

[image: image1]
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Background: Medial medullary infarction (MMI) is a rare type of posterior circulation stroke for which accurate prognostication remains a challenge because of the limited predictive ability of the current models. Blood-derived biomarkers may provide valuable insights that extend beyond established prognostic factors. The aim of this study was to identify rapid and accessible biomarkers for predicting the early progression of MMI.

Methods: Seventy patients with MMI and 83 sex- and age-matched healthy controls (HCs) were recruited for this study. Among them, 20 patients were allocated to the early progression cohort, and 50 patients were assigned to the nonprogression cohort. The laboratory blood indices were subsequently compared across these different cohorts. Receiver operating characteristic (ROC) curves were used to evaluate the predictive values of blood-derived indicators.

Results: The white blood cell (WBC) count, neutrophil count, monocyte count, low-density lipoprotein cholesterol (LDL-C) level, total cholesterol (TC) concentration, WBC-to-high-density lipoprotein cholesterol (HDL-C) ratio (WHR), neutrophil-to-HDL-C ratio (NHR), monocyte-to-HDL-C ratio (MHR), monocyte-to-lymphocyte ratio (MLR), neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) were significantly greater in patients with MMI than in HCs (p < 0.05). The WBC count, neutrophil count, monocyte count, WHR, NHR, MHR, MLR, NLR and PLR were markedly higher in MMI patients with progression than in MMI patients without progression (p < 0.05). ROC curve analysis revealed that the WBC count, neutrophil count, monocyte count, MLR, NLR, PLR, NHR, and WHR were significant predictors of early progression. However, among these factors, the WBC count (AUC = 0.854, p < 0.001), neutrophil count (AUC = 0.878, p < 0.001), NLR (AUC = 0.861, p < 0.001), and NHR (AUC = 0.848, p < 0.001) had the highest levels of accuracy for predicting early progression in patients with MMI.

Conclusion: The efficacy of the WBC count, neutrophil count, NLR and NHR is superior in predicting progression in patients with MMI. The current findings suggest that these indicators may serve as reliable, cost-effective, and innovative prognostic markers for MMI.
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1 Introduction

Acute ischaemic stroke (AIS) is a severe neurologic disorder caused by disruption of cerebral perfusion, resulting in focal or global neurological impairment (1). AIS is the second most common cause of death worldwide, a major cause of adult disability and, thus, an increasing threat to global health (2, 3). In 2017, stroke became the leading cause of death in China (4). Medial medullary infarction (MMI) is a rare type of posterior circulation stroke that may cause rapid deterioration of neurological deficits and death. Even with diffusion-weighted imaging (DWI), approximately one-third of MMIs have false-negative results within the first 24 h after symptom onset. In addition, MMI does not always present with any unique symptoms and instead manifests as a common lacunar syndrome (5). Consequently, patients with MMI are often misdiagnosed with capsular/pontine lacunar stroke or other neurological disorders without repeated DWI examinations (5). Therefore, the early risk stratification and management of patients with MMI are crucial for improving their prognosis.

The inflammatory response is a key element in the pathophysiological mechanisms of AIS (6). After an ischaemic event, the infiltration of immune cells and the secretion of proinflammatory cytokines contribute to the secondary progression of neuronal damage, thereby worsening the blood–brain barrier disruption and brain oedema and increasing infarct volume (7). The total white blood cell count has been reported to be an independent predictor of stroke severity, degree of disability and mortality (8). White blood cell subtypes play crucial roles in the pathogenesis of atherogenesis and atherothrombosis, which are closely related to adverse cardiovascular and cerebrovascular events (9, 10). Recent investigations have demonstrated that an elevated neutrophil level is a negative prognostic indicator for patients with AIS, suggesting that immunomodulatory therapies may represent a promising treatment strategy for this condition (11). In contrast, significant decreases in lymphocyte counts have been observed in patients with adverse outcomes, underscoring the detrimental role of low lymphocyte counts in long-term functional recovery after AIS (12). Furthermore, monocytes are critical component of the poststroke inflammatory response; their numbers increase in the peripheral circulation following stroke onset, and they subsequently migrate to the infarcted region, thereby exacerbating brain injury (13).

