
Health Serv Res. 2021;56:1271–1280. wileyonlinelibrary.com/journal/hesr   |  1271

Health Services Research

© 2021 Health Research and Educational Trust

 

DOI: 10.1111/1475-6773.13652  

R E S E A R C H  A R T I C L E

Operational Modeling with Health Economics to Support 
Decision Making for COPD Patients

Usame Yakutcan PhD1  |   Eren Demir PhD1  |   John R. Hurst MD, PhD2  |   
Paul C. Taylor PhD1 |   Heidi A. Ridsdale BSc3

1Hertfordshire Business School, University 
of Hertfordshire, Hatfield, UK
2UCL Respiratory, University College 
London, London, UK
3Camden COPD and Home Oxygen Service, 
Central and North West London NHS 
Foundation Trust, London, UK

Correspondence
Usame Yakutcan, PhD, Hertfordshire 
Business School, University of 
Hertfordshire, AL10 9AB Hatfield, UK.
Email: u.yakutcan@herts.ac.uk

Abstract
Objective: To assess the impact of interventions for improving the management of 
chronic obstructive pulmonary disease (COPD), specifically increased use of pulmo-
nary rehabilitation (PR) on patient outcomes and cost- benefit analysis.
Data Sources: We used the national Hospital Episode Statistics (HES) datasets in 
England, local data and experts from the hospital setting, National Prices and National 
Tariffs, reports and the literature around the effectiveness of PR programs.
Study Design: The COPD pathway was modeled using discrete event simulation (DES) 
to capture the patient pathway to an adequate level of detail as well as randomness 
in the real world. DES was further enhanced by the integration of a health economic 
model to calculate the net benefit and cost of treating COPD patients based on key 
sets of interventions.
Data Collection/Extraction Methods: A total of 150 input parameters and 75 dis-
tributions were established to power the model using the HES dataset, outpatient 
activity data from the hospital and community services, and the literature.
Principal Findings: The simulation model showed that increasing referral to PR (by 
10%, 20%, or 30%) would be cost- effective (with a benefit- cost ratio of 5.81, 5.95, 
and 5.91, respectively) by having a positive impact on patient outcomes and opera-
tional metrics. Number of deaths, admissions, and bed days decreased (ie, by 3.56 
patients, 4.90 admissions, and 137.31 bed days for a 30% increase in PR referrals) as 
well as quality of life increased (ie, by 5.53 QALY among 1540 patients for the 30% 
increase).
Conclusions: No operational model, either statistical or simulation, has previously 
been developed to capture the COPD patient pathway within a hospital setting. To 
date, no model has investigated the impact of PR on COPD services, such as opera-
tions, key performance, patient outcomes, and cost- benefit analysis. The study will 
support policies around extending availability of PR as a major intervention.
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1  | INTRODUC TION

Chronic obstructive pulmonary disease (COPD) is the world's 
third deadliest disease after ischemic heart disease and stroke.1 In 
England, COPD deaths increased by about 20% between 2001 and 
2017.2 Also, only a third of the United Kingdom (UK) COPD popula-
tion (about 3.5 million people) are diagnosed.3 The cost (direct and 
indirect) of COPD is about £1.9 billion/year, the figure rises to £48 
billion when intangible costs (the monetization of pain, suffering, 
and mortality) are also considered.4

COPD is classified as an ambulatory care sensitive condition 
(ACSC), where hospitalization due to exacerbation can, at least in 
part, be prevented by providing effective primary care, such as out-
patient or community services.5 While the UK has the lowest rate of 
avoidable admissions for other chronic conditions, such as conges-
tive heart failure (CHF) and diabetes, the rate for asthma and COPD 
is about 25% higher than the EU average.6

Hospital performance in preventing emergency hospitalization 
and reducing length of stay (LOS) is a priority for the National Health 
System (NHS) in the UK.7 Pulmonary Rehabilitation (PR) is known 
to have a positive impact on patient outcomes in COPD, including 
exacerbation, mortality rate, and admissions8 as well as on anxiety 
and depression.9 Outpatient PR considerably decreases the usage 
of health resources in COPD patients10 and thus is prioritized in the 
current NHS long- term plan.11

