
Full Terms & Conditions of access and use can be found at
https://informahealthcare.com/action/journalInformation?journalCode=icop20

COPD: Journal of Chronic Obstructive Pulmonary Disease

ISSN: 1541-2555 (Print) 1541-2563 (Online) Journal homepage: informahealthcare.com/journals/icop20

Economic Assessment of Home-Based COPD
Management Programs

Sheena Xin Liu, Michael C. Lee, Maryam Atakhorrami, Jan Tatousek,
Meredith McCormack, Rex Yung, Nicholas Hart & David P. White

To cite this article: Sheena Xin Liu, Michael C. Lee, Maryam Atakhorrami, Jan Tatousek,
Meredith McCormack, Rex Yung, Nicholas Hart & David P. White (2013) Economic Assessment
of Home-Based COPD Management Programs, COPD: Journal of Chronic Obstructive
Pulmonary Disease, 10:6, 640-649, DOI: 10.3109/15412555.2013.813447

To link to this article:  https://doi.org/10.3109/15412555.2013.813447

Published online: 12 Jul 2013.

Submit your article to this journal 

Article views: 674

View related articles 

Citing articles: 1 View citing articles 

https://informahealthcare.com/action/journalInformation?journalCode=icop20
https://informahealthcare.com/journals/icop20?src=pdf
https://informahealthcare.com/action/showCitFormats?doi=10.3109/15412555.2013.813447
https://doi.org/10.3109/15412555.2013.813447
https://informahealthcare.com/action/authorSubmission?journalCode=icop20&show=instructions&src=pdf
https://informahealthcare.com/action/authorSubmission?journalCode=icop20&show=instructions&src=pdf
https://informahealthcare.com/doi/mlt/10.3109/15412555.2013.813447?src=pdf
https://informahealthcare.com/doi/mlt/10.3109/15412555.2013.813447?src=pdf
https://informahealthcare.com/doi/citedby/10.3109/15412555.2013.813447?src=pdf
https://informahealthcare.com/doi/citedby/10.3109/15412555.2013.813447?src=pdf


640

ORIGINAL RESEARCH

Economic Assessment of Home-Based COPD Management Programs
Sheena Xin Liu, M.D, Ph.D.,1 Michael C. Lee, Ph.D.,1 Maryam Atakhorrami, Ph.D.,2 Jan Tatousek,2

Meredith McCormack, M.D.,3 Rex Yung, M.D.,3 Nicholas Hart, Ph.D.,4 and David P. White, M.D.5

1 Philips Research North America, Briarcliff Manor, 
NY, United States 

2 Philips Research Eindhoven, Eindhoven, 
the Netherlands 

3 Johns Hopkins University, Baltimore, MD, 
United States 

4 Kings College London, London, UK

5 Harvard Medical School & Philips Respironics, 
Boston, MA, United States 

Correspondence to: Philips Research North 
America, 345 Scarborough Road, Briarcliff Manor, 
10510 NY, USA. email: sheena.liu@philips.com

Abstract

Home-based exacerbation management programs have been proposed as an 

approach to reducing the clinical and fi nancial burden of COPD. We demonstrate 

a framework to evaluate such programs in order to guide program design and 

performance decisions towards optimizing cost and clinical outcomes. This 

study models the impact of hypothetical exacerbation management programs 

through probabilistic Markov simulations. Patients were stratifi ed by risk using 

exacerbation rates from the ECLIPSE study and expert opinion. Three scenarios 

were modeled, using base, worst and best case parameters to suggest potential 

telehealth program performance. In these scenarios, acute exacerbations could 

be detected early, with sensitivity and specifi city ranging from 60–90%. Detected 

acute exacerbations could be diverted to either a sub-acute pathway (12.5–50% 

probability), thus entirely avoiding hospitalization, or a lower cost pathway through 

length-of-stay reduction (14–28% reduction). For a cohort of patients without prior 

hospitalization, the base case telehealth scenario results in a cumulative per-

patient lifetime savings of $2.9K over ~12 years. For a higher risk cohort of patients 

with a prior admission and 1 to 2 acute exacerbations per year, a cumulative $16K 

per patient was saved during the remaining ~3 life-years. Acceptable prices for 

home-based exacerbation detection testing were highly dependent on patient 

risk and scenario, but ranged from $290–$1263 per month for the highest risk 

groups. These results suggest the economic viability of exacerbation management 

programs and highlight the importance of risk stratifi cation in such programs. The 

presented model can further be adapted to model specifi c programs as trial data 

becomes available. 
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Introduction

