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Abstract
Background: Identifying risk factors for negative postoperative outcomes is an 
important part of providing quality care. Here, we build machine learning (ML) 
ensembles to model the independent impact of presurgical comorbidities on 
discharge disposition and length of stay (LOS) following brain tumor resection from 
the HCUP National Inpatient Sample (NIS).
Methods: We performed a retrospective cohort study of 41,222 patients who 
underwent craniotomy for brain tumors during 2002–2011 and were registered in 
the NIS. Twenty‑six ML algorithms were trained on prehospitalization variables to 
predict nonhome discharge and extended LOS (>7 days), and the most predictive 
algorithms combined to create ensemble models. Models were validated to 
demonstrate generalizability. Analysis was done to identify which and how specific 
comorbidities influence ensemble predictions.
Results: Receiver operating curve analysis showed area under the curve of 
0.796 and 0.824 for the disposition and LOS ensembles, respectively. The 
disposition ensemble was most strongly influenced by preoperative paralysis and 
fluid/electrolyte abnormalities, which independently increased the risk of nonhome 
discharge in craniotomy patients by 35.4% and 13.9%, respectively. The LOS 
ensemble was most strongly influenced by the presence of preoperative paralysis, 
fluid/electrolyte abnormalities, and other nonparalysis neurological deficits, which 
independently increased the risk of extended LOS in craniotomy patients by 20.4%, 
22.5%, and 38.3%, respectively.
Conclusions: In this study, we used ML ensembles to identify preoperative 
comorbidities that increased the risk of nonhome discharge and extended LOS 
following craniotomy for brain tumor. Recognizing these risk factors for poor 
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INTRODUCTION

It is important for neurosurgeons to identify risk factors 
for poor outcomes following craniotomy for brain 
tumor (CFBT) as it impacts care on both the individual 
patient and healthcare systems level. An improved 
understanding of risk factors allows better patient 
counseling by providers, helps facilitate coordination of 
postoperative care between patients, providers, patient 
caregivers, and insurance companies, and affords patients 
and providers the opportunity to address potentially 
reversible conditions that could adversely impact 
postoperative outcomes. On the healthcare systems 
level, accurate identification of patients at high risk for 
poor postoperative outcomes helps surgeons and hospital 
administrators more efficiently apportion scarce hospital 
resources, while also helping hospitals and payers more 
easily determine appropriate rates of reimbursement for 
high‑resource patients. Prediction of high‑risk patients also 
allows more accurate calculation of observed‑to‑expected 
morbidity and mortality ratios, which can benefit quality 
improvement initiatives and avoid undue penalties for 
providers and hospitals that take on challenging cases.

Several operative risk assessments have already been 
developed and are in regular use. Some, such as 
the American Society of Anesthesiologists Physical 
Status (ASA‑PS) classification system, are very simple risk 
indices. While intuitive and user‑friendly, this risk index 
is not specific to neurosurgical patients and does not look 
at specific comorbidities, limiting its usefulness in terms 
of targeting potentially reversible preoperative patient 
characteristics.[23] This is particularly important in light 
of the fact that baseline patient characteristics have been 
identified as critical drivers of poor outcomes following 
CFBT. Grossman et al. showed that preoperative 
Charlson Comorbidity Score (a weighted patient 
comorbidity index) is predictive of inpatient postoperative 
mortality, length of stay (LOS), total hospital charges, 
and postoperative complications for elderly patients 
undergoing craniotomy for meningioma[10] and for 
metastatic brain tumors.[11] Dasenbrock et al. identified 
specific comorbidities recorded in the National Surgical 
Quality Improvement Program (NSQIP) database that 
increased the risk of extended LOS in patients undergoing 
CFBT.[8] It is clear, therefore, that risk prediction tools 
that incorporate patient comorbidities are needed to 
provide the most useful information to providers and 
their patients.

Here, we use a novel machine learning (ML) technique 
to predict two postoperative outcomes for patients 
registered in the National Inpatient Sample (NIS) 
undergoing CFBT – discharge disposition and length of 
hospital stay (LOS). We directly compare the predictive 
ability of 26 unique ML algorithms and combine the 
top performing algorithms to create final predictive 
ensembles. We then interrogate the ML ensembles 
to investigate the independent impact of 29 different 
patient comorbidities on discharge disposition and LOS. 
We also build ML ensembles for specific tumor subtypes 
to determine whether comorbidity risk factors vary based 
on pathologic diagnosis.

MATERIALS AND METHODS

Database
We used the NIS in‑hospital discharge database for the 
years 2002–2011. NIS is the largest all‑payer inpatient 
database publicly available in the United States, containing 
approximately 8 million hospital stays from ~1000 hospitals, 
sampled to approximate a 20% stratified sample of US 
hospitals.[13] NIS is compiled and maintained by the Agency 
for Healthcare Research and Quality (AHRQ, Rockville, 
Maryland, USA). This publicly available, de‑identified 
database was considered exempt from IRB review.

Patient selection
All 79,742,743 admissions registered in the NIS between 
2002 and 2011 were screened for inclusion in the 
study. Eligible admissions were first identified by ICD9 
diagnosis codes for brain tumor (225.0–225.4, 225.8, 
225.9, 199.1, 191.0–191.9). Admissions in this subset 
were then screened for ICD9 procedure codes matching 
craniotomy (01.20–01.29, 01.31, 01.32, 01.39, 01.59). We 
further restricted our cohort to patients 18 years or older. 
A total of 41,222 admissions met our criteria.

To determine whether trends in the entire CFBT 
population are mimicked within specific brain 
tumor diagnoses, we derived the following tumor 
subsets using the appropriate ICD9 diagnosis 
codes: meningioma (225.2), nonmeningioma benign 
tumor (225.0, 225.1, 225.8, 225.9), and malignant 
tumor (199.1, 191.0–191.9).

Variable selection and primary outcomes
Data was collected on a variety of preoperative patient 
characteristics, including age, race, sex, specific 
neurosurgical diagnosis, comorbidities, admission 
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type, emergent vs nonemergent surgery, expected 
payer, and hospital characteristics. The 29 included 
comorbidity variables were identified using the 
Elixhauser Comorbidity Software administered by 
AHRQ [Table 1]. In total, 61 different variables were 
considered [Supplementary Table 1]. The primary 
outcome for the discharge disposition model was home 
vs other (including death, short‑term hospital, AMA, 
home health, and other). Based on previous studies of 
LOS in the CFBT population, the primary outcome 
for the LOS model was defined as greater than 7 
inpatient days versus less than or equal to 7 inpatient 
days.[8] According to this definition, patients with 
extended LOS made up approximately one‑third of the 
CFBT population.