Recently, the neutrophil-to-lymphocyte ratio (NLR) and monocyte-to-lymphocyte ratio (MLR) have been suggested to be novel, inexpensive, and repeatable markers of the systemic inflammatory response that are more suitable for routine use than traditional inflammatory markers such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6). These ratios can be easily calculated from a white blood cell (WBC) assay and determined under simple laboratory conditions (14–17). Some inflammatory indicators, such as the monocyte-to-high-density lipoprotein cholesterol ratio (MHR) and the neutrophil-to-high-density lipoprotein cholesterol ratio (NHR), have also been identified through the study of atherosclerotic cardiovascular disease (18, 19).

However, the relationships between these new inflammatory markers and disease severity and clinical outcomes in patients with MMI have not been fully elucidated. Therefore, the aim of this study was to investigate the predictive relationship between these new inflammatory markers and MMI.



2 Materials and methods


2.1 Study population

The patients with AIS included in this retrospective cohort study were enrolled in the Neurology Department of Tianjin Medical University General Hospital from January 2020 to February 2024. Among the 7,125 patients diagnosed with AIS, 105 were identified with MMI. Of these, 70 met the criteria for inclusion into the study (Figure 1). The inclusion criteria were as follows: (1) hospitalization within 48 h of MMI onset; (2) acute ischaemic lesions of the medial medulla oblongata on DWI; (3) no myocardial infarction or stroke in the last year; and (4) a modified Rankin scale score of 0 before admission. In total, 83 healthy controls (HCs), matched for sex and age, were recruited from our health examination centre. The exclusion criteria were as follows: (1) acute infarction at other sites; (2) the presence of infectious disease, blood disease, liver or kidney function abnormalities, tumor, or autoimmune disease; (3) coronary heart disease; (4) age less than 18 years; or (5) incomplete clinical data. This study was approved by the Medical Research Ethics Committee at Tianjin Medical University General Hospital. All participants provided written informed consent in accordance with the Declaration of Helsinki.
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FIGURE 1
 Study flow chart of participant inclusion.




2.2 Data collection

Demographic and clinical information, including age, sex, and history of hypertension, diabetes, atrial fibrillation, hyperlipidaemia, smoking, and alcohol consumption, was collected. On admission, all patients underwent physical examination and imaging examinations, including brain magnetic resonance imaging (MRI), brain magnetic resonance angiography (MRA) and computed tomography angiography (CTA). Blood samples were collected 24 h after admission. The MLR, NLR, and platelet-to-lymphocyte ratio (PLR) were defined by the monocyte, neutrophil, and platelet-to-lymphocyte counts, respectively. The WBC-to-high-density lipoprotein cholesterol (HDL-C) ratio (WHR), NHR, and MHR were separately determined by calculating the WBC, neutrophil, and monocyte counts relative to the HDL-C level. The National Institutes of Health Stroke Scale (NIHSS) was used to assess the severity of nervous system damage as evaluated by trained neurologists. Early progression was defined as an increase in the NIHSS score by ≥1 point in motor strength or ≥ 2 points in the total score within the first week after symptom onset (20). Therefore, the patients were divided into an early progression group and a nonprogression group.



2.3 Statistical analysis

The data were analyzed via SPSS 26.0. The normality of all variables was assessed by means of the Kolmogorov–Smirnov test. Descriptive statistics such as the mean and standard deviation are reported herein for continuous variables, and the frequency (%) is presented for categorical variables. Student’s t test and the Mann–Whitney U test were used for between-group comparisons of continuous variables, and the chi–square test was used for comparisons of categorical variables. The predictive ability of the inflammatory biomarkers was evaluated by means of the area under the receiver operating characteristic (ROC) curve. The Delong test was used to evaluate differences between two areas under the curve (AUCs). A p value of <0.05 indicated statistical significance.




3 Results


3.1 Characteristics of the research subjects

Among the 70 patients diagnosed with MMI, 31 (44.29%) were identified as smokers, 14 (20%) reported a history of alcohol consumption, 53 (75.71%) had been diagnosed with hypertension, 34 (48.57%) presented with hyperlipidaemia, and 22 (31.43%) were diagnosed with diabetes mellitus (DM). Notably, no patients exhibited atrial fibrillation (AF). Additionally, three patients (4.28%) received intravenous thrombolysis. Furthermore, there was no significant difference in age, sex, medical history, or NIHSS score at admission between MMI patients with progression and those without progression (Table 1).



