can be related to the prognosis of patients with ICH. In this study, TIMP1 and PLAUR were upregulated 3 days after the onset of ICH compared with that before the onset. Previous studies have found that TIMP1 is associated with primary sarcopenia, colon cancer progression and metastasis, and some infectious diseases (55–57). We found that TIMP1 is involved in platelet activation and aggregation, insulin signaling pathway activation, and angiogenesis. The upregulation of TIMP1 can therefore affect recovery, regression, and progression of the patients with ICH by affecting both platelet function and angiogenesis. And PLAUR is associated as an inflammation-related gene with diseases or processes, such as asthma, myocardial infarction, and reduced lung function (58–60). TIMP1 and PLAUR are involved in inflammation and hypoxia-related progression in ICH. MMP-9 is expressed in inflamed tissues and is involved in the inflammatory process (61). TIMP-1 is a natural inhibitor of MMP-9 (62). Thus, TIMP-1 might play a role in the inflammatory response by inhibiting MMP-9. After inflammation occurs, PLAUR binds to PLAU and activates plasminogen to plasmin, promoting inflammatory cell migration and activation and matrix metallopeptidase (MMP) activation, thereby participating in the inflammatory response (60, 63–65). In addition, PLAUR can be regulated by the hypoxia-inducible factor HIF-1 to play a role in the hypoxia-related mechanisms of the disease (66). In this study, TIMP1 and PLAUR upregulation in ICH was validated in an independent cohort, which confirms the involvement of TIMP1 and PLAUR in ICH development.

In this study, we found that both TIMP1 and PLAUR are regulated by SP3, a transcription factor associated with both hypoxia and inflammation. Hypoxia has long been found to downregulate SP3 (67). The SP transcription factor family can be involved in the regulation of hypoxic gene expression in the hippocampus through a mechanism mediated by oxidative stress during hypoxia (68). In addition, SP3 is involved in the molecular regulatory mechanism of hypoxia-inducible factor 1α (69). Following inflammatory stimuli, SP3 and NF–κB interact to regulate inflammatory gene expression (70). SP3 is also involved in LPS-induced cellular inflammation (71). In patients with concomitant SP3 downregulation, signaling by interleukins, hemostasis, platelet activation signaling and aggregation, and mitotic prometaphase pathways were upregulated. These pathways suggest that downregulated SP3 is involved in interleukin signaling, platelet activation, and hemostasis. Therefore, SP3 downregulation might influence the progression and regression of ICH by affecting the degree of platelet activation as well as the level of inflammation, ultimately affecting the prognosis and quality of life of patients.

The miRNA–TF–mRNA network identified hsa-miR-571 as the pivotal miRNA regulating SP3. Previous studies have found that miR-571 functions in DNA replication and genomic stability (72). miR-571 is involved in the inflammatory process in cirrhosis (73), and can regulate the activation of human stem stellate cells (74) by mediating the Notch3 signaling pathway (75). However, there is a lack of studies on the relationship between miR-571 and SP3. In this study, we found the first evidence suggesting that hsa-miR-571 regulated the level of inflammation and platelet activation in ICH by regulating SP3 translation. And hsa-miR-571/SP3/TIMP1 and hsa-miR-571/SP3/PLAUR are two miRNA-TF-mRNAs involved in ICH development.

TIMP1 and PLAUR were differentially expressed in ICH and were upregulated 3 days after the onset of ICH. The upregulation of TIMP1 might have influenced the outcome of patients with ICH by affecting the platelet function and angiogenesis. PLAUR, in turn, was involved in the upregulation of the interferon signaling pathway and the hippo pathway. The hypoxia- and inflammation-related transcription factor SP3 was involved in the regulation of TIMP1 and PLAUR. SP3 might have influenced the progression of ICH by affecting the degree of platelet activation and the inflammation level. These findings provide potential targets for the diagnosis, treatment, and regression of ICH in order to monitor the severity of inflammation and hypoxia in patients with ICH. Although clinical samples were used for validating the study results, the number of clinical samples was small and the strength of validation needs improvement. Bioinformatic findings will need to be validated in the relevant cell lines as well as ICH animal models in the future. In addition to investigate the relationship between SP3 and its counterparts hsa-miR-571, TIMP1, and PLAUR, more research is needed to identify the role of SP3 in ICH.



CONCLUSION

The hsa-miR-940/RUNX1/TIMP1, hsa-miR-571/SP3/TIMP1, and hsa-miR-571/SP3/PLAUR play important roles in ICH development. The hypoxia- and inflammation-related transcription factor SP3 might be involved in platelet activation in ICH through the regulation of TIMP1/PLAUR, as well as in inflammatory regulation.
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Introduction: The objective of this study was to determine the NF-kappaB pathway, hub genes, and transcription factors (TFs) in monocytes implicated in the progression of neurovascular-related sepsis-induced cardiomyopathy (SIC) as well as potential miRNAs with regulatory functions.

Methods: : Sepsis-induced cardiomyopathy—and heart failure (HF)-related differentially expressed genes (DEGs) between SIC and HF groups were identified separately by differential analysis. In addition, DEGs and differentially expressed miRNAs (DEmiRNAs) in monocytes between sepsis and the HC group were identified. Then, common DEGs in SIC, HF, and monocyte groups were identified by intersection analysis. Based on the functional pathways enriched by these DEGs, genes related to the NF-kB-inducing kinase (NIK)/NF-kappaB signaling pathway were selected for further intersection analysis to obtain hub genes. These common DEGs, together with sepsis-related DEmiRNAs, were used to construct a molecular interplay network and to identify core TFs in the network.

Results: : A total of 153 upregulated genes and 25 downregulated genes were obtained from SIC-, HF-, and monocyte-related DEGs. Functional pathway analysis revealed that the upregulated genes were enriched in NF-κB signaling pathway. A total of eight genes associated with NF-κB signaling pathway were then further identified from the 178 DEGs. In combination with sepsis-related DEmiRNAs, HDAC7/ACTN4 was identified as a key transcriptional regulatory pair in the progression of SIC and in monocyte regulation. hsa-miR-23a-3p, hsa-miR-3175, and hsa-miR-23b-3p can regulate the progression of SIC through the regulation of HDAC7/ACTN4. Finally, gene set enrichment analysis (GSEA) suggested that HDAC7/ACTN4 may be associated with apoptosis in addition to the inflammatory response.

Conclusion: : hsa-miR-23a-3p, hsa-miR-3175, and hsa-miR-23b-3p are involved in SIC progression by regulating NF-κB signaling signaling pathway-related HDAC7/ACTN4 in monocytes and cardiac tissue cells. These mechanisms may contribute to sepsis-induced neurovascular damage.

Keywords: neurovascular, biomarkers, HDAC7, ACTN4, microRNA, NF-kappaB (NF-κB), sepsis-induced cardiomyopathy (SIC)


INTRODUCTION

Sepsis is a life-threatening organ dysfunction resulting from a dysregulated response of the organism to infection (1). Cardiac dysfunction caused by sepsis is defined as sepsis-induced cardiomyopathy (SIC) (2). The incidence and progression of SIC involve inflammatory responses, mitochondrial disorders, and metabolic changes (3). Impaired cardiac function occurs in approximately 60% of patients with septic shock within 3 days of admission (4). Patients with SIC have a poor prognosis and high morbidity and mortality rates (5). The mortality rate for patients with sepsis without cardiovascular compromise is 20% (6). However, the mortality rate increases for patients with SIC (7, 8). Severe toxic symptoms cause abnormal energy metabolism and myocardial damage in patients with sepsis, induce myocardial cell dysfunction, and eventually lead to severe events such as HF, which may endanger the patient's life (9–11). In recent years, SIC has also been found to cause dysfunction of the vascular nerve unit, which can lead to neurovascular dysfunction (12, 13). However, there is a lack of biomarkers and studies on the association of SCI with neurovascular diseases.

Researchers have found that the degree of cardiac dysfunction is a major factor in predicting mortality and morbidity in sepsis (14). The growing body of research confirms that signaling between the brain and circulatory system is essential to maintaining homeostasis during sepsis (15, 16). In patients with sepsis, endotoxin damages the cardiac and nervous systems (17). Endotoxins activate neutrophils excessively in sepsis, resulting in abnormal activation of the NF-kappaB signaling pathway; this interferes with the signaling communication between the brain and the immune system, contributing to vascular nerve damage associated with sepsis (12, 15). NF-kappaB-related signaling pathways are activated in the cardio-cerebral system; however, their molecular biological mechanisms need to be further elucidated (18). The NF-kappaB pathway can specifically block the proinflammatory and proapoptotic signaling caused by sepsis in the heart and brain, which can save other organs from the negative effects of sepsis (18, 19). Investigating the process of SIC and SIC-related neurovascular damage in the presence of the NF-kappaB-related signaling pathway is the focus of this study.

The activation of NF-kappaB signaling pathways is closely associated with monocytes in SIC (20). Monocytes are involved in various biological pathways that are crucial for the progression and prognosis of a disease. In addition, these pathways play a key role in the onset and progression of SIC. Monocytes are crucial regulators of inflammation. In response to inflammatory stimuli, monocytes are activated and migrate to the sites of inflammation to participate in the progression of inflammation (21). The inflammatory response causes upregulation of gene expression to trigger a massive release of inflammatory factors such as interleukin (IL)-6 and tumor necrosis factor (TNF)-α, leading to the incidence of SIC (2). Monocytes are also involved in oxidative stress (22). Intracellular over-activation of oxidative stress plays an important role in SIC (23). There are two immune responses in the course of sepsis, a hyperinflammatory response and immunosuppression (24). Death in patients with sepsis often occurs in the late immunosuppressive phase of the disease. The low expression of monocyte human leukocyte antigen-DR (mHLA-DR) is a universally recognized marker of an immunosuppressed state and is widely used in the treatment of sepsis (25–27). Therefore, identification of altered pathways in SIC and monocytes is essential to monitor the prognosis of patients with SIC.

microRNAs play a crucial regulatory role in the progression of various diseases (28–31). A study found that miR-21-3p is involved in the onset and progression of SIC (32). The miR-144-3p/NF-kB signaling pathway can regulate SIC injury (33). Furthermore, miR-133a-3p, miR-23b, and miR-155 are associated with SIC, suggesting that miRNA is a potential target for SIC therapy (34). In addition, miRNAs play a role in inflammation, oxidative stress, and apoptosis (35, 36), and these processes are also involved in SIC progression (37, 38).

Advancements in bioinformatics have enabled in-depth research into disease diagnosis and treatment from the perspective of big biological data (39–42). A large number of gene expression profiles can be easily obtained from RNA-sequencing (RNA-seq) data (43–46). High-throughput-based gene sequencing and functional pathway analysis allow bulk access to differentially expressed genes (DEGs) to examine the key pathways involved in disease progression (47, 48). This study aimed to identify the key pathways, hub genes, and TFs in monocytes and potential miRNAs with regulatory functions involved in the progression of SIC. In addition, we aimed to screen for targets and related neurovascular damage mechanism associated with the progression, diagnosis, treatment, and recurrence of SIC to monitor risks and eventually improve the prognosis of patients with SIC.



MATERIALS AND METHODS


Data Acquisition and Pre-Processing

First, the keywords “Sepsis,” “Sepsis-induced cardiomyopathy (SIC),” “Septic cardiomyopathy (SCM),” and “Heart failure (HF)” were searched in the Gene Expression Omnibus (GEO) database. Datasets were filtered for bioinformatic analyses according to the following criteria: (1) data collected from human tissues; (2) single-cell RNA-sequencing (scRNA-seq) data; (3) sepsis and healthy control data; and (4) inclusion of at least 3 samples per group in the bulk RNA-seq transcriptome dataset. The GSE94717 (49), GSE101639, GSE79962 (50), and GSE167363 (51) datasets were eventually included. GSE94717 and GSE101639 contain miRNA transcript data obtained from the blood samples of 15 (12 patients with sepsis and 3 healthy controls) and 9 (6 patients with sepsis and 3 healthy controls) subjects, respectively (49). These datasets were used to screen for sepsis-related DEmiRNAs. GSE79962 is a dataset consisting of mRNA transcript data obtained from the heart tissue samples of 51 subjects (20 patients with HF, 11 healthy controls and 20 patients with SIC). Transcriptomic data from the GSE79962 dataset were used to identify SIC- and HF-related (differentially expressed genes) DEGs (50). Finally, to explore disease-related gene transcription patterns at the single-cell level, we obtained scRNA-seq data of 5 subjects (2 healthy controls and 3 patients with sepsis) from the GSE167363 dataset for differential analysis of gene expression at the single-cell level (51).



Quality Control and Integration of ScRNA-Seq Data

As described in previous studies, RNA-seq data obtained from a total of 31,909 single cell from 5 samples were subjected to quality control using the “Seurat” package (52–55). The inclusion criteria for cells were as follows: (1) samples with 200–6,000 DEGs; (2) RNA counts > 1,000; (3) mitochondrial gene expression <20%; and (4) hemoglobin-related gene expression <1% (51). In addition, the inclusion criteria for cell characteristics were set as expression in at least 3 cells. A total of 30,091 cells and 20,597 characteristics were included in the subsequent single-cell analysis. Finally, the scRNA-seq data were integrated using the “SCTransform” function.



Cell Clustering and Annotation

After integration of the scRNA-seq data, the “RunPCA” and “RunUMAP” functions were used to extract characteristics and reduce the dimensionality of single-cell transcripts. The “FindNeighbors” function was used to cluster the cells based on the default top 30 principal components (PCs), and the uniform manifold approximation and projection (UMAP) was used to visualize the cell clusters (56). Subsequently, the SingleR (version: 1.4) R package was used for cell cluster annotation based on the Monaco reference dataset (36). We calculated the number of cell types in each category as a percentage of the total number of cells in each sample.



Differential Analysis of DEGs

At the level of scRNA-seq, monocytes were isolated to calculate monocyte-related DEGs in patients with sepsis (SP group) and healthy controls (HC group). The “FindMarker” function was used to identify monocyte-related DEGs, and the “ComBat” function was used to remove batch effects from different datasets before calculating DEmiRNAs. At the level of bulk-RNA analysis, the “limma” R package was used to identify SIC-related DEGs in the SIC and HC groups, HF-related DEGs in the HF and HC groups, and sepsis-related DEmiRNAs in the SP and HC groups at the individual level (57). p-Value < 0.05 was set as the threshold for DEG identification, and fold change values were used to identify upregulated and downregulated DEGs.



Intersection Analysis

After identifying monocyte-, SIC-, and HF-related DEGs, intersection analysis was performed to identify common DEGs. Specifically, the analysis was performed separately for upregulated and downregulated DEGs, yielding co-upregulated or co-downregulated DEGs associated with monocytes, SICs, and HFs. Finally, the “VennDiagram” R package (https://cran.r-project.org/web/packages/VennDiagram/index.html) was used to draw a Venn diagram to present the results of the intersection analysis.



Functional Pathway Analysis and Gene Set Enrichment Analysis

Common DEGs were subjected to the functional pathway analysis to identify pathways in which these dysregulated genes may be involved. The Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) analyses were performed using the “clusterProfiler” R package (58). GO terms are classified as biological process (BP), cellular component (CC), and molecular function (MF). We performed functional pathway analyses for co-upregulated and co-downregulated DEGs separately. Based on the “c2.cp.v7.2.symbols.gmt [Curated]” reference gene set, gene set enrichment analysis (GSEA) was performed to identify functional pathways enriched by the hub genes as reported in previous studies (55, 59).



Downloading of Genes Associated With NF-κB Signaling Pathway

The results of the functional pathway analysis suggested that the NF-kB-inducing kinase pathway (NIK)/NF-kappaB signaling pathway (GO: 0038061) was upregulated in the monocytes of patients with sepsis, SIC, and HF. Therefore, we further retrieved and collected a list of 144 genes associated with this pathway from the Molecular Signatures Database (MSigDB) (59–62). Genes in this gene set were subjected to intersection analysis with common DEGs to obtain DEGs associated with NF-κB signaling pathway.



Construction of a Molecular Interaction Network

From TRRUST (v2), a list of TF and target genes with corresponding expression levels was downloaded and used to predict TF-target gene pairs in DEGs. Then, miRWalk (< http://mirwalk.umm.uni-heidelberg.de/>), based on the identified sepsis-related DEmiRNAs, was used to identify predicted TF-target gene pairs (63). Among the predicted miRNA–mRNA interaction pairs, only those molecular pairs that were dysregulated in the opposite direction were retained. We then visualized the molecular interaction network using Cytoscape 3.5.1 based on these predicted TF-target genes and miRNA–mRNA pairs (64).



Receiver Operating Characteristic Curve Analysis

The receiver operating characteristic (ROC) curve tool was used to assess the diagnostic capability of hub genes. In the horizontal and vertical coordinates of the curve, sensitivity was set on the y-axis, whereas “1-specificity” (i.e., false-positive rate) was set on the x-axis. Thereafter, the area under the ROC curve (AUC) was calculated to quantify the diagnostic capability. As an indicator of diagnostic capability, the AUC value should be usually between 1.0 and 0.5, with a value closer to 1.0, indicating a more accurate diagnosis. In addition, the ROC curve was plotted using the “pROC” package (65).



Statistical Analysis

In this study, statistical analyses were performed and graphical plots were created using R (version 4.0.2). All tests were two-sided, and a p-value < 0.05 was considered significant.




RESULTS


Quality Control and Integration of Single-Cell Data

The distribution of key cell features, including feature counts, RNA counts, percentage of mitochondria (pMT), and percentage of hemoglobin (pHB), before quality control of the single-cell data, is shown in Figure 1A. Subsequently, the single-cell data were filtered with reference to the filtering conditions set in the original study from which the scRNA-seq data were obtained (Figure 1B) (51). The distribution of features of the filtered single-cell data is shown in Figures 1C–F. Subsequently, scRNA-seq data from five samples were integrated. Finally, UMAP showed that the batch effects among the five samples were removed, and the single-cell data were well integrated (Figures 1G,H). With the above quality control process, the quality of the data was assessed and low-quality cells were removed.


[image: Figure 1]
FIGURE 1. Quality control and data integration of single-cell datasets. (A) Scatter plot showing the relationship between cell characteristics in the single-cell data before data filtering. (B) Scatter plot showing the relationship between cell characteristics, mitochondrial proportions (pMT), and RNA counts. The red line represents the threshold used in performing cell mass filtering. (C–F) Violin plots showing the distribution of cellular features in each sample after data filtering. (G,H) UMAP showing the overlaps and distribution of single-cell data after integration. These plots show the removal of batch effects.




Seven Cell Types Identified by Cell Clustering and Annotation

To examine the effects of optimal resolution on single-cell clustering, a range of resolution gradient values was selected (Figure 2A). Based on the relationship between the number of clusters and resolution, a final resolution of 0.3 was selected for clustering, which resulted in 11 cell clusters (Figure 2B). The distribution of RNA features, RNA count, and pMT in these 11 cell clusters is shown in Figure 2C. The features of different cell clusters were different, suggesting possible heterogeneity among the clusters. Subsequently, using the Monaco reference dataset, these cell clusters were identified as seven major cell populations, including monocytes, natural killer (NK) cells, T cells, B cells, dendritic cells, CD4+ T cells, and CD8+ cells (Figure 2D). The proportion of monocytes fluctuated from 22.82 to 49.65% in the five samples (Figure 2E). In the SP group, there were more monocytes than in the HC group (37.5 vs. 24.9%, respectively).


[image: Figure 2]
FIGURE 2. Cell clustering and annotation. (A) Diagram showing the cell clustering process. (B) UMAP showing the distribution of cell clusters, 0–11 indicate different subgroups of cells. (C) Cellular characteristics exhibited by each cell cluster. (D) UMAP showing the annotated cell types in HC and SP. (E) Relative proportion of each cell type between the five samples.




Common DEGs Associated With Monocytes, SICs, and HFs

The differential expression analysis of DEGs associated with monocytes between the SP and HC groups yielded 4,429 upregulated and 380 downregulated DEGs (Figure 3A), which were named monocyte-related DEGs. SIC- and HF-related DEGs are shown in volcano plots (Figures 3B,C). The Venn diagram showed that a total of 153 genes were co-upregulated (Figure 3D) and 25 genes were co-downregulated in the monocyte, SIC, and HF groups (Figure 3E). These common DEGs were identified as hub genes involved in the progression of SIC. In addition, they were found to be dysregulated in monocytes during the onset and progression of sepsis. Therefore, these dysregulated genes may be the hub genes involved in the progression of SIC.


[image: Figure 3]
FIGURE 3. Genes co-differentially expressed. (A) The differentially expressed genes associated with monocytes in sepsis. (B) Volcano plot showing differentially expressed genes associated with SIC. (C) Volcano plot showing differentially expressed genes associated with HF. (D,E) Venn diagram showing the identified differentially expressed genes which are either (D) upregulated or (E) downregulated and are common in septic monocytes, heart failure, and septic cardiomyopathy; (D,E) shows 153 and 25 shared genes, respectively.




DEGs Associated With NF-κB Signaling Pathway

The functional pathway analysis showed that the identified co-upregulated genes were mainly enriched in NF-κB signaling pathway and pathways related to the regulation of cell shape (Figure 4A). The co-downregulated genes were mainly enriched in pathways associated with proteasome, Parkinson's disease, and pertussis (Figure 4B). Among these pathways, NF-κB signaling pathway is associated with various biological processes including immunity, inflammation, stress response, B-cell development, and lymphoid organogenesis. The intersection analysis of common DEGs and genes associated with NF-κB signaling pathway revealed eight dysregulated genes (e.g., ACTN4, DICER1, DLG1, HDAC7, NFAT5, PPP4C, TERF2IP, and TRIM44) (Figure 4C). The expression of these eight genes among the SIC, HF, and HC groups is shown in Figure 4D. These genes were upregulated in both SIC and HF groups, suggesting that they may be the hub genes involved in the progression of SIC via NF-κB signaling pathway.


[image: Figure 4]
FIGURE 4. Functional pathway analysis and genes associated with the NIK/NF-kappa B signaling pathway. (A) Pathways associated with upregulated genes; molecular function (MF), cellular component (CC), and biological process (BP). (B) Pathways related to upregulated and downregulated genes. (C) Intersection of the differentially expressed genes and genes involved in the NIK/NF-kappa B signaling pathway. (D) Heatmap showing the intersecting genes in each group.




Role of HDAC7/ACTN4 Regulation in Monocytes in the Progression of SIC

To examine the molecular regulatory network that may play a crucial role in the progression of SIC, a molecular interaction network was constructed for sepsis-related DEmiRNAs and NF-κB signaling pathway-related DEGs. In this regulatory network, HDAC7 was found to be the transcriptional regulator of ACTN4. Figure 5A shows the expression profiles of 11 DEmiRNAs that may regulate ACTN4 and HDAC7. The results revealed 11 hub miRNAs, which, along with the HDAC7/ACTN4 regulatory pair, constitute the key molecular interaction network involved in SIC progression (Figure 5B). A total of four miRNAs had negative regulatory effects on HDAC7, whereas seven miRNAs had negative regulatory effects on ACTN4. The p-values and fold change distributions of the differential analysis of HDAC7 and ACTN4 were shown in the volcano plot (Figures 3B,C). In addition, UMAP showed that the expression of HDAC7 and ACTN4 in blood was mainly concentrated in monocytes (Figure 5C) and was higher in the SP group than in the HC group (Figures 3A, 5D). Therefore, we hypothesized that HDAC7/ACTN4 regulation in monocytes may play a crucial role in the progression and recurrence of SIC.


[image: Figure 5]
FIGURE 5. Construction of the molecular interaction network. (A) Heatmap showing the expression of miRNAs in the molecular interaction network between HC and SP groups. (B) Molecular interaction network showing HDAC7 as the core TF and ACTN4 as the gene regulated by HDAC7. The diamond represents TFs, the round rectangle represents mRNAs, the V-shaped icon represents miRNAs, red bars indicate upregulated genes, and blue bars indicate downregulated genes. (C) Figure showing the expression of HDAC7 and ACTN4 between HC and SP groups. (D) Expression distribution of HDAC7 and ACTN4 between individual samples in single-cell data analysis.




Establishment of an MiRNA–TF–MRNA Regulatory Axis With ACTN4/HDAC7 as the Core

Based on the HDAC7/ACTN4 regulatory pair, three significant DEmiRNAs regulating HDAC7, including hsa-miR-23a-3p, hsa-miR-3175, and hsa-miR-23b-3p, were further identified (Figure 6B). The AUC values of HDAC7 and ACTN4 as the biomarkers for SIC diagnosis were 0.859 and 0.755, respectively (Figures 6C,D). For the diagnosis of HF/HC group, the AUC values for HDAC7 and ACTN4 were 0.809 and 0.705, respectively (Figures 6E,F). These results suggest that HDAC7 and ACTN4 have good predictive ability for the diagnosis of SIC and HF. Finally, three potential miRNAs regulating HDAC7 were identified with HDAC7/ACTN4 as the core, and the corresponding miRNAs–HDAC7-ACTN4 axis was established.


[image: Figure 6]
FIGURE 6. Establishment of the miRNA/TF/mRNA axis and gene set enrichment analysis (GSEA). (A) Volcano plot showing the differential expression of miRNAs that regulate TF in molecular interaction networks. (B) Sankey diagram showing the core miRNA/TF/mRNA regulatory axis. (C,D) ROC curves showing the ability of (C) HDAC7 (AUC:0.859) and (D) ACTN4 (AUC:0.755) to distinguish between SIC and HC. (E,F) ROC curves showing the ability of (E) HDAC7 (AUC:0.809) and (F) ACTN4 (AUC:0.705) to distinguish between HF and HC. (G,H) GSEA results for (G) HDAC7 and (H) ACTN4.




Role of HDAC7/ACTN4 in Inflammatory Response and Apoptosis

Gene set enrichment analysis was performed to examine the potential role of dysregulated HDAC7 in the progression of SIC based on the bulk RNA transcript data of patients with sepsis. The results showed that the neutrophil degranulation, IL signaling, VEGFA–VEGFR2 signaling, and apoptosis modulation pathways were upregulated in samples with upregulated HDAC7 (Figure 6G). In samples with elevated ACTN4 expression levels, the interleukin signaling, neutrophil degranulation, and apoptosis modulation pathways were also upregulated (Figure 6H). Therefore, in addition to the inflammatory response, HDAC7/ACTN4 upregulation may also be involved in several pathways including apoptosis. Alterations in these pathways may be associated with the progression of SIC and HF, thus affecting patient prognosis.




DISCUSSION

In this study, bioinformatic analyses revealed the neurovascular-related NF-κB signaling pathway as the main pathway enriched by SIC-, HF-, and monocyte-related DEGs. NF-κB signaling pathway and genes in this pathway were screened from the enriched functional pathways. In addition, HDAC7 and ACTN4 were identified as the key genes involved in the progression of SIC via NF-κB signaling pathway. hsa-miR-23a-3p, hsa-miR-3175, and hsa-miR-23b-3p were identified as the possible regulators of SIC progression, which act by regulating HDAC7/ACTN4. Finally, HDAC7 and ACTN4 were subjected to GSEA, which suggested that HDAC7/ACTN4 were involved in apoptosis as well as inflammation.

A previous study found that the NF-kB signaling pathway regulates SIC injury (33). In the early stages of sepsis, bacterial stimulation can cause significant changes in the NF-kB-inducing kinase (NIK) pathway (66). The inflammatory factor IL-33 can increase pyroptosis levels in macrophages and mortality in septic mice by activating the NF-kB signaling pathway (67). Moreover, NF-kB affects the inflammatory process in various diseases such as asthma and kidney diseases (68–70). In addition, oxidative stress generated by NF-kB-induced iNOS and COX-2 signaling pathways can impair myocardial function in patients with sepsis (71, 72). NF-kB mediates the transcription of several proinflammatory genes and induces the release of inflammatory factors such as ILs and TNF-α, which leads to myocardial dysfunction and accelerates the progression of SIC (73). Drugs targeting NF-kB inhibition can help to improve cardiac function in patients with SIC and hence improve their prognosis (73). Therefore, NF-kB pathway-related genes may play a crucial role in the onset and progression of SIC. Dysregulated monocytes may produce large amounts of inflammatory cytokines, resulting in widespread inflammation, organ failure, and even death (51). Furthermore, monocytes are involved in the release of inflammatory mediators (24). Circulating monocytes in HF are also pathologically activated through enhanced NF-κB activity (74–76). Therefore, monocytes are closely associated with the progression of SIC and the onset of HF.

In this study, HDAC7 and ACTN4 were identified, for the first time, as the hub genes involved in the progression of SIC via NF-κB signaling pathway. In addition, HDAC7/ACTN4 was upregulated in monocytes in patients with sepsis. A previous study reported a significant elevation in HDAC7 mRNA expression in the monocytes of patients with coronary artery disease (77). In addition, mCRP-treated monocytes have upregulated ACTN4 (78). The extracellular ACTN4-derived fragment has monocyte chemotactic activity and can promote monocyte maturation (79). Monocytes are involved in various biological processes such as inflammatory responses, oxidative stress, and immunosuppression (21, 25, 58), and these processes also influence the progression of SIC (23, 24, 37, 38, 59). We hypothesized that NF-κB-induced upregulation of HDAC7/ACTN4 in monocytes may be associated with the progression of SIC.

Studies reporting on the role of HDAC7/ACTN4 in sepsis or SIC are limited. However, a previous study found that HDAC7 is involved in the regulation of apoptosis (80). The enzymatic activity of HDAC7 is essential for TLR-induced production of inflammatory mediators and is involved in the inflammatory response (81). ACTN4 is involved in the inflammatory or immune response in the lungs (82). ACTN4 phosphorylation also mediates cell injury (83). Inflammatory response and apoptosis are involved in the progression of SIC (23, 37, 38). Similar to previous studies, the hub genes identified in this study, HDAC7 and ACTN4, were found to be associated with the inflammatory response.

By regulating the translation of HDAC7, hsa-miR-23a-3p, hsa-miR-3175, and hsa-miR-23b-3p may influence the inflammatory response in SIC and the extent of apoptosis. miR-23a-3p is one of the abundant miRNAs in the myocardial tissue, which attenuates apoptosis in myocardial cells during ischaemia–reperfusion injury (84). It is closely related to the incidence of myocardial lesions and HF (85). Downregulation of miR-23a-3p expression in acute HF promotes polarization of macrophages toward the repair phenotype (86). In addition, miR-23a-3p reduces superoxide dismutase-induced oxidative stress injury (49). Oxidative stress is an important biological process in the progression of SIC (23). miR-23b inhibits SIC progression by attenuating the inflammatory response, suppressing apoptosis, and blocking NF-κB activation and is a potential target for SIC therapy (34). Previous studies on miR-3175 have focused on tumors (87, 88). However, miR-3175 is also involved in oxidative damage of cells (89). Based on the results of this study, we hypothesized that hsa-miR-23a-3p, hsa-miR-3175, and hsa-miR-23b-3p play a regulatory role in the progression of SIC by interfering with HDAC7/ACTN4 in monocytes and cardiac tissue cells.

The neutrophil degranulation, IL signaling, VEGFA–VEGFR2 signaling, and apoptosis modulation pathways were upregulated in samples with elevated HDAC7 expression levels. These results suggest that in addition to the inflammatory response, upregulation of HDAC7/ACTN4 may also be involved in some apoptosis-related pathways. A previous study also reported the involvement of apoptosis in the progression of SIC (90). Therefore, HDAC7/ACTN4 may be involved in pathways related to inflammatory response and apoptosis, thus influencing the recovery, recurrence, and progression of SIC and affecting the prognosis of patients with SIC. SIC-, HF-, and monocyte-related DEGs are enriched in NF-κB signaling pathway. Moreover, hsa-miR-23a-3p, hsa-miR-3175, and hsa-miR-23b-3p may influence SIC progression by regulating HDAC7/ACTN4. These hub genes, TFs, and miRNAs may be the potential targets related to the progression, treatment, and recurrence of SIC. In addition, they can be used to monitor the risk of SIC and to improve the prognosis of patients with SIC. However, the results of this study were not validated in clinical samples, and relevant cellular and animal experiments were lacking. Moreover, we did not examine the relationship between HDAC7/ACTN4 and corresponding miRNAs in SIC further. Further studies are required to investigate the regulatory role of HDAC7/ACTN4 in the progression of SIC.



CONCLUSION

Sepsis-induced cardiomyopathy in blood mononuclear cells and cardiac tissue cells is stimulated by serum levels of biomarkers (hsa-miR-23a-3p, hsa-miR-317, and hsa-miR-23b-3), which alter neurovascular-related HDAC7/ACTN4 signaling pathways linked to the NF-κB pathway. This study investigated the underlying mechanisms of neurovascular dysfunction associated with SIC and sepsis.
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This study aimed to evaluate the utility of immunohistochemical staining of vascular Notch3 deposits in biopsied unfixed frozen skin samples from patients with suspected cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL). We analyzed vascular Notch3 deposits in unfixed frozen skin biopsy samples obtained from 43 patients with suspected CADASIL by immunohistochemistry using antibodies against the extracellular domain (ECD) of Notch3. We also sequenced the NOTCH3 gene in all patients, as well as evaluated their symptoms and neuroimages. We found granular Notch3 ECD deposits in the vessel walls of unfixed frozen skin biopsy samples in 10 of the 43 suspected patients with CADASIL. All 10 cases with skin Notch3 ECD deposits also carried reported pathogenic variants in the NOTCH3 gene associated with CADASIL. NOTCH3 variants of unknown significance were found in the other four patients without vascular Notch3 ECD or granular osmiophilic material deposits in biopsied skin samples. The remaining 29 cases without vascular Notch3 ECD deposits did not have variants in the NOTCH3 gene. Immunohistochemical evaluation of vascular Notch3 ECD deposits in unfixed frozen biopsied skin samples may be useful for detecting Notch3 deposits in CADASIL.
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INTRODUCTION

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is a hereditary cerebrovascular disease caused by mutations in NOTCH3 (1). Migraine, stroke recurrence, and cognitive decline are typical symptoms of CADASIL. Diffuse white matter lesions containing lesions in the temporal pole are characteristic findings of brain magnetic resonance imaging (MRI) in CADASIL. Genetic analysis of NOTCH3 is required for the definitive diagnosis of CADASIL. Most patients with CADASIL have cysteine-related variants in NOTCH3 that lead to an odd number of cysteine residues in epidermal growth factor-like repeats (EGFr) in the Notch3 extracellular domain (ECD). The occurrence of granular osmiophilic material (GOM) and Notch3 ECD deposits have been detected in brain vessels in CADASIL (2, 3).

For the diagnosis of CADASIL, simpler and less invasive detection of vascular Notch3 ECD deposits in the skin is a feasible alternative for detecting vascular pathogenic changes in the brain. Formalin-fixed paraffin-embedded (FFPE) sections, a standard method to fix biopsied samples, have previously been used for the immunohistochemical detection of vascular Notch3 deposits (4–7). However, immunohistochemical detection using FFPE samples has failed to detect Notch3 deposits due to structural alterations during tissue processing. In contrast, unfixed frozen tissue sections, in which the structural conformation of Notch3 ECD is considerably retained, maybe better for the detection of vascular Notch3 ECD deposits in patients with CADASIL (8).

In this retrospective case series, we evaluated the usefulness of immunohistochemical staining for the detection of vascular Notch3 ECD deposits using unfixed frozen skin biopsy samples obtained from 43 patients with suspected CADASIL.



MATERIALS AND METHODS


Subjects

We consulted 380 patients who were suspected of developing CADASIL based on MRI T2 hyperintense lesions in periventricular white matter, deep white matter, and temporal pole white matter each attending doctor between 2008 and 2018 at Kumamoto University Hospital. We enrolled 43 suspected patients with CADASIL with informed consent, who agreed to participate in this study, for the investigation of the diagnostic utility of immunohistochemical detection of vascular Notch3 ECD deposits in the skin of these patients. We did not include patients with CADASIL reported in the previous study (8).



Skin Biopsy Samples

We obtained 0.8 × 1.5 cm of skin biopsy samples from the upper arm of the 43 patients with suspected CADASIL. The biopsied skin samples were equally divided into three parts. The first part was fixed in 4% paraformaldehyde solution with 2.5% glutaraldehyde in 0.1-M sodium cacodylate buffer for electron microscopic analysis. The second part was rapidly frozen in isopentane and cooled in nitro liquid to prepare unfixed frozen sections for immunohistochemical staining of vascular Notch3 ECD deposits. The third part was fixed in 4% paraformaldehyde in phosphate buffer solution (PBS) for standard histopathological examinations.



Immunohistochemical Staining of Vascular Notch3 ECD Deposits

For immunohistochemical staining of vascular Notch3 ECD deposits, we used 10-μm unfixed frozen skin sections. The sections were stained with rabbit antisera against Notch3 ECD (amino acid residues 1,555–1,569), which was prepared according to a previous study (9), overnight at 4°C. The sections were then washed with PBST for 3 h or more. To decrease the non-specific reaction of the primary antibodies, we prolonged the time of washing the sections in this step. The sections were then incubated with horseradish peroxidase (HRP)-conjugated goat secondary antibodies against rabbit immunoglobulin (Agilent, Santa Clara, CA, United States) for 2 h. Then, the sections were washed five times in phosphate-buffered saline with Tween20 (PBST). The sections were then incubated with 0.3 mg/ml diaminobezidine (Dojin Laboratories, Kumamoto, Japan), 0.65 mg/ml of sodium azide, and 100 μl of 30% hydrogen peroxide for 2 min, and counterstained with Victoria blue to visualize the internal elastic lamina.



Electron Microscopy

Electron microscopy was performed as previously described (10). Briefly, the samples were post-fixed in buffered osmium tetroxide, dehydrated in ascending grades of ethanol, and embedded in Epon. Semi-thin sections were cut and stained with toluidine blue to select arteries of the appropriate size for thin sectioning. Thin sections were double-stained with uranyl acetate and lead citrate, and examined by transmission electron microscopy (TH 7700, HITACHI, Tokyo).



Genetic Analysis and Clinical Presentations

We sequenced the NOTCH3 gene in the 43 patients with suspected CADASIL using a next-generation sequencing panel as follows. We had designed a screening panel of genes for use with the Illumina TruSeq Custom Amplicon platform (Illumina, Inc., San Diego, CA, United States). The panel includes amplicons defining all coding exons of the 27 genes whose mutations are known to cause cerebral small vessel diseases including NOTCH3. Sequencing was performed using the MiSeq (Illumina, Inc.). The obtained sequences were aligned to the reference genome (GRCh37hg19) using MiSeq Reporter software (Illumina, Inc.). The generated virtual contact file (VCF) files containing variant calls were reviewed and further filtered. The clinical significance of the NOTCH3 variants detected in the patients was assessed using ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/). Pathogenicity of NOTCH3 variants was predicted using PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/index.shtml) and MutationTaser2021 (https://www.genecascade.org/MutationTaster2021/#transcript). We analyzed the frequencies of each NOTCH3 variant using the Human Genetic Variation Database (HGVD) (https://www.hgvd.genome.med.kyoto-u.ac.jp/about.html) for the Japanese population and the Genome Aggregation Database (gnomAD) (https://gnomad.broadinstitute.org/) for the general population. Symptoms and MRI findings using the Fazekas scale for white matter lesions were also evaluated.




RESULTS


Vascular Notch3 ECD Deposits in Patients With and Without NOTCH3 Mutations

Vascular Notch3 ECD deposits in unfixed frozen skin sections were visualized as granular dots in the arterial walls by immunohistochemical staining in 10 of the 43 patients with suspected CADASIL (Figures 1A–F, Table 1). Although amounts of granular Notch3 deposits were slightly different among patients with CADASIL, we found Notch3 deposits in all the arterioles. We detected Notch3 deposits in 8 (62%) of 13 patients with lesions in the temporal pole and 2 (7%) of 30 patients without lesions in the temporal pole (Table 2). We detected Notch3 deposits in 10 (34%) of 29 patients with Fazekas grade 3 white matter lesions and did not find them in 13 patients with Fazekas grade 1–2 white matter lesions (Table 2). GOM deposits were observed by electron microscopy (Figures 1E,F). The location and morphological features of the vascular Notch3 ECD and the GOM deposits were similar. We found Notch3 ECD deposits in all the three randomly selected CADASIL cases with GOM deposits (Table 1). Moreover, sequencing revealed that all 10 patients with vascular Notch3 ECD deposits had pathogenic or likely pathogenic variants of NOTCH3, such as p.Arg110Cys, p.Tyr258Cys, p Cys408Arg, p.Cys516Phe, p. Trp1003Cys, and p.Tyr1021Cys, which are reportedly associated with CADASIL (Table 1). NOTCH3 p.Arg110Cys and p.Tyr258Cys variants are located in Notch3 EGFr domains 1–6 (case 2 and 10), and NOTCH3 p.Cys408Arg, p.Cys516Phe, p.Trp1003Cys, and p.Tyr1021Cys variants are located in Notch3 EGFr domains 7–34 (cases 1 and 3–9). We did not find significant correlations between the degree of Notch3 deposits and NOTCH3 mutation location. Based on the ClinVar database, the NOTCH3 p.Arg75Gln variant is “likely benign.” The other five variants, such as p.Thr900Pro, p.Leu989Arg, p.Cys1372Gly, p Glu1373Gly, p.Ala1649Thr, and p.Gly1650Ser, were not found in the ClinVar database. According to PolyPhen-2 and MutationTaser2021, p.Leu989Arg, p.Ala1649Thr, and p.Gly1650Ser were predicted to be “benign” and p.Thr900Pro, p.Cys1372Gly, and p Glu1373Gly were predicted to be “probably damaging” and “deleterious” (Table 1).
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Figure 1. (A–D) Vascular Notch3 ECD deposits were detected by immunohistochemical staining using anti-Notch3 ECD antibodies in an unfixed frozen skin biopsy sample obtained from a patient with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL). (A) Case 2 with the pathogenic NOTCH3 p.Arg110Cys variant. (B) Case 6 with the pathogenic NOTCH3 p.Trp1003Cys variant. (C) Case 9 with the pathogenic NOTCH3 p.Tyr1021Cys variant. (D) Case 35 with the likely benign variants of NOTCH3 p.Arg75Gln (Table 1). Bars = 20 μm. (E,F) Vascular granular osmiophilic material (GOM) deposits were detected by electron microscopic analysis in a biopsied skin sample obtained from a patient with CADASIL (Case 9 with the pathogenic NOTCH3 p.Tyr1021Cys variant, Table 1). Arrows indicate GOM deposits. e, endothelial cells; s, smooth muscle cells; i, internal elastic lamina; b, basal lamina. (E) Bar = 2 μm. (F) Bar = 400 nm.



Table 1. Skin vascular Notch3 ECD deposits and NOTCH3 variants in 43 patients with suspected CADASIL.
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Table 2. Number of patients with and without skin Notch3 deposits among patients with suspected CADASIL.
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Four of the 33 patients without vascular Notch3 ECD or GOM deposits in skin biopsy samples (cases 12, 25, 26, and 35) (Table 1) had NOTCH3 variants of unknown significance, such as p.Arg75Gln, p.Thr900Pro, p.Leu989Arg, p.Cys1372Gly, p Glu1373Gly, and p.Gly1650Ser. The remaining 29 patients without vascular Notch3 ECD deposits did not have any NOTCH3 variants. We also investigated vascular GOM deposits in 16 of the 29 patients and found no GOM deposits in any of the 16 patients without vascular Notch3 ECD deposits or NOTCH3 variants (Table 1).



Brain MRI Findings in Patients With and Without Vascular Notch3 ECD Deposits

We found lesions in the temporal pole on MRI (Figure 2) and a family history of stroke in eight of the 10 (80%) patients with vascular Notch3 ECD deposits. Two patients (cases 8 and 10) with vascular Notch3 ECD deposits had neither lesion in the temporal pole on MRI nor a family history of stroke (Table 1). In contrast, 5 of the 33 (15%) patients without vascular Notch3 ECD deposits (cases 16, 17, 20, 24, and 33) had lesions in the temporal pole. No NOTCH3 variants were found in these five patients (Table 1).


[image: Figure 2]
FIGURE 2. Representative MRI findings of CADASIL. Case 2 with the pathogenic NOTCH3 p.Arg110Cys variant. (A–E) FLAIR images, (F) T2-star weighted image. (A) Arrows indicate lesions in the temporal pole. (B,C) Arrows indicate lesions in the extra capsule of the putamen, and (F) arrowheads indicate microbleeds.





DISCUSSION

In this case series study of 43 patients with suspected CADASIL, we detected vascular Notch3 ECD deposits in all 10 patients by immunohistochemical staining using unfixed frozen biopsied samples, which were confirmed to have pathogenic NOTCH3 variants causing CADASIL. In contrast, conventional immunohistochemical staining using FFPE tissue samples fails to detect vascular Notch3 deposits in 5–15% of patients with CADASIL with pathogenic variants in NOTCH3 (4–6). Therefore, unfixed frozen biopsied tissue samples may be more suitable than FFPE-biopsied tissue samples for the detection of vascular Notch3 ECD deposits in the skin.

Patients with CADASIL carrying pathogenic NOTCH3 variants, which were mostly associated with cysteine replacement (11), located in the EGFr domains 7–34, reportedly showed milder phenotypes than those with NOTCH3 variants located in the EGFr domains 1–6 (12). In addition, Gravesteijn et al. (13) recently reported that the amount of vascular Notch3 ECD and GOM deposits in the skin in patients with CADASIL with NOTCH3 variants in EGFr 7–34 was lesser than that in those with NOTCH3 variants in EGFr 1–6. In this case series study, we successfully detected vascular Notch3 ECD deposits in patients with CADASIL with both milder NOTCH3 EGFr 7–34 variants and typical severe NOTCH3 EGFr 1–6 variants by immunohistochemical staining using unfixed frozen biopsied skin samples (Table 1). Therefore, immunohistochemical staining using unfixed frozen biopsied skin samples seems to be suitable for detecting Notch3 deposits in CADASIL regardless of the amount of Notch3 ECD deposits.

Detecting Notch3 and GOM deposits are thought to be helpful for the diagnosis of CADASIL. Brain MRI findings reportedly varied considerably between patients with CADASIL and were dependent on the NOTCH3 genotype (14). While the involvement of the anterior temporal pole and external capsule may be helpful for the diagnosis of CADASIL, these MRI findings were reportedly not sufficient for accurate diagnosis of CADASIL (14). Skin biopsy is less invasive than brain biopsy to directly confirm pathogenic Notch3 and GOM deposits in patients with suspected CADASIL. In this study, 10 of 43 cases were identified as positive of staining of Notch3 and/or GOM. We believe that skin biopsy is useful especially for detecting Notch3 deposits in patients with CADASIL with NOTCH3 variants of unknown significance, while skin biopsy may not be essential for the diagnosis of patients with CADASIL with typical NOTCH3 variants and typical MRI findings in the daily clinical practice.

This study is limited in that it had a small sample size. Large-scale studies including more patients with CADASIL with other genotypes are needed to determine the sensitivity and specificity of this immunohistochemical method in differentiating between CADASIL and other cerebral small vessel diseases.



CONCLUSION

Immunohistochemical staining of vascular Notch3 ECD deposits in unfixed frozen skin sections may be useful over conventional immunohistochemical staining for detecting Notch3 deposits in CADASIL.
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In recent years, the impact of various chronic eye diseases on quality of life has become increasingly apparent. Therefore, it is particularly important to control the progress of chronic diseases at an early stage. Many studies have used neuroimaging methods to explore the effects of chronic eye diseases on the brain, and to identify changes in brain function that may act as markers for early diagnosis and treatment. This article reviews the clinical application of different techniques of functional magnetic resonance imaging in chronic eye diseases.
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APPLICATION OF ALFF IN CHRONIC EYE DISEASES

As a resting-state functional magnetic resonance imaging (MRI) analysis tool, the amplitude of low-frequency fluctuation (ALFF) has high accuracy and repeatability and does not require definition of regions of interest (ROI) in advance. By calculating the root mean square of the blood oxygen level dependent (BOLD) signal power spectrum at low frequencies (0.01HZ−0.08HZ), the neuronal activity in different brain regions is expressed and is an indicator of spontaneous neuronal activity (1). The value of ALFF technology in detecting brain neuron activity has been confirmed in previous experiments (2). Changes in ALFF value reflect disease progression, in part and are widely used in the diagnosis and monitoring of eye diseases. ALFF markers for chronic eye disease are shown in Table 1, where the middle frontal gyrus (MFG) features prominently. However, changes in ALFF values at the MFG have implications that vary with disease. For example, in patients with monocular blindness (5) and neovascular glaucoma (10), ALFF changes at the MFG are related to visual perception impairment or compensation, while similar changes in diabetic vitreous hemorrhage (9) indicate visual motor disorder, and in strabismic amblyopia (7), diabetic retinopathy and nephropathy (8) they may indicate a tendency toward anxiety and depression.


Table 1. Application of ALFF in chronic eye diseases.
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APPLICATION OF DC IN CHRONIC EYE DISEASES

Voxel-wise degree centrality (DC) is another commonly used technique in resting state functional MRI technology. It assesses functional connectivity within the brain by measuring the topological structure of brain functional connectors at voxel level, and provides the correlation between different nodes and the importance of each node in the network structure (11). The degree of direct functional connection between two nodes can be expressed by DC values. A high DC value indicates a higher degree of direct connection between the node and other nodes. A change in DC values indicates a change in connectivity between the node and the network and clearly shows the state of each node (12). This method can be used to find any changes in brain functional connectivity in chronic ocular disease, and the changemay be an important marker for disease detection. Chronic diseases and their corresponding DC value markers are shown in Table 2.


Table 2. Application of DC in chronic eye diseases.
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APPLICATION OF REHO IN CHRONIC EYE DISEASES

Regional homogeneity (ReHo) is a widely used analytical method in resting state MRI, and plays an important role in exploring changes in local synchronization of voxels in brain regions (16). The analysis of ReHo is based on the measurement of voxels, and is used to measure the synchronization of adjacent regions based on the similarity between the time series of a given voxel and its nearest adjacent time series (calculated by the Kendall consistency coefficient of BOLD time series) (17). The coherence and centrality of regional brain activity are closely related to the ReHo values. ReHo is usually calculated in the low frequency range (0.01Hz–0.1Hz). Like ALFF, ReHo does not need a priori definition of ROI and can provide information about the activity of the whole brain. ReHo has been widely used in various studies to explore the local synchronization of spontaneous fMRI signals. In addition, the ReHo method is used in many studies of chronic eye diseases. Altered ReHo values can be used as a marker to monitor progress of various diseases, as shown by Table 3. ReHo measures at the inferior temporal gyrus (ITG) and the right cuneus (RC) are common markersfor chronic eye disease. The significantly increased ReHo values of the ITG in concomitant exotropia (23) and monocular blindness (20) indicated the compensatory mechanism of visual function. In monocular blindness, the ReHo values of RC decrease significantly, indicating the interruption of synchronous neural activity. The RC also showed a decreased ReHo value in diabetic retinopathy (22), reflecting vision-related dysfunction in this area. In patients with anisometropic amblyopia (18), a clear increase in RC was related to the compensatory mechanism of eye movement.


Table 3. Application of ReHo in chronic eye diseases.
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APPLICATION OF FC IN CHRONIC EYE DISEASES

Functional connectivity (FC) is a seed-based or ROI-based functional connection, in which areas functionally related to activities in the seed area may be found (24). In seed-based analysis, cross-correlation is calculated between the time series of the seed and the rest of the brain to assess the activity of the selected brain region. Functional connections may be considered as brain areas which have been activated similarly, indicating that they have a similar role in brain functional activity. Physiologically, the relevant brain regions may not be directly connected by nerve fibers, but the connectivity matrix shows connection strength and range including indirect connections. Flexibility and sensitivity of this technique has resulted in it being widely used in the study of various brain functional diseases (25). The FC value indicates the intensity of activity and may be used to mark changes in brain functional activity caused by disease. Application of the FC method as a marker in brain functional activity of chronic ophthalmopathy is shown in Table 4.


Table 4. Application of FC in chronic eye diseases.
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APPLICATION OF VBM IN CHRONIC EYE DISEASES

Voxel-based morphometry (VBM) is an MRI whole-brain analysis technique for measuring density and volume changes of gray and white matter at the voxel level, and is used to enhance understanding of the anatomical structure of the brain (30). In contrast with some other resting MRI techniques, VBM has no preset region of interest, it detects changes in neural activity across all parts of the brain, and is an objective measure so is minimally influenced by subjective factors. The VBM approach filters the white and gray matter areas with statistically significant activity by comparing the processed MRI images (31), and can be used to detect pathological changes of brain function caused by disease. Changes of this kind have been found to accompany progression of many ophthalmic diseases, as shown in Table 5.


Table 5. Application of VBM in chronic eye diseases.
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APPLICATION OF VMHC IN CHRONIC EYE DISEASES

Voxel-mirrored homotopic connectivity (VMHC) is a new resting-state FC analysis method to measure the functional connection between hemispheres (36). This method can detect abnormal functional activity in local brain areas and changes of functional connection and synchronization of neural activity between corresponding regions in bilateral cerebral hemispheres at rest, which shows that the degree of separation of cerebral hemispheres is its outstanding advantage. The normal human brain generally has the characteristic of high synchronization of spontaneous nerve activity in homotopic regions between hemispheres. Many studies have confirmed that this characteristic may be generally destroyed in patients with chronic eye diseases, suggesting that hemispheric dysfunction plays an important role in brain dysfunction in patients with chronic eye diseases. Using VMHC, this loss of synchrony has been demonstrated in patients with diseases of this kind, as shown in Table 6.


Table 6. Application of VMHC in chronic eye diseases.
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APPLICATION OF OTHER TECHNIQUES IN CHRONIC EYE DISEASES

The fractional amplitude of low-frequency fluctuation (fALFF) provides a measure of inherent spontaneous brain activity (41). Measurement of fALFF values need to be carried out within a specified frequency range, and spontaneous brain activity can be expressed by the measurement of cerebral blood flow at the amplitude of low frequency oscillation (0.01–0.08 Hz) (42). The fALFF technique has the advantages of high sensitivity and specificity and is non-invasive, so it is widely used in brain functional activity imaging. Diffusion tensor imaging (DTI) is a widely used MRI method, which describes the diffusion direction of water as average diffusion coefficient (MD; diffusion within voxels) and fractional anisotropy (FA) (43). The overall extent of water diffusion may also be displayed. On the basis of eigenvalues (λ1, λ2, λ3) of diffusion tensor, scalar values ranging from 0 to 1 can be obtained. These are the FA values, which measure the overall directionality of water diffusion and the complexity of cytoskeleton structure, of great significance to the movement of water inside and outside of cells (44). Changes in direction of water diffusion help understand the pathological changes of myelin and other related brain tissues. On this basis, some studies have explored the application of DTI in eye diseases, and the value of DTI as a marker in the diagnosis of diseases. Arterial spin labeling (ASL) is a new technology developed on the basis of magnetic resonance perfusion imaging, which has high accuracy and is non-invasive. It can detect blood flow changes reflecting pathological changes in various regions of the brain. The ASL method has been successfully applied to trace the changes of local blood flow in eye diseases and is beneficial to disease diagnosis. Table 7 shows the application of fALFF, DTI and ASL methods in chronic eye diseases.


Table 7. Application of other techniques in chronic eye diseases.
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Summary and Future Prospects

In summary, each magnetic resonance imaging technique has its own characteristics. To summarize the above, both ALFF and fALFF show regional differences in the brain, with high accuracy and repeatability, and do not need to pre-define regions of interest (ROI) (1), while fALFF makes improvements in noise reduction on the basis of ALFF (50); DC is more sensitive to showing the changes of connectivity in the brain network structure and the state changes of each node, so as to show the correlation of each network structure (11, 12); Both ReHo and FC can show the temporal distribution of voxels in brain functional regions (17, 25). ReHo focuses on describing the consistency within regions, while FC focuses on describing the synchronization between regions, but neither of them directly describes the intensity of brain activity in a certain region, that is, activity detection cannot be carried out. VMHC, as a new static FC analysis method, is more sensitive to the changes of functional synchronization between the two hemispheres of the brain (36). VBM focuses on exploring the changes of brain anatomy (51); DTI has irreplaceable advantages in understanding the complex cytoskeleton structure and other fine structures of the brain (43); ASL can track the changes of local blood flow in eye diseases and improve the accuracy of diagnosis.

In recent years, MRI has been increasingly widely used to explore disease-related changes in brain activity and functional connections. It provides a useful imaging index for understanding the mechanism and monitoring the progress of pathological changes in disease. Its role as a disease marker has been confirmed in many studies. Most chronic eye diseases are characterized by occult and chronic progression, which easily leads to missed diagnosis and misdiagnosis. Using MRI, changes in spontaneous brain activity which occur with eye diseases may be detected at an early stage and monitored, and then accurately locate the brain region where lesions occur, and combine clinical symptoms based on the consistent physiological functions of different brain regions to improve the accuracy of diagnosis, aiding both early diagnosis and treatment of chronic eye diseases. However, the application of magnetic resonance imaging as a marker in chronic eye diseases has some limitations, since physiological and hardware-related factors may affect the experimental results. In addition, due to overlapping functions of different brain regions, it may not be possible to accurately locate the affected areas of the diseased brain. Despite these limitations, MRI technology has great potential and scope to provide indicators of onset and progression of chronic eye diseases. With the continuous progress of technology, MRI technology will usher in a broader range of applications, increasing the scope for exploration of chronic eye diseases.
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Background: Disturbed serum calcium levels are related to the risk of stroke. However, previous studies exploring the correlation between serum calcium and the clinical outcome of ischemic stroke (IS) have shown inconsistent results.

Object: The study aimed to investigate the relationship between admission serum calcium and 30-day mortality in patients with IS.

Methods: A total of 876 IS patients from a Norwegian retrospective cohort were included for secondary analysis. The exposure variable and the primary outcome were albumin-corrected serum calcium (ACSC) at baseline and all-cause mortality within 30 days after the first admission, respectively. Multivariable logistic regression analysis was used to estimate the risk of 30-day mortality according to ACSC levels. Moreover, the potential presence of a non-linear relationship was evaluated using two-piecewise linear regression with a smoothing function and threshold level analysis. The stability of the results was evaluated by unadjusted and adjusted models.

Results: The result of multiple regression analysis showed that ACSC at baseline was positively associated with the incidence of 30-day mortality after adjusting for the potential confounders (age, gender, serum glucose, hypertension, atrial fibrillation/atrial flutter, renal insufficiency, heart failure, chronic obstructive pulmonary disease, pneumonia, paralysis, and aphasia) (OR = 2.43, 95% CI 1.43–4.12). When ACSC was translated into a categorical variable, the ORs and 95% CIs in the second to the fourth quartile vs. the first quartile were 1.23 (0.56, 2.69), 1.16 (0.51, 2.65), and 2.13 (1.04, 4.38), respectively (P for trend = 0.03). Moreover, the results of two-piecewise linear regression and curve-fitting revealed a linear relationship between ACSC and 30-day mortality.

Conclusion: ACSC is positively associated with 30-day mortality in IS patients, and the relationship between them is linear.

Keywords: serum calcium, albumin-corrected serum calcium, association, ischemic stroke, 30-day mortality, baseline


INTRODUCTION

Stroke can cause a low quality of life for patients and their families, as well as a great burden and loss for society due to high rates of disability and mortality (1). Ischemic stroke (IS), which is the main subtype of stroke, accounts for about 60–80% (1) of all stroke cases according to the latest evidence. Given this, early risk stratification after acute IS may contribute to improving clinical decision-making.

Calcium is the most abundant mineral in the human body (2), widely taking part in various crucial physiological processes including signal transduction, maintenance of the stability of the cell membrane, coagulation process, movement of the smooth muscle or skeletal muscle, and endocrine function (3, 4). Serum calcium level in a normal physiological situation is strictly controlled to remain within a narrow range (5). Moreover, dyscalcemia has been demonstrated to be related to the risk of cardiovascular and cerebrovascular diseases (6–8).

To date, a limited amount of studies have addressed the association between serum calcium levels and IS outcomes, with conflicting results (9–13). In these studies, both low (10) and high levels (12) of serum calcium have been reported to correlate with poor outcomes of IS. One study reported a U shape association between serum calcium levels and in-hospital all-cause mortality (11). Furthermore, Asian and North American patients were the main subjects in previous studies, which failed to consider European populations. However, not only do the incidence rate and morbidity of stroke vary in different populations (14), in addition to the calcium metabolism (15).

Serum calcium is susceptible to serum albumin levels (16) and albumin-corrected serum calcium (ACSC) calculated according to the classic formula (17) is increasingly used in place of serum calcium in many clinical studies (10–13). Therefore, this study was designed to assess the correlation between ACSC and 30-day mortality in IS patients based on a Norwegian retrospective cohort.



METHODS


Data Source

Initial data were downloaded from the public database “DRYAD” (www.datadryad.org). In this database, Tazmini et al. (18) authorized the use of their data in the DRYAD database. Thus, this secondary research based on the raw data for a different research hypothesis was permitted. In addition, the original corresponding author, Kiarash Tazmini, was listed as a co-author with their consent for the contribution of their team in data collection and making their data publicly available.

The original research was a single-center retrospective cohort study that included 31,966 unique patients (62,991 registered admission information) who visited the emergency department of the Diakonhjemmet Hospital in Oslo (Norway) from 2010 to 2015. In this study, a total of 974 visits (admission information) with a principal diagnosis of IS (ICD-10, I63) were selected from the raw cohort according to the International Classification of Diseases 10th revision (ICD-10). The raw data included information on multiple hospitalizations for the same patient, but only the first one for each patient was considered in this study. A total of 886 unique IS patients were identified according to their first admission information after excluding the second or subsequent admissions. Subsequently, 10 patients were excluded for missing ACSC information (n = 5) or wrong death information (n = 5). Ultimately, 876 IS patients were included (Figure 1).


[image: Figure 1]
FIGURE 1. Flowchart of screening the study population.


The original research was approved by the Norwegian Regional Committee for Medical and Health Research Ethics South East as a quality study, which did not require ethical approval (19). Informed consent was also not necessary because all the data were anonymously processed (19). Thus, separate ethical approval was not required for this secondary analysis. Finally, this study complied with the Helsinki Declaration.

All the laboratory indicators were taken from the first laboratory results after admission. Serum calcium (mmol/L), serum-albumin (g/L), serum-sodium (mmol/L), serum-potassium (mmol/L), serum-glucose (mmol/L), serum-phosphate (mmol/L), and serum-magnesium (mmol/L) were recorded in the original data.

The ACSC levels in the previous study were calculated according to a standard formula and the epidemiological data of the northern European population (20). And the calculation formula is as follows: ACSC = measured serum-calcium level + 0.020 × (41.3–serum-albumin) where 41.3 g/L is the albumin median (19). The unit of ACSC and serum calcium was converted to mg/dl.



Co-morbidities

Secondary diagnostic information was used to identify co-morbidities including diabetes (ICD-10: E10-E14), hypertension (ICD-10: I10), hyperlipemia (ICD-8: E78), atrial fibrillation/atrial flutter (ICD-10: I48), heart failure (ICD-10: I50), renal insufficiency (ICD-10: N18), chronic obstructive pulmonary disease (ICD-10: J42–44), coronary heart disease (ICD-10: I25), chronic obstructive pulmonary disease (ICD-10: J42–44), cancer (ICD-10: C0-C9, Z51.0-3), malnutrition (ICD-10: E40-E46), and pneumonia (ICD-10: J98, J69, J11-18). Moreover, common complications associated with strokes such as paralysis (ICD-10: G80-G83), epilepsy (ICD-10: G40), cognitive disorder (ICD-10: F06), and aphasia (ICD-10: F80, R47) were also considered. All the above-mentioned co-morbidities were processed into categorical variables to facilitate the statistical analysis.



Outcome

The primary outcome was all-cause mortality within 30 days after the first admission.



Missing Data

The missing data of covariates of all 876 patients, in the final analysis, are shown in Table 1. Serum-phosphate and serum-magnesium were missing a large portion of information and were thus converted into categorical variables to address the lower statistical power and potential bias caused by excluding missing data. Dummy variables were used to identify the missing values of the covariate (21).


Table 1. Baseline characteristics of the patients according to quartiles of ACSC level.

[image: Table 1]

Multiple imputations based on five replications and a chained equation approach in the R MI procedure were used to deal with missing data (22). Moreover, a comparison between primary data and interpolation data was performed for the sensitivity analysis. The result is shown in Supplementary Figure 2 and Supplementary Table 1.



Statistical Analysis

Statistical analysis was performed using EmpowerStats (www.empowerstats.com, X&Y Solutions, Inc., Boston, MA) and the statistical software package R (http://www.R-project.org, The R Foundation).

Mean ± standard or median (interquartile range) were used to describe continuous variables and categorical variables were expressed as percentages. One-way ANOVA test for continuous variables with normal distribution, Kruskal–Wallis H-test for continuous variables with skewed distribution, and chi-square tests (or Fisher's exact test) for categorical variables were used to analyze differences between or among groups.

Multiple logistic regression analysis was used to assess the specific relationships between the exposure (ACSC) and outcome (30-day mortality); odds ratio (OR) and 95% confidence interval (CI) were used to evaluate the risk.

Four models were built to control for the effect of confounding factors: (1) crude model, i.e., unadjusted. (2) Model I, which was adjusted for age and gender. (3) Model II, which was adjusted for age, gender, serum glucose, atrial fibrillation/atrial flutter, renal insufficiency, heart failure, chronic obstructive pulmonary disease, cancer, pneumonia, paralysis, and aphasia. Covariates were included as potential confounders in the final models if they changed the estimates of admission albumin-corrected serum calcium on 30-day mortality by more than 10% or were significantly associated with 30-day mortality (23); gender as a basic variable was also included in the fully adjusted model. (4) Model III, which was additionally adjusted for serum-phosphate tertiles, serum-magnesium tertiles, cognitive disorder, and epilepsy based on Model II (In Model III, the potential influence of missing variables and clinical significance of the other two neurological complications were considered).

A two-piecewise linear regression model and curve fitting were used to examine the potential linear relationship and threshold effect.



Sensitivity Analysis

ACSC quartiles were also used to test the stability of multiple regression results, and the linear tests were performed by assigning medians to each ACSC quartile as a continuous variable in the models (24).

An E-value was used to explore the potential of unmeasured confounding between ACSC and 30-day mortality. The E-value was defined as the required magnitude for an unmeasured confounder to overturn the observed association between ACSC and 30-day mortality (25).




RESULTS


Baseline Characteristics of Participants

The average age of participants was 77.26 ± 12.26 (34–100) years and 54.68% were female. The baseline characteristics and co-morbidities of participants are listed in Table 1 by ACSC quartiles. Age, gender, serum-glucose, serum-magnesium (tertiles), hyperlipemia, and 30-day mortality of the ACSC quartile groups were statistically different (all p < 0.05).



Univariate Analysis Related to 30-Day Mortality

The outcome of 30-day mortality was chosen as a dependent variable, and univariate analysis was used to investigate which independent variable was related to 30-day mortality. The results indicated that age (OR = 1.08, 95% CI 1.05–1.11), ACSC (OR = 2.38, 95% CI 1.50–3.78), serum-glucose (OR = 1.11, 95% CI 1.03–1.21), hypertension (yes vs. no: OR = 0.54, 95% CI 0.30–0.97), heart failure (yes vs. no: OR = 6.46, 95% CI 2.83–14.74), renal insufficiency (yes vs. no: OR = 3.91, 95% CI 1.87–8.14), pneumonia (yes vs. no: OR = 7.41, 95% CI 3.76–14.61) and aphasia (yes vs. no: OR = 2.39, 95% CI 1.22–4.68) were all associated with 30-day mortality (Table 2).


Table 2. Univariate analysis related to 30-day mortality.
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Multivariate Logistic Regression Analysis of ACSC and 30-Day Mortality

ACSC was chosen as the independent variable and 30-day mortality as the dependent variable in the multiple regression equation. Other variables were used as covariates to adjust the model to prove the stability of the results, and four models were built. No covariates were adjusted in the crude model and the result showed that ACSC was independently associated with 30-day mortality (OR = 2.38, 95% CI 1.50–3.78). The result in the Model I also revealed that ACSC was independently related to 30-day mortality (OR = 2.52, 95% CI 1.52–4.18) after adjusting for age and gender. Moreover, the result was similar in the Model II adjusted for covariates such as age, gender, serum glucose, hypertension, atrial fibrillation/atrial flutter, renal insufficiency, heart failure, chronic obstructive pulmonary disease, pneumonia, paralysis, and aphasia (OR = 2.43, 95% CI 1.43–4.12). In Model III which additionally adjusted for serum-phosphate tertiles, serum-magnesium tertiles, cognitive disorder, and epilepsy based on Model II, the result was also robust (OR = 2.77, 95% CI 1.59–4.84) (Table 3).


Table 3. Multivariate regression analysis of ACSC and 30-day mortality.
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Sensitivity Analysis

The results of the linear trend tests of the four models all showed that higher ACSC quartile groups were significantly related to an increased risk of 30-day mortality. And the p-values for the trends in the crude model, Model I, Model II, and Model III were 0.002, 0.01, 0.03, and 0.02, respectively (Table 3).

An E-value was calculated to assess the sensitivity to unmeasured confounding. The primary findings were stable unless an unmeasured confounder existed and was highly positively related to ACSC (OR ≥ 4.29) and 30 day-mortality (OR ≥ 4.29).



Curve Fitting and Two-Piecewise Linear Regression Model of ACSC and 30-Day Mortality

Curve fitting and two-piecewise linear regression analysis were used to investigate a potential non-linear association between ACSC and 30-day mortality. The result of curve fitting adjusted for age, gender, serum glucose, hypertension, atrial fibrillation/atrial flutter, renal insufficiency, heart failure, chronic obstructive pulmonary disease, pneumonia, cognitive disorder, epilepsy, paralysis, and aphasia showed a curve that continued to rise (Figure 2), and the results for the other three models were the same (Supplementary Figure 1). Furthermore, despite two different effective sizes based on the demarcation point (9.6 mg/dl) of the curve fitting was observed in the two-piecewise linear regression analysis adjusted according to Model II, the p-value for the likelihood ratio test was 0.7 (Table 4).


[image: Figure 2]
FIGURE 2. Multivariate adjusted smooth curve-fitting for association between ACSC and 30-day mortality. Same confounder factors as in model III: age, gender, serum glucose, serum-phosphate tertiles, serum-magnesium tertiles, atrial fibrillation/atrial flutter, renal insufficiency, heart failure, chronic obstructive pulmonary disease, cancer, pneumonia, paralysis, aphasia, cognitive disorder, and epilepsy, were adjusted. The red line represents the best-fit line, and the blue lines are 95% CIs. The potential demarcation point was 9.6 mg/dl according to the smoothing spline plots.



Table 4. Two-piecewise linear regression analysis for ACSC and 30-day mortality.
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The other three models showed similar results and the p-values for the likelihood ratio test were all >0.05 (Table 4). Thus, no threshold effect was observed according to the demarcation point, indicating that the relationship between ACSC and 30-day mortality was linear.




DISCUSSION

This study revealed an appreciable positive association between ACSC and 30-day mortality in IS patients. The relevant results were also significant after adjustment of the three different models with potential confounding factors. ACSC was then translated into a categorical variable (quartile) to analyze the sensitivity of the results, and the results were stable (OR values gradually increased significantly, from the second to the fourth quartile, and the values of p for trend were <0.05 in the four models). Furthermore, the results of curve fitting and the two-piecewise linear regression model revealed a stable linear relationship.

Despite the pivotal role of calcium ions in neuronal damage after ischemic events having been demonstrated as early as 1998 (26), few studies have focused on the correlation between baseline serum calcium and the clinical outcome in patients with IS. In a retrospective cohort study involving 173 IS patients, Buck et al. (9) explored between admission serum calcium and infarct volumes on diffusion-weighted imaging and their results revealed that high serum calcium levels were related to small cerebral infarct area and good outcomes. The study of Buck et al. (9) adjusted for serum glucose, blood pressure, co-morbidities, and stroke subtype in the final model, but serum albumin which might affect the serum calcium level was not considered. However, another study based on the Virtual International Stroke Trials Archive demonstrated that elevated 72–96-h serum calcium levels are related to 3-month functional outcome, but earlier (<4.5 h) serum calcium is not associated with the functional outcome (10). The result revealed that serum calcium levels can reflect a secondary epiphenomenon of stroke. However, the variation of intra-individual calcium levels, in reality, is ~2% (27), and the transportation of extracellular into neuronal cells would not significantly alter serum calcium levels. In 2010, an Israeli clinical study including 784 patients revealed that too high and too low serum calcium levels were both correlated with long-term mortality in female stroke patients (11). Moreover, a Korean cohort study that included 1915 IS patients showed that elevated admission ACSC levels are related to a short-time functional outcome and long-term mortality in IS patients (12). Admission serum calcium and ACSC were both included in the analysis, and the results of ACSC showed a significantly increased risk of all-cause death with the ACSC level elevating, but there were no positive results for serum calcium. Given the physiologic characteristic that more than 50% of calcium ions are combined with albumin and the difficulty for the measurement of ionized calcium in clinical practice, ACSC might be a better parameter than serum calcium to assess the effect of calcium. Most recently, a China national stroke cohort study demonstrated a high risk of long-term mortality of IS patients in the top quartile group of ACSC levels, with no statistical difference between patients of different genders (13).

Heterogeneity between the various study populations may have led to the inconsistency in the findings. Epidemiologic evidence showed that the incidence and mortality of stroke differed in various populations (14), in addition to calcium metabolism in different ethnicity (15). It was noteworthy that the relationship between serum calcium level and risk of stroke in Swedish and Korean populations also showed opposite results (7, 8). This study added evidence of the correlation between ACSC and clinical outcomes in IS patients from a different populations. Compared with other countries at a similar economical level, Nordic countries were with cold climate (28), short sunshine time (29), and plant-based diet pattern (30) which may impact the vitamin-D intake and serum calcium level. However, due to the nature of a retrospective study, the ethnicity, diet, climate, and environment of the selected sample group could not be included in the analysis. Prospective, large sample size studies that included these population characteristics are required in the future to accurately explore the risk range of serum calcium for Norwegian IS patients. In addition, due to the raw data of this study are from a large emergency cohort, ACSC may have a broad application prospect for IS patients admitted to emergency departments especially in primary or smaller Emergency Departments as a brief blood biomarker that could be quickly obtained at admission. Moreover, the causality of admission serum calcium level and short-term mortality could not be determined in this study. If future studies can demonstrate that admission elevated serum calcium cause increased mortality, clinical treatment including intravenous rehydration, enhancing kidney clearance of calcium (loop diuretics, calcitonin, and haemodialysis), calcium channel blocker, and limiting calcium and Vitamin D supplementation, might be beneficial to improve ischemic stroke patient outcomes.

The results of this study were compatible with the results of the previous study on the Chinese cohort (13). This study revealed that higher baseline ACSC levels were associated with 30-day mortality in IS patients. After processing ACSC as a categorical variable (quartiles), our results demonstrated that the top quartile group of ACSC levels most significantly increased the 30-day mortality. This result was also in agreement with the recent study from China (13), whose outcome is 1-year mortality (top quartile group, HR = 1.56, fully adjusted model). Moreover, previous studies had also demonstrated potential correlations between low serum calcium levels and cerebral infarct volume and short-term functional outcome, and U-shape relationship between baseline serum calcium and long-term mortality were shown by Appel et.al. Thus, we used curve fitting and the two-piecewise linear regression analyses to more accurately explore the relationship in this study. The results illustrated a linear relationship without threshold effect between ACSC level and 30-day mortality in IS patients, unlike the non-linear result of a previous study from the study of Appel et al. (11). In addition to differences in study populations, the study by Appel et al. (11) included both ischemic and hemorrhagic stroke patients, and different mediating mechanisms between serum calcium and mortality may account for their results, but this possibility needs to be verified by further studies.

Although extant studies demonstrated that high serum calcium levels were significantly associated with the risk of stroke (7) and clinical outcomes (12, 13), the pathophysiological mechanisms remain undefined. Previous studies revealed the key role of serum calcium in the promotion of vascular calcification, which is a complex process including the promotion of osteogenic/chondrogenic differentiation, vesicle release, cell apoptosis, loss of inhibitors, and extracellular matrix degradation (31, 32), leading to atherosclerosis. Thus, elevated serum calcium levels may accelerate the process of atherosclerosis, cardio-cerebrovascular calcification, and plaque rupture which has been associated with poor clinical outcomes (33–35). In addition, calcium ion is a crucial intracellular messenger, and plays a key role in neuronal damage and cell death (26). Furthermore, mitochondrial damage caused by high calcium concentration may be another mechanism (36). Moreover, recent research has shown that calcium ions could affect the cortical spreading depolarization after ischemic injury by regulating microglia activity (37). The association between elevated extracellular serum calcium levels and microglial calcium overload leading to cortical spreading depolarizations may explain the relationship between serum calcium levels and poor IS outcome. However, the inconsistent results of different studies suggested that there were more complicated mechanisms are needed to explain the effects of different ranges of serum calcium on all-cause mortality for IS patients, and the specific mechanisms need to be further studied.

This study has several advantages. First, the results of univariate analysis, regression coefficient change, and previous literature were used to select the covariates. Second, curve fitting and two-piecewise linear regression were used to explore a potential non-linear relationship, as shown in a previous study. Third, one crude model and four models adjusted with potential variables were used to test the stability of the results. Finally, ACSC was taken as a continuous variable and categorical variable into the multiple regression equation to avoid the contingency of the analysis, and the sensitivity analysis and trend test were used.

