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Objective:  A model for early detection of episodes of increased intracranial pressure in traumatic brain 

injury patients has been previously developed and validated based on retrospective adult patient data 

from the multicenter Brain-IT database. The purpose of the present study is to validate this early 

detection model in different cohorts of recently treated adult and pediatric traumatic brain injury patients. 

 

Design: Prognostic modelling. Noninterventional, observational, retrospective study. 

 

Setting and Patients: The adult validation cohort is comprised of recent traumatic brain injury patients 

from San Gerardo Hospital in Monza (n=50), Leuven University Hospital (n=26), Antwerp University 

Hospital (n=19), Tübingen University Hospital (n=18) and Southern General Hospital in Glasgow (n=8). 

The pediatric validation cohort is comprised of patients from neurosurgical and intensive care centres in 

Edinburgh and Newcastle (n=79).  

 

Interventions: None 

 

Measurements and Main Results: The model’s performance was evaluated with respect to 

discrimination, calibration, overall performance, and clinical usefulness. In the recent adult validation 

cohort, the model retained excellent performance as in the original study. In the pediatric validation 

cohort, the model retained good discrimination and a positive net benefit, albeit with a performance drop 

in the remaining criteria. 

 

Conclusions: The obtained external validation results confirm the robustness of the model to predict 

future increased intracranial pressure events 30 minutes in advance, in adult and pediatric traumatic 

brain injury patients. These results are a large step towards an early warning system for increased 

intracranial pressure that can be generally applied. Furthermore, the sparseness of this model that uses 

only two routinely monitored signals as inputs (intracranial pressure and mean arterial blood pressure) 

is an additional asset.   
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Introduction 

Elevations in intracranial pressure (ICP) are considered to be life- and brain-threatening 

secondary injuries after severe traumatic brain injuries (TBI) [1]. Management of intracranial 

hypertension is mainly reactive, with increased ICP episodes treated aggressively. Early warnings could 

improve proactive management by increasing the time window for diagnostic and therapeutic measures. 

To that end, a model to detect future increased ICP episodes 30 minutes in advance, by analyzing the 

characteristics of the four previous hours of the ICP and mean arterial blood pressure (MAP) signals, 

was developed and validated in a large international multicenter dataset of 178 patients of the EU-

funded Brain Monitoring with Information Technology (Brain-IT) project [2]. This model was able to 

predict increased ICP episodes with good discrimination, calibration and overall model performance [3]. 

The predictive power was found predominantly in the ICP signal itself, with the most recent 

measurements being more relevant. Also predictive was the correlation between ICP and MAP, which 

hints at the prognostic importance of cerebrovascular autoregulation. 

In the present study, this model was externally validated in two new independent datasets: an 

adult and a pediatric cohort of TBI patients. This work has been presented in part, at the 2014 

International Symposium on Intensive Care and Emergency Medicine (Brussels). 

 

Materials and Methods 

External Validation Databases  

The adult cohort comprises 121 adult patients from five European centers: 50 admitted to the ICU 

of the San Gerardo Hospital in Monza, Italy, between March 2010 and April 2013; 26 admitted to the 

ICU’s of the University Hospitals Leuven, Belgium, between September 2010 and September 2013; 19 

admitted to the ICU of the University Hospital Edegem (Antwerp), Belgium as part of the ‘Individualized 

targeted monitoring in neurocritical care’ (NEMO) project between May 2010 and June 2013 [4]; 18 

admitted to the ICU of the University Hospital Tübingen, Germany, between February and December 

2009; and eight admitted to the ICU of the Southern General Hospital, Glasgow between September 

2009 and July 2011. All data pertaining to patient identity were removed, and ethical committee approval 

was obtained from all centers for retrospective data analysis. In Antwerp, informed consent was granted 

by the closest relatives prior to enrollment. Monitoring data for the NEMO patients was recorded every 

second; the median value per minute was used in this study. There were 231 instances of 4-hour time 
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series of ICP and MAP leading to increased ICP episodes within the 30-minute time horizon, with at 

least one episode occurring in 41 patients; or equivalently an approximate average instance-to-patient 

ratio of 6:1. Additional 820 instances of 4-hour time series that did not precede increased ICP episodes 

within the 30-minute horizon were randomly selected from all available instances from the 121 patients, 

thus preserving the average instance-to-patient ratio.  

