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N EUROSURGERY remains the cornerstone of cura-
tive treatment in brain tumor but is associated with 

high perioperative morbidity and mortality.1 The risk of peri-
operative mortality is more than twofold compared with the 
average mortality risk when adjusted to a patient’s baseline 
severity.1 This can be explained by the life-threatening com-
plications that may occur during the perioperative period: 
intracranial bleeding, intracranial hypertension, and status 
epilepticus, among others.2–5 It has therefore been suggested 
that overnight postoperative monitoring in an intensive care 
unit (ICU) be mandatory for all patients undergoing elec-
tive craniotomy.2,3,6 However, systematic ICU admission 
uses medical resources, increases costs, reduces the number 

Editor’s Perspective

What We Already Know about This Topic

• The authors developed a score for predicting the risk of 
postoperative complications

What This Article Tells Us That Is New

• The score was developed from 1,094 patients and validated in 
830 patients from six French hospitals

• Severe complications occurred in about 11% of each cohort
• The positive predictive value was poor, but the negative 

prediction value was excellent and might be used to identify 
patients who do not need critical care
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ABSTRACT

Background: Craniotomy for brain tumor displays significant morbidity and mortality, and no score is available to discrimi-
nate high-risk patients. Our objective was to validate a prediction score for postoperative neurosurgical complications in this 
setting.
Methods: Creation of a score in a learning cohort from a prospective specific database of 1,094 patients undergoing 
elective brain tumor craniotomy in one center from 2008 to 2012. The validation cohort was validated in a prospective 
multicenter independent cohort of 830 patients from 2013 to 2015 in six university hospitals in France. The primary 
outcome variable was postoperative neurologic complications requiring in–intensive care unit management (intracranial 
hypertension, intracranial bleeding, status epilepticus, respiratory failure, impaired consciousness, unexpected motor 
deficit). The least absolute shrinkage and selection operator method was used for potential risk factor selection with 
logistic regression.
Results: Severe complications occurred in 125 (11.4%) and 90 (10.8%) patients in the learning and validation cohorts, 
respectively. The independent risk factors for severe complications were related to the patient (Glasgow Coma Score before 
surgery at or below 14, history of brain tumor surgery), tumor characteristics (greatest diameter, cerebral midline shift at least 
3 mm), and perioperative management (transfusion of blood products, maximum and minimal systolic arterial pressure, dura-
tion of surgery). The positive predictive value of the score at or below 3% was 12.1%, and the negative predictive value was 
100% in the learning cohort. In–intensive care unit mortality was observed in eight (0.7%) and six (0.7%) patients in the 
learning and validation cohorts, respectively.
Conclusions: The validation of prediction scores is the first step toward on-demand intensive care unit admission. Further 
research is needed to improve the score’s performance before routine use. (ANESTHESIOLOGY 2018; 129:1111-20)

This article is featured in “This Month in Anesthesiology,” page 1A. Supplemental Digital Content is available for this article. Direct URL 
citations appear in the printed text and are available in both the HTML and PDF versions of this article. Links to the digital files are provided 
in the HTML text of this article on the Journal’s Web site (www.anesthesiology.org). Part of the work presented in this article has been 
presented at the National Congress of the French Society of Anesthesiology and Critical Care (SFAR) meeting in Paris, France, September 
23 to 24, 2016. 
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of ICU beds for emergencies, and is not associated with 
improved postoperative outcome.7 Although some risk fac-
tors have been identified,8,9 no validated prediction score 
exists to differentiate patients with high perioperative risk of 
complications from those who do not require ICU admis-
sion. From a medicoeconomic point of view, the use of such 
scores could help reduce healthcare costs by providing ade-
quate care to high-risk patients only.

Our primary objective was to develop and validate a 
score that could help physicians decide which patients 
require overnight ICU admission after elective intracranial 
neurosurgery to avoid the unnecessary admission of low-risk 
patients. The secondary objectives of the study were to assess 
perioperative morbidity and mortality in patients undergo-
ing elective brain tumor craniotomy.

Materials and Methods
This was a multicenter observational study (ClinicalTrials.
gov identifier NCT 01801813). The protocol was approved 
by the Institutional Review Board (Groupe d’Ethique dans le 
Domaine de la Santé) of the University Hospital of Nantes 
(Nantes, France). The learning cohort comprised patients 
undergoing craniotomy for a brain tumor in one center 
(Nantes) from January 1, 2008, to December 31, 2012. This 
cohort was developed from a retrospective analysis by screen-
ing two prospective databases: Clinicom (Siemens, Germany) 
for clinical and biologic data (radiologic findings, tumor his-
tology, or other demographic variables) and Pégase (Thélème, 
France) for perioperative data (such as during surgery, dur-
ing ICU stay). The data provided in the software enabled us 
to gather data on primary outcome, baseline demographics, 
tumor, and perioperative management. We therefore avoided 

selection bias and included all patients who were operated for 
brain tumor according to histology. For the validation cohort, 
a prospective analysis was performed in patients undergoing 
cerebral craniotomy for brain tumor from January 1, 2013, 
to December 1, 2015, in six French university hospitals (the 
University Hospitals of Beaujon, Clichy, Assistance Publique 
des Hôpitaux de Paris; La Timone, Assistance Publique des 
Hôpitaux de Marseille; Nantes; Rennes; Strasbourg; and Tou-
louse). Because our study was purely observational, consent 
was waived. Oral and written information was provided to 
patients in the validation cohort. Our Institutional Review 
Board waived the requirement to provide information for 
the retrospective analysis. The study was prepared in accor-
dance with transparent reporting of a multivariable predic-
tion model for individual prognosis or diagnosis guidelines.