However, the following limitations exist. First, owing to the retrospective nature of this study, the non-inclusion of patients with missing ACSC information or wrong death information would lead to selection bias. Thus, the baseline information between the included group and the excluded group was compared, and the results showed no significant differences between the groups (Supplementary Table 2). Second, even though the ACSC level was calculated according to the standard formula, since the relationship between serum albumin and serum calcium could be more complex in the disease state, in addition to some studies having underlined that this formula could overestimate calcium levels (38, 39), further studies are needed to explore the actual relationship among serum calcium, serum albumin, and 30-day mortality. Though first-time laboratory results at admission, which are more likely to reflect the initial state of the patient at the onset, were used, it would be better to examine the dynamic changes in ACSC in future studies to understand the potential mechanism of the associations. Because of the retrospective study design, we could not confirm the time of blood collection, which will influence the ACSC level. Thus, further prospective studies with predesigned identical examination times are required. Third, the presence of unmeasured confounders could not be excluded. Since the secondary analysis originated from a retrospective cohort, variables that were not collected could not be adjusted. E-value was used to explore the potential for unmeasured confounding between ACSC and 30-day mortality and the result showed that an unmeasured confounder was unlikely to explain the entirety of the mortality effect. Pre-stroke medications such as calcium and vitamin D supplements might affect the level of admission to ACSC, and patients with chronic comorbidities were more likely to have a medication history. A stratification analysis was performed on comorbidity and non-comorbidity subgroups, revealing that the results remained stable in both subgroups. This means that the results remain stable even in the non-comorbidity patients who may be less likely to take medication before stroke (Supplementary Table 3). In addition, given that the medication treatment in the hospital would tend to a bias toward the null, it is postulated that the unmeasured confounding of medication treatment in the hospital might underestimate the observed effect. Neurological function (NIHSS score or Norwegian trial Scandinavian Stroke Scale), IS subtypes, and functional status before stroke are important information to evaluate the outcome of stroke patients. Therefore, common complications associated with neurological function including paralysis, epilepsy, cognitive disorder, and aphasia were additionally adjusted, and the results were also robust after adjustment (Model III). Moreover, some studies have revealed a negative association between serum calcium at the baseline and admission neurological function (9, 40). Therefore, adjustment for the neurological function tends to elevate the estimated effect. Finally, the participants in this study were represented by the Norwegian population, and the findings could not necessarily apply to other populations.



CONCLUSIONS

Admission albumin-corrected serum calcium in ischemic stroke patients was positively correlated with 30-day mortality, and the relationship between them was almost linear.
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Objectives: Ultrasound (US) imaging is a relatively novel strategy to monitor the activity of the blood–brain barrier, which can facilitate the diagnosis and treatment of neurovascular-related metastatic tumors. The purpose of this study was to investigate the clinical significance of applying a combination of US imaging outcomes and the associated genes. This was performed to construct line drawings to facilitate the prediction of brain metastases arising from breast cancer.

Methods: The RNA transcript data from The Cancer Genome Atlas (TCGA) database was obtained for breast cancer, and the differentially expressed genes (DEGs) associated with tumor and brain tumor metastases were identified. Subsequently, key genes associated with survival prognosis were subsequently identified from the DEGs.

Results: Tripartite motif-containing protein 67 (TRIM67) was identified and the differential; in addition, the survival analyses of the TCGA database revealed that it was associated with brain tumor metastases and overall survival prognosis. Applying independent clinical cohort data, US-related features (microcalcification and lymph node metastasis) were associated with breast cancer tumor metastasis. Furthermore, ultrasonographic findings of microcalcifications showed correlations with TRIM67 expression. The study results revealed that six variables [stage, TRIM67, tumor size, regional lymph node staging (N), age, and HER2 status] were suitable predictors of tumor metastasis by applying support vector machine–recursive feature elimination. Among these, US-predicted tumor size correlated with tumor size classification, whereas US-predicted lymph node metastasis correlated with tumor N classification. The TRIM67 upregulation was accompanied by upregulation of the integrated breast cancer pathway; however, it leads to the downregulation of the miRNA targets in ECM and membrane receptors and the miRNAs involved in DNA damage response pathways.

Conclusions: The TRIM67 is a risk factor associated with brain metastases from breast cancer and it is considered a prognostic survival factor. The nomogram constructed from six variables—stage, TRIM67, tumor size, N, age, HER2 status—is an appropriate predictor to estimate the occurrence of breast cancer metastasis.

Keywords: breast cancer, brain metastases, ultrasonography, TRIM67, biomarkers


INTRODUCTION

Brain metastases (BM) have gradually become the most common malignancy of the central nervous system, with 20–40% of patients with cancer developing BM (1, 2). Primarily, BM arises from tumors in the lungs and the breast; however, they are observed at other sites as well (3). Annually, the global incidence of BM has progressively increased and is associated with a poor prognosis. The overall survival varies from 3 to 25 months depending on tumor type and subtype, BM has become a clinically important disease that poses a remarkable threat to human health (2, 4). An estimated 30–50% of patients with metastatic breast cancer (MBC) develop BM (5, 6). The development of BM depends on the action of neurovascular units (NVU), thereby emphasizing the unique and close relationship between the vessels and cells in the brain (7). Brain endothelial cells (BECs) occupy a central position in the NVU and they are regulated by neuronal cells in the formation and maintenance of the blood–brain barrier. Tumor cells must overcome the tightly connected endothelial barrier of BECs to ensure the occurrence of BM (8). Breast cancer (BRCA) is a relatively common type of tumor that leads to the formation of neurovascular metastases and has a very poor prognosis; furthermore, its presence is a notable health risk for patients with cancer (9, 10). Identifying neurovascular metastases from brain tumors is essential for monitoring the prognosis of patients with breast cancer.

Understanding ultrasound (US) signals related to neurovascular tissues in disease conditions will be instrumental in elucidating disease mechanisms and identifying potential diagnostic and treatment targets (11). Ultrasound examinations expose the patient to considerably low levels of radiation, and the test itself is non-invasive and reproducible. Considering this, US examinations are a common and convenient modality in the management of breast cancer (12). Previously, several studies have examined the role of US imaging in the identification of breast cancer metastasis and prognosis. Ultrasound imaging has a suitable degree of sensitivity and specificity in diagnosing breast cancer metastasis to axillary lymph nodes (13). Tumors diagnosed via breast US have better prognostic features in terms of size and lymphovascular invasion (14). Furthermore, the formation of microcalcifications affected the growth and infiltration of breast cancer and is associated with disease prognosis in patients (15). Ultrasonography can provide a multidirectional, multi-angle sweep of microcalcified breast cancer lesions; this feature is more widely used in the screening and diagnosis of microcalcifications in breast cancer (16). In addition, ultrasonographic observation of lesion blood flow grading correlated with positive ER expression of the estrogen receptor, which can indirectly indicate the sensitivity of breast cancer to treatment (17, 18). However, neurovascular metastases in breast cancer were closely related to gene expression characteristics, and the items examined via breast US imaging alone were biased as they do not adequately reflect this.

The recent developments in bioinformatics have facilitated the diagnosis and treatment of the disease with the help of large-scale biological data (19–22). The considerable amount of RNA sequencing data and the increasing number of prognostic factors and therapeutic targets identified have considerably aided in the examination of the mechanisms related to cancer development and clinical treatment (23, 24). One study used RNA sequencing to probe the cellular origin and evolution of breast cancer in BRCA1 mutant carriers (25). Additionally, bioinformatics has reportedly been used to identify differentially expressed genes (DEGs) associated with breast cancer metastasis and provide potential therapeutic targets for metastatic breast cancer (26). Bioinformatics data combined with imaging findings can also play a crucial role in breast cancer diagnosis and prognosis. Breast US imaging combined with plasma miR-21 and miR-27a significantly improves the diagnostic efficiency of breast cancer, thereby facilitating early clinical intervention (27). We believe that a combination of US imaging and transcriptional profiling can predict the risk of cerebral neurovascular metastases in patients with breast cancer.

In this study, we aimed to investigate the genes associated with the development of neurovascular BM in patients with breast cancer and to explore the role of ultrasonography in the examination of tumor metastases. Furthermore, this was performed to identify potential diagnostic and therapeutic targets/features to monitor and improve the risk of BM in patients with breast cancer and to extend their life expectancy.



METHODS


Clinical Information and TCGA Data Acquisition

We retrospectively analyzed patients with surgically confirmed breast cancer who presented themselves to our hospital between August 2015 and March 2021. The following cases were excluded in this study: (1) cases of male breast cancer; (2) cases where the elapsed time between surgery and US was more than 2 weeks; (3) cases with incomplete clinical information; (4) cases with unilateral multiple foci; and (5) cases with primary malignancy at a different site. Using the above exclusion criteria, a total of 97 breast cancer patients with adequate follow-up were finally screened. Postoperative pathological staging was based on the American Joint Committee on Cancer (AJCC) TNM staging criteria for breast cancer. Informed consent was obtained from all patients. Consent was also obtained from the Ethics Committee of Cangzhou Central Hospital. The Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov/) project database was searched for 1,041 breast invasive carcinoma (BRCA) patient samples consisting of 60 tumors with non-brain metastasis (nBM–BRCA), 4 tumors with brain metastasis (BM–BRCA), and 977 tumors without distant brain metastasis (nDM–BRCA). Transcriptome data were downloaded in transcripts per million (TPM) unit format and were log-transformed.



Tumor Features Evaluation by Ultrasonography

Sonography was performed using a Siemens-2000 color Doppler diagnostic US machine with a probe frequency of 7–15 Hz. Different clinical features were analyzed using US including tumor size, microcalcification status, blood flow grading, and lymph node metastases. The longest measured diameter of a lesion in any section scan was considered as the size of the primary tumor. The size (<1-mm in diameter), number, and distribution of calcified spots were used as bases to determine the status of microcalcifications in breast cancer. Blood flow was graded into four levels according to Adler blood flow grading: Grade 0, no blood flow in the tumor lesion; Grade I, little blood flow, i.e., one or two spots of blood flow (<1-mm in diameter) are visible; Grade II, moderate blood flow, i.e., one main vessel or several small vessels visible; Grade III, significant blood flow, i.e., four or more vessels visible (28). Ultrasound was used to assess axillary lymph node metastases by (1) high-frequency US sonograph showing a lymph node thickness of more than 3 mm or a solid axillary hypoechogenicity, or (2) color flow imaging showing abundant blood flow within the lymph nodes.



Logistic Regression Analysis

To explore the relationship between tumor features and metastasis, logistics regression was used to determine the predictive power of the observed tumor features from the sonographs in relation to tumor metastasis (29, 30). The purpose of using logistic regression in this step is not to train diagnostic classifiers, but to test for multivariate differences. First, univariate logistics regression was used to analyze the general clinical and US-related features of the patients, with the relevant characteristics screened at p < 0.05 level of significance. Then, the screened US and clinical characteristics were subjected to multivariate logistic regression analysis. The odds ratio (OR) and 95% confidence interval (95% CI) for each variable were assessed as statistical indicators. The variables with a significance level of p < 0.05 in both univariate and multifactorial logistic regression analyses were considered as independent predictors of tumor metastasis.



Bioinformatics Analysis

Distant metastases- and BM-associated differentially expressed genes (DEGs) were identified through the differential analysis of transcriptomic data from tumor tissue samples using the limma package (31). The DEGs were filtered based on a threshold value of p < 0.05. Subsequently, intersection analysis of DM- and BM-associated DEGs was performed to identify genes that were differentially expressed in both DM and BM. From the obtained gene list, survival analysis was employed to further screen for prognosis-related genes.



Quantitative Reverse Transcription-PCR

Quantitative RT-PCR (qRT-PCR) was used to quantify the RNA expression levels of key genes present in tumor samples collected after surgical resection. The total RNA was extracted using the mirVana™ miRNA isolation kit (Ambion) according to the manufacturer's protocol. The harvested total RNA was reverse transcribed to cDNA using RevertAid first strand cDNA synthesis kit (Thermo Scientific™, USA). The qRT-PCR was performed using SYBR® Green Realtime PCR master mix (Toyobo, Japan) on ABI 7500 real-time PCR system (Applied Biosystems, CA, USA). Using GAPDH as the reference gene, the 2−ΔΔCT method was used for the relative quantification of gene expression levels. In the final conclusion, gene expression levels were reported as the fold-change (FC) relative to the reference.



Support Vector Machine–Recursive Feature Elimination

To screen for features associated with tumor metastases, an exploratory analysis of the patient's general characteristics, US-related features, postoperative pathological features and key genes was applied support vector machine–recursive feature elimination (SVM–RFE) (32). In supervised machine learning, support vector machines (SVMs) are often used for non-linear classification. In addition, SVM showed good performance in processing data sets with small sample sizes (30, 33, 34). Support vector machine–recursive feature elimination filtered the variables of the prediction results by iteratively removing redundant feature variables. Using a cross-validation approach, the root mean squared error (RMSE) parameter was used to assess the predictive performance of the model and to screen for the best combination of variables. The entire dataset was divided into a training set and a test set in a ratio of 7:3. The training set was used for feature selection and model training, and the test set was used for testing the model. The area under curve (AUC) of the receiver operating characteristic curve (ROC) was also applied to assess the predictive performance of the model; pROC curves are plotted using the “pROC” package.



Nomogram Construction

A principal component analysis (PCA) was applied to further extract features from the SVM–RFE that reflect tumor metastasis in order to determine whether they provided adequate information for classification. To develop predictive models for these characteristics, multivariate logistic regression was applied. Decision curve analysis (DCA) assesses the usefulness and safety of clinical prediction models by calculating the net benefit ratio for different threshold probabilities. To facilitate clinical use, a visualization tool was constructed by applying the “rms” to the nomogram of this clinical prediction model. Calibration curves are used to assess the agreement between predicted probabilities and actual outcomes.



Survival Analysis

For BRCA patients, Kaplan–Meier (KM) curves were used to calculate the probability of overall survival (OS) at 1, 3, and 5 years. Cox regression analysis was used to perform a difference-in-difference test analysis of the survival curves between the two groups. The time-dependent ROC and area under the curve (AUC) values were used to quantify the predictive performance of the target gene for survival in BRCA patients (35). Survival data were analyzed using “survival” package, and visualization was carried out using survminer R package.



Gene Set Enrichment Analysis

Analysis of functional pathways dysregulated in TCGA–BRCA tumor samples with dysregulated genes using Gene Set Enrichment Analysis (GSEA) as the previous researches (36–39). The pathways in the analysis were annotated using the “c2.cp.v7.2.symbols.gmt [Curated]” gene set from MSigDB Collections (https://www.gsea-msigdb.org/gsea/msigdb/). Package clusterProfiler was used to calculate the statistical significance of the enrichment of functional pathways (40). The threshold of statistical significance for functional pathway enrichment was set at adjusted p < 0.05.



Statistical Analysis

All statistical analyses and figures were obtained using the R (version 4.0.2) software. In the statistical analysis of patients' baseline data, the Pearson's Chi-squared test or Fisher's exact test was used to test the count data. Differences in the measurements between the two groups were determined using the Wilcoxon rank–sum test or unpaired t-test. Correlation analysis was performed using the Spearman method. The results from these statistical analyses were plotted using the “ggplot2” package. Computed p-values of <0.05 were considered to be statistically significant.




RESULTS


Baseline Patients' Information

Among the 97 patients with breast cancer enrolled in the clinical cohort study, distant metastases (DM) developed and did not develop in 34 and 63, respectively. The clinical baseline information, postoperative pathological features, and US features of the patients with breast cancer are summarized in Table 1. Patients with breast cancer with and without DM showed significant differences in terms of TNM stage, metastasized staging (M), tumor size staging (T), regional lymph node staging (N), HER2, tumor size, microcalcification, Adler blood flow grading, and prediction of lymph node metastasis. No statistically significant differences were observed in terms of age, menopausal status, tumor location, histology, ER, and PR. However, microcalcifications confirmed by preoperative US, higher blood flow grading, and lymph node metastases may indicate a higher risk of DM.


Table 1. Baseline characteristics of patients in the clinical cohort.
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Ultrasound Predicts BRCA Metastasis

Typically, the logistics model is used to screen for risk factors associated with the poor outcomes. In this section, we have included only general clinical features and ultrasonography-related features for analysis to explore the ability of preoperative ultrasonography and diagnosis to assess the likelihood of DM in patients with tumors. Results of logistic regression analysis to screen the predictors associated with DM are presented in Table 2. Univariate logistic analysis showed that tumor size in US imaging (p = 0.015), microcalcification (p < 0.001), Adler blood flow grading (p = 0.003), and lymph node metastasis (p = 0.001) were significantly associated with the occurrence of DM in patients with breast cancer. Further multivariate logistic regression analysis showed that microcalcification (p = 0.02) and lymph node metastasis (p = 0.011) were independent predictors of DM.


Table 2. Univariate and multivariate logistics regression analysis with US-related variables.
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The TRIM67 Expression Correlates With BM and DM

We performed differential expression analysis of the RNA transcript data between the two groups at the tumor tissue level. Differential analysis of The Cancer Genome Atlas (TCGA) data and patients with breast cancer with and without DM revealed 3,759 DEGs, which were identified as DM-associated DEGs (Figure 1A). Similarly, 2,029 BM-associated DEGs were identified between the BM and nBM groups (Figure 1B), and Cox analysis revealed 1,727 survival-associated DEGs. Cross-tabulation analysis subsequently showed that four genes—TRIM67, SFXN2, CEL, and IGKV6-21—were associated with DM, BM, and survival outcomes. Additionally, TRIM67 expression was significantly different between the DM and nDM groups (p = 0.021) and between the BM and nBM groups (p = 0.007) (Figures 1C,D). Therefore, TRIM67 was used for further analysis.


[image: Figure 1]
FIGURE 1. Analysis of variance showed that TRIM67 was upregulated in both DM and BM. (A) Volcano plot showing differentially expressed genes between the DM and nDM groups, where TRIM67 was found to be upregulated in DM; (B) Differential expression analysis between BM and nBM groups showed that TRIM67 was upregulated in BM; (C) There was a statistically significant difference in TRIM67 expression between the DM and nDM groups (p = 0.021); (D) There was a statistically significant difference in TRIM67 expression between the BM and nBM groups (p = 0.007).




Ultrasonography and TRIM67 Expression

To investigate whether US can assess TRIM67 expression, an exploratory analysis of the relationship between US findings and TRIM67 was performed. The results showed a significant difference between microcalcifications and TRIM67 expression in the US findings (p = 0.027). The TRIM67 expression was higher in the group with microcalcifications than in the group without microcalcifications (Figure 2A). the TRIM67 expression showed no significant differences from Adlerian blood flow grading, lymph node metastasis prediction, and tumor size (Figures 2B–D). However, the results appeared to imply that a higher blood flow grading, positive lymph node metastasis prediction, and larger tumor size correlated with a higher TRIM67 expression.


[image: Figure 2]
FIGURE 2. Relationship between US-related features and TRIM67 expression. (A) Microcalcifications in tumor tissue correlated with TRIM67 expression (p = 0.027); (B,C) The bar graph shows the relationship between Adler blood flow grading and lymph node metastasis in relation to differential expression of TRIM67; (D) Correlation analysis of tumor size on US and TRIM67 expression.




The SVM–RFE Shows Variables Associated With Prognosis

The general patient characteristics, the ultrasonographic information, the postoperative pathological information, and the predictive power of TRIM67 in tumor metastasis were assessed using SVM–RFE. The results showed that the model had the lowest RMSE (Figure 3A) when six variables (stage, TRIM67, tumor size, N, age, and HER2 status) were included in the SVM model. The receiver operating characteristic (ROC) curves of TRIM67 [area under ROC curve (AUC), 0.643], tumor size (AUC, 0.654), and age (AUC, 0.580) for the prediction of tumor metastasis are shown in Figure 3B, indicating their general predictive ability. The AUCs of the multifactor logistic regression model constructed by combining the above six characteristics were 0.917, 0.865, and 0.912 for the training group, test group, and all groups, respectively (Figure 3C). The clinical prediction model showed an acceptable predictive power for tumor metastasis. Table 3 shows the coefficients for these six variables in the clinical prediction model. A positive correlation was found between the probability of tumor metastasis and stages III–IV, TRIM67, size, N1–N3, and positive HER2. The DCA of the clinical prediction model in the training, test, and overall groups is shown in Figure 3D, demonstrating the large clinical range of the model.


[image: Figure 3]
FIGURE 3. The training process and performance evaluation of SVM-RFE models. (A) The variable screening process showed the smallest RMSE for the model when six variables were selected; (B) The ROCs show the predictive power of TRIM67, tumor size, and age on tumor metastasis in a selection of six variables; (C) The ROC shows the predictive power of a logistic regression model combining six indicators for tumor metastasis; (D) The DCA suggested that the clinical prediction model has a good range of clinical use in the training, test, and overall groups.



Table 3. Included variables of the nomogram-based model.
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Construction of a Clinical Prediction Model for Tumor Metastasis

Developing a predictive model has the potential to be useful in clinical practice is our aim. First, the correction curves showed a good degree of agreement between the predicted outcomes of this constructed clinical prediction model and the patients' perceptions of the true outcomes (Figure 4A). Subsequently, the PCA analysis showed that patients with breast cancer with and without tumor metastases could be differentiated according to the variables used in the model (Figure 4B). Ultimately, based on a multivariate logistic regression model, the nomogram was prepared to facilitate its use in clinical settings (Figure 4C). Nomograms are composed of selected feature variables and their corresponding scores. The total score was obtained by summing the corresponding scores for each variable before converting it directly to obtain the probability of tumor metastasis. Therefore, the nomogram ensures that a patient's likelihood of developing metastases can easily be assessed by using important clinical features, preoperative US findings, and postoperative pathological information.


[image: Figure 4]
FIGURE 4. Construction of a clinical prediction model for tumor metastasis. (A) The correction curves show that the predicted outcomes of this clinical prediction model are in good agreement with the true outcomes of the patients; (B) The PCA visualization demonstrates the efficacy of using the six variables to differentiate patients with breast cancer who developed tumor metastases; (C) The nomogram, constructed based on a clinical prediction model, allows an assessment of the likelihood of tumor metastasis based on these six variables.




Relationship Between TRIM67 and US and Postoperative Pathology

Variables in the clinical prediction model have been discussed further in this section. The tumor size observed on US examinations appeared to correlate with the T stage in the TNM classification (Figure 5A). Furthermore, the distribution of N grades in the TNM grading showed significant differences between the US-predicted lymph node metastasis group and the US-predicted non-lymphoid node metastasis group (p < 0.05, Figure 5B). These results demonstrated that, in the clinical prediction model, the tumor size measured using US reflects the T-staging of the tumor, whereas the N-staging corresponds to the lymph node metastasis predicted by US. This illustrated the important role of ultrasonography in predicting the development of tumor metastases in patients with breast cancer. In addition, normal and tumor tissues showed different TRIM67 expression levels (Figure 5C). Additionally, significant differences in TRIM67 expression were identified between T1, T2, T3, and T4 (Figure 5D). Therefore, T staging can reflect TRIM67 expression to some extent. The abovementioned results demonstrated the complex interrelationship between ultrasonography-related features, postoperative pathological grading, and TRIM67 expression.
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FIGURE 5. Relationship between preoperative ultrasonography and TRIM67 and postoperative pathological features. (A) The bar chart shows a correlation between the T-grading of the tumor and the size of the tumor as measured using preoperative US; (B) There was a correlation between US-predicted lymph node metastasis and the N grade of the tumor; (C) There were differences in TRIM67 expression between normal and tumor tissues; (D) There were differences in TRIM67 expression between different tumor T-grades.




Elevated TRIM67 Suggests a Poor Prognosis

The KM curve for TRIM67 is shown in Figure 6A. Median overall survival time from the initial diagnosis of breast cancer was significantly shorter in the high TRIM67 group than in the low TRIM67 group (9.6 vs. 12.2 years, respectively, p = 0.031). Univariate Cox analysis showed a statistical difference between TRIM67 expression and survival outcome (p = 0.032, HR = 1.42, 95% CI: 1.03–1.95). The ROC curves showed that the predicted AUC of TRIM67 for overall survival at 1, 3, and 5 years were 0.543, 0.570, and 0.556, respectively (Figure 6B). These results suggested that elevated TRIM67 was associated with a poor prognosis in patients with breast cancer.
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FIGURE 6. Survival analysis and GSEA for TRIM67. (A) KM curves showed significant differences (p = 0.032) in survival curves between high and low TRIM67 groups for patients with breast cancer; (B) ROC shows the predictive power of TRIM67 for overall survival at 1, 3, and 5 years; (C) GSEA shows the functional pathways that are enriched when TRIM67 is upregulated.




Pathways Enriched by Concomitant TRIM67 Upregulation in BM

To further explore the possible functional pathways involved in TRIM67 in BM in patients with breast cancer, we used RNA sequencing data from patients with breast cancer who developed distant tumor metastasis in TCGA for Gene Set Enrichment Analysis (GSEA). The results showed that in TRIM67-upregulated tumors, the integrated breast cancer pathway was upregulated, whereas the miRNA targets in ECM and membrane receptors and miRNAs involved in DNA damage response pathways were downregulated (Figure 6C). The TRIM67 upregulation appeared to accompany the upregulation of the pathways related to breast cancer. In addition, TRIM67 upregulation may be associated with the downregulation of certain miRNA-regulated functional pathways, including the role of membrane receptors targeted by miRNAs and their response in the DNA damage response. Alterations in these pathways may be associated with the development of BM in patients with breast cancer, and ultimately affect patient OS.




DISCUSSION

Ultrasound imaging is a new strategy for monitoring the activity of the blood–brain barrier, which can facilitate the diagnosis and treatment of metastatic tumors related to neurovascular tissues. In this study, we explored the possible role of US as well as TRIM67 in the development of BM in breast cancer through a retrospective clinical cohort study and bioinformatics analysis. The TRIM67 was identified as a factor associated with neurovascular metastasis, tumor metastasis, and prognostic survival in brain tumors in bioinformatics analysis of TCGA and breast cancer.

The TRIM67 expression was correlated with microcalcifications on ultrasonography. Following this, we incorporated TRIM67 expression data, general clinical information, postoperative pathology, and US-related characteristics and screened six variables (stage, TRIM67, tumor size, N, age, and HER2 status) with the SVM–RFE method, which could predict the likelihood of tumor metastasis. Of these six features, tumor size measured using US correlates with the T classification of the tumor, whereas lymph node metastasis was predicted by US correlated with the N classification.

In this study, TRIM67 was upregulated in patients with BM from breast cancer and DM. The previous studies on TRIM67 in tumors have demonstrated that the TRIM67 protein functions differently in different tumors. The TRIM67 was reportedly downregulated in colorectal cancer and TRIM67 inhibited tumor proliferation and metastasis (41, 42). The TRIM67 promoted the progression of non-small cell lung cancer through the Notch pathway, including promoting cell proliferation, migration, and EMT (43). However, upregulation of TRIM67 expression increased apoptosis in non-small cell lung cancer cells (44). Although the relationship between TRIM67 and tumors remains unclear, all studies mentioned above reported that TRIM67 was associated with tumor size, lymph node metastasis, tumor stage, and disease prognosis (41–43). Similar to the previous studies, we observed that TRIM67 was associated with BM in breast cancer and was a risk factor for a poor prognosis. Microcalcifications on US findings correlated with TRIM67 expression, and a higher blood flow grade, positive prediction of lymph node metastasis, and larger tumor size corresponded with higher TRIM67 expression. In TRIM67 upregulated tumors, the integrated breast cancer pathway was upregulated, whereas miRNA targets in ECM and membrane receptors and the miRNAs involved in DNA damage response pathways were downregulated. Therefore, these pathways may play an important role in the metastasis of breast cancer.

Microcalcification is an important early sign of breast cancer and its early diagnosis depends on the identification of suspected microcalcifications (45–47). The morphology and distribution of microcalcifications can be used to differentiate between benign and malignant lesions (48, 49). The previous studies have observed the presence of an association between microcalcifications and lymph node metastasis and prognosis in breast cancer (50, 51). BMP-2 is closely associated with microcalcification (50). The BMP signaling affects the invasiveness of breast cancer tumor cells (52). Similar to the previous studies, we observed that microcalcification and lymph node metastasis measured using US examinations were independent risk factors for distant tumor metastasis based on preoperative US. Ultrasound has been widely used to detect lymph node metastases in breast cancer. Ultrasound and needle biopsy of suspected lymph nodes could effectively identify the presence of lymph node metastases from breast cancer (53). Therefore, it is our understanding that microcalcification and lymph node metastasis play an important role in predicting breast cancer metastasis. In this study, TRIM67 was associated with tumor microcalcification, and ultrasonography may reflect changes in TRIM67 to some extent by monitoring the status of microcalcifications. The TRIM67 expression is associated with DM in breast cancer; therefore, US combined with examination of TRIM67 expression may have a better predictive function in breast cancer metastases.

The six variables screened by SVM–RFE were used to construct clinical prediction models. Using the nomogram, we can easily assess the likelihood of tumor metastasis in patients with breast cancer using important clinical features, preoperative US findings, and postoperative pathological information. Tumor size measured via US examination reflects the T-grade of the tumor, whereas the N-grade corresponds to the lymph node metastases predicted by US. Similar findings have been observed in the previous studies on the relationship between US and clinicopathological features of breast cancer. Li et al. reported that the pathological grading of breast cancer correlated with the shape of the tumor measured using US (54). Lamb et al. found that the grade and infiltration of breast cancer correlated with the echogenicity and tumor margin measured by US (55). This highlighted the important role of ultrasonography in predicting the development of tumor metastases in patients with breast cancer.

Upregulation of TRIM67 was accompanied by upregulation of the pathways associated with breast cancer. In addition, the upregulation of TRIM67 may be associated with the downregulation of certain miRNA-regulated functional pathways, including the role of membrane receptors targeted by miRNAs and response in the DNA damage response. Alterations in these pathways may be associated with the development of BM in patients with breast cancer and ultimately affect their OS. In the future, further in-depth studies are warranted to address the relationship between the role of US and related molecules in breast cancer.

There are some limitations to this study. Patients with BM from breast cancer were not compared to patients without BM as a separate group in the clinical study population. We aim to expand the sample size for further detailed analysis in the future. Additionally, we will further investigate the mechanism of TRIM67 in breast cancer metastasis at the basic experimental level.



CONCLUSION

Several risk factors were examined in this study associated with BRCA brain metastases. Ultrasound and its prediction of TRIM67 play an important predictive role in neurovascular-related metastases from breast cancer. The nomogram of six variables—stage, TRIM67, tumor size, N, age, and HER2 status—were biomarkers of the likelihood of breast cancer metastasis.
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Background: Abdominal obesity and adipocytokines are closely related to atherosclerosis, and adiponectin level is considered one of the important clinical indicators. This study aimed to analyze the associations of abdominal visceral fat content and adiponectin level with intracranial atherosclerotic stenosis (ICAS).

Methods: A total of 186 patients were enrolled in this study. Patients were distributed into ICAS and non-ICAS by the degree of artery stenosis. Plasma adiponectin levels and the ratio of visceral adipose tissue (VAT) to subcutaneous adipose tissue (SAT) were measured. The related factors of intracranial atherosclerotic stenosis were determined using multivariable logistic regression analysis.

Results: The VAT/SAT ratio (OR, 26.08; 95% CI, 5.92–114.83; p < 0.001) and adiponectin (OR, 0.61; 95% CI, 0.44–0.84; p = 0.002) were found to be the independent predictors of ICAS in a multivariable logistic regression analysis. The prevalence of ICAS increased (T1: 27.4%; T2: 50.0%; T3: 75.8%) as the VAT/SAT ratio tertile increased (p < 0.001). The prevalence of ICAS decreased (T1: 72.6%; T2: 54.8%; T3: 25.8%) as the adiponectin tertile increased (p < 0.001). In ROC curves analysis, VAT/SAT ratio had a sensible accuracy for the prediction of ICAS. The optimal cut-off value of VAT/SAT ratio to predict ICAS in this study was 1.04 (AUC: 0.747; p < 0.001; sensitivity: 67.4%; specificity: 74.7%). The optimal adiponectin cutoff was 3.03 ug/ml (AUC: 0.716; p < 0.001; sensitivity:75.8%; specificity: 61.5%).

Conclusion: Higher VAT/SAT ratio and lower plasma adiponectin levels were closely related to the increased risk of intracranial atherosclerotic stenosis.

Keywords: intracranial atherosclerotic stenosis, abdominal obesity, visceral adipose, adiponectin, stroke


INTRODUCTION

Ischemic stroke caused by intracranial atherosclerotic stenosis is frequent in the Asian, African–American, and Hispanic populations (1). Large artery intracranial occlusive disease (LAICOD) has become the most common subtype of stroke in the world (2). Stroke is the leading cause of death in China, with a high recurrence rate (3). ICAS is an important predictor of stroke and its recurrence (4, 5). Looking for the relevant factors of ICAS is of great significance for the prediction and early intervention of stroke.

Several studies previously investigated traditional risk factors associated with ICAS including sex, age, metabolic syndrome (MetS), hyperlipidemia, hypertension, diabetes, smoking, and hyperhomocysteinemia (6). Lipid metabolism disorders including elevated low-density lipoprotein cholesterol (LDL-C) and cholesterol levels are the most important modifiable factors for increased risk of recurrent stroke and ICAS-related vascular events (4). Obesity is closely related to cardiovascular events (7). However, little is known about the relationship between obesity and intracranial atherosclerosis. Several obesity-related parameters, such as waist circumference, body mass index (BMI), and waist to hip ratio (WHR) have shown a weaker correlation with intracranial atherosclerosis (8). Abdominal obesity may be more likely to cause atherosclerosis than systemic obesity (9). Measurement of central obesity, especially VAT, may be more closely related to intracranial atherosclerosis. The increase of visceral fat and the decrease of subcutaneous fat accumulation may be positively correlated to atherosclerosis (10). Adiponectin, secreted by adipocytes, is a unique adipokine that has anti-inflammatory, antioxidant, anti-atherosclerotic effects and also a significant inhibitory effect on obesity (11–13). A recent study showed that the adiponectin-transfected endothelial progenitor cells protected T2DM rats from cerebral ischemia-reperfusion injury by increasing angiogenesis (14). Previous reports have shown that the levels of circulating adiponectin are reduced in patients with obesity, T2DM, coronary artery diseases, carotid artery stenosis, and atherosclerotic plaques (15, 16). However, there are few investigations on the relationship between adiponectin and intracranial atherosclerosis. Therefore, this study aimed to investigate the relationship between visceral fat, adiponectin, and intracranial atherosclerosis.



METHODS


Study Design and Participants

This was a single-center cross-sectional study with 226 consecutive patients recruited from September 2018 to June 2019 at Shanghai Tenth People's Hospital. Patients were admitted if they satisfied the following conditions: Age ≥ 45 years, complete abdominal non-enhanced CT (NECT), and CT angiography (CTA)/magnetic resonance angiography (MRA) of cerebral arteries. If the patient was < 45 years old, had acute cerebral infarction, missed key clinical data, had a history of severe abdominal organ disease or previous abdominal surgery, they would be excluded. All patients gave their informed permission. Gender, age, smoking history, low-density lipoprotein cholesterol, diabetes, hypertension, and coronary heart disease were acquired as baseline characteristics of classical cerebrovascular risk factors. The patients fasted overnight and had 5 ml venous blood drawn the next morning. Within 4 h after anticoagulation with 2% EDTA, the blood was centrifuged at 3,000 rpm for 15 min. Plasma was kept at −80°C in a refrigerator. An enzyme-linked immunosorbent assay (ELISA) kit from MultiSciences in China was used to determine the concentration of plasma adiponectin. Self-reported history of hypertension, use of anti-hypertensive medication before admission, and the diagnosis of hypertension after discharge are all considered hypertension. Diabetes mellitus (DM) was identified as a self-reported history of diabetes, diabetes medication, a glycated hemoglobin level of more than 7%, or a diabetes diagnosis at discharge. Smokers were defined as those who smoked for 6 months and had more than one cigarette per day, while heavy drinkers were defined as those whose average daily alcohol consumption was 2 units for men or 1 unit for women (17). For statistical purposes, we referred to some relevant references (18–20) and defined tertiles for adiponectin and VAT/SAT ratio separately as follows: T1, low-adiponectin (0.83–2.09 ug/ml); T2, middle-adiponectin (2.10–3.41 ug/ml); T3, high- adiponectin (3.42–6.38ug/ml); T1, low-VAT/SAT (0.30–0.84); T2, middle-VAT/SAT (0.85–1.13); T3, high-VAT/SAT (1.14–2.06).



Radiological Imaging

A 16-section NECT (uCT 510, United Imaging Healthcare) was used to perform abdominal CT images (120 kVp, 100 mAs, 5 mm slide thickness). The intracranial arteries were examined using computed tomography angiography (CTA) to see whether there were any atherosclerotic lesions. Participants with renal insufficiency or a contraindication to contrast agents had their cerebral arteries examined with MRA to see if they had atherosclerotic stenosis. MRA was done using a 3.0T Verio Scanner (Siemens, Erlangen, Germany).

The cerebral atherosclerotic stenosis of each major intracranial artery was examined by two professional radiologists who were not given any personal information about the individuals. If a conflict arises, it is handled by consultation. Severe stenosis occurs when the lumen diameter of an intracranial artery is decreased by 50%. A stenosis of 50% or more in the large intracranial arteries, including intracranial segments of the internal carotid artery (ICA), anterior cerebral artery (ACA), middle cerebral artery (MCA), posterior cerebral artery (PCA), basilar artery (BA), and intracranial segments of vertebral artery (VA) was classified as the ICAS. The warfarin–aspirin symptomatic intracranial disease (WASID) study criteria were used to measure intracranial artery stenosis. The percentage of stenosis in an intracranial artery was calculated using the following formula: the percentage of intracranial atherosclerotic stenosis = {1–[(diameter of narrowest segment)/(diameter of normal segment)]} × 100%, where the diameter of the narrowest segment is the diameter of the artery at the site of the most severe stenosis, and diameter of the normal segment is the diameter of the proximal normal artery (21).



Measurements of the Abdominal Adipose-Relevant Parameters

The abdominal circumference was measured at the level of the navel. At the level of the navel, ImageJ 1.52a (National Institute of Health, USA) was used to calculate VAT, SAT, and total adipose tissue (TAT) (22). The attenuation threshold was −190 to −30 Hu. The region of interest (ROI) for subcutaneous adipose was drawn along the outline of the abdominal skin, and ROI for visceral adipose was drawn along the inner edge of the abdominal muscles and the anterior edge of the spine, and then the full pixel area within the attenuation of the region of interest was measured. TAT was calculated by VAT plus SAT (23). The VAT/SAT ratio was determined using these two parameters. The liver/spleen (L/S) attenuation ratio <1 was used to characterize non–alcoholic fatty liver disease (NAFLD). Regions of interest with an area of over 2 cm2 were placed at different axial levels of the liver, while the spleen was in the same axial image correspondingly, vessels and biliary structures in the liver were avoided (22).



Statistical Analysis

We used the χ2 test and Fisher's exact categorical variables test, as well as independent samples t-tests or Mann-Whitney U tests, depending on the distribution of continuous variables, to perform univariate analyses of demographic characteristics, vascular risk factors, laboratory indices, and imaging characteristics of patients in the ICAS and non-ICAS groups. The mean ± standard deviation or median with interquartile range is used to represent continuous variables. The Shapiro–Wilk test was employed to determine the distribution's normality. After examining standard cerebrovascular risk variables in the study, multivariable logistic regression analysis was used to discover the independent risk factors of intracranial atherosclerosis. The connection between abdominal fat-related measures and adiponectin levels was assessed using the Spearman correlation coefficient. Subjects were placed into three groups with the same sample size based on the tertiles of plasma adiponectin level or VAT/SAT. The prevalence of ICAS was evaluated in each tertile of plasma adiponectin level or VAT/SAT. The efficacy of VAT/SAT and adiponectin to predict cerebral atherosclerosis was assessed using the receiver-operating characteristic (ROC) curve. To distinguish their prediction powers, researchers employed the MedCalc statistical software. The value p < 0.05 was regarded as statistically significant, and SPSS v25 was used for statistical analysis (IBM Corporation, New York, United States).




RESULTS

Due to a lack of key clinical data, a history of severe abdominal organ disease or previous abdominal surgery, 40 patients were removed from the data analysis. Finally, 186 patients (59.1% men; mean age: 67.19 ± 8.68 years) were enrolled in the study, including the non-ICAS group (n = 91; 48.9%) and the ICAS group (n = 95; 51.1%) (Table 1). When compared to the non-ICAS group, patients in the ICAS group had a larger VAT/SAT ratio (1.15 ± 0.30 vs. 0.89 ± 0.25, p < 0.001), a greater prevalence of NAFLD (37.9% vs. 19.8%, p = 0.007), a higher prevalence of diabetes (55.8% vs. 30.8%, p = 0.001), higher elevated fibrinogen levels (2.96 ± 1.03 vs. 2.55 ± 0.77, p = 0.002), and lower adiponectin levels (2.43 ± 0.99 vs. 3.36 ± 1.27, p < 0.001). However, there was no statistical significance in coronary heart disease, carotid intima-media thickness (IMT), carotid plaque, hypertension, triglyceride level, or LDL-C level between the two groups (p>0.05 for all). The lipid ratio is considered a good parameter for identifying ICAS (24). Referring to their research, we also included LDL-C/HDL-C, TC/HDL-C, TG/HDL-C, non-HDL-C/HDL-C in the analysis, and there was no statistical difference between the two groups (Table 1). Univariate analysis revealed that the ICAS group had a substantially larger abdominal perimeter, VAT area, and VAT/SAT than the non-ICAS group [90.77 ± 10.37 vs. 87.69 ± 10.61, p = 0.046; 184.53 ± 57.58 vs. 154.27 ± 52.30, p < 0.001; 1.15 ± 0.30 vs. 0.89 ± 0.25, p < 0.001] (Table 1). In multivariate logistic regression analysis, after controlling for potential confounders, we discovered that the VAT/SAT ratio (OR, 26.08; 95% CI, 5.92–114.83; p < 0.001), NAFLD (OR, 2.95; 95% CI, 1.33–6.50; p = 0.008), fibrinogen levels (OR, 1.80; 95% CI, 1.12–2.88; p = 0.014), diabetes mellitus (OR, 2.51; 95% CI, 1.22–5.18; p = 0.013), and comparatively low adiponectin levels (OR, 0.61; 95% CI, 0.44–0.84; p = 0.002) were independent predictors of increased ICAS risk (Table 2).


Table 1. Clinical characteristics and abdominal adipose-relevant parameters of patients.
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Table 2. Univariate and multivariate analysis of the risk factors for ICAS.
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We used tertiles to categorize all VAT/SAT ratios and adiponectin levels to further investigate the relationship between ICAS, VAT/SAT, and adiponectin (Figure 1). The prevalence of ICAS increased (T1: 27.4%; T2: 50.0%; T3: 75.8%) as VAT/SAT ratio tertile increased (p < 0.001). The prevalence of ICAS decreased (T1: 72.6%; T2: 54.8%; T3: 25.8%) as adiponectin tertile increased (p < 0.001).


[image: Figure 1]
FIGURE 1. Comparison of (A) adiponectin tertiles and (B) VAT/SAT ratio tertiles determined according to the prevalence of ICAS. (A) Participants were divided into 3 groups, T1: low-adiponectin (0.83–2.09 ug/ml), T2: middle-adiponectin (2.10–3.41 ug/ml), and T3: high-adiponectin (3.42–6.38 ug/ml). (B) Participants were divided into 3 groups, T1: low-VAT/SAT (0.30–0.84), T2: middle-VAT/SAT (0.85–1.13), and T3: high-VAT/SAT (1.14–2.06). VAT, Visceral adipose tissue; SAT, Subcutaneous adipose tissue; ICAS, Intracranial atherosclerotic stenosis.


To investigate the relationship between adiponectin and obesity, we performed a Spearman correlation analysis of adiponectin and abdominal fat-related parameters (Figure 2; Table 3). VAT/SAT ratio (R = −0.337, p < 0.001) was negatively correlated with adiponectin compared with VAT (R = −0.239, p = 0.001), abdominal circumference (R = −0.170, p = 0.021), and BMI (R = −0.155, p = 0.034).


[image: Figure 2]
FIGURE 2. Linear correlation analysis of adiponectin with VAT/SAT, VAT, abdominal circumference, BMI. VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; BMI, body mass index.



Table 3. Spearman correlation analyses between adiponectin and VAT/SAT, VAT, abdominal circumference, and BMI.
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The ROC curve analysis illustrated the distinctive ability of independent risk factors to predict ICAS (Figure 3; Table 4). VAT/SAT ratio had sensible accuracy for the prediction of ICAS (AUC: 0.747; p < 0.001; sensitivity: 67.4%; specificity: 74.7%). The optimal cut-off value of VAT/SAT ratio was 1.04. The optimal adiponectin cutoff to predict ICAS in this study was 3.03 ug/ml (AUC: 0.716; p < 0.001; sensitivity: 75.8%; specificity: 61.5%).


[image: Figure 3]
FIGURE 3. ROC curve for VAT/SAT and adiponectin for distinguish between ICAS and non-ICAS. ROC, receiver operating characteristic curve; VAT, visceral adipose tissue; SAT, subcutaneous adipose tissue; ICAS, intracranial atherosclerotic stenosis.



Table 4. ROC curve for predicting ICAS and cutoff points for maximum sum of sensitivity and specificity.
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DISCUSSION

In this study, we explored the relationships between abdominal visceral fat content and clinical characteristics in non-ICAS and ICAS patients. We found that male gender, VAT area, VAT/SAT ratio, abdominal circumference, diabetes mellitus, creatinine level, fibrinogen level, glycated hemoglobin level, NAFLD, and adiponectin level were predictors of ICAS. VAT/SAT, NAFLD, diabetes mellitus, fibrinogen level, and lower adiponectin level were found to be independent risk factors for ICAS in a multivariable logistic regression analysis. Obesity is considered a risk factor for atherosclerosis (25). VAT contributed not only to general but also to the advancement of subclinical atherosclerosis, especially in ladies. Both previous research and our findings indicate that the particular part of VAT participated in the early advancement of atherosclerosis (26). In a general population sample from Norway, adiposity has consistently been associated with carotid atherosclerotic plaque burden (27). A small number of studies have investigated the association of BMI with ICAS, although they failed to demonstrate a significant association. However, as a measure of adiposity, BMI has limitations. Abdominal circumference is a sign of abdominal obesity, which is more closely related to subclinical atherosclerosis than BMI (28). Abdominal adiposity is associated with insulin resistance and atherosclerosis (29). It is speculated that the increased risk of abdominal obesity may be caused by the accumulation of large amounts of visceral fat tissue. However, abdominal parameters cannot be used to distinguish VAT from SAT, as the former has different biological characteristics and functions (30). Hence, we measured the abdominal fat including TAT, VAT, and SAT using abdominal CT. Previous research has suggested that the absolute value of VAT and SAT, as well as their ratio, may play a significant role in the progression of abdominal atherosclerosis (26). In our study, there was no statistical difference between the two groups in terms of the BMI, TAT area, and SAT.

Notably, VAT area, abdominal circumference, and VAT/SAT ratio are higher in the ICAS group than in the non-ICAS group. After adjusting the traditional cardiovascular risk factors, the VAT/SAT ratio remains an independent predictor. Previous studies have shown that VAT is metabolically active and causes chronic systemic inflammation through the secretion of adipokines, which is an important cause of insulin resistance caused by obesity (31, 32). Several studies have indicated that SAT has a protective effect against insulin sensitivity. When compared to the absolute value of VAT or SAT, the VAT/SAT ratio may be a better predictor of abdominal fat distribution.

Clinical research published over the last few decades has shown higher fibrinogen levels in people with atherosclerotic disease (33). Serum fibrinogen levels over a certain threshold may raise the risk of vascular disease by increasing viscosity, stimulating fibrin formation, or increasing platelet interaction. More inflammatory cytokines are produced as a result of a dysfunctional interaction between fat cells and tissue macrophages, which is linked to obesity (33, 34). Fibrinogen is closely linked with subclinical atherosclerosis in obese individual (35). Increased fibrinogen levels throughout time are closely linked to the occurrence of early carotid lesions, notably plaques. Recent studies have shown that in the Han population, higher fibrinogen levels are also independently related to the risk and severity of coronary atherosclerosis (36). We discovered that a high fibrinogen level was an independent predictor of ICAS in this study. Fibrinogen is a powerful predictor of ischemic stroke, according to some studies, although it does not indicate the type or clinical outcomes of stroke (37). We suggest that high fibrinogen levels may be a predictor of a large atherosclerotic stroke.

Adiponectin is an adipocyte secretory protein whose levels in the blood are reduced in obese and diabetic individuals. It may be beneficial to atherosclerosis, inflammation, insulin resistance pathways, and lipid disorders, making it an appealing biomarker and therapeutic target for cardiometabolic diseases such as coronary heart disease, non–cardiac vascular diseases, MetS, NAFLD, and T2DM (15). Okauchi et al. pointed out that the serum adiponectin concentration is related to BMI, WC, and VAT of middle-aged people (38). The concentration of adiponectin in circulation is negatively correlated with body fat, especially visceral fat (39). In our study, we found that VAT/SAT ratio was more negatively correlated with adiponectin than VAT, BMI, and abdominal circumference (Figure 2; Table 3). Many studies showed that visceral fat accumulation and decreased plasma adiponectin concentration were associated with insulin sensitivity, insulin resistance, and vascular inflammation (40–42). Patients with large artery atherosclerosis (LAA) strokes reported lower levels of serum adiponectin than those who experienced non-LAA strokes (43). Bang OY et al. found that adiponectin levels were associated with intracranial atherosclerosis. Moreover, adiponectin levels varied by stroke subtype, with the ICAS group having the lowest (44). Their results are similar to our current findings that the lower plasma adiponectin levels were related to the increased risk of intracranial atherosclerotic stenosis (ICAS). Here, we find that besides adiponectin, the VAT/SAT ratio appears to have a strong predictor for ICAS. Although a majority of clinical studies analyzed and compared total adiponectin levels and found the potential role of adiponectin in cardio-cerebrovascular diseases including cerebral infarction disease, it is also important to further explore the role of each isoform of adiponectin.

Adiponectin as a secreted multimeric protein has three isoforms: low molecular weight (LMW), medium molecular weight (MMW), and high molecular weight (HWM) (45). HMW adiponectin is the most active oligomeric form of adiponectin. There is evidence that circulating levels of total and HWM adiponectin are associated with coronary heart disease, ischemic stroke, and peripheral arterial disease (46). Besides, the research reported a positive association between LMW adiponectin and all-cause mortality in the elderly, which was thought contingent on unbalanced circulating levels of adiponectin isoforms (47). Noriko Tagawa et al. found that decreased total adiponectin, HMW adiponectin, and LMW adiponectin may be associated with atherosclerotic infarction, and that serum LMW adiponectin level was a credible biomarker for cerebrovascular disorders (48).

There are several limitations that need to be emphasized. Firstly, longitudinal observations are required to evaluate the longitudinal effects of visceral fat in the progression of ICAS. Secondly, because of the small sample size, there was no further precise classification of the atherosclerosis stenosis and ≥50% was used to determine significant stenosis in this study. Thirdly, previous studies have shown that the apo B/apo A-I ratio is considered to be an excellent surrogate for the prediction of vascular disease risk, such as ICAS (24, 49). Initially we wanted to include this parameter in the study, but for some economic reasons, our center does not routinely screen the two indicators of apo B and apo A-I. Such lipid parameters need to be further explored in a clinical or community study with a larger sample. Finally, the relationship between different isoforms of adiponectin and ICAS has not been studied here partly due to the difficulty in measuring each adiponectin isoform, and we will explore it in the future.



CONCLUSION

In conclusion, the higher VAT/SAT ratio and lower plasma adiponectin levels were closely related to the increased risk of ICAS. The traditional cardiovascular risk factor, diabetes mellitus, is still considered an independent predictor of ICAS. Adiponectin may have a protective effect against atherosclerosis. The VAT/SAT ratio appears to have a strong predictive ability for ICAS.
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Objective: The percent amplitude of fluctuation (PerAF) technique was utilized to evaluate the neural functions of specific cerebrum areas in patients with toothache (TA).

Patients and Methods: An aggregation of 18 patients with TA (eight males and 10 females) were included in the study. We also recruited 18 healthy controls (HCs; eight men and 10 women) aligned for sex and age. Resting functional magnetic resonance imaging (rs-fMRI) scans were obtained. Then, we utilized the PerAF method and a support vector machine (SVM) to analyze the image data and measure neural abnormalities in related cerebrum areas. Receiver operating characteristic (ROC) curve analysis was utilized to appraise the two data sets.

Results: The PerAF signals in the right dorsolateral superior frontal gyrus (RDSFG) and the right posterior central gyrus (RPCG) of TA sufferers were lower than HC signals. These results may reveal neural dysfunctions in relevant cerebrum regions. The AUC values of PerAF in the two areas were 0.979 in the RDSFG and 0.979 in the RPCG. The SVM results suggested that PerAF could be utilized to distinguish the TA group from HCs with a sensitivity of 75.00%, a specificity of 66.67%, and an accuracy of 70.83%.

Conclusion: Patients with TA had marked differences in PerAF values in some regions of the cerebrum. Changes in PerAF values represented distinctions in blood oxygen level dependent semaphore intensity, which reflected the overactivity or inactivation of some cerebrum areas in those suffering from TA. At the same time, we analyzed the PerAF values of TAs with ROC curve, which can be helpful for the diagnosis of TA severity and subsequent treatment. Our results may help to elucidate the pathological mechanism of TA.

Keywords: toothache, percent amplitude of fluctuation, support vector machine, receiver operating characteristic, pathological mechanism


INTRODUCTION

Toothache (TA) is a common oral clinical symptom caused by various stimuli to the tooth itself and its surrounding soft tissues. It can be caused by multiply diseases such as dental caries, pulpitis, periapical periodontitis, gingivitis, periodontitis, and oral ulcers. Due to its innervated nature, pain is the only way the pulp and dentin respond to various external stimuli and the pain manifests as persistent, dull, throbbing, and radiating in a variety of ways (1). Dental pulp is a tissue with high nerve density, it is rich in sensory nerve endings, and it plays a crucial role in regulating odontogenic tooth pain, responses to external stimuli, and detection of potential tooth damage (2). Untreated pain can have physical effects such as dyspnea, ascending heart rate and blood pressure, increased myocardial oxygen demand, increased stress hormones, vomiting, and muscle tension (3). Long-term TA affects the patients' mental state and sleep quality, and even causes the patient to suffer from depression, anxiety, and other psychological conditions, often accompanied by migraines. In addition, it brings a substantial economic burden to society and individuals (4). In general, TA is more common among people of lower socioeconomic status because of their limited access to dental care. In addition, various risk factors, such as education level, smoking, and drinking habits, and race/ethnicity are associated with TA (5). TA can be an early warning mechanism. If the dental disease causing the pain is not treated in time and effectively, it can lead to severe complications, such as infection, that may be life-threatening (6). Despite the rapid progress in treatment methods, such as drugs and surgery, the mechanism of brain structure and function changes in patients with TA remains unclear. In recent years, studies have shown that TA can manifest multiple chronic pains, including paroxysmal throbbing pain in migraines, dull persistent pain in joint dysplasia, or concentrated facial pain. In addition, the degree of TA and the severity of the lesions do not change linearly, and the pain experience is closely related to personal characteristics and psychological factors. (7) Moreover, diagnosis of TA can be complicated. Therefore, exploring brain-related responses to TA has profound theoretical and clinical implications for understanding the cognitive regulation of pain systems.

At present, the use of imaging methods to probe cerebrum area configurations and functions can contribute to exploring the neural mechanisms of TA. Rs-fMRI has been recognized as an appropriate method for assessing TA-related brain damage. Regional homogeneity, low-frequency fluctuation (ALFF) amplitudes, and fractional ALFF (fALFF) amplitudes are three essential rs-fMRI approaches for handling regional cerebrum abnormalities. However, these methods are susceptible to breathing and cardiac noise artifacts and subsequent statistical analysis is complicated due to the arbitrary units of the blood oxygen level dependent (BOLD) signal (8–10). Regional homogeneity (ReHo) is a new method that was developed in recent years. ReHo breakthroughs the theoretical assumption based on linear time invariance and is a new hypothesis for brain fMRI data analysis. However, based on temporal consistency, ReHo cannot be used to analyze the functional state of the cerebrum integrally (11). In recent years, studies have proposed the application of multiple analytical methods for resting-state fMRI, suggesting that many cerebrum areas in patients with TA have abnormalities in intrinsic brain activity. The percent amplitude of fluctuation (PerAF) method can be applied to signal changes in MRI to evaluate the percentage of rs-fMRI (12). PerAF can be used to measure the percentage of BOLD fluctuations and the mean for the whole time series can be calculated. In contrast to ALFF, PerAF is a scale-independent method (13) and is similar to the percent signal change in rs-fMRI. Furthermore, PerAF prevents the confounding variables of voxel-specific fluctuation magnitudes to affect the results (14). Several studies have suggested that PerAF exhibits analogous intra-scanning reliability to ALFF, as it is less affected by BOLD signal intrusion and can be a more reliable indicator (12).

The PerAF has an excellent potential for voxel analysis. However, few investigations have been carried out to probe typical lesions in the cerebrum in patients with TA. Therefore, this study may be very helpful for inchoate studies that can be a basis for diagnosis and prevention of cerebral abnormalities in patients with TA.



METHODS AND SUBJECTS


Subjects

Eighteen patients (eight men, 10 women) with TA were recruited for the study at two hospitals, namely, the Affiliated Stomatological Hospital of Nanchang University and the First Affiliated Hospital of Nanchang University. All subjects conformed to the following criteria: (1) no obvious malformation of the cerebrum on MRI; (2) no history of mental illness; (3) no history of drug or alcohol abuse; and (4) no claustrophobia.

The inclusion standards for the TA group were as follows: (1) pain caused by dental disease or non-dental disease in the pulp and/or periodontal tissue; (2) acute or chronic TA; (3) no other comorbid pain sickness; (4) tolerant of MRI examination; (5) routine MRI T1WI and T2WI sequence examination showing no evident abnormality; and (6) TA with no apparent cause and not attributable to other diseases. The exclusion criteria were as follows: (1) presence of non-dental pain; (2) first-degree relatives with genetic non-dental pain syndromes; (3) suffering from mental disorders; and (4) presence of contraindications for MRI scanning.

This study included 18 healthy controls (HCs; eight men, 10 women) with matched ages and sex. Inclusion criteria for HCs were as follows: (1) no TA symptoms; (2) no parenchymal malformations on MRI; (3) no mental disorder; and (4) feasible MRI examination.



Ethical Approval and Consent to Participate

Based on the Declaration of Helsinki, this research was authorized by the medicinal morality council of Nanchang University's First Affiliated Hospital (Nanchang, China PR). Each participant signed a declaration of informed consent.



MRI Data Acquisition
 
FMRI Data Parameters

A Trio 3-Tesla MR scanister (Siemens, Munich, Germany) was utilized for MRI scanning. All participants were directed to close their eyes and remain under spontaneous breathing through the scanning. A metamorphic gradient echo sequence was utilized to obtain the data. Then, the desired functional images were received with a 3D metamorphic gradient echo pulse sequence.



FMRI Data Analysis

In this study, we performed an analysis of the aforementioned functional maps. During magnetization equalization, the first 15 time points were abandoned. We utilized Rs-fMRI Advanced Edition (DPARSFA 4.0, http://rfmri.org/DPARSF) software, Rs-fMRI Data Analysis Toolkit (REST, http://www.restfmri.net), and Statistical Parameters Mapping software (SPM8, http://www.fil.ion.ucl.ac.uk/spm) for head motion rectification, dimensional normalization, and slice timing. Then, we applied Digital Imaging Communication system to smooth the data. Subjects were eliminated if they had exorbitant angular movements or a maximal excursion >1.5 mm in the x, y, or z orientation during the fMRI scanning (1). Erroneous variables in the signals from the central white matter region of the brain and the ventricular region of interest (ROI) were dispelled with linear regression. Finally, the functional graphics were normalized utilizing standard echo-plane graphic templates. We creatively utilized the PerAF technique to handle the fMRI datum. The formula for calculating the individual PerAF value is as follows:
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where xi portrays the signal intensity at the ith time point, n symbolizes the totality of time points, and μ stands for the average value of the time series.




Support Vector Machine Analysis

We applied the LIBSVM software (http://www.csie.ntu.edu.tw/~cjlin/libsvm/) to determine whether patients with TA could be differentiated by the increase or decrease in the intensity of PerAF in different brain regions and HCs. SVM was done by “leave one out.” At the same time, we validated the SVM results by running the permutation test 10,000 times. Thereby, the global accuracy of each sample could be obtained.



Statistical Analysis

We performed independent-sample t-tests with statistical software (SPSS 20.0; SPSS, Chicago, IL, USA) to compare the two groups. Results were statistically significant when P < 0.05. Discrepancies in PerAF values between the TA group and HCs were compared with a two-sample t-test using the SPM8 toolkit (the statistical threshold was set at P < 0.05 for multiple comparisons with a Gaussian random field, and Voxel-level AlphaSim was set at P < 0.01 and rectified for cluster sizes >40 voxels).

The PerAF in specific cerebrum areas in the TA group and HCs were analyzed with ROC curve analysis. Pearson's correlation analysis was used to assess the connection between particular cerebrum areas and their clinical manifestations in patients with TA. SVM correlation analysis was performed to obtain and guarantee the global accuracy of each sample.




RESULTS


General Situation and Clinical Data Comparisons

There were no noticeable differences in the age and sex distributions between the TA group and the HC group (P = 0.679 and P > 0.99, respectively). The disease duration of patients with TA was 2.04 ± 1.08 years. More details are summarized in Table 1.


Table 1. Comparison of baseline data between toothache patients and healthy subjects.

[image: Table 1]



PerAF Differences

The PerAF values in the cerebrum areas of the TA group, including the right dorsolateral superior frontal gyrus (RDSFG) and the right posterior central gyrus (RPCG), were decreased to varying degrees (Figures 1A,B and Table 2). The average ALFF of the two groups is shown in Figure 1C. The PerAF values of the two regions in the TA group had no correlation with clinical manifestations (P > 0.05).


[image: Figure 1]
FIGURE 1. Significant differences in brain activity (A,B). Blue areas indicate lower PerAF values. AlphaSim performed multiple comparisons at cluster sizes >40 voxels and P < 0.05, obtained by Gaussian random field theory. (C) ALFF mean values between TA group and HC. PerAF, percent amplitude of fluctuation; Frontal_Sup_R, right dorsolateral superior frontal gyrus; Postcentral_R, right posterior central gyrus. *represents significant difference.



Table 2. Brain regions with significant differences in PerAF between patients and HCs.
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ROC Curve Analysis

We hypothesized that distinctions in PerAF values could be an underlying helpful diagnostic marker to differentiate the TA group from HCs. ROC curve analysis was utilized to test this hypothesis. Average PerAF values were collected from different regions of the brain and analyzed. The accuracy was deemed low if the area under the curve (AUC) was 0.5–0.7, but high when the AUC was 0.7–0.9. The AUC values of PerAF in the two areas were 0.979 in the RDSFG (P < 0.0001; 95% CI: 0.931–1.000) and 0.979 in the RPCG (P < 0.0001; 95% CI: 0.931–1.000; Figure 2).


[image: Figure 2]
FIGURE 2. ROC curve analysis of the PerAF values for altered brain regions. ROC curve analysis of the PerAF values for altered brain regions. The area under the ROC curve of the right dorsolateral superior frontal gyrus was 0.979 (P < 0.0001; 95% CI: 0.931–1.000); the area under the ROC curve of the right posterior central gyrus was 0.979 (P < 0.0001; 95% CI: 0.931–1.000). ROC, receiver operating characteristic; PerAF, percent amplitude of fluctuation; AUC, area under the curve.




SVM Analysis Results

We analyzed PerAF data from the TA group and HCs. The SVM accuracy results suggested that the PerAF data could be utilized to distinguish the TA group from HCs with a sensitivity of 75.00%, a specificity of 66.67%, and an accuracy of 70.83% (Figure 3). The global accuracy for this combination using the permutation test was 0.6923 (p < 0.001), and its ROC curve fitted well (Figure 4).


[image: Figure 3]
FIGURE 3. Visualization of SVM results for TA and HC. Left, Visualization of the classification map. Right, 3D view of classification accuracy with best parameters. SVM, support vector machine; TA, toothache; HC, healthy control.



[image: Figure 4]
FIGURE 4. ROC curve of the SVM classifier. SVM, support vector machine; ROC, receiver operating characteristic; AUC, area under the curve.





DISCUSSION

Since the invention of the electroencephalogram (EEG), humans have begun to explore different neuroimaging tools in a variety of conditions. In recent decades, the characteristics of brain activity in the resting state have become a topic of widespread concern in various medical departments, providing a new perspective for related research on brain functional organization.

Percent amplitude of fluctuation, a new and relatively reliable technique, has been utilized in studies of patients with ophthalmic and neurogenic diseases (Table 3). In this investigation, we first utilized the PerAF technique to study neural functions and abnormalities in separate cerebrum areas of patients with TA. The results showed that the signal values of PerAF in the RDSFG and right posterior central gyrus of patients with TA were decreased compared with HCs, and may cause visual impairment (Figure 5).


Table 3. PreAF applied in ophthalmic and neurogenic diseases.
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[image: Figure 5]
FIGURE 5. Mean PerAF values for altered brain regions. Compared with HCs, PerAF values in the following regions decreased to varying degrees: 1- right dorsolateral superior frontal gyrus (BA 4, t = −4.3395), 2-right posterior central gyrus (BA 58, t = −4.7844). PerAF, percent amplitude of fluctuation; HCs, healthy controls; BA, Broadman area.


The postcentral gyrus, situated in the lateral parietal lobe of the brain, is known as the primary somatosensory cortex (S1) and acts as a crucial area for touch and nociception (19–21). Pain perception is a multi-dimensional experience, including sensory discrimination, emotional motivation, and cognitive evaluation components (22). Downregulation of pain involves cortical and subcortical brain structures, including the dorsolateral prefrontal cortices (DLPFC) and S1. A study of pain induced by thermal stimuli has shown that S1 tissue is typically activated when such incentives are present (23). Previous studies have shown that S1 activity is involved in many pain-related disorders (20, 24, 25). Baciu et al. (24) revealed similar S1 activation in patients with rectal pain, and Binkofski and colleagues (20) described painful esophageal dilation resulting in a marked pattern of brain activation of S1. In another study, somatosensory impairment caused by decreased neural activity in the postcentral gyrus is an early symptom of Parkinson's disease (25).

A previous study has suggested that the DLPFC is often concerned with cognitive and attentive management of algetic stimulus (26). Therefore, a decreased functional correlation between the right S1 and the DLPFC may be associated with altered attentional status to noxious stimuli from T1 to T2. This may explain the simultaneous decline in PerAF values of the RPCG and RDSFG in patients with TA.

Damage to the RPCG results in somatosensory impairment, but experiments have shown that the information processed by the early S1 can distinguish familiar visual objects. This effect was only discovered for familiar objects. This is because correlations from vision to early S1 transmission of content-specific messages about familiar objects only relied on visual facades (27). In another study, when the lesions in the right S1 appeared alone, visual exploration and sensitivity were deviated from the midline and mainly manifested as spatial asymmetry when distinguishing the same target on the retina. This suggested that S1 plays a role in spatial attention allocation, demonstrating a novel role for S1 in visuospatial attention (28). The superior colliculus (SC) is a visual reflex center. The deep layers of SC receive input from S1 (29), and the S1 injury may also cause SC reflex disorders. Therefore, damage to S1 associated with a TA may cause visual impairment.

Specific dystonia is a motion disease that involves abnormal postures of the body. Some regression analysis studies discovered that S1 was markedly connected with variability in fundamental frequency signals related to dystonic symptoms and that somatic assessment portrayed essential distinctions in the right somatosensory cortex (30, 31). Researchers used fMRI data to assess brain activity and physical therapy. The results revealed that the somatosensory representation of S1 was significantly different between dystonic patients and HCs (32). This difference involves the gating system by which the S1 can turn off movement-related sensory input. Such gating systems can filter out redundant inputs, reduce irrelevant information, and play an essential role in organized movement (33, 34). Patients with TA may be at risk of dystonia due to an impaired sensory cortical gating system.

Patients suffering from obsessive-compulsive disorder (OCD) often use repetitive behaviors to relieve anxiety, including touching, counting, and repeated washing. A recent study found an increase in S1 gray matter volume in patients with OCD (35). The manifestations of patients with OCD were similar to sensory-related impulses observed in mental disorders and the impulses were associated with activation of the S1 and insula (36). Motor areas were also regularly connected with heightened sensory impulses and a lack of significant motion, indicating a crucial connection between sensory and action centers in the cerebral cortex that is particularly prominent in disorders such as OCD. Neurologically, schizophrenia severity has been positively correlated with activation in the bilateral somatosensory cortex (postcentral gyrus). Recent findings have shown a connection between somatosensory activation and the severity of OCD, suggesting that the somatosensory areas of OCD patients are functionally and structurally abnormal (37).

In the superior frontal gyrus, researchers observed increased activation associated with various attentional control tasks, including inhibitory control, conflict resolution, and visuospatial interference suppression (38). In addition to interference inhibition, the results of a study suggested that the right DLPFC is involved in adaptive cognitive control, and this brain area participates in cognitive control processing by shielding task-irrelevant interference (39). Corresponding evidence has come from patients with right DLPFC injury who had difficulty developing strategies for coping with interference (40). This finding suggests that TA-induced impairment of the RDSFG may lead to recurrent inattention and cognitive control impairments that are easily disturbed.

In a study aimed at identifying structural variations in the cerebrum areas of sufferers with vestibular migraines (41), a significant increase in the volume of the superior frontal gyrus was found. Some of these cerebrum areas with increased gray matter volume were involved in evaluating pain and were closely related to emotion and anxiety. In another study, the excitability of the superior frontal gyrus was decreased significantly and was significantly correlated with psychological conditions such as depression (42). Additionally, a decrease in the functional connection of the left medial superior frontal gyrus in patients with an untreated first episode of severe depression was noted in a separate study (43). Further studies described motivational deficits in many psychiatric disorders, including major depressive disorder (MDD). For example, patients with Alzheimer's disease and Parkinson's disease are characterized by cognitive decline associated with the frontal cortico-subcortical network, including the superior frontal gyrus, anterior cingulate gyrus, and ventral striatum (44). More precisely, impaired control of subcortical (inferior) structures (amygdala) by cortical (top) structures, such as the DLPFC and ACC, is considered to be the cause of negative emotions in MDD (45). In one study, researchers captured the role of brain regions that coordinate intra-hemispheric and inter-hemispheric correspondence. The results indicated that the bilateral superior frontal gyrus was related to MDD-related reductions. Damaged functional correlations in this region have been frequently reported in a previous MDD study (46). The results further suggested that the damaged functional connectivity involved the ipsilateral hemisphere and the contralateral hemisphere, so the bilateral superior frontal gyrus is considered a critical functional disconnection node in MDD (47). Therefore, the decreased PerAF value of RDSFG in patients with TA may lead to emotional disturbances, cognitive impairment, and even the onset of MDDs.

People with anxiety disorders exhibit a wide range of symptoms, such as psychological experiences and feelings of excessive worry, as well as nervousness, unmanageable worry, and panic attacks. Anxiety disorders may involve many brain areas (48, 49). In one study, researchers tested the role of the DLPFC in anxiety manifestations with 10 Hz repetitive transcranial magnetic stimulation (rTMS). The findings showed that rTMS in the right DLPFC was associated with increased anxiety, suggesting a mechanical connection between right DLPFC function and anxiety manifestations (50). Another study has also shown that the activity in the DLPFC during threatening situations was negatively correlated with anxiety (51), and activation of the DLPFC reduced anxiety-enhanced startle. These findings suggest that promoting DLPFC activity can reduce anxiety and damage to the DLPFC may lead to symptoms of anxiety in patients.

Dynamic and flexible cognition is one of the fundamental key traits of humans and it manifests as bistable or multi-stable perceptions. Clinically, visual bistable perception disorder is more common. The DLPFC is thought to be involved in such spontaneous perceptual transitions (52, 53). A recent study showed that the DLPFC's causal role in spontaneous perceptual reasoning was behaviorally detectable when tracking brain state dynamics that underpinned this perceptual fluctuation, and its activation enhanced functional integration between frontal and intermediate states (54). Therefore, damage to the GDSFG may cause disturbances of bistable perception, which lead to disturbances in the patient's perception ability.

As mentioned above, OCD is a disabling disorder characterized by recurring persistent urges and repetitive behaviors (35, 55). Evidence from structural neuroimaging studies have highlighted the pivotal character of the DLPFC in the pathology of OCD. Compared with healthy controls, DLPFC volume and thickness were reduced in OCD patients (56). In a resting-state functional connectivity study, DLPFC-related dysconnectivity was recognized in OCD patient ROI-restricted analyses (57). A recent study utilized rs-fMRI to investigate the neural prioritization of the DLPFC in sufferers of OCD. They discovered abnormalities in the DLPFC-right orbitofrontal cortex circuit, DLPFC-inferior temporal gyri circuit, and DLPFC cerebellar circuit, verifying neural circuit abnormalities in an OCD patient alternative model (58). Therefore, DLPFC damage related to TA may cause symptoms of OCD in patients.

We found a close connection between the RDSFG and the RPCG. The decreased association between them may be responsible for the painful sensation of TA. Furthermore, damage to both brain regions may lead to complications, such as OCD and cognitive impairment. These findings have certain implications for the mechanism and neuropathological factors of TA and are helpful for the treatment of subsequent complications of TA. Using the ALFF method to study neural activity of patients with TA (59) showed that the activity of the posterior central gyrus was significantly improved, thus indicating that the PerAF method has a good universality.



CONCLUSION

However, there are some limitations in our study. First, the sample size of this study was small. In order to acquire more representative results, we need to enlarge the sample size in subsequent studies. Second, the inclusion criteria for patients with TA were not strict, and acute and chronic TA were not further distinguished and odontogenic and non-odontogenic pain were not explicitly classified. We discovered that PerAF signal values in the RDSFG and RPCG were markedly lower in patients with TA than in the HCs. These variations may elevate the risk of relevant diseases related to brain dysfunction (Table 4). Despite the abovementioned limitations of our study, the potential pathogenesis of TA can still be considered as connected with abnormalities in specific brain areas. It is useful to comprehend pathological mechanisms and relevant diseases of patients with TA. In addition, due to the high sensitivity and specificity of ROC curves and SVM results, alternations in PerAF values in specific cerebrum areas can be utilized as one of the effective indicators to examine pain-related diseases.


Table 4. Brain regions and potential effects.
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In recent years, clinicians have gradually improved their understanding of multiple neuropathy and have done some studies about chronic inflammatory neuropathies, for example, chronic inflammatory demyelinating polyneuropathy, multifocal motor neuropathy, and Lewis-Sumne syndrome. The early diagnosis is very important for the next step treatment and long-term prognosis. At present, the disease mainly depends on clinical and neural electrophysiological examination, but imaging studies are few. In recent years, with the rapid development of high frequency ultrasound, it could clearly show the morphology of the nerve, and it has been an emerging diagnosis tool of polyneuropathies. This article mainly reviews the application and the latest research progress of high frequency ultrasound in these diseases.
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INTRODUCTION

The diagnosis of chronic inflammatory neuropathies could be challenging (1, 2). The current diagnostic criteria are mainly based on both clinical and electrophysiological parameters. Particularly in chronic inflammatory neuropathies cases with atypical clinical presentation or at early stages of the diseases, the early diagnosis rate is low, and it lacks quantitative criteria for assessing disease activity and treatment response, leading to severely affecting long-term prognostic effects of such diseases. Recent studies have shown that nerve ultrasound has a high sensitivity and acceptable specificity in a cohort of consecutive patients with a clinical suspicion of chronic inflammatory demyelinating polyneuropathy, Lewis-Sumner syndrome, and multifocal motor neuropathy, thereby improving identification of patients who may respond to treatment (3–5). Exploring the imaging characteristics of high-frequency ultrasound could help to establish combined diagnostic criteria for chronic inflammatory neuropathies, improve the accuracy of early diagnosis, and facilitate the follow-up of diseases.



THE ULTRASOUND RESEARCH PROCESS OF CHRONIC INFLAMMATORY NEUROPATHIES


Chronic Inflammatory Demyelinating Polyneuropathy


The Ultrasound Imaging Features of Chronic Inflammatory Demyelinating Polyneuropathy

The chronic inflammatory demyelinating polyneuropathy is an immune-mediated chronic sensorimotor polyneuropathy characterized by proximal limb weakness, weakened tendon reflex, and sensory abnormalities in distal limb, but it also includes rare clinical variants such as simple sensory abnormalities, simple motor abnormalities, and limb asymmetry (6, 7). High-frequency ultrasound can probe the morphological changes in the peripheral nerves to indirectly reflect the neuropathological changes of chronic inflammatory demyelinating polyneuropathy, so it could contribute to diagnosis and treatment (8–10). Several studies confirmed that nerve enlargement occurred in over 90% of patients with chronic inflammatory demyelinating polyneuropathy whether treated or not, but it had a different degree and morphologies. Specific results showed that the cross-sectional area of new chronic inflammatory demyelinating polyneuropathy and long-term-treated chronic inflammatory demyelinating polyneuropathy increased. The ultrasound pattern sum score system: chronic inflammatory demyelinating polyneuropathy scores were higher than new chronic inflammatory demyelinating polyneuropathy. It had also shown that newly developed chronic inflammatory demyelinating polyneuropathy nerve enlargement was mostly localized, however, chronic inflammatory demyelinating polyneuropathy was generalized. The uniformity score results showed that chronic inflammatory demyelinating polyneuropathy had higher points than new chronic inflammatory demyelinating polyneuropathy (11, 12). Nerve enlargement mainly occurred in the upper limb proximal nerve segments and the arm plexus (13, 14), and ultrasound had a high diagnostic rate of evaluation of nerves in these areas (13). In addition to nerve enlargement, there were increased blood flow signals, enhanced echo or disappearance of normal nerve structures (8, 14). Most studies had found a relationship between nerve enlargement and slow motor conduction velocity (9). Padua and colleagues found that nerve enlargement was more pronounced in patients with longer disease duration and that echo at the disappearance of normal nerve tract structure was decreased (14).

