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Backgrounds: The plasma colloid osmotic pressure (COP) values for predicting mortality are not well-estimated. A user-friendly nomogram could predict mortality by incorporating clinical factors and scoring systems to facilitate physicians modify decision-making when caring for patients with serious neurological conditions.

Methods: Patients were prospectively recruited from March 2017 to September 2018 from a tertiary hospital to establish the development cohort for the internal test of the nomogram, while patients recruited from October 2018 to June 2019 from another tertiary hospital prospectively constituted the validation cohort for the external validation of the nomogram. A multivariate logistic regression analysis was performed in the development cohort using a backward stepwise method to determine the best-fit model for the nomogram. The nomogram was subsequently validated in an independent external validation cohort for discrimination and calibration. A decision-curve analysis was also performed to evaluate the net benefit of the insertion decision using the nomogram.

Results: A total of 280 patients were enrolled in the development cohort, of whom 42 (15.0%) died, whereas 237 patients were enrolled in the validation cohort, of which 43 (18.1%) died. COP, neurological pathogenesis and Acute Physiology and Chronic Health Evaluation II (APACHE II) score were predictors in the prediction nomogram. The derived cohort demonstrated good discriminative ability, and the area under the receiver operating characteristic curve (AUC) was 0.895 [95% confidence interval (CI), 0.840–0.951], showing good correction ability. The application of this nomogram to the validation cohort also provided good discrimination, with an AUC of 0.934 (95% CI, 0.892–0.976) and good calibration. The decision-curve analysis of this nomogram showed a better net benefit.

Conclusions : A prediction nomogram incorporating COP, neurological pathogenesis and APACHE II score could be convenient in predicting mortality for critically ill neurological patients.
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INTRODUCTION

Cerebral oedema in patients with critical neurological status may be caused by multiple pathological mechanisms associated with primary and secondary injury patterns. As the internal pressure in the skull increases, intracranial hypertension can cause brain tissues to shift, leading to disability or death (1–4). Owing to the importance of intracranial pressure (ICP) monitoring in the care of patients with critical neurological status and its relationship with overall prognosis, ICP monitoring is included in many guidelines for treating brain injury (5–8). Nevertheless, ICP monitoring is limited by the invasive nature of specific techniques and the high risk–benefit ratios used in certain patient populations (9). Although ICP monitoring is often used in developed countries, it is still grossly inadequate in developing areas. Consequently, it is meaningful to explore the use of existing biomarkers to detect the prognosis and overall situation of patients with craniocerebral injury.

A study revealed that serum albumin (sALB) and Glasgow coma scale (GCS) scores were predictors of survival in patients with neurological condition requiring intensive care (10). Additionally, sALB is the main component of maintaining plasma colloid osmotic pressure (COP). The maintenance of COP is vital for controlling the distribution of extracellular fluid between blood vessels and extravascular compartments (11–14). Thus, theoretically, COP might be used to assess the overall pathophysiological status of patients with critical neurological conditions in some cases. Furthermore, with the advantages of short intervals at the bedside, COP would be a helpful, convenient and safe tool to enable regular monitoring, especially in resource-constrained areas without advanced and expensive equipment. These features have established that COP can predict the prognosis and identify related prognostic characteristics.

However, predictive models for critically ill neurological patients are non-existent, even though several predictive models have been constructed for clinical subgroups, such as for patients with traumatic brain injury and subarachnoid hemorrhage (15, 16). A study revealed that combining biomarkers and clinical factors into a model could be accurate and convenient in predicting prognoses (17, 18). A nomogram for predicting mortality would greatly help the physician to make decisions and would be essential for risk stratification in quality improvement and clinical research. With this background, this study aimed to establish a nomogram for predicting mortality in critically ill neurological patients by incorporating clinical factors and scoring systems.