2  | BACKGROUND AND OBJEC TIVES

Discrete event simulation (DES) is widely applied in health care 
tackling key issues around scheduling,12 patient flow,13 planning 
of hospital departments,14,15 resource/capacity allocations,16 eco-
nomic evaluation,17 and screening.18 Moreover, DES has been used 
to improve patient pathways or disease management, for example, 

stroke,19 cataract,20 depression,21 diabetes,22 HIV,23 Parkinson's 
disease,24 and prostate cancer.25 The method provided a safe envi-
ronment to increase service quality, better understand disease and 
reduce waiting times.

Also, it enabled services and clinicians to capture the health care 
setting at a certain degree of accuracy and track patients individu-
ally. Thus, the heterogeneity in patients (eg, age, disease stage, life-
style) can be reflected which influences probability of the events.26 
Various what- if scenarios can be tested for the use of decision mak-
ing with more reliable and comprehensive outputs.

Studies have showed the effectiveness of PR in different deliv-
ery forms on patient outcomes and costs.27 Outpatient PR program 
was found to be cost- effective in terms of cost per quality- adjusted 
life year (QALY) and providing cost- savings in hospital activities.28 
Golmohammadi and colleagues showed that community- based PR 
improves the health status of patients and reduces total direct costs 
via comparing real data before and after the program.29 Similarly, 
an inexpensive PR program was found to be effective to improve 
parameters related to quality of life.30

Gillespie et al31 demonstrated that PR is cost- effective consider-
ing the Chronic Respiratory Questionnaire scores, but no evidence 
was found when considering QALYs gained. Their analysis included 
the costs of the intervention (PR), health care services, and patient. 
Moreover, Atsou et al32 found PR to be cost- effective using a multi- 
state Markov model considering QALY and disease costs.

On the other hand, a novel tele- rehabilitation project in Denmark, 
which aims to enable COPD patients to do exercises at home and 
carry out self- monitoring, was found as more cost- effective than 
the traditional way via the cost- utility analysis.33 A decision- tree 
model evaluated different delivery methods of early PR in the UK.34 
The combination of home and hospital PR had the highest cost- 
effectiveness compared to hospital PR or home PR. Also, all these 
interventions had better results against the usual care in terms of 
QALYs and costs.

What Is Known on This Topic

• Prior studies showed the effectiveness of pulmonary rehabilitation, comparing patient out-
comes, and costs.

• The quantifiable impact of re- designing COPD (chronic obstructive pulmonary disease) care 
has never been previously investigated.

• No economic evaluation incorporating the lifetime earning approach (to monetize mortality) 
has been conducted using an operational model.

What This Study Adds

• Practical application of discrete event simulation within COPD study as a novel methodology 
for improving activity, cost- saving, and patient outcomes.

• A unique comprehensive model to support practitioners for a better management of COPD 
services.

• The study provides a guidance for key decision makers to implement the model to other 
services or adopt for other chronic diseases for economic evaluation purposes.
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Another trial in the UK demonstrated that community PR had 
similar effectivity as hospital PR, where phone follow- up was 
found to be beneficial (with a moderate cost) in the community 
only.35 Recently, a cost- utility study showed home PR is a cost- 
effective alternative for those who are not able to attend PR 
centers.36

2.1 | The need for an operational model

Most health care modeling studies carried out deterministic cost- 
revenue calculations. The calculations do not vary depending on 
length of stay, admission type (first or recurrent), treatment proce-
dure, etc. Moreover, there are a limited number of innovative ap-
plications of economic evaluation to simulation technique, whereas 
most applied classic methods for the assessment, cost per QALY 
gained (or per saved lives, averted cases), or cost- revenue calcula-
tions. In addition, a modeling method or scenario for the readmission 
issue have not proposed or considered.