In addition, some studies found that chronic inflammatory neuropathies had higher echoes compared to axonal neuropathy in the ulnar nerve of the forearm, the median nerve in the forearm and upper arms, and the arm plexus, which was statistically significant, and it could contribute to the identification of disease. Since most studies are monocentric, further multicentre studies of the ultrasound aspects of chronic inflammatory demyelinating polyneuropathy are required.

Specific cases were shown in Figures 1, 2 (15, 16).


[image: Figure 1]
FIGURE 1. Three distinct ultrasound morphologies in chronic inflammatory demyelinating polyneuropathy. (A) Shows an enlarged median nerve (MN, CSA 35 mm2, normal values 13 mm2) with reduced echointensity and enlarged fascicles (*), while (B) Shows an only slightly enlarged nerve without fascicle enlargement (CSA 15 mm2). In contrast, in (C) the MN is tremendously enlarged (74 mm2) with otherwise hyperechoic intraneural echo signature. (A) Resembles the most common nerve morphology in chronic inflammatory demyelinating polyneuropathy.
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FIGURE 2. Examples of a hypoechoic (A) and hyperechoic (B) nerve. (A) Median nerve at the upper arm is enlarged (CSA = 33.5 mm2) and shows enlarged hypoechoic fascicles (fraction of black = 85%). (B) Median nerve at the forearm with CSA in normal range, hyperechoic (fraction of black = 9%), fascicles are difficult to distinct. Hyperechoic nerves as in (B) can be difficult to distinguish from the surrounding structures. Continuous examination of the whole length of the nerve and identification based on the known anatomical course is necessary to ensure proper identification of the nerve and the nerve outline.




Monitoring Disease Treatment Response With HFUS

A scoring tool of standardized method or Ultrasound Pattern Sum Score can better monitor the treatment response, specifically, the changes before and after treatment can be quantified by measuring the cross-sectional area of nerves. Some studies reported that the extent of nerve enlargement attenuated or disappeared after a period of treatment (17). On the other hand, it had been observed that patients with hypoecho nerve enlargement had better treatment effect compared to those with no nerve enlargement or increased echo (13, 14).




Multifocal Motor Neuropathy


The Ultrasound Imaging Features of Multifocal Motor Neuropathy

Multifocal motor neuropathy is an immune-mediated, simple motor neuropathy characterized by slow disease progression, a typical limb asymmetry muscle weakness that can be accompanied by muscular atrophy (18–21). The characteristic electrophysiological examination criterion for multifocal motor neuropathy is the conduction block at common neurojammed sites (22). Nerve ultrasound imaging features contribute to diagnosis and differential diagnosis of multifocal motor neuropathy.

Nerve enlargement of multifocal motor neuropathy, which often represents mild multifocal and asymmetry compared to chronic inflammatory demyelinating polyneuropathy, was mainly found in the arm plexus and large peripheral nerve in the extremities (23, 24).

The study showed that multifocal nerve enlargement could distinguish multifocal motor neuropathy from healthy control subjects with a sensitivity of 87–100% and a specificity of 94–100% (25–27). The ratio of CSA differences of intra-and internerve and one side and other side [two ultrasound scoring systems (28, 29)] was also increased in multifocal motor neuropathy patients (24, 30). Individual nerve bundles within the nerve may also have varying degrees of enlargement, while adjacent bundles are intact (31). Thus, asymmetric multifocal nerve enlargement may indicate multifocal motor neuropathy, but further studies remain to determine the specificity of this finding, compared to other polynerves, such as asymmetry variants of chronic inflammatory demyelinating polyneuropathy. Some studies showed that the multifocal motor neuropathy group was more pronounced in the median forearm nerve, the ulnar nerve, and the tibia nerve, compared with normal controls. Neuroelectrophysiological examination indicated that it had lower nerve conduction velocity and compound muscle action potential at the upper arm nerve. The multifocal motor neuropathy group had important relationship between CSA of the median nerve in the upper arm and the compound muscle action potential (correlation r = 0.851). The multifocal motor neuropathy group had a higher “difference ratio of CSA between one side and the other” in the median, ulnar, and fibula nerve levels, with no significant change in the tibial and brachial plexus levels. Compared with chronic inflammatory demyelinating polyneuropathy, multifocal motor neuropathy patients predominantly showed reduced echo of nerve enlargement areas (31). It rarely found increased echo compared to Lewis-Sumner syndrome and chronic inflammatory demyelinating polyneuropathy, which may contribute to the differential diagnosis of multifocal motor neuropathy and other major motor neuropathies.



Monitoring Disease Treatment Response With HFUS

Recently, it is rarely known about the treatment response and ultrasound application development of multifocal motor neuropathy. A recent study, following up 17 treated multifocal motor neuropathy patients for several months, firstly, demonstrated the degree of nerve enlargement was not proportional to clinical presentation, and secondly, the Ultrasound Pattern Sum Score score demonstrated a significant correlation between changes in motor nerve dysfunction and changes in ultrasound imaging regardless of the disease development (32).




Lewis-Sumner Syndrome


The Ultrasound Imaging Features of Lewis-Sumner Syndrome

Lewis-Sumner syndrome belongs to a variant of chronic inflammatory demyelinating polyneuropathy, an autoimmune disease, mainly showing limb asymmetric sensory, motor peripheral neuropathy. The most commonly involved nerves are the median nerve and the ulnar nerve. The electrophysiological examination has the motor nerve block, and the pathological characteristics are mainly mild demyelinating lesions.

No studies analyzed lewis-sumner syndrome as a single entity, but many studies described its ultrasound performance second only to chronic inflammatory demyelinating polyneuropathy and multifocal motor neuropathy (33). Overall, researchers agreed that most Lewis-Sumner syndrome patients had nerve enlargement. In many cases, neuromorphological changes were similar to chronic inflammatory demyelinating polyneuropathy, with nerve enlargement ranging from mild to widespread. However, recent studies showed that Lewis-Sumner syndrome nerve enlargement was mainly regional and limited to a single major nerve tract, rarely affecting asymmetric distributed nerve in the arm and roots (34).

Interestingly, the echo intensity of enlarged nerves usually decreased, but sometimes also increased, with as described by chronic inflammatory demyelinating polyneuropathy, and the cranial nerves were more susceptible in Lewis-Sumner syndrome than in chronic inflammatory demyelinating polyneuropathy, such as vagus enlargement (35, 36). In summary, the Lewis-Sumner syndrome ultrasound morphology behaved similar to an overlapping chronic inflammatory demyelinating polyneuropathy and multifocal motor neuropathy. This may explain the intermediate treatment response and Lewis-Sumner syndrome clinical presentation, sometimes like typical chronic inflammatory demyelinating polyneuropathy, sometimes like multifocal motor neuropathy. However, Lewis-Sumner syndrome generally reflected nerve enlargement of the sensory nerve, which can be distinguished from multifocal motor neuropathy (25).

Specific cases were shown in Figure 3 (32).


[image: Figure 3]
FIGURE 3. This shows a regionally predominant fascicle enlargement (white surrounding with star) with 9 mm2 next to normal fascicles in the median nerve (14 mm2) in a patient with Lewis-Sumner syndrome, accompanied by the brachial artery (triangle). The enlarged fascicle almost covers the whole CSA.




Monitoring Disease Treatment Response With HFUS

With regard to ultrasound changes during treatment, most investigators found recoverance of enlarged nerves in response to treatment (17, 37). It had also been reported that nerve enlargement continued with despite improved clinical symptoms (36). However, prospective studies of disease and ultrasound monitoring remain unknown.





THE CLINICAL ULTRASOUND SCORING SYSTEM


Bochum Scoring

Measuring: the ulnar nerve in the Guyon canal; the ulnar nerve in the upper arm; the radial nerve in the spiral groove; the sural nerve in the calf

Recording: every site scored one point, then added together

Results: identification of chronic inflammatory demyelinating polyneuropathy from multifocal motor neuropathy and Lewis-Sumner syndrome (CSA cutoff value≥ 2). Sensitivity was 80%, and specificity was 87.5% (38).



Ultrasound Pattern Sum Score Scoring

Measuring: median nerve of upper arm, elbow and forearm; ulnar nerve of upper arm and forearm; tibial nerve of popliteal fossa and ankle; peroneal nerve of popliteal fossa; vagus; C5 nerve root; C6 nerve root; sural nerve of calf

Recording:

UPS-A: measuring median nerve, ulnar nerve, tibial nerve, if nerve enlargement <50%, it scored one point. If nerve enlargement >50%, it scored two points.

UPS-B: measuring vagus, C5 and C6 nerve root, every site of nerve enlargement scores one point.

UPS-C: measuring sural nerve, every site of nerve enlargement scores one point.

UPSS: the scores sum of UPS-A, UPS-B and UPS-C

Results: UPSS ≥ 10 or UPS-A ≥ 7 indicated chronic inflammatory demyelinating polyneuropathy. 3 < UPSS < 10 and UPS-B ≤ 1 indicated vascular neuropathy. UPSS ≤ 3 indicated axonal neuropathy.

Specific cases were shown Table 1 (13).


Table 1. The ultrasonic pattern sum score UPSS.
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Hhomogeneity Scoring

Measuring: median nerve of forearm, elbow and upper arm; ulnar nerve of forearm and upper arm; tibial nerve of popliteal fossa and ankle

Recording:

0 point: no or regional nerve enlargement; one point:heterogenicity nerve enlargement (enlarged CSA < 50% or > 50%); two points: mild homogeneity nerve enlargement(enlarged CSA < 50%); three points: obvious homogeneity nerve enlargement(enlarged CSA > 50%).

Results: In chronic inflammatory demyelinating polyneuropathy the enlargement was regional, homogeneous, or inhomogeneous with equal contribution. In multifocal motor neuropathy rebional enlargement next to normal segments predominated (25).



Intra-and Internerve CSA Variabiity and Difference Ratio Between One Side and the Other Side

Measuring: any of the two nerves

Recording: Intranerve variability: the ratio of the maximum and the minimum CSA. Internerve variability: the ratio of the maximum and minimum of intranerve variability. The difference ratio between one side and other side: the ratio of maximum and minimum nerve variability.

Results: The ratio of intra-and internerve of multifocal motor neuropathy were higher than chronic inflammatory demyelinating polyneuropathy. Compared with multifocal motor neuropathy, chronic inflammatory demyelinating polyneuropathy had a higher ratio of intra-and internerve, but its ratio of one side and other side were lower.

Specific cases were shown Tables 2, 3 (29).


Table 2. Ultrasound findings in the median nerve at standard sites.
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Table 3. Ultrasound findings in the ulnar nerve at standard sites.
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SUMMARY

As clinicians' awareness of chronic inflammatory neuropathy gradually increases, and the continuous development of high-frequency ultrasound, there are increasing studies about the clinical application of nerve ultrasound. The researchers explored the ultrasound characteristics of the disease, and it had a high specificity and sensitivity. The chronic inflammatory neuropathies mainly show nerve enlargement, increased blood flow signals, enhanced echo, or disappearance of normal nerve structures, morever, there are some few differences of them. However, the current study was small-sample studies, there were still limitations, and large-sample multicenter studies are needed in the future. Moreover, researchers should combine with the new ultrasound technology, such as elastography, ultrasound imaging, microvascular imaging, to continue to explore the ultrasound manifestations of such diseases, optimize the neural ultrasound scoring system, quantifying the diagnostic criteria for nerve ultrasound as well as the post-treatment evaluation system to better serve the clinical practice and meet the requirements of precision medicine.
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Cognitive and emotional impairments are frequent among patients with mild traumatic brain injury (mTBI) and may reflect alterations in the brain structural properties. The relationship between microstructural changes and cognitive and emotional deficits remains unclear in patients with mTBI at the acute stage. The purpose of this study was to analyze the alterations in white matter microstructure and connectome of patients with mTBI within 7 days after injury and investigate whether they are related to the clinical questionnaires. A total of 79 subjects (42 mTBI and 37 healthy controls) underwent neuropsychological assessment and diffusion-tensor MRI scan. The microstructure and connectome of white matter were characterized by tract-based spatial statistics (TBSSs) and graph theory approaches, respectively. Mini-mental state examination (MMSE) and self-rating depression scale (SDS) were used to evaluate the cognitive function and depressive symptoms of all the subjects. Patients with mTBI revealed early increases of fractional anisotropy in most areas compared with the healthy controls. Graph theory analyses showed that patients with mTBI had increased nodal shortest path length, along with decreased nodal degree centrality and nodal efficiency, mainly located in the bilateral temporal lobe and right middle occipital gyrus. Moreover, lower nodal shortest path length and higher nodal efficiency of the right middle occipital gyrus were associated with higher SDS scores. Significantly, the strength of the rich club connection in the mTBI group decreased and was associated with the MMSE. Our study demonstrated that the neuroanatomical alterations of mTBI in the acute stage might be an initial step of damage leading to cognitive deficits and depression symptoms, and arguably, these occur due to distinct mechanisms.

Keywords: brain injury, DTI, WM microstructure, cognitive deficits, depression symptoms


INTRODUCTION

Mild traumatic brain injury (mTBI), commonly known as concussion, is a significant public health problem. Every year, an estimated 42 million people worldwide suffer from mTBI (1), accounting for approximately 70–90% of all traumatic brain injuries (TBIs). mTBI causes various symptoms, most notably headaches, fatigue, depression, anxiety, and impaired cognitive function, termed as post-concussion syndrome. These symptoms may resolve in most individuals within 3 months post-injury. Nevertheless, mTBI is more likely a progressive injury than a static event (2). Some patients (20–30%) go on to develop persistent physical (headache, dizziness, and fatigue) (3), emotional (irritability, depression, anxiety, and posttraumatic stress) (4), and cognitive deficits (5). Diagnosing and predicting mental and emotional deficits early after an injury is essential to avoid persistent symptoms that may pose a barrier to full recovery.

Diffusion tensor imaging (DTI) and related techniques are sensitive for assessing white matter (WM) microstructure changes after injury, but the results are heterogeneous (6). Changes in WM structural abnormalities have been observed in both animals and humans following brain injury (7, 8). Based on a rodent model of mTBI, it was found that radial diffusivity (RD) and axial diffusivity (AD) decreased one week after injury. Simultaneously, fractional anisotropy (FA) increased and returned to baseline values after 2 weeks (7). In patients with mTBI, DTI found higher FA and lower RD in the corpus callosum when measured 2–20 days after mTBI and higher FA in the genu of the corpus callosum after follow-up (8). Another study showed that patients with persistent post-concussion symptoms had lower FA and higher RD values than patients without symptoms when examined with DTI within 72 h post-injury (9). DTI studies on mTBI have also reported WM structural disruption associated with cognitive and affective impairments after mTBI. For instance, the patient's cognitive information processing speed was associated with FA values recovered in the left anterior limb of the internal capsule (10). Damage to the frontal interhemispheric and thalamic projection tracts can be used to predict processing speed performance in mTBI (11). Damage to the left superior longitudinal fasciculus and right anterior thalamic radiation is closely related to pain emotion regulation (12).

Region-of-interest (ROI)-based research has provided insights into the mechanisms that underlie mTBI-related cognitive and emotional deficits (13, 14). However, the human brain is an integrated network for processing higher-order cognition and emotion. Network theory, especially, the WM structural connectome, provides a way to simplify complex systems into more straightforward representations to investigate brain organization and capture the topological characteristics of the network (15, 16). To date, many studies have used theoretical graph techniques to explore WM structural network alterations in TBI. One study found that patients demonstrated increased shortest path length and decreased the global efficiency of the structural network, which was associated with lower scores on switching tasks (17). Reduced network efficiency is associated with the rupture of long-range WM connections due to axonal injury, which impairs information transfer across distal brain regions (18) and leads to cognitive deficits (19). Although some studies have found TBI-induced structural brain network alterations, others have reported no significant alterations in the global network metrics (20, 21). It is unknown whether patients with mTBI have global and local topologic alterations in the connectome.

In addition, previous studies primarily focused on moderate and severe brain injury or the chronic stages of mTBI (22, 23). Few studies have examined acute brain changes (24). In contrast, acute brain injury is a golden time for mTBI treatment (25). The neuroanatomical abnormalities associated with acute mTBI have not yet been thoroughly investigated. Similarly, the precise position and topological way of WM connectivity are disrupted, and consequently, how much cognitive, and emotional impairments are affected remains unclear. Therefore, this study aimed to assess microstructural changes in the acute phase of mTBI, employ graph theory to explore alterations in the WM connectome, and further explore the potential mechanism of cognitive decline and depressive symptoms at the acute stage of mTBI. We hypothesized that mTBI would change the structural network properties, which might be related to mental/emotional impairments in the acute phase.



MATERIALS AND METHODS


Subjects

In total, forty-eight patients and forty age-, sex-, and education-matched healthy controls (HCs) were recruited from the Lanzhou University Second Hospital. Patients with mTBI were seen at the Department of Emergency and Neurosurgery within 7 days after injury. Most of them were outpatients and emergency patients. The inclusion criteria were as follows: (i) the patient (18–60 years and right-handed) had suffered a brain injury within 7 days; (ii) met at least one of the diagnostic criteria of the American Congress of Rehabilitation Medicine for mTBI (26); (iii) no substantial trauma could be found on brain computed tomography and routine MRI; and (iv) no MRI contraindications. The exclusion criteria were as follows: (i) severe compound injury and multiple injuries; (ii) history of previous TBI or neuropsychological, psychiatric, or neurological disorders; and (iii) history of drug or alcohol abuse. The healthy subjects were carefully screened according to the same exclusion criteria applied to the patient group.



Neuropsychological Assessment

All the subjects underwent the same neuropsychological tests which are commonly affected domains after mTBI. (i) Mini-mental state examination (MMSE) to assess cognitive function. (ii) Self-rating depression scale (SDS) to evaluate adults with depressive symptoms in the last week. (iii) The mTBI group completed the Rivermead post-concussion syndrome questionnaire (RPQ), which provides a symptom questionnaire commonly reported after mTBI to reflect the level of post-concussive symptoms (27).



MRI Data Acquisition

Magnetic resonance imaging data were acquired on a 3T Siemens Verio scanner equipped with an 8-channel phased-array head radiofrequency coil. (i) T2-weighted fluid-attenuated inversion recovery images (FLAIR; TE = 94 ms, TR = 7,000 ms, TI = 2,215.2 ms; FOV: 230 × 230 mm; matrix: 256 × 256; 18 slices) to eliminate cerebral contusion and laceration, subarachnoid hemorrhage, and cerebral softening lesion. (ii) Sagittal three-dimensional T1-weighted images (3D-T1WI) were acquired using turbo spin-echo sequence (TI = 900 ms; flip angle = 12°; FOV: 256 × 256 mm; matrix: 256 × 256; 192 slices). (iii) The diffusion tensor images (DTIs) were acquired using a single-shot echo-planar sequence (TE = 61 ms; TR = 7,100 ms; flip angle = 90°; FOV: 256 × 256 mm; matrix: 128 × 128; 50 slices; 64 diffusion directions, b value of 1,000 and 0 s/mm2).



Tract-Based Spatial Statistics (TBSSs)

The preprocessing and analysis steps based on the TBSS method (28) were performed using the FMRI Software Library (FSL, http://fsl.fmrib.ox.ac.uk/fsl). First, diffusion tensor images were corrected for the eddy current distortions and head motion, and the scalp, skull, and other non-brain tissues were removed from the images. Next, we automatically estimated all the WM tracts using the TBSS method. The FA data of all the subjects were then aligned to the FMRIB Diffusion Toolbox module. A mean FA image was created, and the threshold (0.2) was designed to create a mean FA skeleton. The FA, MD, AD, and RD data aligned for each subject were projected onto this skeleton. The randomization of FSL for nonparametric permutation, 5,000 permutation tests, and threshold-free cluster enhancement and familywise error (FWE) were used for multiple comparisons and corrections. Statistically significant between-group differences were identified using the Johns Hopkins University (JHU) WM tractography atlas.



WM Structural Network Construction and Analyses

The nodes of the brain structural network came from the automated anatomical labeling template, which divides the brain into 90 brain regions (29). MRtrix3's tckgen with constrained spherical deconvolution and anatomically constrained tractography was used for probabilistic tracking of whole-brain WM fibers (step size = 1 mm, angle threshold = 45°, the threshold of FOD = 0.05, 1 million streamlines) (30). The weight of the edges between nodes is defined as the number of streamlines connecting the nodes in the two brain regions. Edges with streamlines <15 were deleted to eliminate potential spurious connections.

Based on MatlabR2013b, GRETNA (http://www.nitrc.org/projects/Gretna/) software was used to generate graph theory metrics (31). Network efficiency was examined at both the global and local levels. For the global network theory analyses, the theoretical network measures calculated were the clustering coefficient (Cp, reflecting the tendency of nodes to cluster together), characteristic path length (Lp, network average of the shortest path lengths), small-worldness (reflecting the ability of integration and segregation in the network), global efficiency (Eg, calculated by taking the mean inverse shortest path length in the network), local efficiency (Elocal, efficiency of connections between neighbors of a node), and hierarchy (revealing an organizational structure with a high degree of clustering). For the local network theory analyses, the central degree (Dc, the number of edges attached to each node), nodal efficiency (Ne, reflects the efficiency of information dissemination between nodes), and nodal shortest path length (NLp, the size of the shortest path between nodes) were calculated.

A nonparametric one-tailed sign test was used to determine group networks and hub areas. The entire network can be divided into the hub and non-hub nodes. The node of the hub region is higher than the intermediate node with at least one SD, which has the shortest path connection with other nodes and high centrality and efficient information transmission capability (32). Correspondingly, three subnetworks were defined: rich club (connecting hub nodes only), feeder (connecting hub and non-hub nodes), and local connection (connecting non-hub nodes only). The connection strength of each subnetwork (number of streamlines) was calculated for the statistical analyses.



Statistical Analyses

The demographic and neuropsychological data of the mTBI and HC groups were analyzed using SPSS version 22.0, using independent two-sample t-tests for continuous variables with a normal distribution (age, MMSE, and SDS) and chi-square tests for sex. Given the non-normal distributions of education years, the Mann–Whitney U tests were utilized. Multiple comparisons were corrected using false discovery rate (FDR) correction for local network properties. Nonparametric permutation tests (10,000 times) were used to test for group differences in the three subnetworks of connectivity strength, other network topology metrics, and nodal efficiency with age, sex, and years of education as covariates. Network-based Statistics (NBS) (33) were used to evaluate the abnormalities of anatomical connections in the network between groups. The network connections of each subject were tested using a permutation test (10,000 times) controlled for FWE correction, and the threshold was set to a p-value of <0.05. In the mTBI group, clinical assessments were correlated with graph theory outcomes using Spearman's correlation analysis.




RESULTS


Demographic and Clinical Characteristics

In total, six patients and three healthy subjects were excluded due to poor-scan quality from motion artifacts. The final sample consisted of 79 participants, including 42 patients with acute mTBI and 37 HCs (Table 1). The two groups did not differ in terms of age, gender, or educational distribution. Patients with mTBI had varying degrees of headaches, fatigue, insomnia, depression, and abnormally increased RPQ scores. Compared with the HCs, patients with mTBI performed worse on the MMSE test (p < 0.001) and showed a significantly higher SDS score (p < 0.001).


Table 1. Demographic and neuropsychological assessment in patients with mTBI and HCs.
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TBSS Results

Voxel-wise analysis using TBSS showed that the mTBI group had a more significant number of clusters with increased FA than the HCs (corrected p < 0.05). These clusters belonged to seven tracts of the JHU atlas, including the bilateral inferior frontal-occipital fasciculus, superior longitudinal fasciculus, left uncinate fasciculus, left anterior thalamic radiation, and right inferior longitudinal fasciculus (Figure 1). Significantly, different voxels and their corresponding cluster sizes are shown in Table 2. The affected tracts were located predominantly in the left uncinate fasciculus and inferior frontal-occipital fasciculus. Voxel-wise analysis showed no significant changes in MD, AD, or RD between the two groups. There was no statistical correlation between FA values and neuropsychological indices in the different areas.


[image: Figure 1]
FIGURE 1. Panel highlights regions with higher FA in mTBI at the acute stage than HCs (p < 0.05, FWE). Green indicates a white matter skeleton. Red indicates voxels with higher FA using the “tbss_fill” script. L, left, R, right.



Table 2. The anatomical distribution with increased FA in acute mTBI group.
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Graph Theory Analyses Results

Small-world organizations of the WM network were detected in both the mTBI and HC groups. An increase in the hierarchy (p < 0.05) of patients with acute mTBI was found when compared with the HCs (Figure 2). There was no significant difference in the between-group comparison of other global topological properties, including small-worldness, network efficiency, clustering coefficient, and characteristic path length.


[image: Figure 2]
FIGURE 2. The group differences in the global network metrics of WM structural networks. ** Indicates p < 0.05. mTBI, mild traumatic brain injury; HC, healthy control.


More significant results were found in the local networks. Compared with the HCs, the mTBI group showed an increased nodal shortest path length in the bilateral middle temporal gyrus, right insula, right middle occipital gyrus, right putamen, right inferior temporal gyrus, left superior temporal gyrus, left temporal pole of the middle temporal gyrus, and left angular gyrus. Except for the left angular gyrus, nodal efficiency (Figure 3A), and nodal degree centrality in the above brain regions were decreased in the mTBI group (p < 0.05, FDR). Moreover, Spearman's correlation analysis showed a positive correlation between the total SDS scores and nodal efficiency in the right middle occipital gyrus of patients with acute mTBI (r = 0.344, p = 0.026) (Figure 3B). In addition, a negative correlation between the total SDS scores and the shortest nodal path length in the right middle occipital gyrus of patients was detected (r = −0.343, p = 0.026) (Figure 3C). There was no correlation between local network properties of the right middle occipital gyrus and SDS scores in the healthy controls.


[image: Figure 3]
FIGURE 3. (A) Network hubs were colored in red to indicate significantly lower nodal efficiency and the node sizes indicate the significance (p < 0.05, FDR). INS, insular; MOG, middle occipital gyrus; PUT, putamen; STG, superior temporal gyrus; MTG, middle temporal gyrus; TPOmid, temporal pole of middle temporal gyrus; ITG, inferior temporal gyrus; L, left; R, right. (B) Correlation analyses between the SDS score and nodal efficiency of the right middle occipital gyrus. (C) Correlation analyses between the SDS score and nodal shortest path in the right middle occipital gyrus. SDS, Self-rating Depression Scale.




Connected Edge Analyses Results

The distribution of hub nodes in the two groups was similar, including the bilateral precuneus, bilateral middle frontal gyrus, left medial part of the superior frontal gyrus, left dorsolateral part of the superior frontal gyrus, left precentral gyrus, right middle temporal gyrus, and right superior temporal gyrus. Compared with the HC group, the hub of the left calcarine fissure and surrounding cortex was only found in the mTBI group, and there was no hub of the left postcentral gyrus in the mTBI group (Figure 4A). Furthermore, the rich club connection strength of the mTBI group was significantly lower (t = 2.25, p = 0.027), while the feeder and local connection strengths did not change (Figure 4B). In addition, the rich club connection strength of the mTBI group was positively correlated with the MMSE scores (r = 0.378, p = 0.014) (Figure 4C).


[image: Figure 4]
FIGURE 4. (A) The hubs distribution of the WM networks in the mTBI and HCs group, with hubs colored in red and the hubs sizes indicating the nodal connection strength. PCUN, precuneus; MFG, middle frontal gyrus; SFGmed, medial of superior frontal gyrus; SFGdor, dorsolateral of superior frontal gyrus; PreCG, precentral gyrus; MTG, middle temporal gyrus; STG, superior temporal gyrus; PoCG, postcentral gyrus; CAL, Calcarine fissure and surrounding cortex. (B) The mTBI group showed significantly lower strength of the rich-club connection. The feeder and local connections were no significant change compared with HCs. (C) Correlation between the MMSE score and rich-club connection strength. ** Indicates p < 0.05. mTBI, mild traumatic brain injury; HC, healthy control; MMSE, Mini-Mental State Examination.


Analysis of the network-based statistics showed disrupted structural connections in the mTBI group. The disrupted component was mainly distributed in the bilateral inferior temporal gyrus, left parahippocampal gyrus, right caudate nucleus, right thalamus, and right superior occipital gyrus, composed of six nodes and five edges. The thickness of the edges showed significant differences between the groups (p < 0.05) (Figure 5).


[image: Figure 5]
FIGURE 5. The disrupted component in mTBI group at acute stage. ITG, inferior temporal gyrus; PHG, parahippocampal gyrus; CAU, caudate nucleus; THA, thalamus; SOG, superior occipital gyrus; L, left; R, right.





DISCUSSION

In the present study, we investigated the early microstructural changes in WM and topological changes in the brain connectome in patients with mTBI. The results showed that: (i) FA in the mTBI group increased significantly using TBSS compared with the HCs; (ii) graph theory analysis showed less nodal efficiency and increased nodal shortest path length in some areas of mTBI, mainly distributed in the right middle occipital gyrus, which was related to depressive symptoms; and (iii) the rich club connection strength of the patients with mTBI decreased and was positively correlated with the MMSE score.

Using TBSS, we found that the mTBI group in the acute phase showed significantly higher FA than the HC group, suggesting that mTBI may affect the WM integrity. Existing neuroimaging studies have demonstrated acute mTBI with high-anisotropy values (34, 35). The increased FA shortly after injury may be due to secondary injury (ischemia, cerebral hypoxia, and cerebral edema) or compensatory mechanisms (36), which cause cytotoxic swelling. Cytotoxic swelling leads to the excess of sodium ions and intracellular water accumulation. Thus, the cellular swelling narrows the free space between the neighboring axons (37), limiting the uniformity of diffusion and increasing anisotropy. A study showed that FA in patients with mTBI increases even 6 months after injury. These long-term changes may be due to the prolongation of subtle cytotoxic edema, which is more common in the developing brain (38). mTBI can lead to continuous changes in WM tracts. Usually, the WM tracts usually connect or project to the frontal lobe, including the inferior longitudinal fasciculus, inferior frontal-occipital fasciculus, and forceps minor, related to prognosis (8, 34, 39). The high FA values of the inferior frontal-occipital fasciculus and uncinate fasciculus found in the current study are consistent with the results of these previous studies. Interestingly, our study showed that the FA of WM tracts in the left hemisphere is significantly higher than that in the right side, indicating the left hemisphere is more sensitive to concussion, which is consistent with the report of DTI on the left side of football players (39). In the normal population, both DTI and post-mortem studies showed a leftward asymmetry of the WM fiber tracts in the left hemisphere regardless of subject handedness (40, 41), due to more thickly myelinated axons (42). As a result, the leftward lateralization of increased WM structure may be more susceptible to injury from the translational and rotational forces acting in concussions (43), which need further study for clinical application (44).

Global network theory analyses showed that the hierarchical structure of the mTBI group had increased. Hierarchical topology in complex networks reveals an organizational structure in which scale-free properties are combined with a high degree of clustering (45). Hierarchical topology analyses revealed that the patients with mTBI in the acute stage tended to have a more inherent association between connectivity and clustering. Previous theoretical graph theory analysis of children with acute mTBI showed significantly higher small-world properties, clustering coefficients, characteristic path length and modularity, and lower global efficiency (46). Although we found a similar trend of global network properties in the mTBI group, no significant between-group differences were found since mTBI had little effect on adults. Due to the ongoing developmental process, young patients with mTBI may be more vulnerable to brain damage than adults (47).

Compared with the HCs, the mTBI group had reduced nodal degree centrality and nodal efficiency and increased nodal shortest path length, mainly, in the bilateral temporal lobe, right middle occipital gyrus, right insula, and putamen. The changed local network metrics are likely due to disrupted global WM (axonal) integrity, although we did not find regions with changed local network properties corresponding to the regions of increased FA in patients with mTBI. The temporal lobe, located in the middle fossa of the skull, is one of the most vulnerable brain regions to injury due to cerebral trauma (48). Structural changes in the temporal lobe of the GM and WM have consistently been reported (49, 50). Our study results of decreased nodal degree centrality and nodal efficiency of the structural subnetwork in temporal regions are consistent with a study that found lower eigenvector centrality within the left temporal pole (24). As part of the salience network, the insular cortex has extensive structural connections with the prefrontal, parietal, and central cingulate gyri. It is a critical brain region for integrating processes and controlling cognitive, emotional, and behavioral functions (47). Several studies have reported the insular changes associated with mTBI (51, 52). The occipital lobe contains most of the anatomical areas responsible for visual processing and integration, contributes to communicating visual information and other sensory system information with the cerebral cortex, and plays a role in facial emotion perception (53). We found a correlation between the changed node metrics of the right middle occipital gyrus and the SDS scores in patients with mTBI. Through magnetoencephalography source analysis of untreated patients with depression, one study found that the focal magnetic low-frequency activity in the right occipital lobe was abnormal, and the increased occipital lobe delta dipole density correlated with disease severity (54). The middle occipital gyrus may be involved in the processing of cognitive bias in depression through its connection to the limbic cortex. Changes in the right middle occipital gyrus in acute mTBI may indicate potential structural brain recovery when rapid neurophysiological changes occur.

In this study, both hub and non-hub regions displayed decreased efficiency. Our study found no difference in the distribution of hubs, suggesting that acute mTBI has no significant effect on hub regions, which is consistent with the results of a previous study (46). In addition, our study showed that the strength of the rich club connection in the mTBI group was significantly lower and associated with lower cognitive performance levels. Rich club networks usually consist of highly myelinated FA fiber tracts for effective action potentials and information transmission (55). The high rotational acceleration forces can cause brain damage and changes in fiber bundles, which lead to the deformation of WM fiber bundles widely distributed throughout the brain and increase the maximum principal strains in high-fiber directionality regions compared with regions with lower fiber directionality (56). Rich club constitutes the backbone of a network with highly connected central hubs known to be vulnerable targets susceptible to disturbances in brain trauma and fundamental to high-order cognitive processes (57). One study revealed significantly decreased rich club organization in young patients with chronic TBI, which was related to impaired executive function (58). Our research shows that the subnetworks of rich clubs have changed to more mild damage, which is consistent with the results of other studies (21). As the only sufficiently sensitive subnetwork, the rich club response to mTBI may provide new evidence for the underlying mechanisms of the acute cognitive deficits.

Network-based statistics revealed a disrupted component in the mTBI group, mainly distributed in the bilateral inferior temporal gyrus, left parahippocampal gyrus, right caudate nucleus, right thalamus, and right superior occipital gyrus, including some long- and short-range connections. These results confirmed the overall disruption of structural connectivity in patients with mTBI, but to a lesser extent. The decline in component connection strength is consistent with our DTI findings that WM abnormalities are widespread in patients with mTBI during the acute phase.

Our study has several limitations. First, the degree of injury was relatively minor (the average Glasgow Coma Score was 14.5) making it difficult to overcome the inter-subject variance. We did not observe significant differences in global network properties in the adult mTBI at the acute stage compared with the HCs, which is similar to a previous study with few positive MRI findings in the mTBI group (59). Second, this study is limited by its cross-sectional design. MRI was performed at a single time point within seven days after the injury. The longitudinal changes in brain structure and the relationship between theoretical graph measures of the structural connectome and improved cognitive/emotional recovery are unclear. Finally, we did not use sufficient standard neuropsychological tests in our current study, which may provide additional factors after being affected by mTBI. This requires a more extensive and detailed description of the neuropsychological changes involved after mTBI and how they map to different injury patterns in the structural connectome. Large-scale longitudinal follow-up studies with complex standard neuropsychological tests will be conducted in the future to identify brain changes in patients with mTBI and precisely predict head trauma outcomes using machine learning methods. Achieving this goal will be the focus of future research.



CONCLUSION

Using TBSS and graph theory analysis, this study found an altered WM structure and disrupted the topological organization of WM networks in mTBI at the acute stage. Re-modularization of the right occipital gyrus associated with mTBI may be linked to depressive symptoms after mTBI. Furthermore, the strength of the rich club connection may provide insight into cognitive decline in acute mTBI.
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Objective: Moyamoya disease (MMD) is a unique cerebrovascular occlusive disease characterized by progressive steno-occlusion within the terminal segment of the internal carotid artery. However, good collaterals from an external carotid artery are essential to compensate for the ischemia in moyamoya disease. This study aimed to investigate the transforming growth factor-beta 1 (TGFβ1) in plasma as a potential biomarker for predicting collateral formation in ischemic MMD.

Methods: The transcriptome profile downloaded from Gene Expression Omnibus (GEO) was used to analyze the differential expression of genes between the ischemic MMD and the control groups. We prospectively recruited 23 consecutive patients with ischemic MMD that was diagnosed via digital subtraction angiography (DSA). Nine patients with intracranial aneurysms and four healthy people served as controls. The collaterals from the external carotid artery were examined using DSA. We evaluated whether the collateral formation was associated with TGFβ1 in patients with ischemic MMD. Western blot, RT-qPCR, ELISA, and tube formation assay were used to explore the relationship between TGFβ1 and angiogenesis, as well as the potential mechanisms.

Results: The mRNA levels of TGFβ1 were upregulated in the patients with ischemic MMD. The plasma TGFβ1 levels were higher in the patients with ischemic MMD than in the aneurysm and healthy patients (p < 0.05). The collateral formation group has higher levels of serum TGFβ1 than the non-collateral formation group (p < 0.05). The levels of vascular endothelial growth factor (VEGF) are positively correlated with TGFβ1 levels in the plasma (R2 = 0.6115; p < 0.0001). TGFβ1 regulates VEGF expression via the activation of the TGFβ pathway within HUVEC cells, as well as TGFβ1 stimulating HUVEC cells to secrete VEGF into the cell culture media. An in vitro assay revealed that TGFβ1 promotes angiogenesis within the endothelial cells.

Conclusion: Our findings suggest that TGFβ1 plays a vital role in promoting collateral formation by upregulating VEGF expression in ischemic MMD.

Keywords: moyamoya, TGFβ1, collateral, VEGF, biomarker


INTRODUCTION

Moyamoya disease (MMD) is a rare cerebrovascular occlusive disease characterized by progressive steno-occlusions in the terminal segment of the internal carotid artery (ICA), as well as their proximal branches. Furthermore, the appearance of abnormally dilated compensatory collateral vasculature is revealed upon angiography (1, 2). With the progress of intracranial vascular stenosis, both the intracranial and extracranial vessels are stimulated to develop collateral circulation (3, 4). Those new collaterals are found and considered necessary to maintain perfusion in MMD (5–7). When the collateral circulation is insufficiently compensated, it induces ischemic symptoms (4).

Bypass surgery is recommended as a first-line treatment of MMD, including direct bypass, indirect bypass, and combined strategies (8–10). Moreover, direct bypass surgery can immediately increase blood flow, but indirect bypass requires more time to produce angiogenesis from the muscle and dura (8, 9). Also, there is a lack of effective collateral angiogenesis needed to prevent strokes after indirect bypass surgery immediately (11). Notably, previous research has revealed that transdural collaterals are associated with the capacity to develop collaterals postoperatively (7, 12). Therefore, a comprehensive understanding of the relevant mechanism of preoperative collateral development is expected to guide the establishment of good postoperative collateral. However, the molecular mechanisms regulating angiogenesis in the progression of collateral remain unclear and lack a reliable biomarker to predict the collateral (8, 13–15).

Transforming growth factor-beta 1 (TGFβ1) is secreted as a latent form and functions as a multifunctional polypeptide growth factor acting as a significant modulator of cellular growth and differentiation, also playing a vital role in regulating the expression of potent angiogenic factors (16, 17). There is a high level of TGFβ1 in the serum of patients with MMD that has been shown in previous research (17–19). However, it is only speculated that the expression of TGFβ1 is related to the pathophysiology of moyamoya disease, and the relationship between TGFβ1 and the collateral is still undetermined.

In this research, we sought to explore the genes specifically expressed in the intracranial arteries of MMD and identify the angiogenesis-related genes. In addition, the relationship between TGFβ1 and the collaterals originating from the dura was identified in ischemic MMD. Finally, we investigated the mechanisms of TGFβ1 underlying the regulation and development of collaterals.



MATERIALS AND METHODS


Patients

From September 2019 and November 2021, 23 Asiatic patients diagnosed with ischemic MMD in the department of neurosurgery of Xiangya hospital were recruited for this study. MMD was diagnosed according to the guidelines for diagnosis and treatment of MMD by the Research Committee on Spontaneous Occlusion of the Circle of Willis (20). All patients underwent DSA to evaluate the transdural collaterals from the dura and agreed to have their plasma examined for potential biomarkers that were included in this study. The patients diagnosed with quasi-moyamoya disease (moyamoya syndrome secondary to identified etiologies, including a history of vasculitis, neurofibromatosis, tuberous sclerosis, hypertension, diabetes, and others) were excluded from this study. MMD was categorized into pediatric and adult groups based on age. Nine patients with intracranial aneurysms and four healthy persons were included in the study as controls. Clinical information was collected. The Research Ethics Committee approved this study of the Xiangya hospital. All study participants were given written and informed consent.



Transdural Collaterals

Transdural collaterals are defined as the blood supply to the cerebral cortex from the external cervical artery (ECA). To detect the blood supply from the ECA more accurately, we only selected the middle meningeal artery for evaluation. Transdural collaterals are considered if obvious blood supply from the middle meningeal artery (MMA), according to the DSA (including bilateral ECA injections), is seen (Figure 1).


[image: Figure 1]
FIGURE 1. DSA showed the transdural collaterals arising from the middle meningeal artery. (A–D), anteroposterior (A) and lateral (B) views of left ECA injection, anteroposterior (C) and lateral (D) views of right ECA injection. There is no MMA supplying blood to the brain cortex through transdural collateral vessels. (E–H), Anteroposterior (E) and lateral (F) views of left ECA injection, anteroposterior (G) and lateral (H) views of right ECA injection from the other patient. The MMA provides transdural collateral vessels to the brain cortex (red arrowheads).




Bioinformatics Analysis

For differentially expressed angiogenesis-related gene screening, the Gene Expression Omnibus (GEO) dataset (GSE157628) was obtained from the GEO database (http://www.ncbi.nlm.nih.gov/geo). The MCA specimen was collected during the STA–MCA anastomosis (21). Data analysis was carried out in the R environment using the limma package. Both upregulated and downregulated differentially expressed genes (DEGs) were used for further study, and statistical significance was set at p < 0.05, |log2 fold change|≥2 in this study. The DEGs were performed for gene ontology (GO) functional enrichment analysis.



ROC Curve Analysis

To evaluate the predictive value of the biomarkers (TGFβ1 and VEGF), the receiver operating characteristic (ROC) curves were conducted to calculate the AUCs. The sensitivity and specificity of the biomarkers' predictability in their capacity to develop transdural collaterals were assessed by calculating the AUC value of the ROC curve using SPSS 21.0 software.



Enzyme-Linked Immunosorbent Assay

Patient plasma was collected before surgery and stored at −80°C. The experimental procedures were carried out according to the manufacturer's instructions for the TGFβ1 (4A Biotech Co, #CHE0029, China) and VEGF (4A Biotech Co, #CHE0043, China) ELISA kit.



Cell Culture

Human umbilical vein endothelial cells (HUVECs) were purchased from the American Type Culture Collection (ATCC). HUVECs were cultured in HUVEC complete medium (CellCook, cat: CM2007, China) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 U/ml streptomycin, and maintained at 37°C in a 5% CO2 atmosphere. HUVECs were collected and seeded at a density of 1 × 106 cells/well into 6-well-plates. After 4 h, the non-adherent cells were removed and added to the HUVEC complete media (2.5 ml). The TGF-β1 (Cusabio, China) was added to the media with a final concentration of 5 ng/ml. After 24 h, the medium and cells were harvested.



Western Blot

Human umbilical vein endothelial cells were precipitated by centrifugation and lysed in immunoprecipitation (IP) lysis buffer (Containing a protease inhibitor cocktail). A quantity of 40 mg total protein was mixed with 5 × loading buffer and heated (100°C for 10 min). The protein lysates were electrophoresed in 10% SDS-PAGE gels and transferred onto polyvinylidene fluoride (PVDF) membranes. The antibody against Smad2 (CST, #5339, 1:1000), p-Smad2 (CST, #18338, 1:1000), Smad3 (Abcam, #ab40854, 1:2000), p-Smad3 (Abcam, #ab52903, 1:2000), VEGF (Abclonal, #A12303, 1:500), and β-actin (Sigma, #A5441, 1:10000) were incubated at 4°C overnight. The membrane was incubated with the corresponding second antibody after washing with TBST at room temperature three times. Antibody signals were detected via the ChemiDox XRS+ image-forming system.



RNA Isolation and Quantitative Real-Time PCR

Total RNA was extracted from HUVECs via an RNAiso Plus kit (Takara, Japan). The concentrations were measured using a NanoDrop 2000 (Thermo Scientific, USA). gRNA was reverse transcribed into cDNA, according to the manufacturer's protocol using the PrimeScript™RT reagent Kit with a gDNA Eraser (Takara). The quantitative real-time PCR was conducted using a 7,500 Fast Real-Time PCR System (Applied Biosystems, Life Technologies). The following primers were used: VEGF forward sequence, TTGCCTTGCTGCTCTACCTCCA, and reverse sequence: GATGGCAGTAGCTGCGCTGAT; β-actin forward sequence: CACCATTGGCAATGAGCGGTTC and reverse sequence: AGGTCTTTGCGGATGTCCACGT.



Tube Formation Assay

A total of 100 μL chilled Matrigel was added to a precooled 6-well-plate and solidified at 37°C for 1 h. The HUVEC cells were precipitated by centrifugation and resuspended in HUVEC complete media (1 ml) containing 1% fetal bovine serum. The HUVECs were seeded onto the solidified Matrigel in the 6-well-plates (2 × 104 cells per well). The cells were then supplemented with media from the HUVEC cells treated with TGF-β1 for 24 h or blank and incubated at 37°C in 5% CO2 for 4 h. A light microscope was used to capture the image of the tube formation using a magnification of ×40. Image J software was used to count the tubes of the branches and loops.



Statistical Analysis

The ROC curve was generated via the SPSS 21.0 software. The results are presented as means ± SEM, and statistical analysis was performed between the different groups using Student's t-test in GraphPad Prism8.0. The values p < 0.05 were considered to be significant. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




RESULTS


Patient Characteristics

A total of 23 ischemic MMD patients were recruited to the present study, including 9 children (<18 years old) and 14 adults (>18 years old). Among them, 9 patients were women and 14 patients were men. The median age was 29.7 ± 3.6 years and ranged from 7 to 54 years. Transdural collaterals were present in 14 (60.9%) patients. According to the grade of Suzuki, 13 patients in I-III (I, n = 0; II, n = 5; III, n = 8), 10 patients with IV-VI (IV, n = 6; V, n = 4; VI, n = 0); 6 patients presented with transient ischemic attack (TIA) and 17 patients presented with infraction; 13 patients underwent indirect surgery, and 10 patients underwent combined procedures.



Upregulation of TGFβ1 in the Middle Cerebral Artery of MMD

To explore the DEGs in MMD, we analyzed the MCA transcriptomes of patients with MMD compared with those of patients with an aneurysm. We found 105 upregulated and 142 downregulated differentially expressed genes in MMD, which have been visually shown in the volcano plot (Figures 2A–C). According to these DEGs, the GO functional enrichment analysis identified several relatively associated terms, including regulation of cell growth, transmembrane transport, and vasoconstriction (Figure 2D). There is a distinctive characteristic that the development of abnormal vascular networks and collateral formations of the ECA in moyamoya disease have the ability to promote angiogenesis (3, 22). To further explore the mechanisms of the development of angiogenesis, we identified that the angiogenesis-related genes-TGFβ1 were significantly overexpressed in the MCA of MMD (Figure 2B).


[image: Figure 2]
FIGURE 2. Upregulation of TGFβ1 in the middle cerebral artery(MCA) of MMD. (A) Venn diagram showed significantly upregulated genes (n = 105) and significantly downregulated genes (n = 142). (B) Volcano plot to visualize the DEGs in MMD compared to control. The significantly upregulated genes were shown with red dots, and green dots represent significantly downregulated genes. Gray dots represent genes not differentially expressed. (C) the upregulated genes were listed. (D) GO functional enrichment analysis of sequencing data.




TGFβ1 Associated With Transdural Collaterals in Ischemic MMD

The TGFβ1 was observed to be overexpressed in the MCA of MMD, and the TGFβ1 is secreted as a multifunctional polypeptide growth factor in the plasma (16, 17). ELISA was performed to detect the concentration of TGFβ1 in plasma. Compared to patients with aneurysm and healthy controls, the highest levels of TGFβ1 were detected in the MMD group (6,666 ± 1,181 vs. 2,684 ± 399, 2,651 ± 530, p < 0.05) (Figure 3A). In addition, TGFβ1 was determined at a relatively high level in pediatric groups (9,810 ± 2,260 vs. 4,644 ± 1,025; p < 0.05) (Figure 3B). Importantly, the concentrations of TGFβ1were significantly increased in the collateral group (8,773 ± 1,708 vs. 3387 ± 460.7; p < 0.05) (Figure 3C). The ROC curve demonstrated that the levels of TGFβ1 in plasma predicted the formation of transdural collateral with high sensitivity and specificity. The area under the ROC curve was 0.802 (Figure 3D). But the level of TGFβ1 without a difference between Suzuki I-III and IV-VI (6,047 ± 1,340 vs. 7,470 ± 2,144; p = 0.5626) (Figure 3E).


[image: Figure 3]
FIGURE 3. TGFβ1 is associated with transdural collaterals in MMD. (A) The levels of TGFβ1 were significantly increased in MMD patients compared to other groups. (B) the Expression level of the TGFβ1 in plasma between pediatric group (n = 9) and adult group (n = 14). (C) The different concentration of TGFβ1 between collateral group (n = 9) and non-collateral group (n = 14). (D) The value of the TGFβ1 predicted the collateral formation being analyzed by ROC curves. (E) The level of TGFβ1 between Suzuki I-III (n = 13) and IV-VI (n = 10). ns, non significant (p > 0.05), *p < 0.05.




Association Between VEGF and Transdural Collaterals in Ischemic MMD

In previous studies, VEGF, bFGF, and IL8 are included as direct angiogenic growth factors that can stimulate angiogenesis and promote cellular division in endothelial cells, but the TGFβ1 and PDGF belong to the indirect angiogenic growth factors (15). VEGF is reported to be the target gene of TGFβ1 in tumors and inflammation (23–25). Interestingly, the levels of TGFβ1 had a positive correlation with VEGF in the plasma of MMD using multiple linear regression analysis (Figure 4A). VEGF was detected at higher concentrations within the pediatric groups and corresponded to the trend seen in TGFβ1 (78.88 ± 14.77 vs. 38.97 ± 5.905; p < 0.01) (Figure 4B). The levels of VEGF were also significantly upregulated in the collateral group (71.25 ± 10.15 vs. 28.65 ± 5.386; p < 0.01) (Figure 4C). The concentration of VEGF was used to predict the development of transdural collateral with high sensitivity and specificity which was demonstrated by the curve of ROC, and the area under the ROC curve was 0.897 (Figure 4D).


[image: Figure 4]
FIGURE 4. Association between VEGF and transdural collaterals in MMD. (A) The levels of TGFβ1 was correlated with VEGF in plasma of MMD under the linear regression analysis. (B) There was a higher level of VEGF in pediatric group (n = 9) than the adult group (n = 14). (C) The expression level of VEGF between collateral group (n = 9) and non-collateral group (n = 14). (D) The ROC curves were used to assess the value of the VEGF and predict the collateral formation. **p < 0.01.




TGFβ1 Upregulated VEGF to Promote the Angiogenesis via Activating the TGFβ Signaling Pathway in vitro

The expression of VEGF was analyzed further to identify the mechanisms of TGFβ1 regulation on transdural collaterals. The mRNA and protein levels of VEGF were upregulated in HUVEC cells treated with TGFβ1 for 24 h (Figures 5A,B). Interestingly, the concentration of VEGF in the cell culture media was significantly higher in cultured HUVEC cells treated with TGFβ1 for 24 h compared to control (Figure 5C). Using the tube formation assay, the HUVECs cultured with the media from the HUVEC cells treated with TGF-β1 showed a significantly enhanced ability of angiogenesis (Figures 5D–F).


[image: Figure 5]
FIGURE 5. TGFβ1 upregulated VEGF to promote angiogenesis via activating the TGFβ signaling pathway in vitro. (A) The mRNA levels of VEGF in HUVECs after stimulating with TGFβ1(5 ng/ml) for 24 h. (B) Western blot was used to detect the molecular of TGFβ pathway. (C) ELISA was performed to identify the level of VEGF in medium after the HUVECs were stimulated with TGFβ1(5 ng/ml). (D–F) The tube formation assay was conducted to access the ability of angiogenic in which the HUVECs cultured with the medium from the HUVECs treated with TGF-β1. *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

This study explored the relationship between the TGFβ1 and transdural collateral. The major findings are as follows: (1) the expression of TGFβ1 was upregulated in patients with MMD; (2) the level of TGFβ1 had a positive correlation with VEGF in plasma, which is related to the transdural collateral in patients with MMD; and (3) TGFβ1 upregulated VEGF to promote angiogenesis through the activation of the TGFβ signaling pathway.

The ischemic events in MMD are attributed to reduced blood flow caused by stenosis arteries (26). The collaterals are important to prevent the occurrence of stroke, reduce the incidence of perioperative complications, and are closely related to clinical outcomes (22, 27). Among collateral circulation, the transdural collaterals play the most important role in the collateral blood supply to the ischemic brain cortex (28). In our study, 60.8% (14/23) of the transdural collaterals were established and supplied blood to the cortex.

In the past few decades, the etiology and pathophysiology of MMD are still unclear (1, 22). It is difficult to extract the samples from the patients with MMD, which restricts the research on the molecular mechanisms of collaterals (21, 29). With the development of technology, facilitating the transcriptome analysis (21), this study revealed that the expression of TGFβ1 was upregulated in MCA, as well as within the plasma extracted from MMD patients. Furthermore, the function of TGFβ1 associated with angiogenesis has been studied (23–25). These changes and functions are consistent with the pathological features of spontaneous transdural collaterals that were shown in patients with MMD (7). Moreover, higher levels of TGFβ1 were observed in MMD accompanied by transdural collaterals. These findings demonstrate that the TGFβ1 may be a unique biomarker for the formation of transdural collaterals.

Vascular endothelial growth factor is one of the direct angiogenic growth factors which can stimulate angiogenesis (15). Our present data revealed that the high concentration of VEGF in the patient's plasma indicates better transdural collaterals. In addition, we observed that the level of TGFβ1 positively correlates with the VEGF pathway in MMD. This result suggests that VEGF levels are also related to transdural collaterals and correlate with the TGFβ1 levels. Interestingly, we found that the TGFβ1 upregulated the protein and mRNA levels of VEGF in HUVEC cells in vitro. It was also revealed that TGFβ1 can stimulate the HUVEC cells to secret VEGF into the cell culture media. These results suggest that TGFβ1 promotes the expression of VEGF in HUVEC cells. The function of TGFβ1 and the subsequent regulation of VEGF have been reported in other disease states (30, 31). Furthermore, we conducted a western blot analysis and demonstrated that TGFβ1 promotes the phosphorylation of Smad2 and Smad3, which activate the TGFβ pathway in HUVEC cells. Finally, the TGF-β1 was confirmed to enhance the ability of angiogenesis in HUVEC cells; thus, we concluded that TGF-β1 promotes the formation of transdural collaterals via the activation of the TGFβ signaling pathway promoting angiogenesis in vitro.

In previous studies, the spontaneous transdural collaterals that appear were considered the brain's ability to promote angiogenesis and served as a radiographic biomarker to predict the collaterals' development after revascularization (7, 8, 12). In this research, we detected that the levels of TGFβ1 were associated with the formation of transdural collaterals, indicating that TGFβ1 may become a vital biomarker in predicting collaterals after revascularization. Furthermore, we found that the relatively high concentrations of TGFβ1 were shown in pediatric patients with MMD. Moreover, an excellent postoperative collateral formation was detected in pediatric patients rather than adult with MMD (32, 33). These findings revealed that high levels of TGFβ1 may promote the formation of the collaterals in pediatric MMD patients and further demonstrates that the levels of TGFβ1 are related to collaterals.

Our study has some limitations. First, we identified the TGFβ1 overexpressed in MCA of MMA through bioinformatics analysis, but it was not verified in blood vessel wall tissue due to the specimen being difficult to obtain. Second, the subjects are patients with ischemic moyamoya disease, and there is a lack of the type of headaches and hemorrhage. In addition, the patients and specimens could be affected via selection bias because of the single-center study and the limited sample size. Finally, although we speculate that TGFβ1 may be related to the collaterals after the revascularization, we have not reviewed the follow-up data.



CONCLUSION

The present study showed that TGFβ1 might play an important role in promoting collateral formation by activating the TGFβ pathway and upregulating the VEGF in ischemic MMD, taking into account the function and mechanism of the TGFβ1, which might be an important target for collateral-enhancing and preventing stroke in ischemic MMD.
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Objective: Cerebral small vessel disease (CSVD) is a clinical syndrome caused by pathological changes in small vessels. Anxiety is a common symptom of CSVD. Previous studies have reported the association between inflammatory factors and anxiety in other diseases, but this association in patients with CSVD remains uncovered. Our study aimed to investigate whether serum inflammatory factors correlated with anxiety in patients with CSVD.

Methods: A total of 245 CSVD patients confirmed using brain magnetic resonance imaging (MRI) were recruited from December 2019 to December 2021. Hamilton Anxiety Rating Scale (HAMA) was used to assess the anxiety symptoms of CSVD patients. Patients with HAMA scores ≥7 were considered to have anxiety symptoms. The serum levels of interleukin-1β (IL-1β), IL-2R, IL-6, IL-8, IL-10, tumor necrosis factor-α (TNF-α), serum amyloid A (SAA), C-reactive protein (CRP), high-sensitivity C-reactive protein (hs-CRP) and erythrocyte sedimentation rate (ESR) were detected. We compared levels of inflammatory factors between the anxiety and non-anxiety groups. Logistic regression analyses examined the correlation between inflammatory factors and anxiety symptoms. We further performed a gender subgroup analysis to investigate whether this association differed by gender.

Results: In the fully adjusted multivariate logistic regression analysis model, we found that lower levels of IL-8 were linked to a higher risk of anxiety symptoms. Moreover, higher levels of SAA were linked to a lower risk of anxiety symptoms. Our study identified sex-specific effects, and the correlation between IL-8 and anxiety symptoms remained significant among males, while the correlation between SAA and anxiety symptoms remained significant among females.

Conclusions: In this study, we found a suggestive association between IL-8, SAA, and anxiety symptoms in CSVD participants. Furthermore, IL-8 and SAA may have a sex-specific relationship with anxiety symptoms.

Keywords: cerebral small vessel disease, anxiety symptoms, inflammatory factors, SAA, IL-8


INTRODUCTION

Cerebral small vessel disease (CSVD) represents a cluster of disorders in which pathological alterations are found in small arteries, arterioles, venules, and capillaries (1). The alterations of parenchymal visible on brain imaging are considered clinical hallmarks of CSVD (2). CSVD may lead to cognitive decline, dementia, gait impairment, mood disturbance, and stroke through multiple mechanisms (1, 3–5). Importantly, mood disturbances are very commonly identified in patients with CSVD (6–8). There exists evidence that MRI markers of CSVD are consistently associated with a higher incidence of depression (9–11). The vascular depression hypothesis postulates that CSVD leads to mood disorders via damage to brain structures or neural connections involved in mood regulation (9, 12). However, most small vessel disease lesions in CSVD patients are thought to be silent in clinically defined early stages, or clinical symptoms are often highly inconsistent with brain imaging (13). Accordingly, researchers have begun to focus on other predictors relevant to CSVD. Inflammation is attracting more attention as a risk factor and classical pathological feature of CSVD (14, 15).

On the other hand, early studies have suggested that chronic inflammation may potentially trigger mood disorders (16–19). CSVD is often accompanied by anxiety symptoms, and such symptoms might also be correlated with inflammation, as often reported in the healthy population. The relationship between serum inflammatory factor levels and anxiety disorder has been much less studied than its relationship with depression. Recent studies have examined whether low-grade inflammation may be contributing to the connection between anxiety disorders and cardiovascular diseases (CVDs) (20). The mechanism behind the link between inflammation and anxiety may be that inflammatory markers influence metabolic pathways that affect functions of the neurotransmitters, ultimately affecting the neurocircuits that regulate anxiety (21, 22). In the context of anxiety disorders, the most studied inflammatory markers are CRP, interleukin (IL-6), and tumor necrosis factor-α (TNF-α) (21, 23, 24). However, a prominent role of other inflammation in psychopathology cannot be excluded (25, 26).

To the best of our knowledge, studies on the relationship between inflammatory markers and anxiety symptoms in CSVD patients are sparse, and it is further unknown whether the relationship would differ by gender.

In this study, we hypothesize that inflammatory markers may be one of the possible mechanisms of anxiety symptoms in CSVD patients. We aim to investigate which inflammatory factors or cytokines are the most predictive in explaining anxiety symptoms in CSVD. Further understanding of underlying anxiety mechanisms in CSVD may help identify potential new therapeutic targets.



MATERIALS AND METHODS


Study Design and Participants

The ethics committee of Yueyang Hospital of Integrated Traditional Chinese and Western Medicine, affiliated with the Shanghai University of Traditional Chinese Medicine, approved the study (Approval number: 2020–060). All subjects provided informed written consent. Patients with CSVD diagnosed using brain magnetic resonance imaging (MRI) admitted to the neurology department were sequentially screened from December 2019 to December 2021.

Inclusion criteria: 1. aged between 18 and 80 years, 2. patients with CSVD diagnosed by MRI based on the standards for reporting vascular changes on neuroimaging (STRIVE) (2), including typical radiological findings of lacunes of presumed vascular origin, white matter hyperintensity (WMH), moderate to severe (number of BG-EPVS > 10) basal ganglia enlarged perivascular spaces (BG-EPVS) (27) and cerebral microbleeds (CMB).

Exclusion criteria: 1. presence of speech or hearing impairment, unable to complete the questionnaires due to communication difficulties, 2. presence of severe organ dysfunction (liver and kidney diseases), immune diseases, cancer, acute infections, allergies, 3. presence of severe mental disorders, uncontrolled somatic diseases, 4. presence of contraindications to MRI, 5. presence of hereditary and amyloidosis or WMH caused by other reasons, 6. presence of Parkinson's disease, Alzheimer's disease or any other neurodegenerative disease, 7. presence stenosis of intracranial and extracranial large arteries (stenosis >50%), 8. patients treated with antipsychotic drugs within 2 weeks of initial screening.



Inflammatory Markers

Fasting venous blood was collected from each individual in the morning after fasting for 12 h using Vacutainer K2 EDTA Tube (6.0 mL, #367863; Becton Dickinson, Franklin Lakes, NJ, USA) and Vacutainer SST II Tube (5.0 mL, #367955; Becton Dickinson, Plymouth, UK). Serum levels of interleukin-1β (IL-1β), IL-2R, IL-6, IL-8, IL-10, and tumor necrosis factor-α (TNF-α) were detected by using Siemens kits in Immulite 1000 automatic chemiluminescence immunoassay analyzer (Siemens Healthcare Diagnostics GmbH, Berlin, Germany). C-reactive protein (CRP) was measured by scattering immunoturbidimetry using Mindray BC-6800 automated hematology analyzer (Mindray Bio-Medical Electronics Co., Ltd, Shenzhen, China). Serum amyloid A (SAA) was measured by scattering immunoturbidimetry using an Astep Plus protein analyzer (Goldsite Diagnostics Inc., Shenzhen, China). High-sensitivity C-reactive protein (hs-CRP) was detected by immunoturbidimetry using Beckerman AU5841 automatic biochemical analyzer (Beckman Coulter Inc., Brea, CA, USA). Erythrocyte sedimentation rate (ESR) was detected by capillary spectrophotometry using the TEST1 ESR analyzer (Alifax, Padova, Italy). All analyses were performed in the clinical laboratory department, located within the Hospital. The manufacturers provided the kits, and laboratory professionals performed all operations strictly according to the manufacturer's instructions.



Data Collection and Definitions

We evaluated all participants' Hamilton Anxiety Rating Scale (HAMA) scores (28). Demographic characteristics included sex, age, education, marital status (single, married, divorced, widowed, and remarried), living arrangements (living alone or living with others), and medical history. Since lifestyle was associated with both anxiety and inflammation, we assessed smoking status (never, occasional, current, former), alcohol intake (never, occasional, current, former), salt intake (≥6 g/day), physical activity, and body mass index (BMI, kg/m2). Patients with HAMA scores≥ 7 were included in the anxiety group and otherwise included in the non-anxiety group.



Statistical Analysis

Continuous variables conforming to normal distribution were presented as mean ± standard deviation (SD), and differences between groups were assessed using an independent t-test. Non-normally distributed continuous variables were described with median (quartile), and the Wilcoxon rank-sum test was applied for difference comparison. Frequencies and percentages expressed categorical data, and the Chi-squared test or Fisher's exact test was used for the intergroup comparison. Univariate and multivariate logistic regression analyses examined associations between serum inflammatory factors and anxiety symptoms. We applied restricted cubic spline (RCS) analysis to evaluate further the possible non-linear relationship between the inflammatory markers and anxiety symptoms. Three different models were tested to account for potential confounders: Model 1: unadjusted; Model 2: adjustment for age and sex; Model 3: adjustment for age, sex, passive smoking, and physical activity. In addition, we performed a gender subgroup analysis to examine the above association. Odds ratios (OR) with their 95% confidence interval (CI) were reported. Alpha was set at 0.05. Statistical analyses were performed using SAS 9.4 software (SAS Institute Inc., Cary, NC, USA).




RESULTS


Demographic and Clinical Characteristics of Participants

Two hundred forty-five CSVD patients with an average age of 59 years old were included in this study, and 51% of them were female. The clinical characteristics of CSVD participants with or without anxiety symptoms are presented in Table 1. Among CSVD patients, individuals with anxiety symptoms were more physically active (p = 0.036), and the proportion of passive smokers was higher (p = 0.037) than participants without anxiety symptoms. There were no other statistically significant differences in demographic or clinical characteristics between the anxiety and non-anxiety groups.


Table 1. Comparison of demographic information in CSVD patients with and without anxiety symptoms.
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Comparison of Inflammatory Markers Levels

The comparison results of the serum inflammatory factors between the two groups are shown in Table 2. The serum levels of IL-8 (p = 0.003) and SAA (p = 0.01) in the anxiety group were significantly lower than those in the non-anxiety group, while other markers of inflammation, including TNF-α, IL-1β, IL-2R, IL-6, IL-10, hs-CRP, CRP, and ESR did not demonstrate significant differences between the two groups.


Table 2. Comparisons of inflammatory markers between the two groups.
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Association of Inflammatory Markers With Anxiety Symptoms

Restricted cubic spline (RCS) analysis revealed a non-linear relationship between IL-8, SAA, and anxiety symptoms, as shown in Figure 1. IL-8 and SAA were grouped in quartiles: first quartile (Q1; IL-8<30 pg/mL), Q2 (30 pg/mL≤ IL-8<58.15 pg/mL), Q3 (58.15 pg/mL≤ IL-8<124 pg/mL) and Q4 (IL-8≥124pg/mL), with the Q4 as the reference group; Q1(SAA <2.5 mg/L), Q2(2.5 mg/L≤SAA< 3.09 mg/L), Q3 (3.09 mg/L≤SAA<8.48 mg/L), Q4(SAA≥8.48 mg/L), with the Q2 as the reference group. Univariate and multivariate logistic regression were used to analyze the association between anxiety symptoms and inflammation markers and to adjust for possible confounding factors in CSVD patients, as shown in Table 3.


[image: Figure 1]
FIGURE 1. Examination of the relationship between IL-8 (A), SAA (B), and anxiety symptoms by restricted cubic splines analysis. Odds ratios are represented by the solid red line and the 95% confidence interval by the dotted line.



Table 3. Odds ratios (95%CI) of anxiety symptoms associated with IL-8 and SAA.
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Model 3 shows the associations after adjustment for age, sex, passive smoking, and physical activity. CSVD patients with lower levels of IL-8 were associated with a higher risk of anxiety symptoms. The odds ratios (OR) in the Q1 and Q2 were 3.32 (95% CI: 1.47–7.53, p = 0.004) and 2.28 (95% CI: 1.05–4.91, p = 0.036) compared with Q4, respectively. Patients with higher levels of SAA were associated with a lower risk of anxiety symptoms, the OR in Q4 was 0.51 (95%CI: 0.26–0.98, p = 0.045) compared with Q2.



Subgroup Analysis in Gender

Significant gender interactions were found between anxiety symptoms and inflammation (29, 30), which led us to perform regression analyses within the subgroups of gender. The results are shown in Table 4. CSVD patients with lower IL-8 levels were associated with an increased risk of anxiety in males but not in females, and the adjusted OR with 95%CI were 3.94 (1.22–12.70, p = 0.022), 3.93 (1.22–12.62, p = 0.021) and 3.32 (1.14-9.61, p = 0.027) in Q1, Q2 and Q3 vs. Q4, respectively. Compared with the lower SAA levels in Q2, higher SAA levels in Q4 were associated with a decreased risk of anxiety symptoms in females (OR = 0.33, 95%CI:0.12–0.88, p < 0.028) but not males.


Table 4. Odds ratios (95%CI) of anxiety symptoms associated with IL−8 and SAA for gender subgroup analysis.
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DISCUSSION

It was previously shown that inflammation factors might contribute to mood disturbances in cardiovascular disease (CVD) patients (20, 31, 32). Nonetheless, the role of inflammation factors in anxiety symptoms identified in CSVD patients has not been described. Our study indicated that IL-8 or SAA levels in CSVD patients might be negatively correlated with the risk of anxiety symptoms. Furthermore, we found sex differences in the associations between anxiety symptoms and inflammation. However, potential biological mechanisms underlying the relationships between IL-8, SAA, and anxiety symptoms in CSVD patients remain unclear.

Research on serum levels of IL-8 in patients with mood disorders is limited and has yielded different results. Consistent with our findings, previous studies indicated that IL-8 levels were negatively correlated with anxiety symptom severity among suicide attempters displaying anxiety disorders (33–35) or antidepressant drug-naïve patients with major depressive disorder (MDD) (36). Under physiologic conditions, inflammatory cytokines play an important role in neuroplasticity and neurogenesis (37). Previous studies have revealed that IL-8 has neuroprotective and neurotrophic properties (38–40), such as IL-8 showed a protective effect on perinatal asphyxia brain injury (41). Mood disturbances in CSVD patients are associated with WMH, lacunar infarcts, and microbleeds (8). Our study indicated that decreased IL-8 levels were associated with an increased risk of anxiety symptoms. Therefore, we considered that IL-8 might play a neuroprotective effect in disrupting brain structures involved in anxiety regulation in CSVD patients.

Additionally, IL-8 can modulate neurotransmitter levels (42) and may be involved in the anxiety-related neuronal circuits, such as attenuating the serotonin and dopamine systems (33, 43). Therefore, we speculate that IL-8 may also involve the biological mechanisms regulating anxiety recovery in CSVD. Indeed, physiologic levels of inflammatory factors are necessary for many neurophysiological processes associated with the protection of mood disturbance (44). When IL-8 levels are too low, the physiological processes of homeostasis may be disrupted.

Accumulating evidence suggests that SAA has proinflammatory properties (45–47). Nevertheless, some of the recent findings on SAA suggested that the primary role of SAA may be associated with homeostasis rather than proinflammatory (48). For example, studies have shown that SAA promotes the resolution of inflammation and tissue repair and regulates the homeostasis of the inflammatory process by inducing M2-like macrophages (49). Furthermore, several studies have found that systemic administration of SAA could not increase the production of proinflammatory cytokines (50, 51). The potential explanations for consideration might be that masses of reports on the proinflammatory effects of SAA were using recombinant human SAA (rhSAA) (45, 52, 53). Nevertheless, natural SAA from serum or plasma lacks most of the proinflammatory activity shown by rhSAA (51, 54, 55).

There are few direct clinical studies relating SAA to vascular diseases, and its essential biological role remains poorly understood. The levels of SAA in the blood of healthy individuals are generally below 3 mg/L (56). However, their levels can transiently spike 1000-fold 24 h after the onset of the acute-phase response (57) and then return to a low circulating baseline once the event resolves. The various functions ascribed to SAA are dose-dependent. Their role in inflammation can vary depending on the amount of cytokine expressed and the length of expression or the form of receptor activated by cytokine (55). A stable level of SAA is essential for most biological systems. Small increases in SAA levels may also be associated with the diagnosis or prognosis of a specific disease.

In our study, SAA levels did not show a 1000-fold increase, indicating low levels of peripheral inflammatory activity in the early stage of the CSVD. Compared with the lowest serum SAA levels in Q2 (2.5–3.09 mg/L), the Q4 (≥8.48 mg/L) group was associated with a decreased risk of anxiety symptoms (OR = 0.51, 95%CI: 0.26–0.98, p = 0.045), suggesting that significant but smaller increases of SAA levels may protect the patients against the early course of inflammation in CSVD. Additionally, previous studies have found that relatively low concentrations of SAA induce neutrophils to release IL-8 in a dose-dependent manner (46, 58). Thus, it could be hypothesized that IL-8 and SAA may both implicate the underlying pathophysiology of anxiety symptoms in the early stages of CSVD.

There is evidence that inflammatory profiles in mood disorders differ between females and males (30, 59–61). Concerning gender differences, our study found that anxiety symptoms were associated with IL-8 levels (males only) and SAA levels (females only) in CSVD patients. It may be that estradiol increases the secretion of IL-8 in immature dendritic cells, while androgen is generally immunosuppressive (62). Similarly, previous observational studies found higher IL-8 levels associated with decreased depressive symptoms in males (29). In contrast to our findings, Kruse et al. have reported that IL-8 levels are negatively correlated with total HAMD score among females but not males in cross-sectional studies of depressed patients (63). These similar sex-specific effects were also found in electroconvulsive or ketamine therapy studies in depressed patients (64, 65). However, not all studies have been consistent, reflecting the between-study heterogeneity within the diagnostic categories of depression and anxiety or distinct study designs.



CONCLUSION

To sum up, various serum inflammatory factors and mechanisms are in place to maintain homeostasis, but dysregulation of their actions often contributes to diseases, including anxiety symptoms in CSVD patients. The underlying pathophysiology of IL-8 and SAA in CSVD with anxiety symptoms is complex and needs further investigation.



LIMITATIONS

This study is a single-center cross-sectional study based on a relatively small sample. We cannot clarify the causal relationship. A large cohort corroboration is required to explore whether inflammation is a precursor, consequence, or bidirectional relationship in CSVD patients with anxiety symptoms. Additionally, we examined circulating levels of inflammatory factors but did not assess inflammatory factor levels in the cerebrospinal fluid. Further clinical trials are needed to guide the detection of inflammatory factors in CSVD patients with anxiety symptoms.
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Bioinformatics tools are used to create a clinical prediction model for cervical cancer metastasis and to investigate the neurovascular-related genes that are involved in brain metastasis of cervical cancer. One hundred eighteen patients with cervical cancer were divided into two groups based on the presence or absence of metastases, and the clinical data and imaging findings of the two groups were compared retrospectively. The nomogram-based model was successfully constructed by taking into account four clinical characteristics (age, stage, N, and T) as well as one imaging characteristic (original_glszm_GrayLevelVariance Rad-score). In patients with cervical cancer, headaches and vomiting were more often reported in the brain metastasis group than in the other metastasis groups. According to the TCGA data, mRNA differential gene expression analysis of patients with cervical cancer revealed an increase in the expression of neurovascular-related gene Adrenoceptor Beta 1 (ADRB1) in the brain metastasis group. An analysis of the correlation between imaging features and ADRB1 expression revealed that ADRB1 expression was significantly higher in the low Rad-score group compared with the high Rad-score group (P = 0.025). Therefore, ADRB1 expression in cervical cancer was correlated with imaging features and was associated as a risk factor for cerebral neurovascular metastases. This study developed a nomogram prediction model for cervical cancer metastasis using age, stage, N, T and original_glszm_GrayLevelVariance. As a risk factor associated with the development of cerebral neurovascular metastases of cervical cancer, ADRB1 expression was significantly higher in brain metastases from cervical cancer.
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INTRODUCTION

The fourth most prevalent cancer among women worldwide is cervical cancer, a common gynecologic malignancy (1). Approximately 570,000 new cases of cervical cancer were reported in 2018, representing 3.15% of all malignant tumor cases. Furthermore, approximately 310,000 cervical cancer-related deaths were reported in 2018, representing 3.26% of all malignant tumor deaths (1, 2). Cancer metastasis is a major cause of poor prognosis in cervical cancer (3–6). The five-year survival rate for cervical cancer patients with metastasis is only 30–60%, which is significantly lower than that for those without metastasis (7, 8). Cervical cancer metastasis involves complex molecular mechanisms (9). The lack of effective measures to prevent or treat cervical cancer metastasis is attributable to the fact that the mechanism of cervical cancer metastasis remains unclear.