Inclusion Criteria
Adult patients (older than 18 yr) undergoing elective neuro-
surgery with craniotomy for a brain tumor confirmed after 
histologic analysis were eligible for this study.

Noninclusion Criteria
Patients with stereotactic biopsy for brain tumor were not 
included. Patients undergoing craniotomy for simple biopsy, 
aneurysm clipping, arteriovenous malformation, cerebral 
cavernoma, or central nervous system infections and urgent 
craniotomy were not eligible for this study.

Data Collection
We collected demographic data such as age, sex, American 
Society of Anesthesiologists class, history of epilepsy, use 
of preoperative medications such as antiepileptic drugs, 
β-blockers, previous history of brain tumor surgery,10 tumor 
histology, location and intracerebral radiologic severity criteria 
such as mass effect on median structures, peritumoral edema, 
size of the tumor,11 perioperative management such as dura-
tion of anesthesia, duration of surgery,12 surgical position,13 
operative administration of mannitol, fluid administration, 
blood loss, and highest and lowest arterial blood pressures.8 
Postoperative data such as extubation time, use of mechanical 
ventilation, intracranial hypertension, intracranial bleeding, 
urgent neurosurgery, and seizures were recorded. The list of 
data recorded during the study is provided in Supplemental 
Digital Content 1 (http://links.lww.com/ALN/B775).

Primary Objective
The primary objective was to develop and validate a score 
that could predict early severe postoperative neurosurgical 
complications in the first 24 h in the ICU after elective brain 
tumor neurosurgery to improve ICU triage and safely dis-
charge patients to wards.

Definition of the Primary Outcome
To define the primary outcome variable, we developed a 
list of complications that could lead to severe postoperative 

Submitted for publication December 1, 2017. Accepted for publi-
cation August 1, 2018. From the Anesthesia and Critical Care Depart-
ment, Hôtel Dieu, University Hospital of Nantes, Nantes, France 
(R.C., A.G., K.A.); Anesthesia and Critical Care Department, Hôpital 
La Timone, University Hospital of Marseille, Marseille, France (N.B., 
T.T.); Anesthesia and Critical Care Department, Hôpital Pierre-Paul 
Ricquet, University Toulouse 3–Paul Sabatier, Toulouse, France (M.S., 
T.G., V.A.); Anesthesia and Critical Care Department, Hôpital Beaujon, 
Assistance Publique des Hôpitaux de Paris, Clichy, France (C.P.-B., 
J.J.); Anesthesia and Critical Care Department, Hôpital Pontchaillou, 
University Hospital of Rennes, and University of Rennes 1, Rennes, 
France (H.B., S.V., M.G.); Anesthesia and Critical Care Department, 
Hôpital de Hautepierre, University Hospital of Strasbourg, Stras-
bourg, France (J.P., D.V.); Anesthesia and Critical Care Department, 
Hôpital Laennec, University Hospital of Nantes, Saint-Herblain,  
France (K.L., Y.B., B.R.); Institut du Thorax, Institut National de la 
Santé et de la Recherche Médicale, UMR1087, Institut de Recherche 
en Santé, University Hospital of Nantes, Nantes, France (B.R.); Plate-
forme de Méthodologie et de Biostatistique, Cellule de Promotion 
de la Recherche Clinique, University Hospital of Nantes, Nantes, 
France (A.L.T., F.F.); Institut National de la Santé et de la Recher-
che Médicale MethodS for Patients-centered outcomes and HEalth 
REsearch U1246, Unité de Formation de Recherche des Sciences 
Pharmaceutiques, University of Nantes, University of Tours, Nantes, 
France (F.F.); and Laboratoire Unité propre de l'enseignement 
supérieur et de recherche EA 3826, University Hospital of Nantes, 
Nantes, France (K.A.).

*Members of the Société Française d’Anesthésie-Réanimation 
(SFAR) Research Network are listed in the appendix.

Downloaded From: http://anesthesiology.pubs.asahq.org/pdfaccess.ashx?url=/data/journals/jasa/937619/ on 12/18/2018



Copyright © 2018, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2018; 129:1111-20 1113 Cinotti et al.