The pediatric cohort comprises 79 children recruited during 62 nonconsecutive months up to July 

2003 from two regional pediatric neurosurgical and intensive care centers in Edinburgh and Newcastle, 

United Kingdom [5]. The study had local ethics committee and management approval in both centers, 

and informed consent was obtained before enrollment in the study. There were 811 instances preceding 

increased ICP episodes, with at least one episode occurring in 49 patients. To preserve the average 

instance-to-patient ratio in this case, additional 1408 instances not preceding hypertension episodes 

were randomly sampled from all 79 patients. 

In all cases, minute-by-minute signals were reviewed independently by two clinicians in Leuven 

(G.M., B.D.), and obvious artifacts through visual inspection were excluded from further analysis. Table 

1 summarizes the cohorts’ demographic information. As in the study of Güiza et al [3], an increased ICP 

episode was defined as above 30 mm Hg and lasting at least 10 consecutive minutes. 

 

Evaluation Criteria  

Discrimination between events and nonevents of increased ICP was evaluated visually with box 

plots and numerically with the area under the receiver operating characteristic (AUROC) curve, and with 

the discrimination slope (DS), which is the absolute difference between average predictions for events 

and nonevents. Calibration (the agreement between observed outcomes and predictions) was evaluated 

visually with calibration plots and numerically with the Hosmer–Lemeshow (HL) statistic, calibration–in–

the–large, and the calibration slope. Overall model performance was evaluated with the Brier score (BS) 

and the Brier score scaled (BSS). Sensitivity, specificity, accuracy, true positives (TP) and false positives 

(FP) were evaluated at different cutoff probabilities. The clinical usefulness or net benefit (NB) from 

making treatment decisions based on the predictions was evaluated visually with decision curves. A 

detailed description of these criteria can be found in the study by Steyerberg et al [6]. All analyses were 

done in MATLAB 2014b (The MathWorks, Natick, MA). 
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Results 

Results are reported in Table 2 and Figure 1. Results for the original study are reproduced in the 

first column, the second and last columns report performance in the adult and pediatric cohorts, 

respectively.  

In the adult cohort, good discrimination is clear from the box plots’ separation between event and 

nonevent predictions, a 0.90 AUROC and a 0.39 DS. The model remains well calibrated, with a HL p 

value above 0.05, calibration-in-the-large close to 0, calibration-slope close to 1, and a calibration curve 

close to the diagonal. Overall model performance remains with 0.10 BS and 40% BSS. At the same 

probability cutoff of the original study, performance deviates to higher accuracy (86%), lower sensitivity 

(70%), and higher specificity (90%). At this cutoff, there is a 59% reduction in FP when compared with 

the alert-all policy and a 11% increase in TP when compared with the alert-none policy. The decision 

curve demonstrates positive NB above default policies for all risk thresholds. 

In the pediatric cohort, good discrimination is evidenced by the clear box plots’ separation, a 0.79 

AUROC and a 0.28 DS. However, predictions are systematically high as observed in the box plots, the 

deviation from the diagonal in the calibration curve, a -0.14 calibration-in-the-large, a 0.80 calibration 

slope and a HL p value less than 0.05. This has a detrimental effect on overall performance resulting in 

0.2 BS and 15% BSS. At the same probability cutoff of the original study, performance deviates to higher 

sensitivity (92%), lower specificity (48%), and lower accuracy (64%). There is a 25.2% reduction in FP 

when compared with alert-all and a 14.2% increase in TP when compared with alert-none. The decision 

curve shows NB above default policies only for risk thresholds lower than 0.6.  