MATERIALS AND METHODS


Setting, Participants, and Data Collection

This two-stage prospective, observational study was performed in two tertiary hospitals in Guangdong Province, China. In the first stage, all patients aged >18 years were recruited from the neurointensive care unit (NICU) in Guangdong Provincial People's Hospital between March 2017 and September 2018 as the development cohort. Similarly, in the second stage, patients with neurological diseases who were aged over 18 years and admitted in the emergency intensive care unit (EICU) or the emergency department of Longgang District Central Hospital were prospectively collected from October 2018 to June 2019 as the validation cohort. Patients with incomplete data were excluded from the analysis. The outcome was mortality in the NICU, EICU or emergency department. All patients were recruited after signing informed consent. This study was approved by the Ethics Committee of the participating centers and complied with the criteria of the Helsinki Declaration.



Sample Size Consideration

The rule of thumb recommended by Peduzzi et al. was used to calculate the sample size (19), that is, events per variable being 10 or more significant in the setting of the multivariate regression model. Thus, ~3–4 variables might be obtained in developing a model. Consequently, a sample size of 30 (3*10) to 40 (4*10) participants who died was required to predict the outcome. Finally, a minimum sample of 40 positive events, that is, patients with neurological diseases who died in the NICU, EICU or emergency department, was adopted to conduct this study.



Sample Measurements and Data Collection

All blood samples were gathered within 1 h after admission to the NICU, EICU or emergency department. Serum total protein (sTP), sALB, serum hemoglobin, fibrinogen, crystal osmotic pressure, serum sodium, blood glucose, serum potassium, serum creatinine, blood urea nitrogen and blood calcium were measured at the central laboratory of the hospitals using a standard protocol within 24 h after collection.

The COP detector (ONKOMETER BMT923, BMT MESSTECHNIK GMBH, German) was used to measure the COP. First, 0.5 ml of blood collected from the radial vein was added to the detector, the blood was waited to settle and evenly distribute for 15 s. Then, an additional 0.2 ml of venous blood was added to enable measurement of the COP (20, 21). The COP was measured from samples obtained within 1 h after admission.

Patients were classified into different neurological pathogenesis according to pathophysiological mechanisms reflected by the diagnosis at the time of admission. Moreover, data concerning demographic characteristics (age and gender), pre-existing comorbidities (hypertension and diabetes mellitus), neurological pathogenesis (vascular, tumorous, infectious, traumatic, metabolic and toxic), Acute Physiology and Chronic Health Evaluation II (APACHE II score) and GCS score were documented on admission. In addition, after discharge from the NICU, EICU or emergency department, prognosis information, including the duration of mechanical ventilation, length of stay and mortality, was recorded.



Statistical Analysis

Shapiro–Wilk test was employed to identify the normal distribution of continuous variables, expressed as the median and standard deviation. Wilcoxon–Mann–Whitney U-test was performed on the skew distribution, defined as the median and interquartile range. Descriptive statistics for categorical variables were described in the form of frequency (percentage) and were compared by the Pearson χ2 test or Fisher's exact test, appropriately. Possible confounding factors and clinically significant factors were included in the univariate analysis. Variables with P-values < 0.05 in the univariate analysis were considered in the multivariate model. Spearman correlation and Belsley collinearity test were used to evaluate the collinearity among all covariates. Multivariate logistic regression analysis used by a backward stepwise approach was first conducted to determine the reduced model in the development cohort to establish a predictive nomogram of mortality. In addition, to visualize the linear relationship between COP and predicted ICU mortality, a scatter plot with a smooth curve derived by a method of generalized additive model was depicted. Covariates were COP, neurological pathogenesis, sTP, sALB and APACHE II score. Estimated odds ratios (OR) as well as 95% confidence intervals (CI) were calculated. Discrimination was assessed using the area under the receiver operating characteristic curve (AUC) resulting from the conventional receiver operating characteristic (ROC) curves. The non-parametric approach of DeLong and Clarke-Pearson was utilized to contradistinguish the AUC values in those two models. The development and validation models were calculated for accuracy, sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV). Finally, the nomogram containing the identified predictive variables was generated from the reduced model. Primarily, a vertical line was drawn from the factor to the point axis to calculate the points of each predictor in the nomogram. Subsequently, all points from all predictors were utilized to identify the total points. Thus, the estimated probability of mortality could be gained using a vertical line drawn from the whole point axis to the risk of mortality axis.