PERIOPERATIVE MEDICINE

neurosurgical complications that require at least 24 h of 
ICU monitoring14: moderate to severe intracerebral bleed-
ing confirmed on brain computed tomography scan possibly 
requiring neurosurgical evacuation, intracranial hyperten-
sion confirmed on brain computed tomography scan or with 
intracranial probe or external ventricular drainage (defined 
as intracranial pressure at or above 20 mmHg), status epi-
lepticus or seizures (clinical or confirmed by electroen-
cephalogram), need for tracheal intubation and mechanical 
ventilation after the neurosurgical procedure, impaired con-
sciousness (Glasgow Coma Score at or below 13), unman-
ageable agitation requiring restraint or sedation, severe 
swallowing disorders leading to aspiration and respiratory 
failure (oxygen saturation measured by pulse oximetry at or 
below 90% or requiring oxygen therapy), unexpected severe 
motor deficit (motor score at or above 3), and finally death 
in the perioperative period. In case of minor postoperative 
intracranial bleeding on brain computed tomography scan 
but without significant symptoms, a patient could be dis-
charged from the ICU depending on each center’s protocol.

The aim of this study was to develop and validate a score spe-
cific for neurologic complications. Patients with postoperative 
complications unrelated to the neurosurgical procedure were 
therefore not considered for the primary outcome variable (e.g., 
allergy, iatrogenic complications such as pneumothorax after 
central venous catheter insertion, pacemaker dysfunction).

Secondary Objectives
The secondary objectives of our study were the description of 
perioperative management and perioperative morbidity and 
mortality.

Secondary Outcomes
Perioperative patient morbidity was defined as follows: 
patient readmission to the ICU during hospitalization and 
length of hospital stay. We also recorded in-ICU and in-
hospital mortality.

Statistical Analysis
Continuous variables were expressed as median (interquar-
tile range) for nonparametric data or mean ± SD for para-
metric data. Qualitative variables were expressed as N (%).

To construct the risk model for primary outcome, the least 
absolute shrinkage and selection operator was used for poten-
tial risk-factor selection with logistic regression. Conventional 
selection methods based on P values failed to obtain an ade-
quate multivariable model. Indeed, the number of events in 
our population was small compared with the number of risk 
factors tested (125 early postoperative neurosurgical compli-
cations and 35 potential risk factors). With the least abso-
lute shrinkage and selection operator method,15 the usual P 
< 0.05 is not considered for variable selection. This method 
penalizes the sum of the absolute values of the regression 
coefficients leading some coefficients to shrink to 0 and thus 
simultaneously perform variable selection.15 The shrinkage 

parameter, called λ, is generally selected through the cross-
validation method. This method was first performed on the 
learning cohort and resulted in the selection of 26 potential 
risk factors. Then, to reduce the number of risk factors, the 
optimal λ was determined using graphical consideration with 
an area under the receiver operating characteristic curve of 
73% and eight nonzero coefficients in the model.

To validate this predictive model, (1) apparent per-
formance was estimated in the learning cohort and (2) 
reproducibility was estimated in the validation cohort. Dis-
crimination was evaluated using the area under the receiver 
operating characteristic curve and its 95% CI, and calibra-
tion was assessed using the Hosmer–Lemeshow test. The 
Brier score was calculated to measure the accuracy of proba-
bilistic predictions. The Brier score provides the probability 
of a model (i.e., the CranioScore) to predict the occurrence 
of an outcome (i.e., postoperative complications). The value 
of the Brier score is between 0 and 1; the closer to 0 the Brier 
score, the better the model to predict the outcome. Finally, 
the CranioScore score was constructed with the regression 
coefficients identified in the multivariable model. We calcu-
lated the predicted probabilities of complications based on 
this score. We classified high-risk or low-risk postoperative 
complications according to various CranioScore thresholds. 
The aim of our score is to improve ICU triage and safely 
discharge patients to wards. This strategy implies favoring a 
score with the best negative predictive values to avoid false 
negatives. We therefore tested various CranioScore values in 
the learning cohort and chose which threshold was the best 
to discriminate patients with high or low risk of postopera-
tive complications that require overnight ICU monitoring.

The discriminative ability of this dichotomy (sensitivity, 
specificity, positive predictive value, and negative predic-
tive value) was estimated in both cohorts. We retained the 
threshold with the best negative predictive value and which 
could be helpful in the ICU triage process.

An a priori sample size calculation was not conducted, 
and all available data were used to include a minimum of 
100 events.16 We therefore decided to include at least 100 
patients with postoperative complications in the learning 
cohort to obtain an adequate sample size. Regarding the 
validation cohort, we included a cohort with at least a 40% 
of the size of the learning cohort to provide robust external 
validity.16,17

All analyses were performed on complete cases. Model 
selection with the least absolute shrinkage and selection 
operator method was performed using the penalized package 
in R, and SAS statistical software version 9.3 (SAS Institute, 
USA) was used for other analyses.

Results

Description of the Learning Cohort
We included 1,094 patients in the first cohort from January 
1, 2008, to December 31, 2012. A flowchart of the learning 
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cohort is available in Supplemental Digital Content 2 (http://
links.lww.com/ALN/B776). Mean age was 57 yr (±15), and 
the sex ratio of male:female was 521(47.6%):573(52.4%). 
Demographics and comorbidities for both cohorts are 
presented in table  1. Brain tumors were meningioma in 
355 (32.4%) patients, glioma-glioblastoma in 252 (23%) 
patients, and metastasis in 238 (21.8%) patients (table 2). 
Intraoperative data in the learning and validation cohorts 
are available in table 3. Respectively, 125 (11.4%) patients 
presented early postoperative neurosurgical complications 
in the learning cohort, and 114 (16.6%) patients presented 
complications in the validation cohort, in accordance with 
the primary outcome variable. Complications are provided 
in Supplemental Digital Content 3 (http://links.lww.com/
ALN/B777).