Cervical cancer metastasis occurs mainly via the lymphatic route (10). The most common sites of distant metastases are the lungs, bones, and liver, in order of priority (11). It is rare for cervical cancer to spread to the central nervous system, and very little research has been conducted on this subject (12, 13). When diagnosed with brain metastases, cervical cancer patients typically have a poor prognosis; the median survival period from the time of diagnosis until death is 2–3 months (13). As of now, there is no reliable way to predict early whether cervical cancer will spread to the neurovascular system.

Known as an emerging method of image analysis, radiomics can extract quantitative features from medical images that describe biological information, such as tumor characteristics and heterogeneity, which can serve to guide clinical planning (14). In patients with esophageal cancer, radiomics also proved to be effective for predicting T and N stages as well as lymph node metastasis (15–17). Based on the results of the radiomics study, the model can improve the diagnostic accuracy of differentiating benign and malignant cartilage tumors, as well as benign and low-grade malignant chondrosarcomas (18). An analysis conducted by Zhao et al. of diffusion-weighted images of osteosarcoma was retrospectively screened for four clinical features and eight imaging features, and a combined feature model was constructed for both characteristics, displaying good performance (19). Thus, it is possible to assess a tumor and predict its progression by combining imaging and clinical data. Moreover, imaging analysis is useful in determining the malignant and benign classification and staging of ovarian tumors, monitoring treatment outcomes in patients with metastatic ovarian tumors earlier in the course of treatment, and providing high-precision survival assessment for patients with ovarian tumors (20, 21). Consequently, radiomics is an important tool for predicting tumorigenesis, metastasis, and prognosis.

Radiomics has made significant progress in recent years when it comes to detecting and localizing brain metastases, making a differential diagnosis with other primary brain tumors, and determining the prognosis of the patient. An algorithm based on multi-sequence magnetic resonance imaging (MRI) for example, is capable of automatically detecting and segmenting brain metastases with great precision (22). The best results of glioblastoma multiforme and metastasis differentiation can be obtained by applying an Support Vector Machine (SVM) classifier based on enhanced T1-weighted images (T1W1) radiomics (23). Furthermore, the enhanced T1W1 imaging feature – “zone percentage” is an independent prognostic factor for local tumor control in non-small cell lung cancer brain metastases (24). Researchers from Shen et al. performed a retrospective study using computed tomography (CT) images of patients with bones metastases from lung adenocarcinoma who had genetically confirmed epithelial growth factor receptor (EGFR) mutation status. Three features were associated with EGFR mutation status (25). Yu et al. demonstrated that high-throughput MRI imaging features extracted from conventional T2 fluid attenuation inversion recovery (T2-FLAIR) images were highly correlated with isocitrate dehydrogenase genotype 1 (IDH1) (26). Furthermore, the conventional sequence-based fusion imaging model constructed by Jiang et al. accurately predicted the methylation status of O6-methylguanine-DNA methyltransferase (MGMT) in low-grade gliomas (27). Hence, imaging features have a potential superior predictive efficacy in predicting tumor genotypes (28).

Several studies have reported that neurovascular factors are involved in the development and metastasis of several malignancies (29, 30). The adrenergic receptor gene, a neurovascular-related factor, encodes the adrenergic receptor.

β-adrenergic receptor blockers have the ability to reduce the risk of head and neck cancer, as well as esophageal, gastric, colorectal, and prostate cancer (31, 32). Catecholamines promote ADRB2-dependent pancreatic ductal adenocarcinoma and neurotrophic factor secretion, which is critical to tumor development (33). The induction of angiogenesis by brain endothelial cells was shown to be crucial for the early survival of brain metastatic cells (34). Further, patients with lung cancer with a positive VEGFC expression were significantly more likely to develop brain metastases than those with a negative VEGFC expression (35). Accordingly, neurovascular-related genes are involved in brain metastasis in cervical cancer, and it may be possible to predict neurovascular-related genes that are associated with brain metastasis by imaging features.

In recent years, bioinformatics has gained significant attention in several fields for its role in exploring disease mechanisms (36–41). The objective of this study was to identify early risk factors and potential targets from an imaging and genomics perspective for patients with brain metastases from cervical cancer in order to improve prognoses. By combining radiomics data and clinical information, a prediction model reflecting the risk of cervical cancer metastasis was constructed in this study that screened neurovascular genes with brain metastases related to cervical cancer.



METHODS


Data Collection

Patients treated at the Guizhou Provincial People's Hospital between January 2010 and January 2021 for CT examinations and a biopsy or surgical pathology that confirmed cervical cancer were included in the study. Inclusion criteria were as follows: I. an accurate pathological diagnosis; II. archived CT examination data; III. comprehensive medical and follow-up records. The following exclusion criteria were applied: I. incomplete clinical information; II. concurrent presence of primary malignant tumors at other sites; III. inadequate image quality. A total of 118 patients with cervical cancer participated in the study. The study was approved by the Ethics Committee of Guizhou Provincial People's Hospital.



Acquisition and Differential Testing of Neurovascular-Related Gene Expression Data

From the TCGA database, clinical information and transcript information were downloaded for two patients with brain metastases and 15 patients with extracerebral metastases from cervical cancer. The RNA transcription data were log-transformed and de-batched. In total, 469 genes related to neural or vascular function were identified through a literature review using PubMed, Web of Science, Google Scholar, and GeneCards databases. These genes regulate the interaction between nerves and blood vessels. The R package “limma” (version 3.50) was used to conduct gene expression analyses of groups with brain metastases and those with extracerebral metastases. Genes with false discovery rate < 0.05 and |log2 FoldChange| >1 were filtered for subsequent analysis.



Image Processing and Radiomics Feature Extraction

GE 16-row spiral CT scanners were used to acquire the imaging data of all patients. All patients were injected with 500 ml of pantethine (Xi'an Hanfeng Pharmaceutical Co., Ltd.), using a 5 mm needle, 30 min before scanning. CT images of patients were read and processed in Digital Imaging and Communications in Medicine (DICOM) format. ITK-SNAP (version 3.8.0; https://www.itksnap.org) was used for image segmentation, whereas the region of interest (ROI) was manually outlined, layer by layer, along the tumor edge. Finally, the segmented images were subjected to radiomics feature extraction using the Pyradiomics (version 3.0.1) package. Spearman's correlation analysis was used to assess the correlation between the radiomics features. For radiomics features with correlation coefficients > 0.85, only one was retained, thus minimizing redundant features.



Logistic Regression Analyses

Clinical and imaging characteristics were subjected to univariate logistics regression analysis, and characteristic variables with P < 0.05 were retained. Based on previous studies, we constructed a nomogram prediction model (40, 42–44). The retained imaging and clinical characteristics were included in the multivariate logistics regression analysis together, and characteristics with P < 0.1 were retained. The odds ratio (OR) and 95% confidence interval (95% CI) for each variable was determined separately. The receiver operating characteristic curve (ROC) was used to assess the sensitivity and specificity of continuous variables for predicting tumor metastasis.



Nomogram Construction and Clinical Application Validation

A multivariate logistics model was developed using the retained clinical and imaging characteristics. The entire dataset was divided into training and test sets in the ratio of 7:3, and the predictive performance of the model was quantitatively evaluated using the area under the curve (AUC) of the ROC. Decision curve analysis (DCA) calculated the net yield at different threshold probabilities to assess the utility and safety of the clinical prediction model. To facilitate clinical use, “RMS” (version 6.2) was used to visualize this combined multivariate model by constructing a nomogram. Predictors in the nomogram included select clinical and radiomics features. Calibration curves were used to assess the concurrence between predicted probabilities and actual outcomes.



Gene Set Enrichment Analysis

GSEA was performed to identify target neurovascular-related gene pathways using the RNA transcript dataset of patients with cervical cancer from TCGA database (45). The R package cluster profile (version 4.0) was used for GSEA analysis (46). The reference gene set “c2.cp.v7.2.symbols.GMT [Curated]” (MSigDB Collections, https://www.gsea-msigdb.org/gsea/msigdb/) was used for functional pathway annotation. The significant difference was adjusted to P < 0.05 as the cut-off criterion.



Quantitative Reverse Transcription Polymerase Chain Reaction

Patient tumor tissue samples were analyzed using qRT-PCR to explore the relationship between imaging features and gene expression. TRIzol reagent (Invitrogen) kits were used to extract total RNAs from the samples. According to the manufacturer's instructions, stem-loop antisense primer mix and AMV transcriptase (TaKaRa, China) kits were used to reverse transcribe these total RNAs into cDNAs. Finally, qRT-PCR was performed in the ABI 7500 real-time PCR system (Applied Biosystems, CA, USA) using an SYBR QPCR kit (Toyobo, Osaka, Japan). The primer sequences used are as follows: for ADRB1, forward: 5′-TCTACGTGCCCCTGTGCAT-3′ and reverse: 5′-TCGATCTTCTTCACCTGCTTCTG-3′; for GAPDH, forward: 5′-AAGAAGGTGGTGAAGCAGGC-3′ and reverse: 5′-TCCACCACCCAGTTGCTGTA-3′; for GAPDH, forward: 5′-AAGAAGGTGGTGAAGCAGGC-3′ and reverse: 5′-TCCACCACCCAGTTGCTGTA-3′ (47). GAPDH was used as a reference to normalize the same gene expressions between samples. The 2−ΔΔCt method was used to calculate the relative expression of the target gene. Gene expression was further normalized between samples before subsequent analysis.



Statistical Analysis

Demographic variables were divided into categorical and continuous variables, with Pearson's chi-square or Fisher's exact tests being used for categorical variables and Wilcoxon rank sum tests for continuous variables. Statistical analysis was performed using R software (version 4.0.2), and a two-tailed P < 0.05 was considered a statistically significant difference.




RESULTS


Demographic Characteristics and Imaging Features of the Patients

The flow chart of patient inclusion and data sources in this study are shown in Figure 1. The clinical characteristics and imaging variables of 118 patients with cervical cancer are presented in Table 1. Older patients showed a higher incidence of tumor metastasis than younger patients (p = 0.022). Additionally, a statistical difference was observed in stage, metastasis, T, N, surgery and radiation between patients with and without metastasis (P < 0.05). Patients with metastasis had a higher stage, larger T and N grades and lower surgery and radiation therapy rates than those without metastasis. Analyses of univariate regression and correlation were performed on the features extracted from the enhanced CT images, identifying three most critical variables, namely original_glszm_GrayLevelVariance, original_gldm_SmallDependenceHighGrayLevelEmphasis and original_glszm_SmallAreaLowGrayLevelEmphasis. The correlation heatmap of these three features is shown in Figure 2A. Based on the above analysis, we identified the main imaging features of metastases from cervical cancer.


[image: Figure 1]
FIGURE 1. Flowchart showing the inclusion criteria and study process of selecting patients with cervical cancer.



Table 1. Demographic and clinical characteristics of patients with or without metastasis.
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FIGURE 2. Radiomics and the predictive power of age in predicting tumor metastasis. (A) A heat map demonstrating low correlation between the three screened radiomics features; (B) A heat map demonstrating low correlation between the three screened radiomics features; (C) A ROC curve showing the ability of univariate logistic regression models of age to predict tumor metastasis.




Variable Screening for Univariate and Multivariate Logistic Regression Analysis

Logistic models are commonly used to screen for risk factors for clinical outcomes. The predictors associated with tumor metastasis based on univariate and multivariate logistic regression models are shown in Table 2. Based on the filtering conditions of univariate analysis, age, stage, N, T, surgery, radiation, original_glszm_GrayLevelVariance, original_gldm_SmallDependenceHighGrayLevelEmphasis and original_glszm_SmallAreaLowGrayLevelEmphasis were able to predict tumor metastasis in patients with cervical cancer (P < 0.05). The AUCs for these three radiomics features were 0.625, 0.601, and 0.606 according to the univariate analysis, which means these features can serve as good predictors of cervical cancer (Figure 2B). Further multivariate logistic regression analysis showed that age, stage and N were independent predictors of tumor metastasis (P < 0.05). According to Figure 2C, the AUC on the prediction model constructed based on age was 0.682 (0.587–0.777). Based on predefined filtering conditions, age, stage, N, surgery, and original_glszm_GrayLevelVariance have been incorporated into a multivariate logistic regression model in order to construct a clinical prediction model. In the training, validation, and overall groups, the AUCs of this predictive model were, respectively 0.922, 0.833, and 0.910 (Figure 3A). Accordingly, the predictive efficacy and accuracy of the model was enhanced by the inclusion of clinical and imaging factors together. Based on DCA of the training, validation and overall groups shown in Figure 3B, the model appears to be user-friendly and has a wide range of clinical applicability. Figure 3C depicts the weights assigned to each variable in the model, with the imaging features having the greatest weight (Table 3).


Table 2. Univariate and multivariate logistics regression analysis.
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FIGURE 3. Construction of multifactor models with variable weights. (A) ROC curve showing the predictive performance of models based on clinical data and imaging features. (B) DCA showing the wide range of clinical utility and safety associated with the built prediction model. (C) Forest plot displaying the relative weights and values of the variables included in the model.



Table 3. Prediction factors for nomogram.
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Nomogram Construction for Predicting Tumor Metastasis

Based on the regression coefficients of each variable in the constructed multivariate logistic regression model, the nomogram of the clinical prediction model was plotted (Figure 4A). The nomogram consists of a series of selected variables and a score corresponding to each featured variable. By calculating the total score of all features in the nomogram, the likelihood of tumor metastasis can be determined. It is evident in Figure 4B that there is a high degree of consistency between the predicted and true values for patients in the multivariate prediction model. Principal component analysis (PCA) reveals that the variables incorporated in the model show significant differences between patients with cervical cancer with and without metastasis (Figure 4C). These results suggest that this cervical cancer metastatic prediction model performs well.


[image: Figure 4]
FIGURE 4. Nomogram development and clinical validation. (A) A nomogram was constructed using the multi-factor logistic regression model; (B) Calibration plot showing a good fit between the true and predicted values; (C) PCA showing the variables incorporated into the model could distinguish between cervical cancer patients with metastasis.




Comparison of the Brain and Non-brain Metastasis Groups

An examination of clinical differences between patients with brain metastases and those with non-brain metastases was performed to determine the relationship between metastases, neurological and vascular effects. Among the brain metastases group, the incidence of headache and vomiting was 100 and 66.7%, respectively (Figure 5A), whereas among the metastases group, the incidence of headache and vomiting was 7.8 and 17.6%, respectively (Figure 5B), with a statistically significant difference between the two groups (p < 0.05). In addition to the increased intracranial pressure due to intracranial occupancy, headache can also be associated with neurological and vascular disorders. Additionally, associated neuropeptide or vasoactive factor release can also result in vomiting in addition to gastrointestinal dysfunction. Consequently, the 469 genes related to neurological and vascular conditions were analyzed.


[image: Figure 5]
FIGURE 5. Brain metastases from cervical cancer. (A) Occurrence rate of headache as well as vomiting in the brain metastasis group. (B) Occurrence rate of headache and vomiting in the non-brain metastasis group.




Variance Analysis in the TCGA Database

RNA transcription data were obtained from the TCGA database for three patients with cervical cancer who had brain metastases and 14 patients with cervical cancer who did not have brain metastases. Differential expression analysis was performed on the 469 genes related to neurological function, which were obtained from the literature review and GeneCards database. Five genes (CHGB, CACNA1B, ADRB1, PLCG1 and TSPO) were found to be statistically significant between the two groups (Figure 6A). After ranking the differential genes by significance and investigating the function of each gene, ADRB1 was identified as a gene that could be involved in nerves and blood vessels. ADRB1 expression was significantly different in brain metastasis compared to non-brain metastasis groups (Figure 6B). In the tumor brain metastasis group, ADRB1 expression was significantly higher than at other metastasis-site group (p = 0.003). In order to further identify the role of ADRB1 in cervical cancer brain metastasis, the GSEA analysis of RNA transcription data from patients with cervical cancer revealed that the T cell receptor complex pathway was upregulated, while the iron-sulfur cluster assembly pathway was downregulated (Figure 6C). This suggests the potential role of ADRB1 in immune regulation and altered mitochondrial respiratory function in response to hypoxia (48).


[image: Figure 6]
FIGURE 6. Characteristics of ADRB1. (A) Volcano plot showing differentially expressed genes between the brain metastasis and the extracerebral metastasis groups, and ADRB1 was upregulated in the brain metastasis group. (B) Differences in ADRB1 expression between the brain metastasis and non-brain metastasis groups. (C) GSEA showing the upregulation of the T cell receptor complex pathway in the ADRB1-enhanced group and the downregulation of the iron-sulfur cluster assembly pathway.




Radiomics Features Can Predict ADRB1 Expression

A correlation analysis was conducted between original_glszm_GrayLevelVariance and ADRB1 expression in 60 patients to further examine the predictability of the imaging feature in the constructed model. The correlation analysis revealed a negative correlation between the radiomics feature original_glszm_GrayLevelVariance and ADRB1 expression (Figure 7A, Spearman r = −0.46, p < 0.001). Patients were further divided into high Rad-score and low Rad-score groups according to the value variation of the radiomics feature original_glszm_GrayLevelVariance. The difference in ADRB1 expression between the high- and low-Rad-score groups is statistically significant (Figure 7B). Expression of ADRB1 was higher in the low-Rad-score group than the high-Rad-score group (p = 0.025). In light of this, the radiomics feature original_glszm_GrayLevelVariance in the model is likely to be able to predict ADRB1 expression and, thereby, brain metastasis in cervical cancer. Hence, ADRB1 expression is associated with radiomics features and is considered a risk factor for cerebral neurovascular metastasis of cervical cancer.


[image: Figure 7]
FIGURE 7. The relationship between histological features and ADRB1 expression. (A) A correlation analysis found a negative relationship between the imaging feature original_glszm_GrayLevelVariance and ARDB1 expression (Spearman r = −0.46, P < 0.001). (B) Patients were divided into high Rad-score and low Rad-score groups based on the value of the histological feature original_glszm_GrayLevelVariance; * p < 0.05.





DISCUSSION

The clinical and radiomic features of 118 patients with cervical cancer (with or without tumor metastasis) were retrospectively analyzed. Univariate and multivariate logistic regression analyses screened four clinical features (age, stage, N and T) and one radiomics feature (original_glszm_GrayLevelVariance) associated with cervical cancer metastasis. These features were used to construct clinical prediction models. ADRB1 was found to be related to radiomic features and was considered as a risk factor associated with the risk of cerebral neurovascular metastasis in cervical cancer.

Radiomics is an emerging field that involves the transformation of various types of images into high-dimensional image feature data, providing a more comprehensive description of tumor tissue heterogeneity (49, 50). In a study, the prediction of cervical cancer metastasis was modeled using multiparametric MRI imaging and seven clinical and pathological characteristics, demonstrating that multisequence MRI features serve as non-invasive biomarkers for the preoperative assessment of cervical cancer lymph node status. Furthermore, these characteristics can have an impact on treatment decisions for patients with cervical cancer at an early stage (51). Wu et al. constructed a radiomics model and apparent diffusion coefficients (ADCs) of 189 patients, which was able to predict the development of lymph node metastases in cervical cancer with an AUC of 0.847 (52). Similarly to previous MR-based studies of cervical cancer, this study also observed a better predictability of cervical cancer metastasis using radiomics (53). Based on the original_glszm_GrayLevelVariance feature of enhanced CT images in conjunction with clinical features, the current study developed a clinical prediction model for cervical cancer metastasis. It was demonstrated that the prediction model had good predictive efficacy, a high clinical usefulness and a wide safety range, which successfully differentiated between women with cervical cancer who had metastasized and those who did not. Recent studies have shown that radiomics can be used to investigate the association between histological features and gene mutations by mining high-throughput radiomics features from conventional CT images (54). Similarly, radiomics can also predict genes associated with cervical cancer metastasis.

ADRB1, a β1 adrenergic receptor, is a member of the G protein-coupled receptor family, serving as adrenergic receptors in myocardiocytes (55). The β-adrenergic receptor signaling pathway has also been found to be closely associated with tumor proliferation, apoptosis and microenvironment regulation (56–59). According to previous studies, ADRB family genes play a crucial role in regulating the interaction between the sympathetic drive and the immune system (60). According to previous studies, ADRB family genes play a crucial role in regulating the interaction between the sympathetic drive and the immune system. ADRB1 is involved in the regulation of tumor development in the lungs, breast and prostate (61–63). Furthermore, ADRB1 genes may act synergistically with FOXA1 and ADRB2 genes to drive tumor formation and development (62). It is also closely associated with metastasis and recurrence of oral squamous cell carcinoma (64). Similarly, this study identified ADRB1 as a potential oncogene involved in the neurovascular metastasis of cervical cancer. Consistent with previous studies, GSEA revealed that the T cell receptor complex pathway was upregulated, whereas the iron-sulfur cluster assembly pathway was downregulated in the ADRB1 group, indicating the role of ADRB1 in immune regulation and altered mitochondrial respiratory function in response to hypoxia. Wang et al. observed that the high expression of ADRB1 could mediate and maintain a normal immune response by promoting the activity of B cells and dendritic cells (61). Immune infiltration contributes significantly to tumor progression (65). Thus, ADRB1 serves as an immunomodulator in the process of cerebral neurovascular metastasis in cervical cancer.

Lymph node status in early-stage cervical cancer was found to be associated with the age of the patient (66). Ki et al. report the mean age of diagnosis in patients with cervical cancer metastasis as 55 years (67). Advanced age is a remarkable factor affecting the prognosis of patients with stage IV cervical cancer, with patients ≥70 years of age having the worst prognosis (68). Similar to previous studies, the age of patients with cervical cancer in the non-metastatic group was found to be significantly lower than those with metastasis. Moreover, age turned out to be an independent risk factor for cervical cancer metastasis. Additionally, patients with cervical cancer who had tumor diameters >4 cm were significantly more likely to develop metastasis than those who had tumor diameters <4 cm (69). The incidence of cervical cancer metastasis increases with the progression of the tumor stage (70). Similarly, pelvic lymph node metastasis in patients with cervical cancer could lead to a higher rate of distant metastasis (71).

Neurovascular factors are thought to contribute to headache and vomiting. The incidence of headache and vomiting was higher in patients with cervical cancer in the brain metastasis group when compared to those with other sites of metastasis. Further bioinformatic analysis revealed that the expression of neurovascular-related gene ADRB1 was elevated in the tumor brain metastasis group. However, the current study has certain limitations: (1) The clinical aspect of this study was retrospective, with possible selection bias and a small sample size. Therefore, further multi-center studies should expand the sample size; (2) The risk factors for brain metastasis in cervical cancer screened in this study were based on bioinformatic analyses, which require further clinical validation; (3) RNA transcription data were downloaded from the TCGA database for two patients with brain metastases and 15 patients with extracerebral metastases from cervical cancer, which may be subject to selection bias due to the limited sample size; (4) Additionally, further experiments to validate the function of ADRB1 in cervical cancer brain metastasis are required.



CONCLUSION

Based on four clinical features and one radiomic feature, a nomogram-based cervical cancer metastasis prediction model has been developed. A radiomics feature is considered essential for predicting tumor gene expression. ADRB1 gene expression was significantly higher in cervical cancer brain metastasis than in other metastasis sites. Therefore, features of radiomics that are related to ADRB1 may be associated with the risk of cerebral neurovascular metastases in cervical cancer.
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Background: To date, no in-depth study has been conducted on the intrinsic pathological relationship between altered brain activity and related behavioral changes in patients with orbital fracture (OF).

Purpose: The present research aimed to explore the potential functional network cerebrum activities in patients with OF using resting state functional magnetic resonance imaging–fractional amplitude of low-frequency fluctuation (rsfMRI-fALFF). This technique can reveal dynamic functional changes in specific cerebrum areas.

Methods: Twenty patients with OF and 20 healthy controls (HCs) were included, closely matched in terms of gender, age, weight, and education level. To record spontaneous cerebral activity changes, the rsfMRI-fALFF tool was applied. Receiver operating characteristic (ROC) curves and Pearson's correlation analysis were used to analyze mean fALFF values in specific cerebrum regions and to explore changes of behavioral changes in patients with OF. The Hospital Depression and Anxiety scale was applied to reveal the relationship between emotional states and fALFF values of the right superior temporal gyrus in patients with OF.

Results: In comparison with HCs, significantly lower fALFF values were detected in the left anterior cingulate gyrus (LACG) and right superior temporal gyrus (RSTG) in patients with OF. ROC curve analysis showed excellent accuracy. The mean fALFF values of the RSTG negatively correlated with the depression score as well as the anxiety score.

Conclusion: The finding of abnormal spontaneous activities in cerebral regions may contribute to more comprehensive understanding of the potential neural network changes in patients with OF. The changes of fALFF value in patients with OF may help to gauge their emotional changes and clinical recovery levels.

Keywords: orbital fractures, fALFF, spontaneous brain activity, resting state, image


INTRODUCTION

The orbital bones are fragile, with no protective surround, making them vulnerable to orbital wall fracture (1), of which trauma is the main cause. Previous research (2) has shown that about half of orbital fractures are isolated and are usually limited to one orbital wall, the orbital floor, and medial wall being the most frequently occurring fracture sites (3). Orbital fractures mostly occur in children and young people, and are more common in males than females (4, 5). Chi et al. reviewed 733 cases of orbital fractures, among which three quarters were male (6). Conservative treatment is often used for small orbital fractures without displacement (7), while, for large displaced fractures, surgical intervention is necessary (8, 9). Orbital fractures may cause exophthalmos (10), enophthalmos (11), diplopia (12), entropion (13), subconjunctival hemorrhage (14), and even blindness (15). Therefore, early monitoring and termination of adverse disease progression in patients with OF are very important. The use of modern imaging technology to study the brain activity of patients with OF may be important as a means by which to improve understanding of the mechanism of potential pathological changes in this condition, and may, therefore, be beneficial to the management of complications. Previous studies have confirmed that the changes of spontaneous brain activity in related brain regions can be used as an indicator of disease progression. Therefore, we tried to explore the value of using modern imaging techniques to explore the value of spontaneous brain activity changes as a marker of disease progression in patients with orbital fractures.

Magnetic resonance imaging (MRI), as a widely used auxiliary imaging technology, was developed in the 1980s and provides us a preliminary understanding of the anatomical structure and operating mechanism of the brain (16, 17). Hemodynamic changes caused by neuronal activity can be qualitatively measured with the help of MRI technology, known as functional magnetic resonance imaging (fMRI). This approach has been used in a variety of studies on the mechanism and effects of spontaneous neuronal activity in the brain, and has been helpful in exploring the pathophysiological changes and pathogenesis of various diseases (18, 19). The fractional amplitude of low frequency fluctuation (fALFF), a resting state fMRI method, has provided an index for the evaluation of spontaneous neural activity, and its accuracy and sensitivity have been widely confirmed (16). To our knowledge, the present experiment was the first attempt to explore the connection between spontaneous brain activity and behavioral performance in patients with OF using the fALFF method as well as to explore the value of fALFF in evaluating the pathological changes and severity of OF.



SUBJECTS AND METHODS


Subjects

In total, 20 patients with OF (12 males, 8 females) and 20 matched healthy controls (HCs) participated in this research. The relevant inclusion criteria were: (1) with optic nerve injury; (2) with diplopia; (3) with orbital collapse; (4) with limited eye movement; (5) with surgical treatment; (6) no other ocular diseases (such as macular degeneration); (7) no brain disease (such as cerebral infarction); (8) no history of mental illness; (9) no organic diseases likely to affect MRI examination.

The 20 HCs (12 males, 8 females) were highly similar to the OF group in sex, age, weight, and education level. Our study met the ethical standards of the Medical Ethics Committee of the First Affiliated Hospital of Nanchang University as well as the principles of the Declaration of Helsinki. After materials, methods, purpose, and underlying risks of this experiment were explained, each participant signed a declaration of informed consents.



MRI Parameters

MRI scanning was conducted using a Trio 3-Tesla MR scanner (Trio; Siemens, Munich, Berlin, Germany) in all the participants. During the MRI scanning, other interference factors were excluded, and the subjects remained awake, breathing normally and with good vital signs. The whole-brainT1-weights were obtained with the application of the spoiled gradient-recalled echo sequence. Relevant corresponding parameter settings of structural images were as follows: echo time = 2.25 ms, repetition time = 1,800 ms, field of view = 250 × 250 mm2, layer interval = 0.5 mm, flip angle = 90°, matrix = 256 × 256, thickness = 1 mm. Functional images (n = 240) were captured with the following settings: echo time = 30 ms, repetition time = 2,000 ms, field of view = 220 × 220 mm2, flip angle = 90°, matrix = 64 × 64, thickness = 4 mm.



fMRI Data Processing

All data were pre-filtered using MRIcro (www.MRIcro.com) and then preprocessed the filtered data using SPM8 (https://www.fil.ion.ucl.ac.uk/spm/). In pre-filtering, the first 10 volumes were regarded as invalid data and excluded to ensure steady signals. The volumes were offset by no more than 2 mm in X, Y, or Z directions. On the basis of the standard echo planar imaging template, the images were resampled and normalized (with a standard setting of voxel size 3 × 3 × 3 mm, and were smoothed) to enhance the signal-to-noise ratio. This method has been described in detail previously (20).



fALFF Analysis

To calculate fALFF, a full-width Gaussian kernel (half maximum = 6 × 6 × 6 mm3) was used to smooth the remaining 230 images. Band-pass (0.01–0.08 Hz) filtering was used to control for movement artifacts and low frequency drift. A fast Fourier transform (FFT) algorithm was used to obtain the signal power spectrum, and fAFLL was calculated as the ratio of the amplitude at each value in the low frequency band (0.01–0.08 Hz) to full-band (0–0.25 Hz) power amplitude.



Brain-Behavior Correlation Analysis

To look for any associations between brain activity and behavioral performance, brain regions of interest were determined based on fALFF values, and Pearson's correlation analysis was used to explore the linear relationship between activities in these regions and clinical manifestations.



Statistical Analysis

Using SPSS software version 20.0 (IBM Corp, Armonk, NY, USA), an independent sample t-test was conducted on the common clinical variables and demographic data of patients with OF and HCs using a 5% significance level. A two-sample t-test was used to compare the functional data. Based on Gaussian random field theory, the statistical threshold of the voxel level in multiple comparisons was set at p < 0.05. Gaussian random field theory was used to determine the significance of the functional image at the 5% level with a cluster size > 40 voxels. Using the mean fALFF in various cerebral regions of HCs and patients with OF, the areas under the ROC curves (AUC) were obtained. In addition, Pearson correlation analysis was used to look for associations between the mean fALFF values in multiple cerebrum regions and characteristics of clinical behavior in patients with OF.




RESULTS


Demographics and Visual Measurements

No significant differences were found between groups in terms of gender (p > 0.99), weight (p = 0.902), or age (OF, 51.21 ± 11.42; HC, 50.96 ± 10.82; p = 0.871). However, best corrected monocular visual parameters were significantly different between groups, as follows: visual acuities (p = 0.017, left, and 0.011, right eye), visual-evoked potential (VEP) latencies (p = 0.022, left, and 0.017, right eye), and amplitudes (p = 0.012, left, and 0.009, right eye) (Table 1).


Table 1. Basic information of the participants in the study.
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Differences in fALFF

In comparison with HCs, the patients with OF showed significant lower fALFF values in the left anterior cingulate gyrus (LACG) and right superior temporal gyrus (RSTG) (Figure 1, Table 2). The mean fAFLL values are shown in Figure 2.


[image: Figure 1]
FIGURE 1. Spontaneous brain activities of and healthy controls. (A) Different fALFF areas in patients with OF. (B) The blue areas represented lower fALFF values. L, left; R, right.



Table 2. Brain areas with significant differences in fALFF between two groups.
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[image: Figure 2]
FIGURE 2. The average fALFF values in OF and HC groups. Cingulum_Ant_L, left anterior cingulate gyrus; Temporal_Sup_R, right superior temporal gyrus; fALFF, fractional amplitude of low-frequency fluctuation; OF, orbital fractures; HC, healthy control. “*” p < 0.05.




Receiver Operating Characteristic Curves

ROC curves were used to visualize the comparison between average fALFF values of patients with OF and HCs, and the areas under the curves (AUCs) were used as indicators of diagnostic accuracy. Using this approach, AUCs of the LATG and RSTG were found to be 0.983 and 1.000, respectively (Figure 3).


[image: Figure 3]
FIGURE 3. ROC curve analysis of the average fALFF values in different cerebrum areas. AUCs: Cingulum_Ant_L: 0.983, Temporal_Sup_R: 1.000. Cingulum_Ant_L, left anterior cingulate gyrus; Temporal_Sup_R, right superior temporal gyrus; AUC, area under the curve; ROC, receiver operating characteristic.




Correlation Analysis

In patients with OF, significant correlations were found between fALFF values in the RSTG and depression scores (negative correlation: r = −0.955, p < 0.01) and anxiety scores (negative correlation: r = −0.899, p < 0.01) (Figure 4).


[image: Figure 4]
FIGURE 4. Correlations between the average fALFF values and clinical characteristics in the RSTG. In the RSTG, the DS (r = −0.955, p < 0.01) (A) and AS (r = −0.899, p < 0.01) (B) are both represented by a negative relationship with the fALFF values. fALFF, fractional amplitude of low-frequency fluctuation; DS, depression score; AS, anxiety score; RSTG, right superior temporal gyrus.





DISCUSSION

To our knowledge, the ALFF method has not previously been used to study the potential relationship between brain activity changes and clinical manifestations in patients with OF. This study aimed to explore the cerebral neural changes after orbital fracture using the fALFF technique (Figure 5). The study found significantly lower fALFF values in the LACG and the RSTG in patients with OF (Figure 6). In previous studies, the fALFF method has been applied to a series of ophthalmological diseases, including normal-tension glaucoma (20), monocular blindness (21), retinal vein occlusion (22), diabetic retinopathy, and nephropathy (23) (Table 3), demonstrating its potential for clinical application.


[image: Figure 5]
FIGURE 5. The correlations between average fALFF signal values and clinical manifestation of patients with OF. The patients with OF have lower fALFF values, and they are more likely to develop depressive symptoms. OF, orbital fractures.



[image: Figure 6]
FIGURE 6. fALFF results of cerebral activity in the OF group. The fALFF values of the cerebral areas in the OF group were in the following: 1- left anterior cingulate gyrus (t = −4.6941), 2 - right superior temporal gyrus (t = −4.399). The intensity, as well as the frequency of brain activity, is reflected by the size of spots.



Table 3. The fALFF method applied in ophthalmological diseases.
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The anterior cingulate gyrus (ACG) is a functional area associated with many physiological functions, is located in the medial brain and passes longitudinally through the parietal lobe, and its main roles are in memory (24), action – outcome learning (25–27), emotion, and reward-related processing (28). The research of Hornak et al. (29) showed that, in some cases, the ACG plays an important part in voice and facial expression recognition, while Lane et al. (30–32) studied anterior cingulate injury in subjective emotional experience, and found that ventral ACG and Brodmann's area 9 may be activated during mood fluctuations. Based on the functions of the anterior cingulate gyrus, some researchers have explored its diagnostic value in Parkinson's disease (33), depression (34), and acute and chronic pain (35). In addition, a previous study has found that the prefrontal cingulate gyrus can respond to visual stimuli (36). In the present study, given the reduced visual responses in patients with OF, the results may indicate a compensatory mechanism for vision loss in patients with OF.

The superior temporal gyrus (STG) is a functional area of the brain located in the temporal lobe, closely related to emotional and speech processing (37, 38). The STG is a component of the default mode network, which is inhibited during brain activity and excited during rest. Liu et al. (39) used the rsMRI-fALFF method to study the STG in depression. They found that the lower fALFF values of STG correlated greater reductions on the Hamilton rating scale for depression, and inferred that STG neural changes were closely related to the effect of early treatment for depression. In addition, Wang et al. (40) measured functional connectivity density in STG and found that abnormal connectivity is negatively correlated with the treatment effect. In the present experiment, the fALFF value of the right STG in patients with OF was significantly lower than that in healthy controls, and we speculate that this decrease may be a compensatory mechanism for the recovery of brain function in patients with OF. The results suggest that the fALFF value may be used as a reliable index to gauge therapeutic effects of clinical treatment. Moreover, it was discovered that, in the patients with OF, fALFF values in the RSTG were negatively correlated with anxiety and depression scores, which may indicate a self-regulation mechanism in this brain area, with brain function being temporarily inhibited (Table 4).


Table 4. Brain areas of altered fALFF values and anticipated results.

[image: Table 4]

This study has some limitations; one of which is the relatively small sample size, and the other is that the sample source was limited and not completely matched. Third, compared with the simple use of VEP, the use of pattern electro retino grams (PERGs) and pattern visual-evoked potentials (PVEPs) two checks can be more rigorous explanation of the problem. Therefore, future research should use larger and more closely matched samples to further clarify the neural changes in patients with orbital fractures, and to provide a more intuitive clinical efficacy index for treatment. In conclusion, this study has demonstrated that patients with OF have reduced fALFF values in specific cerebrum areas, indicating changes in spontaneous brain activity. Further research on the mechanism underpinning brain activity changes in patients with OF may be helpful to advance understanding of this condition.
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Background and Purpose: Clots rich in platelets and fibrin retrieved from patients with acute ischemic stroke (AIS) have been shown to be independently associated with the absence of the susceptibility vessel sign (SVS) on MRI and active malignancy. This study analyzed the association of SVS and the presence of active malignancy in patients with AIS who underwent mechanical thrombectomy (MT).

Methods: This single-center, retrospective, and cross-sectional study included consecutive patients with AIS with admission MRI treated with MT between January 2010 and December 2018. SVS status was evaluated on susceptibility-weighted imaging. Adjusted odds ratios (aORs) were calculated to determine the association between absent SVS and the presence of active or occult malignancy. The performance of predictive models incorporating and excluding SVS status was compared using areas under the receiver operating characteristics curve (auROC).

Results: Of 577 patients with AIS with assessable SVS status, 40 (6.9%) had a documented active malignancy and 72 (12.5%) showed no SVS. The absence of SVS was associated with active malignancy (aOR 4.85, 95% CI 1.94–12.11) or occult malignancy (aOR 11.42, 95% CI 2.36–55.20). The auROC of predictive models, including demographics and common malignancy biomarkers, was higher but not significant (0.85 vs. 0.81, p = 0.07) when SVS status was included.

Conclusion: Absence of SVS on admission MRI of patients with AIS undergoing MT is associated with malignancy, regardless of whether known or occult. Therefore, the SVS might be helpful in detecting paraneoplastic coagulation disorders and occult malignancy in patients with AIS.

Keywords: susceptibility vessel sign, malignancy-related stroke, biomarkers, paraneoplastic coagulation disorders, ischemic stroke, mechanical thrombectomy, thrombus composition/occult malignancy


INTRODUCTION

Patients with malignancy-related strokes are more likely to suffer more severe or fatal or recurrent strokes compared to other patients with stroke (1–3). Identifying patients with malignancy in the acute stroke setting would allow targeted treatment and secondary prevention and might improve outcome (4, 5). Thus, easily accessible biomarkers associated with malignancy are needed. Clots in patients with stroke with active malignancy retrieved via mechanical thrombectomy (MT) have been shown to contain more fibrin and platelets than clots from other patients (4, 6). A noninvasive, in situ characterization of clots may be achieved through appropriate imaging. Whereas computed tomography (CT) merely provides information on the density of the clot, magnetic resonance imaging (MRI) may allow more sophisticated characterization of their composition. The susceptibility vessel sign (SVS) identified on T2* gradient recalled echo imaging (T2* GRE) and susceptibility-weighted imaging (SWI) in brain MRI may serve this purpose (7, 8). The underlying stroke etiology influences the clot composition and, consequently, the SVS status on cerebral imaging (9). Thrombi from cardioembolic stroke and large artery atherosclerosis stroke (LAA) have a high proportion of erythrocytes in their histopathological composition (10, 11). Interestingly, a study also described a high proportion of platelets in thrombi from patients with LAA (12). Currently, only cardioembolic stroke has been associated with the presence of SVS (13, 14). In opposition, clots due to hypercoagulation states (a.o. disseminated intravascular coagulation by underlying malignancy) tend to be composed of more fibrin and platelet and seem to be more associated with absence of SVS (11, 15). Based on the current data, we hypothesized that the absence of SVS, which may indicate platelet and fibrin-rich thrombi, may also be associated with active malignancy. The aim of this study was to test this hypothesis and analyze models that include the SVS to predict the likelihood of active malignancy in patients with AIS.



METHODS


Study Cohort

This retrospective study evaluated all consecutive patients with stroke treated with MT at our comprehensive stroke center between January 1, 2010, and December 31, 2018. Inclusion criteria were as follows: (1) Ischemic stroke with at least one intracranial symptomatic occlusion on angiography, (2) MRI and SWI performed at admission, (3) SVS status assessable, and (4) MT performed. Patients who received intravenous thrombolytics before blood for laboratory analyses was drawn were excluded from some subanalyses. The local ethics committee approved the study in accordance with Swiss law (reference ID: 2019-00547, Kantonale Ethikkomission Bern). Study approval was restricted to patients treated with MT.



Definition of Active Malignancy

Active malignancy was defined according to the Haemostasis and Malignancy Scientific and Standardization Committee of the International Society on Thrombosis and Haemostasis (16, 17). Malignancy diagnosed within 1 year after the index stroke was defined as occult malignancy. However, occult malignancy was also considered active at the time of stroke and thus represented a subset of the active malignancy group (18–20). Patients with focal nonmelanoma skin cancer were excluded due to the nonsystemic nature of the disease and its low risk of metastatic spread (21). Patients receiving secondary prophylactic hormone therapy after breast cancer were considered in complete remission and without active malignancy (22, 23).



Imaging Analysis

Imaging was performed on a 1.5 T or 3 T MR imaging scanner (1.5 T: Magnetom Avanto or Magnetom Aera; 3T: Magnetom Verio; Siemens). Magnetom Avanto 1.5 T SWI and 1.5 T Magnetom Aera SWI were performed with the following parameters: TR, 49 ms; TE, 40 ms; flip angle, 15.0°; section thickness, 1.6, 1.8, or 2.0 mm; and intersection gap, 0 mm. Magnetom Verio 3T SWI was performed with the following parameters: TR, 27 ms; TE, 20 ms; flip angle, 15.0°; section thickness, 2.0 mm; and intersection gap, 0 mm. The detailed method used to determine the presence of SVS in the cohort analyzed in this article was described by N. Belachew et al. in a previous publication (24). To summarize, SVS status was assessed retrospectively by two independent neuroradiologists (N.F.B. and E.B.A.). Both raters were blinded to clinical information and outcome, and were not involved in any patient treatment. Regardless of its diameter, SVS was determined to be present if a distinct signal loss corresponding to an occluded and symptomatic intracranial artery could be identified (Figures 1A,B), for which there was no alternative explanation (i.e., neighboring vein, petechial hemorrhage, or microcalcification in the neighboring parenchyma). If no such signal loss could be identified even though a symptomatic vessel occlusion was seen on angiography, SVS was determined to be absent (Figures 1C,D). Interrater reliability regarding SVS evaluation for the study cohort analyzed in this article has been assessed and published in a previous study showing very good correlation (Cohen's κ = 0.873, p < 0.001) (24).


[image: Figure 1]
FIGURE 1. Assessment of the susceptibility vessel sign status on baseline brain MRI. (A,B) A 74-year-old male patient with AIS and visible SVS as a circumscribed signal loss on the SWI (A) with complete occlusion of the right MCA (M1 segment) on arterial TOF (B). (C,D) A 77-year-old female patient with AIS and absent SVS on the SWI (C) despite complete occlusion of the left MCA (M1 segment) on arterial TOF (D). Yellow crosshairs and salmon arrows center, respectively, point to the proximal part of the vessel occlusion on SWI and TOF. AIS, acute ischemic stroke; MCA, middle cerebral artery; SVS, susceptibility vessel sign; SWI, susceptibility-weighted imaging; TOF, time-of-flight angiography.




Data Collection

Demographics and baseline stroke characteristics were extracted from the local stroke registry. They included gender, age at admission, prestroke independence (defined as a modified Rankin Scale ≤ 2), blood pressure at admission, prior anticoagulation/antiplatelet therapy, prior statin therapy, cardiovascular risk factors (such as hypertension, diabetes, hyperlipidemia, smoking), National Institutes of Health Stroke Scale on admission, time between symptom-onset/last-seen-well and admission, intravenous thrombolytics before MT, and site of occlusion. Two neurology fellows (M.B. and M.K.), both blinded to the SVS status, retrospectively identified active malignancy (known or occult at the time of stroke) from histological and clinical reports present in the clinical information system. After patients' identification, malignancy localization, histological type, metastatic state, and time metrics related to the malignancy diagnosis and treatment were extracted. The presence of multiterritory infarcts and the assigned stroke etiology at discharge, defined by the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) classification, was also extracted from neuroradiological reports and discharge letters (25). According to the TOAST classification, strokes associated with patent foramen ovale were classified as cardioembolic stroke. A subdivision between intracranial atherosclerosis and artery-to-artery embolism was made for LAA. Embolic stroke of undetermined source (ESUS) was assumed when nonlacunar ischemic stroke occurred in patients in which another underlying stroke etiology in line with the definition of the “NAVIGATE ESUS” trial could not be determined (26). The following laboratory values at admission were extracted from the hospital's clinical information system: D-dimer, fibrinogen, hemoglobin (Hb), C-reactive protein (CRP), leukocytes, thrombocytes, international normalized ratio (INR), thrombin time, and activated partial thromboplastin clotting time.



Statistical Analysis

Baseline characteristics were compared using Fisher's exact test for categorical variables and Mann–Whitney U-test for continuous variables. Descriptive statistics were reported as number and percentage for categorical variables, and median and interquartile range (25–75%) for continuous variables. A logistic transformation was applied if the distribution of continuous values was skewed. The association between the SVS status and active malignancy was assessed using simple and multivariable logistic regression models. Results are displayed as odds ratios (ORs) and adjusted odds ratios (aORs). The association of SVS status with occult malignancies was assessed in a sensitivity analysis. All models were adjusted for demographic characteristics (such as gender and age at admission) and malignancy biomarkers known to be associated with malignancy-related stroke such as ESUS, multiterritory infarcts, D-dimer, leukocytes, CRP, INR, and Hb. The predictive value of SVS status was evaluated by assessing sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LR+), and negative likelihood ratio (LR–). The performance of predictive models, including and excluding SVS status, was assessed by calculating areas under the receiver operating characteristics curve (auROC). The auROCs were cross-validated using bootstrapping, whereas they were compared using the DeLong test. All statistical analyses were performed using the Stata 16 and R software (version 3.6.0, R Core Team). The current STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) checklist for cross-sectional studies was used to report this study.




RESULTS


Study Population

Between January 2010 and December 2018, 1,317 patients with AIS were treated with MT at our stroke center. As already described by Belachew et al. and shown in Supplementary Figure I (study flowchart), 577 patients had SWI with assessable SVS status available at admission and met the inclusion criteria (24). Evidence of active malignancy at the time of stroke was found in 40 patients (6.93%), of which a subset of 9 patients (1.56%) had occult malignancy. Active malignancy characteristics are summarized in Supplementary Figure II. A total of eight patients (1.39%) were excluded from subgroup analysis of blood markers as they had received intravenous thrombolytics before blood was drawn for further analysis.



Baseline Characteristics

The characteristics of patients with and without active malignancy are summarized in Supplementary Table I. SVS was absent in 12.5% of all patients (n = 72/577). Of the patients with active malignancy, SVS was absent in 37.5% (n = 15/40), while only 4.3% (57/537, p < 0.001) of patients without active malignancy lacked the SVS. Patients with active malignancy were more likely to be functionally dependent before the index stroke, had lower diastolic blood pressure (<90 mmHg), and more often showed anterior and more distal middle cerebral artery occlusions. Intravenous thrombolysis before MT was less often administered to patients with stroke with active malignancy compared to patients without malignancy. ESUS and multiterritory infarcts were more frequent in the group with active malignancy. Active malignancy was associated with elevated D-dimer, low Hb, elevated CRP, elevated leukocytes, and higher INR.



Association of Active Malignancy With Absence of SVS and Other Biomarkers

Simple logistic regression demonstrated absent SVS to be associated with active malignancy, multiterritory infarcts, elevated D-dimer, ESUS, elevated CRP, elevated leukocytes, and low Hb. All simple regression analyses are summarized in Supplementary Figure III. Multivariable regression analyses showed significant associations of active malignancy and absent SVS, multiterritory infarcts, elevated D-dimer, elevated leukocytes, and low Hb. Results of multivariable regression analyses, including ORs and 95% confidence intervals, are summarized in Figure 2.


[image: Figure 2]
FIGURE 2. Association between active malignancy, neuroimaging, and blood biomarkers in the multivariable logistic regression. According to the primary goal of this study and previous evidence, adjusted odds ratios (aOR) and their 95% confidence intervals (95% CI) for the association between active malignancy and preselected biomarkers are summarized in this figure. Absence of SVS showed the strongest association with the presence of active malignancy, followed by multiterritory infarcts. CRP, C-reactive protein; ESUS, embolic stroke of undetermined source; INR, international normalized ratio; SVS, susceptibility vessel sign.




Diagnostic Value of SVS Status in Identifying Active Malignancy

Absence of SVS alone predicted active malignancy as follows: sensitivity 20.83%, specificity 95.05%, PPV 37.5%, NPV 89.38%, LR+ 4.21, and LR– 0.83. Predictive models incorporating age at admission, gender, and variables associated with active malignancy in the multivariate logistic regression as well as SVS status were tested. The auROC of the model, including SVS status, was 0.85 (95% CI 0.78–0.92, Figure 3A). The internal cross-validation using bootstrapping demonstrated no variation of auROC and 95% CI. If SVS status was excluded, the auROC of the model was 0.81 (95% CI 0.72–0.90, Figure 3B) while the internal cross-validation showed an auROC of 0.82 (95% CI 0.68–0.90). The DeLong test did not find a significant difference between the two models (p = 0.07).
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FIGURE 3. Comparison of predictive models for active malignancy with and without SVS status. The covariables used for the predictive models were age at admission and gender and variables associated with active malignancy in the multivariable logistic regression (ESUS, multiterritory infarcts, D-dimer, Hb, leukocytes). The auROC of the model with SVS status was 0.85 (95% CI 0.78–0.92, A). The internal cross-validation demonstrated no variation of the auROC and 95% CI. In the absence of the SVS status, the auROC of the model was 0.81 (95% CI 0.72–0.90, B), the internal cross-validation showed an auROC of 0.82 (95% CI 0.68–0.90). The DeLong test did not show a significant difference between the two models (p = 0.074). auROC, area under the receiver operating characteristics curve; CRP, C-reactive protein; ESUS, embolic stroke of undetermined source; Hb, hemoglobin; SVS, susceptibility vessel sign.


Subgroup analyses using the same covariates as in the multivariate logistic regression showed that the absence of SVS remained associated with occult malignancy alone (aOR 11.42, 95% CI 2.36–55.20, p = 0.002) when patients with active malignancy diagnosed before the stroke were excluded. Absence of SVS predicted occult malignancy as follows: sensitivity 8.06%, specificity 99.17%, PPV 55.50%, NPV 89.38%, LR+ 9.76, and LR– 0.93.



Subgroup Analyses According to the Underlying Stroke Etiology

According to the assigned stroke etiology, the point estimate of the association between absence of SVS and the presence of active malignancy differed slightly (Supplementary Figure IV). However, there was no significant heterogeneity of the association between absence of SVS and active malignancy (p = 0.24). After excluding patients with LAA (n = 74, two without SVS), the aOR for the association decreased from 4.89 (95% CI 1.94–12.11, Figure 2) to aOR 3.9 (95% CI 1.42–10.50). Excluding only cases where intracranial stenosis was the stroke etiology (n = 11, one without SVS) the aOR decreased to 4.77 (95% CI 1.91–11.89).




DISCUSSION

The main findings of this study are as follows: (1) absence of SVS is associated with both active and occult malignancy in patients with ischemic stroke treated with MT; (2) absence of SVS in admission MRI as imaging biomarker may increase the performance of predictive models for active malignancy in patients with AIS; and (3) the association between the absence of SVS and active malignancy seems not to be influenced by the assigned etiology at discharge. Approximately 8% of patients with acute stroke have a concomitant active malignancy (known or occult) at the time of stroke (4, 27). Identifying the malignancy as the potential cause of the stroke in these patients is essential to guide secondary prevention, which includes therapeutic anticoagulation with low-molecular-weight heparin (4, 5). Strokes with concomitant malignancy are associated with nonspecific biomarkers such as elevated D-dimer, elevated CRP, elevated fibrinogen, elevated lactate dehydrogenase, low Hb, undetermined stroke etiology (especially ESUS), and multiterritorial infarcts in brain imaging (3, 4, 18, 28). These biomarkers may help to detect a malignancy-related coagulation disorder. However, proving the causality between active malignancy and an ischemic stroke event remains difficult. Considering the potential clinical ramifications, the search for further biomarkers that may improve the likelihood of detecting malignancy-related coagulopathy and occult malignancy at the time of stroke is warranted. Finelli et al. were the first to describe multiterritory infarcts seen on diffusion-weighted imaging as an independent imaging biomarker for malignancy-related stroke (29). Guo et al. demonstrated a specificity of 0.65 and a sensitivity of 0.92 for the prediction of occult malignancy in patients with stroke with undetermined stroke etiology if two or more vascular territories are affected (30). The results of our study add to the current evidence regarding the advantage of brain MRI in patients with malignancy-related stroke.

Susceptibility-weighted sequences such as T2* GRE and SWI are central to the MRI-based acute stroke workup (31, 32). SWI sequences provide reliable information on a potential hemorrhagic transformation but may also outline the occluded vessel depending on clot composition (9, 13, 15, 33, 34). Among others, Zhang et al. reported SVS to be present in 90% of cardioembolic strokes (n = 35/39), 53.5% of large-artery atherosclerosis strokes (n = 23/43), and 75.9% of strokes with undetermined etiology (n = 22/29), indicating that SVS status may differ depending on stroke etiology (13, 33, 34). However, a recent meta-analysis confirmed only the association between SVS and cardioembolic stroke (14). Histopathological analyses after MT have shown that thrombi with a cardioembolic genesis predominantly contain erythrocytes (35). Platelet and fibrin-rich thrombi have been shown to be independently associated with malignancy-related stroke, hypercoagulation, and the absence of SVS (4, 6, 11, 15, 36). Our study adds to this knowledge. It demonstrates that absent SVS is associated with active malignancy in AIS treated with MT, irrespective of whether known or unknown at time of stroke. Although the association between the absence of SVS and the presence of malignancy differed slightly by the assigned stroke etiology (Supplementary Figure IV), the lack of interaction did not allow any conclusions regarding the role of the assigned etiology on the relation between the absence of SVS and the presence of active malignancy. The exclusion of LAA did not increase the association between the absence of SVS and malignancy in our study population, thus suggesting no association between absent SVS and LAA (13). Predictive models for diagnostic workup are generally developed to help in decision-making for further investigations in complex clinical situations (37, 38). However, this study did not aim to conceptualize a new predictive model for active malignancy but rather to validate the SVS status as an additional biomarker. Although the difference in the auROCs only tended to be greater with SVS included, a more sophisticated SVS evaluation (i.e., quantitative susceptibility mapping) may increase predictive performance (39, 40). As MRI may not always be available or practicable in the acute stroke setting, density, which has also been shown to correlate with erythrocyte content, may be used in patients imaged with CT (33). Furthermore, the macroscopic characteristics of clots retrieved with MT (“white” indicating fibrin-rich thrombi vs. “red-black” indicating erythrocyte-rich thrombi) may provide additional hints about their composition (36, 41). In the same context, Bourcier et al. recently demonstrated an association between “red-black” clots and the presence of SVS, strengthening the evidence that SVS status is a reliable biomarker for their composition (15).



LIMITATIONS

This study has several limitations. First, this was a monocentric and retrospective study, which may limit generalizability of results. Second, in accordance with the terms of the ethical approval, we included only patients who underwent MT. Further studies are needed to confirm our findings in a more general stroke population. Third, although the percentage of malignancies is consistent with studies in the literature, the small number of active or occult malignancies may reduce the statistical power of the results obtained. Additionally, the small number of malignancies precluded accurate subgroups analyses regarding assigned stroke etiology. Because the underlying etiology may influence the thrombus composition, further studies with more patients are needed. Fourth, the high rate of SVS reported in this study may result from a selection bias due to a specific subpopulation of patients with stroke eligible for thrombectomy and the inhomogeneous use of 1.5 and 3 T MRI. Fifth, concomitant microscopic analysis of the retrieved thrombi would have provided a more robust validation of the study hypothesis, assuming that the absence of SVS is a surrogate marker of platelet and fibrin-rich thrombi in case of malignancy-related stroke. Sixth, the comparison of predictive models is limited by the lack of an external validation group and by power considerations comparing auROC of different models according to the number of active malignancies. Finally, levels of lactate dehydrogenase, a well-known marker for the presence of active malignancy, were not available (3).



CONCLUSION

Absent SVS on baseline MRI is associated with active malignancy in patients with AIS undergoing MT, regardless of whether the malignancy is known or unknown at the time of stroke. Using SVS as surrogate marker for clot composition may increase the chances of detecting occult malignancy in patients with AIS, which could be helpful both for the treatment of the malignancy and secondary stroke prevention and thus may lead to better outcomes.
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Background: The pronociceptive neuromediator calcitonin gene-related peptide (CGRP) is associated with pain transmission and modulation. After spontaneous subarachnoid hemorrhage (sSAH), the vasodilatory CGRP is excessively released into cerebrospinal fluid (CSF) and serum and modulates psycho-behavioral function. In CSF, the hypersecretion of CGRP subacutely after good-grade sSAH was significantly correlated with an impaired health-related quality of life (hrQoL). Now, we prospectively analyzed the treatment-specific differences in the secretion of endogenous CGRP into serum after good-grade sSAH and its impact on hrQoL.

Methods: Twenty-six consecutive patients (f:m = 13:8; mean age 50.6 years) with good-grade sSAH were enrolled (drop out n = 5): n = 9 underwent endovascular aneurysm occlusion, n = 6 microsurgery, and n = 6 patients with perimesencephalic SAH received standardized intensive medical care. Plasma was drawn daily from day 1 to 10, at 3 weeks, and at the 6-month follow-up (FU). CGRP levels were determined with competitive enzyme immunoassay in duplicate serum samples. All patients underwent neuropsychological self-report assessment after the onset of sSAH (t1: day 11–35) and at the FU (t2).

Results: During the first 10 days, the mean CGRP levels in serum (0.470 ± 0.10 ng/ml) were significantly lower than the previously analyzed mean CGRP values in CSF (0.662 ± 0.173; p = 0.0001). The mean serum CGRP levels within the first 10 days did not differ significantly from the values at 3 weeks (p = 0.304). At 6 months, the mean serum CGRP value (0.429 ± 0.121 ng/ml) was significantly lower compared to 3 weeks (p = 0.010) and compared to the first 10 days (p = 0.026). Higher mean serum CGRP levels at 3 weeks (p = 0.001) and at 6 months (p = 0.005) correlated with a significantly poorer performance in the item pain, and, at 3 weeks, with a higher symptom burden regarding somatoform syndrome (p = 0.001) at t2.

Conclusion: Our study reveals the first insight into the serum levels of endogenous CGRP in good-grade sSAH patients with regard to hrQoL. In serum, upregulated CGRP levels at 3 weeks and 6 months seem to be associated with a poorer mid-term hrQoL in terms of pain. In migraineurs, CGRP receptor antagonists have proven clinical efficacy. Our findings corroborate the potential capacity of CGRP in pain processing.
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Highlights

- Impairment in health-related quality of life (hrQoL) after treatment of spontaneous subarachnoid hemorrhage (sSAH) is common but underreported.

- Calcitonin gene-related peptide (CGRP), a potent vasoactive and pronociceptive neuromediator, is involved in pain transmission and modulation of psycho-behavioral function.

- This study is the first to correlate endogenous plasma CGRP with mid-term hrQoL outcome in good-grade sSAH.

- During the first 10 days after sSAH, the mean CGRP levels in serum range significantly lower than in CSF and serum CGRP levels decrease significantly over 6 months.

- Upregulated plasma CGRP levels at 3 weeks and 6 months after sSAH seem to be significantly associated with pain and somatoform syndrome.

- As is the case with migraine, after sSAH, upregulated plasma CGRP is suggested to be involved in the pathogenesis of pain and pain processing.



Introduction

Aneurysmal subarachnoid hemorrhage (aSAH) is a serious and highly complex neurovascular insult demanding specialized multidisciplinary therapy concepts during the acute phase, rehabilitation, socio-professional reintegration, and follow-up (FU) care. Over the past few decades, advanced neurovascular treatment strategies, early aneurysm repair, and individualized neuro-intensive care management have not only accounted for declining trends in case-fatality but also for an improvement in functional outcome (1). However, the regained functional independence contrasts with an appallingly low rate of return to work ranging from 70.8% (2) to <50% (3) to merely 3% (4) of the patients surviving spontaneous subarachnoid hemorrhage (sSAH). In up to 50 % of the sSAH patients, the bleeding is accompanied by subtle, yet substantial neuropsychological impairment, fatigue, emotional dysbalance, and somatic problems like bodily pain, which in turn seriously affect the patients' health-related quality of life (hrQoL) (3, 5). Profound literature on the longitudinal course of sSAH-associated bodily pain, especially headache, and its management is sparse (2). Persistent severe to worst headache, refractory to analgesics (6), is reported by more than 90% of the sSAH patients and represents the second-leading cause for 30-day hospital readmission after sSAH (7). Long-term FU data indicates that–in case of inadequate treatment (6, 8)–sSAH-associated headache may persist for 2–9 years after the hemorrhage (8–10). The pathogenesis of headache after aneurysm rupture is deemed to be multifactorially mediated, but the exact mechanisms remain elusive (11).

In light of the risen clinical awareness of the long-term disabilitiy in cognition and day-to-day functioning, researchers and clinicians strive for the establishment of reliable, clinically relevant biomarkers with a predictive capacity for neurocognitive outcome and hrQoL. Recently, the endogenous 37-amino acid neuropeptide Calcitonin gene-related peptide (CGRP) (12) has gained paramount interest as a potential vasoactive and psychoactive biomarker in cerebrospinal fluid (CSF) and serum after sSAH. CGRP is stored in sensory perivascular nerve fibers which arise from the trigeminal ganglia of Gasseri and acts as a major, highly potent microvascular vasodilator (13). In aSAH, the proven secretion of CGRP into CSF (14, 15) was suggested to be associated with a potential neuroprotective effect by preventing cerebral vasospasm (CV) and cerebral ischemia (15) but with a deleterious effect on the hrQoL in the acute phase (16). Beyond, the neuromodulator CGRP (17) attested a crucial involvement in various neurobehavioral processes (18) like in inflammatory and neuropathic pain (19), and, by unalterable, massive relaxation of cerebral arteries, in migraine (20). In 2018, specifically designed drugs acting antagonistically on CGRP or on the CGRP receptor have ushered in a new era in migraine therapy for acute relief of migraine and effective prevention of migraine attacks (21).

Up to now, no data is yet available on the impact of good-grade sSAH on the intrinsic release of CGRP into serum, on its temporal dynamics, and its pathophysiological interactions with higher integrated behavior. Our study aims to determine whether CGRP could prove to be a useful predictive surrogate parameter in serum for the self-reported hrQoL up to 6 months after sSAH.



Patients and methods

The study protocol, the prospective liquid biobanking, and the clinical database of this prospective single-center investigation were approved by the Local Institutional Ethics Committee (reference number 06-179). The study follows the principles of the Declaration of Helsinki.


Patient population

The cohort has been reported previously (16, 22, 23). A total of 26 consecutive patients, treated for acute non-traumatic, angiographically confirmed aneurysmal or non-aneurysmal perimesencephalic SAH (pSAH) at our University Medical Center between February 2013 and May 2016, fulfilled the beforehand specified eligibility criteria of being native German speakers, aged 18–75 years, who had been admitted to hospital within 48 h of ictus in prognostically favorable, good to moderate neurological condition, defined as a World Federation of Neurological Surgeons (WFNS) score (24) and Hunt and Hess (HH) grading (25) of 1–4, respectively, and an initial Glasgow Coma Scale (GCS) of ≥9. Written informed consent was obtained from each individual. In all patients, the diagnosis of sSAH was based on cerebral computed tomography (CT) and a four-vessel digital subtraction angiography (DSA) to visualize the location and morphology of the underlying ruptured aneurysm and to differentiate aneurysmal from perimesencephalic hemorrhages, respectively. Within the first 72 h after the onset of sSAH, all patients received an external ventricular drain (EVD) due to a radiologically confirmed acute occlusive hydrocephalus. Treatment consisted either of endovascular aneurysm occlusion (EV group) or microsurgical clipping (MS group) for aSAH patients, followed by standardized therapy in the intensive care unit (ICU) (pSAH group). Our standardized microsurgical and endovascular procedure protocols (26) and our ICU standard operating protocol (27) have been described elsewhere.

The clinical database comprised all demographic, radiological, and neurological variables, comorbidities, non-/invasive procedures, complications, comprehensive pharmacological screening (at discharge and at the 6-month FU), and outcome grading [Glasgow Outcome Scale (GOS) (28) and modified Ranking Scale (mRS) (29)].



Neuropsychological self-report assessment

Subacutely (between day 11 and 35; t1) and 6 months (t2) after the onset of sSAH, all patients completed two well-established generic self-report measures of physical and mental health each: The ICD-10-Symptom-Rating questionnaire (ISR) (30) serves as a score for symptom burden and the German version of the 36-Item Short Form Health Survey (SF-36) (31) represents a performance score.



Laboratory procedures

Within the 10-day period after the onset of sSAH, plasma was drawn directly from the arterial line once daily. At 3 weeks and at the 6 month-FU, blood was collected by venipuncture. Immediately subsequent to sampling, the samples were centrifuged at 1,200 rounds per minute for 10 min, and the supernatants were aliquoted and stored at−80°C until further use. The samples were thawed, aliquoted (1 ml) with columns [STRATA C18-E (55 μm, 70 A) 200 mg/3 ml-columns, Phoenix Pharmaceuticals Inc., Burlingame, USA], purified, evaporated on a vacuum concentrator (Christ RVC 2-25 CD plus; Osterode am Harz, Germany), and dissolved in 250 μl assay-buffer resulting in a fourfold concentration. CGRP levels were measured in duplicate purified serum samples using a competitive enzyme immunoassay (EIA; Phoenix Pharmaceuticals Inc., Burlingame, CA, USA). The cerebral exposure to the endogenously released CGRP into serum over time is expressed as ng/ml.



Statistical analysis

Continuous data and neuropsychological test results are presented as mean ± standard deviation (SD) and range (minimum to maximum) and categorical data as frequency counts.

Neuropsychological assessment: Changes over time within each group were analyzed with a paired t-test. Differences between groups at postinterventional assessment were analyzed with an analysis of variance (ANOVA) followed by Fisher's LSD post-hoc pairwise comparisons.

Correlation of CGRP with neuropsychological assessment: Regression analyses were conducted for correlations of mean CGRP levels with the hrQoL test scores. Changes over time within each group were analyzed with a paired t-test. Intragroup variances (correlations between hrQoL test scores and clinical variables) were analyzed using an analysis of variance (Bartlett's test for equal variances). Statistical analysis was conducted according to Stata procedures (Stata Version 14.2; Stata Corp. College Station, TX, USA).

A p < 0.05 was considered statistically significant. A biostatistician was involved in the design and realization of the statistical evaluation.




Results


Demographics and descriptive statistics

A total of N = 160 patients with sSAH were treated during the observation period. In accordance with our strict selection criteria, depicted in the Flowchart (Figure 1), five patients were excluded from analysis. Thus, a total of 21 patients (8 men, 13 women) of a mean age of 50.6 years (range 27–72 years) with good-grade sSAH was assigned to statistical evaluation. Four aSAH patients, initially presenting with HH grade III (14%) or IV (5%), neurologically improved immediately after insertion of an EVD following hospital admission (i.e., HH I or HH II). Thus, the poorer HH score was obviously related to acute occlusive hydrocephalus. With this qualification, we consider the term “good-grade” sSAH patients as appropriate for our cohort. An aneurysmal bleeding source in the anterior (n = 12) or posterior circulation was detected in 15 patients (EV n = 9: coil n = 5, stent-assisted coil n = 2; balloon-assisted coil n = 1; flow diverter n = 1). No patient developed serious procedure-related complications like, for example, periprocedural aneurysm rupture, procedure-related blood transfusion, postprocedural onset of a new neurological deficit, or clinically symptomatic CV-related stroke. Functional outcome was stable or even improved over the 6-month FU. None of these patients required decompressive craniectomy, and, until FU, no late rebleedings or mortalities had occurred. Each individual was able to complete both of our surveys, the ISR and the SF-36, within 10–15 min, and without any signs of (mental or physical) fatigue during the testing, neither at t1 nor at t2. Comprehensive information on the baseline data including the aneurysm site, GCS, HH, WFNS and Fisher score, procedure variables, medication, and outcome grading is provided by Table 1.
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FIGURE 1
 Flowchart. Study design and reasons for exclusion of potentially eligible cases.



TABLE 1 Demographic and clinical characteristics of patients.
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The presented sSAH cohort exclusively encompassed patients with severe radiological grades of sSAH (Fisher score 3 or 4) and, consecutively, is imbalanced in terms of the overestimation of the true hydrocephalus rate after sSAH. This is all the more remarkable given the inclusion of 6 patients with pSAH. Only four patients, however, required permanent ventriculoperitoneal shunting. Statistical intergroup comparisons yielded no significant differences except for a higher number of middle cerebral artery aneurysms in the MS group (p = 0.022), a higher intake of antiplatelets in the EV group (p = 0.016) at t1, an unsurprisingly longer duration of MS vs. EV (p = 0.004), and a longer mean time spent on mechanical ventilatory support in the EV group than in the pSAH group (EV vs. pSAH p = 0.0496; EV vs. MS p = 0.864, MS vs. pSAH p = 0.065).



Correlation of neuropsychological performance with CGRP exposure in serum

The self-reported hrQoL perception has been reported previously (22, 23) sum up, our cohort performed significantly worse in several ISR- and SF-36-subscales than the particular population norms, especially at t1. Within 6 months, sSAH patients had significantly improved with regard to bodily pain (Pain), physical functioning (Pfi), the physical component summary (PCS), depression, anxiety, general health perceptions (Ghp), and social functioning (Social). Poor self-reported neuropsychological performance [physical SF-36 items: Pain, role limitations because of physical health problems (Rolph), Ghp; ISR scores: total, depression, compulsive-obsessive syndrome] in the subacute phase correlated with a worse outcome on the GOS at discharge. And the HH score correlated positively with all psychological SF-36 item scores [vitality (Vital), Social, role limitations because of emotional problems (Rolem), general mental health (Mhi), mental component summary (MCS)] at t1.

During the first 10 days, the mean CGRP levels in serum (0.470 ± 0.10 ng/ml) were significantly lower than the previously (16) analyzed mean CGRP values in CSF (0.662 ± 0.173; p = 0.0001). The mean serum CGRP levels within the first 10 days did not differ significantly from the values at 3 weeks (0.493 ± 0.163 ng/ml; p = 0.304). At 6 months, the mean serum CGRP value (0.429 ± 0.121 ng/ml) was significantly lower compared to 3 weeks (p = 0.010) and compared to the first 10 days (p = 0.026) (cf. Figure 2).
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FIGURE 2
 Temporal dynamics of CGRP levels in serum and cerebrospinal fluid after good-grade spontaneous subarachnoid hemorrhage. The time interval (1–10 days, 3 weeks, and 6 months) after good-grade spontaneous subarachnoid hemorrhage, plotted vs. the mean endogenous calcitonin gene-related peptide (CGRP) concentrations in serum. During the first 10 days, the mean CGRP levels were significantly lower in serum than in the cerebrospinal fluid (16). At 6 months, the mean serum CGRP value was significantly lower compared to the first 10 days and compared to 3 weeks.


In female patients, CGRP levels at the 6-month FU were significantly higher than in male patients (0.473 ± 0.121 ng/ml vs. 0.358 ±0.087 ng/ml; p = 0.016). Further regression analyses did not reveal any significant correlation between the neuropeptide levels and other patient variables like, for example, the treatment modality.

Higher mean serum CGRP levels at 3 weeks (p = 0.001) and at the 6-month FU (p = 0.005) correlated with a significantly poorer performance in the SF-36 item pain, and, at 3 weeks, with a higher ISR symptom burden regarding somatoform syndrome (p = 0.001) at t2 (cf. Figure 3). The analysis of cognitive test performances is summarized in Table 2.
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FIGURE 3
 Correlation of serum concentrations of CGRP with “somatoform syndrome” and “pain” after spontaneous subarachnoid hemorrhage. Endogenous calcitonin gene-related peptide (CGRP) levels in serum, measured 6 months (t2) after the onset of spontaneous subarachnoid hemorrhage, plotted versus (A) somatoform syndrome 3 weeks after the hemorrhage and versus (B) pain 3 weeks and (C) pain 6 months after ictus. The ICD-10-Symptom-Rating questionnaire (ISR) (30) with 29 items and 6 syndrome scales aims at comprehensively evaluating the severity of psychological disorders. Each syndrome scale ranges from a minimum of 0 (best performance) to a maximum of 4 points with higher scores indicating a more severe symptom burden. The 36-Item Short Form Health Survey (SF-36) (31) is a 36-item generic general health questionnaire yielding scores on 8 health subscales relating to physical and psychological health. These 8 subscales can be summarized in a corresponding physical component summary and a mental component summary. Each item is scored in the range 0 to 100, and a high score defines a more favorable state of health. Items in the same scale are averaged together to create the 8 scale scores. Each dot represents the mean level of serum CGRP in [ng/ml] for each patient, indicating a significant linear correlation (compare regression line) with higher symptom burden (ISR) and with poorer neurobehavioral performance (SF-36). Statistical significance: p < 0.05.



TABLE 2 Cognitive performance of the cohort (n = 21) in the subacute interval after the onset of spontaneous subarachnoid hemorrhage (t1) and at 6-month follow-up (t2).
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Discussion

Our study characterizes the association of elevated serum CGRP on adverse mid-term hrQoL and burdensome pain after sSAH.


Reduced hrQoL after sSAH with a focus on pain processing

Compared to other life-threatening medical events, stroke has been proven to be associated with the strongest reductions in hrQoL and functioning status (32). In stroke patients, the physical hrQoL increased after treatment (except for bodily pain), whereas the psychological quality remained low (33). This equals our results in sSAH which indicate a significant improvement in multiple physical items (Pfi, Pain, Ghp, PCS) within 6 months after sSAH, while most psychological items (Compulsive-obsessive syndrome, somatoform syndrome, nutrition disorder, the ISR supplementary items, the ISR total score, Vital, Rolem, Mhi, and MCS) remained stable.


hrQoL restrictions after sSAH

A considerable proportion of sSAH survivors with “good recovery” experiences impaired hrQoL for several months up to 24.5 years after ictus or even longer (5, 34). In a current empirical survey (4), one third of the aSAH patients was afflicted with a “post-aSAH syndrome” comprising a self-reported cluster of symptoms like fatigue, cognitive dysfunction (memory, concentration, slowed thought process), emotional problems (anxiety, depression, irritability, and impatience), and somatic problems (headache, sensitivity to sound, and sleep disturbances). The presence of this syndrome–implicating more pain, more pronounced cognitive impairment, and, consecutively, poorer hrQoL–almost invariably kept the patients from returning to work 1 year after the bleeding event (4). This is consistent with our 6-month results (cf. Table 1). Occupational reintegration difficulties and long-term disability after sSAH have a significance extending far beyond socioeconomic terms (8, 34).

Our study emphasizes hrQoL restrictions due to pain conditions. SAH represents a subtype of stroke with a particularly high predisposition to headache in the acute (6) and chronic stage (8, 10). The paucity of analyses available state a higher headache burden in 77% of good-grade SAH patients (35), in 62% of pSAH survivors (10) and 16% of SAH long-term survivors (8) several years after ictus. Most recently, Huckhagel et al. (2) published the first comprehensive data on a significant number of SAH patients with peak rates even reaching up to 40.9% who continued to experience burdensome headaches with a profound negative impact on the hrQoL on average 32.6 months after aSAH. Our study corroborates pain conditions 6 months after ictus. Concordantly, post-stroke headache has been proposed to persist for weeks to months, or even years after the hemorrhage (2, 8, 10). Reduced physical activity not only during the ictal but also during the pain-free interictal phases of migraineurs underlines the intensity-independent disabling effect of headache conditions (36). The SAH headache has been described to be highly refractory and to respond poorly to treatment with standard analgesics (11, 37).



Potential determinants for pain conditions and hrQoL restrictions after sSAH

Potential predictor variables, significantly related to chronic headaches after SAH, were nighttime sleep difficulties with daytime sleepiness (8) and correspondingly, fatigue, an acknowledged risk factor for persistent cephalgia after ischemic stroke (38) and a common feature in systemic autoimmune diseases (39). In our study design, patients with autoimmune or systemic diseases were excluded to minimize confounders. Beyond, comorbidities like depression and mood issues may interfere and exacerbate or perpetuate post-stroke headache (38). Patients with a younger mean age at the onset of SAH and patients with a favorable neurological condition as to the WFNS were more prone to suffer from headache at FU (2). All of our sSAH groups developed a significant deterioration in the health transition item (Rawhtran) implicating recurrent headache. It could be argued that good-grade sSAH patients, being aware of a sudden, life-threatening medical event, might experience a psychological traumatization by the onset of sSAH and the intensive care treatment (40), whereas burdened patients without trauma-related memories or with cognitive deficits are at risk of an under-reporting of symptoms and minimizing of hrQoL complaints (41).