Data preprocessing
Numerous data preprocessing approaches are 
represented in the collection of algorithms evaluated in 
the leaderboard. This section describes the approaches 
used in the algorithms included in the final ensembles. 
Missing numerical data was dealt with by imputing 
the median of the column and creating a new binary 
column to indicate the imputation. Numerical data 
was standardized in each column by subtracting the 
mean and dividing by the standard deviation. For 
linear algorithms (Support Vector Machine, Elastic 
Net Classifier, Regularized Logistic Regression, 
Stochastic Gradient Descent Classifier, and Vowpal 
Wabbit Classifier), categorical data was turned into 
many binary columns by one‑hot encoding. Missing 
categorical values were treated as their own categorical 
level and get their own column. For tree‑based 
algorithms, categorical data was encoded with integers. 

The assignment of category values to integers was done 
randomly.

Leaderboard construction and model validation
Before training, 20% of the dataset was randomly 
selected as the holdout, which was never used in 
training or cross‑validation. The remaining data was 
divided into five mutually exclusive folds of data, four 
of which were used together as training, with the final 
fold used for validation.[16] Training was performed 
five times per algorithm, with each fold used once 
for validation. Cross‑validation scores were calculated 
by taking the average area under the curve (AUC) of 
the receiver‑operating characteristic (ROC) of the five 
possible validation folds. Twenty‑six ML algorithms were 
trained and scored, and the top performing algorithms 
were selected for use in each ensemble. The algorithms 
were combined with an Elastic Net Classifier and an 
Average Blender for the disposition and LOS ensembles, 
respectively. Following ensemble model creation, 
validation was performed on the holdout to demonstrate 
the ability of the model to generalize never‑before‑seen 
data. The holdout was taken as a single sample, and 
hence no confidence intervals were calculated. Model 
construction was performed using DataRobot (version 
3.0; DataRobot, Inc, Boston, MA).

Permutation importance
The relative importance of a feature to the final 
ensemble model was assessed using permutation 
importance, as described by Breiman.[3] Using training 
data only, for each variable, the ensemble was retrained 
on data with the values for the variable randomly 
permuted. The difference in performance in AUC 
between the ensemble built on the reference data and 
that of the data with the permuted variable was used 
to rank and compare the relative importance of the 
features to the ensemble.

Partial dependence
To understand the independent impact of race on the 
disposition and LOS ensembles, we constructed Partial 
Dependence plots, as described by Friedman.[9] A subset 
of the training data was selected. For any variable, we 
made predictions from the ensemble after replacing all 
values for the variable with a constant test value and 
computing the mean of those predictions. We tested 
many values to observe how the ensemble reacts to 
changes in the variable of interest.

Other statistical methods
Traditional statistical analysis was performed on selected 
patient and hospital characteristics. Continuous variables 
were compared using the Mann–Whitney U test. 
Categorical variables were compared using Pearson’s χ2 test. 
Statistical analysis was performed using the open source 
statistical tools in SciPy (SciPy ver 0.17).

Table 1: AHRQ comorbidities included in ensemble 
training
AIDS Lymphoma
Alcohol abuse Metastatic cancer
Chronic blood loss anemia Obesity
Chronic pulmonary disease Other neurologic disorders
Coagulopathies Paralysis
Congestive heart failure Peptic ulcer disease excluding bleeding
Deficiency anemias Peripheral vascular disorders
Depression Psychoses
Diabetes, uncomplicated Pulmonary circulation disorders
Diabetes, with chronic 
complications

Renal failure

Drug abuse Rheumatoid arthritis/collagen vascular 
diseases

Fluid/electrolyte abnormalities Solid tumor without metastasis
Hypertension Valvular disease
Hypothyroidism Weight loss
Liver disease
AHRQ: Agency for Healthcare Research and Quality
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RESULTS

Patient characteristics
A total of 41,222 admissions for CFBT were reviewed 
for analysis; 25,406 resulted in discharge to home 
and 15,705 admissions did not. One hundred and 
eleven admissions had no or unknown discharge 
disposition recorded and were excluded from the 
study. 69.3% of patients had at least one comorbidity. 
With the exception of drug abuse and peptic 
ulcer disease, all comorbidities were associated 
with a significantly increased risk of nonhome 
discharge [Supplementary Table 2]. Patients at 
higher risk for nonhome discharge tended to be 
females (P < .001), black (P < .001), older (average 
age 60.7 years versus 50.5 years P < .001), have 
Medicare as their primary payer (P < .001), and 
have nonelective surgeries (P < .001). They were 
seen in medium‑sized (P = 0.02), private (P < .001) 
urban nonteaching (P < .001), northeastern 
hospitals (P < .001) [Supplementary Table 3].

A total of 27,314 admissions lasted less than or equal 
to 7 days, and 13,907 admissions lasted more than 
7 days. One admission had no recorded LOS and 
was excluded from analysis. 69.4% of the patients 
had at least one comorbidity. Except lymphoma and 
rheumatoid arthritis or other collagen vascular diseases, 
all comorbidities were associated with a significant risk 
of extended LOS [Supplementary Table 4]. Patients at 
higher risk for extended hospitalization also tended to 
be older (average age 57.8 years vs 52.7 years, P < .001), 
black or other nonblack minority race (P < .001), and 
have nonelective surgeries (P < .001). They were seen 
in medium‑sized (P < .001), private (P < .001), urban 
nonteaching (P < .001), southern hospitals (P < .001) 
[Supplementary Table 5].