On the other hand, there are very few modeling studies consid-
ering PR. The quantifiable impact of re- designing COPD services, for 
example, in the form of increasing the number of patients referred to 
PR, has never been previously studied. There are no known models 
that capture individual patient pathways within COPD services that 
track the movement of COPD patients in hospital and evaluate the 
operational and economic aspect of the disease. Also, current stud-
ies have not tested the practical impact of innovative strategies or 
policies, such as workforce planning, reducing patient readmissions, 
and integration of COPD care. As we simulate the patient pathway 
across a hospital setting, we can estimate and evaluate the impact of 
intervention(s) comprehensively on many metrics, including patient 
outcomes, resource utilization, and financial implications of change.

We, therefore, developed a DES model, that captures COPD 
treatment pathways and service configurations within a hospital 
setting, in conjunction with health economic modeling. For the first 

time, our model will enable key decision makers to assess, (a) the 
operational impact of changes and policies in COPD care, such as 
increased use of PR (eg, bed usage, staff hours, readmission), (b) the 
effectiveness of interventions on patient outcomes (eg, quality of 
life (QoL), emergency admission, mortality), and (c) evaluate the cost- 
effectiveness of PR using a health economic model known as lifetime 
earnings approach.

3  | METHODS

3.1 | Conceptualization of COPD patient pathway

In collaboration with the COPD team at Royal Free London (RFH) 
NHS Foundation Trust (a major specialist provider in London) and 
the local community COPD services, run by Central and North West 
London (CNWL) NHS Foundation Trust, the COPD patient path-
way was conceptualized. The hospital pathway includes outpatient, 
inpatient and accident and emergency (A&E) departments along 
with disease progression (see Figure 1). The team was made up of 
specialist consultants, nurses, physiotherapists, service manager, 
and experts in health care analytics and simulation programmers. 
Numerous interviews and meetings were organized to better under-
stand the patient pathway and operational processes and resources 
consumed within all services.

In outpatient services (see box A in Figure 1), patients are initially 
first seen by a health care assistant or nurse. Then, they are typically 
seen by a physician in one of the clinics, be that general or specialist. 
Patients are mostly given a follow- up appointment for a time typi-
cally six months.

Patients can also be referred to further outpatient services (see 
box B), that is, physiotherapy, PR, and lung function testing. The PR 
program includes 16 sessions taking place twice a week for 8 weeks, 
where patients are assessed before and after the program. However, 
other outpatient services take place generally once.

F I G U R E  1   High- level conceptualization of COPD patient pathway [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Some patients frequently attend A&E due to acute exacerbations 
or other reasons (see Box C). They are pre- assessed by a nurse, then 
seen by a doctor. After the required assessments and examinations 
in A&E, patients who are not stabilized are admitted for inpatient 
care. According to our analysis of the national dataset, around 80% 
of COPD- related admissions to inpatient departments are made 
through A&E.37

COPD- related inpatient admissions can be elective (very few 
cases, around 5%) and nonelective (ie, unplanned, through A&E or 
other). Patients are mostly bedded in a respiratory or Care of the 
Elderly ward (if they are 80 years or more; see Box D). Also, they 
may be transferred to the intensive care unit in case of being more 
critically unwell. Patients may move between units and wards while 
they stay within inpatient services.

COPD patients stay in wards for a period (a median LOS of 4 days 
and interquartile range between 2 and 7 days at the national level38). 
After the inpatient stay, patients may return to community (eg, 
primary or secondary service) or leave the pathway due to death. 
Note that in some cases, patients are readmitted back to inpatient 
departments (through A&E) after a period of time after discharge. 
The pathway has many stochastics events and decisions. Therefore, 
distributions were employed to reflect the variation in the reality 
(eg, referral to outpatient services, LOS in the wards, probability of 
readmission).

3.2 | Patient readmissions

Patients can be admitted to hospital on multiple occasions over a pe-
riod of time (LOS in the community) as COPD is a chronic condition. 
According to the national dataset, 63% of all COPD emergency inpa-
tient admissions in England are caused by 33% of COPD patients.37 
The 30- day readmission rate in COPD admissions is approximately 
15% in the hospital.