When previously (23) analyzing our cohort (with similar EV-MS quota) according to the treatment groups, at 6 month-FU, MS patients experienced less Pain (p = 0.040) and yielded significantly better Pfi (p = 0.046) than the EV group. Interpreting our results with caution due to the small sample size, we argue that headache might be–at least in part–related to the longer persistence of subarachnoid blood in the basal cisterns causing meningeal irritation. MS affords the opportunity to both obliterate the aneurysm and, compared to EV, to reduce the burden of cisternal blood via intraoperative irrigation. The majority of authors dismissed the hypothesis of treatment-specific differences (MS vs. EV) in neuropsychological outcome [cf. (23)] and headache (2) after sSAH in most instances.



Pathophysiological considerations

The underlying pathomechanisms contributing to post-sSAH behavioral and cognitive impairment, reduced hrQoL, and associated chronic headache remain to be sufficiently elucidated (1). A diversity of pathophysiological cascades, induced by the hemorrhage and the sharp rise in intracranial pressure itself causing dural stretch as well as the consecutive secondary brain injury, is supposed to be involved (5). Cortical ischemic strokes are more frequently associated with headache than subcortical events (42). Accordingly, it might be argued that SAH affects the subarachnoid space, anatomically a region directly adjacent to the cortex and, thus, sSAH patients tend to be prone to headache. The presence of erythrocytes and blood breakdown products in the subarachnoid space is a potent trigger of meningeal irritation which is further exacerbated by the release of inflammatory cytokines inducing the infiltration of microglia and other immune cells and subsequent pain (11). Beyond, dysfunctions in autoregulatory mechanisms in cerebral perfusion and CV (37), a central sensitization of nociceptive pathways (38), a chronic hyperreactivity of the cerebral vasculature (43), and a stimulation of vascular nerve endings as blood vessels rupture (14, 44) are supposed to aggravate headache.

Pursuing an innovative approach, for the past decade, neuroscientists have increasingly focused on the early identification of valid and easily accessible biomarkers to reliably predict the outcome following sSAH and to design individualized, target-based treatment strategies for improvement of functional outcome and hrQoL (16, 45). Among the molecular genetic, inflammatory, vascular, oxidative stress, and protein biomarkers studied so far, the multifunctional endogenous neuropeptide CGRP appears rather promising (14–16, 44, 46).




Relevance of CGRP in pain processing after sSAH

The trigeminovascular system is involved in the regulation of the cranial vasculature and represents a key element in the transmission of pain (47). Upon activation in primary headaches, in stroke (48), and in SAH (15, 16, 44, 49), the trigeminovascular system, a vasodilator pathway, antidromically releases the peptide neurotransmitter CGRP (13), hereby increasing the cerebral blood flow (CBF) via vasodilation (13) and mediating pain by stimulation of the trigeminus nucleus caudalis, respectively (47). The activation of this (putative defense) system is noted clinically as a marked increase in the cranial venous outflow of CGRP during headache attacks or in SAH, where it was elevated in the CSF as well (14). The psychoactive mediator (17) CGRP has been repeatedly attested a crucial involvement in a variety of neurobehavioral and psycho-affective conditions (18), like in depression, anxiety and learning and memory [cf. (16)], as well as in inflammatory and neuropathic pain (19, 50), and, by pronounced arterial cerebral vasodilation, in migraine (20). Congruently, in our series, elevated CGRP levels in serum at 3 weeks and at 6 months significantly correlated with more pain and, at 3 weeks, with a higher symptom burden regarding somatoform syndrome 6 months after sSAH. We qualify the statement with the note that our utilized set of standardized and validated physical and mental health questionnaires refers to bodily pain in general and is therefore incapable to establish a headache-specific diagnosis. However, in the semi-structured interview during FU assessment recurrent headache was a commonly reported symptom in our series. To what extent CGRP is involved in non-headache conditions has not been clarified yet. A recent review article (19) revealed an association between measured CGRP levels and somatic visceral, inflammatory and neuropathic pain. Upregulated CGRP levels were reported in serum, CSF, synovial and tissue biopsies in patients with degenerative disc disease, osteoarthritis, and temporomandibular joint pain. Furthermore, CGRP was elevated in acute pain conditions and pain after exercise. In somatic pain conditions in particular, CGRP levels correlated with pain. This is in concert with our results as to somatoform syndrome after sSAH. Growing evidence indicates that CGRP facilitates nociceptive transmission and contributes to the development and maintenance of a sensitized, hyperresponsive state of the primary and second-order afferent sensory neurons, thus contributing to peripheral and central sensitization. The maintenance of such a sensitized neuronal condition is believed to be a key player underlying migraine pathophysiology (50). In sSAH, the (potentially adverse) effects of CGRP on pain modulation and transmission have not been explored before. Our data conflicts with the substantiated beneficial cerebroprotective role of (endo- and exogenously administered) CGRP in hemodynamics (14, 15, 46).

Upon nerve stimulation, CGRP is released from its storage vesicles in sympathetic perivascular fibers, which form a particularly dense network around the major arteries of the anterior part of the circle of Willis (14), and in free nerve endings in the dura mater (51). Pathophysiologically, it is supposed that, at the moment of aneurysm rupture, these CGRP-containing nerve fibers are affected directly or indirectly–by the stimulation of the vessel's wall or surrounding nociceptors or cortical neuronal depolarization secondary to the hemorrhage or by the blood in the subarachnoid space–initiating activity of the trigeminovascular system and inducing an excessive release of CGRP from the perivascular nerve terminals into CSF and serum (14, 15, 44). Post mortem analyses after SAH and early observational studies on the cerebral circulation after experimental SAH confirmed a marked decrease in CGRP immunoreactivity in the perivascular nerve fibers, accordingly [cf. (46)]. To date, our study is the first to provide an insight into the temporal dynamic changes of CGRP in serum after good-grade sSAH. Within the first 10 days and 3 weeks after the onset of hemorrhage, CGRP levels did not differ significantly. In contrast, 6 months thereafter, serum CGRP values had significantly declined. Data on the time course of CGRP in the serum is scarce. The most marked suppression of CGRP immunoreactivity in cerebrovascular nerve fibers was documented during the 7th to 14th day after artificial SAH in dogs with a recovery to normal levels by the 42nd day (52). Hypothetically, the CGRP release is followed by an inhibition of the CGRP reuptake at the nerve-ending terminals. CGRP-receptor complexes are formed, and, possibly after a non-competitive saturation of the extra- and intraluminal CGRP receptors, CGRP levels in CSF and serum finally decrease due to the subsequent depletion of the releasing terminal nerve endings. It has further been speculated that different types of stroke like sSAH may alter the synthesis, metabolism, molecule, or receptors of the neurotransmitter CGRP. In the serum of sSAH patients, peak concentrations of CGRP have been measured after rupture of aneuryms of the middle cerebral artery (14, 44) (during days 4–7 after onset of sSAH), in patients with CV-related ischemia (on day 4), and – as to cerebrovascular manipulation–after endoluminal aneurysm treatment via coiling (44) (within days 3–5 after sSAH). In our series, the serum CGRP levels did neither differ regarding the anatomical localization of the ruptured aneurysm, nor regarding the treatment-induced mechanical intra- and extraluminal manipulation of the parent vessel in the aneurysm-securing procedure groups and the control group, respectively. Interestingly, in our cohort without gender bias, the female patients expressed significantly higher serum CGRP levels at the 6-month FU than their male counterparts. Although headaches are prevalent in both sexes and in all age groups, women aged 20 up to 50 years are those who have the highest prevalences in Europe (53).

A remarkable and presumably cerebroprotective hypersecretion of CGRP into serum counterbalancing vasoconstriction was previously detected in sSAH patients with vasospasm-related ischemia (44). In our cohort, exclusively comprising good-grade sSAH patients without any CV-related ischemic complications, the excessive release of CGRP into CSF (15, 16) during the first 10 days after ictus contrasts with the significantly lower CGRP levels in serum. This is all the more noteworthy given that even these smaller amounts of CGRP in serum suffice to induce considerable impairment in pain processing and psychosomatic disorders. The sparse neuropeptide findings in serum presumably result from the diluting effect of the nanomolar concentrations of the ventricular CSF CGRP during its absorption into plasma and its clearance over time. On the other hand, our results in a good-grade sSAH collective contradict previous findings in aSAH patients with CV (14, 44), in whom serum CGRP levels have been measured higher than CGRP levels in CSF. To date, it is unclear which source is the best to (non-invasively) access predictive CGRP values, like, recently, in tear fluid (53) of migraine patients.

After three decades of intense research, drugs targeting the trigeminal sensory neuropeptide CGRP or its receptor and, thus, acting on the trigeminal pain system have been specifically designed (21). It is remarkable that, in migraineurs, all CGRP-targeted therapies (CGRP receptor antagonists/gepants and monoclonal antibodies against CGRP or the CGRP receptor) have proven clinical efficacy, whether in preventing attack onset, targeting acute attacks, or reducing attacks in chronic migraine or frequent episodic migraine (21, 54). To date, it is unknown whether CGRP antagonism may provide a beneficial therapeutic approach for the treatment of chronic pain conditions and CV in sSAH as well.

Scrutinizing the frequency and type of self-reported met and unmet needs of SAH survivors 1–2 years and 3–5 years following hemorrhage, headache, fatigue, concentration, memory, and anxiety were the most commonly described, and a large proportion of needs (> 80%) were detected as unmet (55). The pain conditions, real-world deficits, and the neurobehavioral sequelae of an sSAH are not appropriately addressed by current rehabilitation programs, which still mainly focus on physical rehabilitation. Neuroscientists and clinicians should strive for a standardized screening and early identification of patients at-risk and for non-pharmacologic coping strategies that may be effective in pain management and hrQoL improvement to increase patient resiliency (56). Comprehensive rehabilitation programs imply a multidisciplinary approach (57) with physiotherapy, cognitive behavioral therapy, and biofeedback using relaxation techniques in order to reduce pain conditions; in addition, it is recommended to screen for and treat analgesics overuse (38).

In methodological terms, the main strength of our investigation is the prospective, controlled data collection comprising a throughly selected cohort of a representative neurovascular medium volume center. The study population underwent a meticulous liquid biobanking in combination with a standardized comprehensive hrQoL assessment over a considerable FU period of 6 months. Attributed to the abrupt nature of sSAH, biomarkers are not amenable to baseline data acquisition. Furthermore, the utilized hrQoL questionnaires are not designed to precisely establish pain and headache diagnoses and to specify the psychosomatic symptom burden. A major limitation of our experimental clinical study is the circumscribed sample size demanding a cautious interpretation of our findings. We are aware of the potential bias due to the exclusion of five patients. The results are not applicable for sSAH patients in general since our cohort exclusively encompasses prognostically favorable good-grade individuals with the per-protocol exclusion of non-HC patients.




Conclusion

Our study reveals the first insight into the potential capacity of endogenous CGRP as a predictive psychoactive biomarker in serum after good-grade sSAH. The present data suggests that patients with elevated CGRP levels in serum suffer from sustained pain conditions and psychosomatic symptoms which in turn seriously affect their hrQoL 6 months after sSAH. This investigation serves as a hypotheses-generating clinical-experimental trial. Given that the neurotransmitter CGRP is a certified core element in migraine, nociceptive processing, and in various neurobehavioral disorders, its pathophysiological relevance in post-sSAH pain seems all the more feasible. Considering our interesting results, we advocate and anticipate further basic and clinical research on this issue to characterize the pain syndromes following sSAH and to elucidate the underlying pathopsychological interactions and pathophysiological mechanisms. In the future, the proven efficacy and safety of the CGRP antagonists and antibodies in migraine therapy might pave the way to establish potential, targeted, preventive, and pharmacotherapeutic treatment options for chronic pain conditions.
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Drug efficacy can be improved by understanding the effects of anesthesia on the neurovascular system. In this study, we used machine learning algorithms to predict the risk of infection in postoperative intensive care unit (ICU) patients who are on non-mechanical ventilation and are receiving hydromorphone analgesia. In this retrospective study, 130 patients were divided into high and low dose groups of hydromorphone analgesic pump patients admitted after surgery. The white blood cells (WBC) count and incidence rate of infection was significantly higher in the high hydromorphone dosage group compared to the low hydromorphone dosage groups (p < 0.05). Furthermore, significant differences in age (P = 0.006), body mass index (BMI) (P = 0.001), WBC count (P = 0.019), C-reactive protein (CRP) (P = 0.038), hydromorphone dosage (P = 0.014), and biological sex (P = 0.024) were seen between the infected and non-infected groups. The infected group also had a longer hospital stay and an extended stay in the intensive care unit compared to the non-infected group. We identified important risk factors for the development of postoperative infections by using machine learning algorithms, including hydromorphone dosage, age, biological sex, BMI, and WBC count. Logistic regression analysis was applied to incorporate these variables to construct infection prediction models and nomograms. The area under curves (AUC) of the model were 0.835, 0.747, and 0.818 in the training group, validation group, and overall pairwise column group, respectively. Therefore, we determined that hydromorphone dosage, age, biological sex, BMI, WBC count, and CRP are significant risk factors in developing postoperative infections.
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  machine learning, post-surgical ICU, neurovascular, anesthesia, infection, hydromorphone


Introduction

Patients in the intensive care unit (ICU) experience varying degrees of pain, delirium, agitation, and arousal. These conditions can lead to prolonged ICU stays and increased morbidity and mortality (1–4). As a result, analgesia and sedation have become part of routine ICU care, leading to the current e-CASH (early comfort using analgesia, minimal sedatives, and maximal humane care) sedation concept (5). The development of clinical drugs used for analgesia and sedation of ICU patients has been increasing in number. Assessing the condition and determining its pharmacology can lead to better analgesia with narcotics (6–9). In the ICU, we are more likely to make better treatment decisions if we understand the different effects of anesthesia on the neurovascular system (10).

Morphine is widely used internationally as a classical neurovascular anesthetic because of its low price and significant effects (11–13). However, repeated administration of morphine can result in serious adverse events (14). Hydromorphone, a new analgesic drug, is a semi-synthetic morphine derivative. The analgesic effect is approximately 8–10 times better than morphine, and it has fast onset of action, fewer side effects, various routes of administration, low risk of hallucination addiction, low risk of gastrointestinal adverse reactions, non-toxic metabolites, and better suitability for patients with decompensated liver and kidney function (13, 15). Hydromorphone has been extensively validated for use in an emergency, day surgery, and perioperative management settings, with significant advantages in reducing respiratory depression and gastrointestinal adverse effects (15–18). However, further studies are needed to assess the effectiveness, safety, and dosage of this medication in the ICU.

In contrast to other analgesics, hydromorphone has been found to reduce the incidence of postoperative pneumonia in patients undergoing thoracic surgery; however, in general, infection remains to be a significant complication of hydromorphone (17, 19, 20). For one, an increased incidence of infective endocarditis has been associated with hydromorphone injection (20). Similarly, intrathecal targeted drug delivery of hydromorphone may lead to device infection (21). These complications may be problematic since inflammation and infection have been shown to reduce the effectiveness of some analgesics (22). Moreover, the postoperative infection has been found to be an important risk factor affecting the survival of patients (23, 24). These suggest that in clinical practice, the risk of infection needs to be predicted.

Machine learning is currently an important means of implementing artificial intelligence technologies, and the application of these algorithms in clinical diagnosis and decision-making has become a research priority in the medical field (25–27). In non-mechanically ventilated ICU, predicting the risk of hydromorphone infection is very challenging and requires an accurate biological classification model utilizing simple and effective decision rules. In relation to this, random forest models and support vector machine models are frequently used in classification tasks to predict treatment effects or complications and to screen for clinically important features related to outcomes (28). Logistic regression analysis is often used to screen for risk factors associated with adverse outcomes, and it can also be utilized in constructing a nomogram that can be easily applied clinically for the accurate detection and treatment of a disease (29, 30). In non-mechanically ventilated ICU patients after surgery, we believe that these machine learning tools can be used to predict the risk of infection with hydromorphone analgesia.

The purpose of this study is to develop a validated tool that can utilize available clinical information to predict the risk of infection in ICU patients receiving post-surgical hydromorphone analgesia. This will ultimately reduce hospital stays, medical costs, and length of hospital stays post-operatively, as well as provide guidance for future studies to improve analgesic outcomes for ICU patients.



Method


Clinical cohort data acquisition

After institutional ethics committee approval, a group of patients admitted to the ICU after surgical procedures and who received analgesic treatment was enrolled in the study. Since this study used a retrospective analysis format, patients' informed consent was waived. The inclusion criteria used were as follows: (1) age between 45 and 90; (2) American Society of Anesthesiologists (ASA) physical score I to II; and (3) cardiac left ventricular ejection fraction greater than 40%. Meanwhile, the exclusion criteria used were as follows: (1) those with significant preoperative heart, liver, or kidney disease; (2) those with neurological or psychiatric diseases; (3) those with lung conditions such as chronic obstructive pulmonary disease or chronic bronchitis; (4) those with allergies to study drugs such as opioid prescriptions; and (5) those with a body mass index of 30 kg/m2. Overall, a total of 130 patients passed the screening criteria. The general characteristics of these patients, such as biological sex, age, height, weight, BMI, etc., were collected through a clinical history data review. In addition, Acute Physiology and Chronic Health Evaluation (APACHE II) and Sepsis Related Organ Failure Assessment (SOFA) scores were collected in full at the time of patient admission to the ICU.



Hydromorphone dosage calculation

The pumping speed of the micropump was adjusted to achieve satisfactory analgesia. Patients were evaluated for pain and physiological indicators every 2 h. Patients whose daily hydromorphone dosage exceeded 40 mg/mL were included in the high hydromorphone dosage group, and those who did not exceed 40 mg/mL were included in the low hydromorphone dosage group.



Closing indicators

Physiological and biochemical indices, such as heart rate (HR), mean artery pressure (MAP), respiratory rate (R), C-reactive protein (CRP), white blood cell (WBC) count, platelet (PLT), and Saturation of Pulse Oxygen (SpO2), were recorded completely after 12 h of analgesia, from the moment that the patient was admitted to ICU with self-administered hydromorphone analgesia. In addition, the occurrence of adverse reactions throughout the postoperative treatment period was recorded. In this study, the primary outcome indicator was defined as the occurrence of infection. Postoperative infection was evaluated based on the following indicators: (1) temperature >38 °C; (2) elevated WBC count; (3) positive sputum culture or blood culture showing bacteria; (4) chest X-ray showing abnormal density; and (5) diagnosis of pneumonia, etc. (31).



Machine learning and logistic regression analysis

Firstly, a random forest model was utilized to fit this dataset so as to rank the importance of each clinical feature in terms of the infection outcome (32). Subsequently, in order to screen clinical features related to infection, Support Vector Machine-Recursive Feature Elimination (SVM-RFE) was applied to the general characteristics of patients, secondary indicators for the prediction model of infection important features screening and model construction (33). A support vector machine (SVM) is often used for non-linear classification, and they perform well on small samples. The SVM-RFE technique uses iterative iterations to remove redundant feature variables. Root Mean Squard Error (RMSE) metrics were applied to evaluate the accuracy of the SVM models and to determine the best model variables based on the RMSE minimum. Furthermore, neural networks, a common non-linear algorithmic model in machine learning, were also used to evaluate results as previous researches (34–38).

Univariate and multifactorial logistic regression analyses were also applied to assess the risk ratio of each clinical factor on infection outcome (39). In the first step, we performed univariate logistic regression analysis sequentially and analyzed the characteristics of the patients based upon P < 0.05. Those variables that were subjected to multifactor logistic regression analysis were then screened according to P < 0.2 to identify the variables obtained from logistic analysis. Based on the odds ratios (ORs) and 95% confidence intervals (95% CIs) for each variable, we calculated how much each characteristic was associated with infection risk. We then applied univariate logistic regression to determine which variables were independent risk factors.



Identification of important characteristics

Intersection analysis was conducted to confirm the shared characteristics between the variables screened using the Support Vector Machine-Recursive Feature Elimination (SVM-RFE) model and those screened using logistic regression analysis (40–45). To determine the amount of information that these shared features can contain about the outcomes, PCA (principle component analysis) is applied to downscale them. In addition, neural network models with multilayer network structures are continuously used in several fields. Furthermore, these shared important features are also passed into the neural network model as input features to measure the classification performance of the variables under the neural network model.



Construction of nomogram model

For the construction of infection prediction models, a multi-factor logistic regression model was used based on these important characteristics. By comparing the predicted probability values of the model to the actual results, the calibration curve further evaluates the accuracy of the model. A decision curve analysis (DCA) was used to evaluate the clinical safety of this clinical prediction model by measuring the yield at different prediction probability thresholds (46). The infection prediction model was then plotted using the “rms” package to obtain a clinical visualization tool to facilitate clinical translation.



Statistical analysis

Software R (version 4.0.2) was used for all analyses and graphs. Training and evaluation of the individual prediction models were conducted by dividing the entire dataset into a training and a test set. The receiver operating characteristic curve (ROC) and the area under the curve (AUC) were used to evaluate the predictive performance of the model. PROC was used to plot ROC curves (47). Pearson's chi-square test or Fisher's exact test were used for the difference test analysis on the count data. The measurement data were analyzed using the Wilcoxon rank sum test or unpaired Student's t-test. We considered a significance level of p 0.05 to be statistically significant.




Results


Comparison of general characteristics and outcomes of patients between the two hydromorphone dosage groups

In the clinical study of 130 patients admitted to the ICU after surgery, 65 patients received an average daily hydromorphone dosage of more than 40 mg/mL and were included in the high hydromorphone dosage group; the remaining 65 patients were included in the low hydromorphone dosage group. An overview of the patients' baseline clinical information is given in Tables 1, 2. Hydromorphone dosage groups did not differ statistically in terms of biological sex, age, weight, height, BMI, hypertension, diabetes, APACHE II, and SOFA scores. However, the high hydromorphone dosage group had a high WBC count (P = 0.036) and a high infection risk (P = 0.014). This suggests that high hydromorphone dosages may increase the risk of infection.


TABLE 1 Comparison of baseline characteristics between the two hydromorphone consumption groups.

[image: Table 1]


TABLE 2 Comparison of clinical outcomes between the two hydromorphone consumption groups.

[image: Table 2]



Comparison of characteristics of infected and uninfected groups

Twenty-five patients developed postoperative infections, while the other 105 did not. Table 3 summarizes the clinical characteristics of the infected and uninfected patients. The occurrence of infection was associated with age (P = 0.006), BMI (P = 0.001), WBC count (P = 0.019), CRP (P = 0.038), hydromorphone dosage (P = 0.014), and biological sex (P = 0.024). Infected patients were older, had a lower BMI, higher WBC counts, higher CRP, and used more hydromorphone than non-infected patients. These results suggest that together with hydromorphone use, multiple clinical characteristics can be associated with the occurrence of postoperative infections in surgical patients.


TABLE 3 Clinical characteristics between the infected and uninfected groups.
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Ranking features based on machine learning

Based on a random forest model analysis, PLT, age, MAP, CRP, and HR were the top five clinical features associated with infection (Figure 1A). According to Figure 1B, the ROC curves for training and test sets had AUCs of 1.00 and 0.61, respectively, suggesting that the model was overfitted. After using the SVM-RFE method, we found that the model had the smallest Root Mean Square Error (RMSE) value when 16 variables were included (Figure 1C). AUCs of the SVM model based on these 16 variables were 0.822, 0.853, and 0.830, respectively, for the training, test, and overall datasets (Figure 1D). In the test set, SVM showed better classification ability than random forest model, according to the results of the appeal.


[image: Figure 1]
FIGURE 1
 Feature ranking and filtering process for Random Forest and SVM-RFE models. (A) Bar chart showing a random forest model's importance ranking of each variable. PLT, age, MAP, CRP, and HR are the top five variables identified. (B) ROC curves showing the classification ability of the random forest model. (C) The feature screening process of SVM-RFE results in the model with the lowest RMSE when 16 variables are selected. (D) ROC curves showing training, test, and overall classification performances of the SVM model.




Risk factors associated with infection

Risk factors associated with infection were identified using univariate and multifactorial logistic regression analyses. Univariate logistic regression analysis revealed an association between hydromorphone dosage, group (P = 0.018), age (P = 0.008), biological sex (P = 0.031), BMI (P = 0.002), WBC (P = 0.023), and CRP (P = 0.042). Furthermore, multifactorial logistic regression analysis revealed that age (P = 0.042), BMI (P = 0.005), and WBC (P = 0.031) were independent risk factors for infection (Table 4). Furthermore, a multifactorial logistic regression analysis with P < 0.2 as a filter identified Hydromorphone dosage group, age, biological sex, BMI, WBC count, and CRP as clinically important factors that contribute to infection risk.


TABLE 4 Univariate and multivariate logistics regression analysis.
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Variables associated with infection outcome identification

According to the intersection analysis of SVM-RFE and logistic regression analysis, six variables were coinciding with the SVM-RFE and logistic regression analysis, including hydromorphone dosage group, age, biological sex, BMI, WBC count, and CRP (Figure 2A). These six variables have sufficient information to predict infection occurrence according to principal component analysis (PCA) (Figure 2B). According to ROC curve analysis, age (AUC = 0.681), biological sex (AUC = 0.620), BMI (AUC = 0.706), dosage group (AUC = 0.636), WBC count (AUC = 0.626), and CRP (AUC = 0.608) were all predictive of infection (Figures 2C–H). Supplementary figure 1 illustrates the training process of the neural network model based on these infection-related variables. In both the training and validation sets, the neural network model accurately predicted infection. However, the neural network model only performed 0.539 accurately in the test set. It is possible that this deficiency is due to the small number of patients included in this study.


[image: Figure 2]
FIGURE 2
 SVM-RFE as well as logistic regression models are used for screening important clinical features. (A) Venn diagram showing six features associated with infection prediction. (B) PCA showing that based on these six characteristics, a better distinction can be made between infected and uninfected patients. (C–H) ROC curves showing the predictive performance of (C) age, (D) biological sex, (E) BMI, (F) hydromorphone concentration grouping, (G) WBC, and (H) CRP on infection.




Construction and evaluation of the nomogram prediction model

Based on the six identified clinical variables, a multifactorial logistic regression algorithm was applied to construct a prediction model to detect the occurrence of infection in relation to the clinical use of hydromorphone. Table 4 shows the coefficients of the multifactor logistic regression model based on these six clinical characteristic variables. In the training group, validation group, and overall pairwise column, respectively, the ROC curves showed an AUC of 0.835, 0.818, and 0.747, indicating the model has good predictive ability (Figure 3A). Based on the multifactor logistic regression model, a nomogram was constructed (Figure 3B) to facilitate its clinical application. The correction curves show that the predicted values of the infection prediction model and the true label are in general agreement, further supporting the good predictive power of the model (Figure 3C). Clinical decision curves show that the predictions from the prediction model have clinical value for patients (Figure 3D). Projecting the basic characteristics of the patients and hydromorphone use onto this nomogram allows for the easy calculation of the probability of infection risk, thus guiding hydromorphone use and patient testing in the clinical setting.


[image: Figure 3]
FIGURE 3
 A nomogram based on six factors is constructed and its accuracy is assessed. (A) The ROC curves for the logistic regression model constructed based on the six identified clinical factors for infection in training, validation, and overall pairwise column sets demonstrate better classification performance in all three datasets. (B) The nomogram was constructed using a logistic regression model. (C) Calibration plot showing the predicted values of the model are roughly consistent with the true labels, indicating that the model is reasonably accurate. (D) Clinical decision curve showing the prediction results in an overall pairwise column.


In addition, infected patients spent more time in the intensive care unit and hospital overall than their non-infected counterparts (Figure 4). Infections in intensive care units can prolong the stay in the unit, resulting in increased healthcare costs.


[image: Figure 4]
FIGURE 4
 Compared between infected and non-infected patients, duration of ICU stay and hospitalization. In the infected group, the hospital stay and ICU stay were longer than in the non-infected group.





Discussion

A machine learning approach was used to predict the risk of infection among non-mechanically ventilated ICU patients receiving hydromorphone analgesia after surgical procedures. According to the study, different factors are associated with the occurrence of postoperative infections in surgical patients based on a cohort study. We identified significant risk factors affecting the development of postoperative infections in patients based on these data, including hydromorphone dosage, age, biological sex, BMI, WBC count, and CRP. Logistic regression was used to construct a predictive model for detecting infection. To assist physicians in assessing the risk of postoperative infections in surgical patients, a nomogram was created based on this model.

In postoperative surgical patients, infections are common adverse effects of opioid analgesics, which can reduce their quality of life, and prolong their length of stay (48–51). A high hydromorphone dosage was associated with a higher incidence of postoperative infections in this study. It has been shown that patients on hydromorphone have less than normal immune system defenses, which may allow bacteria and viruses to infiltrate the body and multiply (20, 52). It has also been shown that hydromorphone, as an opioid analgesic, can cause adverse effects, such as excessive sedation and respiratory depression, pulmonary atelectasis, and infection (53–55). Additionally, hydromorphone promotes bacterial translocation by breaking endothelial tight junctions via the Toll-like receptor 2 (20). Opioids increase intestinal bacterial translocation, dysregulated immune responses, and intestinal barrier permeability, thereby increasing the risk of intestinal infections (56). We also found that the WBC count and CRP after 12 h of analgesia were higher in the high hydromorphone dosage group than in the low hydromorphone dosage group. Clinical parameters such as these have been shown to be risk factors for postoperative infection in this study. Infections are more likely to occur in the high hydromorphone dosage group, according to these findings.

Among patients admitted to the ICU after surgery and receiving analgesic treatment, old age was an independent risk factor for infection development. There may be an important correlation between this finding and low immunity in the elderly (57). Similarly, low BMI was identified as an independent risk factor for infection, possibly due to findings that low BMI correlates with worse nutritional status, postoperative recovery, and greater susceptibility to infection (58–60). Furthermore, males had a higher proportion of infections in postoperative ICU admissions than females. Different sex hormones induce different gene expression and immune responses in males and females, which may contribute to different susceptibility to infection (61). Estradiol appears to confer protective immunity, while progesterone and testosterone suppress anti-infection responses (62). Occupational differences and lifestyle differences may also play a role. Therefore, post-analgesic infections should be closely monitored in patients over the age of 65, those with low body mass indexes, and those admitted to the ICU after surgery.

According to our analysis, patients in the infected group spend more time in the ICU and in the hospital, resulting in higher costs and more resource utilization. Infection is a common adverse effect of opioid analgesics in postoperative surgical patients (48, 49). Postoperative infection can negatively impact the patient's prognosis, which negatively impacts their recovery (50, 51). Patients will benefit medically and economically from the early detection and timely treatment of infections after surgery in the ICU.

Despite the higher risk of infection associated with high doses of hydromorphone, postoperative pain control can improve patient recovery. There is evidence that timely and effective relief of postoperative pain enhances recovery, leads to fewer complications, and shortens hospital stays (63). Hydromorphone is commonly used as a bout of pain medication; however, its use also introduces a range of side effects. In order to identify infection-related factors, we used logistic regression to construct infection prediction models and developed an easy-to-use clinical infection prediction nomogram. The tool will help physicians evaluate the risk of infection in surgical patients using hydromorphone for analgesia promptly and may enable early medical intervention, as required by precision medicine. Pain control contributes to the recovery of surgical patients, and timely detection and reduction of analgesic medication use can reduce adverse effects and decrease ICU and hospital stays. A patient-centered big medical data set should be constructed in future studies by collecting all manner of basic patient information, treatment information, and outcomes indicators with the aid of various machine learning predictive models. It is important to design prospective cohort studies to further validate this model, as well as to expand the study population to include different types of surgical and postoperative infections in order to achieve precision medicine.



Conclusion

This study explores and clarifies hydromorphone's efficacy and safety in the ICU. Hydromorphone dosage, age, biological sex, BMI, WBC count, and CRP have been found to be significant risk factors for developing postoperative infections in non-mechanically ventilated patients in the ICU after surgery. Based on these six clinical variables, infection prediction models have good predictive power and can be used to guide hydromorphone use more safely.
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Acute ischemic stroke (AIS) is a primary cause of mortality and morbidity worldwide. Currently, no clinically approved immune intervention is available for AIS treatment, partly due to the lack of relevant patient classification based on the peripheral immunity status of patients with AIS. In this study, we adopted the consensus clustering approach to classify patients with AIS into molecular subgroups based on the transcriptomic profiles of peripheral blood, and we identified three distinct AIS molecular subgroups and 8 modules in each subgroup by the weighted gene co-expression network analysis. Remarkably, the pre-ranked gene set enrichment analysis revealed that the co-expression modules with subgroup I-specific signature genes significantly overlapped with the differentially expressed genes in AIS patients with hemorrhagic transformation (HT). With respect to subgroup II, exclusively male patients with decreased proteasome activity were identified. Intriguingly, the majority of subgroup III was composed of female patients who showed a comparatively lower level of AIS-induced immunosuppression (AIIS). In addition, we discovered a non-linear relationship between female age and subgroup-specific gene expression, suggesting a gender- and age-dependent alteration of peripheral immunity. Taken together, our novel AIS classification approach could facilitate immunomodulatory therapies, including the administration of gender-specific therapeutics, and attenuation of the risk of HT and AIIS after ischemic stroke.
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Introduction

Acute ischemic stroke (AIS) is one of the leading causes of death and disability worldwide, affecting approximately 10 million people each year and resulting in an enormous economic burden for AIS treatment and post-stroke care (1, 2). Recent studies have demonstrated that the immunomodulatory therapy targeting peripheral immunity is promising for AIS treatment, including attenuation of hemorrhagic transformation (HT) or AIS-induced immunosuppression (AIIS) (3–5). However, there is a complex relationship between peripheral immunity states and stroke pathology. Without careful consideration of AIS patient's peripheral immunity state, broad suppression or modulation of peripheral immunity may impair the normal physiological immune functions, such as the clearance of damaged tissues, subsequent repair responses, or protection against systemic infections, which would result in worsening of stroke prognosis (4, 5). For example, the Enlimomab Acute Stroke Trial, a randomized controlled trial of a murine monoclonal antibody to ICAM-1 for blocking peripheral immunity responses, has shown that the Enlimomab-treated patients exhibited significantly worse outcomes with a higher incidence of fever, infections, and death (6). By far, there are no clinically approved immunotherapeutic drug available (7, 8), partly due to the heterogeneous nature of peripheral immunity states in patients with AIS (9, 10). These results highlight the importance of classification of patients with AIS based on their peripheral immunity states to optimize the efficacy of immunotherapies.

Accumulating evidence has shown that subgrouping patients based on gene expression patterns of peripheral blood plays a key role in patient selection for successful clinical translation of immune interventions in multiple diseases including cancers, systemic lupus erythematous, and sepsis (11–13). In addition, peripheral blood can be conveniently obtained from patients with a quick and easy venous blood collection. As a core component of peripheral immunity, peripheral blood cells such as lymphocytes, monocytes, and granulocytes are intimately involved in many immune responses after AIS (14, 15). Moreover, gene expression profiling of peripheral blood could provide crucial information for the peripheral immunity state after stroke (16, 17). Therefore, we hypothesized that transcriptomic profiling of peripheral blood could be used to establish novel AIS classification for providing important insights into the immune interventions for stroke treatment. In this study, we employed a consensus-clustering approach to classify patients with AIS into major molecular subgroups based on their gene expression profiles in peripheral blood, and we characterized these subgroups by various integrative analyses. To further investigate the role of age and gender in the peripheral immunity states of patients with AIS, we employed a restricted cubic spline analysis to elucidate their relationships with subgroup-specific gene expression. Finally, we evaluated the implication of AIS classification on correlation with hemorrhagic transformation (HT) in patients with AIS, aiming to understand the role of peripheral immunity in HT and to provide new insights into the immune interventions for stroke treatment.



Materials and methods


Data collection

Two datasets (GSE16561 and GSE37587) were extracted from the Gene Expression Omnibus (GEO) by R/Bioconductor package GEOquery, including the gene expression matrix, clinical characteristics, and probe sets. The dataset of samples drawn from non-stroke neurologically healthy participants was used as the control. GSE199435 was extracted from the gene expression dataset of blood samples collected from AIS patients with HT or non-HT (n = 3 for each group). The fastq RNA-sequencing data were downloaded from the SRA database (SRP365953). FeatureCounts was used to count the reads mapped to individual genes by processing the sorted bam files with accepted read quality for subsequent analysis.



Removal of batch effect

Since GSE16561 and GSE37587 datasets used the same platform (GPL6883 platform Illumina HumanRef-8 v3.0 expression beadchip), gene expression data were merged for analysis in our study. The expression values merged from both datasets were log2 transformed, and then ComBat normalization in the SVA package was used to remove batch effects.



Consensus clustering

Consensus clustering was performed by “ConsensusClusterPlus” R package as an unsupervised resampling analysis for the detection of high consensus optimal molecular subgroups based on intrinsic molecular characteristics of gene expression features, through robust clustering across multiple runs of a clustering algorithm without external information to mitigate the limitations of individual clustering algorithms by averaging over various clustering methods with random or subjectivity (70). The clustering was performed by a K-means algorithm with the Spearman distance. The maximum cluster number was set to 10. The final cluster number was determined by the consensus matrix and the cluster consensus score (>0.8), as recommended in the literature (70).



Comparing the clinical characteristics of subgroups

The proportion of male patients and different sampling times (within 24 h and 24–48 h after AIS) in the subgroups were compared using the pairwise proportion test. Given that male and female patients may have different patterns of correlation with age, gender-stratified analyses were performed (18). Pairwise Wilcoxon's rank sum test was used to test whether there was a difference in age among the male and female patients in the subgroups. Since the age of female subjects in subgroups showed no significant difference in Wilcoxon's rank sum test, we used logistic regression models with restricted cubic spline functions to test the potential non-linearity between female age and subgroups as described previously (71).



Identification of subgroup-specific upregulated and downregulated genes

Subgroup-specific upregulated and downregulated genes were identified by comparing the samples in a specified subgroup with samples in the other subgroups using the Wilcoxon rank-sum test (19, 20). To avoid obscuring gene expression features in pathway enrichment analyses and identify the most valuable differentially expressed genes, we used the cutoff criteria defined by Benjamini-Hochberg and adjusted it to p < 0.05 and the absolute difference of means > 0.2 (19, 20). Upregulated genes were defined as the subgroup-specific genes with a difference of means > 0.2, while downregulated genes were subgroup-specific genes with a difference of means < −0.2. For any given gene, the difference in mean was calculated by subtracting the mean of expression in the other group from that in the samples of the specified subgroup.



Weighted gene co-expression network analysis

Weighted gene co-expression analysis (WGCNA) was performed under subgroup-specific signatures to identify potential modules with characterized biological functions in each subgroup (21). FlashClust function (in “WGCNA” package) was used to carry out cluster analysis of samples with appropriate threshold to detect and remove the outliers. The soft thresholding power β-value was screened during module construction by the pick Soft Threshold function in the “WGCNA” package. The power of β = 9 (scale-free R2 > 0.8) was selected as the soft-thresholding parameter. The topological overlap matrix similarity was used to evaluate the distance between each gene pair. Hierarchical clustering analysis with the average and dynamic methods was used to build the cluster tree and classify the genes into modules. After merging the original modules based on their similarity, we finally identified eight modules. In the “WGCNA” package, subgroups and gender were converted to numerical values followed by a regression analysis with module eigengene values to visualize the expression tendency of modules. For gender-stratified analysis, Spearman's correlation coefficients and the corresponding p-values between age and modules eigengene values were calculated by the “WGCNA” package. An alluvial diagram was used to visualize the main distribution and associations between subgroup-specific upregulated and downregulated genes and genes in the eight functional modules using the R software package “ggalluvial” and “ggplot2.”



Pre-ranked gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed in GSEA Desktop v4.1.0 with GSEAPrerank mode and a false discovery rate (FDR) < 0.05. The gene set databases were generated from the subgroup-specific signature genes. The gene list for each subgroup was ranked by negative log10-transformed adjusted p-values for Wilcoxon rank-sum test, which was calculated as each subgroup vs. normal control. We employed a restricted cubic spline analysis to determine the non-linear relationship between co-expression modules and log-transformed age in different gender for pre-ranked GSEA analysis as described (22, 23). To cover the most valuable differentially expressed genes (DEGs) of GSE199435 in the pre-ranked GSEA, we adjusted the cut-off value to p < 0.05 and logFC > 0.2 in comparison between AIS patients with HT and patients without HT (non-HT), according to DESeq2. Based on the ranking metric of logFC, the concordance in transcriptional profile between subgroup-specific genes of each WGCNA module and the transcripts was performed by the pre-ranked GSEA (24, 25).



Functional module enrichment analysis

Kyoto Encyclopedia of Genes and Gene Ontology (KEGG) and Reactome pathway enrichment analyses for the subgroup-specific upregulated and downregulated genes were performed for genes in the modules using “clusterprofiler” and “ReactomePA” R package (26, 27). The pathways with P < 0.05 were considered statistically significant for functional modules.




Results

We analyzed a total of 131 peripheral blood samples collected from 107 patients with AIS and 24 healthy individuals from two independent datasets (GSE16561 and GSE37587). We used the ComBat method to process 18,599 genes and eliminated the batch effect by normalization (Figure 1A).
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FIGURE 1
 Consensus clustering analysis of gene expression profiles of peripheral blood samples in patients with AIS. (A) Box plots showing the normalized relative expression (y-axis) of data from genesets GSE16561 and GSE37587. (B) The heatmap representing the consensus matrix with a cluster count of 3, which was determined by the minimal consensus scores of >0.8. (C) Bar-plots showing the consensus scores (y-axis) and the corresponding numbers of the subgroup. The maximum number of subgroups was set to 10.



Consensus clustering of AIS cases

Based on the unsupervised consensus clustering method, we classified the 107 patients with AIS into three subgroups based on their gene expression profiles. Subgroups I, II, and III consisted of 41, 24, and 42 patients with AIS, respectively. We showed that the gene expression pattern of each subgroup is highly specific by consensus matrix analysis (Figure 1B). The minimal consensus score analysis for subgrouping indicated that three groups would provide robust classification based on the criteria of cluster count with a consensus score > 0.8 (Figure 1C) (70).

Next, we performed the pair-wise differential expression analysis of each subgroup with the other two subgroups by GSEA. As shown in Figure 2A, we detected 1,372, 1,012, and 712 genes showing subgroup-specific upregulation, as well as 1,363, 609, and 337 genes showing downregulation in subgroups I, II, and III, respectively (Benjamini-Hochberg adjusted p < 0.05 and the absolute difference of means > 0.2, Supplementary Figure S1). To investigate the specificity of these differentially expressed genes in each subgroup, we performed a GSEA analysis to compare their gene expression profiles with that of the normal control. The normalized enrichment score revealed that the subgroup-specific genes were also significantly and differentially expressed when compared with the control group (Figures 2A–C, FDR <0.05).


[image: Figure 2]
FIGURE 2
 Identification of subgroup-specific differentially expressed genes and comparison with control. (A–C) GSEA enrichment plots (red lines) showing the subgroup-specific upregulated gene (Specific-up) and subgroup-specific downregulated gene (Specific-down) in subgroup I (A), subgroup II (B), and subgroup III (C). Green lines represent the differentially expressed genes between the corresponding subgroup and the normal controls. NES denotes the normalized enrichment score with FDR (** <0.01, and *** <0.001).




Characterization of subgroups

To characterize the clinical features of the three subgroups, we analyzed the distribution of gender, age, and sampling time after AIS in each subgroup. Intriguingly, the gender distribution among the subgroups was very different. As shown in Figure 3A, the proportion of women in subgroup III was significantly higher than that in subgroup I. Intriguingly, subgroup II consisted of men only (Figure 3A). Therefore, we separated male and female patients for age analysis. We found that the average age of male subjects in subgroup I was significantly younger than subgroups II and III (Figure 3B). In contrast, there was no significant difference between the average age of female subjects in subgroups I and III, as determined by Wilcoxon's rank sum test (Figure 3C). To explore whether there was a non-linear relationship, we performed a logistic regression model analysis with restricted cubic spline (RCS) functions, which revealed a U-shaped relationship between female age and subgroups, without significant linearity (Pnon−linear = 0.0223; Figure 3D). To determine whether the sampling time would affect the pattern of AIS subgrouping, we separated patients into 2 groups (sampling time during 24–48 h and within 24 h), and there was no significant difference among the subgroups in female or male cases (Figures 3E,F).


[image: Figure 3]
FIGURE 3
 Clinical characteristics within subgroups. (A) Barplot showing the proportion of male patients in each subgroup. (B,C) Barplot showing the age distribution in each subgroup in male (B) and female patients (C). Values are means ± SD. NS indicates no significant difference between groups (p > 0.05). *P < 0.05, **P < 0.01, and ***P < 0.001. (D) Non-linear relationship between subgroup and the age of female patients analyzed by restricted cubic spline model. The black line represents the pooled odds ratio (OR), and the red lines indicate a 95% confidence interval (CI). (E,F) Box-plots showing the proportion of sampling time (within 24 h and between 24 and 8 h) after AIS in each subgroup of female (E) and male (F) patients. NS indicates no significant difference between groups (p > 0.05).


Next, we conducted pre-ranked GSEA and restricted cubic splines analysis to determine the correlation between age and subgroup-specific gene expression across female and male patients. As shown in Figure 4, the subgroup-specific genes were concentrated in the gene sets with a non-linear correlation with the corresponding age in female patients with AIS (NES = 1.58, FDR < 0.001), but not in male patients (NES = 0.81, no significant difference). These results demonstrate that gender and age are determining factors for gene expression in the peripheral blood of patients with AIS.
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FIGURE 4
 GSEA analysis of subgroup-specific differentially expressed genes. (A) The enrichment plot illustrates that most subgroup-specific genes had a significantly non-linear relationship with female age. The normalized enrichment score (NES) and FDR (*** <0.001) in the female group. (B) The enrichment plot illustrates that most subgroup-specific genes had a significantly non-linear relationship with male age. The normalized enrichment score (NES) is shown without significant difference (FDR > 0.05).




Identification of gene co-expression modules

The weighted gene co-expression network analysis (WGCNA) is a powerful tool to identify modules with a coordinated expression of genes with similar patterns (36). In an attempt to discover unique and specific subgroup signatures, we performed WGCNA of all subgroup-specific genes and control. The specific expression tendency revealed 8 WGCNA modules (Figures 5A,B; Supplementary Table S1). In addition, the cluster analysis by flashClust revealed no outlier samples (Supplementary Figure S2A). The power of β was set at 9 to ensure a scale-free network based on the scale-free fit index and the mean connectivity (Supplementary Figure S2B). The topological overlap measure (TOM) for each gene pair was then calculated. Consistently, the hierarchical clustering analysis based on the TOM dissimilarity measure (1-TOM) also revealed eight modules (Supplementary Figure S2C). Then, we used an alluvial diagram to visualize the main distribution and associations between subgroup-specific upregulated and downregulated genes and genes from eight modules (Figure 5C). Based on the main distribution (color bars) and association (lines) of WGCNA modules with the subgroup-specific genes, we identified the upregulated and downregulated associations between WGCNA modules and the corresponding primary subgroups (Table 1). To investigate the relationship between clinical features and gene expression of WGCNA modules, we performed the Pearson correlation analysis, which verified that all modules were correlated with AIS, and this served as the positive control. Importantly, module 6 exhibited the highest degree of negative correlation with AIS (r-value = −0.35), while modules 2, 4, 5, and 7 showed comparable levels of positive correlation with AIS with r-values ≥ 0.2 (Figure 5A). With respect to subgroup I, the specific genes from modules 3, 4, 5, and 7 appeared to be independent of gender in patients with AIS (Figure 5A p > 0.05 in AIS_Gender_Male column). Notably, we observed a linear relationship between co-expression modules and age in male patients with AIS (except modules 2 and 6) (Figure 6A). In contrast, modules 1 and 8 showed significant linear correlation as shown in the corresponding age bracket in AIS female patients (Figure 6A). Apart from modules 2 and 6, we ascertained the non-linear relationship between most co-expression modules and log-transformed age in female patients with AIS through the incorporation of the restricted cubic spline analysis with pre-ranked GSEA (Figure 6B). Likewise, the accumulation of gene sets pertaining to a non-linear correlation in the corresponding age in male patients with AIS was not observed except in module 4 (Figure 6C). The linear and non-linear relationships between age and relevant modules in patients with AIS are visualized in the heatmap presentation as shown in Figure 6A. Together with the observation that modules 2 and 6 were primarily distributed in subgroup III-specific genes (Figure 5C), these results highlight the correlation of gender, rather than age, with gene co-expression in modules.
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FIGURE 5
 Identification and characterization of 8 modules by weighted gene co-expression analysis (WGCNA). (A) Module-trait relationship of gender and age in male and female patients. The positive and negative correlation coefficients of WGCNA modules and clinical characteristics are colored from red to blue. Each row corresponds to a module eigengene, each column corresponds to a trait. Each cell depicts the corresponding Pearson correlation r-values and p values in the bracket. (B) The scaled expression values of genes in each of the 8 WGCNA modules are displayed in the heatmap. (C) Alluvial diagram showing the inherent relationship between modules and subgroups.



TABLE 1 The number of differentially expressed genes by case-control and case-case comparisons and co-expression modules in each subgroup.
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FIGURE 6
 (A) Heatmap showing association of gender-specific distribution of age with the expression of subgroup-specific genes in each module. Red and blue indicate upregulation and downregulation, respectively. Samples were ordered by increasing age in each gender. (B,C) The enrichment plots of the restricted cubic spline-GSEA showing the significance of the non-linear relationship between all normalized expression of genes in each module and log-transfer age in female patients (B) and male patients (C).




Functional enrichment analysis of genes in the co-expression modules

KEGG and Reactome pathway analyses were used to identify enriched pathways in the co-expression modules. Interestingly, we found that many of them were related to inflammatory factors, complement synthesis, coagulation factor production, and the expression of C-type lectin receptors (Table 1; Figures 7–10). Notably, modules 4 and 5 primarily constituted of the subgroup I-specific upregulated genes. They were substantially enriched in pathways involved in neutrophil extracellular trap formation, inflammasomes, and metabolism of lipid and lipoprotein (Supplementary Figures S3,S4). With respect to module 4, we found the integration of NLRP3 with the inflammasome pathway (Supplementary Figure S4A). In modules 4 and 5, enriched pathways included platelet activation, thrombus formation, platelet adhesion to exposed collagen, platelet activation, formation of fibrin clot (clotting cascade), and common pathway of fibrin clot formation (Supplementary Figures S3,S4). Analysis of downregulated genes in subgroup I in modules 3, 7, and 8 revealed pathways related to the regulation of the immunocoagulation tangles (Supplementary Figures S3,S4). We also identified the regulation of gene expression by hypoxia-inducible factors in module 8, which suggest improved perfusion and enhanced arterial remodeling in this module (Figures 9, 10B) (28). Additionally, these pathway analyses revealed functions such as nucleotide excision repair, DNA damage bypass, HDR through Homologous Recombination (HRR), and DNA double-strand break repair in tandem with the increased activity of hypoxia-inducible factor and SUMOylation in module 8 (Figure 9), suggesting the anti-hypoxic injury by regulation of gene expression as shown in module 8 (Figures 7–10). Interestingly, module 1 showed the downregulation of genes enriched in proteasome activity in subgroup II (Figure 7, Supplementary Figure S3A). Furthermore, module 6 was related to phosphorylation of CD3 and TCR zeta chains in subgroup III (Figure 9). Genes in this pathway included CD3D, CD3E, CD3F, and CD247 (CD3ζ) which are also the representative markers of T-cells (Figure 10B). We also identified the enhanced normal T-cell function and comparatively lower levels of AIIS in subgroup III (Figure 10) (3). From module 2, specific-downregulated genes in subgroup III encompassed the enrichment of calmodulin-dependent kinase-related genes including CAMK2A and CAMKK2 (29, 30). Consistently, they are known as the fundamental regulators of immune function in conjunction with the enrichment of platelet activation and coagulation-related pathways (Supplementary Figure S4A) (31–33). The identification of these pathways in subgroup III-specific modules 2 and 6 demonstrates the specific peripheral immunological activity in female patients with AIS (Figures 3A, 5C). Another interesting observation was the enrichment of disparate metabolism pathways. For instance, we identified ADH4, DLD, PDK1, ABAT, and SDHD enriched in module 8 that were related to propanoate metabolism, pyruvate metabolism, and tricarboxylic acid (TCA) cycle, whereas ALDOC, PFKI, ALDOA, TKT, RPIA, and FBPI were enriched in the pentose phosphate pathway in modules 1 and 4. These results suggest the diverse regulation of metabolism in periphery immune response in patients with AIS (Supplementary Figures S3,S4). Furthermore, we identified that modules 1 and 6 showed distinct co-expression patterns in relation to oxidative phosphorylation Supplementary Figure S3B), whereas modules 3 and 6 exhibited different co-expression of genes involved in ribosome biogenesis (Supplementary Figure S3C). Finally, we identified the enrichment pathways involved in protein processing in the endoplasmic reticulum (Figure 7, Supplementary Figure S4B), protein export, and ribosome activity in module 3 (Figures 5C, 7; Table 1; Supplementary Figures S3B,C). These results suggest that the ribosome-related pathways influence protein synthesis and secretion disorders in patients with AIS of subgroup I.
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FIGURE 7
 Module-based pathway analysis. Visualization of pathways identified by the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.
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FIGURE 8
 Heatmap showing the scaled expression values of genes in representative subgroup-specific KEGG pathways related to inflammation and corresponding signature of each co-expression module among subgroups. (A) Chemokine signaling pathway and cytokine-cytokine receptor interation. (B) C-type lectin receptor signaling pathway, TNF signaling pathway, and complement and coagulation cascades. Heatmap colors correspond to the level of mRNA expression as indicated in the color rang.
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FIGURE 9
 Module-based pathway analysis. Visualization of pathways identified by the Reactome.
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FIGURE 10
 Heatmap showing the expression level of genes in representative subgroup-specific Reactome pathways related to inflammation as indicated in Signaling by Interleukins (A) and TNFs bind their physiological receptors, Chemokine receptors bind chemokines, Peptide ligand-binding receptors, Phosphorylation of CD3 and TCR zeta chains, Formation of Fibrin Clot Formation, and Relation of gene expression by Hypoxia-inducible Factor (B) and corresponding signature of each co-expression module among subgroups, heatmap colors correspond to the level of mRNA expression as indicated in the color rang.




Correlation of transcriptomic pattern in subgroup I with HT

Given that our identified modules in patients with AIS are closely associated with HT, we asked whether our classification could reveal the risk of HT in patients with AIS. To this end, we analyzed an independent dataset (GSE199435) which separated patients with AIS into HT and non-HT groups. We first identified the differentially expressed genes (DEG) in non-HT patients with AIS compared with those of HT. Then, we performed a pre-ranked gene set enrichment analysis to determine the enrichment of HT-related DEG to the co-expression modules with subgroup-specific signature genes. We found that a significant number of genes in modules 4 and 5 in subgroup I-specific upregulated genes were positively enriched in the HT-related upregulated genes (Figure 11A, NES > 1.5, FDR < 0.001). A similar number of genes in modules 3 and 8, mainly from subgroup I that were specific-downregulated genes, was negatively enriched in the HT-related downregulated genes (Figure 11A NES < −1.8, FDR < 0.001). In contrast, a smaller number of genes was observed when analyzing the non-subgroup I modules 1, 2, and 6 (Figure 11A). Therefore, we compared the DEG in modules 3, 4, 5, and 8 with those in HT-specific DEG. As shown in the Venn diagram in Figure 11B, we identified 267 genes in common (FDR < 0.05). As shown in the heatmap in Figure 11C, their differential expression pattern was highly similar and coordinated in these two sets of genes. Finally, we performed Reactome analysis for the identification of enriched pathways in these 261 genes. Results identified pathways including the activation of matrix metalloproteinases (MMP2 and MMP25), pentose phosphate pathway, DNA double-strand break repair, DNA repair, and translation (Figure 11D, Supplementary Figure S5). Taken together, these results suggest that subgroup I and AIS patients with HT share a similar transcriptional profile.
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FIGURE 11
 Genes in modules in subgroup I overlaps with hemorrhage transformation (HT)-specific differentially expressed genes (DEG). (A) Pre-ranked gene set enrichment analysis showing the enrichment of DEG related to HT in the co-expression modules with subgroup I-specific signature genes. (B) Venn diagram showing the number of overlapped genes (267) between HT-specific DEG and subgroup I-specific genes. (C) Heatmap representing the overlap genes between DEGs related to HT and subgroup I-specific genes. (D) Diagram showing pathways identified by Reactome with the negative log10 p-values of the overlapped genes shown in B and C.





Discussion

Acute ischemic stroke is a heterogeneous disorder with more than 100 pathologies implicated in its pathogenesis (34, 35). Therefore, it is important to develop various subgroup classification approaches for developing a personalized therapeutic strategy for effective stroke treatment. The advent of the subgroup classification such as the Trial of Org 10172 in Acute Stroke Treatment (TOAST), Causative Classification System (CCS), and Chinese Ischemic Stroke Subclassification (CISS) system during the past decade has facilitated the clinical application of antiplatelet and anticoagulation therapies (36, 37). In addition, the classification of AIS cases improves the clinical feasibility of time-dependent and population-specific revascularization therapies (38, 39). However, current AIS subgroup classification methods, mainly based on clinical evaluation and neuroimaging assessment, fail to address immune interventions that are promising but require personalized medications.

In this study, we developed a novel classification of AIS by consensus clustering of transcriptomic profiles in peripheral blood. Most of the subgroup-specific genes overlap with AIS signature genes as revealed by GSEA (Figure 2) and WGCNA (Figure 5A). These results highlight the importance of subgroup classification for a more precise correlation of peripheral immunity with AIS. Moreover, this study indicates that our subgroup classification is independent of sample collection time for the first 24 h or from 24 to 48 h, making our classification approach more flexible in terms of administration of gender-specific therapeutics for the attenuation of the risk of HT and AIIS, considering that the therapeutic time window of immune interventions is typically 6–48 h after AIS in clinical studies (40, 41).

Our transcriptome-based classification revealed subgroup-specific functional modules or pathways based on the tendency of co-expression patterns by WGCNA. As an integral component of the peripheral immunity response to AIS, our analysis confirmed that multiple inflammatory factors including chemokines, interleukins, and tumor necrosis factors are secreted from peripheral blood cells to trigger pro- or anti-inflammatory responses as reported previously (31, 42, 43). We also demonstrate that complement synthesis, coagulation factor production, and C-type lectin receptor expression in peripheral blood cells apparently play an instrumental role in peripheral immunity in response to AIS (44–46). Our findings also support the notion that AIS could regulate periphery immune response through the alteration of immunometabolism, including the tricarboxylic acid (TCA) cycle, the pentose phosphate pathway, propanoate metabolism, oxidative phosphorylation, and pyruvate metabolism (47–49). Our co-expression analysis further suggested a correlation between the immunometabolism and maintenance of DNA stability, consistent with recent studies showing that DNA double-strand break repair, DNA damage bypass, and homologous recombination were allegedly regulated by pyruvate metabolism and TCA cycle (50). In fact, the intricate roles of transcriptional reprogramming and alteration of immunometabolism in peripheral immune cells after AIS remain largely unknown. Our identification of various co-expression patterns within different subgroups could provide a comprehensive insight for future studies on immunotherapy for stroke.

It is worth noting that our pathway analysis in each module reveals the closely intertwined action of peripheral immunity-mediated inflammation, thrombosis-driven friability of cerebral vasculature, and coagulation disequilibrium. In agreement with these findings, recent studies have shown that the ischemic cerebral infarct progression is accompanied by microvascular thrombosis and subsequent HT (51, 52). In fact, these peripheral immunity-mediated inflammatory mechanisms have led to the concept that AIS is a systemic inflammatory and a thrombo-inflammatory disease (31–33). Interestingly, our GSEA analysis demonstrates that the coordinated expression pattern in the subgroup I-specific DEG is significantly analogous to that in the HT-specific modules (53). We further identified the activation of matrix metalloproteinases (including MMP2 and MMP25) that were enriched in the overlapping genes between these two groups, supporting their possible role in HT as reported previously (54–56). Moreover, we identified the pathways related to ribosome biogenesis and protein translation in both subgroups I and the HT-specific module. Currently, the role of protein translation in HT remains unknown, and obviously future studies will be required to provide the underlying mechanisms. Interestingly, our results suggest a potential mechanism of coagulation by peripheral immunity. We showed that modules 4 and 5, which are mainly from subgroup I specific upregulated genes, are all enriched in a pathway related to neutrophil extracellular trap (NET) formation, which is known to play a key role in hemorrhagic transformation and a thrombus resistant to lytic therapy (57, 58). In addition, our finding is in agreement with previous reports showing that the formation of NET may be induced by IL-1B, CAMP(LL37), and C3 in peripheral blood cells (59–62).

It is not uncommon in clinical settings that AIS induces AIIS, which is characterized by decreased CD3+T lymphocyte (3). Our pathway enrichment analysis shows that module 6, which is specifically upregulated in subgroup III (comprised mostly female patients) is plausibly correlated with a lesser degree of AIIS compared to subgroups I and II. Consistently, it has been reported that the female patients showed a reduced level of AIIS compared with male patients, suggesting a gender-specific response in post-AIS peripheral immunity (63–65). In addition, recent studies have shown a diminished level of T cell activity following the release of coagulation factor V(F5), arginase 1 (ARG1), LL33 (CAMP), and IL33 from the periphery immune cells, resulting in peripheral immunosuppression (66–69). We discover the lack of upregulation of ARG1, IL 33, and F5 in subgroup III, which denotes a contrary expression tendency in module 6 (see Supplementary Table S1). In contrast, module 2 consists of calmodulin-dependent kinase-related genes CAMK2A and CAMKK2, which are crucial regulators of peripheral blood cell functions (29, 30). It has been reported that peripheral blood cells are capable of producing complements and factors in coagulation cascades including C2, C5AR1, F13A1 (coagulation factor XIII, A1 Polypeptide), and SERPINA1 (a form of antiplasmin protein) (44). Interestingly, these genes are enriched in module 2 in our study, further supporting a correlation between thromboinflammation and AIIS. Finally, we found that the proteasome activity is decreased specifically in subgroup II. We speculate that peripheral blood cells in this AIS subgroup patients may reduce proteasome activity for alleviating ischemic injury. Since subgroup II is mainly composed of older male patients and subgroup III is mostly of female patients, this gender-dependent characteristic of classification by molecular subgrouping may guide personalized immunotherapeutic treatment for stroke.

Our study has several limitations. Firstly, we only examined 107 AIS cases, and a larger sample size in the future would be necessary to verify the robustness of our classification. Secondly, we could not directly evaluate the prognostic value using this classification method due to the lack of relevant clinical details in the datasets. For example, we were not able to relate the subgroups to clinical information such as comorbidities, demographic characteristics, thrombolysis or types of endovascular treatment, type of hemorrhage transformation (spontaneous HT, thrombolysis-induced HT, etc.), and TOAST classification. Therefore, we could not determine the predictive value of this classification on the prognosis of patients with AIS. Finally, samples were mainly collected from patients in the United States and China. Future prospective validation work is required by using samples collected from other countries.

In conclusion, the peripheral blood transcriptomic profiling for AIS classification reveals distinct and specific expression patterns. Considering the heterogeneity of the peripheral immunity in stroke patients, this molecular classification approach would have a prognostic impact by improving the efficacy of immunotherapies, prediction of the risk of hemorrhagic transformation, and therapeutic time window of immune interventions. Thus, this classification could potentially improve the prognosis of patients with AIS by providing a more informative and personalized medication strategy by the identification of patients with AIS who are vulnerable to stroke-induced immunodeficiency, resistant to gender-specific immunotherapy, and at risk of hemorrhagic transformation and other comorbidities.
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Background: Carotid atherosclerosis, especially the rupture of unstable plaques, plays an important role in the development of stroke. A novel lipid ratio, the non-high-density lipoprotein cholesterol (non-HDL-C)/high-density lipoprotein cholesterol (HDL-C) ratio, contains both atherogenic and anti-atherogenic particle information, and has been shown to be associated with carotid atherosclerosis. However, there is no data on evaluating the association between non-HDL-C/HDL-C ratio and carotid plaque stability.

Methods: This study was carried out on 27,436 urban workers aged 20 years or older who participated in a comprehensive health screening between January 2016 and December 2017. Carotid plaque stability was assessed using ultrasonography. Multinomial logistic regression models were used to explore the relationship between the non-HDL-C/HDL-C ratio and carotid plaque stability by odds ratios (ORs) and 95% confidence intervals (CIs). Subgroup and sensitivity analyses were performed to verify the robustness of the results.

Results: Carotid plaque was detected in 7,161 (26.1%) participants, with stable and unstable plaque accounting for 3,277 (11.9%) and 3,884 (14.2%), respectively. The prevalence of stable carotid plaque substantially increased with increasing non-HDL-C/HDL-C ratio quartile levels (p for trend < 0.001) and with a similar association for unstable carotid plaque (p for trend < 0.001). The mean non-HDL-C/HDL-C ratios (mean ± SD) of non-carotid plaque (2.9 ± 1.1), stable carotid plaque (3.2 ± 1.2), and unstable carotid plaque (3.4 ± 1.4) gradually increased (p < 0.001). In multinomial logistic regression, ORs (95% CIs) for the highest vs. lowest quartile of the non-HDL-C/HDL-C ratio were 1.70 (1.48–1.95) between stable carotid plaques and no carotid plaque, 2.34 (2.06–2.67) between unstable carotid plaques and no carotid plaque, and 1.38 (1.18–1.61) between unstable carotid plaques and stable carotid plaque, after adjusting for common cardiovascular risk factors. The results of subgroup analysis and sensitivity analysis were similar.

Conclusion: Our findings suggested that the non-HDL-C/HDL-C ratio was significantly associated with carotid plaque stability and might be a useful indicator for the early identification of high-risk carotid plaque.

KEYWORDS
  lipid ratio, non-HDL-C/HDL-C, carotid plaque, stability, cross-sectional study


Introduction

Stroke is a leading cause of death and disability worldwide (1). Carotid plaque stability plays a fundamental role in the development of ischemic stroke (2, 3). Rupture of unstable carotid plaque can lead to thrombosis, resulting in cerebrovascular occlusion and infarction. Approximately, 18–25% of ischemic stroke thromboembolisms originate from ruptured carotid plaques (4), and carotid plaque is also an important cause of cryptogenic stroke (5). However, carotid ultrasound screening in the general population is not recommended in the current guideline (6). Therefore, early identification of carotid plaque stability could help discover people at high risk of stroke, who might benefit from early pharmacological or surgical intervention.

It is well-known that high-density lipoprotein cholesterol (HDL-C) and non-HDL cholesterol (non-HDL-C) are associated with atherosclerosis (7–9). Non-HDL-C is considered to be a key factor underlying the process contributing to cardiovascular disease and atherosclerosis (10). The National Lipid Association has identified non-HDL-C as a primary therapeutic target (11), HDL-C, which is composed of the smallest and densest lipoprotein particles, inhibits atherosclerosis (12). HDL-C is negatively associated with cardiovascular (CV) events with each 1 mg/dl increase reducing CV events by 2–3% (7, 13, 14), and it exerts cardiovascular protective effects mainly through reverse cholesterol transfer, anti-inflammatory, antioxidant, anti-apoptotic, and vasodilatory effects (14). A novel lipid ratio, the non-HDL-C/HDL-C ratio, contains both atherogenic and anti-atherogenic particles information, and has been shown to be associated with a variety of dyslipidemia-related diseases such as diabetes mellitus (15–17), liver disease (18, 19), metabolic syndrome (20), and previous studies also demonstrated that the non-HDL-C/HDL-C ratio was associated with carotid atherosclerosis (21–23). In addition, the Atherosclerosis Risk in Communities (ARIC) study even found an independent association between non-HDL-C/HDL-C ratio and carotid plaque lipid core (24). The thicker the lipid core, the more likely it is to cause expansion of the necrotic core of the plaque, resulting in plaque rupture (25). Moreover, recently studies showed that the non-HDL-C/HDL-C ratio might be a better predictor of cardiovascular events than traditional lipid indices (26, 27). However, to date, there is no data on evaluating the association between non-HDL-C/HDL-C ratio and carotid plaque stability.

Therefore, we performed this study to clarify whether non-HDL-C/HDL-C ratio is significantly associated with carotid plaque stability.



Methods


Participants

The study population consisted of 28,537 Chinese adults who participated in a health examination in stroke screening sites of the First Affiliated Hospital of Zhengzhou University from January 2016 to December 2017. The exclusion criteria of this study were: subjects with any history of malignancy, infectious diseases, acute inflammation, liver disease, or renal disease. We also excluded subjects with missing data on TC or fasting blood glucose (FBG). After applying our exclusion criteria, a total of 27,436 participants were enrolled in this study.



Data collection

We collected individual sociodemographic information (e.g., sex, age, and education), history of chronic diseases (e.g., diabetes, dyslipidemia, hypertension, coronary heart disease, and stroke), and lifestyle factors (e.g., smoking, drinking, vegetable and fruit consumption, physical activity, etc.) via a standard questionnaire by trained interviewers. Definition of history of stroke and coronary artery disease: previously diagnosed by a medical specialist or provided imaging data to support the diagnosis. Smoking, defined as smoking 1 cigarette per day for more than 1 year. Drinking, defined as alcoholic drink of at least ≥45 g each time per day during the last year. Vegetable consumption and Fruit consumption were divided into two groups (≥5 days/week and <5 days/week) using a standard consumption of 200 g per day. Physical activity, defined as regular exercise for at least 30 min per time in no less than 3 times per week. We measured weight, height, and resting blood pressure such as systolic blood pressure (SBP) and diastolic blood pressure (DBP). Obesity was defined as BMI ≥ 28 kg/m2.

In addition, overnight fasting blood samples were obtained from all subjects. Fasting blood glucose was measured using the glucose oxidase method. Lipid levels including total cholesterol (TC), triglyceride (TG), HDL-C, and low-density lipoprotein cholesterol (LDL-C) were measured using Olympus Au5400 automated biochemistry analyzer (First Chemical Co, Ltd, Japan). Hypertension was defined as SBP and/or DBP ≥ 140/90 mmHg, or the usage of antihypertensive medications. Dyslipidemia was defined as TG ≥ 2.26 mmol/L, TC ≥ 6.22 mmol/L, HDL-C < 1.04 mmol/L, LDL-C ≥ 4.14 mmol/L, self-reported history, or taking lipid-lowering drugs. Diabetes mellitus (DM) was defined as self-reported history, FPG ≥ 7.0 mmol/L, or taking antidiabetic agents.



Assessment of carotid plaque stability

Ultrasound technologists evaluated carotid plaques by qualified sonographers using the iU22 (Philips Healthcare), HA500 (Hitachi Healthcare), and DC-8 (Mindray), ultrasound system with 5–10 MHz transmission frequency. Two qualified sonographers measured each participant separately; discrepancies in measurement data were resolved by consensus. We examined plaques of bilateral common carotid artery, internal carotid artery, external carotid artery, and bulb. Carotid plaque was defined as a focal structure encroaching into the arterial lumen by at least 0.5 mm or 50% of the surrounding CIMT value, or CIMT > 1.5 mm (28, 29). Stable carotid plaques had a high level of homogeneous echogenicity and homogeneous texture with a regular smooth morphology. Unstable carotid plaques had an incomplete fibrous cap or ulceration with low level or heterogeneous echogenicity (30).



Statistical analysis

The population was divided into four groups based on the quartiles of the non-HDL-C/HDL-C ratio. Categorical variables were presented as frequency (%), which was compared using chi-square analysis. Continuous variables were described as the median with an interquartile range owing to the skewed distribution, which were compared by variance (ANOVA) or Mann–Whitney U-tests for continuous variables.

When participants were divided into 3 groups according to carotid plaque stability (non-carotid plaque, stable carotid plaque, and unstable carotid plaque), multinomial logistic regression models were used to explore the relationship between the non-HDL-C/HDL-C ratio and carotid plaque stability. To adjust for potential confounders, two models were developed: Model 1, adjusted for age, sex, education, smoking status, drinking status, vegetable consumption, fruit consumption, physical activity, BMI ≥ 28 kg/m2 (yes or no), stroke, coronary heart disease, hypertension, antihypertensive agents, diabetes mellitus, antidiabetic agents, lipid-lowering agents; Model 2, further adjusted for TG and FBG. The results were presented as odds ratios (ORs) and 95% confidence intervals (CIs). To verify the robustness of the relationship between non-HDL-C/HDL-C ratio and carotid plaque stability, analyses were carried out for different subgroups. In view of the effect of lipid-lowering agents on non-HDL-C/HDL-C ratio and carotid plaque stability, sensitivity analysis was performed after excluding people taking lipid-lowering agents.

All analyses above were conducted using R software (version 3.6.3). A two-sided p < 0.05 was considered statistically significant.




Results


Baseline characteristics

A total of 27,436 participants were recruited, 12,866 (46.9%) of them were male. The median (IQR) age of overall participants was 48 (41–55) years, and the median non-HDL-C/HDL-C ratio was 2.82 (IQR: 2.16–3.60). Compared with participants in the lowest quartile of non-HDL-C/HDL-C ratio, those with higher non-HDL-C/HDL-C ratio were more likely to be older and male; to be smoking, drinking, vegetable, and fruit consumption, active physical activity, obesity; to have a higher prevalence of hypertension, diabetes, and dyslipidemia; to have higher use of antidiabetic, antihypertensive, and lipid-lowering agents use, to have a higher level of SBP, DBP, FBG, TC, TG, LDL-C, and non-HDL level, while more likely to have a lower level of HDL-C. The characteristics of participants according to quartiles of the non-HDL-C/HDL-C ratio are presented in Table 1.


TABLE 1 Baseline characteristics of the study participants.
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Non-HDL-C/HDL-C ratio and carotid plaque stability

Carotid plaque was detected in 7,161 (26.1%) respondents, with stable and unstable plaque accounting for 3,277 (11.9%) and 3,884 (14.2%), respectively. As non-HDL-C/HDL-C ratio levels increased from the lowest quartile to the highest quartile, the prevalence was increased from 8.2 to 16% for stable carotid plaque (p for trend < 0.001) and from 7.7 to 20.8% for unstable carotid plaque (p for trend < 0.001). The mean non-HDL-C/HDL-C ratios of non-carotid plaque (mean ± SD, 2.9 ± 1.1), stable carotid plaque (mean ± SD, 3.2 ± 1.2), and unstable carotid plaque (mean ± SD, 3.4 ± 1.4) increased gradually and this trend was statistically significant (p < 0.001; Figure 1).


[image: Figure 1]
FIGURE 1
 (A) The mean non-HDL-C /HDL-C ratios of non-carotid plaque, stable carotid plaque, and unstable carotid plaque (mean ± SD) increased gradually and this trend was statistically significant. (B) Prevalence of stable carotid plaque stratified by quartile the non-HDL-C/HDL-C ratio. (C) Prevalence of unstable carotid plaque stratified by quartile the non-HDL-C/HDL-C ratio. **** p < 0.001.


In multinomial logistic regression model 1 compared stable carotid plaques with no carotid plaque, the ORs (95% CIs) for the highest quartile of the non-HDL-C/HDL-C ratios were 1.71 (1.51–1.94). For every 1 unit increase in the non-HDL-C/HDL-C ratio, the prevalence of stable carotid plaque increased by 1.17 times. Compared unstable carotid plaques with no carotid plaque, the ORs (95% CIs) for the highest quartile of the non-HDL-C/HDL-C ratios were 2.21 (1.96–2.49). Moreover, for every 1 unit increase in the non-HDL-C/HDL-C ratio, the prevalence of unstable carotid plaque increased by 1.21 times. Compared to unstable carotid plaques with stable carotid plaque, the ORs (95% CIs) for the highest quartile of the non-HDL-C/HDL-C ratios were 1.29 (1.12–1.50). Moreover, for every 1 unit increase in the non-HDL-C/HDL-C ratio, the prevalence of unstable carotid plaque increased by 1.04 times.

Further adjustment for TG and FBG in model 2 did not change the association between the non-HDL-C/HDL-C ratio and carotid plaque stability. The corresponding ORs (95% CIs) for the highest vs. lowest quartile of the non-HDL-C/HDL-C ratio were 1.70 (1.48–1.95) between stable carotid plaques and no carotid plaque, 2.34 (2.06–2.67) between unstable carotid plaques and no carotid plaque, and 1.38 (1.18–1.61) between unstable carotid plaques and stable carotid plaque (Table 2).


TABLE 2 Multinomial logistic odds ratios (ORs) (95% CI) of the association of the non-HDL-C/HDL-C ratio with carotid stability.
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Subgroup analysis and sensitivity analysis

When the non-HDL-C/HDL-C ratio was considered as a continuous variable, subgroup analysis was conducted by stratification according to sex, age, BMI, hypertension, and diabetes. After the full adjustment variables, the association between non-HDL-C/HDL-C ratio and carotid plaque stability remained significant in gender, age, hypertension, and diabetes subgroups. While in a subgroup analysis of BMI ≥ 28 (kg/m2), there was no statistical significance between unstable carotid plaques and no carotid plaque (OR 1.06, 95% CI 0.95–1.17; Figure 2).


[image: Figure 2]
FIGURE 2
 Subgroup analysis was conducted by stratification according to sex, age, BMI, hypertension, and diabetes, when the non-HDL-C/HDL-C ratio was considered as a continuous variable. After the fully adjustment, the same variables as Model 3 in Table 2, the odds ratios (ORs; 95% CIs) of the non-HDL-C/HDL-C ratio and carotid stability.


This sensitivity analysis was performed to assess the relationship between non-HDL-C/HDL-C ratio and carotid plaque stability in the subsample without taking lipid-lowering agents. After multivariable adjustment for the risk factors, sensitivity analyses showed similar results (Table 3).