 

Discussion 

Performance as determined by AUROC and DS in both adult and pediatric validation cohorts 

confirm the model’s capability to discriminate the onset of an increased ICP episode 30 minutes in 

advance, irrespective of age. Confirmatory studies in general are an important and mandatory step of 

the scientific process, in their own right adding to the general knowledge in the field [7]. This study is 

particularly relevant for neurocritical care, as it first shows the model, developed using data prior to 2005, 

can still discriminate well in adult patients treated after the 2007 change in the Brain Trauma Foundation 

guidelines [8]. Second, despite a decrease in discrimination for the pediatric cohort, the model remains 

clinically useful; which is a relevant finding as only 7.3% of the patients used for model development in 
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the original study [3] were children; and furthermore to the best of our knowledge, this is the first time 

early detection of increased ICP has been studied in a pediatric setting. This discriminatory capacity 

across cohorts is likely due to the model’s sparseness, as it only uses information derived from two 

routinely monitored signals (ICP and MAP).  

Beyond discrimination, a model’s usefulness increases when it is well calibrated [9]. In this regard, 

the model only complies for the adult cohort. In practice, however, clinical usefulness or NB is 

determined by performance at a chosen risk threshold, i.e., the probability cutoff chosen to decide for 

treatment [10]. Treatment here refers to preparatory actions for an upcoming hypertension event, such 

as stricter observation or possible transport to imaging. The costs and harm associated with treatment 

are center and patient specific. However, because these actions will arguably pose little harm to the 

patient, risk thresholds below 0.5 are recommended [10]. The decision curves show that within this 

threshold range, the model provides higher NBs than default policies in all cohorts, including the 

pediatric case. Noticeably so, compared with current practice in which no warning exists (alert-none 

policy). 

When computing each prediction, the model assigns more weight to previously seen instances 

that are most similar to the one under evaluation. Such similarity-based approaches have also proven 

successful in other TBI prediction settings [11]. The fact that there were few children in the original 

dataset, used for model development, partially explains the decrease in model performance in the 

pediatric validation cohort. 

Limitations of this study are its retrospective nature and the relatively few patients per cohort. 

Regrettably, storage of minute-by-minute monitoring data in TBI is not common, and consequently few 

databases of this sort exist. Nevertheless, the number of elevated ICP episodes studied per cohort was 

sufficient for external validation [12]. Although it does not affect its intended use as an early warning 

system, a possible shortcoming of the model is that it does not provide an explanation for the underlying 

physiological mechanisms driving the impending elevated ICP episode. 

 

Conclusion 

The external validation performed in two independent datasets is a large step towards an early 

warning system for increased ICP episodes in TBI that can be used in ICUs worldwide. Because it is 

based only on two routinely monitored signals, our model appears to be generally applicable for use in 



8 
 

TBI patients. Model performance remains unchanged in a cohort of recently treated adult patients and 

has positive NB when used for clinical decision making irrespective of age. Future intervention studies 

are required to assess the impact of this model on patient outcome when used in clinical practice. 
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Figure 1. The first column corresponds to the Brain-IT development cohort of the original study; the 
second column to the recent adult validation cohort and the third column to the pediatric validation 
cohort. The first row depicts box plots of predicted probabilities for nonevents versus events of increased 
intracranial pressure (the dot shows the mean of each distribution). The second row depicts calibration 
plots (observed proportion of events by deciles of predicted probabilities). The dashed diagonal line 
depicts perfect calibration and the solid line the curve obtained with Locally Weighted Smoothing 
Scatterplot smoothing. Distributions of predictions for events and nonevents are shown in histograms. 
The third row depicts decision curves, the solid line is the net benefit of treating instances with predicted 
probabilities greater than the risk threshold (x-axis), the dashed line is the net benefit of always treating 
(alert-all policy), while never treating (alert-none policy) has a constant net benefit of 0. Alert-all and 
alert-none intersect at the dataset prevalence. 
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Cohorts Original Study External Validation 

