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Introduction: Subarachnoid hemorrhage (SAH) is a severe hemorrhagic stroke with high mortality. However, there is a lack of clinical tools for predicting in-hospital mortality in clinical practice. LAR is a novel clinical marker that has demonstrated prognostic significance in a variety of diseases.

Methods: Critically ill patients diagnosed and SAH with their data in the Medical Information Mart for Intensive Care-IV (MIMIC-IV) database and the eICU Collaborative Research Database (eICU-CRD) were included in our study. Multivariate logistic regression was utilized to establish the nomogram.

Results: A total of 244 patients with spontaneous SAH in the MIMIC-IV database were eligible for the study as a training set, and 83 patients in eICU-CRD were included for external validation. Data on clinical characteristics, laboratory parameters and outcomes were collected. Univariate and multivariate logistic regression analysis identified age (OR: 1.042, P-value: 0.003), LAR (OR: 2.592, P-value: 0.011), anion gap (OR: 1.134, P-value: 0.036) and APSIII (OR: 1.028, P-value: < 0.001) as independent predictors of in-hospital mortality and we developed a nomogram model based on these factors. The nomogram model incorporated with LAR, APSIII, age and anion gap demonstrated great discrimination and clinical utility both in the training set (accuracy: 77.5%, AUC: 0.811) and validation set (accuracy: 75.9%, AUC: 0.822).

Conclusion: LAR is closely associated with increased in-hospital mortality of patients with spontaneous SAH, which could serve as a novel clinical marker. The nomogram model combined with LAR, APSIII, age, and anion gap presents good predictive performance and clinical practicability.
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Introduction

Subarachnoid hemorrhage (SAH) is a severe subtype of hemorrhagic stroke, accounting for 5% of patients with stroke (1). The rupture of an intracranial aneurysm is the primary cause in the majority of cases, SAH in one-third of patients can be fatal, and at least 20% of survivors do not regain functional independence (2). Most survivors after SAH suffer from long-term physical disabilities and psychological disorders (3, 4). Despite extensive clinical studies and maximal treatment, patients with SAH still present with a dismal clinical outcome (5, 6). Due to the high mortality and low recovery rates, it is critical to establish a useful nomogram for predicting prognosis in patients with SAH.

Currently, over 40 classical grading score systems have been developed and widely used to assess the severity level after SAH, including Glasgow Coma Scale (GCS), the Hunt–Hess scale (HH), the World Federation of Neurosurgical Societies (WFNS) scale, the modified Fisher Scale (mFS), and Subarachnoid Hemorrhage Early Brain Edema Score (SEBES) (7–14). These grading score systems are concise, but the differences between the grades for each system are ambiguous and subjective. Moreover, most of them do not include personal objective indicators, like age, vital signs, and laboratory findings, which may play an independent prognostic role in SAH. In addition, none of these clinical scales can be applied to directly predict mortality in in-hospital patients with SAH. Thus, there is a need to construct a novel grading score system that includes personal-related and prognostic parameters to directly predict the clinical outcome of in-hospital patients with SAH, which would contribute to the clinical decision in an early phase of SAH treatment.

In clinical practice, the serum lactate level is commonly used to evaluate tissue hypoxia and is presented as a key indicator for organ failure and mortality of patients with several critical illnesses, including sepsis, trauma, and pediatric critical illness (15–18). Patients after SAH suffer from low peripheral oxygenation, leading to anaerobic glycolysis due to insufficient oxygen delivery, which leads to lactate production (19). In addition, albumin is mainly synthesized in liver cells and plays a significant role in serum substantial transportation and maintaining the balance of plasma colloid osmotic pressure (20). Patients with SAH frequently become hypovolemic and hemodynamically impaired a few days after symptom onset. Administration of serum albumin after SAH contributes to improving clinical outcomes (21). Importantly, there is emerging evidence that a novel marker termed “LAR,” that is, the ratio of lactate to albumin, is established and preferably used in predicting mortality of critically ill patients (22), including cardiac arrest (23), shock, sepsis (24), and traumatic brain injury (25). However, the prognostic value of LAR in patients with spontaneous SAH remains unclear.

Therefore, this study aimed to explore the association between LAR and the prognosis of patients with SAH and evaluate the predictive utility of LAR combined with the objective hematological indicators. In addition, a nomogram based on LAR was established to improve the discriminating ability of the well-known prognostic parameters in SAH.