Receiver‑operator characteristics curve and 
other classifier statistics
An ensemble model including a Nystroem Kernel Support 
Vector Machine (SVM) Classifier, Elastic‑Net Classifier, 
and Extreme Gradient Boosted Trees Classifier was best 
able to predict discharge disposition, and an ensemble 
comprising an Elastic‑Net Classifier, a Vowpal Wabbit 
Classifier, a Stochastic Gradient Descent Classifier, two 
Extreme Gradient Boosted Trees Classifiers, a Gradient 
Boosted Tree Classifier, a Nystroem Kernel SVM, and 
a Regularized Logistic Regression was best able to 
predict extended LOS. The disposition ensemble model 
had an AUC on the validation set of 0.796 (95% CI, 
0.790–0.801), and the LOS ensemble had an AUC of 
0.824 (95% CI, 0.823–0.826). Validating on the holdout 
set yielded an AUC of 0.807 for the disposition ensemble 
and 0.818 for the LOS ensemble. When optimizing the 
F1 score, the discharge ensemble had a positive predictive 
value (PPV) of 60.0% (95% CI, 59.1–60.9%), a negative 
predictive value (NPV) of 82.0% (95% CI, 81.5–82.4%), 
sensitivity of 75.5% (95% CI, 75.0–76.0%), and specificity 
of 68.9% (95% CI, 67.9–69.8%). The LOS ensemble 
had a PPV of 58.8% (95% CI, 58.6–59.0%), an NPV of 
86.2% (95% CI, 86.0–86.4%), sensitivity of 77.2% (95% CI, 
76.9–77.5%), and specificity 72.5% (95% CI, 72.2–72.7%). 
All additional ensembles predicted their respective 
outcomes with similar discrimination [Table 2].

We also built logistic regressions to compare the 
predictive abilities of our ensembles to those of traditional 
regression‑based models. Both ensembles performed 
better than the corresponding logistic regression on the 
data hold out (AUC = 0.807 vs 0.802 for the disposition 
models; AUC = 0.818 vs 0.816 for the LOS models).

Permutation and partial dependence analysis
We performed permutation importance and partial 
dependence analyses to determine which variables are 

Table 2: Cross‑validation AUC and other metrics for constructed ensembles

Ensemble and patient 
population

AUC (95% CI) PPV, % (95% CI) NPV, % (95% CI) Sensitivity, % (95% CI) Specificity, % (95% CI) Holdout

Discharge
CFBT 0.796 (0.790-0.801) 60.0 (59.1-60.9) 82.0 (81.5-82.4) 75.5 (75.0-76.0) 68.9 (67.9-69.8) 0.807
Meningioma 0.789 (0.777-0.799) 57.8 (56.7-58.7) 81.3 (79.7-82.6) 78.7 (76.2-80.8) 61.6 (59.6-63.4) 0.804
Nonmeningioma benign 
tumor

0.761 (0.744-0.776) 50.0 (47.3-51.9) 83.2 (81.9-84.4) 71.4 (69.1-73.5) 66.3 (63.4-68.8) 0.782

Malignant tumor 0.793 (0.788-0.797) 60.2 (59.9-60.4) 82.2 (81.9-82.5) 77.2 (76.5-77.7) 67.3 (66.8-67.8) 0.793
Length of Stay

CFBT 0.824 (0.823-0.826) 58.8 (58.6-59.0) 86.2 (86.0-86.4) 77.2 (76.9-77.5) 72.5 (72.2-72.7) 0.818
Meningioma 0.815 (0.809-0.820) 58.7 (60.0-60.3) 86.4 (85.5-87.2) 78.7 (77.0-80.2) 70.9 (68.7-72.8) 0.811
Non-meningioma benign 
tumor

0.788 (0.761-0.812) 56.0 (52.8-58.8) 84.1 (81.5-86.4) 73.3 (68.1-77.7) 71.0 (68.1-74.5) 0.779

Malignant tumor 0.819 (0.815-0.823) 55.8 (55.1-56.3) 88.2 (87.8-88.5) 82.6 (81.9-83.2) 66.4 (65.5-67.2) 0.817
Cross-validation receiver operating characteristic and other metrics for each ensemble. Metrics are calculated at the optimized F1 score for each ensemble. The holdout for 
each ensemble is taken as a single sample, and so no confidence intervals are calculated. AUC: Area under the curve, CI: Confidence interval, PPV: Positive predictive value, 
NPV: Negative predictive value, CFBT: Craniotomy for brain tumor



Surgical Neurology International 2017, 8:220 http://www.surgicalneurologyint.com/content/8/1/220

most important to, and how they independently impact, 
the ensembles. The strongest risk factors for nonhome 
discharge are, in order, increasing age, preoperative 
paralysis, hospitalization in the northeast, nonelective 
surgery, and preoperative fluid/electrolyte abnormalities. 
The strongest risk factors for extended LOS in the 
LOS ensemble are nonelective surgery, preoperative 
paralysis, preoperative fluid/electrolyte abnormalities, 
increasing age, and other preoperative neurological 
deficits [Figure 1]. Preoperative paralysis and preoperative 
fluid/electrolyte abnormalities increase the risk of 
nonhome discharge by 35.4% and 13.9%, respectively. 
Preoperative paralysis increases the risk of extended 
LOS by 20.4%, whereas preoperative fluid/electrolyte 
abnormalities increase the risk by 22.5% and other 
preoperative neurological deficits increase the risk by 
38.3%. Subgroup analysis showed very little variance from 
the trends identified in the overall CFBT population, 
suggesting that specific tumor diagnosis does not strongly 
influence the effect of specific patient comorbidities on 
either discharge disposition or LOS [Figure 2].

DISCUSSION

In this study, we built ML ensemble models to identify 
preoperative comorbidities that most strongly predict 
nonhome discharge and extended LOS following CFBT. 
Previous work to identify patient characteristics that 
predict poor neurosurgical outcomes has tended to rely 
on traditional statistical techniques, in particular logistic 
regression (LR). While a powerful technique, LR works 
best on a limited range of datasets, particularly those 
that contain few, independent variables.[1] ML is a type of 
analysis that uses diverse computer algorithms to identify 
patterns in large, complicated data sets.[12] Newer ML 
algorithms are particularly adept at handling vast numbers 
of variables in complex and nonlinear ways to generate 
sophisticated predictions.[20] Given the complexity of 
human disease and the large amounts of patient data now 
collected in electronic medical records, some researchers 
have suggested that algorithms other than LR may be 
better suited to predicting patient outcomes.[21,24] It is 
impossible to know, however, which ML algorithm will best 
predict an outcome of interest for a given dataset without 

directly comparing the predictive abilities of the different 
algorithms. The advantage of our guided ML ensemble 
technique lies in the fact that we directly compare 26 
different ML algorithms using the same validation metrics, 
allowing us to objectively identify the algorithms that best 
predict outcomes of interest from our data.