Therefore, a dynamic approach is adopted in the modeling of 
inpatient stays to track patients’ journeys (see the arrow named as 
Readmission in Figure 1). Depending on the reason of admission (ie, 
primary diagnosis), patients are assigned a probability for readmis-
sion. For readmitted patients, a time value for LOS in the commu-
nity (in days) is assigned using the distribution. Thus, the impact of 
interventions on emergency readmissions can be tested accurately 
via this approach.

3.3 | Disease severity progression

The pathway includes the course of the disease, namely mild, 
moderate, severe, and very severe, based on Global Initiative for 
Obstructive Lung Disease (GOLD) classification.39 Disease severity 
transition happens one stmoderate or severe to very severe (see box 
E in Figure 1). Death can occur at any type of severity.

A multidimensional array was formed for each age group to cap-
ture the disease progression. The probability ratios for moving to the 

next disease stage in the input matrices of transition (see Table A2 
in Appendix S1) were derived from Atsou et al's study.40 Cycle time 
is assumed as 1 year.40

3.4 | Data sources and input parameters

Some input parameter values were established using the national 
Hospital Episodes Statistics (HES) dataset, and the rest were ob-
tained from the literature, local data, and local experts (ie, the COPD 
team at RFH/CNWL). The HES dataset contains detailed records of 
all patients (more than 250 columns of data) admitted to care provid-
ers in England and is released each year by the Department of Health 
(DoH). The records contain information about patient characteris-
tics (eg, age, sex, and location of residence), clinical details (such as 
diagnoses, operative procedure codes, and specialty), and adminis-
trative details (dates and methods of admission and discharge, and 
referrer).41

An extensive data analysis (ie, cleaning, preparation, extraction) 
were carried out using Microsoft SQL Server. Patient ID and charac-
teristics as well as clinical and administrative details were the vari-
ables of our interest. After cleaning the data, COPD- related records 
at RFH were retrieved using International Classification of Disease 
(ICD- 10) codes J40- J44, and the records were matched in each 
separate data file. ICD coding from COPD and COPD admissions is 
complex, and the approach using all J40- J44 codes is imperfect but 
consistent with previous studies in the field.42- 46

A total of 150 input parameters were needed to run the model, 
as the model simulates all aspects of the COPD patient pathway. 
Inputs for the model include demand, pathway- related parameters 
(eg, mix of resources, treatment times, number of follow- ups), the 
course of the disease, costs, and revenues. Input details are given 
in Appendix S1 in Table A1. Note that the end- users of the model, 
such as service providers, can alter the input parameters according 
to their hospital settings and patient demographics.

Around 75 distributions, which are the crucial part of stochas-
tic simulations, were established using the available data to ensure 
variability and uncertainty is captured to a sufficient level of detail 
(in operational research this is known as a stochastic simulation). 
Time- related activities are known to have a significant impact on 
day- to- day operations of systems and services (particularly around 
capturing variation), such as waiting time for appointments, LOS in 
hospital, and treatment times. There is also a huge variation in LOS 
in the community. For instance, a patient could be readmitted after 
10 days of being discharged from hospital, whereas another after 
60 days. Therefore, statistical distributions must be determined 
using real data to reflect reality and stochasticity of the service. 
Other essential variables include referrals to services, follow- up/dis-
charge for outpatient department, which were varied depending on 
the clinic and patient type.

Some distributions were estimated for different groups (clinic 
type, primary diagnosis, admission type) separately to get more ac-
curate outputs and increase reality. For instance, distributions for 
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financial tariff codes, length of stay, risk of readmission, and length 
of stay in the community were differentiated for each primary diag-
nosis codes (ie, J40- J44).

Cost and revenue inputs were mainly taken from the data pub-
lished by NHS England (National Prices and National Tariffs) and 
Personal Social Services Research Unit (PSSRU). PSSRU is used to 
calculate the cost of health care professionals (eg, consultant, nurse, 
physiotherapist).

3.5 | Health economic model with lifetime 
earnings approach

Alternative strategies and interventions have various effects on 
performance indicators, for example, change in hospitalization, LOS, 
QoL, mortality rates, costs, and staff hours. A comprehensive health 
economic model that compares costs (direct and indirect) and bene-
fits of treatments is needed to assess the impact of scenarios. Unlike 
previous studies in the literature, our study considers mortality costs 
using a lifetime earning approach and morbidity costs (monetary 
value of QALY) of the disease in the analysis. Here, calculation of 
mortality costs (known as lifetime earnings and value of life), direct 
and indirect cost of COPD, new intervention cost, and morbidity 
cost (the monetary value of QALY) are explained in greater detail.