TABLE 3 Sensitivity analysis†.
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Discussion

This is the first population-based study to explore the relationship between non-HDL-C/HDL-C ratio and carotid plaque stability. We found that the prevalence of both stable and unstable carotid plaque increased significantly with increasing non-HDL-C/HDL-C ratios, independent of other relevant factors. Meanwhile, the mean non-HDL-C /HDL-C ratio gradually increased for non-carotid plaques, stable carotid plaques, and unstable carotid plaques; and this trend was statistically significant. Our findings, for the first time, demonstrated that non-HDL-C /HDL-C ratio was associated with carotid plaque stability in the general population.

Early atherosclerosis occurs mainly in the peripheral vasculature, such as the femoral and carotid arteries (31). The burden of carotid atherosclerosis has been increasing. A systematic review revealed the global burden of carotid atherosclerotic disease, with 21.1% of people aged 30–79 years suffering from carotid plaque in 2020, equivalent to 815.76 million people (32), and it was known that unstable plaque was an important factor in the development of cardiovascular disease (33). Moreover, many studies had shown that early preventive treatment and risk factor intervention were beneficial (34–36). However, carotid ultrasound screening in the general population is not recommended in the current guideline (6). Therefore, simple and accessible biomarkers for early determination of carotid plaque stability can help improve the understanding of the pathophysiology of cardiovascular disease and identify high-risk patients who may benefit from early intervention.

Our study found a gradual increase in the prevalence of carotid plaque as the non-HDL-C/HDL-C ratio gradually increased. As with our findings, the previous studies had shown that the non-HDL-C/HDL-C ratio was associated with carotid atherosclerosis (21–23). Qin et al. (21) found that carotid intima-media thickness gradually increased in the quartile of non-HDL-CHDL-C ratio in Chinese individuals of metabolic syndrome (p trend < 0.05). A multicenter study (22) found that postmenopausal women with higher non-HDL-C/HDL-C ratios had a greater chance of developing carotid atherosclerotic plaque (OR: 1.30, 95% CI: 1.07–1.58, p = 0.009) when adjusted for other cardiovascular risk factors. Recently, studies found that the non-HDL-C/HDL-C ratio might be a more accurate predictor of cardiovascular disease (26, 27). In addition, an asymptomatic polyvascular abnormalities in Community study (37) found that the odds of unstable carotid plaques at non-HDL-C levels in the middle and highest trilaterals were 1.02 (95% CI, 0.84–1.23) and 1.50 (95% CI, 1.23–1.82), respectively, after adjusting for confounders. Moreover, ARIC (24) study even found an independent association between non-HDL-C/HDL-C ratio and carotid plaque lipid core. It is well-known that plaque rich in lipid core is unstable and easy to rupture (25). All the above studies indirectly supported our findings that the non-HDL-C/HDL-C ratio might be associated with carotid plaque stability.

As a clinically easily accessible biomarker, the non-HDL-C/HDL-C ratio collects information on all atherogenic and antiatherogenic lipid particles. Non-high-density lipoprotein cholesterol (non-HDL-C) level is calculated by subtracting high-density lipoprotein cholesterol (HDL-C) from TC. Non-HDL-C consists of LDL-C, very low-density lipoprotein (VLDL-C), intermediate-density lipoprotein (IDL-C), chylomicrons, and their TG-rich lipoprotein remnants, and the protein mainly contains apolipoprotein B, which is a strong indicator of atherogenicity (13, 38). Non-HDL-C is considered to be a key factor underlying the process contributing to most cardiovascular diseases (10). The National Lipid Association has identified non-HDL-C as a primary therapeutic target (11), and the ESC/EAS guidelines for the management of dyslipidemia also recommended the inclusion of non-HDL in the assessment of cardiovascular disease risk (39). HDL-C is composed of the smallest and densest lipoprotein particles and mainly contains apolipoprotein A-I (APOA-I), which inhibits the production and mobilization of inflammatory cells and promotes the reversal of cholesterol transport (RCT) to inhibit atherosclerosis (12). HDL-C is thought to be negatively associated with cardiovascular disease events (7). The non-HDL-C/HDL-C ratio can reflect the balance between atherogenic and anti-atherogenic lipid particles, which may be the underlying mechanism for its relationship with plaque stability.

There are several limitations in our study. First, this is a cross-sectional study and no conclusions can be drawn on the causal relationship between non-HDL-C/HDL-C ratio and carotid plaque stability. Second, carotid plaque stability is assessed using ultrasound, which is not as accurate as MRI or angiography and cannot be verified with pathological specimens. However, we corrected for bias with a two-person blinded assessment. Third, our study did not collect information on HDL functionality, which is a better predictor of CV risk than HDL-C levels (40, 41), and it may be useful for high-risk carotid plaque identification. Finally, we did not collect follow-up information, which limited our ability to prospectively study, the impact of baseline non-HDL-C/HDL-C ratio on the evolution of plaque stability and cardiovascular events. Therefore, future prospective cohort studies are clearly needed.



Conclusions

In conclusion, this study found that the non-HDL-C/HDL-C ratio was associated with carotid plaque stability in the general population. The non-HDL-C/HDL-C ratio was highest in those with unstable carotid plaque, followed by those with stable carotid plaque and lowest in those with no carotid plaque. Our findings suggest that an elevated non-HDL-C/HDL-C ratio is independently associated with carotid plaque and its stability.
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Background: Intracranial atherosclerotic stenosis (ICAS) is a primary cause of ischemic stroke. In addition to dyslipidemia, inflammation has been recognized as a potential pathogenesis of atherosclerosis. It remains unknown whether there is a link between transthyretin and ICAS as an inflammatory index.

Methods: Consecutive patients with acute ischemic stroke admitted to the Second Affiliated Hospital of Wenzhou Medical University between January 2019 and June 2020 were retrospectively analyzed. Blood samples were collected from all patients within 24 h of admission to detect their serum transthyretin levels. ICAS was defined as at least one intracranial artery stenosis on vascular examination with a degree of stenosis ≥50%. Multivariable logistic regression analysis was used to identify independent factors associated with ICAS. Restricted cubic spline models were used to depict patterns in the association between serum transthyretin levels and ICAS.

Results: In total, 637 patients with acute ischemic stroke were included in this study, of whom 267 (41.9%) had ICAS. Compared with the patients without ICAS, serum transthyretin levels in patients with ICAS were significantly lower (226.3 ± 56.5 vs. 251.0 ± 54.9 mg/L; p < 0.001). After adjusting for potential confounders, patients in the lowest tertile showed a significant increase in ICAS compared to those in the highest tertile (odds ratio, 1.85; 95% confidence interval, 1.12–3.05; p = 0.016). This negative linear association is also observed in the restricted cubic spline model. However, this association may only be observed in men. Age, National Institutes of Health Stroke Scale score, hemoglobin A1c level, and low-density lipoprotein cholesterol level were independently associated with ICAS.

Conclusions: Decreased serum transthyretin levels are associated with a more severe ICAS burden in patients with acute ischemic stroke. Our findings suggest that transthyretin may play a role in the pathogenesis of ICAS and provide insight into the control of inflammation for the treatment of ICAS.
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  transthyretin, intracranial atherosclerosis, acute ischemic stroke, inflammation, biomarker


Introduction

Acute ischemic stroke (AIS) is gradually becoming a major disease threatening the global population's health, particularly in China (1). As the dominant cause of stroke, large artery atherosclerosis is closely related to poor prognoses and high recurrence rates in patients with AIS (2–4). Due to differences in antioxidant content and susceptibility to hemodynamic pressure between the intracranial and extracranial arteries, their responses to different risk factors are inconsistent (5). Compared with Western individuals, intracranial atherosclerotic stenosis (ICAS) affects a larger proportion of Chinese patients than extracranial atherosclerotic stenosis (ECAS) (5). Currently, ICAS is the main cause of the high stroke burden in the Chinese population (6). Recent evidence suggests that inflammation plays a significant role in atherosclerotic disease and is expected to become a therapeutic target (7).

Transthyretin is mainly synthesized in the human liver and plays a role in transporting thyroxine and retinol (8). As a serum protein with a short half-life (approximately 2 days), transthyretin is an ideal index for assessing nutritional status (9). In addition, serum transthyretin concentration decreases in the acute phase of inflammation, malignant tumors, and trauma (8) and is thus a potent inflammatory marker. There is evidence that decreased serum transthyretin levels are associated with poor prognoses in stroke patients, even when stroke severity and vascular risk factors are considered (10–12). In patients with acute coronary syndrome, there is an independent negative relationship between transthyretin levels and coronary stenosis (13).

Consequently, it is speculated that transthyretin is associated with ICAS, although the pathogeneses of ICAS and ECAS are not identical. To our knowledge, no studies have investigated the relationship between transthyretin and ICAS. We aimed to determine whether low serum transthyretin levels are associated with ICAS in patients with AIS.



Methods


Study population

We reviewed the data of consecutive patients with AIS admitted to the Department of Neurology of the Second Affiliated Hospital of Wenzhou Medical University between January 2019 and June 2020. All patients meeting the World Health Organization diagnostic criteria and admitted to the hospital within 24 h of onset were considered in this study (14). Exclusion criteria were as follows: (1) lack of intracranial vascular examination or poor image quality; (2) blood samples collected beyond 24 h after admission; (3) incomplete clinical data; (4) severe liver/kidney disease, infection, or malignancy; (5) intracranial artery occlusion attributed to cardioembolism; and (6) ECAS based on neck vascular ultrasonography.

This study was approved by the Ethics Committee of the Second Affiliated Hospital and Yuying Children's Hospital of the Wenzhou Medical University. The requirement for written informed consent was waived due to the study's retrospective nature.



Data collection

Blood samples were taken from all patients within 24 h after admission, and routine examinations including brain computed tomography (CT)/ magnetic resonance imaging (MRI), intracranial artery CT angiography (CTA)/ MR angiography (MRA), chest CT, 12-lead electrocardiogram (ECG), and B-mode ultrasound (heart, abdomen, and neck vessels) were performed during hospitalization. Hypertension was defined as systolic blood pressure ≥140 mmHg, diastolic blood pressure ≥90 mmHg, or long-term treatment with antihypertensive medication. Diabetes mellitus was defined as fasting blood glucose ≥7.0 mmol/L, blood glucose 2 h after a 75-g glucose load ≥11.1 mmol/L, hemoglobin A1c (HbA1c) ≥6.5%, or long-term treatment with antihyperglycemic medication. Hyperlipidemia was defined as total cholesterol ≥6.2 mmol/L, low-density lipoprotein cholesterol (LDL-C) ≥4.1 mmol/L, or long-term treatment with lipid-lowering medication. Atrial fibrillation was defined as arrhythmia detected on ECG after admission. History of stroke included previous symptomatic ischemic or hemorrhagic stroke. Smoking was defined as smoking at least one cigarette per day for 6 consecutive months. Alcoholism was defined as drinking >14 units of alcohol per week for men or >7 units per week for women. Laboratory findings (including neutrophil-to-lymphocyte ratio [NLR], fasting blood glucose, HbA1c, creatinine, uric acid, homocysteine, total bilirubin, triglycerides, total cholesterol, high-density lipoprotein cholesterol [HDL-C], LDL-C, albumin, and transthyretin levels) were also recorded in detail. Stroke severity was assessed using the National Institutes of Health Stroke Scale (NIHSS) score at admission. Stroke etiology was evaluated according to the Trial of Org10172 in Acute Stroke Treatment (TOAST) classification.



Evaluation of intracranial arteries

The degree of intracranial stenosis was assessed using CTA or MRA according to the WASID method by two independent operators blinded to patient information (15). ICAS was defined as ≥50% stenosis or occlusion of the intracranial artery. Intracranial arteries include the C4-C7 segment of the internal carotid, middle cerebral, anterior cerebral, and posterior cerebral arteries and the V4 segment of the vertebral and basilar arteries. The number of stenotic vessels was recorded and classified as 0, 1, 2, or ≥3. The patients were also divided into three categories according to the site of the stenotic vessels: anterior circulation, posterior circulation, and simultaneous involvement of both the anterior and posterior circulation. ICAS was classified as symptomatic or asymptomatic according to whether the infarction was attributable to ICAS.



Statistical analysis

Normally distributed continuous variables are expressed as mean ± standard deviation, while skewed distributed continuous variables are expressed as median (interquartile range). Unpaired t-tests, Mann-Whitney U test, one-way analysis of variance, Kruskal-Wallis test, or LSD-t-test were used to compare intergroup differences, as appropriate. Categorical variables are expressed as percentages and were analyzed using Pearson's chi-square test. In addition to the continuous variables, serum transthyretin levels were also divided into tertiles for analysis, and the third tertile was set as the reference group in the logistic regression model. Multivariate logistic regression analysis was used to explore the independent factors related to intracranial atherosclerosis. All variables with p < 0.1 in the univariate analysis were entered into the analysis, and the final model was obtained by the backward method. In addition, we used the R package “rms” to construct restricted cubic splines with four knots to understand patterns in the association between serum transthyretin levels and ICAS using the median value of the third tertile of serum transthyretin levels as a reference point (16). All statistical tests were two-tailed, and statistical significance was set at p < 0.05. All analyses were performed using SPSS (version 25.0; IBM, Armonk, NY, United States) and R 3.6.3 (R Foundation for Statistical Computing, Vienna, Austria).




Results

Based on the established inclusion and exclusion criteria, 637 patients were included in our study (Figure 1). A total of 556 patients underwent CTA, while 81 underwent MRA to assess their intracranial arteries, and the stenosis rate was similar in both groups (41.2 vs. 46.9%, p = 0.33). Among the included patients, 267 (41.9%) presented with ICAS: 111 (17.4%) with one artery involved, 88 (13.8%) with two arteries involved, and 68 (10.7%) with three or more arteries involved.


[image: Figure 1]
FIGURE 1
 Flow chart of patient selection in this study. CTA, computed tomography angiography; ECAS, extracranial atherosclerotic stenosis; MRA, magnetic resonance angiography.


The average concentration of serum transthyretin across all patients was 240.6 ± 56.9 mg/L. Patients were divided into three groups based on tertiles of serum transthyretin concentration (T1: ≤214.0 mg/L, T2: 214.1–265.0 mg/L, and T3: ≥265.1 mg/L). Patients with lower serum transthyretin levels were older, more likely to be females, and had higher NIHSS scores and NLRs. In contrast, creatinine, uric acid, triglyceride, total cholesterol, LDL-C, and albumin levels were lower. These patients also had larger proportions of atrial fibrillation and a history of stroke, and a smaller proportion of hyperlipidemia (all p < 0.05; Table 1). Among the different stroke etiologies, serum transthyretin levels were equivalent between large-artery atherosclerosis and cardioembolism (223.4 ± 56.5 vs. 217.5 ± 64.1 mg/L; p = 0.50), and the levels in large-artery atherosclerosis were lower than those in small-vessel occlusion (223.4 ± 56.5 vs. 253.4 ± 52.5 mg/L; p < 0.001).


TABLE 1 Clinical characteristics of patients, stratified by the tertiles of transthyretin.
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Table 2 shows patients' demographic and clinical data stratified by the presence of ICAS. In patients with ICAS, the serum transthyretin levels decreased significantly (226.3 ± 56.5 vs. 251.0 ± 54.9 mg/L; p < 0.001). The greater the burden on intracranial arteries, the greater the decrease in serum transthyretin levels (Figure 2A). Patients with ICAS at any site had decreased serum transthyretin levels, and the average levels were lowest in those with both anterior and posterior circulations (Figure 2B). No difference in serum transthyretin levels was observed between symptomatic and asymptomatic ICAS (223.1 ± 55.9 vs. 237.6 ± 58.2 mg/L; p = 0.087). Compared to patients without ICAS, patients with ICAS were older, had higher NIHSS scores, fasting blood glucose, HbA1c, and LDL-C levels, higher proportions of diabetes mellitus, and lower albumin levels (all p < 0.05).


TABLE 2 Clinical characteristics of patients, stratified by the presence of ICAS.
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[image: Figure 2]
FIGURE 2
 Serum transthyretin levels in stroke patients with different number (A) and location (B) of stenotic intracranial arteries. LSD-t test, *p < 0.05, **p < 0.01, ***p < 0.001. AC, anterior circulation; ICAS, intracranial atherosclerotic stenosis; PC, posterior circulation.


As shown in Table 3, after adjusting for potential confounders, serum transthyretin was inversely associated with ICAS [odds ratio (OR) per standard deviation (SD) increase, 0.74; 95% confidence interval (CI), 0.59–0.93; p = 0.009]. Subgroup analysis showed that this independent association was present in males (OR per SD increase, 0.72; 95% CI, 0.55–0.95; p = 0.019) but not in females (OR per SD increase, 0.70; 95% CI, 0.46–1.08; p = 0.11). Multivariate analysis suggested that compared with patients in the third transthyretin tertile, those in the first tertile showed a significant increase in ICAS (OR, 1.85; 95% CI, 1.12–3.05; p = 0.016), while those in the second tertile showed an insignificant increase (OR, 1.37; 95% CI, 0.88–2.15; p = 0.17). As shown in Figure 3, the restricted cubic spline model corroborated the significant negative linear relationship between serum transthyretin level and ICAS. In addition, age, NIHSS score, and HbA1c and LDL-C levels were positively associated with ICAS (Table 4).


TABLE 3 Multiple logistic regression analysis to identify relationships between transthyretin and ICAS.
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FIGURE 3
 Restricted cubic spline regression model of the relationship between serum transthyretin levels and intracranial atherosclerosis.



TABLE 4 Multiple logistic regression analysis to identify independent associated factors with ICAS.
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Discussion

Our study found an inverse association between serum transthyretin levels and ICAS in patients with AIS. The serum transthyretin concentration decreased significantly in patients with a greater burden of ICAS. This is not the first time that serum transthyretin has been associated with atherosclerosis; Zhang et al. (13)found that lower transthyretin levels were associated with severe coronary atherosclerosis in patients with acute coronary syndrome. Similarly, reduced transthyretin levels affect the risk of carotid intima-media thickening in maintenance hemodialysis patients (17). However, previous studies have focused on the extracranial arteries. Because of the differences in pathogenesis between ICAS and ECAS, our results confirmed for the first time that a decrease in serum transthyretin also indicated atherosclerosis in the intracranial artery.

As confirmed by previous studies, increasing age is independently associated with ICAS (18). Patients with lower transthyretin levels were usually older, but the association between transthyretin and ICAS persisted even after adjusting for age in our study. There is no doubt that cholesterol, especially LDL-C, is an important pathogenic factor for atherosclerotic disease (19). Our study also found that LDL-C levels were associated with ICAS. However, patients with decreased serum transthyretin levels tended to have lower cholesterol levels. In summary, other important pathogenic mechanisms link transthyretin to ICAS.

Inflammation is the most promising among these. In addition to dyslipidemia, inflammation has been proven to be important in the pathogenesis of atherosclerosis and is expected to become the next therapeutic target (7). Transthyretin, a negative acute phase protein, decreases due to the inhibition of transthyretin mRNA expression resulting from the increased release of interleukin-6 (IL-6), C-reactive protein (CRP), and other substances in the inflammatory process (8). The NLR is an easily available indicator of the inflammatory response (20), and the inverse association between transthyretin and NLR confirms that decreased transthyretin levels reflect the inflammatory process. Previous studies have reported a significant increase in CRP levels in patients with ICAS (21, 22). A cohort study found that elevated IL-6 levels were closely related to ICAS progression in patients with ischemic stroke (23). These findings support an association between transthyretin and ICAS.

Transthyretin is also a sensitive indicator of nutritional status, as our findings showed that patients with lower serum transthyretin levels had lower albumin levels. Carotid intima-media and plaque thickness are higher in malnourished patients with diabetes (24). Malnutrition is more commonly associated with atherosclerosis in patients with end-stage renal disease, commonly known as malnutrition-inflammation-atherosclerosis syndrome (25). Therefore, malnutrition, inflammation, and atherosclerosis are typically associated with each other. Transthyretin is an indicator of inflammation and nutritional status, which makes it closely related to atherosclerosis.

As a retinol transport protein, a decrease in serum transthyretin concentration is accompanied by a decrease in serum retinol content (26, 27). Retinol has an anti-inflammatory effect and is inversely associated with carotid intima-media thickness (28). A follow-up study of healthy people found that reduced plasma retinol levels were associated with a higher risk of coronary heart disease (29). As anti-inflammatory substance depletion plays an important role in the pathogenesis of ICAS (5), it may also be a potential link between transthyretin and ICAS.

We also found that age, HbA1c, and LDL-C were independently associated with ICAS, in addition to transthyretin. However, age was not a modifiable risk factor. Although univariate analysis suggested that HbA1c level and diabetes mellitus were both risk factors for ICAS, multivariate analysis showed that HbA1c level rather than diabetes mellitus was independently associated with ICAS, which was similar to previous findings (30), implying that it is meaningful to actively control blood glucose levels in patients with diabetes. According to our results, lowering blood lipid levels, especially LDL-C levels, is significant for treating ICAS, and statins have been widely used in treating ICAS (31). Similarly, the association between transthyretin and ICAS suggests that anti-inflammatory and nutritional support may be promising ways to prevent ICAS.

Our study has some limitations. First, this cross-sectional study could not establish a causal relationship between transthyretin and ICAS. Recall bias could not be avoided in the present study. Further cohort studies are needed to explore whether the decrease in serum transthyretin level and its dynamic changes precede stenosis. Second, the mechanism of the relationship between transthyretin and ICAS was deduced based on existing research findings. Indicators such as IL-6 and retinol were not measured in this study. As an alternative, we demonstrated the inflammatory role of transthyretin by evaluating NLRs. Third, the study population included acute stroke patients, and the acute phase response may affect transthyretin levels (10). Although our results considered stroke severity by adjusting for the NIHSS score, the results still need to be validated in the general population. Finally, digital subtraction angiography is the gold standard for judging intracranial artery stenosis; however, our study was based on CTA or MRA findings. However, the latter two inspection methods have proven to have satisfactory reliability (18). Limited by the fact that high resolution-MRI was not performed, stenosis due to other causes, such as artery dissection and vasculitis, may be overlooked.

In conclusion, lower serum transthyretin levels are associated with more severe ICAS lesions in patients with stroke. These results must be validated in a larger sample and the general population. Our study provides insights into directions for further clinical research exploring whether anti-inflammatory therapy and nutritional supplementation could prevent ICAS.
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Objective: This study investigated the diagnostic performance of the thrombin-antithrombin complex (TAT), plasmin-α2 plasmin inhibitor complex (PIC), tissue plasminogen activator-plasminogen activator inhibitor complex (t-PAIC), and thrombomodulin (TM) in the early identification of massive cerebral infarction.

Method: A total of 423 patients with cerebral infarction confirmed by imaging examination were divided into the massive cerebral infarction (MCI) group and the non-massive cerebral infarction (NMCI) group. TAT, PIC, t-PAIC, and TM were measured immediately after admission. The diagnostic performance was analyzed by the receiver characteristic operating curve (ROC).

Result: The median plasma concentrations of TAT, PIC, and t-PAIC in patients with MCI at early onset were 5.10 ng/ml, 1.11 μg/ml, and 8.80 ng/ml, respectively, which were higher than those in patients with NMCI (2.20 ng/ml, 0.59 μg/ml, and 7.35 ng/ml), and the difference was statistically significant (P < 0.001). TAT was shown to be an independent risk factor for the development of massive cerebral infarction by a multivariate logistic regression analysis (OR = 1.138). A ROC curve analysis showed that PIC had the best performance in identifying MCI at an early stage (AUC = 82.8%), with a sensitivity of 80.7% and a specificity of 76.2% when the PIC concentration was ≥0.8 μg/ml; TAT had the highest specificity in identifying MCI, with a specificity of 80.6% when the TAT concentration was ≥3.97 ng/ml.

Conclusion: The detection of PIC, TAT, t-PAIC, and TM is a comprehensive assessment of vascular endothelial damage and activation of the coagulation and fibrinolytic systems and has diagnostic value for early identification of patients with MCI, which, together with its ease of detection, can be used as a plasma marker for early identification of large vessel occlusion.
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  thrombin-antithrombin complex, plasmin-α2 plasmin inhibitor complex, tissue prothrombin activator-prothrombin activator inhibitor complex, thrombomodulin, massive cerebral infarction, diagnosis


1. Introduction

Massive cerebral infarction (MCI) is caused by internal carotid or middle cerebral artery trunk occlusion, with a mortality rate of 53–78% (1). Early diagnosis before admission and transportation to advanced stroke centers for timely thrombolysis or embolectomy treatment is significant to reduce the burden of serious consequences. Although imaging examination is a reliable method to determine vascular occlusion, it is usually not possible to perform it before admission, so it is very critical to find appropriate plasma markers for early identification of massive cerebral infarction.

Ischemic stroke is mostly caused by intravascular thrombosis due to coagulation abnormalities, and the occurrence of ischemic stroke will cause changes in the coagulation and fibrinolytic system; the two interact with each other (2). Previous studies have shown that the plasma concentrations of new thrombus markers are related to the occurrence and development of cardiovascular and cerebrovascular diseases closely. Thrombomodulin (TM) has been confirmed to be involved in the regulation of the body's coagulation and fibrinolytic system (3), and it has been found that the TM content in the plasma is associated with vascular endothelial injurious diseases (4–6). Plasmin-α2 antiplasmin complex (PIC) can reflect the activation of the fibrinolytic system and is more sensitive than D-dimer and fibrinogen degradation products (FDP) (7). Thrombin-antithrombin complex (TAT) is a sensitive marker of thrombin formation and has a certain predictive role in a variety of ischemic diseases (8–10). The high concentration of tissue plasminogen activator-plasminogen activator inhibitor complex (t-PAIC) in the blood indicates damage to the fibrinolytic system and can be used as an independent predictor of cardiovascular mortality (11). These new thrombus markers can be detected by a high-sensitivity chemiluminescence system rapidly and accurately, and the results can be obtained within 17 min (12), offering the possibility of early identification of large vessel occlusions.

To investigate whether the plasma concentrations of novel thrombus markers (TM, PAP, TAT, and t-PAIC) are associated with cerebral infarct size, we measured the plasma concentrations of these thrombus markers in patients with cerebral infarction, assessed their diagnostic performance for massive cerebral infarction for prehospital identification of macrovascular occlusion, and laid the foundation for further exploration of the molecular mechanism of massive cerebral infarction.



2. Materials and methods


2.1. Patients

A total of 423 patients (118 female patients and 305 male patients) with acute ischemic stroke, including 57 patients with massive cerebral infarction, were enrolled in the study from July 2019 to March 2022. The study protocol was reviewed and approved by the Human Ethical Review Committee of Shanxi Provincial People's Hospital. Written informed consent was obtained from the patient or close relatives.

The inclusion criteria were as follows: (1) aged ≥18 years; (2) admitted within 24 h after the onset of acute cerebral infarction; (3) acute cerebral infarction was defined as a rapidly progressive neurological deficit of vascular origin lasting, diagnosed as ischemic stroke by head CT or MRI examination (13); and (4) informed consent.

The exclusion criteria were as follows: (1) traumatic brain injury within the past 1 week; (2) the patient was discharged or transferred due to an unknown prognosis during the observation period (7 days after onset); (3) patients with malignant tumors of any organ or system; (4) patients with severe lung, liver, kidney, blood coagulation system, immune system, and other important organs or systems injury; (5) patients with lower limb thrombosis, pulmonary embolism, and other serious thrombosis diseases affecting coagulation function and injuries using anticoagulant drugs; (6) patients with severe neurological disability (modified Rankin Scale score, mRS ≥2 points) before onset; and (7) patients with cerebral hemorrhage, brainstem infarction, or bilateral cerebral hemispheric infarction.



2.2. Baseline indicator

Patient age, gender, and risk factors for cerebral infarction (hypertension, diabetes, atrial fibrillation, smoking history, and alcohol history) were recorded.



2.3. Imaging examination

After completing magnetic resonance imaging on admission, two senior imaging physicians who ignored the results of plasma tests independently classified the patients into the massive cerebral infarction (MCI) group and the non-massive cerebral infarction (NMCI) group according to the results of the imaging examinations, and in case of disagreement, the decision was made by mutual discussion between the two.



2.4. Blood sampling and assay procedure

Immediately after admission, 2.7 ml of cubital venous blood was collected at one time and injected into BD vacuum blood collection tubes containing 0.3 ml of 0.109 mol/L sodium citrate anticoagulant (9:1 ratio), inverted, and mixed well. After centrifugation at 3,500 r/min for 15 min, platelet-poor plasma was obtained. These plasma samples were all quoted in Eppendorf tubes and then stored at −80°C. The assay was completed within 24 h.

TAT, TM, t-PAIC, and PIC were determined by chemiluminescent enzyme immunoassay (instrument: Sysmex HISCL-5,000 automatic chemiluminescence analyzer and its supporting chemiluminescent enzyme immunoassay reagent). The samples were mixed with reagents for incubation, and then the immune reaction and chemiluminescent enzyme reaction occurred in turn. Using the high specificity of the antigen-antibody reaction and the high sensitivity of luminescence analysis, the content of the analyte in the sample was determined by counting the photons emitted in the enzyme reaction quickly and automatically.



2.5. Criteria for MCI

MCI was defined as the Alberta Stroke Program Early CT Score (ASPECTS) < 6 on CT or magnetic resonance diffusion imaging (DWI) images (14), infarct volume ≥70 ml (15), or infarct size ≥2/3 middle cerebral artery territory (16). ASPECTS scoring method: The blood supply area of the middle cerebral artery was divided into 10 regions, i.e., M1–M6, as well as the nucleus accumbens, caudate nucleus, internal capsule, and insula; each region was scored as 1 point, totaling 10 points, and 1 point was subtracted for the presence of 1 EIC region; an ASPECT score of 10 means no early ischemic changes, while a score of 0 indicates the presence of extensive ischemic foci in brain tissue (17).



2.6. Data statistics

Normal distribution continuous variables were expressed as mean ± standard deviation (SD) and compared using the independent sample t-test; non normal distribution continuous variables were expressed as median (interquartile range) and compared using the Mann-Whitney U test. Categorical variables were presented as numbers and percentages and compared using the chi-square test. Items with a P ≤ 0.05 in the univariate analysis were included in the multivariate logistic regression analysis to assess the risk factors for the occurrence of massive cerebral infarction. The receiver operating characteristic curve (ROC) was used to analyze the accuracy of different plasma markers in the diagnosis of MCI, and the Youden index was calculated, where the best cut-off value was obtained when the Youden index was maximum. The area under the ROC curve (AUC) of 70–90% suggested that it was acceptable and had good accuracy. A p ≤ 0.05 was considered statistically significant. SPSS statistical software, version 25.0 (IBM, Armonk, NY, USA), was used for all statistical analyses.




3. Results


3.1. Baseline data analysis

A total of 423 patients with cerebral infarction were included in the study from July 2019 to March 2022, and 57 patients (13.5%) were diagnosed with massive cerebral infarction by imaging examination.

Differences in gender, age, and risk factors for cerebral infarction such as atrial fibrillation, hypertension, smoking history of diabetes, and drinking history between the MCI group and the NMCI group are not statistically significant (Table 1).


TABLE 1 Comparison of baseline data between the MCI group and the NMCI group.

[image: Table 1]



3.2. Plasma concentrations of TM, PIC, TAT, and t-PAIC in different groups

The plasma concentrations of PIC, TAT, and t-PAIC in the MCI group were higher than those in the NMCI group, and the difference between the two groups was statistically significant (Z = −7.978, P < 0.001; Z = – 6.621, P < 0.001; Z = −2.709, P = 0.007). There was no significant difference in TM plasma concentrations between the two groups (Z = −0.119, P = 0.905) (Figure 1).


[image: Figure 1]
FIGURE 1
 Plasma concentrations of TM, PIC, TAT, and t-PAIC in the MCI group and the NMCI group. **P < 0.01, ****P < 0.0001.




3.3. Logistic regression analysis of risk factors for massive cerebral infarction

Differences in PIC, TAT, and t-PAIC between the two groups were statistically significant. A multivariable logistic regression analysis showed that the high concentration of TAT plasma was statistically significant and associated with the occurrence of MCI independently (Table 2). When the concentration of plasma TAT in patients with cerebral infarction increased by 1 ng/ml, the probability of MCI increased by 1.138 times (95% CI:1.065, 1.215; P < 0.001).


TABLE 2 Logistic regression analysis of risk factors for MCI.

[image: Table 2]



3.4. Diagnostic value of plasma PIC, TAT, and t-PAIC concentrations in massive cerebral infarction

All three novel thrombus markers showed good accuracy (>80%) for the diagnosis of MCI by the Hosmer-Lemeshow goodness-of-fit test analysis (Table 3). By a ROC curve analysis (Figure 2), both PIC and TAT showed good diagnostic performance for MCI (AUC ≥ 70%). PIC showed the best diagnostic performance (AUC = 82.8%) when the plasma concentration of PIC was ≥0.80 μg/ml, the maximum Youden index of 0.569 was obtained, the sensitivity and specificity reached 80.7 and 76.2%, respectively, and the sensitivity was the best among the three markers. The highest specificity of TAT for the diagnosis of MCI was obtained when the TAT concentration in plasma was ≥3.97 ng/ml, with a maximum Youden index of 0.455, a specificity of up to 80.6%, and a poor sensitivity of 64.9%.


TABLE 3 Performance analysis of three markers for diagnosing MCI.

[image: Table 3]
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FIGURE 2
 The area under ROC curve of the levels of plasma PIC, TAT, and t-PAIC in patients with AIS prediction of MCI.





4. Discussion

In this study, we examined the plasma concentrations of novel thrombotic markers in 423 patients with cerebral infarction immediately after admission within 24 h after onset, investigated the correlation between four novel thrombotic markers (TM, PIC, TAT, and t-PAIC) and the occurrence of MCI, and assessed their diagnostic performance for the occurrence of MCI. We found that compared with patients with NMCI, patients with MCI had increased plasma PIC, TAT, and t-PAIC concentrations, which could assist in the identification of MCI in the early stage of cerebral infarction and provide a reference for prehospital identification of macrovascular occlusion.

PIC is the main enzyme that dissolves fibrin in vivo, plasmin. In the absence of fibrin, it combines with its representative inhibitor, α2-antiplasmin (α2-PI), 1:1 to form a stable complex (18), which has a half-life of ~6 h (19) and is easier to measure than plasmin with a half-life of only a few seconds; and its plasma concentration is not affected by antiplatelet and anticoagulant drugs, nor does it affect the production of plasmin, so it can represent the degree of plasmin activation more accurately (20). In this study, we found that the plasma PIC concentration in patients with MCI was higher than that in patients with NMCI (P < 0.001), suggesting that the degree of activation of the fibrinolytic system is related to the infarct size, and the fibrinolytic system is more hyperactive in patients with MCI, which is one of the reasons why patients with MCI are more likely to have hemorrhagic transformation. This result is similar to the findings of Sato et al. further confirming that the plasma PIC concentration can reflect the severity of cerebral infarction (21). In addition, a ROC curve analysis revealed that PIC had a high diagnostic value for the occurrence of massive infarction, with an AUC of 82.8% (95% CI: 76.8, 88.9%), and when the plasma concentration of PIC was ≥0.80 μg/ml, the sensitivity and specificity reached 80.7 and 76.2%, respectively. We did not find that high plasma PIC concentration was an independent risk factor for the occurrence of MCI using a multivariable logistic regression analysis, which may be related to the fact that the concentration of PIC in plasma is affected by other cerebrovascular disease risk factors such as atrial fibrillation and atherosclerosis (21, 22).

TAT is produced during the formation of fibrin polymers and is a complex formed by the combination of thrombin and antithrombin in the body. The increase in TAT indicates that thrombin is being generated while antithrombin is continuously consumed. Elevated TAT concentrations have been found in diseases affecting the coagulation system, such as venous thrombosis, malignant tumors, and disseminated intravascular coagulation (DIC), suggesting that the body is in a hypercoagulable state (23–25). Moreover, TAT is upstream of traditional coagulation test items such as D-dimer and FDA and has been confirmed to be more sensitive in reflecting the body's coagulation activation (7). By comparing the plasma TAT concentration between the two groups, we found that the plasma TAT concentration was significantly higher in patients with MCI, and TAT was found to be one of the independent risk factors for the occurrence of massive cerebral infarction by a logistic multivariate regression analysis. Excessive activation of the coagulation system may be one of the mechanisms for the occurrence and development of massive cerebral infarction, or the body may change after the occurrence of massive cerebral infarction. Large-sample prospective studies are needed to explore their causal relationship. The diagnostic performance of TAT for MCI was analyzed by further ROC curve analysis, and it was found that TAT could diagnose the occurrence of MCI and reflect the occurrence of MCI and NMCI accurately, reflecting the possibility of macrovascular occlusion (AUC = 87.0%, 95% CI: 64.9, 80.6%). At the same time, the high concentration of plasma TAT in patients with MCI suggests that the occurrence and development of massive cerebral infarction are accompanied by excessive activation of thrombin, and the increase of TAT suggests the necessity of initiating anticoagulation after the occurrence of MCI. However, patients with MCI are often accompanied by hyperfibrinolysis in the early stages, and the anticoagulation regimen and the time to initiate anticoagulant therapy require further study.

t-PAIC is a complex formed by the combination of tissue-type plasminogen activator (t-PA) and physiological inhibitory factor plasminogen activator inhibitor-1 (PAI-1). t-PA is a key factor in the exogenous activation pathway of the fibrinolytic system in vivo, while PAI-1 can specifically bind t-PA to form t-PAIC to interfere with the activation of plasmin. The increased plasma t-PAIC concentration reflects the impairment of the activation pathway in patients (26). In addition, Winter et al. found that damage to endothelial cells also causes increased t-PAIC concentrations in plasma (11). In previous studies, elevated t-PAIC plasma concentrations were observed in patients with both stroke (27) and myocardial infarction (28), and there was a correlation with PAI-1, reflecting impairment of the fibrinolytic activation pathway, which can be used to predict the occurrence of both diseases. However, the relationship between t-PAIC and cerebral infarction size is not clear. In our study, it was found that the plasma t-PAIC concentration in patients with MCI suggested that when MCI occurred in patients, there was not only excessive activation of the coagulation system and increased plasmin production, but also damage to the exogenous activation pathway of the fibrinolytic system, suggesting the necessity of initiating anticoagulant therapy in patients with MCI. In addition, the increase in plasma t-PAIC concentration also reflected that the vascular endothelial cell injury was more severe in patients with MCI, which could cause damage to the integrity of the blood–brain barrier, leading to adverse consequences such as malignant cerebral edema or cerebral hemorrhage.

TM is a transmembrane glycoprotein expressed in vascular endothelial cells and can be released into the blood circulation when the cell membrane is damaged by proteolytic enzymes. Increased concentration of plasma TM has been found to have some correlation with vascular endothelial injury in a variety of diseases with endothelial injury, and increased plasma-free TM is considered to be one of the specific indicators of endothelial cell injury (29). However, there is no consensus in the academic community on the correlation between plasma TM concentration and cerebral infarction, and some studies have shown that plasma TM concentration is increased in stroke patients compared with healthy individuals (30, 31); others have shown that the effect of plasma TM concentration on stroke patients is related to the history of stroke in stroke patients, and for those with a history of stroke, patients with higher plasma TM have a better prognosis after another stroke (32); however, so far there is no literature about the performance of TM in massive cerebral infarction. Through this study, we found that the mean concentration of TM plasma concentration was higher in patients with NMCI and fluctuated more in patients with MCI, but there was no significant statistical difference between the NMCI and MCI groups (P = 0.905), which may be affected due to the presence of different stroke subtypes. Cardioembolic stroke patients accounted for a greater proportion of patients with MCI, while patients with NMCI were mostly of the large artery atherosclerotic type. Previous studies have confirmed that plasma TM concentrations were higher in patients with acute stroke accompanied by large artery atherosclerosis (33), while the increase in plasma TM was not significant in patients with cardioembolic stroke (34).



5. Conclusion

The detection of PIC, TAT, t-PAIC, and TM can be used to comprehensively evaluate the vascular endothelial damage and the activation degree of the coagulation and fibrinolysis system. Meanwhile, it is easy to obtain the detection results, so these markers have diagnostic value in identifying patients with MCI and can be used as plasma markers for early detection of macrovascular occlusion. Their wide application will greatly improve the treatment efficiency of patients with macrovascular occlusion. For patients with plasma PIC ≥0.80 μg/ml, TAT ≥3.97 ng/ml or t-PAIC ≥ 9.85 ng/ml, we need to be alert to the possibility of MCI and transport them to advanced stroke centers that can perform thrombolysis or embolectomy as soon as possible, so as to save patients' lives and improve their prognosis.
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b+

58.02875
129.06587
186.08734
273.11937
386.20344
457.24056
6528.27768
599.31480
700.36248
757.38395
904.45237

1003.52079
1131.61576
1269.71073
1374.73768
1502.79626
1615.88033
1672.90180
1800.99677
1915.03970
2044.08230

b2+

29.51801

65.03657

93.64731
137.08332
193.60536
229.12302
264.64248
300.16104
350.68488
379.19561
452.72982
502.26403
566.31152
630.35900
687.87248
751.90177
808.44380
836.95454
901.00202
968.02349
1022.54479

Sequence

MMZXOrODOXX<TOA>>>—-00>0

vt

2134.11399
2063.07687
2006.05540
1919.02337
1805.93930
1734.90218
1663.86506
1592.82794
1491.78026
1434.76879
1287.69037
1188.621956
1060.52698
932.43201
817.40508
689.34648
576.26241
519.24004
391.14597
277.10304
148.06044

y2+

1067.56063
1082.04207
1003.53134
960.01632
903.47329
867.95473
832.43617
79691761
746.39377
717.88303
644.34882
594.81461
530.76713
466.71964
40020817
345.17688
288.63484
260.12411
196.07662
139.05616
74.53386
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Name

C168
Cl44s
C55D

C104s8
C113D
C161S
C141D
C238
C1428
C1408
C378
C788

C57D
C95D
C86S

Volume (mL)

0.1
0.1
0.15
0.1
0.1
0.15
0.1
0.15
0.15
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

Theoretical

sen:
(ng)

0.05
0.05

0.01
0.25
001
0.05

0.05
0.01
0.01
0.05
0.01
0.01

5

5

1

ity

Dilution
ratio

1:500
1:500
1:100
1:500
1:250
1:500
1:500
1:100
1:500
1:500
1:500
1:500
1:500
1:500
1:100
1:100
1:200

Bold fonts indicate our selected monoclonal antibodies.

Volume in use (L)

10
10
50
10
20
10
10
50
10
10
10
10
10
10
50
50
25
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Variable aSAH patients (n = 65)
Aneurysm

Number
1 58(89.2)
2 5(0.7)
3 2(3.1)
Location

ACom 29(39.2)
PCom 16 (21.6)
ACA 4(5.4)
IcA 7(95)
MCA 15 (203)
PCA 0(.0)
VA 1(1.4)
BA 227)
Type

Saccular 54 (73.0)
Irregular 19 (26.7)
Dissecting 1(1.4)
Size, diameter (mm)

<5 42(56.8)
5-10 26(35.1)
11-25 8(8.1)
>25 0(0.0)
Initial Hunt Hess scale

Grade 1 (Minimal symptoms) 21(323)
Grade 2 (Severe headache) 38 (58.5)
Grade 3 (Lethargy) 5(7.7)
Grade 4 (Hemiparesis or stupor) 1(15)
Grade 5 (Coma, posturing) 0(0.0)
Modified Fisher scale

Grade O (No blood) 0(0.0)
Grade 1 (Thin SAH) 30 (4.6)
Grade 2 (Thin SAH and bilateral IVH) 15 (23.1)
Grade 3 (Thick SAH) 20(308)
Grade 4 (Thick SAH and bilateral IVH) 0(0.0)
Outcome, mRS at discharge

Good (0-2) 62(95.4)
Poor (3-6) 3(46)

“Values are number (%) and median (interquartie range).
aSAH indicates aneurysmal subarachnoid hemorrhage; ACom, anterior communicating
artery; PCom, posterior communicating artery; ACA, anterior cerebral artery; ICA, interal
carotid artery; MCA, micdle cerebral artery; PCA, posterior cerebral artery; VA, vertebral
artery; BA, basilar artery and mRS, the modified Rankin Scale.
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miRNAs

miR-4793-3p
miR-4436-3p
miR-5010-5p
miR-30c-2-3p
miR-3190-3p
miR-4443
miR-4449
miR-31-5p
miR-6130
miR-150-5p
miR-142-3p
miR-20b-5p
miR-590-5p
miR-23b-3p

aSAH indicates aneurysmal subarachnoid hemorrhage.

Regulation

Up
Up
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down

Fold change

14.09
403
3.46
335
326
208
~12.36
-8.20
—-4.81
—a72
—255
—2.44
222
—2.08

Sequence

AGCCAGCCAACTCAC
TTGTCCACTTCTTCCTG
AATTTTGCTCTGCCATCC
AGAGTAAACAGCCTTCTC
TCTCTGGCCGTCTACC
AAAACCCACGCCTCC
TGCCTCGCGCAGC
AGCTATGCCAGCATCTT
CATACAATCCACTCCCT
CACTGGTACAAGGGTTGG
TCCATAAAGTAGGAAACACTAC
CTACCTGCACTATGAGCAC
CTGCACTTTTATGAATAAGCTC
GGTAATCCCTGGCAATG

‘Chromosome locus

chr3
chr2
chri7
chré.
chri9
chr3
chr4
chr9
chr21
chr19
chr17
chrX
chr7
chr9
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TGM2
KRT10
PLEKHA1
NCK2

EREG

FNTB

GAB1
MARCKS

EDN1
VAMP3
TMEMS9
LRRC32

COL4A1

CPEB3
GTF2A1
CQorf72

CTNND1
CCNT2
CHIC1

CLTA

VIM
cuLs
PDESA
SKI

PDE4B
ZNF217
EHF
MMD

ME1
LZTFLY
SYPL1

NAV3
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Screening Validation-1 Validation-2

Patients (1=5)  Controls (1=5)  P-value  Patients(1=20)  Controls (1=20)  P-value  Patients (1=40)  Controls (»=30)  P-value

Age, years 46.80 +6.14 46.34 +7.13 - 48.50 4 9.08 47894883 0,653 46.1847.64 47.6047.53 0.637
Sex, male 2(40.0) 2(40.0) - 8(40.0) 6(30.0) 0507 26 (65.0) 18(60.0) 0.668
Risk factor
Hypertension 2(40.0) 1(20.0) - 10 (50.0) 8(40.0) 0525 13(32.5) 6(20.0) 0.244
Diabetes melitus 0(0.0) 0(0.0) - 2(100) 1(6.0) 1.000 0(0.0) 0(0.0) -
Hyperlipidermia 000 1(20.0) - 16.0) 16.0) 1.000 2(50) 2(6.7) 1.000
Smoking 1(200) 2(40.0) - 7(35.0) 5(25.0) 0.490 16 (40.0) 11(36.7) 0.777
Alcoholism 1(200) 1(20.0) - 4(200) 3(15.0) 1.000 13(32.5) 8(26.7) 0.598
Time of blood sampling (days after onset) 3(2-4) - - 2(1-8) - - 2(2-35) - -

*Values are mean = standard deviation or number (%); Student's t-tests were used for comparison of continuous variables and x2-tests for categorical variables.
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Lipidion

SM(d32:1)+HCOO
OAHFA(18:1/34:1)-H
Co(Q10}+NH4
OAHFA(18:1/32:2)-H
OAHFA(18:1/32:1)-H
SM(d40:2)+H
TG(26:0/16:0/18:1)}+Na
Cer(d18:1/16:0+0)+H
PCE52+H
PCE4:2)+H
LPC(18:1)+H
LPE(18:1)-H
Cer(d16:1/18:0)+HCOO
SM(d42:1)+H
TG(16:0/18:2/18:3)+Na
LPC(18:1)+HCOO
SM(d38:1)+H
SM(dl18:1/16:04+HCOO
TG(16:1/18:1/18:2)+NH4
PS(@39:1)-H

PS(E7:1)-H
TG(16:0/18:2/20:5)+H
TG(18:1/18:2/20:5)+H
SM(d40:1)+H
LPC(16:0)+HCOO
Sold18:1)+H
So(d17:1)+H
LPC(18:0)+HCOO
LSM(d20:0)+H
Cer(d17:0/2:01+H
LPC(18:2)+H
Cer(d33:0}+H
Cer(d35:0)+H
TG(16:1/18:1/22:5)+H
Sold16:1)}+H
CerGH(d17:1/16:040}+H
WE(6:0/16:3)+NH4
DGMG(16:01+HCOO
DGMG(18:2)+HCOO
MGMG(18:2)+HCOO
Cer(d18:1/18:0)+HCOO

Class.

SM
OAHFA
Co
OAHFA
OAHFA
SM
TG

$33¢

LPE
Cer
SM
TG

SM
SM
e
PS
PS

TG

CerG1
WE
DGMG
DGMG
MGMG
Cer

Calmz

719.53
785.74
880.72
756.69
757.71
785.65
995.9

554.51
77259
758.57
522.36
478.29
582.61
816.7

875.71
566.356
759.64
747.57
872.77
830.59
802.56
877.73
903.74
787.67
540.33
300.29
286.27
568.36
495.39
330.3

520.34
526.52
564.55
906.76
272.26
702.55
362.32
699.38
723.38
561.33
610.54

lonFormula

C38 H76 O8 N2 P1
C52 H97 04
C59 H94 O4 N1
C50 Ha1 04
C50 HY3 04
C45H90 06 N2 P1
C63 H120 06 Nat1
34 HE8 04 N1
C43H83 08 N1 P1
C42 H81 O8 N1 P1
C26 H53 O7 N1 P1
C23 H45 07 N1 P1
C35 HE8 O5 N1
C47 H96 O6 N2 P1
C55 H96 O6 Nat
C27 H63 09 N1 P1
C43 H88 06 N2 P1
C40 H80 O8 N2 P1
€565 H102 06 N1
45 H85 O10 N1 P1
C43 H81 O10N1 P1
C57 H97 06
C59 H99 06
C45 H92 06 N2 P1
C25 H61 09 N1 P1
C18 H38 O2 N1
C17 H36 O2 N1
C27 H65 09 N1 P1
C25 H56 O5 N2 P1
C19 H40 O3 N1
C26 H61 O7 N1 P1
C33 HE8 O3 N1
€35 H72 O3 N1
C59 H101 06
C16 H34 O2 N1
C39 H76 O9 N1
H42 €22 02 N1
C32 H59 016
C34 H59 016
C28 H49 011
C37 H72 O5 N1

RT-(min)

8.743304
20.93825
17.96348
18.67636
19.74312
12.00555
24.44222
10.187
10.84815
10.36652
2.829591
2971951
11.30124
14.00983
18.71938
2.824801
12.02927
9977419
19.68893
11.36284
10.3793
19.659
19.71597
13.02854
2693533
2422211
2.460079
3.790138
2831587
1.913699
2261227
9.731674
11.36469
15.60611
2.666427
9.514269
3.006577
2678107
2225866
2625824
12.32153

Fold Change

105.5802817
52.16343207
49.2154925
36.6853155
2063556255
21.94609662
21.32021673
14.87557017
13.45758007
9.044793221
8.862523744
8.196791624
8.162108672
7.808909475
7.301180438
7.164012181
7.023899481
7.005964358
6.980513631
6821065568
6.474225864
5.818026726
5.444758925
4.693025458
4.427438179
4.382913682
3.940410296
3.64099302
3.444914731
3.248423375
2988598263
2.798888595
2.720635667
2.331510136
1.985533979
1.909466251
1676320698
0.468996555
0.416667634
0274625199
0.144934423

Comparison of 41 lipid subgroups between MGD group and control group. MGD, meibomian gland dysfunction; T0, before treatment.

P-value

0.03955
0.03692
0.03669
0.0444
0.04736
0.03554
0.02028
0.01568
0.01122
0.02042
0.03903
0.0116
0.00901
0.004563
0.0205
0.00877
0.0079
0.02223
0.03026
0.03541
0.02929
0.00493
0.00554
0.01777
0.0351
0.00565
391E-10
0.03905
1.08E-05
2.35E-06
0.00086
3.79E-05
8.07E-06
0.02129
0.01196
0.00627
0.08507
0.00695
0.02013
0.0003
0.0018

vIP

1.27158
2.29603
1.0111
204926
3.88388
1.3621
1.07358
2.56661
1.40063
1.48086
1.68635
141347
2.41341
111772
1.9029
2.12477
1.35097
2.06393
1.63642
3.19895
1.66783
2.28256
1.3387
1.03408
357942
2.80761
202106
1.49809
289417
1.85695
1.65151
1.15626
1.35036
1.30254
1.60794
1.18483
1.08855
1.61873
213519
1.38641
1.9301
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Lipidlon

Cer(d18:1/18:0+HCOO
PE(16:0/18:1)-H
SM(d36:1)+H
Cer(d17:0/2:0/+H
LPG(18:2)+HCOO
LPC(18:2)+H
LPG(18:01+HCOO
TG(18:1/18:2/20:5)+H
TG(16:0/18:2/20:5)+H
LPG(16:0+HCOO
LPC(18:1)+H
TG(16:1/18:1/18:2)+NH4
LPC(18:1)4+HCOO
TG(26:0/16:0/18:1)+Na
TG(15:0/16:0/16:0)4+-NH4
TG(18:1/18:1/24:1)+NH4
TG(26:0/16:1/18:1)+NH4.
TG(25:0/16:1/18:1)+NH4.
TG(26:1/18:1/18:1)+NH4
OAHFA(18:1/32:2)-H
OAHFA(18:1/30:1)-H
OAHFA(18:1/34:1)-H
OAHFA(18:1/32:1)-H
TG(8:1/17:1/18:1)+NH4

Class

LPC
LPC
LPC
TG

TG
LPC
LPC
TG
LPC
TG

TG

TG

TG

TG

TG
OAHFA
OAHFA
OAHFA
OAHFA
TG

Calmz

610.5416
716.5236
731.6062
330.3003
564.3307
520.3398
568.362
903.7436
877.728
540.3307
622.3564
872.7702
566.3463
995.8977
810.7545
986911
988.9267
974.911
1014.942
755.6923
729.6766
785.7392
757.7079
888.8015

lonFormula

€87 H72 05 N1
C39 H76 O8 N1 P1
C41 H84 06 N2 P1
C19 H40 O3 N1
C27 H61 O9 N1 P1
C26 H5107 N1 P1
€27 H55 O9 N1 P1
C59 H99 06
C57 H97 06
C25 H51 O9 N1 P1
€26 H63 O7 N1 P1
C55 H102 08 N1
€27 H63 09 N1 P1
€63 H120 06 Nat
C50 H100 06 N1
CB3 H120 08 N1
C63 H122 06 N1
€62 H120 06 N1
C65 H124 06 N1
C50 H91 04
C48 HB89 04
C52 H97 04
C50 H93 04
C56 H106 06 N1

RT-(min)

12.32153
11.40335
11.06469
1.913699
2.265877
2251227
3.790138
19.71597
19.659
2693533
2.829691
19.68893
2.824801
24.44222
21.12598
23.61661
24.07609
23.85067
24.10026
18.67636
18.562064
20.93825
19.74312
21.16226

Comparison of 24 lipid subgroups between T2 group and TO group. TO, before treatment; T2, after treatment.

Fold Change

16.03078
2.846096
2472157
0.628695
0.61314

0.586953
0.494036
0.489044
0.470568
0.418414
0.410042
0.387629
0.381895
0.354542
0.320491
0.259233
0.244438
0.241359
0.214039
0.150416
0.144494
0.144425
0.136615
0.131759

P-value

0.026831
0.021526
0.033226
0.000317
0.014431
0.005786
0.034213
0.008754
0.004624
0.017479
0.03062

0.013507
0.003515
0018517
0.027543
0.029449
0.037562
0.035602
0.027703
0.005079
0.007217
0.003703
0.004611
0016443

vIP

3.35324
1.65677
4.39806
1.16972
1.04162
1.05027
1.26986
1.65819
1.1926
3.33535
162317
2.03988
1.85389
112173
1.9067
1.11668
1.01093
1.03776
1.34062
250278
3.26419
2.80831
4.81245
1.66444
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Lipidion Class Calmz lonFormula RT-(min) TO vs. control T2vs. TO

Fold change  P-value vIP Fold Change  P-value vIP

OAHFA(18:1/34:1)-H OAHFA  785.7392 C52 H97 04 2093825 52.16343297 0.036918 2.20603  0.14442499  0.003703 2.808631
OAHFA(18:1/32:1)-H OAHFA  757.7079 G50 H93 04 19.74312  29.63556255 0.047356 3.88388 0.136615378 0.004611 4.81245
OAHFA(18:1/32:2)-H OAHFA 7656923 C50 H91 04 1867636  36.6853155 0.044402 204926 0.150416143 0.005079 2.50278
LPC(18:1)+H LPC 5223554 C26H5307 N1P1 2820501 8.862523744 0.039032 1.58635 0.410042149 0.03062 1.52317
LPC(18:0+HCOO LPC 568.362 C27 HG509N1P1 3790138 3.64099302 0.039047 1.49809 0.494036433 0.034213 1.26986
LPC(18:1)+HCOO LPC 566.3463 C27 HS309N1P1 2824801 7.164012181 0.008767 2.12477 0.381895001 0.003515 1.85389
LPC(16:0+HCOO LPC 5403307 C25H51O09N1P1 2693533 4.427438179 0.035098 3.57942 0.418414154 0.017479 3.33535
LPC(18:2)+H LPC 5203308 C26 H51 07 N1P1 2251227 2088598263 0.000856 1.55151 0.586953112 0.005786 1.05027
TGER6:0/16:0/18:1)+Na TG 9958077 C63HI2006Nal 2444222 21.32021673 0.020276 1.07358 0.354541857 0.018517 1.12173
TG(18:1/18:2/20:5)+H TG 903.7436  C59 H99 06 19.716597 54447589256 0.005644 13387  0.489043562 0.006754 1.65819
TG(16:0/18:2/20:6)+H TG 877.728  C57 H97 06 10.659 5818026726 0.004927 228256 0470568415 0.004624  1.1926
TG(16:1/18:1/18:2}+NH4 TG 872.7702  C55H102 06 N1 19.68893 6.980513631 0.030259 1.53642 0.387629187 0.013507 2.03988
Cer(d17:0/2:0)+H Cer 330.3003 C19H40 O3 N1 1913609 3248423375 2.35E-06 1.85695 0.628695394 0.000317 1.16972
Cer(d18:1/18:01+HCOO  Cer 6105416  C37 H72 O5 N1 1232153  0.144934423 0.001796  1.9301 16.03077997  0.026831 3.35324

A number of 13 lpids were significantly increased in T0, whereas they were decreased following IPL treatment. The different lipids were OAHFA(18:1/34:1)-H(CszHerOs),
OAHFA(18:1/32:1)-H(CsoHasOs), - OAHFA(18:1/32:2)-H(CsotHo1Oa),  LPC(18:1)+H(CosHesaO7N1Py),  LPC(18:0+HCOO(Co7Hss0aN1Py), - LPC(18:1)+HCOO  (CorHssOalNiPy),
LPC(16:0)+HCOO(CasHs1 OoN1P1), LPC(18:2)+H(Ca6Hs107N1 P1), TG(26:0/16:0/18:1)+Na(CeaH12006Nas), TG(18:1/18:2/20:5)+H(CsoHoa Oc), TG(16:0/18:2/20:5)+H(Cs7Ho7O),
TG(16:1/18:1/18:2)+NH4 (CasH10206Ny), and Cer(d17:0/2:0)+H(C19 H40 O3 N1).

70, before treatment; T2, after treatment.
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Lipid Ophthalmic Correlation P value

‘composition index coefficient

Cer(d18:1/18:0+HCOO ™ 0.504 0.000
SM(d36:1)+H T™H 0.422 0.002
LPC(16:0)+HCOO T 0.379 0.007
Cer(d17:0/2:0+H CR 0.376 0.007
LPC(18:0)+HCOO ™ 0.372 0.008
LPC(18:2)+HCOO Meibum 0.363 0.010
OAHFA(18:1/34:1)-H Meibum 0.357 0.011
OAHFA(18:1/32:2)-H Meibum 0.342 0.015
OAHFA(18:1/32:1)-H Meibum 0.339 0.016
OAHFA(18:1/32:2)-H BUT1 -0.330 0.019
Cer(d18:1/18:0)+HCOO ABUT 0.326 0.021
OAHFA(18:1/34:1)-H CR 0.326 0.021
TG(16:0/18:2/20:5)+H Meibum 0.324 0.022
TG(16:0/18:2/20:5)+H MGE 0.323 0.022
TG(18:1/18:2/20:5)+H T 0.319 0.024
OAHFA(18:1/82:1)-H CR 0312 0.027
LPC(18:2)+H Meibum 0.308 0.030
OAHFA(18:1/32:2)-H CR 0.306 0.031
Cer(d17:0/2:01+H ABUT -0.304 0.032
OAHFA(18:1/34:1)-H BUT1 -0.304 0.032
OAHFA(18:1/30:1)-H BUT1 —0.304 0.032
OAHFA(18:1/32:1)-H BUT1 -0.308 0.032
OAHFA(18:1/30:1)-H Meibum 0.295 0.037
LPC(18:1)+H Meibum 0.204 0.038
TG(25:0/16:1/18:1)+NH4 Meibum 0.290 0.041
TG(16:1/18:1/18:2)+NH4 Meibum 0.290 0.041
TG(26:1/18:1/18:1)+NH4 Meibum 0.288 0.043
TG(16:0/18:2/20:5)+H CR 0.287 0.043
‘OAHFA(18:1/30:1)-H CR 0.283 0.046
TG(18:1/18:2/20:5)+H Meibum 0.280 0.049

Significant correlation between ocular lipid composition and ophthalmic clinical indexes in
descending order.
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Clinical assessment  Before After
treatment treatment
Age 48,89 £ 16.11 -
Gender (Male/Female) 7719 -
ospl 43101555 24.78 £ 12.85
TBUT(S) 319118 562181
TH 0147£008 021012
CR 1884062  0.58+0.44
CF 1.00£094 023043
ML 1.04£099  0.92:+1.01
MG drop out 1544086  1.54+0.86
MGE 1.31£0.93 0.79 £0.53
Meibum quality 1.40£085  0.73+051

T Value

4.629
-5.781
—1.386

5.399

3.801

0.417

0.000

2474

3.468

P Value

<0.001
<0.001
0.172
<0.001
<0.001
0.679
1
0017
0.001

*P < 0.01, **P < 0.01, ***P < 0.001; data showed as mean + standard deviation or .
08D, oculer surface disease index; TBUT, tear break-up time; TH, tear meniscus height;
CR, redness of conjunctival inflammation; CF, comeal fluorescein staining; ML, marx line;

MGE, meibomian gland expression.
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Variable

Age (years)
Sex (female)
Hypertension
Diabetes
Hunt-Hess
grade

Grade 12,3
Grade 4,5

Modified
Fisher grade

Grade 1,2
Grade 3.4
Location
ACA

ICA

MCA

VBA

Size (mm)
<5

5-10

>10
Treatment
Coiling
Clipping
Acute
hydrocephalus
RBC, x10°
Hemoglobin
WBC, x10°
Neutrophil %

Lymphocyte
%

Platelet, x10°
CRP
sl

Date are n (%), or medan (interquertie).

Total (n = 333)

59 (51-66)
205 (61.6%)
189 (56.8%)
45 (13.5%)

235 (70.6%)
98 (20.4%)

101 (30.3%)
232 (69.7%)

115 (34.5%)
123 (36.9%)
50 (15.0%)
45 (13.5%)

198 (68.0%)
114 (34.2%)
26 (7.8%)

252 (75.7%)
81(24.3%)
48 (14.4%)

4.1(36-4.9)

122 (110-135)
97 (7.7-12.2)
83,6 (78.0-87.8)
107 (8.0-15.7)

183 (150-227)
74 (26-17.9)

1,445
(821-2,187)

Yes (n = 101)

60 (53-67)
56 (55.4%)
56 (54.5%)
13 (12.9%)

37 (36.6%)
64 (63.4%)

4.(4.0%)
97 (96.0%)

35(34.7%)
33(82.7%)
22(218%)
11(10.9%)

53(52.5%)
41(40.6%)
7 (6.9%)

64 (63.4%)
37 (36.6%)
31(30.7%)

39(32-4.4)
118 (100-134)
11.9 (103-15.1)

84.4(78.4-89.3) 83.0(77.5-87.5)

9.8(6.5-15.7) 11.6(8.0-15.7)

187 (157-232)
17.0 (5.8-30.0)

2,260

(1,747-3218)

No (n = 232)

59 (50-66)
149 (64.2%)
134 (57.8%)
32 (13.8%)

198 (85.3%)
34 (14.7%)

97 (41.8%)
135 (58.2%)

80 (34.5%)
90 (38.8%)
28(12.1%)
34 (14.7%)

140 (60.3%)
73 (31.5%)
19 (8.2%)

188 (81.0%)
44 (19.0%)
1703

41(3.7-4.4)
124 (114-135)
86(7.4-11.3)

181 (146-224)
56@.1-11.1)
1,061
(737-1,671)

P-value

0.288
0.130
0576
0.821

<0.001

<0.001

0.118

0272

0.001

<0.001

0.023
0.007
<0.001
0.116
0.073

0.129
<0.001
<0.001

DC}, delayed cerebral ischenia; ACA, anterior cerebral artery; ICA, intemal carotid artery;
MCA, middle cerebral artery; VBA, vertebrobasilar artery; RBC, red biood cell: WBC, white

blood cell; CRR, c-reactive protein; SH, systemic immune-inflammation index.
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Predictors Univariate analysis

OR (95% Cl)
Age 1.008 (0.989-1.028)
Sex 1.443 (0.897-2.321)
Hypertension  0.874 (0.546-1.400)
Diabetes 0.923 (0.462-1.844)

Hunt-Hess 10073 (5.845-17.360)
grade

Modified 17.424 (6.199-48.975)
Fisher grade

Location 1.020 (0.810-1.283)
Size 1.174 (0.818-1.684)
Clipping 2.470 (1.467-4.160)
Acute 5.601 (2.924-10.730)
hydrocephalus

RBC, x10°  0.558 (0.376-0.829)
Hemoglobin  0.981 (0.969-0.995)
WBC, x10°  1.286 (1.192-1.387)
Neutrophil % 1.018 (0.989-1.049)

Lymphocyte  0.996 (0.992-1.001)
%

Platelet, x10°  1.021 (0.986-1.054)
CRP 1.025 (1.015-1.036)
sl 1.001 (1.001-1.002)

OR, odds ratio; Cl, confidence interval.
P < 0.05, significant P values are bold.

P-value

0.401
0.131
0.576
0.821
<0.001

<0.001

0.868

0.385

0.001
<0.001

0.004
0.006
<0.001
0.225
0.076

0.236
<0.001
<0.001

Multivariate analysis

OR (95% Cl)

1.635 (0.678-3.946)

7.851 (2.312-26.661)

1.685 (0.780-3.639)
1.689 (0.656-4.346)

0665 (0.205-2.153)
0.997 (0.961-1.035)
1.009 (0.979-1.234)

1.034 (0.984-1.086)

1.011(0.998-1.025)
1.001 (1.001-1.002)

P-value

0274

0.001

0.184
0277

0.496
0.886
0.109

0.189

0.109
<0.001
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Brain regions

Parietal_Inf_L
Rectus_R
OFCmed_L

Ventral medial prefrontal
Cerebellum_Crus1_L
Precuneus_R
Precuneus_R
OFCant_R
Occipital_Sup_R
Ternporal_Mid_L
Parietal Sup_R
Frontal_Sup_2_L
Frontal_Mid_2_L
Precentral L
Temporal_Mid_L
Temporal_Mid_R

Cluster size

1,334
1,685
2,201
2,423
1,516
4,548
2,601
676
478
1,418
343
392
363
7n7
1,132
405

t-value

4167
4.068
4.065
3.994
3.941
3913
3.810
3.556
3.827
3.463
3.449
3.367
3.260
3.160
3.138
2.983

MNI coordinates

x

-33
13
—16
2
—19
6
12
3t
26
—45
28
-20
—a1
—a9
—52
55

y

—69
32
30
62

87

—46

—a9
54

-9

—67

—60

—13
53
-3

-84

—64

z

a1
-22
—19
—19
—21
16
56
—14
13
14
64
55
20
23
-4
3

Regions were automatically labeled using the AALS atlas. These resuilts were reported
with voxel-wise p < 0.001 and family-wise error (FWE) cluster corrected at cluster-level p
< 0.05. Regions were automaticaly reported and labeled using BSPMVIEW (htto://www.
bobspunt.com/software/bspmview) and automated anatomical lebeling atias 3 (https://

wwwgin.cnrs. f/en/tools/aal).

MNI, Montreal Neurological Institute; x, y, and z, MNI coordinates in the left-right,
anterior-posterior, and inferior-superior dimensions, respectively.





OPS/images/fneur-12-740819/fneur-12-740819-t003.jpg
Variable HHT Controls Statistic, t (p)

TIV (mi) 137993 (120.08)  1,325.52(184.79) 2.061,0.042*
GM (m) 582.94 (57.34) 573.30 (55.56) ~0.854,0.40
WM (i) 508.59 (61.56) 487.42 (60.91) 1.728, 0,087

CSF (m) 28662 (61.19) 263.61 (53.80) 1.996, 0.049"
WMH (mi) 1.78 (1.45) 1.19(0.87) —2.484,0.015"

‘P < 0,05 HHT, hypertension with high homocysteine; TIV, total intracranial
volume; GM, gray matter; WM, white matter; CSF, cerebrospinal fluid; WIMH, white
matter hyperintensity.
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Variable HHT Controls  Statistic, t (p)

Demographic data

Age, mean (SD), years 5320(10.98) 50.84(9.92)  1.128,0.26
Sex/gender: males/females  26M/24F  18M/32F 260,0.11
Education, mean (SD), years ~ 11.68 (2.35) 11.46 (2.84) 0.338, 0.51
History of smoking: yes, n (%) 24 (48%) 16 (32%) 267,010
Obesity: obese, 1 (%) 11(2%)  5(10%) 268,0.10
Alcohol 28(56%)  21(42) 1.96,0.16
MMSE 27.22(089) 27.74(096) —2.805,p = 0006
BP Systolic 150.86 (17.33) 117.92 (7.50) 15.508, p < 0.001***
BP Diastolic 9886 (14.83) 77.71(5.85) 9.812,p < 0.001™
Hey (wmol/) 21.79(10.97) 1147 (7.65) 5.462,p < 0.001"*
BMI 24.42(3.05) 23.48 (2.60) 1.658, 0.102

*“p < 0.001; SD, standard deviation; MMSE, Mini Mental State Examination; BR
blood pressure; Hey, homocysteine; BMI, body mass index; HHT, hypertension with
high homocysteine.
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Narrow, macular (n = 45)
Age, year -0023
ACD, mm 0.140
Km, D 0.001
AL, mm 0202
SE.D 0070
BCDVA, logMAR 0573
Others (n = 16)
Age, year 0.003
ACD, mm -0.112
Km, D ~0.129
AL, mm 0.095
SE.D ~0.004
BCDVA, logMAR 0.401

Univariate

95%Cl

—0.028, 0.052
-0.561,0.818
—-0.210, 0.266
—-0.162,0.118
—-0.018, 0.130
0.358, 2.309

—0.058,0.011
—0.349, 0.629
—0.193, 0.191
0.040, 0.363
—-0.017,0.156
—-0.126,1.271

—0.039, 0.045
—1.117,0.898
—-0.388, 0.129
—0.229,0.419
—0.114,0.106
—0.824,1.626

0.662
0.709
0814
0.752
0.133
0009

0.180
0.568
0.990
0.016*
0.113
0.1056

0.890
0814
0.301
0538
0.942
0.494

-0.012
-0.022
—0.024
-0.011
0.072
1.635

—0.033
—0.121
0.117
0.197
0.072
0.447

0.029
-0.602
—-0.230

0.172

0.037

0.060

Multivariate

95%Cl

—-0.063, 0.029
—0.690, 0.646
-0.269,0.211
—-0.181,0.160
-0.016, 0.160
0.504, 2.766

-0.067, 0.000
-0.612,0.369
-0.083,0.318
0.020, 0.375
-0.014,0.158
-0.301, 1.195

—-0.060, 0.108
—2.777,1574
—0.645,0.186
-0.261,0.594
—-0.162, 0.235
—1.763,1.873

0.673
0.948
0.838
0.901

0.104
0.006*

0.051

0.619
0.243
0.030*
0.009
0.234

0.424
0547
0.243
0.382
0.679
0.942

*Significant at P < 0.05. B = coefficient value. ACD, anterior chamber depth; AL, axial length; BCDVA, best corrected distance visual acuity; PS, posterior staphyloma; SE,

spherical equivalent.
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Al
No. of eyes (%) 113
Age, year 64.73%7.47
Gender (male/ferale) 49/64
ACD, mm 3.47 £0.46
AL, mm 28.78 4 1.69
Km, D 44.0041.28
BCDVA, logMAR 052 £0.32
SE.D —11.49+ 335

Wide, macular

52 (46.02%)
65.92+7.14
22/30
350 0.41
29.04 +2.03
4394 +1.20
059+ 0.27
~11.52 £8.76

Narrow, macular

45 (30.82%)
64.00 +7.56
20125
3.47 £055
28,60 + 1.41
44.12 +1.39
0.46 +0.37
~11.49 £2.99

Other types

16 (14.16%)
6294814
779
3354034
28.44+1.03
4385+1.26
044 £027
1142308

P-value

027
0.77
0.52
0.32
0.69
0.08
0.99

Data are shown as mean + standard deviation. *Statistically significant at p < 0.05. ACD, anterior chamber depth; AL, axial length; BCDVA, best corrected distance visual acuity; D,
diopter; Km, mean keratometry; Log MAR, logarithm of the minimum angle of resolution; SE, spherical equivalent.
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Posterior staphyloma P-value

Wide, macular  Narrow, macular  Other types Wide, macular vs. Wide, macular vs. Narrow, macular vs.
Narrow, macular Other types Other types
BCDVA, logMAR 029 +0.39 0.14 £0.14 0.11£0.10 001" 002" 0.66
Targeted SE, D —2.97 £ 0.46 ~3.11 £ 053 —3.02 £ 0.47 0.16 070 055
Actual SE, D —2.00 £ 1.17 292 £ 1.19 —2.90 % 0.61 <001" 001" 0.63
RE, D 0.98 £ 1.00 0.19 + 087 013+ 059 <001 <001 081

Data are shown as mean = standard deviation. *Significant at p < 0.05. BCDVA, best corrected distance visual acuity; D, diopter; Log MAR, logarithm of the minimum angle of resolution;
SE, spherical equivalent; RE, refractive error. RE equals the measured postoperative actual SE minus the targeted SE.
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Patients

Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6
Patient 7
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Patient 9
Patient 10
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MMD, moyamoya disease; HC, healthy control; HADS, Hospital Anxiety and

Depression Scale.
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PerAF method applied in neurogenic diseases

References Disease

PerAF
increased

Neurogenic diseases Wang et al. (20) ET1 B1-4: vermis
Vi,
B1-3: LCL
Vi,
B1-4: LPG
Zengetal. (21) Sleep Deprivation BVC, BSC
Yuetal. (19) MCID ILPHGs, TG

Brain areas

PerAF
decreased

85: vermis
VI,

B4-5: LCL
Vil

B5: LPG
BDPC, BCPL
NA

ET-1, Type | epilepsy; B1-4, frequency band B1, B2, B3, B4; B1-3, frequency band B1, B2, B3; B5, frequency band 5; B4-5, frequency band B4, BS; LCL VIl left cerebellar lobule
VIl LPG, left precentral gyrus; BYC, bilateral vision cortex; BSC, bilteral sensorimotor cortex; LPG, left para-hippocampus gyrus; MCID, mild cognitive impairment with depression
symptom; TG, temporal gyrus; BDPC, bilateral dorsolateral prefrontal cortex; BCPL, bilateral cerebellum posterior lobe. PerAF, percent amplitude of fluctuation.
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Brain regions

Frontal_Sup_Medial R

Precentral_L

Caudate_L

Experimental
result

MMD < HCs

MMD < HCs

MMD > HCs

MMD, moyamoya disease; HC, healthy control.

Brain function

Motor movement, working memory,
cognitive ability, emotional regulation

Speech articulation, motor movement,
planning of movement

Motor processing, spatial mnemonic
processing, procedural leaming,
associative learning, inhibitory control of
action

Anticipated results

Social and emotional problems, motor
function defects, stress disorders and
depression, cognitive disorders.

Aphasia, muscle weakness, paralysis

Parkinson's disease, Alzheimer's disease,
‘spatial movement disorder, defects in
working memory, aesthetic obstacles,
linguistic barrier
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Condition

Male/female
Age (years)

Weight (kg)

Handedness

Duration of MMD (Mons)
Best-corrected VA-left eye
Best-corrected VA-right eye
10P-Left

10P-Right

RNFLT-right (um)

RNFLTeft (jum)

Higher education/HSEB

MMD

314
50.11 £ 558
61.22£5.12

17R
3.12£024
0.029 +0.014
0.084 +£0.019
15.05 + 0.40
16.94 + 0.39

117.08 £ 17.35
116.76 + 19.22
8/9

HCs

314
49.88 +5.29
60.12 £9.15

17R

N/A
0.023 +0.013

0.084 £0.019
14.86 +£0.34
16.26 + 0.42

138.76 £ 12.07

136.41 + 11.63

8/9

MM, independent t-tests comparing two groups (p < 0.05); HCs, healthy controls; /A, not applicable.