TABLE 1 Demographic characteristics and clinical data of MMI patients.
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3.2 Comparison of inflammation-related biomarkers between MMI patients and HCs

The WBC count (p < 0.001), neutrophil count (p < 0.001), monocyte count (p = 0.015), low-density lipoprotein cholesterol (LDL-C) level (p < 0.001), and total cholesterol (TC) level (p = 0.007) were significantly higher in patients with MMI than in HCs. The lymphocyte count (p = 0.048) in patients with MMI was significantly lower than that in HCs. In addition, there were significant increases in the WHR (p < 0.001), NHR (p < 0.001), MHR (p = 0.033), MLR (p < 0.001), NLR (p < 0.001), and PLR (p = 0.013) in patients with MMI compared with HCs. There were no significant differences in the PLT counts, HDL-C levels or triglyceride (TG) concentrations between patients with MMI and HCs (p > 0.05) (Table 2).



TABLE 2 Comparison of inflammation-related biomarkers between patients with MMI and HCs.
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3.3 Comparison of inflammation-related biomarkers between MMI patients with and without progression

The WBC count (p < 0.001), neutrophil count (p < 0.001), monocyte count (p = 0.002), WHR (p < 0.001), NHR (p < 0.001), MHR (p = 0.035), MLR (p < 0.001), NLR (p < 0.001) and PLR (p = 0.007) were markedly higher in MMI patients with progression than in MMI patients without progression. There were no significant differences in the lymphocyte count, PLT count or HDL-C, LDL-C, TG or TC levels between the groups (p > 0.05) (Table 3).



TABLE 3 Comparison of inflammation-related biomarkers between MMI patients with and without progression.
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3.4 Receiver operating characteristic (ROC) curve analysis for the ability of biomarkers to predict early progression of MMI

The ROC curves revealed that the WBC count (AUC = 0.854, 95% CI 0.749–0.927, p < 0.001), neutrophil count (AUC = 0.878, 95% CI 0.778–0.944, p < 0.001), and monocyte count (AUC = 0.721, 95% CI 0.600–0.821, p < 0.001) were significant indicators of early prognosis in patients with MMI. The performance of both the WBC count (AUC = 0.854, p < 0.001) and neutrophil count (AUC = 0.878, p < 0.001) was superior for predicting early progression in patients with MMI. However, no significant differences in their predictive efficiencies were observed (DeLong’s test, p = 0.084) (Figure 2A). Furthermore, the AUC of the NLR and NHR were 0.861 (95% CI 0.757–0.932, p < 0.001) and 0.848 (95% CI 0.742–0.923, p < 0.001), respectively. While, the AUCs of the MLR, WHR and PLR were 0.833 (95% CI 0.725–0.912, p < 0.001), 0.785 (95% CI 0.671–0.874, p < 0.001) and 0.743 (95% CI 0.625–0.840, p < 0.001), respectively. In evaluating the efficacy of the NHR, NLR, MLR, WHR, and PLR in differentiating between MMI patients with progression and those without progression, the highest AUCs were achieved for both the NHR (AUC = 0.848, p < 0.001) and the NLR (AUC = 0.861, p < 0.001). DeLong’s test demonstrated that the NHR significantly outperformed the WHR (p = 0.014), whereas the NLR surpassed the PLR (p = 0.007) in predicting early progression in patients with MMI (Figure 2B).
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FIGURE 2
 The differential accuracy of inflammation-related biomarkers in MMI patients with and without progression. (A) ROC Curve Analysis of White Blood Cells and Their Subtypes. (B) ROC Curve Analysis of Inflammation-Related Ratio Indicators. MMI: Medial medullary infarction; WBC, white blood cell; WHR, WBC-to-high-density lipoprotein cholesterol ratio; NHR, neutrophil-to-high-density lipoprotein cholesterol ratio; MHR, monocyte-to-high-density lipoprotein cholesterol ratio; MLR, monocyte-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, blood platelet-to-lymphocyte ratio; ROC, receiver operating characteristic.