Our ensemble models drew from a library of open 
source ML algorithms representing major classes of 
ML algorithms currently available. The algorithms 
selected for inclusion in each ensemble were selected 
based solely on their predictive abilities after training 
on the dataset – we did not bias our study by selecting 
algorithms a priori. The disposition ensemble comprised 
a Nystroem Kernel SVM classifier, Elastic‑Net classifier, 
and Extreme Gradient Boosted Trees classifier, whereas 
the LOS ensemble comprised an Elastic‑Net classifier, 
Stochastic Gradient Descent classifier, Vowpal Wabbit 
classifier, two Extreme Gradient Boosted Trees classifiers, 
and a Gradient Boosted Tree classifier, Nystroem Kernel 
SVM, and Regularized Logistic Regression. We briefly 
describe several of the machine learning algorithms that 
may be unfamiliar to the practicing neurosurgeon.
•	 Nystroem	Kernel	SVMs	plot	inputs	as	vectors	in	higher	

dimensional space, with each axis corresponding to 
a different variable. The algorithm then calculates 
a plane that separates the inputs into two different 
classes. New inputs are then assigned to a class based 
on which side of the plane they fall on[26]

•	 Elastic	 Nets	 are	 logistic	 regressions	 that	 employ	
lasso and ridge regularization to improve predictive 
accuracy. Lasso and ridge regularizations work to 
minimize model overfitting (when a model describes 
random error or noise inherent to the database rather 
than the true, underlying associations) by shrinking 
or eliminating large regression coefficients[27]

•	 Tree‑based	 models	 use	 decision	 rules	 to	 classify	
data. Large trees may have many decision rules, 
the outcome of each contributing to the overall 
likelihood that a data input will fall into one class or 
another. Extreme Gradient Boosted Trees continually 
add weak decision rules to the overall tree to produce 
models that are optimized to classify edge cases[4,7,9]

•	 Stochastic	 Gradient	 Descent	 classifiers	 are	 linear	
models that initially assign each variable a random 

Figure 1: Permutation importance. Permutation importance demonstrating the relative importance of individual variables to the disposition 
and LOS ensembles. The most important variable is given an importance value of 1.0 and the importance of other variables is shown 
relative to 1.0. Gray bars represent comorbidities. Dispo, disposition; LOS, length of stay. (a) disposition ensemble; (b) LOS ensemble

ba
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coefficient. The error function of the model is 
then calculated, and coefficient values updated in 
the direction that minimizes the error function. 
This process continues in a stepwise manner until 
minimization is achieved[3]

•	 Vowpal	 Wabbit	 classifiers	 represent	 a	 specific	
implementation of a Stochastic Gradient Descent 
classifier built specifically to handle large volumes of 
streaming (continually refreshing and updating) data.[25]

We point interested readers toward the references for 
more details.

We take further advantage of ML by combining the 
top performing models into ensembles, allowing us 
to utilize the unique advantages of different classes 
of algorithms within the same predictive ensemble. 
Our ML ensembles have good discrimination for both 
nonhome discharge (AUC = 0.796) and extended 

Figure 2: Partial dependence plots for comorbidities in the disposition and LOS ensembles. Partial dependence plots demonstrating 
the independent impact of comorbidities included in the top five most important variables for predicting discharge disposition or LOS. 
X‑axis represents probability of non‑home discharge or extended LOS, with 1 equivalent to 100% likelihood of non‑home discharge 
or extended LOS and 0 equivalent to 0% likelihood. Dispo, disposition; LOS, length of stay. (a) disposition ensemble for all tumors, (b) 
Disposition ensemble for meningiomas, (c) Disposition ensemble for non‑meningioma benign tumors, (d) Disposition ensemble for 
malignant tumors, (e) LOS ensemble for all tumors, (f) LOS ensemble for meningiomas, (g) LOS for non‑meningioma benign tumors, 
(h) LOS for malignant tumors

d h

c g
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LOS (AUC = 0.824) on internal validation. Importantly, 
the ensemble models also have good discrimination on 
the data hold out (AUC = 0.807 for the disposition 
model; AUC = 0.818 for the LOS model), demonstrating 
the ability of the ensembles to correctly categorize 
never‑before‑seen patients into home and nonhome 
discharge and extended and nonextended LOS. 
Ultimately, by building the most predictive ensembles 
for discharge disposition and LOS from our data, we 
can draw more accurate conclusions about the impact of 
comorbidities on the outcomes of interest.

Univariate analysis of the NIS database demonstrated 
that the presence of at least one comorbidity is 
associated with nonhome discharge and extended LOS. 
Analysis of each of the 29 comorbidities individually 
also revealed a statistically significant association with 
nonhome discharge and extended LOS for nearly all 
recorded comorbidities. Using permutation analysis and 
partial dependence plots of our ensembles, we identified 
preoperative paralysis and fluid/electrolyte abnormalities 
as the strongest independent comorbidity risk factors 
for nonhome discharge, and preoperative paralysis, 
fluid/electrolyte abnormalities, and other neurological 
deficits as the strongest independent comorbidity 
risk factors for extended LOS. Knowing that these, 
among the myriad comorbidities represented in the 
ensembles, most strongly influence the risk of nonideal 
postoperative outcomes helps neurosurgeons provide 
more accurate risk assessments for patients. Importantly, 
the independent impact of these preoperative 
comorbidities remains even in the presence of many 
other covariates, including age, gender, elective vs 
nonelective surgery, race, specific tumor diagnosis, and 
hospital characteristics.

While we controlled for a large number of variables 
before identifying the impact of preoperative paralysis, 
fluid/electrolyte abnormalities, and nonparalysis 
neurological deficits on extended LOS and nonhome 
discharge, these comorbidities may act as partial 
surrogates for variables not included in the original 
ensembles. Disease severity, for example, is a particularly 
important variable that was not directly addressed in 
the ensembles. It is likely that preoperative paralysis and 
nonparalysis neurological deficits correlate with more 
advanced preoperative disease, reflecting large tumor 
size or proximity of tumors to sensitive brain structures, 
which in turn may be associated with a host of negative 
prognostic factors, including extent of tumor resection 
and length of operation.

