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Background: Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating stroke subtype with high morbidity and mortality. Although several studies have developed a prediction model in aSAH to predict individual outcomes, few have addressed short-term mortality in patients requiring mechanical ventilation. The study aimed to construct a user-friendly nomogram to provide a simple, precise, and personalized prediction of 30-day mortality in patients with aSAH requiring mechanical ventilation.

Methods: We conducted a post-hoc analysis based on a retrospective study in a French university hospital intensive care unit (ICU). All patients with aSAH requiring mechanical ventilation from January 2010 to December 2015 were included. Demographic and clinical variables were collected to develop a nomogram for predicting 30-day mortality. The least absolute shrinkage and selection operator (LASSO) regression method was performed to identify predictors, and multivariate logistic regression was used to establish a nomogram. The discriminative ability, calibration, and clinical practicability of the nomogram to predict short-term mortality were tested using the area under the curve (AUC), calibration plot, and decision curve analysis (DCA).

Results: Admission GCS, SAPS II, rebleeding, early brain injury (EBI), and external ventricular drain (EVD) were significantly associated with 30-day mortality in patients with aSAH requiring mechanical ventilation. Model A incorporated four clinical factors available in the early stages of the aSAH: GCS, SAPS II, rebleeding, and EBI. Then, the prediction model B with the five predictors was developed and presented in a nomogram. The predictive nomogram yielded an AUC of 0.795 [95% CI, 0.731–0.858], and in the internal validation with bootstrapping, the AUC was 0.780. The predictive model was well-calibrated, and decision curve analysis further confirmed the clinical usefulness of the nomogram.

Conclusion: We have developed two models and constructed a nomogram that included five clinical characteristics to predict 30-day mortality in patients with aSAH requiring mechanical ventilation, which may aid clinical decision-making.
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Introduction

Stroke has become the leading cause of death and disability, with an escalating burden in China (1). Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating type of hemorrhagic stroke, representing 3.1% of all strokes (2), with a 30-day mortality rate of up to 36% (3). Despite improved neurosurgical techniques and management and a decline in the global incidence of aSAH, 30-day mortality has remained unchanged over the last decades (4). Approximately one-third of the survivors recovered fully and returned to independent living after bleeding (5).

The establishment of relevant prediction models in terms of short-term mortality may support clinicians in their treatment recommendations. In addition, prediction models may provide a convenient and graphic tool for patients and relatives. Currently, several models have been developed to estimate the mortality in patients with aSAH. However, few predictive models have evaluated the short-term mortality in patients with aSAH requiring mechanical ventilation.

In the present study, we focused on patients with aSAH requiring mechanical ventilation to identify predictors and build a nomogram to predict the risk of 30-day mortality.



Materials and methods

This is a post-hoc analysis of a previously completed retrospective cohort study conducted in a university hospital intensive care unit in Montpellier, France. In the present study, a total of 236 confirmed patients with aSAH requiring mechanical ventilation were enrolled between January 2010 and December 2015 (6). Patients with iatrogenic aneurysm ruptures and those without follow-up were excluded. Based on critical condition on admission (Glasgow coma scale under 9), patients with aSAH were treated with sedation and mechanical ventilation to prevent secondary brain damage and maintain body temperature between 36 ̊C and 38 ̊C. All treatments followed the international guidelines (7). No additional patient informed consent was required because the data used in this study were publicly available from a public database (8) and patient information was anonymous.

The variables of patients with aSAH requiring mechanical ventilation collected for further analysis were as follows: age, sex, hypertension, tobacco use, alcohol abuse, diabetes, cardiovascular disease, aneurysm location, Glasgow coma scale (GCS) on admission, simplified acute physiology score II (SAPS II), World Federation of Neurosurgical Societies (WFNS) score, presence of intracerebral hemorrhage (ICH), Fisher score, early brain injury (EBI), external ventricular drain (EVD), rebleeding, angiographic vasospasm, length of mechanical ventilation (LMV), delayed cerebral ischemia (DCI), and 30-day mortality. The specific variables are defined as follows: EBI: Patients with cerebral hypodensities on CT scans who experienced neurological deterioration, raised ICP within 48–72 h, or were brain dead before day 5 were defined as having EBI. Rebleeding: An increase in subarachnoid blood between two CT scans. Angiographic vasospasm: at least one-third reduction in arterial diameter on CTA or digital subtraction angiography (9). DCI: delayed clinical deterioration due to ischemia or a delayed cerebral infarction discovered by CT or MRI scans (10). 30-day mortality: measured at 30 days after admission.


