
A Cost Sensitive Approach to Predicting 30-Day 
Hospital Readmission in COPD Patients. 

 

Christopher Baechle1, Ankur Agarwal1, Ravi Behara1, Xingquan Zhu1

1Florida Atlantic University, Boca Raton, Florida 

 
Abstract Chronic Obstructive Pulmonary Disease is a 

painful chronic disease responsible for many unplanned 

hospital readmissions. Recent Federal legislation has begun to 

financially penalize hospitals which have excess patient 

readmissions. Predictive analytics offers a method to 

statistically predict which patients are at greatest risk for 

hospital readmission. Many readmission models currently exist, 

but few incorporate cost. Our research proposes several 

methods to directly incorporate cost into patient readmission 

prediction. Additionally, a method for evaluating the cost of 

existing models is proposed. Results show traditional evaluation 

methods such as AUC to have little relation to actual financial 

penalties (correlation = -0.21) and that dynamic cost evaluation 

to result in the largest cost savings. 

Keywords Data Mining; Decision Support Systems; Health 

Economics 

I. INTRODUCTION 

Chronic Obstructive Pulmonary Disease (COPD) is a 
chronic lung disease that affects approximately 24 million 
Americans [1]. COPD is progressive and causes patients to 
have reduced airflow to the lungs and increased sputum 
production. Breathing can be painful and exacerbation often 
requires hospitalization. The National Heart, Lung, and Blood 
Institute estimates COPD to cost the U.S. healthcare system 
38 billion dollars per year [2]. The Patient Protection and 
Affordable Care Act (ACA) attempts to address some of these 
costs by reducing hospital readmissions in COPD patients. 
The Hospital Readmissions Reduction Program (HRRP) 
defines rules and regulations which requires the Centers for 
Medicare and Medicaid Services (CMS) to reduce payments 
to hospitals with excess COPD readmissions [3]. This 
provision has given medical institutions increased financial 
incentive for reducing hospital readmissions in COPD 
patients.  

A. Readmission 

The past several years have seen an increase in hospital 
readmission reduction efforts. Programs include patient 
education [4], dedicated after care teams [5], and predictive 
modeling [6]. Predictive modeling attempts to predict patient 
readmission using data mining and machine learning. These 
models can be complex and potentially discover latent 
relationships not obvious to clinical staff. Machine learning 
methods have been reviewed [6] and though many 
publications exist, few have been able to model readmission 
risk with significant discriminative ability.  The review 
performed by Kansagara et al. found only 6 studies to date 
which predicted hospital readmission with a c-statistic greater 

than 0.7. Often times a lack of data is cited as the primary 
reason for poor model performance. However, Bottle et al. 
analyzed 1.4 million 
Service (NHS) and produced a model with a c-statistic of 0.7 
[7]. This model performed no better than a study using 1,029 
patients [6]. 

Many algorithms for building statistical learning models 
exist. Logistic regression is a popular method used in several 
readmission prediction models [8], [9]. Decision trees are 
family of machine learning methods which build tree-like 
structures to produce a model which classifies instances based 
upon a series of decisions. Random Forest (RF) is an ensemble 
of decision trees which builds multiple models based on 
feature sampling, a process similar to bootstrap aggregation. 
RF has been successfully used in studies which focused on 
using clinical notes as the primary data source [10]. Naïve 

rule for classification was also used successfully in the same 
study. Though many systems exist which use statistical 
learning methods to predict hospital readmission, few focus 
on integrating readmission cost into model creation [10] and 
no published research as of yet has directly integrated CMS 
cost penalties criteria into readmission model creation. Our 
work attempts to address this issue by directly incorporating 
CMS cost criteria into readmission model creation and 
evaluation.  