Bootstrapping methods were used to perform the validation and calibration of the best-fit model and nomogram. Approximately 1,000 patients were used in the bootstrap method to report the bootstrap-corrected AUC and 95% CI. The calibration plots of the nomogram were assessed by using the Hosmer–Lemeshow test. The validity of this nomogram model was checked on an independent external validation cohort considering discrimination and calibration. Decision-curve analysis was conducted in the validation cohort to determine the net benefit of the decision for mortality with the nomogram at different threshold probabilities. With an alpha level of 0.05, all tests were conducted two-sided.

Statistical analysis was processed by software programmes SAS (SAS v9.4; SAS Institute, NC, USA), R v3.3.3 (R Foundation for Statistical Computing, Vienna, Austria) utilizing R Studio v1.0.136 (R Studio Inc., Boston, MA, USA) and Matplotlib v3.3.4 (The Matplotlib development team) using Python 3.9 (Python Software Foundation).




RESULTS


Cohort Description
 
Development Cohort

None of the 280 patients employed in the first stage were excluded because of incomplete data. As a result, a total of 280 patients, of which 42 (15.0%) died, were included in the development cohort (Table 1).


Table 1. Clinical and demographic data for development and validation cohort.
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Validation Cohort

Of the 237 patients who were eligible in the second stage, none were excluded because of incomplete data. Thus, a total of 237 patients, of which 43 (18.1%) died, were included in the validation cohort (Table 1).




Development of the Nomogram Model

As shown in Table 1, variables presenting significance including COP, neurological pathogenesis of vascular, sTP, sALB and scoring systems (APACHE II score and GCS score) were selected to the multivariate logistic regression. COP, neurological pathogenesis and APACHE II score were recognized as independent predictors in the multivariate logistic regression analysis (Table 2). Patients with neurological pathogenesis of vascular (OR, 7.062; 95% CI, 2.357–21.157; P <0.001) or higher APACHE II score (OR, 1.095; 95% CI, 1.022–1.174; P = 0.01) had higher probabilities of death. By contrast, the higher the COP (OR, 0.598; 95% CI, 0.482–0.742; P < 0.001), the less likely the death was to be achieved (Table 2). As also presented in Figure 1, the lower the COP value, the higher the risk of death will be. A linear correlation was visualized between NICU mortality and COP values with an adjusted R square of 0.445. Obviously, with the increase of COP, mortality decreased to a relatively lower valley, with a trend that when the COP values climbed over 20 mmHg, the mortality seemed stay no more higher.


Table 2. Multivariate logistic regression analysis of predictors for the ICU death.
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FIGURE 1. Scatter plot of COP values correlated to neurological ICU mortality. The blue line indicates the trend line with a gray shadow representing the 95% confidence interval. The plot visualizes that the mortality risks descends as the COP values ascend in neurological ICU patients. COP, colloid osmotic pressure.


The ROC analysis of predictors of death in the development cohort is demonstrated in Figure 2. The prediction model that incorporated the identified predictors was completed and presented as the nomogram (Figure 3). With high accuracy, high sensitivity, high NPV, low specificity and low PPV in the development cohort, this development model is considered highly effective in identifying patients with a lower risk of mortality (Table 3). Calibration plots for the nomogram in the development cohort were generated (Figure 4A).


[image: Figure 2]
FIGURE 2. Receiver operating characteristic curve analyses of prediction for the mortality in the development and validation cohort. AUC, the area under the receiver operating characteristic curve; CI, confidence interval.



[image: Figure 3]
FIGURE 3. Nomogram predicting the probabilities of mortality for neurological critically ill patients. To obtain the nomogram-predicted probability, locate patient values on each axis. Draw a vertical line to the point axis to determine how many points are attributed for each variable value. Sum the points for all variables. Locate the sum on the total point line to assess the individual probability of mortality in the neurointensive care unit. APACHE II, Acute Physiology and Chronic Health Evaluation II. The unit of colloid osmotic pressure is mmHg.