It is similarly possible that fluid/electrolyte 
abnormalities reflect a patient’s baseline health 
status, rather than acting as true independent 
predictors of poor postsurgical outcomes. Cecconi 
et al. demonstrated, for example, that only severe 

hypernatremia is independently associated with 
increased postoperative mortality, and that poor 
outcomes associated with other types of sodium 
abnormalities likely reflect the underlying cause of the 
abnormality rather than the abnormality itself.[6] In 
our study, we attempt to control for baseline health 
characteristics by including a fairly comprehensive array 
of 29 preoperative comorbidities in our ensembles. It 
is possible, however, that they do not fully describe a 
patient’s preoperative state of health.

Understanding the impact of these comorbidities 
on postsurgical outcomes is important from the 
perspective of patient counseling and treatment 
planning. We were surprised to find that some of the 
comorbidities identified here as strongly informing risk 
of poor postoperative outcomes are not accounted for 
in well‑established surgical risk calculators, including 
the American College of Surgeons (ACS) Universal 
Surgical Risk Calculator.[2] This suggests that these 
tools may underestimate risk for patients undergoing 
CFBT. Notable among the omissions are preoperative 
fluid and abnormalities, which represent one of the 
strongest risk factors for both nonhome discharge and 
extended LOS for patients following CFBT. Critically, 
electrolyte and fluid abnormalities are potentially 
reversible conditions, giving providers an opportunity to 
intervene preoperatively to improve patient outcomes 
postoperatively.

Identifying important risk factors for nonhome discharge 
and extended LOS is also important on a health‑systems 
level. In recognition of the importance of efficient 
coordination of discharge to post‑acute facilities or 
programs, some Medicare reimbursement models are 
now bundling acute hospitalizations and post‑acute care 
into single episodes of care.[5] Predicting which patients 
may require a higher level of care following CFBT 
will help acute and post‑acute care providers better 
coordinate transitions of care, potentially improving 
resource utilization and decreasing costs. Identifying 
patients at high risk for complications can also improve 
reimbursement for healthcare services. Missios et al. 
recently identified LOS as a primary driver of increasing 
hospitalization cost after CFBT – preemptively identifying 
patients who will require extended LOS following 
craniotomy can therefore help providers and hospitals 
justify appropriately higher rates of reimbursement for 
these patients to payers.[17]

Finally, recognizing risk factors for poor postoperative 
outcomes can aid hospitals and providers accurately 
gauge quality of care at their institutions. High quality 
care, which is defined by the Institute of Medicine as 
effective, efficient, equitable, safe, and timely provision 
of services, is being increasingly emphasized and 
incentivized in health care reimbursement strategies.[14] 
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Given the abstract nature of quality, surrogate measures 
for quality, including postoperative outcomes such 
as extended LOS, are seeing more extensive use. In 
agreement with other researchers, the findings of this 
study suggest that baseline patient characteristics play 
an important role in determining whether or not patients 
undergoing CFBT will have “poor quality” postoperative 
outcomes.[8,10,11] This has enormous implications for 
hospitals and providers who take care of patients with 
preoperative comorbidities, particularly those identified 
in this study as being strongly associated with nonhome 
discharge and extended LOS. Recognizing patients who 
will likely have nonhome discharge or extended LOS gives 
providers and hospitals a better understanding of the true 
quality of care that they provide, helping them not only 
avoid undue penalty for “poor quality” care for patients 
with these comorbidities but also helping them to target 
quality improvement projects to areas over which they 
have direct control.

Our study has several advantages; we use a 
well‑established, validated, multi‑institution database 
to train our predictive algorithms. We also use a 
standardized, validated method of identifying patient 
comorbidities within our database. In addition, our 
guided‑ML ensemble technique allows us to objectively 
select algorithms that best predict outcomes of interest 
from our database.

Despite these advantages, there are several limitations 
to the study; the guided‑ML ensemble is trained and 
validated on the same retrospective database. Though 
we demonstrate generalizability of the model to data 
never used in algorithm training, a stronger validation of 
the model would involve demonstrating generalizability 
to a prospective or to an entirely separate database. 
It is possible, for example, that nuances in the way 
data is collected in the NIS influence the model in a 
way that weakens generalizability to non‑NIS data. 
Furthermore, though a powerful modeling tool, ML 
and the associated algorithm analysis is unfamiliar to 
most surgeons and requires training and expertise to 
wield appropriately. Our strategy in particular is novel, 
and will require further study and validation. Finally, 
we were unable, due to limitations of the database, 
to correlate decreased LOS or home discharge with 
functional outcome measures. However, other work has 
shown that decreased LOS[15,18,22] and home discharge[19] 
may be associated with decreased readmission and 
all‑cause mortality rates for a variety of pathologies. 
It is possible that these improvements reflect milder 
preoperative disease severity. At least one study, 
however, demonstrated a decreased risk of 30‑day 
all‑cause mortality for a cohort of patients with hip 
fracture discharged to home as opposed to permanent 
nursing homes after controlling for preoperative 
functional status and comorbidities.[19]

CONCLUSION

In this study, we identify preoperative paralysis and 
fluid/electrolyte abnormalities as the strongest risk 
factors for nonhome discharge in craniotomy patients, 
whereas preoperative fluid/electrolyte abnormalities, 
paralysis, and other neurological deficits are the 
strongest risk factors for extended LOS. Recognizing 
these risk factors for poor postoperative outcomes 
provides opportunities to improve patient counseling, 
address potentially reversible causes of negative 
postoperative outcomes, improve reimbursement and 
resource allocation, and institute more effective quality 
improvement initiatives.
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Supplementary Table 1: Variables included in ensemble training
Age Peripheral vascular disease ICD9 Diagnoses
Sex Drug abuse 191.0
Race Valvular disease 191.1
Fluid/electrolyte abnormalities Liver disease 191.2
Paralysis Obesity 191.3
Other neurological deficits Chronic blood loss anemia 191.4
Hypertension AIDS 191.5
Deficiency anemias Peptic ulcer disease 191.6
Diabetes mellitus (no complications) Lymphoma 191.7
Diabetes mellitus (with complications) Arthritis 191.8
Coagulopathies Hospital characteristics: 191.9
Weight loss Geographic region 199.1
Chronic lung disease Ownership (private, government, etc.) 225.0
Solid tumor without metastases Location/teaching status (e.g., urban teaching, rural 

nonteaching)
225.1

Congestive heart failure Bed size 225.2
Psychosis Admission characteristics: 225.3
Metastatic cancer Admission type (emergency, urgent, trauma, etc.) 225.4
Depression Elective/nonelective 225.8
Alcohol abuse Primary expected payer 225.9
Renal failure Secondary expected payer
Pulmonary circulation disorders Weekend/weekday admission