Chronic obstructive pulmonary disease (COPD) is a major cause of chronic 
morbidity and mortality. Its high prevalence and progressive nature place 
an enormous economic and social burden on patients and society. Th e total 
costs of COPD morbidity and mortality in the United States were estimated 
to be $23.9 billion in 1993 (1), and $29.5 billion in 2010 (2). 

Exacerbations of COPD are acute episodes of worsening of respiratory symp-
toms triggered by airway and systemic infl ammation, requiring treatment with 
antibiotics and/or systemic corticosteroids. Th e symptoms of exacerbations can 
range signifi cantly with matching variations in the level of the required interven-
tions. Mild to moderate exacerbations may require outpatient evaluation and 
possible changes in the treatment regimen. At the other end of the spectrum, 
exacerbations may become life threatening events, requiring emergency care, 
hospital admissions, and possibly intensive care unit (ICU) stays. Exacerbations 
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requiring hospitalization are referred to as acute exacerba-
tions (AE), to be contrasted with subacute exacerbations 
(SAE) that do not require hospitalization. 

Acute exacerbations are expensive events and con-
tribute >70% of COPD medical costs (1, 3, 4). Moreover, 
exacerbation frequency is an important determinant of 
health-related quality of life (5, 6), with many studies 
reporting that some patients are more prone to frequent 
exacerbation than others (7). Controlling the frequency 
and/or severity of exacerbations is of paramount impor-
tance to both the quality of life of the patient and to 
managing healthcare costs. 

One such intervention strategy is the deployment of 
home-based management programs designed to reduce 
exacerbations, particularly AE. Th e premise is that, 
before the onset of an exacerbation, there is a change 
in symptoms such as dyspnea, sputum characteristics, 
cough and a deterioration in activity level, well-being, 
and biomarker levels (e.g. SpO2, respiratory rate, pul-
monary function, etc). An array of technologies could 
be deployed to monitor these signs of potential COPD 
deterioration. Combined with intelligent algorithms, 
it may then be possible to detect exacerbations early 
in their clinical development. If detected early enough 
and coupled with appropriate triage and contact with 
care providers, pharmacological interventions may be 
administered in time to prevent or reduce the extent of 
the exacerbation while also reducing downstream costs. 

It is hypothesized that such a COPD management 
program could be cost-saving because of its potential to 
reduce hospitalizations, clinic visits, and the ancillary 
procedures associated with exacerbations. However 
such new management approaches could also be costly 
due to a signifi cant commitment of human and technical 
resources. In one reported study, for instance, the addi-
tional cost of a self-management program for COPD 
exceeded the savings (8). With steeply rising healthcare 
expenditures in the United States (9) there is increased 
scrutiny on there is increased scrutiny on the potential 
fi nancial impacts and sustainability of new interven-
tions (10), in addition to consideration of the clinical 
effi  cacy of the interventions. Th erefore, it is important 
to investigate home-based COPD management tools 
from multiple perspectives, including the impact on 
payer healthcare budgets. 

In this study, we perform an early-stage economic analy-
sis to determine the viability and requirements of a wide 
range of new approaches to the care of COPD patients in 

the home. We present this in the context of a hypothetical 
COPD exacerbation management program for which the 
clinical data is not yet readily available. As such programs 
are currently under active development, scenario analy-
sis is performed to understand the relationship between 
economic viability and technical and clinical perfor-
mance parameters. Th is is done with the aim of informing 
researchers and R&D managers of the boundary conditions 
required for an exacerbation management tool to be eco-
nomically acceptable to both manufacturers and payers. 