Statistical analysis

Before data analysis, predictor variables in the retrospective cohort were inspected for missing values. To obtain five imputation datasets, we used the “mice” package of R (seed = 0879) to address missing values with multiple imputations.

Continuous variables were presented as the mean ± SD or median (IQR), and categorical variables were expressed as numbers (percentages). Continuous variables were performed using an unpaired, two-tailed t-test, or Mann–Whitney U-test as appropriate. Categorical variables were compared using the χ2 test or Fisher’s exact test. To facilitate clinical application, we dichotomized continuous variables (SAPS II, GCS, and WFNS) based on the cutoff values derived from the receiver operating characteristic (ROC) curve analysis (11).

The least absolute shrinkage and selection operator (LASSO) regression technique (R package glmnet) was used to select the most useful predictive features from high-dimensional data (12). Prediction model A was constructed by integrating independent clinical risk factors. The clinical intervention factor was added to model A to develop prediction model B based on the features selected from the LASSO regression. Moreover, two forest plots (R package forest model) were constructed to present significant predictors and odds ratios for correlations with the risk of 30-day mortality.

A nomogram (R package regplot) of 30-day mortality in aSAH patients requiring mechanical ventilation was formulated based on model B. The discriminatory capacity of the model was determined by calculating the area under the curve (AUC) (13). The bootstrapping method (resampling = 1,000) was employed for internal validation (14). The calibration of the model was evaluated by using a calibration plot and the Hosmer–Lemeshow test. The Brier score was chosen for overall performance, as it can capture both discrimination and calibration (15). Decision curve analysis (DCA) was then performed to determine the clinical practicability of the nomogram based on the standardized net benefits at different threshold probabilities in the retrospective cohort (16, 17).

A two-tailed value of p of <0.05 was considered statistically significant in our study. R software (version 4.1.0; R Foundation for Statistical Computing, Vienna, Austria, https://www.r-project.org) was used for statistical analysis. All analyses were reported according to the Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis (TRIPOD) guidelines (14).




Results


Participant characteristics

The demographic and clinical characteristics of study participants after imputation are summarized in Table 1. In total, 68 patients (28.81%) died within 30 days after admission. Of the enrolled patients, the median age was 56 years, 62% were female, and 46% had intracerebral hemorrhage. In most cases, the neurological severity of the condition on admission was critical, with 90% of the patients having a WFNS grade of IV–V, 78% having a Fisher’s scale of IV, and a median GCS of 7.0 (IQR,4.0–9.0). When the patients were admitted to the ICU within 24 h, the median score on the SAPS II severity scale was 43 (IQR,35–50).



TABLE 1 Participant characteristics.
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The neurological events observed in the ICU, in decreasing order of frequency, were EBI (72%), angiographic vasospasm (36%), delayed cerebral ischemia (27%), and rebleeding (14%). Moreover, 156 patients (67%) were diagnosed with hydrocephalus requiring EVD.



A prognostic nomogram for 30-day mortality

The results of the univariate analysis are also summarized in Table 1. The univariate analysis identified the following significant variables for 30-day mortality after admission in aSAH patients between the survival and non-survival groups: GCS on admission (7.0 [IQR, 4.0–9.0] vs. 5.0 [IQR, 3.0–8.0]; p = 0.009), SAPS II (40 [IQR, 34–48] vs. 47 [IQR,39–52]; p = 0.002), WFNS score (p = 0.016), EBI (p < 0.001), EVD (p = 0.007), and rebleeding (p < 0.001).