B. CMS Excess Readmission Forumulations 

CMS has published formulas based on HRRP which 
dictates excessive readmissions on a per-hospital basis. There 
are two components to this penalty, the base operating 
Diagnostic Related Group (DRG) payment amount and the 
Excess Readmission Ratio (ERR). The base operating DRG 
payment is calculated by CMS using many criteria, including 
case mix index, labor share, wage index, non-labor share, cost 
of living adjustments, technology payments, and total number 
of Medicare cases [11]. Many of these variables are beyond 
the control of the medical facility and for modeling purposes 
DRG cost is assumed to be uncontrollable. The second 
component to readmission penalty is the ERR. ERR is defined 
as 

 
 (1) 

Expected readmission rate is defined as the expected rate 
demographics and 

is calculated by CMS using regression models based on 
national readmission statistics [3]. Predicted readmission rate 
incorporates  
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as to minimize uncontrollable risk factors. Expected 
readmission rate can be treated as uncontrollable as hospitals 
have little control over their patient population and 
demographics. Predicted readmissions rate may be improved 
by hospitals through the reduction of readmissions. The final 
equation for 30-day readmission penalty for COPD is defined 
by CMS as 

  (2) 

where  is the sum of payments made for the 
COPD DRG group and  is the Excess Readmission 
Ratio for COPD patients. 

The primary performance metric in many reviewed 
readmissions systems is the c-statistic (also known as AUC) 
[6]. The c-statistic is a measure of a model  predictive power. 
However, a potentially small number of patients may need 
successful intervention to meet target rates and analysis of c-
statistic alone may produce an incomplete model. Cost and 
probability of readmission for individual instances needs to be 
considered. A model which produces a large c-statistic may 
not produce the lowest cost. 

C. Cost Sensitive Modeling and Evaluation 

Many readmission systems based on predictive modeling 
ignore misclassification cost and model False Positive (FP) 
and False Negative (FN) misclassifications to have equal cost. 
This assumption is often untrue. Cost sensitive data mining is 
a method which assigns cost to misclassification. Table I 
shows a confusion matrix. Table II outlines a cost-sensitive 
confusion matrix where single FP 

single FN.   

 
TABLE I. CONFUSION MATRIX 

 Predicted 

Positive 
Predicted 

Negative 
Actual 

Positive 
True  

Positive 
False  

Negative 

Actual 

Negative 
False  

Positive 
True  

Negative 

 
TABLE II. COST-SENSITIVE CONFUSION MATRIX 

 
Predicted 

Positive 
Predicted 

Negative 
Actual 

Positive 0  

Actual 

Negative  0 

 
 

Integrating cost into predictive models can be categorized 
into three approaches: (1) Cost-sensitive learning (2) Cost-
sensitive classification and (3) Cost-sensitive evaluation.  

Cost-sensitive learning builds a classifier using 
misclassification cost parameters. The algorithm for building 
the classifier often times must be modified and may not be 
practical. Additionally, since the model has been built using a 
cost matrix, the cost cannot be easily updated when classifying 
new instances. For instances where cost is a constant 

relationship, such as FN costing twice as much as FP, or a 
constant monetary value, modifying the model is not 
necessary. However, if cost is based on a rate which 
incorporates elements of the cost matrix, the model must be 
updated as new test instances become available. Though the 
ground-truth label may not be known during classification, a 
probability of classification may be assigned and this 
information immediately incorporated into the cost matrix for 
new instances. The updated cost matrix may result in a more 
accurate representation of the actual cost. 

Cost-sensitive classification builds a classifier with no 
additional cost parameters. Cost is incorporated when 
classifying new instances. Posterior probabilities are used to 

advantage to this method is there is no need to modify the 
algorithm building the classifier. However, cost-sensitive 
classification requires the classifier have the ability to produce 
posterior probabilities. Some classifiers, such as Naïve Bayes, 
can produce posterior probabilities with no additional work as 
they are fundamental to building the classifier. Other 
classifiers, such as decision trees, must use additional 
techniques to coerce a posterior probability. Weka, a popular 
data mining software tool, requires classifier implementations 
have the ability to produce posterior probabilities through the 
distributionForInstance function. Therefore, no additional 
work needs to be done to support cost-sensitive classification 
when using this tool. 