To accomplish this, we fi rst developed a risk strati-
fi cation model that predicts the likelihood of COPD 
exacerbations. Th is model is based on results from the 
ECLIPSE study (7), where the frequency of exacerbation 
was found to be related to prior history of exacerbation, 
or phenotype. We then created a probabilistic Markov 
model to capture the progressive course of COPD. 
Using this model, we compared the clinical progres-
sion and fi nancial costs for patients receiving diff erent 
interventions, including the hypothesized home-based 
management tool. Th is comparison was performed for 
patients at diff erent risk levels. Th is analysis included 
exacerbation-associated inpatient, outpatient and phar-
macy costs for the diff erent cohorts. Scenario analysis 
was performed to assess clinically and economically 
feasible product performance-price combinations. We 
built both a cost-avoidance model and cost-eff ectiveness 
model (using quality-adjusted life-years, or QALY, as 
the eff ectiveness measure) to assess the cost boundary 
conditions under diff erent criteria.

Methods

New approach for home-based exacerbation 
management
While the model used in this study is not predicated on 
any specifi c exacerbation management approach, it was 
developed and is presented in the context of a home-
based COPD management program. Such a program 
can be conceptualized as having two primary compo-
nents: 1) TEST: means to enable early exacerbation 
detection 2) TREAT: early treatment upon the detection 
of exacerbation. Detailed descriptions of these compo-
nents can be found in Table 1 and Fig. 1. 

Patient stratifi cation
Home-based disease management programs have been 
traditionally assumed to deliver the most cost eff ective 

Table 1. Defi nition of the two major components of a home-based COPD exacerbation management program

TEST The home-based program to monitor and detect possible 
exacerbations. It includes one or more of the items listed in 
the right column

✓ Activity/ Biomarker monitoring
✓ Questionnaires (symptom monitoring)
✓  Daily data review by smart algorithms and referral to a case manager when they 

exceed a defi ned threshold

TREAT The early exacerbation intervention based upon the detection 
of the exacerbation (as above)

✓ Healthcare professionals to review data as appropriate
✓ Telephone triage
✓ Personnel home visit (if needed)
✓ Initiation of home medication package
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care to high-risk populations. Th e benefi ts of a home-
based program to low-risk population remain uncertain. 
To study this, we stratify the COPD population into fi ve 
major risk levels (Table 2). Th is enables an examination 
of the potential cost/clinical impact of a home-based 
management program for each risk strata. Th e stratifi -
cation was defi ned based on exacerbation frequency and 
hospital admission rate, and was developed using data 
from the ECLIPSE study (7), clinical trials (11, 12), and 
expert opinions. 

Th is patient stratifi cation method refl ects the exac-
erbation frequency phenotype of individual patients. 
In practice, this can be inferred by examining the 
admission and discharge record for a patient in the 
year preceding enrollment in the COPD manage-
ment program. Level I-III consists of patients without 
any prior COPD AE admissions. Th ese patients are 
grouped into risk levels on the basis of their observed 
exacerbation susceptibilities (or phenotypes) in align-
ment with the ECLIPSE fi ndings. Note that one out of 
eight exacerbations are assumed to be AEs (13). Level 
IV-V consists of patients with a history of one prior 
acute exacerbation (AE), implying at least one hospi-
tal admission. Level V is a sub-category of Level IV, 
including those patients recently discharged from an 

exacerbation-related hospitalization. Th ese patients 
are particularly vulnerable to new exacerbations and 
subsequent readmissions. Th e mortality of Level IV-V 
patients is particularly high, with a 28% 5-year survival 
rate (11), and a mortality of 49% within 2 years of their 
index admission (12). 

Model simulation
A probabilistic Markov model was created to simulate 
the progressive and recurrent nature of COPD. Markov 
models have previously been used to model chronic, 
recurrent diseases such as COPD (14, 15). In this model, 
the evolution of disease is refl ected by the transition of 
patients between diff erent states, as shown in Figure 2. 
Patients are modeled to be within a single state for a 
fi xed unit of time (the simulation cycle time). Our 
model defi nes three states: (1) stable (no exacerbation 
during a simulation cycle), (2) unstable (one exacerba-
tion, which may be AE or SAE) and (3) death (Fig. 2). A 
6-week cycle length was used in the model. Th is cycle 
time was chosen specifi cally to constrain most patients 
to no more than one exacerbation per cycle (16), and 
was selected based on analysis of the time course of 
COPD exacerbation from onset to recovery (16) and 
expert opinions. At the end of each 6-week simula-
tion cycle, patients transition to other states (or stay in 
the same state) according to pre-defi ned probabilities; 

Figure 1. Exemplary schematic of a home-based exacerbation management 
program.