Materials and methods


Data source

We extracted patient data from the Medical Information Mart for Intensive Care (MIMIC-IV) database (26) and the eICU Collaborative Research Database (eICU-CRD) (27). MIMIC-IV is a publicly available database comprising electronic health records of 53,423 patients in critical care units from the Beth Israel Deaconess Medical Center (BIDMC, Boston, MA) between 2008 and 2019. The eICU database is a multi-center ICU database containing structured EHR data of over 200,000 admissions in 2014 and 2015 in 208 U.S. hospitals. One of the authors (GZ) has obtained access to both the databases and was responsible for data extraction (Certification number: 45824512). This study was conducted according to the REporting of studies Conducted using Observational Routinely-collected health Data (RECORD) statement (28).



Participant selection

We restricted the search of patients with primary diagnoses of spontaneous SAH using the International Classification of Diseases (ICD-9 code =“430” and ICD-10 code =“I60”). People younger than 18 years, without ICU admission, and with missing baseline data, which accounted for more than 20%, were excluded from the study. For patients with multiple ICU and hospital admissions, we only included data from the first ICU admission of the first hospitalization.



Data extraction and preprocessing

All data in this study were obtained from the database using structured query language (SQL) by PostgreSQL (version 9.4.6). The data extraction included demographic parameters (age and gender), vital signs (temperature, heart rate, respiratory rate, and systolic blood pressure), laboratory parameters (blood routine examination, serum biochemicals, coagulation function, plasmic electrolytes, and arterial blood gas analysis), comorbidity (myocardial infarction, congestive heart failure, chronic pulmonary disease, diabetes, liver disease, and renal disease), Acute Physiology Score III (APSIII), and survival information. In the data preprocessing step, all variables were collected within 24 h of ICU admission, missing values were first filled with first measurements during this hospitalization. For other missing data, categorical variables are filled with mode, and continuous variables are filled with median.



Statistical analysis

Statistical analysis was performed using SPSS 23.0 and STATA 17.0. Baseline characteristics of all patients were divided by survival state. Continuous variables are presented as mean ± standard deviation (if normal) or medians with interquartile ranges (if non-normal), and categorical variables are presented as percentage. Differences between two groups were compared using the t-test or Wilcoxon rank sum test for continuous variables, and the chi-square test for categorical variables, and variables with p-values < 0.05 were included in the binary logistic regression model. Univariable (non-adjusted) and multivariable (adjusted) binary logistic regression models were used to assess the association between clinical characteristics and prognosis of patients. Variables with p-values < 0.05 in the multivariate logistic regression model were used to construct the final prediction model. A nomogram was then constructed based on the logistic prediction model. Receiver operating characteristic (ROC) curve analysis was used to assess the prediction model performance in the training (MIMIC-IV) and testing (eICU) cohorts. The area under the ROC curve (AUC) was used to summarize diagnostic accuracy (AUC = 0.5 no discrimination and AUC = 1 perfect discrimination), and the accuracy, sensitivity, specificity, negative predictive value, and positive predictive value were also calculated. In addition, decision curve analysis (DCA) was applied to evaluate the clinical usefulness of the models.




Results


Baseline characteristics

As shown in Figure 1, a total of 244 patients with spontaneous SAH in with data present in MIMIC-IV were enrolled in this study according to the aforementioned inclusion and exclusion criteria. These patients were divided into two groups according to the in-hospital survival state (174 patients were included in the survivor group, and 70 patients in the non-survivor group), and the baseline characteristics are listed in Table 1. An independent cohort of 83 patients with spontaneous SAH in the eICU-CRD was included for external validation (Supplementary Table S2). Compared with the survivor group, the non-survivor group was more likely to be elderly and have higher respiratory rate (RR), systolic blood pressure (SBP), aspartate aminotransferase (AST), blood urea nitrogen (BUN), glucose, lactate-to-albumin ratio (LAR), anion gap, and Acute Physiology Score III (APSIII), whereas they tended to have lower base excess (BE) and bicarbonate. These results suggest that these clinical characteristics may be related to the prognosis of patients.


[image: Figure 1]
FIGURE 1
 Study design and study flowchart. eICU-CRD, eICU Collaborative Research Database; ICU, intensive care unit; MIMIC-IV, Medical Information Mart for Intensive Care-IV; SAH, subarachnoid hemorrhage.