 
 (3) 

 

 
Cost sensitive classification is defined by eq. (3), where 

ptrue is probability of an instance (determined by the classifier) 

being true and  represents the threshold of classification. 

When the threshold of classification is reached, the instance is 
classified as true. 

Cost sensitive evaluation uses the cost matrix to determine 
the cost of misclassification. The total cost of 
misclassification is often obtained by the summation of all 
instance costs. An average cost per instance may be desirable 
and is often calculated when reporting cost sensitive 
evaluation. In the case where misclassification cost is not 
constant, summation of all instance costs may not be 
sufficient. 

II. METHODOLOGY 

A. Classification 

The classification algorithms chosen for this research are 
Naïve Bayes (NB), Random Forest (RF), Support Vector 
Machines (SVM), k-Nearest Neighbors (kNN), C4.5, Bagging 
with REPTree, and Boosting with Decision Stump. The data 
mining toolkit used in this research is Weka 3.6.14. The Area 
Under ROC Curve (AUC) is used as the primary performance 
metric. A large AUC represents a classifier which has good 
discriminative ability. 
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B. Cost Evaluation 

CMS calculates penalties based on eq. (2) and is the 
foundation of our cost evaluation model.  Table III outlines 
definitions for variables used in our cost sensitive model. As 
previously stated, the individual components of the DRG 
amount is outside the scope of our model and treated as a 
single cost variable. Many components of this variable are 
difficult or impractical to influence administratively. 
Expected rate is calculated based on national readmission 
statistics and is also treated as a single variable with which the 
facility has no control. However, the predicted rate can be 
improved. CMS uses regression modeling to determine the 
number of readmissions with which a hospital is held 
responsible. 

TABLE III. MODEL VARIABLES 

C  Total cost of Diagnostic Related Group (DRG) 

 Total cost of DRG for new patient(s) under analysis 

 Risk adjustment factor 

R  Number of readmissions for current fiscal period 

 Number of FN readmissions in new patient analysis 

P  Number of total patients in DRG for current fiscal period 

  Expected rate 

  Predicted rate 

  Probability of needing readmission 

N  Number of new patients under consideration 

 

 
 (4) 

 

In the case of cost sensitive classification for hospital 
readmission the cost of intervention. 
Intervention is often in the form of a home health care nurse. 
The patient would not have been readmitted to the hospital, 
therefore any investment towards preventing readmission is 
lost.  is defined as the cost the hospital will incur due to 
increased readmission rates. The misclassification cost for a 
single isolated FN instance is defined in eq. (5). 

 

 (5) 

 

The total cost of FN misclassification is not the sum of all 
individual FN misclassifications, however. CMS calculates 
cost using ERR, as defined in eq. (1). The increase in 
readmissions are the patients which needed but did not receive 
intervention. The increase in the total number of patients are 
the number of patients evaluated. The difference between total 
FN evaluator misclassification performance and the currently 
calculated CMS cost is represented by . Eq. (6) 
represents this total cost. The total misclassification cost for 
new patients under analysis is the sum of  and  as 
shown in eq. (8). 

 

 (6) 

 

 
 

(7) 

 

  (8) 

 

C. Cost-sensitive classification 

Patient readmission prediction can occur during two time 
periods: (1) During the discharge process and (2) Nightly 
batch processing. Predicting patient readmission probability 
during discharge is advantageous in that the patient is still in 
close contact with the facility. Intervention can be setup via 
scheduling of a home health care nurse or other medical 
professional. When a patient has left the facility, contacting 
them again may be difficult. Cost-sensitive classification for 
any single instance in isolation is determined by eq. (3). 