Table 2. Defi nition of patient stratifi cation and their source of data assumptions

Defi nition Freq Assumption/Data source

Level I Rare exacerbators without prior AE admission < 1 exac per year† ECLIPSE study (7) 

Level II Infrequent exacerbators without prior AE admission 1–2 exac per year† ECLIPSE study (7)

Level III Frequent exacerbators without prior AE admission 2–4 exac per year† ECLIPSE study (7)

Level IV Patients with one index AE admission
75% 2 admission per year, and 
25% 1 admission per year

Clinical experts from UK and NL*
Clinical trials (11, 12)

Level V Patients within 3-month discharge Same as above 
Clinical experts from UK and NL*
Clinical trials (11, 12)

†One out of 8 exacerbations are AEs, or COPD induced hospital admissions.
*Assumptions are based on expert opinions data obtained via interviewing physicians with 10+ years clinical experience.

Figure 2. Markov state diagram to model the recurrent and chronic nature of 
COPD. Note that only acute exacerbations (AE) leads to hospitalization.

Stable

Dead Acute Sub-acute

Unstable 

Die from 
other disease
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Table 3. Probability Estimate Per Markov Cycle (6 weeks)

Per Cycle Probability Estimate

Death rate

 Hospitalized (AE) 0.10

 Not Hospitalized As a function of age*

Exacerbation rate 

 Level I 0.08 (0.00–0.08)

 Level II 0.28(0.17–0.38)

 Level III 0.70 (0.38–0.98)

 Level IV 0.70 (75%) and 0.28 (25%)

 Level V 0.70 (75%) and 0.28 (25%)

AE proportion

 Level I–III 0.125

 Level IV–V 0.67

Recovery rate

 All Levels 0.95

* Data obtained from all-cause death probability of COPD patients and converted from the 
annual death rate to 6-week death rate. 

Cost and utilities
As the simulations evolved, costs were calculated for 
each group from the perspective of an American pub-
lic insurer (e.g. Medicare). Indirect costs such as lost 
productivity and informal care costs were not evaluated 
in this study. Our models synthesized exacerbation-
associated inpatient, outpatient and pharmacy costs 
based on the existing literature (see Table 4). Because 
of the wide variations in reported costs in diff erent 
countries, the analysis presented here focused on North 
American published costs. All costs are expressed in 
2011 US dollars ($). Health outcomes are expressed as 
life-years (LY) and quality-adjusted life-years (QALY). 
QALY is a measure of health outcomes addressing both 
quantity and quality of life. It assumes that a year of life in 
perfect health is worth 1 QALY (1 LY × 1 utility value = 1
QALY) and that a year of life in a state of less than this 
perfect health (e.g. utility = 0.5) is worth 0.5 QALY 
(1 LY × 0.5 utility value = 0.5 QALY). QALYs are therefore 
expressed in terms of “years lived in perfect health”.

A number of potential QALY discount rates were 
considered; for example, 3.5% has been recommended 
by the UK National Institute for Health and Clinical 
Excellence (NICE) (28) while 3% has been proposed as a 
value for the United States (29). To maintain a conserva-
tive estimate, we choose the slightly higher discount rate 
of 3.5% for this study.

Utility values per disease state were based on pub-
lished data from an empirical study of COPD patients 
(22). Th e model assumed a reduction in utility during 
any cycle in which a patient experiences an exacerba-
tion. During cycles in which patients experienced a sub-
acute exacerbation, the utility was reduced by 15% (24). 
If the patient experienced an acute exacerbation during 
one of the six-week cycles, the utility for that cycles was 
reduced by 50% (27).

Effect of proposed home-based exacerbation 
management program
Th e foregoing discussion describes the costs for a popu-
lation of patients undergoing usual care. We additionally 
model the hypothetical eff ect of a proposed home-based 
exacerbation management program. Th is program is 
defi ned for modeling purposes by the six parameters 
given in Table 5 and summarized here.

these probabilities are given in Table 3. Note that the 
annual exacerbation rates defi ned in Table 2 have been 
converted to six-week exacerbation rates for modeling 
purposes. Hospitalization related mortality rate and 
all-cause COPD death probability (12, 17) are also built 
into the model, as shown in Table 3.