Table 3. Detective characteristics of the development and validation cohort.
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FIGURE 4. Calibration plot for nomogram in the (A) development cohort and (B) validation cohort. (A) The 45° dashed line (“Ideal”) represents ideal predictions, the plot illustrates the accuracy of the best-fit model (“Apparent”) and the bootstrap model (“Bias-corrected”) for predicting ICU mortality. The ticks across the x-axis represent the frequency distribution of the predicted probabilities. (B) The blue dashed line denotes perfect calibration. A smoothing curve (green solid line) and the calibration curve (red solid line) are also overlaid. The distribution of calculated predicted probabilities is overlaid along the horizontal axis. A subset of various statistics useful for validating the model are also shown. Dxy: Somers' Dxy rank correlation between p (predicted possibilities) and y (actual outcome = 0 or 1). C(ROC): the ROC area. U: Unreliability index, for testing unreliability. Brier: Brier score, average squared difference in p (predicted possibilities) and y (actual outcome = 0 or 1).




Validation of the Nomogram Model

As revealed by Table 1, variables absorbed in the multivariate logistic regression due to significance in the validation cohort were the same as those in the development cohort. As for the clinical outcomes, patients who died had a longer duration of ventilation and longer length of stay than survivors in both the development cohort and validation cohort (Table 1). The ROC analysis of the predictors of mortality in the validation cohort is demonstrated in Figure 2. With AUCs (95% CI) of 0.895 (0.840–0.951) and 0.934 (0.892–0.976), no significant difference was found between the development and validation cohorts by using the DeLong test with a P-value of 0.274 (Figure 2). Similar to the development cohort, this validation model highly effectively identified patients with a lower risk of mortality, due to its corresponding high accuracy, high sensitivity, high NPV, low specificity and low PPV (Table 3). With the AUC of 0.935, the ability to predict mortality in the validation cohort was ideal (Figure 4B). Besides, the model in the validation cohort presented good consistency, as Figure 4B displayed.



Clinical Use

Figure 5A presents the decision-curve analysis of this nomogram. Threshold probability is defined as the probability of mortality from which a physician is viewed in the NICU, EICU or emergency department. As shown in the decision curve, regardless of the threshold probability of mortality, it is more efficient to use this predictive nomogram to predict mortality than other alternative strategies. The bootstrap method was used to simulate 1,000 patients with high-risk status. When the event incidence rate was >60%, the event occurrence probability was utterly consistent with the model, suggesting that the model had good prediction performance (Figure 5B). According to the economic benefit ratio, the earlier the intervention was given to patients with high-risk status, the better the economic benefit ratio (Figure 5B).
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FIGURE 5. (A) Decision curve analysis of increasing COP in patients with the model nomogram. The y-axis measures the net benefit. The green line represents the model nomogram. The blue long-dashed line represents the assumption that all patients undertake post-pyloric tube placement. Thin red dashed line represents the assumption that no post-pyloric patient undertakes tube placement. The net benefit was calculated by subtracting the proportion of all patients who are false positive from the proportion who are true positive, weighting by the relative cost of forgoing administration compared with the negative consequences of an unnecessary administration. Threshold probability is the probability of survival from which an intensivist considers that he decides an intervention measure to increase the COP. The decision curve showed that if the threshold probability of a ICU survival is 5% or above, which explicitly covers the range of clinically reasonable threshold probabilities (probability of success >50%), using the nomogram in the current study to predict ICU survival adds more benefit than the administer-all scheme or the administer-none scheme. For example, if the personal threshold probability of a ICU survival is 50% (i.e., the intensivist would opt for administration if the patient's probability was 50%), then the net benefit is 0.045 when using the nomogram to make the decision of whether to start the administration, with added benefit than the administer-all scheme or the administer-none scheme. (B) Clinical impact curve of model nomogram. The red curve (number of high-risk individuals) indicates the number of people who are Classified as positive (high risk) by the model at each threshold probability; the blue curve (number of high-risk individuals with outcome) is the number of true positives at each threshold probability. Clinical impact curve visually indicated that nomogram conferred high clinical net benefit and confirmed the clinical value of the nomogram.