Multivariable Analysis: Independent Risk Factors for 
Neurologic Life-threatening Complications
To adequately select the variables associated with early 
postoperative complications, a least absolute shrinkage and 
selection operator procedure was performed (Supplemental 
Digital Content 4, http://links.lww.com/ALN/B778), and 
eight factors were selected for the multivariable model. The 
optimal λ (shrinkage parameter) was graphically determined 
so that the number of risk factors was the lowest (considering 

the number of events) and the highest area under the receiver  
operating characteristic curve criterion. These factors were 
used to develop the score (table  4): Glasgow Coma Score 
before surgery at or below 14 (odds ratio [OR], 4.55; 95% 
CI, 1.88 to 11.03; P = 0.0008), history of brain tumor sur-
gery (OR, 2.87; 95% CI, 1.74 to 4.72; P < 0.0001), greatest 
brain tumor diameter (mm; OR, 1.01; 95% CI, 1.00 to 1.02; 
P = 0.1), midline shift at or above 3 mm11 (OR, 1.67; 95% 
CI, 1.04 to 2.69; P = 0.03), transfusion of packed erythro-
cytes or plasma or platelets (OR, 1.69; 95% CI, 1.01 to 2.83; 
P = 0.04), maximum systolic arterial pressure during surgery 
(mmHg; OR, 1.01; 95% CI, 1.01 to 1.02; P = 0.0002), min-
imal systolic arterial pressure (mmHg) during surgery (OR, 
0.99; 95% CI, 0.97 to 1.00; P = 0.08), and duration of sur-
gery (OR, 1.37; 95% CI, 1.19 to 1.58; P < 0.0001). There 
were no missing data for all patients included in the learning 
cohort (N = 1,094). The model showed an area under the 
receiver operating characteristic curve of 0.73 IC95% (0.68 to 
0.77), Hosmer–Lemeshow test, P = 0.2 (fig. 1).

External Validation of the Score in an Independent Cohort
We tested the robustness of our model in an independent 
multicenter (six ICUs) prospective cohort of 830 patients 
undergoing scheduled neurosurgery included from January 
1, 2013, to December 31, 2015, in six centers. A flowchart 

Table 1. Demographic Data of Patients Undergoing Elective Craniotomy for a Brain Tumor in the Learning and External Validation Cohorts

Parameter

Learning Cohort (N = 1,094) Validation Cohort (N = 830)

P ValueN Missing
N (%) or  

Mean ± SD N Missing
N (%) or  

Mean ± SD

Age, yr 0 57 (±15) 0 56 (±15) 0.7
Male/female 0 521 (47.6)/573 (52.4) 0 395 (47.6)/435 (52.4) 0.9
ASA class 0  1  0.7
                I–II  817 (74.7)  624 (75.3)  
                III–IV  277 (25.3)  205 (24.7)  
Score NYHA 1  22  0.03
                I–II  1,080 (98.7)  787 (97.4)  
                III–IV  14 (1.3)  21 (2.6)  
GCS ≤ 14 before procedure 0 25 (2.3) 3 35 (4.2) 0.02
Preoperative motor deficit 0 220 (20.1) 1 193 (23.3) 0.09
Aphasia 0 153 (14) 7 126 (15.3) 0.4
Deglutition disorders 0 15 (1.4) 1 18 (2.2) 0.1
History of craniotomy for brain tumor 0 158 (14.4) 0 133 (16) 0.3
History of epilepsy 0 315 (28.8) 3 244 (29.5) 0.7
Chronic hypertension 0 306 (28) 0 268 (32.3) 0.04
Diabetes mellitus 0 58 (5.3) 5 56 (6.8) 0.1
Preoperative medication      
Antiepileptic drugs 0 472 (43.1) 0 491 (59.2) < 0.001
Outcome      
In-ICU mortality 0 8 (0.7) 0 6 (0.7)  
Second ICU admission after neurosurgery 0 15 (1.4) 0 27 (3.2)  
In-hospital mortality 0 16 (1.5) 6 9 (1.1)  
Hospital length of stay, days 0 13 (±13) 3 12 (±13)  

Continuous data are expressed as means (± SD) and nominal data as N (%). The parameters regarding outcome were not included in the least absolute 
shrinkage and selection operator procedure.
ASA, American Society of Anesthesiologists; GCS, Glasgow Coma Score; ICU, intensive care unit; NYHA, New York Heart Association.
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of the validation cohort is available in Supplemental Digi-
tal Content 2 (http://links.lww.com/ALN/B776). Ninety 
(10.8%) patients presented early postoperative neurologic 
complications. Demographics, the type of brain tumor, and 
perioperative data in this cohort are available in tables  1–
3, respectively. The score was applied in 748 patients (82 
patients had missing data for at least one of the selected 
variables). The area under the receiver operating character-
istic curve of the score in this cohort was 0.70 IC95% (0.64 
to 0.76), and the Hosmer–Lemeshow test P value was 0.1 
(fig. 1). The Brier score in this cohort was 0.13.