Supplementary Table 2: Preoperative comorbidities of admissions used to train the disposition ensemble

Variable Total Discharged to home Not discharged to home P *

Surgeries, n (%) 41111 25406 (61.8) 15705 (38.2)
Missing comorbidities† 418 (1.0) 250 (59.8) 168 (40.2)
Paralysis

Yes 5274 (12.9) 1383 (26.2) 3891 (73.8) <.001
No 35419 (86.1) 23773 (67.1) 11646 (32.9)

Electrolyte or fluid abnormalities
Yes 5043 (12.3) 1871 (37.1) 3172 (62.9) <.001
No 35650 (86.7) 23285 (65.3) 12365 (34.7)

Other neurological deficits
Yes 680 (1.7) 143 (21.0) 537 (79.0) < 0.001
No 40013 (97.3) 25013 (62.5) 15000 (37.5)

Weight loss
Yes 733 (1.8) 155 (21.1) 578 (78.9) <.001
No 39960 (97.2) 25001 (62.6) 14959 (37.4)

Coagulopathies
Yes 1130 (2.8) 373 (33.0) 757 (67.0) <.001
No 39563 (96.2) 24783 (62.6) 14780 (37.4)

Solid tumor status
Yes 2458 (6.0) 1164 (47.4) 1294 (52.6) <.001
No 38235 (93.0) 23992 (62.7) 14243 (37.3)

Pulmonary or circulatory abnormalities
Yes 317 (.8) 76 (24.0) 241 (76.0) <.001
No 40376 (98.2) 25080 (62.1) 15296 (37.9)

Psychiatric abnormalities (not including depression)
Yes 1002 (2.4) 444 (44.3) 558 (55.7) <.001
No 39691 (96.6) 24712 (62.3) 14979 (37.7)

Anemia/iron deficiency
Yes 2503 (6.1) 1050 (41.9) 1453 (58.1) <.001
No 38190 (92.9) 24106 (63.1) 14084 (36.9)

Hypertension
Yes 16160 (39.3) 8392 (51.9) 7768 (48.1) <.001
No 24533 (59.7) 16764 (68.3) 7769 (31.7)

Depression
Yes 3230 (7.9) 1743 (54.0) 1487 (46.0) <.001
No 37463 (91.1) 23413 (62.5) 14050 (37.5)

Congestive heart failure
Yes 725 (1.8) 196 (27.0) 529 (73.0) <.001
No 39968 (97.2) 24960 (62.4) 15008 (37.6)
Diabetes mellitus (without complications)
Yes 4728 (11.5) 2213 (46.8) 2515 (53.2) <.001
No 35965 (87.5) 22943 (63.8) 13022 (36.2)

Diabetes mellitus (with complications)
Yes 397 (1.0) 134 (33.8) 263 (66.2) <.001
No 40296 (98.0) 25022 (62.1) 15274 (37.9)

Chronic lung disease
Yes 3922 (9.5) 2060 (52.5) 1862 (47.5) <.001
No 36771 (89.5) 23096 (62.8) 13675 (37.2)

Liver disease
Yes 298 (.7) 149 (50.0) 149 (50.0) <.001
No 40395 (98.3) 25007 (61.9) 15388 (38.1)

Contd...



Supplementary Table 2: Contd...

Variable Total Discharged to home Not discharged to home P *

Lymphoma
Yes 124 (.3) 57 (46.0) 67 (54.0) <.001
No 40569 (98.7) 25099 (61.9) 15470 (38.1)

AIDS
Yes 41 (.1) 17 (41.5) 24 (58.5) 0.007
No 40652 (98.9) 25139 (61.8) 15513 (38.2)

Blood loss
Yes 154 (.4) 69 (44.8) 85 (55.2) <.001
No 40539 (98.6) 25087 (61.9) 15452 (38.1)

Widespread cancer (metastases present)
Yes 2062 (5.0) 1160 (56.3) 902 (43.7) <.001
No 38631 (94.0) 23996 (62.1) 14635 (37.9)

Perivascular disease
Yes 505 (1.2) 185 (36.6) 320 (63.4) <.001
No 40188 (97.8) 24971 (62.1) 15217 (37.9)

Alcohol abuse
Yes 738 (1.8) 400 (54.2) 338 (45.8) <.001
No 39955 (97.2) 24756 (62.0) 15199 (38.0)

Drug abuse
Yes 429 (1.0) 261 (60.8) 168 (39.2) 0.67
No 40264 (98.0) 24895 (61.8) 15369 (38.2)

Valvular disease
Yes 895 (2.2) 440 (49.2) 455 (50.8) <.001
No 39798 (96.8) 24716 (62.1) 15082 (37.9)

Hypothyroidism
Yes 3170 (7.7) 1669 (52.6) 1501 (47.4) <.001
No 37523 (91.3) 23487 (62.6) 14036 (37.4)

Renal failure
Yes 565 (1.4) 181 (32.0) 384 (68.0) <.001
No 40128 (97.6) 24975 (62.2) 15153 (37.8)

Obesity
Yes 2164 (5.3) 1261 (58.3) 903 (41.7) <.001
No 38529 (93.7) 23895 (62.0) 14634 (38.0)

Arthritis
Yes 388 (1.0) 217 (55.9) 171 (44.1) 0.02
No 40305 (98.0) 24939 (61.9) 15366 (38.1)

Ulcer
Yes 32 (<.1) 16 (50.0) 16 (50.0) 0.17
No 40661 (98.9) 25140 (61.8) 15521 (38.2)

* Mann–Whitney U test and Pearson’s χ2 test for significant difference between groups. Chi square analyses do not include missing data. AIDS: Acquired immunodeficiency 
syndrome, † Admissions with missing comorbidity data were missing comorbidity data across all 29 variables. We only present the missing data once: though in reality these values 
are missing for each comorbidity variable



Supplementary Table 3: Preoperative comorbidities from admissions used to train the LOS ensemble

Variable Total LOS <=7 days LOS >7 days P *

Surgeries, n (%) 41221 27314 (66.3) 13907 (33.7)
Missing comorbidities† 418 (1.0) 290 (69.4) 128 (30.6)
Paralysis