DISCUSSION

To date, there have been few prospective studies regarding mortality in patients with critical neurological status across the spectrum. Therefore, we performed a two-stage, duocentric prospective study to assess mortality in critically ill neurological patients. Our results show a mortality rate of up to 15.0% in the development cohort and 18.1% in the validation cohort. Thus, our study provides additional evidence for mortality in this population group. Likewise, this study confirmed that COP, APACHE II score and neurological pathogenesis are independent predictors and established a practical and straightforward nomogram for predicting individual mortality in critically ill neurological patients. Lower concentration of COP, higher APACHE II score and neurological pathogenesis of cerebrovascular diseases facilitated the death of patients with critical neurological disorders. To the best of our knowledge, this study is the first attempt to develop a predictive nomogram for mortality of patients with critical neurological status based on clinical data.

Brain swelling can force brain tissues to move into abnormal anatomical spaces under pressure, causing damage to these brain areas and even brain hernia. However, with the development of intensive care techniques, clinicians can titrate therapy based on objective information collected from monitors. Therefore, for many clinical applications, ICP monitoring is required, but non-invasive monitoring is necessary under certain circumstances, such as in conscious patients (i.e., ophthalmology, neurology, aerospace medicine cases, etc.). Unfortunately, in clinical practice, many non-invasive monitoring techniques lack accuracy. A study also showed that decreased plasma COP and serum protein levels can be used to indicate the severity of injury in patients with trauma (14). Therefore, COP can be used in place of ICP for intracranial pressure monitoring in specific cases, which is expected to play a role in the mortality prediction of patients with critical neurological status. On this basis, this study was conducted and found that COP is a good predictor of mortality in patients with critical neurological disorders. Notably, COP has more comprehensive indications, fewer contraindications than ICP, making it safer and more extensive clinical application. For example, COP can be used as a screening tool in emergency departments for patients who are suspected of needing invasive monitoring of ICP.

The APACHE II score can be a very promising prognostic predictor that can assess the patient's overall health status and correlate with disease severity (22, 23). Furthermore, the GCS (24) and APACHE II scores were reported as predictors of prognosis for many medical conditions such as traumatic brain injury (25). Consistently, our study revealed that the APACHE II score occupied a large proportion in this predictive nomogram. Previous studies had also demonstrated that the GCS score could be utilized in predicting adverse outcomes since it is valuable in identifying consciousness and neurological dysfunction (26, 27). Thus, the GCS score is conceivable to use as a potential predictor. However, the multivariate model eliminated the GCS score, although it was significant in the univariate analysis. Furthermore, the GCS and APACHE II scores share most of the same scoring criteria, resulting in the collinearity between the two scoring systems. Hence, our study has recognized that the APACHE II score is an essential predictor of mortality probability.

This study presents that patients with cerebrovascular diseases are vulnerable to a higher mortality probability than those exposed to tumorous, infectious, traumatic, metabolic and fatal neurological diseases. Cerebrovascular diseases, which have high disability and mortality rates, are becoming increasingly common worldwide. Cerebrovascular disease is a leading cause of death because of its acute progression, quick deterioration and severe complications, such as cerebral oedema (28). With high morbidity, disability rates and death rates, cerebrovascular disease hurts the quality of life and public health (29).

Unlike a previous study explaining that age, diagnosis, GCS, pupillary status, sALB and serum sodium are independent predictors of survival in patients with critical neurological status (30), our study has the following merits. Firstly, factors included in our model and complex clinical algorithms are substantially reduced, making our model convenient and straightforward to speculate the mortality rate; thus, the clinical model becomes more widely used in clinical practice. Secondly, our model's APACHE II scoring system can more comprehensively reflect patients' overall situation and enhance the prediction performance. Moreover, the APACHE II scoring system has been routinely used to evaluate the overall condition and predict the prognosis of patients in clinical application. Meanwhile, with the development of artificial intelligence, real-time automatic data acquisition and updates of the APACHE II scoring system have been realized. Therefore, the existing clinical scoring system no longer has the disadvantage of the complex algorithm, so it cannot be promoted and used. Thirdly, prediction by COP, which was included in our model, was better than the sALB prediction. Although sALB, sTP and COP demonstrated significant differences in the univariate analysis, COP showed better performance in the multivariate analysis. Serum ALB and sTP were excluded in the multivariate analysis probably because there was collinearity with COP, and the sALB and sTP might have been affected by more confounding factors. Fourthly, since many critically ill neurological patients were included in our study, the etiologies were complex. Thus, the external scalability was increased. Fifthly, the etiology, biological markers and clinical factors were included in our predictive model, which could comprehensively and accurately assess the condition and decide the clinical diagnosis and treatment. Moreover, a study presented that the combination of clinical markers and biomarkers is an effective method for the accurate prediction of prognosis (31). Finally, the capillary state assessed in previous studies is affected by various factors, which will influence the accuracy of prediction performance.