Definition and Usefulness of a Predictive Score for 
Complications
The robustness of the multivariable analysis prompted us 
to validate a score with the selected risk factors. The Crani-
oScore based on these factors (table 4) provides a calculated 
probability of postoperative neurosurgical complications for 
each patient and is therefore expressed as a percentage. The 
CranioScore is only applicable in patients with all available 
data (no missing data in any of the selected variables). Several 
probability cutoffs for predicted complications were tested 
to delineate sensitivity, specificity, and positive and nega-
tive predictive values in the learning cohort (table 5). In the 
learning cohort, a 3% threshold had a sensitivity of 100%, 
a specificity of 6.2%, a positive predictive value of 12.1%, 
and a negative predictive value of 100%. With a thresh-
old greater than 3%, 1,034 patients in the learning cohort 
and 660 patients in the validation cohort presented such 
values and would have been classified as high-risk patients 

requiring overnight ICU monitoring. Among these patients, 
125 (11.4%) patients with complications would have been 
accurately classified as “high risk” in the learning cohort. 
No patients would have been misclassified in the learning 
cohort. In the validation cohort, 85 (10.2%) patients with 
complications would have been accurately classified as “high 
risk.” Only one (0.1%) patient would have been misclassi-
fied as low risk in the validation cohort. On the other hand, 
60 (5.4%) patients in the learning cohort and 88 (10.6%) 
patients in the validation cohort had a CranioScore at or 
below 3% and could have been discharged directly to a ward. 
Table 6 provides the classification of patients according to 
various values of their CranioScore (1%, 2%, 3%, and oth-
ers) in the two cohorts. Based on these data (table 6) and 
using the CranioScore formula (Supplemental Digital Con-
tent 5, http://links.lww.com/ALN/B779), a predicted per-
centage of complications greater than 3% could be proposed 
to limit the risk of false negatives (patients classified as low 
risk of complications but who will develop a complication). 
Two examples of calculations of the CranioScore are pro-
vided (Supplemental Digital Content 5, http://links.lww.
com/ALN/B779).

Secondary Outcomes
The perioperative management of patients in the validation 
and learning cohorts is displayed in table 3. In the learning 
cohort, 8 (0.7%) patients died in the ICU, and 16 (1.5%) 
died in the hospital. In the validation cohort, 6 (0.7%) 
patients died in the ICU, and 9 (1.1%) died in the hospital. 
Secondary outcome data can be found in table 1.

Table 2. Histologic and Radiologic Data of Tumors in the Learning and External Validation Cohorts

Parameter

Learning Cohort (N = 1,094) Validation Cohort (N = 830)

P ValueN Missing
N (%) or  

Mean ± SD N Missing
N (%) or  

Mean ± SD

Tumor histology 0  3   
Meningioma  355 (32.4)  260 (31.4) 0.1
Glioma-glioblastoma  252 (23)  229 (27.7)  
Metastasis  238 (21.8)  167 (20.2)  
Other  249 (22.8)  171 (20.7)  
Tumor location      
                Frontal lobe 0 492 (45) 3 375 (45.3) 0.8
                Parietal lobe 0 202 (18.5) 3 181 (21.9) 0.06
                Temporal lobe 0 252 (23) 5 191 (23.1) 0.9
                Occipital lobe 0 81 (7.4) 4 68 (8.2) 0.5
                Infratentorial 0 202 (18.5) 3 128 (15.5) 0.09
Radiologic severity data (MRI/CT scan)      
                Midline shift ≥ 3mm 0 391 (35.7) 11 186 (22.7) < 0.001
                Mass effect 0 816 (74.6) 9 441 (53.7) < 0.001
                Midline location 0 193 (17.6) 12 81 (9.9) < 0.001
                Hydrocephalus 0 82 (7.5) 11 49 (6) 0.1
                Peritumoral edema 0 663 (60.6) 9 447 (54.5) 0.01
                Compression of the fourth ventricle 0 124 (11.3) 10 46 (5.6) < 0.001
                Greater size, mm 0 40 (±17) 48 40 (±17) 0.8

Continuous data are expressed as means (± SD) and nominal data as N (%).
CT, computed tomography; MRI, magnetic resonance imaging. 
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Table 3. Intraoperative Data in the Learning and External Validation Cohorts

Parameter

Learning Cohort (N = 1,094) Validation Cohort (N = 830)