Brain-IT 

Development 

Adult Cohort Pediatric Cohort 

Number of patients (n) 178 121 79 

Length of stay (d), median (25th - 75th 

percentile) 

14 (7-23) 17 (8.8-26) 3 (2-6) 

Age (yr), median (25th - 75th percentile) 33 (19-49) 50 (28.5-65) 10.4(7.5-14.2) 

Sex (% men) 81 78 74 

Pupil reactivity (%)    

None 12.4 6.6 7.6 

One 7.3 9.1 13.9 

Two 71.3 59.5 69.6 

Unknown, untestable or missing 9 24.8 8.9 

Glasgow Coma Scale total, median (25th 

- 75th percentile) 

7 (4-10) 7 (3-12) 6(5-8) 

Unknown, untestable or missing (%) 5.6 25.6 0.0 

Increased ICP episodes  

per patient, median (25th - 75th 

percentile) 

1 (0-6) 0(0-1) 1(0-8) 

Increased ICP episodes per patient with 

at least one episode, median (25th – 75th 

percentile) 

5 (1.5-12) 3 (1-7) 7.5 (1.5-21) 

 

Table 1. Patient Demographic Information For All Cohorts. ICP = intracranial pressure. An episode 

of increased ICP was defined as an ICP above 30 mmHg lasting at least 10 consecutive minutes as 

described in the study by Güiza et al [3]. 
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Cohorts Original Study External Validation 

Brain-IT 

Development 

Adult 

Cohort 

Paediatric 

Cohort 

Number of patients (n) n=178 n=121 n=79 

Patients (%) with at least one high 
ICP episode  

61 34 62 

Number of high ICP episodes (e) 982 231 811 

Number of instances (i) 2677 1051 2219 

Episode Prevalence (P) (%) 37 22 37 

AUROC (C statistic) 0.85  

[0.84–0.86] 

0.90  

[0.87–0.91] 

0.79  

[0.77–0.81] 

Discrimination slope 0.35 

[0.33–0.37] 

0.39 

[0.35–0.42] 

0.29 

[0.26–0.30] 

Hosmer Lemeshow p value 0.18 

[0.09–0.97] 

0.70 

[0.77–0.92] 

<0.01 

[<0.01–<0.01] 

Calibration-in-the-large 0.00 

[-0.01–0.01] 

-0.003 

[-0.02–0.01] 

-0.14 

[-0.14– -0.10] 

Calibration-slope 0.99 

[0.94–1.04] 

1.04 

[0.95–1.12] 

0.81 

[0.76–0.86] 

Brier Score 0.15 

[0.14–0.16] 

0.10 

[0.09–0.11] 

0.20 

[0.19–0.20] 

BrierScore Scaled (%) 34 

[31–37] 

40 

[34–46] 

15 

[10–19] 

Accuracy (%) 77 

[75–78] 

86 

[84–88] 

64 

[62–66] 

Sensitivity (%) 79 

[77–82] 

70 

[64–76] 

91 

[90–93] 

Specificity (%) 76 

[73–77] 

90 

[88–92] 

48  

[45–51] 

False-positives reduction (w.r.t. 
alert-all) (%) 

35 

[32–37] 

59 

[55–64] 

25 

[23–27] 

True-positives increase (w.r.t. alert-
none) (%) 

20 

[18–22] 

11 

[8.4–14] 

14  

[11-16] 

 

Table 2. Performance of the Model For Early Detection of Increased Intracranial Pressure 

Episodes. AUROC = area under the receiver operating characteristic, ICP = intracranial pressure. The 

last five rows were computed using the probability cutoff that maximized sensitivity and specificity in the 

development cohort. 95% confidence intervals obtained from 2000 bootstrap replicas are shown 

between square brackets.  
Brier_max = prevalence × (1 – prevalence)2+ (1 – prevalence) × prevalence2. 
Brier_max (original study) = 0.23; Brier_max (adult validation cohort) = 0.17; Brier_max (paediatric validation cohort) = 0.23;  
Brier score scaled = 1 – (Brier score/Brier_max).  
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