TABLE 1 Demographic and baseline characteristics of study patients.
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Association between clinical characteristics and hospital mortality

Then, we used both univariate and multivariate logistic regression analyses to evaluate the association between these clinical characteristics and hospital mortality. As shown in Table 2, a total of nine variables (age, respiratory rate, SBP, BUN, glucose, LAR, bicarbonate, anion gap, and APSIII) were statistically significant (p-value < 0.05) in the univariate logistic regression analysis. Then, the variables were included in the multivariate logistic regression analysis for further analysis. In the multivariate logistic regression analysis, the result revealed that age (adjusted OR, 95% CI, p-value: 1.042, 1.014–1.070, 0.003), LAR (adjusted OR, 95% CI, p-value: 2.592, 1.243–5.406, 0.011), anion gap (adjusted OR, 95% CI, p-value: 1.134, 1.008–1.276, 0.036), and APSIII (adjusted OR, 95% CI, p-value: 1.028, 1.013–1.043, < 0.001) were independent prognostic factors of hospital mortality in patients with spontaneous SAH after adjustment. These variables were then included in the construction of the new prediction model.


TABLE 2 Univariate and multivariate logistic regression analysis of factors associated with SAH.
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Nomogram for predicting in-hospital mortality risk

Based on the results of the multivariate logistic regression analysis, a predictive nomogram (Figure 2A) was constructed to evaluate the risk of in-hospital death. The following four variables were incorporated to develop the prognostic nomogram: age, LAR, anion gap, and APSIII. Each patient will get a total point plus the point of five prognostic variables based on this nomogram, which corresponds to the prediction of the risk of in-hospital death. To compare the consistency between the probability of in-hospital mortality predicted by the nomogram model and actual outcomes, calibration curves were plotted. As shown in Figure 2B, the calibration curves of the nomogram were close to the standard curves in the training cohort and validation cohort, which suggested that the nomogram had great consistency.


[image: Figure 2]
FIGURE 2
 Nomogram analyses of patients with spontaneous SAH. (A) Nomogram for predicting in-hospital mortality of patients with spontaneous SAH. (B) Calibration curve of the nomogram predicting in-hospital mortality in the training and validation cohorts. APSIII, Acute Physiology Score III; LAR, lactate-to-albumin ratio.




Predictive performance and clinical usefulness evaluation of the nomogram

To compare the predictive effect of different indexes, receiver operating characteristic (ROC) curve analysis was performed to quantify the performance of different indexes in the training set (MIMIC-IV) and validation set (eICU). As shown in Figure 3A and Table 3, the AUC value of LAR in the training group was 0.718. The accuracy, sensitivity, specificity, PPV, and NPV of the prediction model were 0.750, 0.215, 0.966, 0.714, and 0.753, respectively. The AUC value of APSIII in the training group was 0.733. The accuracy, sensitivity, specificity, PPV, and NPV of APSIII were 0.775, 0.357, 0.943, 0.714, and 0.785, respectively. The AUC value of the prediction model in the training group was 0.811. The accuracy, sensitivity, specificity, PPV, and NPV of the prediction model were 0.775, 0.414, 0.920, 0.674, and 0.796, respectively. Then, the predictive accuracy of the prediction model was further evaluated in a validation set. The AUC, accuracy, sensitivity, specificity, PPV, and NPV of LAR were 0.780, 0.723, 0.290, 0.981, 0.900, and 0.699, respectively. The AUC, accuracy, sensitivity, specificity, PPV, and NPV of APSIII were 0.735, 0.723, 0.452, 0.885, 0.700, and 0.730, respectively. The AUC, accuracy, sensitivity, specificity, PPV, and NPV of the prediction model were 0.822, 0.759, 0.452, 0.942, 0.824, and 0.742, respectively. These results show that LAR had good predictive power in patients with severe SAH and that the new model combining with age, anion gap, LAR, and APSIII had a better predictive power than individual APSIII.
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FIGURE 3
 Predictive performance of the prediction model. (A) Receiver operating characteristic (ROC) curve of different prognostic variables compared with the prediction model for the predictive performance of the in-hospital mortality in the training set (MIMIC-IV database) and validation set (eICU database). (B) Decision curve analysis (DCA) of the prediction model compared with APSIII in the training set and validation set.



TABLE 3 Comparisons of different predictive index.
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We further constructed a DCA curve to predict the reliability of the nomogram. The DCA curve (Figure 3B) showed that the nomogram provides the higher clinical benefit in predicting in-hospital mortality than APSIII in both the training and validation sets.