Valuing of a statistical life is used in the cost- benefit analysis of pol-
icies affecting health and safety of individuals.47 The human capital ap-
proach and the willingness to pay approach are the main methods used 
for estimating mortality costs.48 In the literature, the lifetime earnings 
were used to calculate the loss of lifetime earnings by comparing the 
number of deaths with and without the intervention.49- 51

For COPD, we adapted the model developed by Hussey et al50 
to estimate the potential lifetime earnings of individuals with COPD 
(who died prematurely). Thus, we calculated the loss of lifetime 
earnings by comparing the mortality cost in instances with and with-
out the intervention (eg, increased use of PR). The formula with its 
variables (Table A3) for calculating lifetime earnings is presented in 
Appendix S2.

Moreover, Thomas and Hussey et al used a generic survival rate 
in the equation without considering patient types.49,50 However, 
COPD increases the risk of mortality and reduces life expectancy,52 
and the ratio varies for each disease severity group (mild, moder-
ate, severe, very severe). Therefore, the probabilities of survival (see 
Table A4 in Appendix S2) were calculated for each patient type (dis-
ease severity and age) separately using the data from Atsou et al.40

Secondly, the COPD annual cost includes direct costs (A&E ad-
mission, hospitalization, outpatient care, services, drugs, equipment, 
therapies) and indirect costs (disability pensions and absence from 
work). The annual drug and indirect costs (for each disease severity) 
in Jansonn et al's study were adjusted to the simulation run year.53 
Thirdly, the cost of new intervention was calculated, which arises 
from more referral to PR as the tested scenario in the study. The 
value for PR cost by Griffiths et al28 was adjusted for inflation as the 
cost input.

Patients lose QALY due to worsening of health condition, for 
example, exacerbation.54 On the other hand, interventions like PR 
increase the QALY value of patients.32 Therefore, patients’ QoL was 
transformed into capital as cost of morbidity (the monetary value of 
QALY) for cost- benefit analysis. The estimated monetary value of a 
QALY in terms of the willingness to pay (WTP) is 63 668 GBP.55

3.6 | The simulation model

A DES model representing the conceptual model was developed 
using Simul8 simulation software. As this is an operational level 
simulation, the model was run for a period of 3.5 years (including a 
warm- up period of 0.5 years). The COPD patient pathway was veri-
fied by the COPD team via meetings and validated by comparing the 
known data in the actual care system with the simulation results. 
Detailed information about the model development is provided in 
Appendix S3 with the model snapshot.

4  | RESULTS

4.1 | Experimentation

In this section, the tested policy (referring more patients to PR) is 
described. The PR program offers education about living with COPD 
and physical exercises. It has a real potential of reducing admission, 
mortality, length of stay and positive patient outcomes, such as ex-
ercise capacity, QoL, and disease symptoms.56

The simulation model was integrated with the inputs from a na-
tional report (in England and Wales) to mimic the effect of PR on 
outcomes (see Table A1).8 The report showed that admission rates, 
bed days, and mortality rates (within 180 days after referral to PR) 
are higher in patients who were assessed but did not enroll to PR and 
who enrolled but did not complete PR compared to those who were as-
sessed, enrolled and completed PR. Thus, the variation in the rates and 
bed days (eg, those who completed their PR program versus those 
who do not complete) were captured.

Three different scenarios and volumes of referral were tested 
as recommended by the COPD team. The impact of referring 10% 
(Scenario 1), 20% (Scenario 2), and 30% (Scenario 3) more patients 
to PR were evaluated in terms of operational and health econom-
ics aspects. The model considers the enrolment rate and comple-
tion rate,57 which are the subjects of concern for the PR program, 
as there are multiple sessions for patients to attend. In addition, pa-
tients may stop the program model due to a need for an emergency 
admission or stay.