4 Discussion

In this study, the correlation between clinically significant changes in biomarkers comprising routine blood and biochemical indices and the prognosis of patients with MMI was investigated. The main findings of this investigation were as follows: (1) WBC count, neutrophil count, monocyte count, LDL-C level, TC level, WHR, NHR, MHR, MLR, NLR and PLR were significantly higher in patients with MMI than in HCs. However, the lymphocyte count in patients with MMI was significantly lower than that in HCs (2). The WBC count, neutrophil count, monocyte count, WHR, NHR, MHR, MLR, NLR and PLR were markedly higher in MMI patients with progression compared with those without progression (3). ROC curve analysis revealed that the WBC count, neutrophil count, monocyte count, MLR, NLR, PLR, NHR and WHR are significant predictors of early disease progression. Furthermore, the performance of the WBC and neutrophil counts for predicting early progression in patients with MMI was superior among the routine biochemical indicators. However, there were no significant differences in predictive efficiency between these two indicators. The NHR and NLR outperformed the MLR, PLR and WHR in the prediction of poor outcomes in MMI.

MMI is a rare type of ischaemic stroke that accounts for approximately 0.5–1.5% of all ischaemic strokes and manifests with diverse neurological symptoms. MMI is characterized by a high rate of progression and poor functional prognosis (5, 21). Nevertheless, the prediction of cerebral infarction remains a notable obstacle due to the limited predictive ability of the current models. Therefore, the present study was conducted to develop an innovative approach for prognostic estimation, with the objective of identifying a direct and effective index that would enhance the prognostic assessment of patients with MMI. The poststroke inflammatory response is widely believed to be associated with infarction progression (22). Additionally, atherosclerosis is characterized by chronic and persistent inflammation of the arteries, which is marked by immune cell infiltration (23). As key contributors to the inflammatory response, different subtypes of white blood cells are thought to exacerbate the complex situation of secondary brain injury following a stroke.

Our study revealed that the WBC count, the monocyte count, and especially the neutrophil count were higher in patients with MMI than in HCs. However, the lymphocyte count in patients with MMI was significantly lower than that in HCs. The inflammatory response plays a crucial role in tissue damage caused by cerebral ischaemia (11). Inflammation is not only involved in the development of atherosclerosis, which is a key factor in the onset of cerebrovascular diseases but also enhances the local immune response at the site of injury, leading to brain cell death and worsening neurological dysfunction (24). Within hours after ischaemic stroke, the local inflammatory response can activate certain types of WBCs, particularly neutrophils. Neutrophils first migrate to the inflamed area within blood vessels and contribute to increased expression of inflammatory mediators and cell adhesion molecules, thereby directly or indirectly exacerbating damage in the affected area (25). Moreover, increased neutrophil counts may serve as a predictor of unfavorable outcomes in stroke patients (26), which aligns with the findings of the current study.

Monocytes also play crucial roles in the initiation and progression of atherosclerotic disease. They can migrate from the bloodstream to tissues when triggered by various signals, where they can transform into inflammatory dendritic cells and foam cells. Monocytes subsequently activate the production of proinflammatory cytokines, matrix metalloproteinases, and reactive oxygen species, all of which are integral to the initiation, development, and eventual rupture of atherosclerotic plaques (27, 28). Consequently, the observed increase in the number of circulating monocytes indicates that these cells surrounding atherosclerotic plaques have increased responsiveness to signaling cues, thereby exacerbating the inflammatory response, intensifying arterial stenosis, and increasing the risk of plaque rupture. A significant correlation between lymphocyte reduction and acute coronary syndrome has been established in a previous study (29). In the present study, we also observed lower lymphocyte counts in patients with MMI than in HCs. The mechanism behind these findings can be attributed to the increase in catecholamine and cortisol levels under stress, which leads to excessive lymphocyte apoptosis (30, 31). Therefore, an increase in monocyte levels and a reduction in lymphocyte counts might significantly contribute to the pathogenesis of MMI.

In the present study, we observed that the levels of blood lipids, including TC and, particularly, LDL-C, were significantly elevated in patients with MMI compared with HCs. However, there was no significant difference in LDL levels between patients with early progression and those without progression. It is widely accepted that increased LDL levels are critical contributors to atherosclerotic inflammation, indicating a positive correlation between the degree of inflammation in atherosclerosis and LDL-C levels (32). During the process of atherosclerosis, elevated LDL-C stimulates the secretion of inflammatory factors or triggers inflammatory responses through various mechanisms. Oxidized LDL-C is involved in the formation of substances such as costimulatory molecules (CD80, CD86, and CD40), proinflammatory prostaglandins, and proinflammatory cytokines (33, 34). Monocytes are recruited to areas of endothelial injury induced by LDL, and LDL plays a role in cell morphology and viability during the early stage of the transdifferentiation of monocytes into macrophages (35). Consequently, LDL is a significant contributor to the pathogenesis of MMI. However, it has limited specificity in predicting the progression of MMI.