Note that previously published Markov models 
(18, 19) defi ne states using GOLD stages or disease 
severity. In contrast, the states in our model are selected 
to focus explicitly on exacerbation rate. Th is was done 
because the hypothesized interventions specifi cally 
aff ect exacerbation rates. Moreover, exacerbation events 
are associated with well-defi ned costs, allowing the 
costs of disease progression to be tallied as the simula-
tion evolves. 

We analyzed the Markov model via cohort analysis 
and Monte Carlo simulation. In the cohort analysis, the 
patient population was considered as a whole. As the 
Markov model evolves, the proportion of patients in dif-
ferent states changes according to the transition prob-
abilities and cost and utilities are accrued as described 
in the following section. 

Table 4. Cost and utility parameters used in the Markov model 

Parameter Model Cost Costs from reviewed literature Utility Loss of utility

Baseline costs1 $2003 / year 2003 (20), 2632 (21)3 0.549–0.748 (22) –

Sub-acute 
exacerbation2 $1068 / exacerbation 1068 (20), 631 (23),1522 (21)

0.47–0.63 (22, 24)
0.47–0.71 (23)

15% (24)

Acute exacerbation2 $11777 / exacerbation
8436 (25), 11777 (20), 8991 (26), 
9407 (23), 7014 (21)

0.27–0.37 (22, 27)
0.16–0.22 (23)

50% (27)

1Annual COPD related costs incurred by a patient, regardless of the presence or absence of exacerbations.
2Additional costs incurred for each sub-acute or acute exacerbation.
3Non-adjusted costs, COPD only.
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Technical parameters
Th is includes (1) the sensitivity of the home exacerba-
tion detection method (SEN) and (2) the specifi city 
of the home exacerbation detection (SPE). Sensitivity 
refers to the probability of a positive test in a patient 
with an exacerbation. Specifi city refers to the probabil-
ity of a negative test in a patient without an exacerba-
tion. Th ese can be written as SEN = TP/ (TP + FN), 
SPE = TN/(TN + FP), where TP is true positive (the 
test correctly identifi es an exacerbation), FN is false 

 negative (early detection does not occur), TN is true 
negative (no exacerbation and the test is negative) and 
FP is false positive (the test is positive but no exacer-
bation is occurring). A TP will accrue the clinical and 
fi nancial benefi ts of early detection, as described by the 
clinical and cost parameters, below. In contrast, a FP 
will cause unneeded treatment and thus incur unnec-
essary cost while a FN will not generate any clinical 
or fi nancial benefi ts but will still incur the recurring 
monitoring costs (see Fig. 3). 

Table 5. Using 6 parameters and 3 scenarios to defi ne the technology effi cacy and cost

Parameters Defi nition Best case Scenario Base case Scenario Worst case Scenario

SEN Sensitivity of early exacerbation detection 90% 75% 60% 

SPE Specifi city of early exacerbation detection 90% 75% 60% 

ERR AE reduction ratio through the early detection and intervention 0.5 0.25 0.125

LRR Length of Stay (LOS) reduction ratio 0.28 0.28 0.14

CEDx Cost of early detection per Markov cycle (6 weeks) $100 $100 $100

CET Cost of early treatment per detected exacerbation $200 $200 $200

xThe cost of the technology and service is a recurring cost paid regardless of whether an exacerbation occurred during this period. 
SEN/SPE baseline and range is estimated by the expected performance of the technology.
ERR baseline and range is estimated from small published trials (8, 30, 31).
LRR baseline and range is estimated from small published trials (32).
CED/CET baseline and range is based on fi eld knowledge and expert opinion on both maintenance cost and staff cost.