4.2 | Model outputs

Our DES model is able to produce variety of results around opera-
tional and patient outcome. The key results of baseline and policy 
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scenarios (referring more patients to PR) are presented and ex-
plained accordingly.

Firstly, referring more patients to PR (by 10%, 20%, and 30%) re-
sulted in an increase in PR, as expected (see Table 1). In the baseline, 
485 patients among 1540 patients (the COPD population during 
the simulation period) were referred to the PR program, and 204 
patients completed the program. The number of patients referred 
to PR increased to 635 (Scenario 3), and completed cases increased 
to 267 patients (around 30% increase). The resource use (eg, staff, 
venue) in PR also increased accordingly for each scenario.

The tested scenarios provided a small but important reduction in 
the number of admissions, death, and bed days (see Table 2). In addi-
tion, the increase in the number of patients completing PR sessions 
and the reduction in hospitalizations had positive impacts on total 
QALYs of patients. In the baseline scenario, 1098 inpatient admis-
sions utilized 6284 bed days, and 175 patients died over the simu-
lation period of 3 years. In comparison, the policy could potentially 
save the life of 3.56 people (in a COPD population of 1540), avoid 
4.9 admissions and 137 bed days in addition to gaining 5.53 QALY 
value (see Scenario 3).

The benefits may seem to be small, but it is from only one hos-
pital/district. There are 195 PR services COPD patients in the UK, 
which mean that the intervention at the national level could poten-
tially have a major impact on admissions (ie, preventing 100s of ad-
missions as well as freeing 1000s of beds). Similarly, other positive 
effects, for example, QALYs, could be applicable after disseminating 
or introducing the policy at the local and national level.

4.3 | Cost- benefit analysis

Here, the cost- benefit analysis- oriented results of the scenarios are 
presented with the explanation of the calculations. Mortality cost, 
which considers the expected earnings (ie, wage and pension) of a 
patient until a certain age, if s/he stayed alive, are calculated using 
the formula for lifetime earnings mentioned above. As a result of the 
PR intervention, the cost of death to society reduced to £684 340 
(Scenario 3) from £697 926 (baseline) as fewer patients died (see 
Table 3). Similarly, there is a slight decrease in cost of the disease, in-
cluding direct and indirect costs, from £14 371 399 to £14 349 245.

Total QALYs of the patients were compared between the base-
line and the selected scenarios. For example, after scenario 2, about 
3.28 QALYs were gained against baseline (see Table 2). Thus, the 

decrease in morbidity cost was found as £208 787 in Table 3 by sim-
ply multiplying the increase in QALYs with the monetary value of a 
QALY (3.28 × £63 668 = £208 787).

Then, avoidable disease cost was calculated to see the net effect 
and benefit of the scenarios (see Table 4). The avoidable disease cost 
means that the amount of the costs associated with the manage-
ment of COPD patients that could have been saved by implementing 
the scenario. It is estimated by summing the decrease in mortality 
cost, cost of the disease, and morbidity cost against the baseline for 
each scenario. For example, the avoidable cost of COPD disease was 
found to be £232 930 in Scenario 2 (20% increase), illustrating the 
overall reduction in total avoidable disease costs. This represents 
the potential benefits of the new policy.

On the other hand, new intervention cost indicates the cost of 
the policy due to the increase in the usage of PR services (staff, 
equipment, venue, etc). New intervention cost increased as more pa-
tients are referred to PR for Scenario 1, 2, and 3 from about £23 000 
to £65 000. Total net benefits are calculated by subtracting new in-
tervention cost from the avoidable disease cost. For example, total 
net benefits for Scenario 2 are £193 810. The cost of the interven-
tion clearly outweighed by its benefit for all scenarios.

Next, total net benefits were divided by the number of COPD 
patients in the system/hospital. The net benefits per patient were 
estimated as £125.79 (for Scenario 2). Lastly, the scenarios were 
evaluated, via benefit- cost ratio (BCR), if it is worthwhile (cost- 
efficient) for implementation. The ratio is calculated by dividing the 
avoidable disease cost by new intervention cost, thus 5.81, 5.95, and 
5.91 for the scenarios, respectively. As the resulting numbers were 
greater than one, the policy was found to be cost- effective for all 
scenarios.