In this study, the WHR, NHR, MHR, MLR, NLR, and PLR were significantly greater in patients with MMI than in HCs. While similar trends were noted in patients with early progression of MMI compared with patients without progression, ROC curve analysis revealed that among these indicators, the predictive performance of NHR and NLR for the early progression of MMI were superior among these indicators. The NHR and NLR are potential indices of inflammation and are readily available. There are numerous reasons why NHR levels are elevated during MMI. First, neutrophils, which constitute the main subgroup of WBCs, respond to early infections after stroke (36). Many activated neutrophils can influence the composition and function of HDL-C by altering the structure and content of various apolipoproteins. For example, they can degrade apolipoprotein E, apolipoprotein a-I and apolipoprotein a-II to reduce the reverse transport function of cholesterol, thereby resulting in an increase in the NHR in acute cerebral infarction (37–39). Second, in animal models, HDL-C, as the principal component protein, might interfere with the release of neutrophils by restraining the synthesis of cytokines such as IL-6 and IL-1β (40) and enhance the clearance efficacy of neutrophils in inflammatory tissues by reducing the expression of granulocyte colony stimulating factor (G-CSF) to suppress the inflammatory response mediated by neutrophils. G-CSF is a crucial regulatory factor for the generation and survival of neutrophils (41, 42). In summary, the reduced inhibitory impact of HDL-C on neutrophil development, differentiation, and adhesion leads to an increased NHR in patients with MMI. While the aetiology of an increased NLR in patients with MMI is likely multifactorial, the primary and most influential factor is the acute stress response or hypercortisolism associated with stroke, leading to a lymphopenia–neutrophilia reaction (43). Additionally, NLR elevation may be attributable to stroke-induced immune depression resulting in lymphopenia and early infection leading to neutrophilia. The assessment and monitoring of the NLR could prove valuable as a clinical parameter for stroke patients. Furthermore, the NLR and the NHR have been well established as independent risk factors for poor short-term prognosis in patients with AIS (44). In particular, Zhao et al. demonstrated that the NHR (AUC = 0.689) and the NLR (AUC = 0.723) might serve as significant predictors of early progression in patients with anterior choroidal artery (AChA) infarction (45). Notably, our findings revealed the enhanced predictive performance of NHR and NLR in patients with MMI, with AUCs of 0.848 and 0.861, respectively. The reasons for these differences in predictive efficacy between AChA infarction and MMI remain unclear. Future research should focus on systematic comparative analyses of these inflammatory biomarkers across different AIS subtypes, which could provide valuable insights into distinct pathophysiological processes and potentially guide the development of subtype-specific therapeutic strategies for improved patient outcomes.

This study has several limitations. First, this study has a limited sample size. Thus, larger cohorts from multicentre trials and further prospective follow-up studies are warranted. Second, this investigation was observational in nature and lacked any interventions. Consequently, the potential benefits of anti-inflammatory therapy for patients with MMI remain unclear, so large-scale prospective interventional studies involving patients with MMI are imperative. Third, owing to the cross-sectional nature of the data collection in this study, changes over time could not be tracked. Future research should incorporate longitudinal approaches to capture the dynamic changes in the levels of biomarkers and their correlations with clinical outcomes. Finally, in this study, only a small number of patients who received intravenous thrombolysis in the early stages of MMI were included. In future studies, larger cohorts with more patients receiving thrombolysis should be included to better understand the impact of thrombolysis on disease progression and biomarker profiles.

Our findings suggest that high WBC, neutrophil, monocyte, WHR, NHR, MHR, MLR, NLR and PLR values in patients with MMI are associated with a poor early prognosis. Moreover, the performance of the WBC count, neutrophil count, NLR and NHR in predicting the progression of patients with MMI is superior among the biomarkers evaluated. When early WBC counts, neutrophil counts, NLR and NHR are high, clinicians should pay more attention to the condition of the patients with MMI to improve the disease prognosis.
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