P ValueN Missing
N (%) or  

Mean ± SD N Missing
N (%) or  

Mean ± SD

Age of the neurosurgeon, yr 0  0   
                < 40  503 (46)  257 (31) < 0.001
                40–50  427 (39)  323 (38.9)  
                ≥ 50  164 (15)  250 (30.1)  
Primary agent      
                Propofol 0 1,094 (100) 4 566 (68.5) < 0.001
                Halogenated anesthetics 0 0 4 273 (33) < 0.001
                Remifentanyl 0 19 (1.7) 4 245 (29.7) < 0.001
                Sufentanil 0 1,075 (98.3) 2 581 (70.2) < 0.001
Awake surgery 0 4 (0.4) 1 37 (4.5) < 0.001
Surgical position 0  2   
                Dorsal  888 (81.2)  645 (77.9) < 0.001
                Ventral  128 (11.7)  78 (9.5)  
                Lateral  61 (5.6)  94 (11.3)  
                Seated position  17 (1.5)  11 (1.3)  
Minimal temperature, °C 195 35.3 (±1) 164 35.7 (±0.6) < 0.001
Crystalloids, ml 0 1,332 (±592) 20 1,774 (±857) < 0.001
Colloids , ml 0 412 (±542) 20 222 (±450) < 0.001
Osmotherapy 0 81 (7.4) 6 93 (11.3) 0.003
Blood loss, ml 35 856 (879) 68 440 (593) < 0.001
Packed erythrocytes ≥ 2 0 114 (10.4) 8 59 (7.2) 0.01
Transfusion of packed erythrocytes or 

plasma or platelets
0 133 (12.1) 0 66 (7.9) 0.003

Catecholamine perfusion 0 43 (3.9) 9 70 (8.5) < 0.001
Maximum SAP, mmHg 0 166 (±27) 18 150 (±26) < 0.001
Minimal SAP, mmHg 0 80 (±14) 18 83 (±14) < 0.001
Maximum MAP, mmHg 0 120 (±22) 121 103 (±20) < 0.001
Minimal MAP, mmHg 0 56 (±10) 119 59 (±12) < 0.001
Duration of surgery, h 0 2.7 (±1.3) 29 2.8 (±1.6) 0.14
Duration of anesthesia, h 0 4.2 (±1.4) 31 4.4 (±1.9) 0.06

Continuous data are expressed as means (± SD) or median (interquartile range) accordingly and nominal data as N (%). Data suggest that high-volume cra-
niotomy centers5 report lower rates of complications. Because a selection bias could occur in the validation cohort, which could blunt the center’s volume 
effect, we chose to note the neurosurgeon’s age as a surrogate marker of his/her level of expertise. Maximum and minimum blood pressure were retained 
when the level remained the same during 3 min of monitoring. Blood pressure management was performed according to local protocols.
MAP, mean arterial pressure; SAP, systolic arterial pressure. 

Table 4. Multivariable Analysis in the Learning Cohort of Risk Factors of Early Severe Postoperative Neurosurgical Complications 
(N = 1,094)

 

Univariate Analysis Multivariable Analysis

ORunadjusted P Value β ORadjusted CI95% P Value

Intercept   −4.8094   
GCS before procedure (≤ 14 vs. 15) 6.58 (2.92–14.84) < 0.001 1.5149 4.55 (1.88–11.03) 0.0008
History of brain tumor surgery 2.19 (1.40–3.42) 0.001 1.0534 2.87 (1.74–4.72) < 0.0001
Greater size of tumor in brain imaging 1.02 (1.01–1.03) 0.001 0.00878 1.01 (1.00–1.02) 0.1
Midline shift in brain imaging ≥ 3 mm 1.99 (1.36–2.89) 0.001 0.5114 1.67 (1.04–2.69) 0.03
Transfusion of a packed erythrocytes or  

plasma or platelets
3.12 (1.99–4.88) < 0.001 0.5164 1.68 (1.00–2.80) 0.04

SAP maximum, mmHg 1.01 (1.00–1.02) 0.001 0.0118 1.01 (1.01–1.02) 0.001
SAP minimum, mmHg 0.99 (0.97–1.00) 0.06 −0.0130 0.99 (0.97–1.00) 0.08
Duration of surgery, h 1.38 (1.23–1.56) < 0.001 0.2981 1.35 (1.17–1.55) < 0.0001

The least absolute shrinkage and selection operator analysis makes it possible to select variables without being limited by the parsimonious rule in usual 
logistic regression models by minimizing the sum of the absolute values of the regression coefficients leading some coefficients. This allows the selection 
of variables to be kept in the final regression model, in spite of the P > 0.05 obtained here with some risk factors (e.g., size of brain tumor).
GCS, Glasgow Coma Score; OR, odds ratio; SAP, systolic arterial pressure.
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Fig. 1. Receiver operating characteristic curves of the CranioScore in the learning (A) and validation (B) cohorts. (A) Receiver 
operating characteristic curve of the model in the learning cohort with an area under the receiver operating characteristic curve 
0.72 IC95% (0.68 to 0.77), Hosmer–Lemeshow test, P = 0.2. (B) Receiver operating characteristic curve in the external validation 
cohort with an area under the receiver operating characteristic curve of 0.70 IC95% (0.64 to 0.76), Hosmer–Lemeshow test, P = 0.1. 