Figure 3. A simplifi ed scheme to demonstrate the Markov model of the treatment branch. Note that “Test” refers to the home exacerbation detection test and “Treat” refers 
to the early exacerbation treatment upon the detection of the exacerbation. False Positive (FP) will cause unneeded treatment, thus incur unnecessary cost; False Negative 
(FN), or missed diagnosis, will omit patients from the early treatment, thus will not reduce admissions but still incur monitoring cost.
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Results

Cohort analysis 
Two hypothetical cohorts were created based on the dif-
ferent proportion of risk levels. Th e fi rst cohort is made 
of 42% Level III (frequent exacerbators) and 58% Level 
II (infrequent exacerbators) patients. Level I patients are 
excluded as they rarely exacerbate. Th is cohort resembles 
the clinical cohort reported in the ECLIPSE study. Th e 
second cohort is composed of Level IV-V patients, those 
patients with at least one prior index AE (with hospital 
admission). Th is cohort represents the end-stage patient 
population: their condition deteriorates rapidly and they 
have frequent hospital admissions. Cohort 1 was simu-
lated for a 20 year period while Cohort 2 patients were 
followed for 10 years. Th e accumulated cost and utility 
for these two cohorts was tracked over the simulation 
period. Th e simulations were run assuming usual care 
as well as the three scenarios for the home management 
program (Table 5). 

Results for each scenario and cohort are given in 
Table 6. Using the base-case scenario as an example, 
the home based program was shown to save cohort 
1 a cumulative $2.9K per patient during the remain-
ing years (~12 years) of the patient life. In contrast, 
in cohort 2, a cumulative $16K per patient was saved 
 during the remaining years (~3 years) of the patient’s 
life. In this base-case scenario, the cost of home-
management in both cohorts is entirely off set through 
reduced hospital utilization, with additional cost 
 savings as reported in Table 6. 

Sensitivity Analysis on the Cost of Home Monitoring 
Early Detection (CED)
Th e base case analysis assumes that patients at diff er-
ent risk levels consume the same amount of services 
(CED = $100 per 6 weeks). However, it is reasonable 
to argue that high-risk patients would benefi t from 
more active monitoring and supervision than low-risk 
patients, resulting in a higher CED for those patients. 
A sensitivity analysis was performed to identify the 
maximum CED for the two patient cohorts and the fi ve 

Clinical parameters
A proposed benefi t of early detection and intervention 
of exacerbations is that it may prevent severe exacerba-
tions, thus reducing the ratio of AE to SAE (with the 
overall exacerbation frequency stays unchanging). Th is 
is captured as the acute exacerbation reduction ratio 
(ERR). A second potential benefi t is a reduction of the 
severity of AE if the exacerbation is detected early. Th is 
is refl ected as a shortened length-of-stay (LOS) and cap-
tured as the LOS reduction ratio (LRR). 

Economic parameters
Th e recurring cost of any home-based exacerbation 
intervention program (which is beyond the cost of usual 
care) consists of: (1) the cost of the monitoring system 
(Cost of Early Detection, or CED) and (2) the cost of 
early treatment when the monitoring system gives a 
positive result (Cost of Early Treatment, or CET). Th e 
cost savings of early detection are approximated by 
reducing the cost of AE by the LRR while also shifting 
the overall balance of costs from the more costly AE to 
SAE (measured by ERR).

We consider three scenarios for the performance of 
the proposed home-based COPD management pro-
gram. Each scenario is defi ned by a diff erent combina-
tion of these six parameters, representing a base-case, a 
best case, and a worst case performance scenario. Th e 
parameters are detailed in Table 5. 

In addition to simulating patient cohorts with the 
parameters given in Table 5, one-way sensitivity analy-
sis was performed with respect to the cost of the early 
exacerbation detection tests (CED). Th is tests a range 
of values to determine its eff ect on the overall cost. To 
further understand the joint uncertainty and patient-
to-patient variability in the effi  cacy of the telehealth 
program, a second order Monte Carlo simulation was 
used in which key parameters were randomly drawn 
from pre-defi ned probabilistic distributions. Th erefore, 
Monte Carlo simulations have the advantage of captur-
ing the uncertainty of the parameters, providing not 
only expected values, but also the associated variability 
and confi dence interval.