Furthermore, owing to its visualizing, intuitive and appreciable specialties, the nomogram was gradually accepted and consolidated to facilitate decision-making in the clinic, especially for individualized therapy (32, 33). The guideline encourages physicians to conduct clinical research involving standardized clinical management across centers, independent monitoring of patient management and data quality, minimal data collection, determination of relevant outcome measures and adequate follow-up time and clinically relevant magnitude of influence (34). The influence of relevant clinical factors can be determined by using the nomogram model, which can reduce data collection, improve the accuracy of diagnosis and treatment, estimate patients' prognosis and promote standardized clinical management.

Bedside computerized and graphical decision instruments comprising decision trees, nomograms and machine learning have acquired wide acceptance to advance monitoring, risk classification, diagnosis, therapy and prognosis in critical care (35–38). However, decision trees tend to be unstable and relatively inaccurate, especially for data that contain variables of different levels of categories, even if they are easy to understand. Nomograms thrive in various environments because they allow fast and accurate calculations without the need for calculators. Predictive nomograms are derived from clinically available factors and provide a viewable, easy-to-use scale for predicting probability (36). Nomograms produce reliable results very rapidly, requiring only one or more lines to be drawn without substituting numbers into the equation. In this study, the predictive factors determined by logistic regression were incorporated into the prediction model, and ultimately, the clinically validated practicable nomogram was depicted based on the model.

The primary purpose of using predictive nomograms was to identify individual mortality during hospitalization. However, the predictive performance of identification and calibration does not fully stand for the clinical validity on a particular level of identification or degree of calibration. Therefore, to verify the clinical utility of this nomogram, we evaluated whether the use of nomograms to aid decision-making improved the predictive power of mortality. Accordingly, we used decision-curve analysis to validate nomograms in a prospective cohort. This novel approach generated perception into clinical prognoses grounded on threshold probability, from which a net benefit can be derived. Furthermore, the decision curve presented that nomograms developed in the present study to predict mortality enable provision of more enhanced services than any other alternative strategy, regardless of the threshold probability of death. Thus, the nomogram will not only greatly facilitate informed decision-making by critical care physicians but also provide survival or mortality benefits for the patients. The importance of this predictive model in research and resource management applications cannot be underestimated. Whether guided by nomograms or not, further studies of cost-effectiveness analysis concerning strategies to improve predictive power should be performed before widespread clinical application.

This study has the following benefits and strength. First, a two-stage design that demonstrated that the same disease could be verified in different scenarios, times and locations was used to display consistent results in the development and validation cohorts, suggesting that our study's internal validation and external scalability were promising. Second, our method has several potential clinical applications. For example, COP measurements may conveniently assess ICP or systemic conditions, especially when the device has malfunctioned or unavailable for plug-in invasive monitoring. For instance, it can be used to monitor patients at risk for intracranial hypertension during monitoring. Third, with further development of technology, COP can be realized at the bedside and in continuous real-time monitoring. Thus, the ability of the COP to predict mortality in the NICU may be underrated. Moreover, both experimental evidence and theoretical foundation for the advance of clinical therapy were provided in this study, and its prospect and potential clinical application are worthy of further research. However, the limitation also occurred in this study. Although the number of subjects obtained exceeded the calculated sample size, the number of patients used to establish the predictive model was relatively small. Furthermore, since we used the same device for COP measurement, we only conducted this experiment in two centers. Therefore, the prediction accuracy of this nomogram may be underestimated or overestimated in this study.



CONCLUSION

By incorporating COP, neurological pathogenesis and APACHE II score in the model, this useful nomogram could be accessibly utilized to predict mortality in critically ill neurological patients. With the high mortality rate in patients with critical neurological impairment, this predictive nomogram can play an essential role in determining the best treatment and discharge protocol by identifying relevant factors of mortality.
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