Table 5. Sensitivity, Specificity, Positive Predictive Value, Negative Predictive Value, and Positive and Negative Likelihood Ratio in the 
Learning Cohort according to the Various Predicted Percentages of Complications of the CranioScore

 Sensitivity, % Specificity, %

Positive  
Predictive  
Value, %

Negative  
Predictive  
Value, %

Positive  
Likelihood  

Ratio

Negative  
Likelihood  

Ratio

> 2% 100 (97.1–100) 0.5 (0.2–1.2) 11.5 (9.6–13.5) 100 (47.8–100) 1.01 (1.00–1.01) 0
> 3% 100 (97.1–100) 6.2 (4.8–7.9) 12.1 (10.2–14.2) 100 (94–100) 1.07 (1.05–1.08) 0
> 4% 96.0 (90.9–98.7) 15.6 (13.4–18.0) 12.8 (10.7–15.1) 96.8 (92.7–99.0) 1.14 (1.09–1.19) 0.26 (0.11–0.61)
> 5% 92.8 (86.8–96.7) 26.1 (23.4–29.0) 13.9 (11.7–16.5) 96.6 (93.6–98.4) 1.26 (1.18–1.34) 0.28 (1.18–1.34)
> 8% 78.4 (70.2–85.3) 51.1 (47.9–54.3) 17.1 (14.1–20.5) 94.8 (92.6–96.6) 1.60 (1.43–1.79) 0.42 (0.30–0.59)
> 10% 65.6 (56.6–73.9) 62.8 (59.7–65.9) 18.6 (15.0–22.5) 93.4 (91.2–95.2) 1.77 (1.52–2.05) 0.55 (0.43–0.70)
> 15% 45.6 (36.7–54.7) 82.7 (80.1–85.0) 25.3 (19.8–31.5) 92.2 (90.2–93.9) 2.63 (2.08–3.33) 0.66 (0.56–0.77)

Table 6. Number of Patients Displaying the Value of Different CranioScore Thresholds and Number of Patients with or without 
Postoperative Complications in the Learning and Validation Cohorts

CranioScore  
Thresholds Cohort

Patients Classified as  
“High Risk of  

Complications,” N (%)

Patients Classified as  
“Low Risk of  

Complications,” N (%)

Patients with the  
Occurrence of  

Complications Classified  
as “High Risk,” N (%)

Patients with a Wrong  
Prediction of  

Complications Classified  
as “Low Risk,” N (%)

> 2% LC 1,089 (99.5) 5 (0.5) 125 (11.4) 0 (0.0)
VC 732 (97.9) 16 (2.1) 86 (11.5) 0 (0.0)

> 3% LC 1,034 (94.5) 60 (5.5) 125 (11.4) 0 (0.0)
VC 660 (88.2) 88 (11.8) 85 (11.4) 1 (0.1)

> 4% LC 938 (85.7) 156 (14.3) 120 (11.0) 5 (0.5)
VC 578 (77.3) 170 (22.7) 78 (10.4) 8 (1.1)

> 5% LC 832 (76.1) 262 (23.9) 116 (10.6) 9 (0.8)
VC 488 (65.2) 260 (34.8) 71 (9.5) 15 (2.0)

> 8% LC 572 (52.3) 522 (47.7) 98 (9.0) 27 (2.5)
VC 286 (38.2) 462 (61.8) 54 (7.2) 32 (4.3)

> 10% LC 286 (26.1) 652 (59.6) 82 (7.5) 43 (3.9)
VC 210 (28.1) 538 (71.9) 48 (6.4) 38 (5.1)

> 15% LC 225 (20.6) 869 (79.4) 57 (5.2) 68 (6.2)
VC 116 (15.5) 632 (84.5) 32 (4.3) 54 (7.2)

LC, learning cohort; VC, validation cohort.
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Discussion
We validated a score predicting early severe postoperative neu-
rosurgical complications within the setting of elective crani-
otomy for brain tumor. This score could provide substantial 
help in discriminating patients requiring mandatory overnight 
ICU monitoring to screen and treat major complications.

In an international observational study,18 in-hospital mor-
tality for patients requiring elective noncardiac surgery was 
higher than expected (up to 4%) with wide variation between 
countries. Moreover, indirect patient ICU admission after 
surgery was associated with higher mortality than patients 
with direct admission, meaning that complications after elec-
tive surgery should have been better anticipated.19 These data 
favor systematic postoperative ICU admission. However, in a 
recent multicenter international study, direct ICU admission 
after surgery did not appear to improve hospital mortality.7 
The benefit of systematic ICU admission is therefore question-
able. Up to now, monitoring patients after elective intracranial 
surgery in an acute care setting has been recommended (ICU, 
Neuro-ICU) because elective neurosurgery involves substantial 
morbidity and mortality compared with other types of surgery. 
An on-demand rather than a routine ICU admission policy 
could be profitable to high-risk patients and institutions.