As a result, the health economic model proved that all tested sce-
narios are cost- effective and provide benefit to patients and society. 
Sensitivity analysis, where the selected variables in the model were 
changed, is given in Appendix S4. The BCR is substantially higher 
than 1 in all scenarios and in sensitivity analysis, even if more usage 
of PR has a small effect on mortality, admission, and length of stay.

5  | DISCUSSION

PR is an evidence- based intervention known to improve out-
comes in COPD, both in meta- analysis of randomized controlled 
trials9,10,28,30,31 and in real- world data from the UK national audit 

Number of 
Patients Baseline

Scenario 1  
(10% increase)

Scenario 2  
(20% increase)

Scenario 3 
(30% increase)

Referred to PR 485 (461, 509) 535 (508, 562) 585 (556, 614) 635 (609, 661)

Assessed for PR 335 (319, 351) 369 (351, 388) 404 (384, 423) 438 (420, 456)

Enrolled to PR 286 (273, 300) 316 (300, 331) 345 (329, 362) 375 (360, 389)

Completed PR 204 (194, 213) 225 (214, 236) 246 (234, 258) 267 (256, 277)

Note: Figures in brackets are the 95% confidence intervals.
Abbreviation: PR, pulmonary rehabilitation.

TA B L E  1   PR activity results
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program.8 NACAP data also highlight inadequate referral, both from 
primary care and following a hospitalized exacerbation.8 Improved 
access to PR is a component of the current NHS long- term plan. 
Increasing referrals to PR will increase demand on PR services, which 
will therefore require expansion and the case must be made at the 
payer level (eg, Clinical Commissioning Group (CCG) in England).

For the first time, we developed a detailed model for COPD ser-
vices across secondary and community care, with input parameters 
that can be adjusted to local data. In comparison with other cost- 
benefit analysis relating to PR, this study evaluated the effective-
ness using a stochastic approach, developing a novel operational 
level simulation model. The model then integrated a comprehensive 
health economic model that calculates the expected net benefits of 
strategies as well as the direct and indirect costs of COPD.

The health economic model consists of an adapted version of a 
combined mathematical equation that calculates the expected life-
time earnings of individuals in case of death. Note that the lifetime 
earnings approach was embedded within a simulation model for 

the first time. For COPD context, the equation was updated, and 
the value of the notions was calculated. Furthermore, the financial 
worth of morbidity was estimated based on the monetary value of 
a QALY.

A specific strategy (increased referral to PR), which improves 
patient outcomes and reduces the risk of mortality, admission, and 
LOS, was chosen to carry out a cost- benefit analysis using the sim-
ulation model. Each scenario was found to be cost- effective and 
associated with improvement in patient and operational outcomes, 
having a BCR substantially higher than 1 (at least 5). The interven-
tion benefits society by raising QoL and life expectancy, as well as 
reducing the burden on patients and society, and releasing medical 
resources to other conditions. The scenarios were still cost- effective 
after sensitivity analyses. The cutoff value of the PR program was 
found to be more than five times higher than the current cost.

The results showed that more usage of PR represents good use 
of NHS resources for people with COPD. The model will enable 
COPD services to assess the impact of increasing PR usage not just 

The change against 
baseline

Scenario 1  
(10% increase)

Scenario 2  
(20% increase)

Scenario 3 
(30% increase)

Change in QALYs +1.98 +3.28 +5.53

Change in No of 
Admissions

−1.63 −3.27 −4.90

Change in Bed Days −45.77 −91.54 −137.31

Change in Deaths −1.19 −2.37 −3.56

Abbreviations: PR, pulmonary rehabilitation; QALYs, Quality- adjusted life years.