Significant at *P < 0.05; *P< 0.001.

NA
0.126
0.196

NA

NA
0.298

<0.001
0.363
1.165
4235
3.789
N/A

P-value*

>0.99
0.90
0917
>0.99
N/A
0.768
>0.99
0.719
0.253
<0.001
<0.001*
N/A
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Brain areas MNI coordinates BA Number of voxels T value

X b 4 z
Patient < HC
Frontal_Sup_Medial_R 6 51 3 24 159 -3.8795
Precentral_L —48 9 36 1 135 —4.3502
Patient > HC
Caudate_L. -18 15 9 0 104 3.8544

The statistical threshold was set at a voxel level with p < 0.005 for multiple comparisons using Geussian random field theory (the AjphaSim corrected at cluster > 103 voxels, p < 0.05).
PerAF, percent amplitude of fluctuation; HC, healthy control; MN, Montreal Neurological Institute; MMD, moyamoya disease.
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SNPs sites LAAS group, n Control group*, Univariate analysis Multivariate analysis®

(%) n (%)
OR (95%C) pvalue  Adjusted OR (95% Cl)  p-value

rs 13038305 c/ic 778 (71.4) 2,135 (75.5) Reference Reference
Genotypes o 218(21.7) 643 (22.7) 0.930 (0.782-1.107) 0417 0922 (0.774-1.099) 0.365

o 9(0.9) 50(1.8) 0.494 (0.242-1.009) 0053 0.486 (0.287-0.994) 0,048

C/T+T/T 227 (22.6) 693 (24.5) 0.899 (0.758-1.066) 0.222 0.891 (0.750-1.057) 0.186
Alele c 1,774.(88.3) 4913 86.9) Reference

T 236(11.7) 743 (13.1) 0.880 (0.752-1.028) 0.108 0872 (0.746-1.020) 0.088
rs 911119 \ 751 (74.7) 2,080 (73.6) Reference Reference
Genotypes or 244 (24.3) 695 (24.6) 0.972 (0.822-1.150) 0.744 0961 (0.812-1.138) 0648

(7 10(1.0) 53(1.9) 0523 (0.265-1.032) 0062 0517 (0.261-1.023) 0,058

CrT+cIc 254 (25.3) 748 (26.5) 0.940 (0.797-1.109) 0.4661 0.930 (0.788-1.098) 0391
Alele T 1,746 (86.9) 4,855 (85.8) Reference Reference

€ 264 (13.1) 801 (14.2) 0.916 (0.789-1.064) 0253 0.908 (0.781-1.055) 0.208

SNPs, single-nucleotide polymorphisms; LAAS, lerge-artery atherosclerosis stroke; Cl, confidence interval; OR, odds ratio.
“Control group indicating etiological diagnosis of non-LAAS based on The Trial of Org 10 172 in Acute Stroke Treatment (TOAST) system.
1 Adjusted covariates including sex, age, smoking and drinking, hyperlipidemia, diabetes mellitus, hypertension, ischemic stroke, and coronary artery disease history.
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SNP sites ICAS or ECAS Control group*, Univariate analysis Multivariate analysis®
group, n (%) n (%)
OR (95% Cl) pvalue  Adjusted OR (95% Cl)  p-value
rs 13038305  C/C 1278(76.2) 1374 (76.1) Reference Reference
Genotypes o 366 (21.9) 406 (22.5) 1.028 (0.875-1.207) 0738 1,012 (0.860-1.192) 0.882
T 31(1.9) 26(1.4) 0.777 (0.459-1.316) 0.348 0.755 (0.443-1.286) 0.301
CITHTT 1,273 (76.2) 1,874 (76.1) 1.008 (0.862-1.179) 0919 0992 (0.847-1.163) 0.921
Alele c 2912(87.2) 3,154 87.9) Reference Reference
T 428 (12.8) 458 (12.7) 0.988 (0.858-1.138) 0867 0973 (0.843-1.123) 0.709
rs 911119 \ 1,287 (74.1) 1,338 (74.1) Reference Reference
Genotypes or 400 (24.0) 440 (24.4) 1.017 (0.870-1.189) 0833 1.001 (0.855-1.173) 0.986
(7 33(2.0) 28(1.6) 0.784 (0.471-1.306) 0350 0.768 (0.459-1.286) 0316
CrT+cIc 433 (25.9) 468 (25.9) 0.999 (0.858-1.163) 0992 0.984 (0.843-1.147) 0.833
Alele T 2,874 (86.1) 3,116 (86.3) Reference Reference
€ 466 (14.0) 496 (13.7) 0.982 (0.857-1.125) 0791 0968 (0.843-1.111) 0644

SNPs, single-nucleotide polymorphisms; ICAS, intracranial artery stenosis; ECAS extracranial artery stenosis; Cl, confidence interval; OR, odds ratio.
*Control group indicating patients without intracranial and extracranial artery stenoses.
1 Adjusted covariates including sex, age, smoking and drinking, hyperlipidemia, diabetes mellitus, hypertension, ischemic stroke, and coronary artery disease history.
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General
Age.y 0240 0.995(0.986-1.004)
Male sex. os7 1.057(0.672:1.282)
Renal function
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Age.y o187 0994(0.985-1.003)
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Renal function
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Characteristics* Total LAAS group Control groupt p-value

(N =3,833) N =1,005) (N =2828)
Age, years, mean + SD 628113 633+11.2 626+ 11.3 0.068
Male sex 2,602 (67.9) 697 (69.4) 1,905 (67.4) 0246
NIHSS score at admission <0001
0-3 2,024 (52.8) 449 (44.7) 1,675 (85.7)

=4 1,809 (47.2) 556 (55.3) 1,253 (44.9)

BMI 24.6(22.7-26.7) 24.3(22.5-26.7) 247 (22.8-26.7) 0558
Medical history

Ischemic stroke 904 (23.6) 267 (26.6) 637 (22.5) 0.010
Coronary artery disease 456 (11.9) 137 (13.6) 319(11.9) 0.048
Hyperlipideria 326 (8.5) 86(8.6) 240 8.5) 0.945
Diabetes mellitus 933 (24.3) 282 (28.1) 651 (23.0) 0.001
Hypertension 2,405 (62.7) 662 (65.9) 1,743 (61.6) 0017
Smoking 1,198 (31.1) 323 (32.1) 870 (30.8) 0.419
Alcohol drinking 543 (14.2) 140 (13.9) 408 (14.3) 0.803
Laboratory data

hs-CRP, mg/l 1.510 (0.700-4.420) 1.975 (0.805-5.410) 1.390 (0.670-4.040) <0.001
CysC, mg/ 0.960 (0.850-1.100) 0.960 (0.848-1.100) 0.960 (0.850-1.100) <0001
TG, mmol 1.400 (1.060-1.900) 1.360 (1.070-1.800) 1.410 (1.060-1.920) 0.005
TC, mmol 3.980 (3.330-4.740) 3.940 (3.280-4.720) 3.990 (3.350-4.750) <0001
LDL-C, mmol 2,420 (1.830-3.130) 2.430 (1.840-3.110) 2,420 (1.830-3.130) 0.004
HDL-C, mmol 0.940 (0.760-1.130) 0.930 (0.770-1.111) 0.950 (0.760-1.140) <0001
€GFRor, ml/min/1.73 m? 91.914 (79.770-100.972) 91.908 (80.546-100.591) 91.914 (79.622-101.00) 0331
Concomitant medication

Antiplatelets 3,733 (97.4) 982 (97.7) 2,751 (97.3) 0.458
Anticoagulants 399 (10.4) 101 (10.1) 298 (10.5) 0.664

SD, standard deviation; LAAS, large-artery atherosclerosis stroke; CysC, cystatin C; NIHSS, National Institutes of Health Stroke Scale; BMI, body mass index; hs-CRR, high sensitivity
C-reactive protein; TG, triglyceride; TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; eGFRcr, creatinine-calculated estimated glomerular filtration rate.
*Variables were presented as median (interquartile range) or counts (percentages) unless otherwise indicated.

*tControl group indicating etiological diagnosis of non-LAAS based on The Trial of Org 10 172 in Acute Stroke Treatment (TOAST) system.
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Variable AUC (95% ClI) P-value®

sl 0.860 (0.818-0.896) Reference
NLR 0.848 (0.805-0.885) 0.3230
PLR 0.745 (0.695-0.791) <0.001

NLR, neutrophil to lymphocyte ratio; PLR, platelet to lymphocyte ratio; AUC, area under
the curve.

@The discriminative performances of Sil vs. NLR and Sll vs. PLR were compared using
the Del.ong test.
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Variable Sl > 1424

=168
Age (years) 59 (50-66)

Sex (women) 106 (63.1%)
Hypertension 95 (56.5%)

Diabetes 23(13.7%)

Hunt-Hess grade

Grade 12,3 92 (54.8%)

Grade 4.5 76 (45.2%)

Modified Fisher grade

Grade 1.2 31(18.5%)

Grade 3,4 137 (81.5%)
Location

ACA 60 (35.7%)

IcA 56 (33.3%)

MCA 26 (15.5%)

VBA 26 (15.5%)

Size (mm)

<5 91 (54.2%)

5-10 59(35.1%)

>10 18 (10.7%)

Acute hydrocephalus 40 (23.8%)

ocl 94 (56.0%)

mRS

0-2 91 (54.2%)

36 77 (45.8%)

Data are n (%), or median (interquartil).
mRS, modified Rankin scale.

Sl < 1,424
=165

59 (53-67)
99 (60.0%)
94 (57.0%)
22 (13.3%)

143 (86.7%)
22(13.3%)

70 (42.4%)
95 (57.6%)

55 (33.3%)
67 (40.6%)
24 (14.5%)
19 (11.5%)

102 (61.8%)
55 (33.3%)
8(4.8%)
8(4.8%)
7 (4.2%)

150 (90.9%)
15(9.1%)

P-value

0.654
0.562
0.938
0.924
<0.001

<0.001

0.504

0.101

<0.001
<0.001
<0.001
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Univariate analysis Multivariate analysis

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

sl 1.001 (1.001-1.002) <0.001 1.001 (1.001-1.002) <0.001
S  28.672(12.678-68.840) <0.001  17.793 (6.948-45.564)  <0.001

Multivariate logistic regression analysis with adjustment for Hunt-Hess grade, modiied
Fisher grade, treatment methods, acute hydrocephalus, RBC, hemoglobin, WBC,
lymphocyte %, and CAP.

a5l as & continuous variable.

Bey s B GEhotorous arisbie.
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Item

Male, n (%)
Age, years

Hypertension, n (%)

Diabetes, n (%)

Hyperipidenia, n (%)

AF,n (%)

CHD, n (%)

Stroke, n (%)

Smoking, n (%)

Drinking, n (%)

Previous tumor history, n (%)
MT to stroke after tumor, month
Diagnosis after stroke, n (%)
MT to tumor after stroke, month
RBC (x1012/1)

WBC (x 109/L)

PLT (x109/)

Hb, g/L

LDL-C, mmol/L

Hoy, pmolL

Fib, g/L

D-dimer, mg/L

TAT, ng/ml

One territory sign

Two territory sign

Three territory sign

Cardiac valvular vegetations

Total (68)

49 (72.06)

61.78 + 6.65

45 (66.18)
38 (55.88)
43 (63.24)
15 (22.06)
37 (54.41)
14 (20.59)
24(35.29)
34 (50.00)
52(76.47)

6.15+3.21
16 (23.53)

1239+ 4.12

451 +£0.75
7.01 £2.10

814.22 + 20.85
119.09 + 10.34

411072
18.35 + 821
430+ 0.60
1.89 085
693398
7(10.29)
25(36.76)
30 (44.12)
13(19.12)

Good prognosis (18)

14(77.78)
6178 +6.11
9(50.00)
7(38.89)
9(50.00)
2(11.11)
8(44.44)
4(22.22)
6(33.33)
10 (55.56)
11 (61.11)
6.86+2.26
7(38.89)
13213822
462 +0.90
7.76£202

306.33 + 29.53
122.56 + 15.30

389070
17.00 £ 8.40
4.18+057
124 £0.70
3754 1.40
4(22.22)
4(22.22)
4(22.22)
2(11.11)

Poor prognosis (50)

35 (70.00)
61.78 +6.90
36 (72.00)
31(62.00)
34 (68.00)
13 (26.00)
29 (68.00)
10 (20.00)
18 (36.00)
24 (48.00)
41 (82.00)
5644302
9(18.00)
1018 4 2.41
4.47 + 069
6744208
317.06 + 16.14
117.84 47.60
419£072
18.84 + 3.08°
434+061
2.12:£0.78°
807 £ 399
3(6.00)

21 (42.00)
26 (52.00"
11 (22.00)

P-value

0.528
0.741
0.091
0.090
0.174
0.330
0.322
1.000
0.839
0.682
0574
0.812
0.871
0.072
0.833
0.810
0.326
0.231
0.130
0.047
0.981
<0.001
<0.001
0.136
0.136
0.029
0511

CHD, coronary heart disease; AF, atrial fibrillation; MT, mean time; RBC, Red blood cel; WBC, White blood cell; PLT, Platelet; Hb, Hemoglobin; LDL-C, low-density lipoprotein cholesterol;

Hey, homocysteine; Fib, fibrinogen; TAT, thrombin-antithrombin complex. 2P < 0.05, as compared to poor prognosis.
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Variables

Hoy
D-cimer
TAT

Three territory
sign

B SE

0259 0.164
1503 0.76
1457 0.487

22 1216

Wals

2.493
3914
8957
3.271

Df P-value
1 0114

1 0.048
1 0.003

1 0.071

OR

1.296
4.497
4.294
9.021

95% CI

0.939-1.788
1.014-19.938
1.654-11.149
0.832-97.827
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SNP sites Outcomes Genotypes No. of events/total Model 0* Model 11

no. (%)
HR (95% CI) p-value  Adjusted HR (95% CI)  p-value
113038305 Poor functional outcome  C/C 362(12.6) - -
(mRS score 3-6) Tc 118(13.9) 1118(0.894-1.398)  0.327 1.104 (0.877-1.389) 0.399
o 7(11.9 0933 (0.420-2.069)  0.864 0890 (0.395-2.005) 0779
c+TT 125 (13.8) 1.106(0889-1.376) 0817 1.089 (0.870-1.363) 0.456
Stroke recurrence 7] 279(96) (Reference) (Reference)
e 84(0.8) 1.018(0.798-1.209) 0,887 1.016 (0.796-1.206) 0901
s 6(102) 1.051(0.468-2.359) 0,904 1.086 (0.461-2.325) 0932
C/MT+T/T 90(9.8) 1.020 (0.804-1.293) 0.871 1.017 (0.802-1.290) 0.890
All-cause mortality 7] 8128 (Reference) (Reference)
70 33(38) 1386 0.925-2.078)  0.114 1.356 (0.905-2.033) 0.140
o 2(34) 1212(0.208-4.920) 0788 1.178 (0.200-4.793) 0819
CTTT 35(3.8) 1375 0.925-2.044) 0116 1.345 (0.904-1.999) 0.143
Combined vascular cre 202(10.0) N -
events e 87 (10.1) 1.008(0.793-1280)  0.951 1.005 (0.791-1.277) 0967
v 7(11.9) 1.170 (0.553-2.476) 0.681 1.151 (0.544-2.436) 0.713
CTTT 94 (102) 1.018(0.807-1.285) 0,879 1.016 (0.804-1.280) 0902
rs911119 Poor functional outcome s 351 (12.6) - -
(mRS score 3-6) Tc 128(13.8) 1.112(0895-1383) 0338 1.102 (0.881-1.377) 0396
7] 8(127) 1.010(0.477-2.138)  0.980 0.967 (0.450-2.081) 0938
CrT+eie 136 (13.7) 1.106(0.894-1368)  0.355 1.003 (0.878-1.359) 0.426
Stroke recurrence o 270(95) . B
e 93(9.9) 1.036(0.818-1311) 0771 1,083 (0.816-1.308) 0786
7] 6(05) 0984(0.433-2209)  0.969 0971 (0.432-2.180) 0943
CIT+C/C 99(9.9) 1.082 0.820-1.300)  0.787 1.020 (0.818-1.296) 0806
All-cause mortality o 80(2.8) - -
T/C 34 (3.6) 1.286 (0.861-1.921) 0.219 1.266 (0.848-1.892) 0.249
7 232 1.1160.274-4.635) 0879 1.081 (0.266-4.396) 0914
CIT+C/IC 36(3.6) 1275 0.861-1.890)  0.226 1.254 (0.846-1.859) 0259
Combined vascular " 283 (10.0) - -
L 7 96 (10.2) 1,020 (0.809-1.285)  0.868 1.017 (0.807-1.283) 0883
C/1c 7(11.1) 1.094 (0.5617-2.316) 0.814 1.077 (0.509-2.281) 0.845
crmeie 103 (103) 1.025(0.818-1284) 0832 1.021 (0.815-1.280) 0855

SNPs, single-nucleotide polymorphisms; Cl, confidence interval; HR, hazard ratio; mRS, modified Rankin Scale.
*Model 0 was unadjusted.
tModel 1 was adjusted for age (in year, continuous) and sex (male or female).
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Classifie Calibration Discrimination 95% Cl ensitivity

PIC 86.5% 82.8% 76.8-88.9% 0.80ng/mL 80.7% 76.2%
TAT 87.0% 77.2% 70.4-84.0% 3.97 ng/ml 64.9% 80.6%
t-PAIC 86.1% 61.1% 52.4-69.9% 9.85 ng/m 43.9% 80.1%
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CSA, wrist

Patient number Neuropathy Right
1 cioP 6
2 CIbP 14
3 MMN 7
4 MMN 4
5 Anti-MAG 4
6 Anti-MAG 4

(CSA measured in mm?. Abnormal values are shown in bold.

Left

3 o

IS

CSA, forearm
Right left
7 7
18 21
6 17
4 5
6 9
7 10

CSA, elbow
Right Left
16 8
13 17
14 19
14 5
10 7
7 5

CSA, arm
Right Left
11 12
17 24
15 4
60 8
9 8

8

CSA, axilla

Right

15
21
12

Left

ElY
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Patient number Neuropathy Right
1 CIbP 16
2 CibP 15
3 MMN 11

4 MMN 7

5 Anti-MAG 9
6 Anti-MAG 13

(CSA measured in mm?. Abnormal values shown in bold.

Left

12
14
15
8

CSA, forearm

Right

10
22
10

left

21

Right

16
42
19

12

Left

13

10
13
10

CSA, axilla

Right

16
32
23
8
15
8

Left

14
19
22

10
10
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Measurement Boundary Normal Points.

value in mm? <50%
>50%
Peripheral nerves
Median nerve 100 <10 o
Upper arm >10<15 1
>15 2
Median nerve 15 <115 0
Elbow 2115 <17.25 1
>17.25 2
Median nerve 100 <10 0
Forearm >10<15 1
>15 2
Ulnar nerve 95 <95 0
Upper am 296 <1425 1
>14.25 2
Uinar nerve 85 <85 [
Forearm 285 <1275 1
>12.75 2
Tioial nerve 295 <295 0
Popliteal 2295 < 44.25 1
>44.25 2
Tioial nerve 105 <105 0
Ankle 2105 < 16.25 1
>16.25 2
Fibular nerve 15 <115 0
Popliteal 2115 17.25 1
>17.25 2
Cervical roots and vagus
Vagal nerve 30 <30 0
Carotid sheath >3.0 1
G5 longtudinal 2.9 (mm) <29 0
Transversal process >29 1
G6 longtudinal 3.9 (mm) <39 0
Transversal process >39 1
Sural nerve
Sural nerve 30 <30 0
Calf >3.0 1

Uttrasound pattern sum score

UPS-A. Nerve score: each nerve swelling is assessed with 1 point, each sweling > 50%
of the boundary value is assessed with 2 points. UPS-B. Root score: each root swellng
orvagal nerve swelling is assessed with 1 point. UPS-C. Sural score: sural nerve swelling
is assessed with 1 point. UPSS, ultrasound pattern sum score.
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Brain regions

Temporal_Pole_Sup_R
Putamen_L

Insula_L

Thalamus_R
Precuneus_L
Frontal_Sup_R
Cingulum_Mid_L.
Frontal_Mid_L
Precentral_R

Experimental result

DE > HC
DE < HC
DE > HC
DE < HC
DE < HC
DE < HC
DE < HC
DE < HC
DE > HC

Brain function

electro physiologic networks, language

learning and motor control

socioemotional, sensorimotor, processing, cognitive functions
sensory and motor function, attention, memory, speech, and emotion
visuo-spatial imagery, episodic memory retrieval, self-consciousness.
Cognitive, emotional, pain, and behavioral management

Executive functions, attention and memory

Key parts of word processin

voluntary motor movement, aging process

Anticipated results

Schizophrenia, epilepsy, anterograde amnesia
Eye movements, learning problems:
Depression, cognitive activty disorder
Tremor, sleep disorder, depression, etc.

Visual impairment, amnesia

Initabity, mood swings, depression, etc.
depression, pain, and anxiety

Cognitive activity disorder

Eye movements, climacteric period
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Brain areas (DE vs HCs) BA MNI coordinates Voxels number T-value

X Y z
Temporal_Pole_Sup_R 38 54 16 -12 98 —4.1164
Putamen_L / =30 -10 -4 130 7.5285
Insula_L. 18 -26 -2 16 83 —4.6003
Thalamus_R /16 -22 8 122 5.4554
Precuneus_L 7 0 -70 38 108 6.5564
Frontal_Sup_R 8 24 40 42 194 9.7716
Cingulum_Mid_L 24 0 -18 46 513 12.6833
Frontal_Mid_L 6 -26 -8 52 209 7.7449
Precentral_R 6 26 -20 70 265 —27.6921

The statistical threshold wes set at voxels with p < 0.01 for multiple comparisons using
Gaussian random field corrections.
MNI, Montreal Neurological Institute; BA, Brodmann's area.
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Characteristics DE HCs t-value P -values

Agelyears) 56.76 + 10.16 57.12+11.68 -0.319 0.854
Weight(kg) 5864£791 59.12+6.75 -0.462 0.892
Handedness(left/right) 0/25 0/25 NA NA
Duration of DE (mons) 3432  13.11 NA NA NA

Best-corrected VA, right  0.75 + 0.33" 117+069 -3.142 0.034
Best-corrected VA, left 0.67 £0.24" 121£046 -2.169 0.032

Independent t-tests comparing the two groups (P < 0.05) showed statisticaly
significant differences.
DE, dry eye; HCs, healthy controls; NA, not applicable; VA, visual acuity.
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Variables

-8
Q: (<30)

Q; (80-58.15)
Q3 (68.15-124)
Qq (=124)
SAA

Qi(<25)
Qu(2.5-8.09)
Q5 (3.09-8.48)
Qu(=8.48)

Male

OR (95%Cl)

3.94 (1.22-12.70)
3.93(1.22-12.62)
3.32(1.14-9.61)
Ref

Ref
0.66(0.23-1.88)
0.64(0.25-1.64)

Ref, Reference; Statistically significant values are identified in boldface.

p-Value

0.022
0.021
0.027

0.441
0351

OR (95%Cl)

263(0.79-8.13)

1.82 (0.46-3.81)

1.12 (0.36-3.47)
Ref

Ref
057 (0.23-1.42)
0.33(0.12-0.88)

Female

p-Value

0.119
0.609
0.848

0.228
0.028
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Author

Year

Disease

VBM method applied in ophthalmologic and neurogenic disease

Ophthalmologic Disease

Neurogenic Disease

Lietal. (12)
Shietal. (13)
Ouyang et al. (14)
Huang etal. (11)
Lan etal. (15)
Gonzélez-Ortiz et
al. (16)

Ting etal. (17)
Agren etal. (18)
Xuan etal. (19)

2020
2019
2017
2016
2019
2021

20156
2021
2019

retinal detachment
monocular blindness
comitant strabismus
optic neuritis

acute eye pain
epilepsy

Alzheimer disease
essential tremor
Parkinson disease
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Variables

L8
Q; (<30)

Q (30-68.15)
Qs (68.15-124)
Qs (=124)
SAA

Q(<25)
Q(2.6-3.09)
Q3 (3.09-8.48)
Qu(>8.48)

Model1

OR (95%Cl)

3.40 (1.66-7.41)

2.15 (1.02-4.49)

1.94 (0.93-4.05)
Ref

Ref
064 (0.33-1.29)
0.46 (0.24-0.88)

Model2
p-Value OR (95%CI)
0.002 366 (1.65-8.14)
0043 2.20(1.08-4.86)
0078 1.99 (0.95-4.18)
Ref
Ref
0475 063 (0.33-1.23)
0.020 0.46(0.24-0.88)

p-Value

0.001
0.031
0.069

0.176
0.019

Model3

OR (95%Cl)

3.32(1.47-7.59)

2.28 (1.05-4.91)

1.93 (0.90-4.10)
Ref

Ref
0.62(0.32-1.22)
051(0.26-098)

p-Value

0.004
0.036
0.089

0.164
0.045

Ref, Reference; Model 1: univariate logistic regression analysis; Model 2, acjusted for age and sex. Model 3, adjusted for age, sex, physical activty, and passive smoking; Statistically
significant values are identified in boldface.
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Variables Total (n = 245)

Non-anxiety (n = 97)

TNF-a (pg/m), M (@, Qs) 7.35 (5.90,9.10) 7.55 (6.30,9.70)
CRP (mg/L), M (@1, Qs) 088 (0.49,2.21) 0.0 (0.42,2.43)
IL-1B (pg/mi), M @1, Qs) 5.00(5.008.30) 5.00 (5.00,8.65)
IL-2R (u/m), M (@1, Qs) 358,00 (283.00,432.00) 371.00 (286.00,425.00)
L6 (pg/mi), M (@1, Q) 256 (2.00,3.59) 269 (2.00,4.23)
L8 (pg/m), M (@1, Q3) 58.15 (30.00,124.00) 84.30 (37.30,155.00)
IL-10 (pg/m), Mean:SD 5.06 %057 5044029

SAA (mg/L), M (@1, Qs) 3.00 (2.50,8.48) 551(2.508.87)
hs-CRP (mg/L), M (Q1, Qs) 082 (0.45,1.87) 088 (0.43,2.58)
ESR (mm/h), M @1, Qa) 11.00 (5.00,18.00) 9,00 (5.00,18.00)

Group

Anxiety (n = 148)

7.30 (5.85,8.80)
088 (0.53,2.03)
5.00 (5.00,8.07)

349,50 (279.00,440.00)
2.44 (2.00,3.22)

4835 (23.50,108.50)
508+ 0.69
250 (2.50,7.55)
0.78 (0.46,1.47)
1250 (5.00,18.00)

zn

1.272
—-0.260
0.081
0.115
1.829
2922
-0.64
2583
0.949
—0.500

p-Value

0.203
0.795
0951
0.908
0.067
0.003
0.523
0.010
0.343
0.617

TNF-o, tumor necrosis factor o; CRR, C-reactive protein; L, interieukin; SAA, serum amyloid A; hs-CRR, high-sensitivity C-reactive protein; ESR, erythrocyte sedimentation rate; Statistically

significant values are identified in boldface.
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Variables

Female, n (%)
Age (years), Meanz:SD
Marital status, n (%)

Single

Married

Divorced

Widowed

Remarried
Residence, n (%)

Living alone

Living with others
Education level (years), Mean & SD
BMI, Mean + SD
Smoking, 1 (%)

Never

Occasional

Current

Former
Passive smoking, n (%)
Drinking, n (%)

Never

Occasional

Current

Former
Saltintake (=6 g/day), n (%)
Physical activity, M (Q1, Q3)
Cerebrovascular disease, n (%)
Hypertension, n (%)
Heart disease, n (%)
Diabetes, n (%)
Hyperlipidaemia, n (%)
Migraine headaches, n (%)

Total (n = 245)

126 (51.43)
50.26 + 11.39

8(327)
216 (88.16)
7(286)
13 (6.31)
1(041)

16 (6.59)
229 (93.47)
11.71 £ 3.70
2405+ 4.24

147 (60.00)
9(367)
53(21.63)
36 (14.69)
49 (20.00)

113 (46.12)
78 (31.84)
35 (14.29)
19.(7.76)
52(21.22)
15.00 (0.00,20.00)
66 (27.39)
111 @45.31)
16 (6.59)
45 (18.37)
76 (31.40)
64 (26.23)

Statistically significant values are identified in boldface.

Non-anxiety (n = 97)

51(52.58)
59.68 + 1133

3(3.09)
87 (80.69)
4(4.12)
3(3.09)
0(0.00)

8(8.25)
89(01.75)
11.68 £3.81
2451 +4.03

60 (61.86)
2(2.08)
23(23.71)
12 (12.37)
13 (13.40)

45 (46.39)
27 (27.84)
19 (19.59)
6(6.19)

20 (2062)
12.00 (0.00,20.00)
25 (26.04)

49 (50.52)
44.12)

16 (16.49)

24 (24.74)
23(23.71)

Group

Anxiety (n = 148)

75 (50.68)
58.99 + 1147

5(3.38)
129 (87.16)
3(2.03)
10(6.76)
1(0.68)

8(5.41)
140 (94.59)
11.74 £ 3.64
2876+ 435

87(58.78)
74.73)
30(20.27)
24.(16.22)
36 (24.32)

68 (45.95)
51(34.46)
16 (10.81)

13 (8.78)
32(21.62)
15.00 (0.00,20.00)
41(28.28)

62 (41.89)

12 8.11)

29 (19.59)

52 (35.86)
41(27.89)

Zi?

0.085
0.47

0.775

-0.12
1.36
2240

4.369
4.480

0.035

—2.005

0.145
1.759
1.624
0376
3.336
0.528

p-Value

0771
0.642
0.563

0.379

0.908
0.175
0.524

0.037
0.214

0.851
0.036
0.703
0.185
0.217
0540
0.068
0.468
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Cluster

0N =

Voxels

10,434
3,634
538
34

min P

0014
0.027
0.044
0.049

Anatomical regions

Uncinate fasciculus, Inferior fronto-occipital fasciculus (ieft)

Inferior fronto-occipital fasciculus, Superior longitudinal fasciculus, Uncinate fasciculus (left)

Inferior fronto-occipital fasciculus, Anterior thalamic radiation, Uncinate fasciculus (left

Inferior fronto-occipital fasciculus, Superior longjtudinal fasciculus, Inferior longitudinal fasciculus (right)
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mTBI (n = 42) HCs (n =37) p-value

Age, years, mean (SD)* 34.17 (11.30) 35.46 (10.72) 0.627
Gender, Male, n (%)° 23(54.76) 19 (51.35) 0762
Education, years, median (QR)® 8(10) 8(95) 0.660
Injury-to-imaging interval, hours, median (IQR) 72(78) - -
Loss of consciousness (LOC), 1 (%) 15 (35.70) - -
Time to resumption of LOC, minutes, median (IQR)® 5(28) - -
Posttraumatic amnesia (PTA), 1 (%) 12 (28.60) - -
Time to resumption of PTA, hours, median (QR)® 2.25(3) - -
Microbleeds, n (%) 14(33.3) = =
Mechanism of injury, n (%)

Vehicle accidents 23 (54.76) - =
Violence or assault 10 (23.81) - -
Athlstic colisions 7(16.67) - -
Others (incidental fal; falling object) 2(4.76) - -
GCS, mean (SD) 14.52(0.77) - -
RPQ, mean (SD) 16.40 (7.86) - -
MMSE, mean (SDJ* 23.98(6.19) 28,65 (1.95) <0001
SDS, mean (SD)* 46.67 (11.99) 3256 (4.75) <0001

mTBY, mild traumatic brain injury; HCs, healthy controls; GCS, Glasgow Coma Score; RPQ, Rivermead post-concussion syndromes questionnaire; MMSE, Mini-Mental State Examination;
SDS, Self-rating Depression Scale; SD, stendard deviation; IR, interquartile range.

%The independent two-sample t-test was used for the continuous variables.

bThe x? test was used for sex.

©The Mann-Whitney U test was used for education.
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Brain area BA Peak (MNI) Peak voxels

X . 8 z
ON<HCs
Left insula 13 -39 -12 12 173
Left precuneus 31 -3 —54 33 111

ALFF, amplitude of low-frequency fluctuation; ON, optic neuritis; HCs, healthy controls; BA, Brodmann area; MNI, Montreal neurological institute.

T-value

23.01
12.67
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Condition Pterygium HC

Agelyears) 463 A5x4
Sex(male/female) 211 211
uncorrected visual acuity 0601 09£0.1
Best-corrected visual acuity 0.7 £0.1 1£1
SE-L(diopter) 115 1.00 125075
Astigmatism -L(diopter)AL(mm) 2.76+0.7523.53 1.25 £ 0.5023.72
ssi 9£1 9%1
The course of pterygium(years) 8.77 £594 /

The Length of pterygium(mm) 524 +0.89 /

The height of pterygium(mm) 584 £1.20 /

The area of pterygium(mm) 16.62 £ 5.72 /
Heart rate(beats/min) 706 697
Systolic blood pressure(mm Hg) 12446 123 £ 10
Diastolic blood pressure(mmHg) 827 836
Mean intra-ocular pressure(mmHg) 15£2 14+3

*P < 0.05 Independent t-tests comparing two groups.
HC, healthy control; N/A, not applicable; L, left; SE, Spherical equivalent; AL, axial length; SSI, Signal strength Index.

0.40
N/A
0.39
0.35
0.19
4.170.12
N/A

-0.13
-0.25
-0.12
-0.25

p-Value*

0.69
>0.99
0.04*
0.04"

0.83

0.03°0.89
>0.99

/

/

/

/
0.98
0.89
0.73
0.81
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Brain area BA Peak (MNI) Peak voxels T-value
b Y z
Main effects of group
Left cingulum ant 24 -6 10 20 89 1311
Right cingulum ant 24 0 —12 30 83 23,11
Right cerebellum / 18 —87 —a5 800 13.67
Right temporal inf 20 45 -30 —21 17 10.02
Left temporal inf 21 -7 —12 -30 331 18.68
Left parietal inf 40 —54 -36 a2 82 1831
Meain effects of frequency band
Right rectus 11 9 27 —18 930 ~188
Right occipital sup 19 24 —84 39 106 -62
Left caudate 24 =21 -36 12 3,044 10.4
Left temporal pole sup 38 -3 12 —24 145 7.08

ALFF, amplitude of low-frequency fluctuation; BA, Brodmann area; MNI, Montreal neurological institute.
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Characteristics ON HCs t-value Pp-values

Male/female 813 813 NA NA
Age (years) 4483 £10.71 4583+ 1138 —0.222 0.821
Weight (kg) 57.0847.30 58.85 585 ~0.463 0.652
Height (om) 16081 % 9.31 161.38 +6.28 —0.485 0.634
BMI (kg/m?) 2113162 2147 £1.27 ~0.056 0963
Duration of ON (days) 4.67+38.26 NA NA NA
Duration from onset of ON 542+294 NA NA NA
to rs-IMRI scan (days)

Best-corrected VA, right 025+ 032" 1.30 %031 -8.138 <0.001
Best-corrected VA, left 085 +0.62" 1284082 —2.481 <0001

Independent t-tests comparing the two groups (‘P < 0.05) represented statistically significant dilferences). ON, optic neuritis; HCs, healthy controls; NA, not applicable; BMI, body
mass index; rs-fMR, resting-state functional magnetic resonance; VA, visual acuity.
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Brainregions  Experimental  Brain function
result

Cingulum_AntL  OF < HCs Mermory,
action-outcome:
learning, emotion
and reward-related
processing

Temporal_Sup_ R OF < HCs Emotional and
speech
processing,
curative effect
index

Anticipated
results

Behavioral
disorders, memory
impairment,
depression,

Mental disorders,
speech disorder,
reflecting
treatment effect

Cingulum_Ant_L, left anterior cingulate gyrus; Temporal_Sup_R, right superior temporal

gyrus; OF, orbital fractures; HCs, healthy controls.
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Author Year
Lietal. (20) 2020
Fang et . (21) 2020
Tong et al. (22) 2020
Wang et al. (23) 2021

Disease

Normal-tension glaucoma
Monocular blindness

Retinal vein occlusion

Primary angle-closure glaucoma

Brain areas

Increased fALFF values

LP, RPI, LPI
LC,RC,RB, U
BSFG

Decreased fALFF values

RAG, RACL

LCA

RC, RT

LC, LMTGRMTG, RPG

TALFF, fractional amplitude of low-frequency fluctuation; RAG, right angular gyrus; LP, loft precuneus; LMTG, left midde temporal gyrus; LCA, left anterior cingulate; RP, right inferior
parietal lobe; LP),left inferior parietal lobe; RMTG, right midcle temporal gyrus; LC, left cerebellum; RC, right cerebellum; RB, right brainstem; RC, right calcarinesulcus; BSFG, bilateral
superior frontal gyrus; LIG, left lingual gyrus; RPG, right precentral gyrus; RT, right thalamus; L1, left insula; RACL, right anterior cuneiform lobe.
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Brain areas MNI coordinates  BA
P 4

Patient < HC

Cinguum_AntL 0 18 27 81

Temporal Sup R 45 -30 15 82

Number of voxels T value
172 —-4.6941
82 —4.399

A P-value < 0.05 was significantly different for multiple comparisons using Geussian
random field theory (cluster 0.40 voxels, Aphsim corrected). HC, health control;
MNI, Montreal Neurological Institute; BA, Brodmenn area; Cinguium_Ant_L, left anterior
cingulate gyrus; Terporal_Sup_R, right superior temporal gyrus.
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Condition

Male/female
Age (years)

Weight (kg)
Handedness

Duration of (days)
Best-corrected VA-left
eye

Best-corrected VA-right
eye

Latency (ms)-right of
the VEP

Amplitudes(uv)-rightof
the VEP

Latency (ms)-left of the
VEP

Ampitudes (u)-left of
the VEP

OF

12/8
51.21 £ 11.42
68.32 £9.24

20R
11.61+4.14

0.40 £ 0.20

0.45+0.15

11816 +£8.29

6.87 + 2.42

16.12£7.11

7.42£273

HCs

12/8
50.96 + 10.82
69.93 £ 9.54
20R
N/A
1.05 £ 0.20

1.00£0.15

100.98 £ 6.17

14.16 £1.93

101.21£1.32

16.74 £ 2.52

NA
0.242
0.165

NA

NA

-3.763

-3.064

3554

—6.643

4.582

-5.732

P-value

>0.99
0.871
0.902
>0.99
N/A
0.017

0.011

0.017

0.009

0.022

0.012

Compare two groups with independent t-tests (o < 0.05). VA, visual acuity; N/A, not
applicable; OF, orbital fractures; VER, visual-evoked potential; HCs, healthy controls.
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Variables Severe group

(h=12)
Age, y, mean (SD) 64.9(0.7)
Sex, male (%) 7(88.9)
Smoking (%) 5(41.7)
Drinking (%) 3(25.0)
Hypertension (%) 8(66.7)
Nephropathy (%) 4(33.9)
GCS, median (IQR) 7.5(35)
WBC, 10°L 12.2(7.9)
Thrombooytes, 109/L 155.9 (47)
Lymphooytes, 109/L 098(0.53)
Neutrophil, 10°/L 10.4 (8.2)
Hospitalization time, d, 21(245)

median (IQR)

Mild group
(n=14)

535(0.8)
7(50.0)
5(35.7)
3(21.4)
6(42.9)
3(21.4)
90(3.0)
9.3(4.2)

1935 (68.8)

1.06 (0.34)
7.5(4.1)
20(125)

p-value

<0.001
0.671
0.756
0.829
0.226
0.495
0.376
0.017
0.002
0.391
0.018
0.786

SAP, stroke-associated pneumonia; SD, standard deviation; GCS, Glasgow coma scale;

IQR, interquartile range; WBC, white blood cell
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Variables OR

Age 1.057
Smoking 4375
Gos 0754
WBC 1.283
Thrombocytes 0992
15-PGDH 0.04
Neutrophil 1.088
Lymphocytes 0575

95%Cl

1.026-1.090
2.124-9.010
0.658-0.864
1.128-1.459
0.988-0.996
0.010-0.167
1.015-1.166
0.354--0.933

p-value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0017
0.025

SAP stroke-associated pneumonia; GCS, Glasgow coma scale; WBC, white blood
cel; 15-PGDH, 15-hydroxyprosteglandin dehydrogenase; OR, odds ratio; 95%Cl, 95%

confidence interval,
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Brain area BA Peak (MNI) Peak voxels T-value
X . i &

ON>HCs

Left parietal inf 40 -30 —48 54 109 18.68

Left postcentral 6 -33 -21 45 4“7 18.31

ALFF, amplitude of low-frequency fluctuation; ON, optic neuritis

HCs, healthy controls; BA, Brodmann area; MNI, Montreal neurological institute.
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Viariable

(Intercept)

Age

Stage lI-V

N(N)

Surgery (Yes)
original_glszm_GrayLevelVariance

-2.19
0.06
1.64
214

—2.09

-3.16

Prediction model

OR (95% CI)

0.11(0.01-153)
1.06 (1.01-1.12)
513 (1.63-19.50)
8.46 (2.77-29.26)
0.12(0.03-037)
0.04 (0.00-0.53)

P-value

0.1
0.02
0.01
0.00
0.00
0.02
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Characteristic Low expression of  High expression of  p-value
HCP5(n=267)  HCP5 (n = 268)

Age, n (%) 0.187
<=65 135 (26.2%) 120 (23.3%)

>65 122 (23.6%) 139 (26.9%)

Gender, n (%) 0.022
Female 129 (24.1%) 157 (29.3%)

Male 138 (25.8%) 111 (20.7%)

Smoker, n (%) 0.139
No 31 (6%) 44 (8.4%)

Yes 229 (44%) 217 (41.7%)

Race, n (%) 0.371
Asian 2(0.4%) 5(1.1%)

Black or African 31(6.6%) 24 (5.1%)

American

White 204 (43.6%) 202 (43.2%)

T stage, n (%) 0172
T 77 (14.5%) 98 (18.4%)

™ 152 (28.6%) 137 (25.8%)

T3 29 (5.5%) 20 (3.8%)

T4 9(1.7%) 10 (1.9%)

N stage, n (%) 0379
No 176 (33.9%) 172 (33.1%)

Nt 43(8.3%) 52 (10%)

N2 40 (7.7%) 34 (6.6%)

N3 0(0%) 2(04%)

M stage, n (%) 0.621
Mo 185 (47.9%) 176 (45.6%)

M1 11 (2.8%) 14 (3.6%)

Pathologic stage, n 0,681
(%)

Stage | 144 (27.3%) 150 (28.5%)

Stage I 62 (11.8%) 61(11.6%)

Stage Il 46 8.7%) 38 (7.2%)

Stage IV 12.1%) 15 (2.8%)

Primary therapy 0.005
outcome, n (%)

Progressive disease 45(10.1%) 26 (5.8%)

Stable disease 20 (4.5%) 17 (38%)

Partial response 0(0%) 6(1.3%)

Complete response 150 (35.7%) 173 (38.8%)

Residual tumor, n (%) 0.172
RO 180 (48.4%) 175 (47%)

R 6(1.6%) 7(1.9%)

R2 0(0%) 4(1.1%)
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Variables

Age”

Height*

Weight*

Marital status (Married)
Unmarried

Divorced

stage (I-1l)

-V

Histology (adenosquamous)
Mucinous adenocarcinoma
Squamous cell carcinoma

N (NO)

Nt

T(T)

T2

T3

T4

Surgery (No)

Yes

Radiation (No)

Yes
Original_glszm_GrayLevelVariance*
Original_gldm_SmallDependenceHighGrayLevelEmphasis®
Original_glszm_SmallAreal.owGrayLevelEmphasis®

*Continuous variable.

OR

1.07
099
1.02

03
05

10.41

0.61

12.78

3.19
6.17
23.65

022

3.77
0.1
0.13
013

Univariate logistic regression

95% CI

1.03,1.1
0.94, 1.06
0.99,1.05

0.06, 1.05
0.1,2.01

4.07, 30.65

0.26,19.77
0.14,2.42

5.4,33.04

127,831
1.92,21.77
5.53,165.7

0.1,0.49

1.63,10.33
0.02,0.6
0.02,0.69
0.02,0.64

P-value

<0.001
0.758
0.325

0.081
0.346

<0.001

0.518
0.476

<0.001

0.018
0.003
<0.001

<0.001

0.008
0.013
0.022
0.016

OR

1.07
NA
NA

NA
NA

6.65

NA
NA

7.01

1.91
0.48
211

0.13

1.42
0.08
0.21
025

Multivariate logistic regression

95% ClI

1.02,1.14
NA
NA

NA
NA

1.67,32.56

NA
NA

1.93,28.97

0.45,8.16
0.08,3.27
0.2,34.99

0.03,0.43

0.33,6.19
0,1.24

0.01,32

002,2.31

P-value

0.014
NA
NA

NA
NA

0.011

NA
NA

0.004

0.375
0.459
0.558

0.002

0.634
0.081
0.276
0.241
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Variables

Age [meidan (IQR)]
Height [meidan (QR))
Weight [meidan (IQR)]
Marital status [N (%))

Stage N (%))

Histology N (%))

Metastasis site [N (%))

NN (%)

TN ©6)

Surgery [N (%))

Radiation [N (%)]

*P <0.05, ** P <0.01, *** P <0.001.

Level

Divorced
Married
Unmarried

Adenosquamous
Mucinous Adenocarcinoma
Squamous Cell Carcinoma
Bone

Brain

Liver

Lung

No

Others

NO

N1

T

T2

]

T4

No

Yes

No

Yes

Metastasis
No Yes
(N =64) (N=54)
47.5 (35.75, 63.25) 50 (42.25, 60)
160 (157, 162) 159 (157, 163.5)
66 (56, 73.25) 60 (57.25, 79.75)
6(9.4%) 3(5.6%)
48 (75%) 48 (88.9%)
10 (15.6%) 3(5.6%)
41(64.1%) 11 (20.4%)
17 (26.6%) 15 (27.8%)
6(9.4%) 15 (27.8%)
0(0%) 13 (24.1%)
4(6.2%) 5(9.3%)
2(3.1%) 5(9.3%)
58 (90.6%) 44 (81.5%)
0(0%) 9(16.7%)
0(0%) 3(5.6%)
0(0%) 8(14.8%)
0(0%) 22 (40.7%)
64 (100%) 0(0%)
0(0%) 12 (22.2%)
46 (71.9%) 9 (16.7%)
18 (28.1%) 45 (83.3%)
37 (57.8%) 11 (20.4%)
19(20.7%) 18 (33.3%)
7(10.9%) 11 (20.4%)
1(1.6%) 14 (25.9%)
28 (43.8%) 42(77.8%)
36 (56.2%) 12 (22.2%)
23(35.9%) 7(13%)
41 (64.1%) 47 (87%)

P-value

0.022
0.363
0.303
0.152

< 0.001***

0.261

<0.001**

<0.001***

<0.001**

<0.001**

0.008*
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Variables SAP(1=26) Non-SAP(n=24) p-value

Age, y, mean (SD) 592(11.2) 55(11.2) 0011
Sex, male (%) 14(53.8) 10(41.7) 0389
Smoking (%) 10(385) 3(125) 0.087
Drinking (%) 6(23.1) 289 0.155
Hypertension (%) 15(67.7) 13(54.2) 0802
Hyperlipidemia (%) 207.7) 289 0934
Coronary heart disease (%) 4(15.4) 1(4.2) 0.187
COPD (%) 20.7) 283 0934
Diabstes melitus (%) 202.7) 3(12.5) 0571
Nephropathy (%) 7(269) 3(12.5) 0203
Hemorthagic stroke (%) 18 (69.2) 14(68.9) 0.423
GOS, median (IQR) 75(63) 11.0(4.0) 0029
WBC, 10°/L 1.7 (6.4) 83(28) 0034
RBC, 1091 3.67 (0.73) 3.76(0.87) 0.676
Hemoglobin, o/L 117.8 (30.2) 115.0(28.8) 0739
Thrombocytes, 10°/L 176.2 (63.3) 2297 (104.7) 0.032
Lymphocytes, 10°/L 1.03(053) 1.26(0.77) 0.021
Neutrophil, 10°/L 8.90 (6.30) 6.93 (3.38) 0012
1CU admission (%) 24(92.3) 19(79.2) 0.181
hospitalization time, d, 17.00(18.00) 12.00(9.25) 0039
median (IQR)

15-PGDH, ng/mL 0258(0275)  0.784(0615) 0025

SAR, stroke-associated pneumonia; SD, standard deviation; COPD, chronic obstructive
pulmonary disease; GCS, Glasgow coma scale; IQR, interquartie range; WBC,
white blood cel; RBC, red blood cel; ICU, intensive care unit; 15-PGDH, 15-
hydroxyprostaglandin dehydrogenase.
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Location ss HC P-value®

(%, mean & SD) (n = 12,24eyes) (n = 12,24eyes)
18 4958 £ 5.00 5429+ 4.44 0093
os 4954 +4.20 52,58 +3.32 0825
N 4825+ 4.85 53.08 + 4.52 0.01

ON 52.33+4.97 56,17 +1.99 0.007
] 51.29+5.90 53.62+2.93 0214
ol 50.17 £5.49 53.00 £ 3.40 059

m 52.37 +7.22 54.75.+2.92 0.048
or 48.38 £ 10.08 5088 +2.89 0291
c 16.58 = 7.79 21.96+3.16 0916

Bold values indicates P < 0.05. *Generalized estimating equation models were used
to obtain P-velues comparing mean superficial vessel density between SS patients
and healthy subjects. Models were adjusted for age, intraocular pressure, acuty, blood
pressure. SS, Sjogren's syndrome; HC, healthy control; IS, inner superior; OS, outer
superior; IN, inner nasal; ON, outer nasal; Il inner inferior; O, outer inferior; IT, inner
temporal: OT, outer temporal: C, center.
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Parameters Univariate regre: P-value® Multivariate regression analysis P-value®
Regression coefficient (8 + SE) Regression coefficient (8 + SE)

Age (y) ~0.008 + 0,044 0861 ~0.149 + 0.069 0,030

VA (0gMAR) —14.287 + 3.930 <0.001 —17.758 4 5.841 0,002

Mean IOP (mm Hg) 0.204 £0.217 0348 ~0.018 +0.287 0965

Systolic blood pressure (mm Hg) —0.178£0.114 0.120 ~0.200 £0.110 0070

Diastolic blood pressure (mm Hg) 0.108 £ 0,072 0.136 0206 +0.127 0.105

Bold values indicates P < 0.05.
3P-value was obtained with generalzed estimating equation.
SS, Sjogren’s syndrome; HC, healthy control; VA, Visual acuity; IOP, intraocular pressure.
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Location  SS(n=1224eyes)  HC(n=1224eyes)  P-value®

Macular inner retinal thickness (jum, mean & SD)

IS 107.88 + 9.35 113.25 £ 5.82 0.022
os 106.67 + 12.26 111.21 £ 6.24 0348
IN 105.88 £ 11.48 115.62  6.60 0739
ON 118.79 £ 9.34 123.50 £ 4.85 0.161

1 109.75 + 11.16 114.25 = 6.07 0.115
ol 102.29 + 12.21 106.17 £6.31 0513
m 101.92 + 18.93 104.92 = 4.56 0841

ot 91.62 + 15.13 94.75 +5.20 0472
c 47.46 + 16.61 51.83+5.65 0244
Macular outer retinal thickness (j.m, mean = sd)

IS 210,63 + 26.32 21800 £533 0.118
os 190.00 + 26.20 191.54  11.00 0.493
N 20258 & 22.08 21658+ 1182 0581

ON 177.33 + 19.50 19571 £9.10 <0.001
1 200,92 +21.32 211,63 £7.53 0228
ol 178.96 + 81,61 181.05 & 12.94 0128
m 214.87 £ 40.33 213.46 =901 0302
oT 192.42 + 36.16 193.92 + 10.66 0.179
c 188,25  23.10 193.20  15.69 034

Macular full retinal thickness (m, mean  sd)

IS 31850+ 31.84 331.25 + 8.06 0794
os 296,67 + 35.68 302.75 £ 1122 025

IN 308.46 + 27.48 30221 % 15.07 0487
ON 296,13 £ 23.17 31021 £9.71 0.007
1 319,67 4 28.48 325.88 & 10.06 0878
ol 281.25 + 39.00 286.42 + 13.16 0.253
m 316.79 + 53.82 318.38 £8.10 0521

ot 284.04 + 4727 288,67 £ 11.75 0.423
c 235.71 £ 37.04 24513 £ 17.04 0259

Bold values indicates P < 0.05.

*Generalized estimating equation models were used to obtain P-values comparing mean
inner,outer and full maculer retinel thickness between SS patients and healthy subjects.

Models were adjusted for age, intraocular pressure, acuity, blood pressure.

S8, Sjogren’s synarome; HC, healthy control; S, inner superior; OS, outer superior; IN,
inner nasal; ON, outer nasal; Il inner iferior; OI, outer inerior; IT,inner temporal; O, outer
temporal: C, center.
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ss

(n = 12,24 eyes)

VA (ogMAR) 020+0.14
Spherical equivalent 1754025
Mean IOP (mm Hg) 14.63+ 158
BUT(s) 467 £0.92
oss 312+ 1.90
SIT(mm) 3.33+1.86
TMH(mm) 0.15+0.04

Bold values indicates P < 0.05.

HC

(n=12,24 eyes)

0.06 +£0.07
1.50 £ 0.50
1513+ 1.61
13.42 £ 1.50
0
1292 +1.32
0.58 £0.12

P-value®

<0.001
0.891
0.367
<0.001
<0.001
<0.001
<0.001

@p-value was obtained with generalized estimating equation (both eyes of the subjects

were included)

S, Sjogren’s syndrome; HC, healthy control; VA, Visual acuity; IOP, intraocular pressure;
BUT, Tear breakup time; OSS, Oculer staining score; SIT, Schirmer test; TMH, Tear

meniscus height.
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S (n = 12,24 eyes) HC (1 = 12,24 eyes) t P-value

Age (y) 55.17 £9.68 54.50+9.25 -0.244 0.808°
Gender
Female 12 12 1.0°
Duration of SS{y) 3924193 N/A
ESR (mm) 17.08 843 N/A
CRP (10mg/L) 2734235 N/A
ANAN(%) 11(01.67) N/A
Anti SSA/Ro, (%) 9(75.00) N/A
Anti SSB/La, n(%) 7(58.33) N/A
19G (/L) 16.11+ 674 N/A
c3 g 0.85:+0.14 N/A
C4 @) 0.21£0.08 N/A
ESSDAI—mean(range) 5.75(1-18) N/A
Salivary gland biopsy, n (%) 5(41.67) N/A
Focus Criteria + n (%) 2(40.00) N/A
Systolic blood pressure (mm Hg) 126.92 £ 5.60 123.08 £ 4.34 1.83 0.081°
Diastolic blood pressure (mm Hg) 78.67 £ 6.56 83.33 4 6.82 1671 0.109°
HADS 8.08+£365 258097 -7.139 <0.0012

Bold values indicates P < 0.05.
2independent t-test.

bChi-square test.

S8, Sjogren’s syndrome; HC, healthy control; ANA, antinuclear antibody; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; ESSDAI, EULAR SS disease activity index for
ivity; HADS, hospital anxiety and Depression Scale; N/A, not applicable.
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Variables

Group (High vs. Low)
Age

Biological sex (Male vs. Female)
Weight

Height

BMI

Hypertension (Yes/No)
Diabetes (Yes/No)
APACHE_II

SOFA

HR

MAP

R
WBC
PLT
CRP
$pO2

Univariate

OR (95% CI)

3.17 (1.27-8.76)
107 (1.02-1.12)
3.5(1.23-12.64)
0.97 (093-1.01)
101 (0.98-1.04)
0.7 (0.55-0.87)
1.48 (0.38-4.73)
039 (0.06-1.49)
1.03 (096-1.1)
1.1(0.71-1.68)
0.9 (0.95-1.03)
101 (0.95-1.07)
1(0.89-1.13)
112 (102-1.24)
1(0.99-1)
1.01 (1-1.03)
1(0.82-1.23)

P value

0.018*
0.008*
0.031%
0205
0593
0.002°
0534
0232
0467
0676
0704
0777
0963
0.023*
0349
0.042*

083
0.06
L1

038

014

001

IRP, C-reactive protein; HR, heart rate; MAR, mean artery pressure; PL]
white blood cell; *P < 0.05, **P < 0.01.

Multivariate

OR (95% CI)

2.3(0.79-7.32)
107 (1.01-1.13)
3.02 (0.9-12.59)

068 (0.51-0.88)

115 (1.02-1.31)

1.01 (1-1.03)

P value

0137
0.02*
0.094

0.005*

0031

0.094

, platelet; R, respiration;
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Characteristic

Age, years
Weight, kg
Height, cm
BMI, kg/m?
APACHE_II
SOFA

HR,
MAR mmHg

R, min~!

WBG, 10°/1.

PLT, 10°/L

CRR mg/L

$p02, %

Group (%) High
Low

Biological sex (%) Female
Male

Hypertension (%)~ No
Yes

Diabetes (%) No
Yes

sepsis related organ fuilure assessme

Infection
No Yes
(n=105)  (n=25)
6158£955  67.44%8.79
662241032 6320+ 1201

168.92 4 1333
2316 £2.14
2434 %630
410 1.05

97.02% 1148
76.75 %7.00
19.96 £ 3.69
1161 £426

23217 5004

72.46 %3039

96404233
47 (44.76)
58 (55.24)
42 (40.00)
63 (60.00)
57 (87.69)
8(1231)
47 (72.31)
18 (27.69)

17060 17.34
21.64 £ 1.80
25364632
420£0.96
96.289.75
77.2047.74
20.00 £ 3.65
13964 5.18

220.96 % 67.91
87.5243923
9640 % 1.61

18 (72.00)
7(28.00)
4(16.00)
21 (84.00)
62(95.38)
3(462)
58(89.23)
7(1077)

0.006*
0205
0.596

0.001%

047
0679
0.706
0779
0.963
0.019°
0351
0.038°
1
0.014*

0.024%

0532

0218

 HR, heart rate; MAP, mean artery pressure; PLT, platelet; SOFA,
P <0.05,**P < 0.01.
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Characteristic Hydromorphone P
consumption groups
High Low
(n=65) (n=65)

HR, min’ 957741083 98311138 0.195
MAPR. mmHg 76784747 7689£6.80 0932
R, min~! 1942 £3.61 20524 3.66 0.085
WBC, 10°/L 1289 £5.11 1123 £371 0.036*
PLT, 10°/L 23158+ 6270 22845+ 43.61 0741
CRP. mg/L. 763243125 743843421 0736
$p02, % 9643+ 197 9637243 0.874
ICU stay, day 2254071 214061 0354
LOH, day 9664 1.28 926+ 112 0.06
Nausea No 57 (87.69) 62(95.38) 0.115
(%) Yes 8(1231) 3(462)

Infection No 47 (72.31) 58 (89.23) 0.014*
(%) Yes 18 (27.69) 7(10.77)

CRP, C-reactive protein; HR, heart rate; ICU, intensive care unit; MAP, mean artery
platelet; R, respiratory rate; *P < 0.05.
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Characteristic Hydromorphone consumption P-value
groups
High Low
(n=65) (n=65)

Female 20 (30.77) 26 (40.00) 0271
Male 45(69.23) 39(60.00)
Age, years 6423£897  6L18£10.14 0.072
Weight, kg 65981047 6529+ 10.96 0713
Height, cm 17026+ 1451 168.23 % 13.77 0415
BMI, kg/m? 2744233 23.00£198 0491
Hypertension  No 60(92.31) 54(83.08) 0.109
(%) Yes 5(7.69) 11(16.92)
Diabetes (%)~ No 58 (89.23) 51(78.46) 0.095
Yes 7(10.77) 14(2154)
APACHE_II 2498575 24.09£680 0421
SOFA 415103 4094 1.03 0734

acute physiology and chronic health evaluation 1I; BMI, body mass index;
sepsis related organ failure assessment.
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Blood glucose variability MMP-9 TNF-a IL-6 CRP

MVCBG r=0527 r=0576 r=0690 r=0.439
P<001 P<001 P<001 P<001
MAGE r=0579 r=0637 r=0640 r=0580
P<001 P<001 P<001 P<001
SDBG r=0623 r=0678 r=0682 r=0602

P<001 P<001 P<001 P<001

MVCBG, mean variation coefficient of blood glucose; MAGE, mean amplitude of
glycemic excursion; SDBG, standard deviation of blood glucose; MMP-9, active matrix
metalloproteinase-9; TNF-a, tumor necrosis factor «; IL-6, interleukin-6; Hs-CRP,
hypersensitive C-reactive protein.
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Factors B SE  OR 95%CI P

Diabetes 257 111 1310 (1.63, 131.45) 0.0210
Atial fibrillation -056 062 057 (0.16,1.88) 03624
Random blood glucose 031 0.14 136 (1.05,1.82) 0.7742
Glycosylated hemogiobin 094 020 257  (1.78,398)  0.0005

Baseline NIHSS score 025 041 1.28 (1.05, 1.62) 0.0200
MBG 042 092 153 0.21,8.76) 0.6475
SDBG -38.74 078 20.28 (7.05,70.92) 0.9054
MAGE -251 062 298 (1.92,5.00)  <0.0001
MVCBG -543 103 140 (1.26, 1.60) 0.0078

NIHSS, National Institutes of Health Stroke Scale; MBG, mean biood glucose; SDBG,
standard deviation of blood glucose; MAGE, mean amplitude of glycemic excursion;
MVCBG, mean variation coefficient of blood glucose.





OPS/images/fneur-13-886329/fneur-13-886329-g003.gif





OPS/images/fneur-13-942023/fneur-13-942023-g001.gif
ROC of random forest model

— A frtnsste1 00

000 002 004 006 008 010 012 o o3 ar 55 o8
Feature importances st hote
e
ouf A 2
§uu 4 M
B » - % ez ar o6 o8 10





OPS/images/fneur-13-806013/fneur-13-806013-t003.jpg
Variable Improvement  Non-improvement  t P

group group
(n=63) (n=83)

TNFa(ng/l X &s)  21.49+4.11 2845+4.44  —10099 0.000

IL6 (hg/L, % £ 9) 39.46+2.53 4433884  —9229 0,000

MMP-O (/L X £5) 117754466 12458445  -8983 0000

HS-CRP (mg/L, X +5) 425+ 1.12 485126 -3006 0003

TNF-a, tumor necrosis factor «; IL-6, interleukin-6; MMP-9, active matrix
metalloproteinase-9; Hs-CRP, hypersensitive C-reactive protein.
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Variable Improvement
group
(n=63)
MBG (Mmol/L, X £5)  7.65 + 1.25
SDBG (mmol/L, x+¢) 1.1 £0.41
MAGE (%, % & 5) 2.16:+£0.86
MVCBG (%, % +5)  14.32+8.87

Non-improvement
group
(n=83)

8.21+1.04
1.65 £0.52
3.06 £1.08
19.83 + 4.56

t '

19.3226 < 0.0001
40.4752 < 0.0001
25,0831 < 0.0001
42.9418 < 0.0001

MBG, mean blood glucose; SDBG, standerd deviation of blood glucose; MAGE, mean
amplitude of glycemic excursion; MVCBG, mean variation coefficient of blood glucose.
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Neuropsychological Test scores [mean + SD] Difference tvs. t Paired t-Test tyvs. ty

assessment [mean + SD] [p-value]
4 t
ISR scores
Depression 1512 L1109 0411 0.046*
Anxiety 1311 07 %09 0703 0.019*
Compulsive-obsessive 08 % 1.0 08 % 1.0 004 14 0480
Somatoform 0607 04406 01410 0252
Nutrition disorder 06+ 10 0607 0012 0523
Supplementary items 07405 05406 02406 0.064
Total 09407 07406 02408 0098
SE-36 scores
Physical items
Rawhtran 4506 294 14 L6 14 1.000
Ph 195+ 289 724 %263 528 £355 0.001*
Rolph 393 & 437 47.6 + 453 —83 £ 644 0280
Pain 485 346 672299 —187 £37.9 0.018*
Ghp 563+ 168 741 % 182 —178 £ 190 0.001%
Psychological items
Vital 510 %197 5124203 —02 4244 0482
Social 66.1 % 260 80.4 %252 —143 £286 0.017¢
Rolem 617 % 462 617 % 450 ~00 £ 588 0,500
Mhi 611206 682217 ~7.0 £286 0.137
PCS 310£ 110 460 % 100 —133£127 0.001%
Mcs 491 125 475+ 107 L4129 0677

SD, standard deviation; test b, test in the subacute phase after the onset of bleeding (between day 11 and 35 after subarachnoid hemorrhage); test t, testin the short-term (chronic phase)
after treatment at 6-month follow-up; AUG, area under the curve; CGRP, calcitonin gene-related peptide; ISR, ICD-10-Symptom-Rating questionnaire; SF-36, German version of the
36-Ttem Short Form Health Survey; Rawhtran, health transition item; Pfi, physical functioning; Rolph, role lim of physical health problems; Pain, bodily pain; Ghp, general
health perceptions; Vital, vit g Rolem, Role limitations because of emotional problems;
Mental componen <0.05.

1 functi

3 Social, so mental health; PC

*Statistical significance:

physical compon
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Variable

Men (n, %)
Age (years, X % s)
Hypertension (1, %)
Diabetes (n, %)
Hyperlipidemia (n, %)
Coronary heart disease
(n, %)

Atrial fibrillation (n, %)
Prior stroke/TIA (n, %)
Smoking history (n, %)
Drinking history (n, %)
Random blood glucose at
admission

(MMOVL, % & )
Glycosylated hemoglobin
(%% %5)

Bassline NIHSS score
®*s)

orr

(min, X £'5)

Improvement Non- vzn?
group (1=63) improvement
group (n = 83)

38(603%)  49(59.0%) 0024
6002+ 1188 6410736 —1.868

44 (69.8) s9(714) 0027
15 (23.8) 34410 4r2r
22(34.9) 37(446) 1387
19.(30.2) 37446 3150
11(175) 33(308 8458
16 (25.4) 19229 0123
36(57.1) 48(57.8) 0.007
23(36.5) 31373  00M

6.98 +1.30 751142 -2.331

5.31+1.00 637+119 -5835

9.25 +3.67 11.01£475 -2525

169.37 £25.83 176.75 £23.74 —1.791

NIHSS, National Institutes of Health Stroke Scale; OTT, onset to treatment.

0.876
0.065
0.087
0.030
0.239
0.076

0.004
0.725
0.934
0917
0.021

0.000

0.013

0.075
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Patient characteristics Study population

Ms EV pSAH
Number of patients 1] 3 9 6
Male to female ratio 24 36 33
Age [years], mean & SD 120£132 50.1£93 598474
(range) (@7-61) (30-59) (53-72)
Calcitonin gene-related peptide in serum
Level within the first 10 days [ng/ml], mean % SD 0.535 20094 04530135 0435 0,069
Level at 3 weeks [ng/ml], mean & SD 047420134 0.465£0.193 0.554£0.151
Level at 6 months [ng/ml], mean = SD 0429 £0.111 0420£0.114 0442 0160
Calcitonin gene-related peptide in CSF
Level within the first 10 days [ng/ml], mean % SD 0.626%0.155 0.69840.178 0.645 0,201
Site of aneurysm
Anterior circulation (ruptured) [n] 86 7(6) 10°
Posterior circulation (ruptured) [n] 0(0) 303
8 10 ”
Side of aneurysm [n]
Left 3 2 ”»
Right 4 2 -
Side of pterional approach
Dominant-side 3 - -
Non-dominant side 3 - -
Initial neurological status
GCs [n]
15 1 5 4
1 4 2 1
13 1 0 1
11 0 1 0
9 0 1 0
Huntand Hess score (]
4 0 0 0
1 2 5 2
1 2 2 4
1t 2 1 0
w 0 1 0
v 0 0 0
WENS score [n]
1 1 5 4
2 4 2 2
3 1 0 0
4 0 2 0
5 0 0 0
Fisher score [n]
1 0 0 0
2 0 0 0
3 2 2 2
4 4 7 4
External ventricular drainage
Implantation after the onset of SAH [d], mean = SD 05+06 0407 05£06
(range) -1 (0-2) -1
Insitu [d), mean  SD 15849 151477 120450
(range) ©-23) (9-30) (5-18)
Replacement [] 0 2 1
CSF infection [n] 1 4 2
Permanent ventriculoperitoneal shunt placement (] 0 2 2
Implantation after the onset of SAH [d], mean  SD - 235407 205464
(range) - (23-24) (25-34)
Vasospasm []
DIND 1 1 o
TCD 6 7 3
DSA 0 2 1
Multimodal neuromonitoring 1 1 4
Intraarterial cerebral spasmolysis® 0 2 0
Treatment-associated lesions on CT scan [
Circumscribed ischemia® 2 2 0
Brain edema 3 1 0
Bleeding along the EVD entry route 1 0 1
Hygroma 0 0 1
Medication at discharge / at FU
Anticonvulsive drugs n on 0/0
Benzodiazepines 0/0 1/0 0/0
Antidepressants 0/0 3n m
Neuroleptics 00 0/0 00
Opioid 2/0 11 2/0
Nicotine patches 01 0/1 0/1
Antihypertensive drugs an 416 303
Thyroid medication 303 212 0/0
Antiplatelet agents 00 53 0/0
No medication 02 on 02
Neurological status at discharge / at FU
GOs [n]
5 45 7 5/6
4 0/0 12 1/0
3 211 10 0/0
mRS [n]
0 42 713 45
1 o3 [ 0
2 10 13 0/0
3 01 0/0 0/0
4 1/0 1/0 0/0
Patients with new neurological deficit [n]
At discharge 0 1 0
AtEU 1 3 0
Employment status at FU [n]
Returned to work 1 2 1
Attending vocational integration programs 0 2 0
On sick leave 1 3 0
Unemployed 1 1 0
Unemployed before and after the onset of SAH 0 1 0
Retired at the onset of SAH 0 0 1
No information provided 3 0 4

MS, microsurgical clipping group; EV, endov:

ular treatment group; pSAH, perin
iter; b, hours; GCS, G

cephalic subarachnoid hemorrhage group; SD, standard devi , cerebrospinal fluid; AUC
na Scale; WENS, World Federation of Neurosurgical Societies; d, days; SAH, subarachnoid hemorrhage;
gital subtraction angiography; *
ofusion for 3 and 5 days; n = 1 single shot infusion of miliinone) to reverse severe cerebral vasospasm. Clinically silent
ended clipping of the recurrent artery of Heubner or diffusely in the peris
CT scan, computerized axial tomography scans

area under the curve; ng, nanograms; ml,
DIND, delayed ischemic neurological de ) transcranial Doppler ultrasound; DSA,
intraarterial cerebral spasmolysis (n = 1 continuous nimodipt
ischemia, either in the section of the caudate nucleus after uni
nispheric hygroma due to CSF overdrai a the EVE
‘Outcome Scale; mRS, modified Rankin Scale. *p < 0.05.

sgow C

ransient placement of transfemoral microcatheters for local

ricular white matter; Conservatively treated
6-month follow-up; GOS, Glasgow

D, external ventricular drainage;
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Variables

Age (year)

Males (%)
Initially diagnosed hearing curve types
Flat type deafness (%)

Low-mid frequency decline type deafness (%)
High-mid frequency decline type deafness (%)
Total deafness (%)

Acute phase (%)

Total bilirubin (wmol/L)

Indirect bilrubin (umol/L)

Total protein (g/L)
Albumin (g/L)

Vertigo (%)
Tinnitus (%)

Sudden deafness site
Unilateral (%)

Bilateral (%)

Hyperbaric oxygen treatment (%)

Overall effective group
(=177

34,00 (26.00-44.00)

99 (55.99)

19(10.73)
101 (57.06)
22 (12.43)
35(19.77)
164 (92.66)
12.50 (9.56-16.20)

9.90 (7.65-12.90)

7385538
45.50 (42.75-47.70)

21 (11.86)
135 (76.27)

162 (91.53)
15 (8.47)
100 (56.50)

Ineffective group

(n =323)

45.00
(33.00-59.00)

162 (50.15)

33(10.22)
86 (26.63)
135 (41.80)
69(21.36)
221 (68.42)

12.40
(9.60-15.70)
10.00
(7.70-12.60)

72.81 £5.57

44.60
(42.00-47.00)

58(17.96)
245 (75.85)

218 (67.49)
105 (32.51)
212 (65.69)

P

<0.001

0216
<0.001

<0.001
0.596

0.703

0.044
0.012

0.074
0916
<0.001

0.044

Univariate analysis

OR (95% Cl)
1.044(1.020-1.058)

0.793 (0.549-1.146)
1.484 (1.200-1.821)

0.172(0.093-0.317)
1.006 (0.984-1.028)

0.998 (0.965-1.033)

0.966 (0.934-0.999)
0.934 (0.886-0.985)

1,626 (0.950-2.781)
0.977 (0.636-1.502)
5202 (2.918-9.272)

1.471(1.010-2.141)

P

<0.001

0.217
<0.001

<0.001
0.620

0.927

0044
0012

0.076
0916
<0.001

0.044

Multivariate analysis

OR (95% Cl) P

1.087(1.020-1.053) <0.001

1.325 (1.057-1.660) 0.015

0.224 (0.118-0.424) <0.001

3.447(1.856-6.402) <0.001
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Variables

Age (year)

Male (%)

Females (%)

Initially diagnosed hearing curve types
Flat type deafness (%)

Low-mid frequency deciine type deafness (%)
High-mid frequency deciine type deafness (%)
Total deafness (%)

Acute phase (%)

Non-Acute phase (%)

Total bilirubin (xmol/L)

Indirect bilirubin (lmol/L)

Total protein (g/L)

Albumin (/L)

Family history (%)

Genetic history (%)

Sudden deafness site

Unilateral (%)

Bilateral (%)

Vertigo (%)

Tinnitus (%)

Hyperbaric oxygen treatment (%)

Sudden deafness
patients (1 = 500)

40.00 (30.00-54.00)
261 (52.20)
239 (47.80)

52 (10.40)
187 (37.40)
157 (31.40)
104 (20.80)
385 (77.00)
115 (23.00)
12.40 (9.60-16.00)
9.95 (7.70-12.80)
73.40 (69.72-76.90)
45.00 (42.30-47.20)
0
0

380 (76.00)
120 (24.00)
79(15.80)
380 (76.00)
312 (62.40)
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Brain
regions

Insula

Precuneus
Parietal inf

Postcentral

ON, optic neuritis; HCs, healthy controls.

Experimental
result

ON<HCs

ON<HCs
ON=>HCs

ON=>HCs

Brain function

Involved in consciousness, bodily
impulses, and controlling and
suppressing natural impuises

Part of the default model network
Part of the default model network,
correlated with visual word
recogpition

Associated with information
processing of tactile stimuii

Anticipated results

Abnormal activation of areas in
the insula, diseases such as
Alzheimer's disease and epilepsy
Depression and anxiety
Depression and anxiety, reflect
compensation of the visual
function

Compensate the impairment of
the sensorimotor dysfunction
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Reference

Huang et al. (13)
Tan etal. (14)
Lietal. (15)

Pan et al. (18)
Shietal. (16)
Kang etal. (17)
W et al. (19)

Disease

Primary angle-closure glaucoma
Congenital comitant strabismus
Monocular blindness
Acute eye pain
Corneal ulcer
Retinal detachment
Retinal vein occlusion
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Location Pterygium (n = 13,13 eyes)

Macular inner retinal thickness (um, mean = SD)

IS 1156.00 £+ 56.70
os 111.15 £ 599
IN 116.00 £ 5.58
ON 12415+ 3.26
n 116,15 £ 4.16
ol 105.64 + 4.99
m 103.62 + 3.64
or 92,92 + 4.07

c 53.46 + 4.07

Macular outer retinal thickness (wm, mean = SD)
Is 219.46 + 6.20
0s 194.54 + 13.53
IN 218.23 + 12.06
ON 19323 +7.94
n 213.08 £7.59
ol 179.85 £+ 10.63
m 21531 47.53
oT 193.85 £ 5.08
c 195.54 + 13.04
Macular full retinal thickness (1um, mean = SD)

Is 333.69 + 6.43
0s 304.92 4 9.18
IN 334.23 + 15,69
ON 317.38 +6.68
n 328.23 + 10.28
ol 285.38 +9.19
m 319.15 £ 6.40
or 286.77 + 6.50
C 249.00 + 13.28

Bold values indicates P < 0.05.

HC (n = 13,13 eyes)

102.92 £ 19.77
102.92 + 19.77
96.92 + 10.59
87.31 +9.60

99.69 £ 26.71

100.46 £ 11.67
100.23 + 18.59
117.92 £ 10.44
48.38 + 12.52

208.31 + 25.08
178.04 + 20.08
205.08 + 22.68
17238 £21.21
207.15 +28.32
172.77 £ 20.08
214.15 +28.98
176.00 + 21.64
211.38 + 44.46

311.23 +£31.42
311.23 +31.42
302.15 + 30.6
258.92 + 24.77
306.85 + 34.31
273.23 +25.75
315.38 + 314.83
293.92 + 20.83
254.23 +34.31

p-Value®

0.0703
0.0547
0.0001

<0.0001
0.0873
0.1543
0.6463
<0.0001
0.1921

0.1366
0.0454
0.0268
0.0062
04172
0.2649
08775
0.0180
0.2837

0.0398
0.0283
0.0014
<0.0001
0.0363
0.1476
0.6908
0.4465
0.6825

*Generalized estimating equation models were used to obtain P-values comparing mean inner, outer and full macular retinal thickness between Plerygium patients and healthy subjects.

Models were adjusted for age, intraocular pressure, acuity, blood pressure.