Discussion

Recently, LAR, calculated by the ratio of lactate to albumin in human serum, is widely used as a prognostic indicator in patients with various critical illnesses, such as cardiac arrest, sepsis, and trauma (23–25). Patients after SAH occurrence undergo life-threatening processes in hospital, which warrants a need to develop an early and prognostic nomogram for predicting the clinical outcome of in-hospital patients with SAH. In this study, we investigated the clinical application of the lactate/albumin (L/A) ratio to be as an early prognostic marker for in-hospital patients with SAH from two large cohorts in two open-source databases. Our results demonstrated that a higher LAR is correlated with poor clinical outcomes in patients with SAH. The multivariate regression analysis indicated that LAR is an independent risk factor for patients with SAH after adjusting for other confounding factors. A novel nomogram established based on LAR presented a higher predictive value than the APSIII scoring system, which is commonly used for patients with SAH.

Lactate is a product of anaerobic respiration, which is produced in large amounts under hypoxia, and is positively correlated with mortality (29–31). Patients after SAH occurrence commonly experience sympathetic hyperactivation, which may result in metabolism dysfunction, especially hyperlactatemia (32). Extensive data had proved that blood lactate concentrations have prognostic implications in patients with SAH (33–36), which is similar to our result that serum lactate presented an independent predictive factor for in-hospital patients with SAH. However, as systemic lactate is influenced by many other factors, the prognostic role of lactate in SAH still remains controversial. Some studies have showed that lactate is related to the severity of SAH in patients with SAH but did not show an association with prognosis (37). Thus, the clinical value of lactate alone in SAH still remains controversial.

Moreover, SAH occurrence is usually accompanied with neurological and systemic inflammation in patients with SAH (38, 39). Most patients with SAH undergo the unfavorable outcome due to the brain injury that caused by subarachnoid blood and subsequent hemoglobin degradation induced inflammatory cascade (38). Albumin contributes to the generation of anti-inflammatory substances such as lipoxins, resolvins, and protectins, which can accelerate the wound healing process and inhibit disease progression (40), providing a reasonable explanation for the protective effect of albumin in patients with SAH. In this study, we have also included albumin as a parameter in our model. The results indicated that albumin plays a beneficial role in the outcome of patients with SAH, which is in accordance with a previous study in which the serum albumin level presented a predictive role in neurologic deficits and clinical outcomes for patients with spontaneous SAH (41).

More importantly, as lactate and albumin are produced from different organs and influenced by multiple mechanisms, a combined index of LAR can reduce the impact of a single factor on the regulation mechanism (22). To the best of our knowledge, this is the first study to explore the prognostic value of LAR among in-hospital patients with SAH. Our results confirmed that the predictive value of LAR can be better than lactate or albumin alone in outcomes of in-hospital patients with SAH. Currently, for in-hospital patients with early-phase SAH, the Acute Physiology Score III (APSIII) including the classical GCS score system is derived from acute physiology and chronic health evaluation scoring system III (APACHE III), which is commonly used for SAH disease severity assessment (42). In this study, we found that LAR alone presented a prognostic value similar to APSIII in the prediction of SAH clinical outcomes. In addition, based on the multivariate analysis, we constructed a novel predictive nomogram that includes independent factors like age, anion gap, LAR, and APSIII. Our data demonstrated that the new predictive model that combined LAR and other independent factors showed a superior performance compared with the APSIII score system alone in assessing the outcome of in-hospital SAH, suggesting a beneficial clinical value of this nomogram.

There are some limitations in our study. On the one hand, hospital mortality was included as one of the prognostic indexes, and long-term clinical outcome and patients' survival status were not recorded due to the limitations of these open-source medical databases. A further study with a detailed long-term survival time of patients with SAH should be performed to determine the predictive value of the LAR prognostic model. On the other hand, the drugs and hospital medical care, which may have an impact on the level of LAR in patients with SAH, were not recorded, which might exert a confounding effect on our conclusion.



Conclusions

LAR may serve as a critical parameter for the prognosis of patients with spontaneous SAH. The nomogram prediction model combined with LAR, APSIII, and other prognostic factors can predict in-hospital mortality of patients with SAH with high degrees of accuracy The application of the predictive model could help clinicians judge the patients' condition, thereby guiding treatment.
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