TA B L E  2   The impact of increased use 
of PR on patient outcomes

Categories Baseline
Scenario 1 
(10% increase)

Scenario 2 
(20% increase)

Scenario 3 
(%30 increase)

Mortality cost £697 926 £693 205 £688 749 £684 340

Cost of disease £14 371 399 £14 363 700 £14 356 434 £14 349 245

Decrease in morbidity 
costa 

— £125 874 £208 787 £351 772

Decrease in mortality 
costa 

— £4722 £9178 £13 586

Decrease in cost of 
diseasea 

— £7699 £14 965 £22 154

aAgainst baseline. 

TA B L E  3   The monetary results of the 
scenarios

Categories
Scenario 1  
(10% increase)

Scenario 2  
(20% increase)

Scenario 3 
(%30 increase)

Avoidable disease cost £138 294 £232 930 £387 512

New intervention cost £23 786 £39 119 £65 574

Total net benefits £114 508 £193 810 £321 938

Net benefits per patient £74.32 £125.79 £208.94

Benefit- cost ratio 5.81 5.95 5.91

Benefit- cost ratio values are indicated in bold.

TA B L E  4   Cost- benefit analysis of the 
scenarios
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on patient outcomes (which is well documented), but on resource 
usage too, for example, on admission, readmissions, and bed days.

More importantly, the scenarios inform capacity planning, re-
source re- allocations, planning, and scheduling activities to cope 
with the demand to PR. Thus, it requires financial investment, for 
example, in nurses, physiotherapist, physical space, administrative, 
and planning activities. In the study, assumptions on key measures, 
such as demand, resource usage, disease severity transition and 
mortality rate, budgeting, were mainly avoided by using real histor-
ical data (HES), data from the hospital setting, and the experiments 
and reports in the literature.

The power of DES is the ability to capture the full patient path-
way under uncertainty with a variety of constraints (eg, resources, 
capacity, waiting time, and queuing). The processes only start when 
all the required resources are available. COPD services are highly 
complex with many variables/constraints, and the ability to deal with 
complex constraints simply does not exist in any statistical model or 
other modeling approaches. National Institute for Health and Care 
Excellence has also recognized DES as a valid methodology simulat-
ing complex patient pathways such as COPD.58,59

Our model captured demand, resource, capacity, disease pro-
gression, readmission dynamics, and financial implications, not just 
on one aspect of the service but in its entirety (outpatient, A&E, and 
inpatient services). Thus, we have the power to test the knock- on 
effect of an intervention (or series of interventions simultaneously). 
Although the tested scenarios have a difference by a fixed rate (10%, 
20%, and 30% increase), the monetary results and cost- benefit anal-
ysis (see Tables 3 and 4) presented variation and stochastic effect 
on each scenario. Moreover, this model reflected a fluctuation in 
BCRs, illustrating that Scenario 2 (20% increase) is a better option 
with a higher BCR than Scenario 3 (30% increase), that is, 5.95 and 
5.91, respectively. These estimates demonstrate the necessity of a 
stochastic operational model as well as its distinction compared to 
statistical or Excel- based models.

This model is useful for assessing the impact of changes that 
have short/long- term effects on patients. It could equally be well 
applied to alternative scenarios, such as vaccination, early diagnosis/
screening, or more specialized interventions such as lung volume re-
duction, which are also associated with mortality and/or morbidity. 
Even a small change in the outcomes can provide a remarkable ben-
efit to society and patients. This hidden information can be revealed 
with the usage of health economic model.

In case of data availability, the benefits of PR and the rates (at-
tendance and completion) can be adjusted depending on patient`s 
age, disease severity, and disease history. Also, the possibility of 
service cancelation (eg, due to an epidemic, sudden unavailability of 
staff or venue) can be easily included in the model.

Finally, the study provided detailed and useful quantitative in-
formation which could be used to support evidence- based decision 
making processes for changes in the policies at the local level (hospi-
tal or CCGs) or in the wider context (NHS or DoH). DES with HES is 
not widely used for cost- benefit analysis purposes, yet this study has 
demonstrated that useful information can be extracted for decision 

makers and health services to assess the efficiency and the cost- 
effectiveness of interventions in terms of re/admissions, mortality, 
morbidity, and LOS. The approach can be adapted to other diseases 
or conditions. In summary, the model will provide evidence and help 
decision making process in the event of possible policy changes at 
local or national level.
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