Yes 5304 (12.9) 2162 (40.8) 3142 (59.2) <.001
No 35499 (86.1) 24862 (70.0) 10637 (30.0)

Electrolyte or fluid abnormalities
Yes 5056 (12.3) 1710 (33.8) 3346 (66.2) <.001
No 35747 (86.7) 25314 (70.8) 10433 (29.2)

Other neurological deficits
Yes 684 (1.7) 134 (19.6) 550 (80.4) <.001
No 40119 (97.3) 26890 (67.0) 13229 (33.0)

Weight loss
Yes 735 (1.8) 143 (19.5) 592 (80.5) <.001
No 40068 (97.2) 26881 (67.1) 13187 (32.9)

Coagulopathies
Yes 1131 (2.7) 402 (35.5) 729 (64.5) <.001
No 39672 (96.3) 26622 (67.1) 13050 (32.9)

Solid tumor status
Yes 2464 (6.0) 1338 (54.3) 1126 (45.7) <.001
No 38339 (93.0) 25686 (67.0) 12653 (33.0)

Pulmonary or circulatory abnormalities
Yes 320 (.8) 70 (21.9) 250 (78.1) <.001
No 40483 (98.2) 26954 (66.6) 13529 (33.4)

Psychiatric abnormalities (not including depression)
Yes 1005 (2.4) 479 (47.7) 526 (52.3) <.001
No 39798 (96.6) 26545 (66.7) 13253 (33.3)

Anemia/iron deficiency
Yes 2510 (6.1) 1051 (41.9) 1459 (58.1) <.001
No 38293 (92.9) 25973 (67.8) 12320 (32.2)

Hypertension
Yes 16213 (39.3) 9688 (60.0) 6525 (40.0) <.001
No 24590 (59.7) 17336 (70.5) 7254 (29.5)

Depression
Yes 3239 (7.9) 1942 (60.0) 1297 (40.0) <.001
No 37564 (91.1) 25082 (66.8) 12482 (33.2)

Congestive heart failure
Yes 731 (1.8) 251 (34.3) 480 (65.7) <.001
No 40072 (97.2) 26773 (66.8) 13299 (33.2)

Diabetes mellitus (without complications)
Yes 4742 (11.5) 2598 (54.8) 2144 (45.2) <.001
No 36061 (87.5) 24426 (67.7) 11635 (32.3)

Diabetes mellitus (with complications)
Yes 398 (1.0) 155 (38.9) 243 (61.1) <.001
No 40405 (98.0) 26869 (66.5) 13536 (33.5)

Chronic lung disease
Yes 3935 (9.5) 2338 (59.4) 1597 (40.6) <.001
No 36868 (89.5) 24686 (67.0) 12182 (33.0)

Liver disease
Yes 300 (.7) 147 (49.0) 153 (51.0) <.001
No 40503 (98.3) 26877 (66.4) 13626 (33.6)

Contd...



Supplementary Table 3: Contd...

Variable Total LOS <=7 days LOS > 7 days P *

Lymphoma
Yes 124 (.3) 73 (58.9) 51 (41.1) 0.08
No 40679 (98.7) 26951 (66.3) 13728 (33.7)

AIDS
Yes 42 (.1) 18 (42.9) 24 (57.1) 0.001
No 40761 (98.9) 27006 (66.3) 13755 (33.7)

Blood loss
Yes 155 (.4) 68 (43.9) 87 (56.1) <.001
No 40648 (98.6) 26956 (66.3) 13692 (33.7)

Widespread cancer (metastases present)
Yes 2070 (5.0) 1222 (59.0) 848 (41.0) <.001
No 38733 (94.0) 25802 (66.6) 12931 (33.4)

Perivascular disease
Yes 507 (1.2) 238 (46.9) 269 (53.1) <.001
No 40296 (97.8) 26786 (66.5) 13510 (33.5)

Alcohol abuse
Yes 742 (1.8) 353 (47.6) 389 (52.4) <.001
No 40061 (97.2) 26671 (66.6) 13390 (33.4)

Drug abuse
Yes 430 (1.0) 216 (50.2) 214 (49.8) <.001
No 40373 (98.0) 26808 (66.4) 13565 (33.6)

Valvular disease
Yes 897 (21.8) 510 (56.9) 387 (43.1) <.001
No 39906 (96.8) 26514 (66.4) 13392 (33.6)

Hypothyroidism
Yes 3184 (7.7) 1963 (61.7) 1221 (38.3) <.001
No 37619 (91.3) 25061 (66.6) 12558 (33.4)

Renal failure
Yes 565 (1.4) 220 (38.9) 345 (61.1) <.001
No 40238 (97.6) 26804 (66.6) 13434 (33.4)

Obesity
Yes 2169 (5.3) 1354 (62.4) 815 (37.6) <.001
No 38634 (93.7) 25670 (66.4) 12964 (33.6)

Arthritis
Yes 388 (1.0) 241 (62.1) 147 (37.9) 0.08
No 40415 (98.0) 26783 (66.3) 13632 (33.7)

Ulcer
Yes 32 (<0.1) 14 (43.8) 18 (56.2) 0.007
No 40771 (98.9) 27010 (66.2) 13761 (33.8)

* Pearson’s χ2 test for significant difference between groups. Chi square analyses do not include missing data. † Admissions with missing comorbidity data were missing 
comorbidity data across all 29 variables. We only present the missing data once, though in reality these values are missing for each comorbidity variable. AIDS: Acquired 
immunodeficiency syndrome, LOS: Length of stay



Supplementary Table 4: Patient characteristics for admissions included in disposition ensemble

Variable Total Discharged to home Not discharged to home P *

Surgeries, n (%) 41111 25406 (61.8) 15705 (38.2)
Sex, n (%)

Male 21570 (52.5) 13680 (63.4) 7890 (36.6) <.001
Female 19363 (47.1) 11567 (59.7) 7796 (40.3)
Missing 178 (.4) 159 (89.3) 19 (.7)
Age at surgery, mean (SD), y 54.4 (15.9) 50.5 (15.0) 60.7 (15.3) <.001

Race, n (%)
White 25678 (62.5) 15935 (62.1) 9743 (37.9) <.001
Black 2174 (5.3) 1182 (54.4) 992 (45.6)
Other 4592 (11.1) 2831 (61.7) 1761 (38.3)
Missing 8667 (21.1) 5458 (63.0) 3209 (37.0)