Table 6. Simulated impact of home-based exacerbation management 

Cohort 1 Cohort 2

With home management† 
Scenarios

With home management† 
Scenarios

Parameter Usual care Best Base case Worst Usual care Best Base case Worst

Life year 11.9 +1.8 +0.48 +0.2 3.1 +1.01 +0.36 +0.22

QALY 7.44 +1.01 +0.4 +0.16 1.74 +0.62 +0.22 +0.08

Admissions* 4.0 −1.5 −0.63 −0.13 6.3 −1.9 −0.7 −0.08

Life-time cost per patient ($) 107.9K −9.1K −2.9K +4.7K 91.2K −26.0K −16.1K −5.1K

ICER ($/QALY) −9009 −7250 29375 −41935 −73187 −63750

*is estimated through micro-simulation. 
†
Scenario results are incremental values, compared to usual care.
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Figure 4. The service pyramid indicates the intensity of services and cost boundary of each risk level patient to be cost-saving to the payers. The table on the right shows 
the maximum recurring cost (per month) for home-based exacerbation management. If the service cost exceeds this number, payers would incur added costs rather than 
savings from the exacerbation management program.

computed at each CED level and compared with the 
willingness-to-pay (WTP) threshold. We use the com-
monly cited WTP = $50K/QALY (10). Th e maximum 
cost in this model is the boundary price point for the 
program to be considered cost-eff ective (ICER ≤ WTP). 
In this analysis, the maximum monthly service fee for a 
cost-eff ective home management program for Cohort 1 
was found to be $608, $290, and $99 for the best-, base-, 
and worst case scenarios. In contrast, for the higher 
risk Cohort 2, the best-, base-, and worst case boundary 
prices were found to be $1991, $1139, and $457.

Th e boundary conditions for the technology to be 
cost-saving for Cohort 1 and Cohort 2 are signifi cantly 
diff erent, as indicated in Table 7. Using the base case sce-
nario as an example, the maximum monthly service fee 
should not exceed $95.60 for Cohort 1, or it would incur 
cost for the payers. In contrast, the maximum monthly 
service for Cohort 2 could be as high as $755. 

Monte Carlo simulation
Second-order Monte Carlo simulations were conducted 
to address the joint uncertainty of the technical and 
clinical effi  cacies of home-based intervention as well as 
patients heterogeneity. Th e simulation was conducted 
in Cohort 2 by sampling the following distributions: 1) 
Monthly costs for home monitoring were sampled from 
a Gamma distribution with a mean of $500 and stan-
dard deviation of $150. 2) Costs of acute exacerbation 
were sampled from a Gamma distribution with a mean 
$11777 and standard deviation $1000; 3) Sensitivity, 

patient risk levels. In the context of a cost-avoidance 
model, we  estimated the long-term cost savings to pay-
ers for a range of CED values. Th e break-even point was 
found as the CED for which the total cumulative recur-
ring costs for the COPD home management program 
equaled the total cost saving through hospitalization 
and LOS reduction (cost savings, or ΔCost = 0). 

Th e results for this analysis are given in Table 7 and 
Fig. 4. Th e analysis demonstrates a signifi cant diff erence 
between the thresholds for the two patient cohorts. As 
expected, the maximum monthly service fee is lowest 
for the low-risk groups and increases as the patient risk 
and service utilization rises. 

A cost-eff ectiveness analysis was also performed. 
Th e incremental cost-eff ectiveness ratio (ICER) was 

Table 7. Break-even service costs for different patient risk groups

Maximum monthly service fee ($) 

Patient group Best Base case Worst

Cohort 1 149 96 15

Cohort 2 1077 755 302

Level V 1263 736 290

Level IV 1077 755 302

Level III 193 141 48

Level II 97 48 −8

Level I 25 −7 −39
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cost-savings is most signifi cant in the high-risk cohort. 
We envision that the results of this study and the broad 
approach can aid payers in technology acquisition deci-
sions. Moreover, we believe that this framework and 
methodology can be applied broadly to other potential 
interventions as well. We also suggest that the results 
of this study can be used to set performance and price 
targets for those engaged in the development of COPD 
exacerbation management programs.

McLean et al (33) have shown through systematic 
literature review and meta-analysis of ten random-
ized controlled trials that telehealth programs lead to 
signifi cant reduction in COPD hospitalizations and 
emergency department visits. Th ese results correspond 
to our best case scenario (with reduction of admission 
odds ratio = 0.46 for the telehealth group). In terms of 
economic benefi ts, past economic studies were focused 
on pharmaceutical treatments. For example, Mapel et al 
(34) have described a simulation method to examine the 
potential cost consequences of treatments that reduced 
exacerbations. Th rough sensitivity analysis, they iden-
tify the cost-neutral (or “break-even” cost) point for a 
new exacerbation controller therapy for diff erent risk 
reduction ratios and daily prices. Th is framework of 
early technology assessment (35) and determination of 
price potential under coverage uncertainty (36) can be 
useful to inform value-based pricing decisions.