In a nationwide multicenter database,1 patients undergo-
ing neurosurgery had more than a twofold risk of periopera-
tive mortality compared with average mortality. Moreover, 
mortality after neurosurgery has not decreased over the last 
few decades.1,20 This high mortality rate can be explained by 
life-threatening complications that can occur, such as cere-
bral hematoma,9 status epilepticus,13 and difficulty in wean-
ing the patient from mechanical ventilation.21 The incidence 
of complications after a neurosurgical procedure can be as 
high as 14.3%, especially after craniotomy.21 These data 
urgently call for modification of postoperative ICU admis-
sion protocols and enhanced screening of patients. These 
scores could play a role in deciding ICU admission. In neu-
rosurgery after elective craniotomy, selective rather than rou-
tine ICU admission could be both safe and cost-effective,6 
but the medical data that could improve this process are cur-
rently lacking. With a CranioScore value at or below 3%, 
patients could be safely discharged from the recovery room 
to a surgical ward. The percentage of patients with such Cra-
nioScore values could seem low. However, given the current 
policy of systematic ICU admission after neurosurgery, this 
would be the first step toward safe, medically justified, and 
cost-effective on-demand ICU admission after intracranial 
neurosurgery. Such a strategy would be highly innovative 
because on-demand ICU admission has not been tested in 
other contexts of high-risk surgery such as cardiac surgery.

Unlike cardiac surgery, there are very few scores to predict 
outcome in the setting of neurosurgery with craniotomy.22,23 To 
the best of our knowledge, only 25 studies on preoperative risk 
assessment are available in this setting.24 The scores currently 
available, such as American Society of Anesthesiologists or Kar-
nofski Performance Status, are not specific for neurosurgery 

patients and usually have small samples.24 The specific preop-
erative sex, Karnofsky, American Society of Anesthesiology, 
location, edema grading system associating sex, Karnofski Per-
formance Status, American Society of Anesthesiologists class, 
location of the brain tumor, and edema was built to predict 
1-yr outcome after meningioma surgery in the elderly.25 The 
sex, Karnofsky, American Society of Anesthesiology, location, 
edema score is useful in a selected population of patients under-
going elective craniotomy but is not helpful in the prediction of 
early postoperative complications with all types of brain tumors. 
The CranioScore is the first designed nationwide cohort with 
unselected brain tumor types in patients undergoing neurosur-
gery. Because we also provide a validation cohort, our results 
should be applicable to other settings. We have also identified 
some previously described risk factors such as the duration of 
surgery,13 which will strengthen applicability.

Our study has limitations. First, in spite of this large cohort, 
the sample size of patients with a postoperative complication 
is rather low, and the selection of the adequate variable to 
uphold in a traditional regression model could be inadequate, 
owing to the parsimonious rule. Least absolute shrinkage and 
selection operator models are not subjected to this limitation 
even with a high number of variables. Second, our findings 
suggest associations and not causation, although we provided 
a large independent validation cohort for external valida-
tion of the CranioScore. It is therefore possible that specific 
therapeutic targets based on the risk factors would improve 
outcomes. Third, the decision to switch hospital policies 
from systematic to on-demand ICU admission could involve 
some major logistics changes. It should enhance ICU bed 
availability, but it should be accompanied by increased nurse 
staff training, education, and monitoring in surgical wards. 
Fourth, a CranioScore cannot be easily calculated. However, 
this should not be a major drawback with the widespread use 
of online free calculators and medical apps on smartphones. 
Fifth, our cohort had a low incidence of awake craniotomy or 
rare surgical procedures that may have a higher risk of compli-
cations such as craniopharyngioma resection. Our score may 
not apply in such a setting, as well as in patients undergoing 
craniotomy for other procedures (aneurysm clipping and arte-
riovenous malformation, among others). In addition, the Cra-
nioScore is not applicable in case a patient has missing data 
in one of the selected variables. However, these variables are 
routinely monitored. Last, patient ICU admission could rely 
on the comorbidities for a given patient18 and not only on the 
potential occurrence of postoperative complications. In cases 
of patients with severe comorbidities, other specific scores can 
be used26 to evaluate overall perioperative risk.

Conclusions
The CranioScore is a validated score predicting the risk of 
severe postoperative neurosurgical complications in elec-
tive craniotomy for brain neoplasms. It should be of inter-
est to help an attending physician in the on-demand ICU 
admission process after craniotomy. Given the potential 
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consequences of misclassification, further research should 
focus on improving the specificity of prediction scores. The 
addition of biomarkers could be a promising tool in the 
prognostication of outcome after neurosurgery27 and could 
be tested to enhance the validity of our score.
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Daily Nitrous Oxide for “Pupblic” Patients of Dr. C. C. Haskell

From Springfield, Massachusetts, Dr. Clarence Crowell Haskell (1858 to 1917) published a ca. 1870 pamphlet adver-
tising (left) that he administered nitrous oxide “every day.” By touting that “3000 teeth already extracted testify to the 
superiority of the gas over all other anesthetics,” Dr. Haskell was mimicking pioneer anesthetist G. Q. Colton, who had 
advertised his own revival of nitrous-oxide anesthesia. With Haskell’s slogan (upper right), “Ether administered when 
desired,” he afforded an alternate anesthetic for those not happy to receive laughing gas. “Pupblic” patients (lower right) 
could only pray that Dr. Haskell could administer anesthetics better than he could spell or proofread…. (Copyright © the 
American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)
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