Nightly batch processing loses the advantage of 
immediate patient contact, but gains the advantage of a non-
fixed FN cost. Since a batch of instances are available,  can 
be updated during each classification iteration. For each 
iteration, the number of patients increases by one, but the 
number of readmissions increases by the probability of the 
current patient resulting in readmission. Eq. (9). defines an 
updatable , which may more accurately represent cost over 
the previously proposed method. 

 

 

(9) 

 

  (10) 

D. Data 

The dataset chosen for experimentation contains 1,248 
hospital discharge summaries containing COPD as a primary 
or secondary diagnosis. Features are extracted using a bag-of-
words representation and a total of 5,429 features exist. The 
class distribution is 14.32% readmission and 85.68% non-
readmission. Stratified 10-fold cross validation is used in 
evaluating performance. Single reported values represent the 
mean value of 10-folds. 

III. RESULTS 

A. Per-instance cost 

As shown in Table IV, the classifier with the best AUC is 
not necessarily the classifier which results in the lowest cost. 
RF obtained the highest AUC, but the lowest mean per-
instance misclassification cost was obtained by NB by a large 
margin. Additionally, SVM and kNN obtained relatively low 
costs but poor AUC. Fig.  1 shows a scatter plot of AUC in 
relation to cost. The Pearson correlation coefficient across all 
folds is -0.21 and shows there is little correlation between 
AUC and cost.  

TABLE IV. COMPARISON OF PER-INSTANCE COST AND AUC 
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Classifier AUC Mean Instance  
Misclassification Cost 

NB 0.643 $4,991.67 

RF 0.657 $8,373.45 

SVM 0.567 $6,540.98 

kNN 0.574 $6,493.68 

C4.5 0.546 $7,770.10 

Bagging 0.626 $8,374.73 

Boosting 0.574 $8,327.43 

 

Fig.  1. Scatter Plot Comparing CMS Penalty Cost and AUC. 

 

Cost-sensitive classification offers significant benefits as 
shown in Table V. RF, Bagging, and Boosting greatly 
benefited from cost sensitive classification in comparison to 
cost insensitive classification.  

TABLE V. COMPARISON OF COST SENSITIVE CLASSIFICATION 
AND COST INSENSITIVE CLASSIFICATION 

 Mean Instance  
Misclassification Cost 

Classifier Baseline Cost Sensitive Classification 

NB $4,991.67  $4,189.65  

RF $8,373.45  $680.13  

SVM $6,540.98  $6,540.98  

kNN $6,493.68  $6,497.53  

C4.5 $7,770.10  $1,833.61  

Bagging $8,374.73  $685.26  

Boosting $8,327.43  $685.26  

B. Dataset cost 

TABLE VI. COMPARISON OF FIXED AND UPDATABLE FN COST 

  
Total Misclassification Cost 

Classifier   

NB -$527,040.00 -$544,148.57 

RF -$32,994.29 -$862,445.71 

SVM -$300,685.71 -$300,685.71 

kNN -$307,588.57 -$307,108.57 

C4.5 -$121,291.43 -$226,617.14 

Bagging -$32,834.29 -$701,017.14 

Boosting -$39,737.14 -$935,440.00 

 

When analyzed in batches, results show there is a 
significant benefit to updating cost parameters as new 
information becomes available. Bagging is able to decrease 
cost 20x and most other classifiers able to make significant 
gains in misclassification cost.  

IV. CONCLUSION 

Cost may be a more desirable metric than the commonly 
used AUC when evaluating hospital readmission systems. 
Many readmission systems are built for the purpose of 
mitigating CMS penalties and since CMS cost criteria are 
publicly available, calculating cost of misclassification is 
possible. We proposed several methodologies for calculating 
cost. Cost sensitive classification offers a method to minimize 
cost and it was shown that building a classifier which is able 
to analyze many instances and iteratively incorporate CMS 
penalties to be most effective. However, when only a single 
instance is available, cost sensitive classification still offers 
the benefit of lowering cost when compared to our baseline 
methodology. 
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