According to the cutoff values derived from ROC curve analysis, GCS was dichotomized into equal to 4 and greater than 4, and SAPS II was dichotomized into less than 45 and 45–79. In all 18 variables collected from patients, five potential predictors were selected based on the LASSO regression model (Figure 1). These potential predictors included admission, GCS, SAPS II, rebleeding, EBI, and EVD. To develop an early prediction model for aSAH patients requiring mechanical ventilation, model A incorporated four clinical factors: GCS, SAPS II, rebleeding, and EBI. Then we added the clinical intervention factor EVD to model A to develop a new prediction model (model B) that is appropriate for clinical practice.
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FIGURE 1
 Predictor selection using the LASSO regression analysis with 10-fold cross-validation. (A) A coefficient profile plot was created against the log (lambda) sequence. (B) Tuning parameter (lambda) selection of deviance in the LASSO regression based on the minimum criteria and the 1-SE criteria.


The predictors related to the 30-day mortality of aSAH identified by multivariable logistic regression in the two models are demonstrated in the forest plots (Figure 2). The ROC (Figure 3A) was conducted to compare the discrimination performance of the models (p = 0.121). Moreover, by introducing the above five independent predictors, the 30-day mortality of aSAH risk nomogram was developed based on model B and is presented in Figure 4.
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FIGURE 2
 Forest plot of the two multivariable logistic regression models (model A and model B) for predicting the risk of 30-day mortality in patients with aSAH requiring mechanical ventilation. SAPS II, simplified acute physiology score II; EBI, early brain injury; EVD, external ventricular drain; GCS, Glasgow Coma Score.
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FIGURE 3
 ROC curves (A) for comparisons of the AUC between model A and model B (value of p = 0.121).Calibration plot for the nomogram model (B). The horizontal axis represents the nomogram-predicted probability of 30-day mortality, and the vertical axis represents the actual observed 30-day mortality. Decision curve (C) implicates the standardized net benefit with respect to the use of the nomogram. AUC, area under the curve.
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FIGURE 4
 Nomogram predicting the risk of 30-mortality in patients with aSAH requiring mechanical ventilation. The nomogram is used by summing all points identified on the scale for each variable. The total points projected on the bottom scale indicate the probability of 30-day mortality. SAPS II, simplified acute physiology score II; EBI, early brain injury; EVD, external ventricular drain; GCS, Glasgow Coma Score.




Performance evaluation of the prognostic nomogram

In estimating 30-day mortality of aSAH, the satisfactory predictive performance of the nomogram was moderate to good accuracy (AUC: 0.795 [95% CI, 0.731–0.858]), for internal validation with bootstrapping (AUC: 0.780).

The calibration graph (Figure 3B) also revealed a good concordance between the nomogram-predicted probabilities and actual probabilities throughout the scale’s score range (Brier score = 0.158). The Hosmer–Lemeshow test yielded a non-significant p-value of 0.516.

To assess its clinical usefulness, the decision curve for the nomogram is demonstrated in Figure 3C. The decision curve indicated that in the current study, the nomogram was more accurate in predicting the risk of 30-day mortality when the risk threshold probability was between 10 and 64%.




Discussion

In the present study, we conducted two prediction models to recognize the risk factors related to the 30-day mortality in patients with aSAH. Model A included variables that were easily available at admission or within 24 h, including GCS and SAPS II, and other parameters associated with poor prognosis, rebleeding, and EBI. Model B (model A + EVD) was constructed using five significant predictors identified by LASSO regression. These five variables were used to establish a prognostic nomogram based on model B that demonstrated good discrimination, goodness-of-fit, and clinical usefulness in identifying patients with a high risk of 30-day mortality. Moreover, more effort is needed to improve the model and make it more accurate and practical.

Several predictive models have been developed to estimate the prognosis of SAH patients (18–20). However, the predictive models for short-term mortality in patients with SAH requiring mechanical ventilation are rarely reported. Li et al. retrospectively analyzed 310 patients and found that age, lymphocyte, neutrophil, CRP, AST, and treatment were independent predictors of 3-month all-cause death (21). Then, they built a predictive model including the above predictors with an accuracy of 0.811. However, this model did not consider the severity of the disease on admission, which significantly affected the clinical outcomes. Another predictive model recently reported by Zhou et al. has enrolled 150 patients with WFNS IV–V and established a nomogram with an accuracy of 0.909 (22). However, all patients analyzed in their study were treated by clipping, which may bias the results.