HC, healthy control: IS, inner superior: OS, outer superior; IN, inner nasal: ON, outer nasalfl, inner inferior: Ol, outer inferior: IT, inner temporal: OT, outer temporal: C, center.
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ACSC (mg/dL) Crude model Model |
<08 2.97 (0,85, 10.35) 2.21(0.62,7.88)
296 2.18(1.14,4.17) 2.63(1.30, 5.31)
P-value for likelihood ratio test 0.7 08

Data are expressed as OR (95% C) p-value, ACSC, albumin-corrected serum calcium (mg/d).
Crude model: not adjusted.
Model I: adjusted for age and gender.

Model Il Model Il

1.90 (051, 7.16) 2.08(0.52,7.89)
262 (1.26,5.47) 3.47(1.47,6.84)
07 06

Model Il adjusted for age, gender, serum glucose, atrial fibriletion/atrel fltter, renal insufficiency, heart failure, chronic obstructive pulmonary disease, cancer, pneumonie, paralysis,

and aphasia.

Model ll: adjusted for age, gender, serum glucose, serum-phosphate tertles, serum-magnesium terties, atrial fibrilatiorYatrial flutter, renal insufficiency, heart failure, chronic obstructive

pulmonary disease, cancer, pneumonia, paralysis, aphasia, cognitive disorder, and epilepsy.
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Regression coefficient P-values

Model 1 0.356 <0.001
Model 2 0.329 0.017
Model 3 0311 0.038

Modl 1: adfusted for age, gender and education; Model 2: further adjusted for LDL, HOL,
FBG, SBP and DBP; Model 3 further adjusted for NHISS scores and Hematoma volumes.
MoCA, Montreal Cognitive Assessment; LDL, low density lipoprotein; HOL, high density
lipoprotein; FBG, fasting plasma glucose; SBR, systoic blood pressure; DBF, diastolic
blood pressure; NHISS, National Institutes of Health Stroke Scale.
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Exposure

ACSC (continuous)
ACSC quartiles
Quantile 1

Quantile 2
Quantile 3
Quantile 4

Pfor trend

Crude model

238 (1.60,3.78)

Reference
1.49 (0.72,3.07)
1.27 (059, 2.71)
269 (1.38,5.22)
0,002

Mode |

252 (1.52, 4.18)

Reference

1.38 (0.66, 2.90)

1.25 (057, 2.70)

2.32(1.17,4.63)
001

Mode I

2.43(1.43,4.12)

Reference

1.23 (056, 2.69)

1.16 (051, 2.65)

2.13(1.04,4.38)
008

Model Ill

2.77(1.59, 4.84)

Reference

1.22 (056, 2.69)

1.47 (051, 2.67)

2.21(1.07, 4.56)
0.02

Data are expressed as OR (95% Cl) p-value. ACSC, albumin-corrected serum calcium (mg/dl); ACSC, quantile 1: <9.26 mg/d; quantile 2: 9.30-9.50 mg/d; Quantile 3: 9.54-9.74

mg/d, and quantile 4: 29.78 mg/d.
Crude model: not adjusted.
Mode I: adjusted for age and gender.

Mode Il: adjusted for age, gender, serum glucose, atral fibrillatioratrial flutter, renal insuffciency, heart failure, chronic obstructive pulmonary disease, cancer, pneumonia, paralysis,

and aphasia.

Mode! ll: adjusted for age, gender, serum glucose, serum-phosphate tertles, serum-magnesium terties, atrial fibrilationYatrial flutter, renalinsufiiciency, heart faiure, chronic obstructive
pulmonary disease, cancer, pneumonia, paralysis, aphasia, cognitive disorder, and epilepsy.
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Spearman’s correlation coefficient P-values

Age, years —0.142 <0001
Gender, male/female ~0.205 0036
Education, years 0178 <0.001
LDL, mmolL —0.413 <0001
HDL, mmol/L. 0.164 <0.001
FBG, mmol/L ~0.193 <0001
SBP, mmHg -0.237 0.142
DBP, mmHg —0.221 0097
NHISS, points —0.186 <0001
Hematoma (ml) —0.259 0028
Neuroglobin, ng/m 0307 <0.001

MoCA, Montreal Cognitive Assessment; LDL, low density lipoprotein; HDL, high density
lipoprotein; FBG, fasting plasma glucose; SBR, systoic blood pressure; DBF, diastolic
blood pressure; NHISS, National Institutes of Health Stroke Scale.
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Variables

Age (year)

Gender
Male
Female

ACSC (mg/dL)

Serum-sodium
(mmol/L)
Serum-glucose
(mmolL)

Serum-potassium
(mmol/L)

Serum-phosphate (mmol/L) tertiles, n (%)

Tertile 1 (<0.97)

Tertile 2
(0.98-1.12)

Tertle 3 (21.13)

Not recorded

Serum-magnesium (mmol/L) tertiles, n (%)

Tertle 1 (<0.78)

Tertie 2
(0.79-0.84)
Tertle 3 (20.85)

Not recorded

Diabetes, n (%)
No
Yes

Hyperlipemia, n (%)
No
Yes
Hypertension, n (%)
No
Yes

Statistics

7726+
12.26

307 (45.32%)
479 (54.68%)

9.56 £ 0.43
139.42 +
3.56

6.91£222

4.13+£0.43

99 (11.30%)
94 (10.73%)

111 (12.67%)

572 (65.30%)

102 (11.64%)

98 (11.19%)

113 (12.90%)

563 (64.27%)

801 (91.44%)
75 (8.56%)

842 (96.12%)
34 (3.88%)

637 (72.72%)
239 (27.28%)

Atrial fibrillation/atrial flutter, n (%)

No
Yes

Heart failure, n (%)
No
Yes

646 (73.74%)
230 (26.26%)

850 (97.03%)
26 (2.97%)

Renal insufficiency, n (%)

No
Yes

Chronic obstructive pulmonary disease (%)

No
Yes

835 (95.32%)
40 (4.57%)

864 (98.63%)
12 (1.37%)

Coronary heart disease, n (%)

No
Yes

Cancer, n (%)
No
Yes

Malnutrition, n (%)
No
Yes

Dehydration, n (%)
No
Yes

Pneumonia, n (%)
No
Yes

Paralysis, n (%)
No
Yes

Epilepsy, n (%)
No
Yes

831 (94.86%)
45 (5.14%)

850 (98.06%)
17 (1.94%)

857 (07.83%)
19 2.17%)

842 (96.129%)
34 (3.88%)

836 (95.66%)
40 (457%)

790 (90.18%)
86 (9.82%)

868 (99.09%)
8(0.91%)

Cognitive disorder, n (%)

No
Yes

Aphasia, n (%)
No
Yes

848 (96.80%)
28 (3.20%)

813 (92.81%)
63 (7.19%)

OR (95% Cl)

1.08 (1.5,
1.11)

Reference
1.34/(0.85,
2.12)

2.38(1.50,
3.78)

1.05 (098,
1.12)

1.41(1.08,
1.21)

1.40 (084,
2.32)

Reference

1.60 (0.65,
3.95)
1.44/(0.60,
350)

094 (0.44,
1.97)

Reference
1,05 (0.41,
2.63)

1.63(0.71,
3.74)

086 (0.42,
1.76)

Reference

0.79(0.33,
1.89)

Reference

Reference

054 (0.30,
097)

Reference

1,52 (0.94,
2.45)

Reference

6.46 (2.83,
14.74)

Reference

391(1.87,
8.14)

Reference

3.18(0.84,
11.98)

Reference

1.47 (0.45,
3.06)

Reference

2.03(0.57,
7.21)

Reference

1.10(0.25,
4.89)

Reference

090 (0.27,
3.00)

Reference

7.41 (376,
14.61)

Reference

1.78(0.94,
3.36)

Reference

Reference

034 (0.05,
251)

Reference

239(1.22,
4.68)

p-value

<0.0001

02

0.0002

02

0.01

02

03

0.4

09

09

03

07

06

0.04

0.08

<0.0001

0.0003

0.09

0.7

03

0.9

0.9

<0.0001

0.08

03

0.01

Data are expressed as OR (95% Cl) p-value. ACSC, albumin-corrected serum calcium.

$The model failed because of the small sample size.





OPS/images/fneur-13-944413/fneur-13-944413-g001.gif
Ny o0

P —

O [ty

[

Fa v i st 4

P v o i s 20

iyt e

frosuiaaiitery

F——

Lo e—

T ————

s s el o sl atos haiphane >






OPS/images/fneur-13-885323/fneur-13-885323-t001.jpg
Age, years
Gender, male/female
Education, years
LDL, mmol/L

HDL, mmolL

FBG, mmol/L

SBP, mmHg

DBP, mmHg

NHISS, points
Hematorna (mi)
MoCA, points
Neuroglobin, ng/ml

Non-PSC group
N=124

65.3+£82
75/49
10.1+£256
237 £0.18
1124013
6.14 £ 0.81
137.6 £ 112
845+7.6
12824
140+ 6.7
27.1+£08
75+11

PSCl group
N=192

65.7+7.8
120/72

103+2.1
235+0.14
1.10£0.09
6.16 £ 0.87
187.1£103
848+7.0
182426
144+£865
243+12
47409

P-value

0.663
0.719
0.444
0.269
0.107
0.838
0.684
0.719
0.170
0.598
<0.001
<0.001

LDL, low density lipoprotein; HDL, high density lipoprotein; FBG, fasting plesma glucose;
SBR. systolic blood pressure; DBR, diastolic blood pressure; NHISS, Netional Institutes of
Health Stroke Scale; MoCA, Montreal Cognitive Assessment.
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ACSC (mg/dl) Quantile Quantile 2 Quantile 3 Quantile 4 P-value

N=876 209 223 206 238
Age (years) 75.00 + 13.53 7691+ 12,61 76.77 % 11.83 7991 £ 1061 0002
Gender (male), n (%) 119 (66.94%) 108 (48.43%) 95 (46.12%) 75 (31.51%) <0001
Serum-sodium (mmol/L, mean  SD) (1 missing) 139.19 £ 3.99 139.66 % 3.23 139,59 & 3.01 139.26 % 3.89 06
Serum-glucose (mmol/L, mean = SD) 682233 6.77 £2.09 685+ 2.12 749232 001
Serum-potassium (mmol/L) (3 missing) 411 £044 4.14 £0.43 412 £0.40 417 £ 045 04
Serum-phosphate (mmol/L) terties, n (%) 0.1
Tertle 1(<0.97) 25 (11.96%) 18 (8.07%) 28 (13.59%) 28 (11.76%)

Tertle 2 (0.98-1.12) 20(9.57%) 24(10.76%) 26 (12.62%) 24 (10.08%)

Tertle 8 (21.13) 22 (10.53%) 20(8.97%) 29 (14.08%) 40 (16.81%)

Not recorded 142 (67.94%) 161 (72.20%) 123 (59.71%) 146 (61.34%)
Serum-magnesium (mmol/L) tertiles, n (%) 0.02
Tertle 1 (<0.78) 23 (11.00%) 11 (4.93%) 29 (14.08%) 39 (16.39%)

Tertie 1 (0.79-0.84) 22(10.53%) 28 (12.56%) 25 (12.14%) 23 (9.66%)

Tertle 1 (=0.85) 28 (13.40%) 24 (10.76%) 29 (14.08%) 32 (13.45%)

Not recorded 136 (65.07%) 160 (71.75%) 123 (59.71%) 144 (60.50%)

Diabetes, n (%) 15 (7.18%) 19 (8.52%) 21 (10.19%) 20 (8.40%) 07
Hyperiipernia, 1 (%) 3(1.44%) 4(1.79%) 12 (5.83%) 15 (6.30%) 0.008
Hypertension, n (%) 52 (24.88%) 56 (25.11%) 61(29.61%) 71 (29.83%) 05
Atrial fibrilationyatral flutter, n (%) 56 (26.79%) 57 (25.56%) 50 (24.27%) 67 (28.15%) 08
Heart failure, n (%) 4(1.91%) 7 (3.14%) 7 (3.40%) 8(3.36%) 08
Renal insufficiency, n (%) 6(2.87%) 11 (4.93%) 10 (4.85%) 13 (5.46%) 06
COPD, n (%) 1(0.48%) 6(2.69%) 4(1.94%) 1(0.42%) 0.1
CHD, n (%) 11(5.26%) 11(4.93%) 14 (6.80%) 9(3.78%) 06
Cancer, n (%) 3(1.44%) 4(1.79%) 3(1.46%) 7 (2.94%) 06
Malnutrition, n (%) 6(287% 3(1.35%) 1(0.49%) 9(3.78%) 0.08
Dehydration, n (%) 9(4.31%) 9(4.04%) 7 (3.40%) 9(3.78%) 1.0
Pneumonia, n (%) 6(2.87%) 12 (5.38%) 9(4.37%) 13 (5.46%) 05
Paralysis, n (%) 15 (7.18%) 24 (10.76%) 16 (7.77%) 31(13.08%) 041
Epilepsy, n (%) 4(1.91%) 0(0.00%) 2(0.97%) 2(0.84%) 02
Cognitive disorder, (%) 3(1.44%) 8(3.59%) 4(1.94%) 13 (5.46%) 0.07
Aphasia, n (%) 18 (8.61%) 17 (7.62%) 9(4.37%) 19 (7.98%) 03
30-day mortality 13 (6.22%) 20(8.97%) 16 (7.77%) 36 (15.13%) 0.008

Al data in the ACSC subgroups are expressed as mean = SD or number (%). ACSC: quantile 1: <9.26 mg/di; quantile 2: 9.30-9.50 mg/dl; quantile 3: 9.54-9.74 mg/dl, and quantile
4: >9.78 mg/dl. ACSC, albumin-corrected serum calcium; COPD, chronic obstructive pulmonary disease; CHD, coronary heart disease.
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Outcomes Quartiles of the Non-HDL-C/HDL-C ratio index P-trend Per 1

Q1(<216) Q2(216-2.82)  Q3(2.82-3.60) Q4 (>3.60) Unit increase
Stable vs. no carotid plaque
Crude model Reference 1.45(1.28-1.63) 1.81(1.61-2.03) 2.64(2.36-2.96) <0.001 1.28 (1.24-1.33)
Model 1 Reference 1.23 (1.08-1.41) 1.28 (1.12-1.46) 1.73 (1.52-1.97) <0.001 117 (113-1.21)
Model 2 Reference 1.23 (1.07-1.41) 1.27 (1.11-1.45) 1.70 (1.48-1.96) <0.001 1.21 (1.15-1.27)
Unstable vs. no carotid plaque
Crude model Reference 1.82(1.62-2.04) 2.40(2.15-2.69) 3.61(3.24-4.03) <0.001 136 (1.32-141)
Model 1 Reference 1.50 (1.32-1.71) 1.64 (1.45-1.86) 2.18(1.93-2.46) <0.001 1.21 (1.18-1.25)
Model 2 Reference 1.51(1.33-1.72) 1.67 (1.48-1.89) 2.28(2.00-2.60) <0.001 1.35 (1.30-1.41)
Unstable vs. stable carotid plaque
Crude model Reference 1.25 (1.07-1.47) 1.33 (1.14-1.55) 1.37 (1.18-1.58) <0.001 1.06 (1.03-1.10)
Model 1 Reference 1.22 (1.04-1.43) 1.29 (1.10-1.50) 1.26 (1.08-1.47) 0.002 1.04 (1.00-1.08)
Model 2 Reference 1.23 (1.05-1.45) 1.32(1.13-1.54) 1.34 (1.14-1.58) <0.001 112 (1.07-1.18)

Multinomial logistic ORs (95% CI) of the association of the non- HDL-C/HDL-C ratio with carotid plaque and its stability.

Model 1: adjusted for age, sex, education, smoking status, drinking status, vegetable consumption, fruit consumption, physical activity, BMI >28 ke/m? (yes or no), stroke, coronary heart
disease, hypertension, antihypertensive agents, diabetes mellitus, antidiabetic agents, lipid-lowering agents.

Model 2:further adjusted for Triglyceride, Fasting blood glucose.

+ Sensitivity analysis was performed in participants without taking lipid-lowering agents.
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Outcomes Quartiles of the Non-HDL-C/HDL-C ratio P-trend Per 1

Q1 (<2.16) Q2 (2.16-2.82) Q3 (2.82-3.60) Q4 (>3.60) unit increase
Stable vs. non-carotid plaque
Crude model Reference 145 (1.28-1.65) 173 (1.52-1.95) 237 (2.10-2.67) <0.001 128 (1.24-1.33)
Model 1 Reference 124 (1.09-1.42) 129 (1.13-1.47) 1.71(1.51-1.94) <0.001 117 (1.13-1.21)
Model 2 Reference 124 (109-1.41) 129 (1.13-1.47) 1.70 (1.48-1.95) <0.001 121(1.15-1.27)
Unstable vs. non-carotid plaque
Crude model Reference 186 (1.64-2.12) 232 (204-2.63) 3.43 (3.04-3.88) <0.001 136 (132-141)
Model 1 Reference 151(1.33-1.71) 162 (1.44-1.83) 2.21(1.96-2.49) <0.001 121 (1.18-125)
Model 2 Reference 152 (1.35-1.73) 166 (1.47-1.88) 234 (2.06-2.67) <0.001 135 (1.30-141)
Unstable vs. stable carotid plaque
Crude model Reference 129 (1.08-1.53) 134(1.14-1.59) 145 (124-170) <0.001 1.06 (1.03-1.10)
Model 1 Reference 122 (1.04-1.42) 1.26 (1.08-1.46) 129 (1.12-150) 0.002 1.04 (1.00-1.08)
Model 2 Reference 123 (1.05-1.44) 129 (L11-151) 138(1.18-1.61) <0.001 112 (1.07-1.18)

Model 1: adjusted for age, sex, education, smoking status, drinking status, vegetable consumption, fruit consumption, physical activity, BMI = 28 kg/me (yes or no), stroke, coronary heart
discase, hypertension, antihypertensive agents, diabetes mlltus, antidiabetic agents, ipid-lowering agents
Model 2: further adjusted for Triglyceri ing blood gluco
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Characteristics Overall Quartiles of the Non-HDL-C/HDL-C ratio P-valuel
QI(<216)  Q2(2.16-2.82) Q3 (2.82-3.60) Q4 (>3.60)

. of patients 27,436 6858 6,857 6863 6858

Age, years 48.0(41.0-55.0)  44.0(39.0-52.0) 48.0(41.0-55.0) 490 (43.0-56.0) 50,0 (44.0-57.0) <0.001
Male, sex 12,866 (46.9) 1,812 (26.4) 2,785 (40.6) 3,641 (53.1) 4,628 (67.5) <0.001
High school or above, 1 (%) 17,032 (62.1) 4819(70.3) 4,367(63.7) 4,046 (59.0) 3,800 (55.4) <0.001
Smoking, n (%) 6,548 (239) 803 (11.7) 1,335 (19.5) 1,785 (26.0) 2,625 (38.3) <0.001
Drinking, 7 (%) 5401 (19.7) 690 (10.1) 1,165 (17.0) 1,547 22.5) 1,999 (29.1) <0.001
Vegetable (<5d/w), n (%) 12,940 (47.2) 2,692 (43.3) 2,878 (46.3) 2,982 (47.9) 3,060 (49.2) <0001
Eruit (<5d/w), n (%) 2,734 (82.9) 5,555 (81.0) 5,586 (81.5) 5747 (83.7) 5,844 (85.2) <0.001
Active physical activity, n (%) 19,798 (72.2) 4,805 (70.1) 5,016 (73.6) 5,005 (72.9) 4,942 (72.1) <0.001
BMI 28 (kg/m?) 4,595 (167) 457 (67) 869 (12.7) 1,301 (19.0) 1,968 (28.7) <0.001
Hypertension, 1 (%) 11,236 (41.0) 1,992 (29.0) 2,510 (36.6) 3,090 (45.0) 3,644 (53.1) <0.001
Diabetes, 1 (%) 2,914 (10.6) 389 (57) 553 (8.1) 746 (10.9) 1,226 (17.9) <0.001
Dyslipidemia, n (%) 10,403 (37.9) 370 (5.4) 1,226 (17.9) 2,997 43.7) 5810(84.7) <0.001
Antihypertensive agents, n (%) 3,580 (13.0) 615(9.0) 790 (115) 973 (142) 1,202(17.5) <0.001
Antidiabetic agents, n (%) 1,305 (4.8) 19128) 273(4.0) 348 (5.1) 493.(7.2) <0.001
Lipid-lowering agents, 7 (%) 731 27) 110(1.6) 162 24) 165 (2.4) 294 (4.3) <0.001
Stroke, 1 (%) 187 (1.8) 129(19) 108 (1.6) 123 (18) 127 (19) 0520

Coronary heart disease, 1 (%) 617 (2.2) 151(22) 146 (21) 1442.1) 176 (26) 0224

Carotid plaque <0001
No carotid plaque, 1 (%) 20275 (73.9) 5768 (84.1) 5,238 (76.4) 4,936 (71.9) 4333 (63.2)

Stable carotid plaque, 1 (%) 3,277 (11.9) 564 (8.2) 748 (109) 869 (12.7) 1,096 (16.0)

Unstable carotid plaque, 1 (%) 3,884 (14.2) 526 (7.7) 871 (12.7) 1,058 (15.4) 1,429 (208)

DB, mm Hg 810(73.0-90.0)  77.0(70.0-85.0) 80.0 (72.0-89.0) 83.0(75.0-91.0) 85.0(77.0-94.0) <0.001
Fasting blood glucose, mmol/L 520(480-570) 500 (4.70-5.40) 5.10 (4.75-5.60) 5.20 (4.80-5.70) 5.40 (4.90-6.10) <0.001
Total cholesterol, mmol/L. 4.62(407-524) 4,06 (3.62-4.52) 446 (4.00-4.96) 476 (4.29-5.29) 527 (4.74-5.88) <0.001
Triglyceride, mmol/L. 126(0.89-186) 082 (0.66-1.04) 110 (0.87-143) 143 (1.11-1.90) 211 (1.58-2.96) <0.001
HDL cholesterol, mmol/L 120(103-141)  148(131-167) 128 (1.14-1.43) 1.14(1.02-1.27) 0.98 (0.88-1.10) <0.001
LDL cholesterol, mmol/L 2.70(2.21-3.23) 2.16 (1.84-2.51) 2.66(2.28-3.03) 2.94(2.51-3.38) 3.21(2.66-3.76) <0.001
Non-HDL cholesterol, (mmol/l) 338 (282-4.00)  2.57(2.24-2.91) 3.18 (2.84-3.56) 361 (3.25-4.04) 428 (3.82-4.80) <0.001

BMI, body mass index; Continuous variables are expressed as median (interquartile range). Categorical variables are expressed s frequencies (percentage)s ' P-values were derived from
itney U-tests for continuous variables, and Chi-square tests for categorical variables.






OPS/images/fneur-13-885323/crossmark.jpg
©

2

i

|





OPS/images/fneur-13-854605/fneur-13-854605-t007.jpg
Disease Year ALFF
Increased fALFF  Decreased fALFF
values values
Monocular 2020 LPRPI, LPI LAC
blindness (45)
Neovascular 2021 P RRO, LAC, RC
glaucoma (46)
Disease Year ot
Increased DTI Decreased DTI
values values
Amblyopia (47) 2013 PC -
Comitant 2016 LsTa BMFG, RGP/B,
strabismus (48) BP
Disease Year ASL
Increased ASL Decreased ASL
values values
Comitant 2018 RHP, BMFG/ACC, N
exophoria (49) LIFG, RIFG, LSFG,

BMCC, RMFG,
RPL

LR, left precuneus; RP, right inferior paristel lobes; LP), eft inferior paristel lobes; LAC,
left anterior cingulate; RRO, right rolandic operculum; RC, right caudate; LSTG, left
superior temporal gyrus; BMFG, bileteral medial frontal gyrus; RGP/B, right globus
pallcus/brainstem; B, bilateral precuneus; RHP, right parahippocampal; ACC, anterior
cingulate cortex; LIFG, leftinferior frontal gyrus; RIFG, right inferior frontal gyrus; LSFG,
loft superior frontal gyrus; BMCC, bilateral medial cingulate cortex; RPL, right paracentral
lobule; PG, prechiasmatic region.





OPS/images/fneur-13-875134/fneur-13-875134-g002.gif





OPS/images/fneur-13-854605/fneur-13-854605-t006.jpg
Disease Year Increased VMHC Decreased

values VMHC values
Early blindness 2017 - PVC, VAC, SAC
©7)
Monocular 2018 U, LMFG Lo/ena,
biindness (38) RC/C/LG,

RPMC/PSC, RSPL

Comitant 2018 STG, MFG PreG, IPL, SPL.
exotropia (39)
Diabetic 2020 _ BMTG, BMOG,
retinopathy and BMFG

nephropathy (40)

LC/CILG, leit cuneus/calcarine/ingual gyrus; Li, left insula; LMFG, left middle frontal
gyrus; RC/C/LG, right cuneus/calcarinellingual gyrus; RPMC/PSC, right primary motor
cortex (M1)/primary somatosensory cortex (S1); RSPL, right superior paristel lobule;
BMFG, biateral medial frontal gyrus; STG, superior temporal gyrus; PreG, precentral
gyrus; IPL, inferior parietal lobule; SPL, superior parietal lobule; BMOG, bilateral middle
occipital gyrus; BMTG, bilateral medial frontal gyrus; PVC, primary visual cortex; VAC,
visual association cortex; SAC, somatosensory association cortex.
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Drug MoL ID Molecule name oB Drug-
likeness.
Eucommia ulmoides Oliver MOL000073 ent-Epicatechin 48.96 024
Eucommia ulmoides Oliver MOL000098 quercetin 46.43 028
Eucommia ulmoides Oliver MOLO000211 Meairin 55.38 078
Eucommia ulmoides Oliver MOL000358 beta-sitosterol 3691 075
Eucommia ulmoides Oliver MOL000422 kaempferol 4188 024
Eucommia ulmoides Oliver MOL000443 Erythraline 49.18 055
Eucommia ulmoides Oliver MOL002058 40957-99-1 57.20 062
Eucommia ulmoides Oliver MOL004367 olivi 62.23 041
Eucommia ulmoides Oliver MOL005922 Acanthoside B 4335 077
Eucommia ulmoides Oliver MOL006709 AIDS214634 92.43 0.56
Eucommia ulmoides Oliver MOLO007059 3-beta-Hydroxymethyllenetanshiquinone 32.16 0.41
Eucommia ulmoides Oliver MOLO007563 Yangambin 5753 081
Eucommia ulmoides Oliver MOL009007 Eucommin A 3051 085
Eucommia ulmoides Oliver MOL009009 (+)-medioresinol 87.19 062
Eucommia ulmoides Oliver MOL009015 () Tabernemontanine 58.67 0561
Eucommia ulmoides Oliver MOL009027 Cyclopamine 55.42 082
Eucommia ulmoides Oliver MOL009029 Dehydrodiconiferyl alcohol 51.44 0.40
4,gamma'-di-O-bsta-D-glucopyanoside_qt
Eucommia ulmoides Oliver MOL009030 Dehydrodieugenol 30.10 024
Eucommia ulmoides Oliver MOLO009031 Epiquinidine 68.22 0.40
Eucommia ulmoides Oliver MOL009038 GBGB 45.58 0.83
Eucommia ulmoides Oliver MOL009042 Helenalin 77.01 0.19
Eucommia ulmoides Oliver MOL009047 (+)-Eudesmin 33.29 0.62
Eucommia ulmoides Oliver MOLO009053 4-{(28,3R)-5-[(E)-3-hydroxyprop-1-enyl|-7-methoxy-3- 50.76 039
methylol-2,3-dihydrobenzofuran-2-yl]-2-methoxy-phenol
Eucommia ulmoides Oliver MOL009055 hirsutin_qt 49.81 0.37
Eucommia ulmoides Oliver MOL009057 lirodendiin_qt 53.14 0.80
Tribulus terrestris L. MOL000364 isorhamnetin 49.60 0.31
Tribulus terrestris L. MOLO000359 sitosterol 3691 075
Thibulus terrestris L. MOL000422 kaempferol 4188 024
Tribulus terrestris L. MOL000483 Moupinarmide 11835 026
Thibulus terrestris L. MOLO008559 (2aR.2'R 4R 6aR 6bS 8aS,8bR, 1128, 12aR, 12bR)-4-(S)-2- 50.49 028
(2,6-dimethylphenyl)propoxy)-5',5 6a,8a-tetramethyl-8-
methylenedocosahydro-1H-spirofpentalenof2,1-
alphenanthrene-10,2"-pyran]
Thibulus terrestris L. MOLO08563 (3R,85,98,10R13R,14R, 175)-17-(2S 5R)-5-ethyl-6- 4093 079
methylheptan-2-yl)-3-hydroxy-10,13-dimethyl-
3,4,89,10,11,12,13,14,15,16,17-dodecahydro- 1H-
cyclopentalajphenanthren-7(2H)-one
Tribulus terrestris L. MOL008567 (3R,7R,88,98,108,13R,148,17R)-17-((2R,5S)-5-ethyl-6- 34.21 0.76
methyheptan-2-y))-3, 10-cimethyl-
2,3,4,7,89,10,11,12,13,14,15,16,17-tetradecahydro- 1H-
cyclopentalaphenanthren-7-ol
Tribulus terrestris L. MOLO008568 (2)-3-(3,4-dihydroxypheny)-N-{2-(4- 118.25 024
hydroxyphenylethyllacrylamide
Tribulus terrestris L. MOLO008569 B-sitosterol-p-D-glucopyranoside 32.41 or1
Thibulus terrestris L. MOLO008588 terrestriamide 114.09 029
Tribulus terrestris L. MOLO008590 (2aR,2'S,4R 4'R 55,625,605 828 80R,9S, 11aR,12aR, 126R)- 58.74 076
4,4"dihycroxy-5' 62,82 9-tetramethylicosahydro-1H-
spirofpentalenof2, 1-alphenanthrene-10,2'-pyran]-8(2H)-one
Thibulus terrestris L. MOL008593 (2aR,55,68,60S 825,80, 11aS, 12aR, 12bR)-10-isopentyl- 39.21 084

6a,8a,9-trimethyl-
2,22,3,4,5,6,6a,6b,7,8,8a,8b,11a,12,12a,120-
hexadecahydro-1H-naphtho[2’,1':4,5]indeno[2,1-blfuran-
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Disease Year Altered WMV Altered GMV

values values
Adult strabismus 2004 N OFF, PEF, PEF,
©2) SEF, PFC, SR
Amblyopia (33) 2005 _ G/PC, MPOJ,
LPOJ, VTG
Comitant 2017 LMTG, RMTG, RP, LMTP, LCPL,
strabismus (34) RPC RPCC, LG, RPC
Monocular 2019 - RSM, RI, LI, RAC,
biindness (36) LMOG, RIPL

G/PC, calcarine and paracalcarine cortex; MPOJ, medialparietal-occipital junction; LPOJ,
lateral parietal-occipitel junction; VTG, ventral temporal cortex; WMV , white matter
volume; GMV, grey matter volume; LMTG, left midaie temporal gyrus; RMTG, right midde
temporal gyrus; R, right precuneus; RPC, right premotor cortex; LMTP, left middle
temporal pole; LCPL, left cerebellum posterior lobe; RPCC, right posterior cingulate
cortex; LG, left cuneus; RSM, right supra marginal; R, right insular cortex; LI, feft insular
cortex; RAC, right anterior cingulate; LMOG, left midalle occipital gyrus; RIPL, right inferior
paristel lobe; OEF; occipital eye field; PEF, paristal eye fleld; FEF, frontel eye field; SEF,
supplementary eye field: PFC, prefrontal cortex; SR, subcortical regions.
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Disease

Anisometropic
amblyopia (26)
Comitant
exotropia (27)

Gomitant
Strabismus (28)

Neovascular
Glaucoma (29)

Strabismus (30)

Year

2013

2018

2019

2020

2021

Increased FC
values

Lpost, LPUMFG

PPVC, BA19, BA6

BMFG

BC, BC/RLG,
LIOG, RMOG

Decreased FC
values

BC, BIPL/AL,
LMFL/PreG
LLG/CPL,
RMOG, LPreG/PG,
RIPL/PG

LP,BC

LP/PG, RI/RO,
LPG,
BPL/PG/RPG/LPG

LPostG, left postcentral gyrus; LPLIMFG, left paracentral lobule and the midale frontal
gyrus; BC, bileteral cerebellum; BIPL/AL, bilateral inferior parietal lobe and the angular
lobe; LMFL/PreG, left midle frontal lobe and the precentral gyrus; LLG/CPL, left ngual
gyrus/cerebellum posterior lobe; RMOG, right middle occipital gyrus; LPreG/PG, left
precentral gyrus/postcentral gyrus; RIPL/PG, right inferior parietal lobule/postcentral
ayrus; BMFG, biateral middle frontal gyrus; LP, left precuneus; BC, bilateral cuneus;
RLG, right lingual gyrus; LIOG, left inferior occipitel gyrus; RURO, right insula and rolandic
operculum; RPG, right postcentral gyrus; PPVC, posterior primary visual cortex; BA,

‘Brodmann area.
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Disease Year Increased ReHo Decreased ReHo

values values

Anisometropic 2012 RINS/PUT, LSTG, RC, LMPC, LIFG,

ambiyopia (18) LperCG, LFG, Lc
RMOG

Comitant 2016 RITG/RFG/RCAL, _

strabismus (19) RLG, BCG

Monocular 2017 RITG, RFMO, RRG, RC, RAC,

biindness (20) LPCALP, LMFG RLOC

Strabismus and 2019 LLG, RMOG/RP, LFG

amblyopia (21) BAC, LMOG, BPG

Diabetic 2019 RCPL, LCPL RAC, RC, BP,

retinopathy (22) LMFG

Constant 2019 RV2 LBA4T

exotropia (23)

RINS/PUT, right insula and putamen; LSTG, left superior temporal gyrus; LperCG, left
precentral gyrus; LFG, left fusiform gyrus; LMPC, left medla prefrontal cortex; LIFG,
It inferior frontel gyrus; RITG, right inferior temporal gyrus; LITG, left inferior temporal
ayrus; RFG, right fusiform gyrus; RCAL, right cerebelium anterior lobe; RLG, right lingual
ayrus; BCG, bilteral cingulate gyrus; ARG, right rectel gyrus; RFMO, right frontel midde
orbital ; LPC, left posterior cingulate; LR left precuneus; AP, right precuneus; BR bilateral
precuneus; LMFG, left midle frontal gyrus; RMFG, right middle frontal gyrus; ARG, right
rectal gyrus; RC, right cuneus; RAC, right anterior cingulate; RLOC, right lateral occipital
cortex; LLG, left lingual gyrus; RMOG, right middle occipital gyrus; LMOG, left middle
occipital gyrus; BAC, bilateral anterior cingulate; RAC, right anterior cingulate; BPG,
bilateral precentral gyrus; RCPL, right cerebellum posterior lobe; ICPL, left cerebellum
posterior lobe; RV2, right secondery visuzl cortex; LBA4, left Brodmann area 47; RC,
right cerebellum; LC, left cerebellum.
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Disease Year Increased DG Decreased DG
values values

Comitant 2018 RSTG, BAC, LIPL RCPL, RIFG,

exotropic RMFG, RSPL/SI

strabismus (1)

Diabetic 2019 8P RITG, LSG

nephropathy and

retinopathy (14)

Monocular 2019 UTG, BVFG BONVAN2

blindness (15)

RSTG, right superior temporal gyrus; BAC, bilateral anterior cingulate; LIPL, leftinferior
parietal lobule; RCPL, right cerebellum posterior lobe; RMFG, right middle frontal gyrus;
RSTG, right superior temporal gyrus; RIFG, right inferior frontal gyrus; BR bilateral
precuneus; LSG, left subcalosal gyrus; RITG, right inferior temporal gyrus; LITG, left
inferior temporal gyrus; BMFG, Bilateral medial frontel gyrus; BC, Biateral cuneus; V1,
primary visual cortex, V2, secondary visual cortex.
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Disease Year Increased ALFF Decreased ALFF

values values
High myopia (3) 2016 BMCC, LposCG, RITG/MTG,
LpreCUAPL LMTG, LIFG/PT,
RIFG/PT/IS,
RMFG, RIPL
Diabstic 2016 BOG, RLG, preCU RP/ACL, RPG,
retinopathy (4) RFG, RSTG,
RIPG, RAG
Monocular 2016 RMFG, LMFG, LCAL, RMG, RC,
biindness (5) LsMG LPCG/PCL
Congental 2016 BCPL, LAG BMFG
comitant
strabismus (6)
Strabismus with 2018 RSFG, RPC, LC, LCPL, LT, RT,
amblyopia (7) BPCG LMFG
Diabetic 2019 BCPL, TG BMFG, RSTG,
retinopathy and RMFG, LMFG, BP,
nephropathy (3) upL
Vitreous 2020 RCPL, LCPL, RMFG, RIFG,
hemorrhage (9) LCPULLG, RMFG/LAC,
BSFG/LPG RSFG,
RSFG/MFG,
LMFG
Neovascular 2020 RSFG, LMFG RC, RMOG, RP,
glaucoma (10) LCG, LMFG

RITG/MTG, right inferior and middle temporal gyrus; LMTG feft middle temporal
ayrus; LIFG/PT, left Inferior frontal gyrus/putamen; RIFG/PT/IS, right inferior frontal
gyrus/putamen/insula; RMFG, right middle frontal gyrus; RIPL, right inferior parietal lobule;
BMCC, biateral midcingulate cortex; LposCG, left postcentral gyrus; LpreCU/PL, left
precuneus/inferior paristal lobule; BOG, bilateral occipital gyrus; RLG, right lngual gyrus;
RP/ACL, right posterior/anterior cerebeler lobe; RPG, right parahippocampal gyrus; RFG,
right fusiform gyrus; RSTG, right superior temporal gyrus; RIPG, right inferior parietal
ayrus; RAG, right angular gyrus; LAG, left angular gyrus; LSMG, left supramarginal gyrus;
RC, right cuneus; LG, left cuneus; LCAL, left cerebollum anterior lobe; LPCG/PCL, left
precentral gyrus/paracentrallobule; BCPL, bilateral cerebellum posterior lobe; RSFG, right
superior frontal gyrus; RPC, right precuneus; BPCG, bileteral precentral gyrus; LCPL, left
cerebellum posterior lobe; LT, left thalemus; R, right thalamus; LITG, left Inferior frontal
gyrus; BR, bilateral precuneus; LLG, left lingual gyrus; LPG, left posteentral gyrus; LAC,
loft anterior cingulate;AR, right precuneus; RMOG, bilateral middle occipital gyrus; LCG,
left cingulate gyrus.
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Total number Skin Notch3 positive Skin Notch3 negative

Patients with pathogenic NOTCHS variants associated with CADASIL 10 10 (100%) 0(0%)
Patients with NOTCHS variants of unknown significance 4 0(0%) 4(100%)
Patients without NOTCHS variants 29 0(0%) 29 (100%)
Patients with lesions in the temporal pole 13 8(62%) 5(38%)
Patients without lesions in the temporal pole 30 2(7%) 28(93%)
Patients with Fazekas grade 3 white matter lesions 29 10 (349%) 19 (66%)

Patients with Fazekas grade 1-2 white matter lesions 13 0(0%) 13 (100%)
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1 61
2 62
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5 45
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23 49
24 55
25 56
26 55
27 35
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Unknown
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NA
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(0.00080 in
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NA
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Unknown
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Unknown
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NA
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gnomAD  Fazekas Lesions Clinical
(allele grades inthe findings
frequency temporal
inthe pole
global
population)
Unknown 3 +  Stoke
0.000004 3 +  Stoke
Unknown 3 +  Diziness,
hemorrhage
Unknown 3 +  Migraine
Unknown
Unknown 8 +  Stoke
Unknown
Unknown 3 +  Depression
Unknown 3 +  Stoke
Unknown 3 - Cogritive
decline
Unknown 3 +  Stroke
Unknown 3 ~  Stoke,
cognitive
decline
NA 3 - Stroke,
cognitive
decline
Unknown 3 —  Cognitive
decline
NA 3 —  Headache,
Stroke,
cognitive
decline
NA 3 —  Cognitive
decline
NA 1 ~  Cerebral
hemorthage
NA 3 +  Cognitive
decline
NA 3 +  Headache,
stroke,
cognitive
decline
NA 3 ~  Cognitive
decline
NA 3 ~  Stoke
NA 3 +  Headache
NA 2 —  Headache,
stroke, MCI
NA 2 - Mood
disorder
NA ) —  Cognitive
decline
NA 3 +  Asymptomatic
stroke
Unknown 2 —  Migraine
Unknown
Unknown 2 —  Cognitive
decline
Unknown
(0.000004in
TOPMed")
Unknown
NA 3 - Migraine,
stroke
NA 3 ~  Asymptomatic
aneurism
NA 3 - Brin
hemorthage
NA 3 - Stroke
NA 3 ~  Stroke,
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NA 3 ~  Cognitive
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NA 2 + Mol
NA 3 ~  Stroke,
cognitive
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Unknown 2 ~  Migraine
NA 1 - Diziness
NA NA ~  Headache
NA 2 ~  Stroke
NA 2 ~ Ml mood
disorder
NA 2 - Migraine
NA 3 -~ Stoke
NA 2 - Mal
NA 2 —  Asymptomatic

Fanmily
history of
stroke

o+

EGFr, epidermal growth factor like repeats; gnomAD, the Genome Aggregation Datebase; GOM, granular osmiophilc material; HGVD, the Human Genetic Variation Database; MCI, mild cognitive impairment; NA, not avaiable. *Tadaka.
et al,, 3.5KJPNv2: an allele frequency panel of 3,552 Japanese individuals including the X chromosome. Hum Genome Var (2019) 6:28. " TOPMed (“https://topmed.nhibi.nih.gov/").
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Baseline BP level
Admission SBP (mean  SD)
FPO SBP [median (IGR)
Postoperative BP level
Mean SBP (mean  SD)

Minimum SBP (mean + SD)

BP reduction degree
FPO SBP-Mean SBP (mean = SD)

FPO SBP-Minimum SBP (mean = SD)

(FPO SBP-Mean SBPY/FPO SBP (mean + SD)

(FPO SBP-Minimum SBP)/FPO SBP (mean + SD)

Velocity of BP reduction

Time from FPO to the minimum SBP A (h)
BP management quality median (mean)
Time under 120 mmHg (h)

Time under 140 mmHg (h)

Maximum SBP (mean + SD)

OO0 ®W>» 00 ®>

DCO0O®W>» 0 O0®W>0O0®>»00 W >

DCO®W>»00®W>00® >

Total

145 26
133 (112-152)

128+ 14
121£14
121 £ 14
128+ 15
110+ 13
12:£14
11114
114£15

6£21
13+29
13+29
11+28
24425
22430
23429
21£30
0.024+0.15
0.06 £0.20
0.06 £0.20
0.05 +0.19
0.16 £0.14
0.13+£0.20
0.14£0.19
0.13+£0.20

25(1.0-50)

2(252)
3@.11)
3(3.6)

2(2:84)
5(4.61)
6(5.39)
6(5.39)
6(5.15)
152 + 25
181+ 16
181+ 16
182 16

90-day mRS

Good (74)

141£24
122 (107-148)

126+ 14
120+ 14
121£15
122415
107 £ 12
11213
111£14
1215

3%20
8428
7+28
627
21424
16+£28
17+28
16+£27
-0.01+0.16
0.03 £0.20
0.02£0.21
0.02 +0.20
0.14 £0.14
0.09£0.19
0.10£0.19
0.09 +£0.19

25(05-4.5)

25(2.79)
3(3.24)
3(4.15)
4(3.12)
6(4.89)
6(5.45)
6(5.37)
6(5.18)

146423

129+ 15

129+ 16

120+ 17

Poor (109)

149 27
141 (117-155)

130 + 14
122 +13
122 +£13
126+ 16
112+ 14
13£14
11114
114 £16

9+21
17 +£30
18+28
15+28
27+26
2731
28+ 30
26+31
0.04+0.14
0.09 £ 0.20
0.10£0.19
0.08 +0.19
017 £0.14
0.16 £ 0.20
0.17 £0.19
0.16 £ 0.20

30(1.1-5.0)

2(2.29)
3(301)
3(3.14)
2(261)
5(4.38)
6(5.29)
6(5.41)
6(5.12)

157 +£25

133+ 16

182 £ 15

134+ 16

p-value (unadjusted)

0.072
0.006

0.023
0212
0.685
0.253
0.011
0.626
0.888
0.402

0.055
0.059
0.020
0.050
0.136
0.028
0.011

0.026
0.041

0.064
0.017
0.045
0.156
0.032
0.011

0.030

0.104

0.119
0.430
0.628
0.290
0.025
0.564
0.805
0.548
0.005
0.099
0.144
0.046

Missing (good/poor)

05

mRS, modified Rankin scale; BF, blood pressure; SBR, systolic blood pressure; SD, standard deviation; FPO SBR, the first postoperative SBF; h, hours; A, 0-6 h following procedral;

B, 7-12h following procedural;

, 13-18h following procedural: D, 19-24 h following procedural. Bold values means p-values < 0.05.
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Total number 90-day mRS Missing (good/poor)

Good, n (%) Poor,n (%)  p-value (unadjusted)
Number of patients 163 73(44.8) 90(55.2)

Patient characteristics

Age, y, median (QR) 69 (59-78) 63 (53-74) 74 (64-80) <0.001

Female 74 (0.45) 25(0.34) 49 (0.54) 0.012

ASPECTS 6-10 103 (68:2) 57 (86.4) 46 (54.1) <0.001 7”5
NIHSS score (mean + SD) 15+5 13+6 1746 <0.001 1/0
Previous use of IV thrombolysis 56 (34.4) 27(37.0) 29(32.2) 0633

OTP [mean (SD)) 464 (1.11) 4.58(0.99) 469 (1.21) 0.56 3/5
Postoperative hypotension 12/(7.4) 3(4.1) 9(10.0) 0258

Decompressive craniectomy 4(25) 1(1.4) 3(3.4) 076

Malignant cerebral ederma 23(14.1) 2@7) 21(23.3) <0.001

Postoperative residual stenosis (moderate or severe) 25 (15.6) 11(15.5) 14 (15.7) 1

ICH during hospitalization 61(37.4) 20(27.4) 41(45.6) 0.026

Medical history

Hypertension 80 (49.1) 33(45.2) 47 62.2) 0.463

Diabetes melitus 32(19.6) 10(13.7) 22 (24.4) 0.129

Coronary heart disease 24(14.7) 10(13.7) 14(15.6) 0912

Cardiac dysfunction 44 (27.0) 18 (24.7) 26 (28.9) 0.669

Atral fibriation 75 (46.0) 29(39.7) 46 (51.1) 0.196

Laboratory index

Fasting blood glucose, median (IGR) 7.3(63-9 69(6.1-8.3) 7.5(6.7-9.6) 0012 o
LDL, median (IQR) 2.4(1.9-2.9) 2.7 (2.1-2.9) 2.4(1.9-9) 0.201 o
PT, median (QR) 11.5(108-12.4)  11.4(108-12.4) 117 (109-12.3) 0597 02
INR, median (IQR) 1.01(097-1.10)  1.02(095-1.09)  1.01(097-1.11) 0344 02
Occluded segment

ICA 49 (30.1) 18 (24.7) 31(34.4) 0237

M1 71(43.6) 33(45.2) 38 (42.2) 0823

M2 36 (22.1) 20(27.4) 16(17.8) 02

Other' 9(55) 2@27) 708 0291

mRS, modified Rankin scale; IQR, interquartie range; ASPECT, alberta stroke program early CT score; NIHSS, national institute of health stroke Scale; SD, standard deviation; IV,
intravenous; OTP, time from onset to puncture; ICH, intracerebral hemorrhage; PT, prothrombin time; INR, intermational normalized ratio; ICA, interal carotic artery; M(segment), midce
cerebral artery; Afsegment), anterior cerebral artery.

* A1/A2/M3 occlusion. Bold values means p-values < 0.05.
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Variables  ROC (95%Cl) Cutoff point Sensitivity (%) Specificity (%)

VAT/SAT  0.75 (0.64-0.79) 1.04 67.4 74.7
Adiponectin - 0.72 (0.68-0.82) 3.03 75.8 61.5

VAT, Visceral adipose tissue; SAT, Subcutaneous adipose tissue.
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Variables R

VAT/SAT ratio -0.337
VAT —-0.239
Abdominal circumference -0.170
BMI .156

P value

<0.001
0.001
0.021
0.034

VAT, Visceral adipose tissue; SAT, Subcutaneous adipose tissue; BMI, Body mass index.
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Variables

Male, n (%)
VAT area (cm?)
VAT/SAT ratio
Abdominal
circumference
(em)

NAFLD, 1 (%)
Diabetes meliitus,
n (%)

Creatinine
(mmol/L)
Fibrinogen
(mmol/)
Glycated
hemoglobin (%)
Adiponectin
(ug/mi)

Univariate
OR (95% Cl) P
222(1.22-402)  0.009
1.01(1.00-1.02)  <0.001
37.45 (0.97-140.61) <0.001
1.03(1.00-106) 0,048
2.48(1.28-480) 0,007
284 (1.66-5.18)  0.001
1.02(100-103) 0016
176 (1.20-257) 0,003
1.29(1.00-1.66) 0046
0.49 (0.37-065)  <0.001

Multivariate

OR (95% Cl)

P

26.08 (5.92-114.83) <0.001

2.95(1.33-6.50)
251(1.22-6.18)

1.80 (1.12-2.88)

0.61(0.44-0.84)

0.008

0.013

0.014

0.002

P < 0.05 as assessed by the univariate logistic regression, variable was subsequently
included in the multivariate analyss.
VAT, Visceral adipose tissue; SAT, Subcuteneous adipose tissue; NAFLD, Nonalcoholic

fatty liver disease.
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Consecutive patients with acute ischemic
stroke who underwent endovascular
thrombectomy between March 2016 to
December 2019 (n=206)

i

Patients with absence of BP record
were excluded (n=15)

Patients with absence of baseline
information were excluded (n=8)

Patients did not have successful
recanalization were excluded (n=20)
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Variable Total (1 = 186) Non-ICAS (n = 091) ICAS (n = 95) P value

Age (year) 67.19+ 8,68 66.73 +8.31 67.64 £ 9.04 0472
Male, n (%) 110(59.1) 45 (49.4) 65 (68.4) 0,009
TAT area (cm?) 341,66 = 96.57 383.16 + 95.26 349.80 + 97.62 0241
VAT area (o) 169.72 2 56.97 154.27 52,30 184.53 + 57.58 <0001
SAT area (cm?) 171.94 +53.91 178.80 +56.74 165.27  50.45 0086
VAT/SAT ratio 1.02 031 089025 1.16+0.30 <0001
BMI (kg/ cm?) 2480+ 201 2465 +2.01 24.95+2.02 0.309
Abdominal circumference (cm) 89.26 + 1057 87.69 + 1061 90.77 £ 1037 0046
NAFLD, n (%) 54(29) 18(19.8) 36(37.9) 0,007
Smoking, n (%) 64(34.4) 25(27.5) 3941.1) 0051
Drinking, n (%) 38 (20.4) 17 (18.7) 21(22.1) 0563
Diabetes melitus, n (%) 81(43.5) 28(308) 53(55.8) 0001
Coronary heart disease, n (%) 24 (12.9) 11 (12.1) 13 (13.7) 0.745
Carotid infima-media thickness (mm) 079003 0.7940.03 0.80 % 0.02 0.113
Carotid plaque, n (%) 98 (52.6) 44 (48.4) 54 (56.8) 0246
Hypertension, n (%) 148 (79.6) 68(74.7) 80(84.2) 0.109
Triglyceride (mmol/L) 1,60 £ 104 158+ 101 162:1.08 0822
Total cholesterol (mmol/L) 351147 364 1.48 339+ 1.46 0250
HDL-C (mmol/L) 1.47 £095 154091 1.40 £ 1.00 0284
LDL-C (mmolL) 259+ 1.01 267 +0.94 251+ 1.06 0268
Non-HDL-C (mmol/L) 2,04 £207 2.09+£2.05 2.00 £2.09 0.744
Creatinine (mmol/L) 76.84 % 31.42 7082+ 35.51 82,60 + 25,82 0011
Uric acid (mmol/L) 337.20 +£91.53 324.71 +84.90 349.16 + 96.40 0.068
Fibrinogen (mmol/L) 276093 255077 296+ 1.03 0,002
Glycated hemoglobin (%) 6.48 £1.21 6.30 + 1.10 6.66+1.28 0.042
Fasting glucose (mmol/L) 602+ 1.90 585+ 1.83 618+ 1.96 0234
Adiponectin (ug/mi) 280123 336+ 1.27 243+ 0.99 <0001
LDL-G/HDL-C 211106 206+ 1.01 246+ 1.11 0549
TC/HDL-C 300 1.64 303 157 3145+ 1.72 0605
TG/HDL-C 1.42 £152 1,85+ 136 1.4841.68 0553
Non-HDL-G/HDL-C 200164 208 157 215172 0606

Data are presented as mean & standard deviation or median (interquartiee range) and numbers (percentage).
TAT, Total adipose tissue; VAT, Visceral adipose tissue; SAT, Subcutaneous adipose tissue; BMI, Body mass index; NAFLD, Nonalcoholic fetty liver disease; HDL-C, High-density
lipoprotein cholesterol: LDL-C, Low-density lipoprotein cholesterol; ICAS, Intracranial atherosclerotic stenosis.
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Variables 8 0Odds ratio (95% CI) p

(Intercept) —4.220 0.01 (0-0.15) 0.003"
Stage (I-IV vs. H) 2380 10.81(298-47.76) 0,001
TRIME7 1.240 .46 (1.13-13.77) 0.047"
Size 0020 1.02 (0.97-1.07) 0478
Age (>50 vs. <50, years) 0240 1.28 (0.33-5.08) 0721
N (N1-3 vs. NO) 1910 6.76(0.96-13887) 0.008
HER2 (Positive vs. Negative) 1.530 462 (1.27-19.14) 0.025*

B, the regression coefficient; Cl, confidence interval.
*p < 0.05,*'p <0.01.
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Variable OR (95%Cl) P-value
PIC 1037 (0.986-1.091) 0.162
TAT 1138 (1.065-1215) <0.001
-PAIC 1034 (0.969-1.103) 0.307
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Variables Univariate logistic Multivariate logistic

regression regression
OR  95%Cl p OR 95%Cl p
Age’ 102 099,106 0.185
Premenopause
Perimenopause 039 009,163 0194
Postmenopause 04 008,186 0243
Location (Left)
Right 125 054,29 0601
Size 1.04 101,107 0015" 102 098,105 0366
Microcalcification
(No)
Yes 7.25 266,2351 <0.001" 51 138,2233 002"
Adier blood flow
grading (-l
[ 3.95 163,1026 0003" 097 026,339 0957
Lymph node
metastasis (No)
Yes 881 2783039 0.001" 619 1.71,30.79 0.011*

#Continuous variable; Ci, confidence interval.
*p < 0.05,"'p < 0.01,
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Gender Male 265 (72.4%) 40 (70.2%) 0122 0727
Female 101 (27.6%) 17 (29.8%)

Age (years) 64.0 (54.0,72.0) 64.5 (53.0,72.5) —0.098 0922

Risk factors Hypertension 240 (65.6%) 37 (64.9%) 0010 0922

Diabetes 118 (32.2%) 18 (31.6%) 0010 0921

Atrial fibrillation 32 (8.7%) 9(15.8%) 2798 0.094

Smoking 225 (61.5%) 32(56.1%) 0589 0443

Aleohol 155(42.3%) 31 (54.4%) 2,900 0.089






OPS/images/fneur-13-852013/crossmark.jpg
©

2

i

|





OPS/images/fneur-13-889106/fneur-13-889106-t001.jpg
Characteristic Metastasis

Yes No P
N 34 63
Age, mean & SD 592041238 55871186  0.185
Menopause, n (%) 0.413
Premenopause 9(03%) 18 (18.6%)
Perimenopause 5(5.2%) 4(4.1%)
Postmenopause 20 (20.6%) 41(42.3%)
Location, n (%) 0.756
Left 17 (17.5%) 35 (36.1%)
Right 17 (17.5%) 28 (28.9%)
Histology, n (%) 0712
Infirating ductal carcinoma 20 (20.6%) 41 (42.3%)
Infirating lobular carcinoma 8 (8.2%) 14 (14.4%)
Others 6(6.2%) 8(8.2%)
Stage, n (%) <0.001**
Stage | 0(0%) 11(11.3%)
Stage Il 6(6.2%) 41 (42.3%)
Stage Il 20 (20.6%) 11(11.3%)
Stage IV 8(8.2%) 0(0%)
M, n (%) <0.001**
MO 26 (26.8%) 63 (64.9%)
M1 8(82%) 0(0%)
N, n (%) <0.001*
NO 1(1%) 30 (30.9%)
N1 15 (15.5%) 23(23.7%)
N2 10 (10.3%) 7(7.2%)
N3 8(82%) 3(3.1%)
T,n (%) 0.007**
Tt 3(31%) 19 (19.6%)
T2 19 (19.6%) 37 (38.1%)
T3 10 (10.3%) 6(6.2%)
T4 2(2.1%) 1(1%)
ER, n (%) 0.592
Negative 10 (10.3%) 14 (14.4%)
Positive 24 (24.7%) 49 (50.5%)
PR, n (%) 0.166
Negative 17 (17.5%) 21(21.6%)
Positive 17 (17.5%) 42 (43.3%)
HER2, n (%) <0.001**
Negative 17 (17.6%) 53 (54.6%)
Positive 17 (17.5%) 10 (10.3%)
TRIMG7, median (IQR) —0.08(~0.52, 0) ~0.41 (-0.94, -0.02) 0.021*
US examination
Size/mm, median (QR) 33(24.12,5388) 27.3(17.7,384) 0013
Microcalcification, n (%) <0.001"*
No 5(5.2%) 35 (36.1%)
Yes 29 (29.9%) 28 (28.9%)
Adier blood flow grading, n (%) 0,005
o1 9(93%) 37 (38.1%)
I 25 (25.8%) 26 (26.8%)
Lymph node metastasis, n (%) <0.001**
No 3(3.1%) 29 (29.9%)
Yes 31(32%) 34/(35.1%)

Ultrasound examination include tumor size calculation, microcalcification, altered blood

grading, and lymph node metastasis prediction.
0 <0.05,*p < 0.01.






OPS/images/fneur-13-942887/fneur-13-942887-i001.gif





OPS/images/fneur-13-861714/fneur-13-861714-t003.jpg
Biomolecule Function Test Variation Conclusion References
asymmetric NO synthase inhibitor ELISA 1 causing endothelial dysfunction by (98, 94)
dimethylarginine blocking the activity of endogenous NO
(ADMA) synthase
VCAM-1 inducing the interactions between EUSA ) higher expression of VCAM-1 is related (82, 95, 96)
leukocytes and endothefium with endothelial activation
ICAM-1 inducing the interactions between ELISA + higher expression of ICAM-1 is related (82,97-9)
leukocytes and endothelium; participating with endothelial activation
in the substance transmembrane
transportation
myeloperoxidase involved in the impairment of tissues and ~ ELISA t MPO can cause endothel injury and (100)
(MPO) inflammation dysfunction
Claudin-5 maintaining the structure of tight junction ~ ELISA 1 Decreased Claudin-5 level are associated (101, 102)
with the disruption of BBB integrity
matrix degrading the components of gelatin zymography 1 Increased MMP-2/MMP- level are (103-105)
metalloproteinase-2/9  extracelular matrix associated with the disruption of BBB
(MMP-2/MMP-9) integrity
endothelin-1 (ET-1) regulating vasoconstriction ELISA + Excess ET-1 causes pathological (106)
vasoconstriction
VWF facilitating clotting and the adhesion of ELISA;gelatin t Injured ECs release polymeric VWF, (106-108)
platelets 2zymography;immunoelectrophoresis _further causing vasaular dysfunction
endothelial involved in the intercellular flow cytometry; atomic Activated ECs release specific EMPs into (92, 93, 98,
microparticles (EMPs)  communication force microscope; the bloodstream 109-117)
electron microscope
Endoglin (CD106) involved in the angiogenesis, vasodilation,  ELISA; Western blot 1 Increased Endoglin worsen inflammation (118-123)
and inflammation and weak the relaxation response of the
vessel
Endocan (ESM-1) inducing the interactions between EUSA t Injured ECs release Endocan into the (124-127)
leukocytes and endothelium; regulating bloodstream, which promotes the
the vascular function infiltrating of leucocytes
micRNA participating in various kinds of PCR M Several micRNAs expressed specifically (128-130)

endothelial function

by ECs can suggest the endothelial
dysfunction

tuincreased expression level; |:decreased expression level.
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Conclusion

ECs participate in the CSVD by regulating CBF
Endothelial dysfunction do damage to BBB
and cerebral white matter

Endothelial dysfunction is the initial feature of
csvD

The disruption of BBB caused by endothelial
dysfuncion play an important role in the
process of CSVD

Endothelial dysfunction positively correlates:
with the severity of WMH and microhemorrhage
Anti-endothelial cell antibodies play a role in
csvD

Hyperhomocysteinernia, an independent risk
factor for CSVD, may play a role by mediating
endothelial dysfunction

Endothelial activation is associated with WMH
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Crude OR P Adjusted OR P

Transthyretin, per SD (569 mg/L) increase 0,64 (054-075) <0.001 0.74(0.59-0.93) 0,009
Age, per 10-year increase 1.49 (1.30-1.71) <0.001 1.35(1.15-1.58) <0.001
Diabetes mellitus 151 (1.09-2.08) 0013 - -
NIHSS score, per 1-p 1,09 (1.04-1.14) 0.001 1.06 (1.00-1.11) 0041
NLR, per 1 increase 1.07 (0.97-1.18) 0.17 - -
Fasting blood glucose, per 1-mmol/L increase 111 (1.04-1.18) 0.001 - -
HbALc, per 1% increase 123 (111-1.37) <0.001 130 (1.04-1.62) 0019
Creatinine, per SD (22.5 jumol/L) increase 095 (081-1.12) 055 - -
Uric acid, per SD (100 pmol/L) increase 0.87 (0.74-1.02) 0.087 - -
LDL_C, per 1-mmol/L increase 121 (1.01-1.44) 0035 123 (1.02-1.50) 0035
Albumin, per 1-g/L increase 093 (088-0.98) 0005 - -

, low-density lipoprotein cholesterol; NIHSS, National Institutes of Health Stroke Scale; NLR, neutrophil-to-lymphocyte ratio; OR, Odds
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Crude OR P Adjusted OR P

Transthyretin, per SD (569 mg/L) increase 0,61 (054-0.75) <0.001 0.74(0.59-0.93) 0,009
Female 0.6 (0.48-091) 0010 0.70 (0.46-1.08) ol
Male 0,63 (051-0.77) <0.001 0.72(0.55-0.95) 0019

Transthyretin, tertiles
T3 (2265.1 mg/L) Reference Reference
T2 (214.1-265.0 mg/L) 172 (115-2.57) 0,008 137 (0.88-2.15) 017
TI (<2140 mg/L) 274 (1.84-4.08) <0.001 1.85 (1.12-3.05) 0016

Pfor trend <0.001 0016

Adjusted for age, diabetes mellitus, NIHSS score, NLR, fas

LDL-C, low-d

ing blood glucose, HbAle, Creat
sity lipoprotein cholesterol; NIHS

Scale; NLR, neutrophil-to-lymphocyte ratio; OR, Odds
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Clinical characteristics

Agein years, mean & SD
Female, n (%)

Hypertension, 1 (%)

Diabetes mellitus, 7 (%)

Hyperlipidemia, 1 (%)

Arial fibrillation, 1 (%)

History of stroke, (%)

Smoking, n (%)

Drinking, 7 (%)

NIHSS score in point, median (IQR)

NLR, median (IQR)

Fasting blood glucose in mmol/L, median (IQR)
HbAlc in %, median (IQR)

Creatinine in pmol/L, median (IQR)

Uric acid in pmol/L, median (IQR)
Homocysteine in jtmol/L, median (IQR)
Total bilirubin in pmol/L, median (IQR)
Triglyceride in mmol/L, median (IQR)
Total cholesterol in mmol/L, median (IQR)
HDL_C in mmol/L, median (IQR)

LDL. ‘mmol/L, median (IQR)

Albumin in g/L, median (IQR)

Transthyretin in mg/L, mean % SD
T1(£214.0), n (%)
T2 (214.1-265.0), n (%)
T3 (2265.1), 1 (%)

HDL_C, high-density lipoprotein cholestero; I
of Health Stro cale; NLR, neutrophil

Total
(n=637)

6574124
216 (33.9%)
512 (80.4%)
241 (37.8%)
232 (36.4%)

64 (10%)
106 (16.6%)
203 (31.9%)
158 (24.8%)

4(2-5)

247 (1.85-3.33)

5.22(4.61-6.80)

593 (5.53-7.02)

63.9 (55.1-76.1)

312 (260-386)
107 (86-13.8)
122(92-17.2)

1.45 (1.04-2.05)

4.33(3.71-5.00)

096 (0.82-1.15)

275(221-337)

39.0(36.9-409)
240.6 £ 569
216 (33.9%)
209 (32.8%)
212(33.3%)

 intracranial atherosclerotic stenosis; IQR, interquartile
-to-lymphocyte ratio; SD, standard deviatios

Without ICAS
(n=370)

633124
117 (31.6%)
294 (79.5%)
125 (33.8%)
130 (35.1%)
39.(10.5%)
55 (14.9%)
119 (32.2%)
93 (25.1%)

3(2-5)

235 (1.81-3.20)

5.09 (4.56-6.39)

582 (5.44-6.79)

66.4 (55.7-77.5)

316.5 (262-393)

107 (8.6-13.6)
12.1(8:8-17.3)

151 (1.05-2.06)

423 (3.68-4.99)

0.97 (0.82-1.18)

270 (2.13-3.28)

39.3(37.4-412)
25104549
100 (27.0%)
121 (32.7%)
149 (40.3%)

nge; LDL-C, low-density
Bold values means univariate analysi

‘With ICAS
(n=1267)

69.1£116
99/(37.1%)
218 (81.6%)
116 (43.49%)
102 (38.29%)
25 (9.4%)
51(19.1%)
84 (31.5%)
65 (24.3%)
43-7)
249 (1.90-3.50)
5.55 (4.78-7.36)
6.15(5.67-7.33)
62.0 (53.9-74.4)
304 (252-376)
108 (8.5-14.2)
122(95-17.1)
1.34(1.03-2.00)
441 (3.82-5.00)
0.96 (0.83-1.11)
2,88 (2.27-3.46)
38.7(36.5-40.2)
22634565
116 (43.4%)
88 (33.0%)
63 (23.6%)

<0001
0.15
049
0013
043
0.63
0.16
085
076
0.001
0052
0.001
<0001
0069
0.064
093
057
030
0.16
058
0.045
0.001
<0.001
<0.001

ipoprotein cholesterol; NIHSS, National Institutes
ched statistical significance (P < 0.05).
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Clinical characteristics

Transthyretin in mg/L
Age in years, mean  SD.

Female, n (%)

Hypertension, n (%)

Diabetes mellitus, 1 (%)

Hyperlipidemia, n (%)

Atrial fibrillation, n (%)

History of stroke, 7 (%)

smoking, # (%)

Drinking, (%)

NIHSS score in point, median (IQR)

NLR, median (IQR)

Fasting blood glucose in mmol/L, median (IQR)
HbAlc in %, median (IQR)

Creatinine in pmol/L, median (IQR)

Uric acid in pmol/L, median (IQR)
Homocysteine in pmol/L, median (IQR)
Total bilirubin in pmol/L, median (IQR)
Triglyceride in mmol/L, median (IQR)
Total cholesterol in mmol/L, median (IQR)
HDL_Cin mmol/L, median (IQR)

LDL_C in mmol/L, median (IQR)
Albumin in g/L, median (IQR)

sity lipoprot
to-lymphocyte ratio; SD, standard deviatios

n cholesterol; IQR,
Bold valu

terquartile range; LDL:

means univariate anal

Tertile 1 (n=216)

<2140
78117
101 (46.8%)
168 (77.8%)
87 (40.3%)
55(25.5%)
39 (18.1%)
47 (21.8%)
59 (27.3%)
47 (21.8%)
10-7)
255 (2.02-3.93)
5.40 (4.57-7.14)
6.00(5.56-7.14)
62,0 (53.8-74.5)
287.5 (240-358)
113 (8.7-14.7)
118 (9.2-17.4)
1.06 (0.80-1.39)
4.06 (3.51-4.74)
0.97 (0.82-1.16)
2.60 (2.10-3.15)
37.1(35.3-389)

low-density lipoprot
reached stati

Transthyretin
Tertile 2 (n = 209)

214.1-265.0
656109
71(34%)
168 (80.4%)
81(38.8%)
80(38.3%)
14(6.7%)
29(13.9%)
69.(33.0%)
52(24.9%)
4(3-6)
235 (1.82-3.28)
5.18 (4.66-6.67)
5.99 (5.50-7.05)
61.1(54.3-72.2)
306 (251-357.5)
10.1(8.1-13.2)
127 (89-17.6)
1.47 (1.12-2.01)
440 (3.87-5.00)
097 (083-1.14)
2.84/(2.36-3.45)
39.2(37.8-40.8)

cholesterol; NIH

ical significance (P < 0.05).

National Institutes of Health Stroke S

Tertile 3 (n = 212)

>265.1
59.6% 116
44/(20.8%)
176 (83.0%)
73 (34.4%)
97 (45.8%)
11(5.2%)
30 (14.2%)
75 (35.4%)
59 (27.8%)
302-5)
219 (1.76-2.97)
5.15(4.61-6.52
5.90 (5.51-6.88)
69.3(58.3-81.2)
354 (293-436.5)
108 (8:8-13.8)
124 (93-16.0)
1.88 (1.45-2.53)
4.55(3.91-5.19)
0.94(0.81-1.13)
292 (2.15-345)
40.4(39.0-422)

)
)
)
)

<0001
<0.001
039
044
<0.001
<0001
0.046
0.18
029
0.003
<0001
079
056
<0001
<0001
008
1.00
<0.001
<0.001
061
0.003
<0001

le; NLR, neutrophil-
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miRNAs.

miR-409-3p

miR-502-3p
miR-486-5p
miR-451a
miR-1
miR-384
miR-19b-3p
miR-455-3p

miR-4668-
5p
miR-3613-
3p
miR-4674
miR-126

miR-191

Source

Plasma

Exosome

Serum

Mouse
serum

Mice

Expression
level

Down

Up
Up
Up
Down
Up
Down
Up

Up

Up

Up
Down

Up

Diagnosis

Discrimination
diagnosis

AD, VaD, or PDD

AD, MG, or
healthy

Neuroinflammation,

water channel
and glymphatic
dysfunction
Apoptosis and
prolfferation
dysregulation

Reference

(80)

(81), (82)

(83)

©4)

(@5)





OPS/images/fneur-13-895316/fneur-13-895316-g003.gif
Proliferation
FURGQK "\
piy
i P

/ %m v
Neural stem cell (NSC)

~ERKIR
e vy
R Ry differentiation

R30S, miR 75p

Ay





OPS/images/fneur-13-860144/crossmark.jpg
©

2

i

|





OPS/images/fneur-13-895316/fneur-13-895316-g002.gif
o e

U T prnn
@ —

g~ MR35
tops SUTRofFo@2

) LA

OR e A% e e
F
e 3 tammaton

Sopass s
proves

e, =
o)

Soap25





OPS/images/fneur-13-934501/math_2.gif
Y rw

@)





OPS/images/fneur-13-895316/fneur-13-895316-g001.gif
iy

oty

i " oo <
St iy

" becmizomo ] T pucicn L
. e T |sraannms <

> o Pd
. o

. o A
mes
reann \ s
o -
R Newttoraiton |+
5 S— -
e fev
fo— SN

wniorsy

anisesy

e





OPS/images/fneur-13-934501/math_1.gif
;lxlm &





OPS/images/fneur-13-895316/crossmark.jpg
©

2

i

|





OPS/images/fneur-13-934501/fneur-13-934501-t004.jpg
Brain regions

Right dorsolateral superior frontal gyrus.

Right posterior central gyrus

TA, toothache; HCs, healthy controls.

Experimental results

TA<HC

TA<HC

Brain functions

Primary somatosensory, tactile and
visual processing

Sensory processing, functional
connectivity

Expected results

Unbearable pain, early Parkinson's
disease, depression, visual
impairment

Pain leads to enlargement of brain
area, severe depression and
obsessive-compulsive disorder
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Good compensation Bad compensation

Cases 42 (76.36%)
Age(y) 4450 + 12.21
Sex (FM) 22120
Hypertension 13 (30.95%)
Diabetes melitus 7(16.67%)
Hyperlipernia 1(2.38%)
Initial presentation
Headache 11(26.19%)
Dizzy 14/(33.33%)
TIA 4(9.52%)
Stroke 16(38.10%)
Hemorthage 14/(33.33%)
Post-operative complications
Acute stroke 1(2.38%)
ICH 1(2.38%)
Hemodynamic disorders 10 (23.81%)
Seizures 3(7.14%)
Wound complication 0
RANF213 mutation 6(14.20%)
DSA grading(0/4/2/3) 0/0/9/33
Caveolin-1 (pg/mi)
Preoperative 642.80 + 298.40
Postoperative 890.00  493.13
ACav-1 247.21 + 64.41
rCav-1 1.67+1.23

13 (23.64%)
52.92 597
6/7
8(61.54%)
1(7.69%)
0

5(38.46%)
2(15.38%)
o
2(15.38%)
6(46.15%)

0
0
3(23.08%)
0
o
1(7.69%)
5/8/0/0

807.81 £ 332.07

648.16 = 302.10

—169.64 + 68.65
0.85+£0.28

P

0.002
0.695
0.098
0.725
1.000

0.616
0.370
0.562
0.285
0.610

1.000
1.000
1.000
1.000

0.883
<0.001

0.096
0.101
0.002
0.021

MMD, moyamoya disease; TIA, transient ischemic attack; ICH, intracerebral hemorthage.
ANE, Ring Finger Protein; ACav-1, post-operative serum Cav-1 subtracts the pre-

operative serum Cav-

rCav-1, post-operative/pre-operative Cav-1 ratio.
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Author Year Disease Brain areas

PerAF increased PerAF decreased
Yang etal. (15) 2021 Retinal detachment RFG, LITG -

Lietal. (16) 2021 Moyamoya disease LCN RMSFG,LPG
Yuetal. (17) 2021 Neovascular glaucoma ute RACG, RSOG, LSFG
Yuetal. (18) 2019 Mid cognitive impairment P ——

PerAF; percent amplitude of fluctuation; RFG, right fusiform gyrus; LITG, left inferior temporal gyrus; LON, left caudate nucleus; RMSFG, right medial superior frontal gyrus; LPG, left
precentral gyrus; LITG, left inferior temporal gyrus; RACG, right anterior cingulate and paracingulate gyrus, RSOG, right superior occipital gyrus; LSFG, left superior frontal gyrus; LR
left parahippocampus.
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MMD MMD Acute Stroke Control P

(RNF213 WT) (RNF213 Mu)
Cases 114 (87.69%) 16 (12.31%) 15 33
Age(y) 4852 + 1057 41.06 + 14.91 55.18 + 16.47 46,67 +7.30 0.149
Sex (FM) 52/62 &8 6/9 16/17 0861
Hypertension 48 (42.11%) 6(37.5%) 12 (80%) 6(18.18%) <0001
Diabetes melitus 22 (19.30%) 4(25%) 8(53.33%) o <0.001
Hyperipemia 4(351%) 0 2(18.33%) o 0079
Initial presentation
Headache 30 (26.32%) 3(18.75%) 0 5(15.15%) 0731
Dizzy 38 (33.33%) 4(25%) 0 5(15.15%) 0504
TIA 10 (8.77%) 2(12.5%) 0 o 0983
Stroke 51 (44.74%) 10 (62.5%) 15 (100%) o 0.182
Hemorthage 34 (20.82%) 2(12.5%) 0 o 0249
Post-operative complications
Acute stroke 8(7.02%) 1(6.25%) - - 1,000
ICH 2(1.75%) 1(6.25%) - - 0328
Hemodynamic disorders 26 (22.81%) 2(12.5%) - - 0520
Seizures 10 ©.77%) 0 - - 0611
Wound complication 2(1.75%) 0 - - 1.000
Caveolin-1 (pg/mi) 581.56 = 357.63 487,63  259.70 80127 + 489.38 22152  131.63

MMD, moyamoya; RNF, Ring Finger Protein; WT, wild type; Mu, mutation; TIA, transient ischemic attack; ICH, intracerebral hemorrhage.
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Brain areas MNI coordinates  BA  Number of voxels ~ T-value

X Y z
Frontal Sup_R 33 60 12 4 119 —4.3379
Postcentral_R 15 -48 72 58 82 .7874

The statistical threshold was set at P < 0.0 for multiple comparisons with a Gaussian
random field, Voxel-level AlphaSim wes set at P < 0.01 and rectified for ciuster sizes
>40 voxes.

PerAF; percent amplitude of fluctuation; HC', healthy controls; Frontal_Sup_R, right
dorsolateral superior frontal gyrus; Postcentral_R, right posterior central gyrus.
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TA group HCgroup  T-value

Sex 810 8/10 N/A
Age 41181165 40731248 0088
Dominant hand 18 (ight hand) 18 (ight hand) /A
Disease duration (years) ~ 2.04  1.08 N/A N/A
Visual analog score 636+ 1.49 N/A NA

P-value

>0.99

0.679

>0.99
N/A
N/A

Two independent t tests were used to compare the baseline data of the two groups
(P < 0.05 indicates that the difference between the two groups was statistically

significant). Data are presented as mean = standard deviation or .
TA, toothache; HC, healthy control.
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