Expected payer, n (%)
Private 22097 (53.7) 15719 (71.1) 6378 (28.9) <.001
Medicare 12074 (29.4) 4989 (41.3) 7085 (58.7)
Medicaid 3754 (9.1) 2353 (62.7) 1401 (37.3)
Self-pay 1591 (3.9) 1216 (76.4) 375 (23.6)
Other 1345 (3.3) 938 (69.7) 407 (30.3)
No charge 185 (.4) 147 (79.5) 38 (20.5)
Missing 65 (.2) 44 (67.7) 21 (32.3)

Admission type, n (%)
Elective 23491 (57.1) 16525 (70.3) 6966 (29.7) <.001
Nonelective 17561 (42.7) 8839 (50.3) 8722 (49.7)
Missing 59 (.2) 42 (71.2) 17 (28.8)

Hospital Region, n (%)
South 15324 (37.3) 10135 (66.1) 5189 (33.9) <.001
West 9152 (22.2) 5746 (62.8) 3406 (37.2)
Northeast 8382 (20.4) 4601 (54.9) 3781 (45.1)
Midwest 8253 (20.1) 4924 (59.7) 3329 (40.3)

Hospital Control, n (%)
Government or private 34188 (83.2) 21465 (62.8) 12723 (37.2) <.001
Private NFP 4425 (10.8) 2573 (58.1) 1852 (41.9)
Private investor 1454 (3.5) 782 (53.7) 672 (46.2)
Government/non-federal 753 (1.8) 422 (56.0) 331 (44.0)
Private NFP or investor 291 (.7) 164 (56.4) 127 (43.6)

Hospital location/teaching, n (%)
Urban teaching 31584 (76.8) 20046 (63.5) 11538 (36.5) <.001
Urban nonteaching 8528 (20.8) 4757 (55.8) 3771 (44.2)
Rural 999 (2.4) 603 (60.4) 396 (39.6)

Hospital bed size, n (%)
Large 32579 (79.3) 20190 (62.0) 12389 (38.0) 0.02
Medium 6221 (15.1) 3756 (60.4) 2465 (39.6)
Small 2311 (5.6) 1460 (63.2) 851 (36.8)

Preoperative comorbidity †,n (%)
Yes 28506 (69.3) 15258 (53.5) 13248 (46.5) <.001
No 12187 (29.7) 9898 (81.2) 2289 (18.8)
Missing 418 (1.0) 250 (59.8) 168 (40.2)

* Mann‑Whitney U test and Pearson’s χ2 test for significant difference between groups. Chi square analyses do not include missing data † Indicates presence of at least one 
preoperative comorbidity. SD: Standard deviation, Y: Years, NFP: Not for profit



Supplementary Table 5: Patient characteristics for admissions included in LOS ensemble

Variable Total LOS <=7 days LOS > 7 days P *

Surgeries, n (%) 41221 27314 (66.3) 13907 (33.7)
Sex, n (%)

Male 21617 (52.4) 14337 (66.3) 7280 (33.7) 0.4
Female 19426 (47.1) 12808 (66.0) 6618 (34.0)
Missing 179 (.4) 169 (94.4) 9 (5.6)
Age at surgery, mean (SD), y 54.4 (15.9) 52.7 (15.5) 57.8 (16.1) <.001

Race, n (%)
White 25747 (62.5) 17728 (68.9) 8019 (31.1) <.001
Black 2186 (5.3) 1152 (52.7) 1034 (47.3)
Other 4613 (11.2) 2534 (54.9) 2079 (45.1)
Missing 8676 (21.0) 5900 (68.0) 2775 (32.0)

Expected payer, n (%)
Private 22136 (53.7) 16418 (74.2) 5718 (25.8) <.001
Medicare 12128 (29.4) 6912 (57.0) 5216 (43.0)
Medicaid 3763 (9.1) 2074 (55.1) 1689 (44.9)
Self-pay 1595 (3.9) 896 (56.2) 699 (43.8)
Other 1349 (3.3) 869 (64.4) 480 (35.6)
No charge 185 (.4) 104 (56.2) 81 (43.8)
Missing 65 (.2) 41 (63.1) 24 (36.9)

Admission type, n (%)
Elective 23544 (57.1) 19423 (82.5) 4121 (17.5) <.001
Nonelective 17616 (42.7) 7857 (44.6) 9759 (55.4)
Missing 61 (.2) 34 (55.7) 27 (44.3)

Hospital Region, n (%)
Northeast 8385 (20.3) 5516 (65.8) 2869 (34.2) <.001
South 15390 (37.3) 9850 (64.0) 5540 (36.0)
Midwest 8261 (20.1) 5624 (68.1) 2637 (31.9)
West 9185 (22.3) 6324 (68.9) 2861 (31.1)

Hospital Control, n (%)
Government or private 34240 (83.1) 22963 (67.1) 11277 (32.9) <.001
Private NFP 4457 (10.8) 2895 (65.0) 1562 (35.0)
Private investor 1472 (3.6) 807 (54.8) 665 (45.2)
Private NFP or investor 291 (.7) 174 (59.8) 117 (40.2)
Government nonfederal 761 (1.8) 475 (62.4) 286 (37.6)

Hospital location/teaching, n (%)
Urban teaching 31636 (76.7) 21313 (67.4) 10323 (32.6) <.001
Urban nonteaching 8584 (20.8) 5330 (62.1) 3254 (37.9)
Rural 1001 (2.5) 671 (67.0) 330 (33.0)

Hospital bed size, n (%)
Large 32674 (79.3) 21568 (66.0) 11106 (34.0) <.001
Medium 6231 (15.1) 4025 (64.6) 2206 (35.4)
Small 2316 (5.6) 1721 (74.3) 595 (25.7)

Preoperative comorbidity †, n (%)
Yes 28602 (69.4) 17005 (59.5) 11597 (40.5) <.001
No 12201 (29.6) 10019 (82.1) 2182 (17.9)
Missing 418 (1.0) 290 (69.4) 128 (30.6)

* Mann‑Whitney U test and Pearson’s χ2 test for significant difference between groups. Chi square analyses do not include missing data. † Indicates presence of at least one 
preoperative comorbidity. LOS: Length of stay, SD: Standard deviation, Y: Years, NFP: Not for profit