Due to the advancement of diagnostics and treatment strategies, case fatality rates have decreased after adjustment for age in recent decades (23). In this study, the 30-day mortality (28.81%) fell within the ranges reported in other studies (3, 4, 24). Still, it was higher than the rates reported in population-based studies (24), owing to poor-grade SAH (25) and clinical conditions on admission.

In our study, lower admission GCS and SAPS II were predictors of 30-day mortality, which had been confirmed in previous studies. Maragkos et al. (26) observed that an admission GCS score of 3–8 was one of the risk factors for predicting mortality and functional outcomes in patients with aSAH. Consistent with another retrospective cohort study, the requirement for mechanical ventilation, a higher APACHE III score, and lower GCS were found to be associated with lower survival to discharge (27). Moreover, some studies showed that physiologic parameters, such as hypoxemia, metabolic acidosis, electrolyte abnormalities (28) and cardiovascular instability (29) were independent predictors of mortality in SAH patients. SAPS II scores had all these factors in their automated calculation tables.

In our study, rebleeding was a particularly strong independent predictor of 30-day mortality in aSAH, which was consistent with other studies. Zhao et al. (30) conducted a multicenter prospective registry on the long-term outcomes of patients with poor-grade aSAH and found that aneurysm rebleeding was independently associated with mortality (OR 25.03, p < 0.001) at 12 months. In a nationwide population-based study conducted in 2018, rebleeding was treated as a binary variable within a multivariate regression model. The analysis revealed a significant association between rebleeding and in-hospital mortality (31). The cumulative incidence of rebleeding was reported to range between 4 and 17% of aSAH patients during the first 3 days (32) and mainly occurred within the first 6 h after ictus (33). Therefore, to reduce the risk of rebleeding and mortality, early or ultra-early aneurysm repair was recommended for patients with poor-grade SAH (25, 33, 34). Antifibrinolytic therapy was considered a protective approach and was safe to use within 72 h after aSAH (35). However, a Cochrane review did not support the use of antifibrinolytic therapy, although results on short-term treatment were promising (36). Interdisciplinary decision-making approaches may be reasonable for patients with poor-grade SAH (25).

EBI is considered to be the primary factor associated with high mortality after SAH (37), which refers to the immediate brain damage that occurs within 72 h after bleeding (38). Li et al. developed a new prognostic model based on the EBI in patients with aneurysmal subarachnoid hemorrhage with similar accuracy to our study (39). In recent clinical trials, the incidence of vasospasm was reduced without improving functional outcomes (40). Therefore, the focus of experimental and clinical research shifted toward the EBI evoked by SAH. Management strategies aimed to mitigate EBI by providing an adequate blood supply to the brain and normalizing pathophysiological parameters, although no specific treatment was currently available (41). It has been reported that the pathogenesis of EBI is strongly associated with intracranial hypertension and decreased cerebral blood flow. Our study confirmed that EVD is an effective approach to reducing intracranial hypertension after aneurysm repair and may, in turn, reduce 30-day mortality in poor-grade SAH.

The discriminative power of the nomogram was moderate to good accuracy with AUC (0.795 [95% CI, 0.731–0.858]), which was an acceptable power. Furthermore, the novel nomogram provided valuable information to help clinicians make decisions based on five common and easily accessible clinical parameters. Patients with aSAH requiring mechanical ventilation might benefit from the individualized treatment.

This predictive model has several limitations. First, this nomogram was built based on a single centre. Second, a prospective study was required to further confirm the nomogram’s reliability. Third, most patients presented with a severely poor clinical condition requiring mechanical ventilation, which limited the extent of the results to other populations. Finally, our study lacked detailed data on pulmonary diseases, neurogenic pulmonary edema, and pulmonary infections, which could potentially influence short-term mortality. Despite these limitations, this study was the first to develop a nomogram for predicting 30-day mortality in patients with aSAH requiring mechanical ventilation.



Conclusion

We have developed a nomogram for predicting 30-day mortality in patients with aSAH requiring mechanical ventilation, which may aid clinical decision-making. The model included admission GCS, SAPS II, rebleeding, EBI, and EVD. Although our model has demonstrated good discrimination ability and reasonable performance, it still requires external validation.
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