Patient risk stratifi cation has been recognized as 
an important step in delivering targeted medical care. 
Patient utilization of the proposed COPD management 
services is based on frequency of exacerbation; this 
frequency can be used to defi ne patient risk levels. As 
such, we analyzed cost boundaries for economically 
viable disease management programs for stratifi ed 
patients cohorts, accounting for diff erent possible sys-
tem performance levels. It was found that the payers 
would be able to maximize cost savings by focusing 
the proposed COPD management program on patients 

specifi city, LRR, ERR were respectively sampled from 
triangular distributions, with the likeliest value being set 
to the base case scenario value, and the min/max value 
being set to worst/best scenarios values; 3) the utility of 
stable patients was sampled from a uniform distribution 
based on the quality of life variability among patients 
(see Table 4). In both the control and intervention 
groups, we modeled patient deterioration by including 
a time-dependent mortality rate and AE rate where we 
assumed that the rates would increase over time. Th ree 
5000-trial simulations were conducted. Th is number 
of simulations yielded highly stable results in terms of 
both expected value and variability (see Fig. 5). Th e scat-
ter plot reveals that with an average charge of $500 per 
month (CED), home-based COPD program could still 
demonstrate added clinical eff ectiveness (QALY) and 
cost-saving capabilities for the patients with one prior 
index admissions. 

Discussion

In this paper, we describe a methodology for examin-
ing the potential cost consequences of new home-based 
approaches that attempt to reduce the frequency/
severity of exacerbations in COPD. We investigated 
multiple scenarios for cost and clinical performance for 
the proposed exacerbation management program and 
assessed the potential cost-savings from the perspective 
of a payer. Th rough these analyses, we demonstrated the 
likely cost-saving capabilities of the proposed COPD 
telehealth program and report on the technical and cost 
boundaries within which the program should operate. 
Clinical trial data are still required to fully demonstrate 
both the clinical and economic benefi ts of emerging 
COPD exacerbation management programs. However, 
our analysis suggests that, under the base case system 
performance and cost assumptions, a telehealth program 
has the potential to achieve long-term cost-savings. Th is 

Figure 5. Monte Carlo simulation. Left: Cost effectiveness scatter plot. Simulated patients undergoing the usual standard-of-care are shown in blue triangles while patients 
undergoing the proposed home-based intervention are shown in red crosses. Right: incremental cost-effectiveness scatter plot. Cost saving has been achieved in > 95% of 
the simulations, and QALY gain has been achieved in 100% of the simulations.
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pitals that share clinical and fi nancial responsibility for 
providing care to patients. ACOs are incentivized to 
manage long term health outcomes and the overall cost 
of their healthcare, potentially blending the cost impli-
cations of hospital- and home-based care. Th e fi ndings 
of our study may be of interest to these organizations as 
well. Similarly, individual physicians, patients, private 
payers, and medical innovators are increasing their 
eff orts to obtain reliable cost eff ectiveness data for care, 
research and development, and reimbursement decisions 
(37, 38–41). Th e current study acknowledges these trends 
by explicitly modeling the relationship between technical 
and clinical performance and downstream costs.

While the focus in this study was on home-based COPD 
exacerbation management, the general approach can be 
applied during the early development of any disease man-
agement program. When complete clinical trial data is not 
yet available, this approach may help set priorities for the 
investment, provide performance envelope requirements 
for research and development teams, anticipate reimburse-
ment coverage, and suggest price potential. 

In conclusion, we have demonstrated the potential 
economic benefi ts of home-based COPD exacerba-
tion management under reasonable technical and 
cost assumptions. Th is simulation study highlights the 
importance of risk and service stratifi cation for COPD 
patients given the diff erential benefi ts within these risk 
strata. Additionally, the study has quantifi ed the link 
between technical performance and downstream costs, 
though, again, the viability of such an exacerbation man-
agement program was seen under a wide range of condi-
tions. Th ese results should be further validated through 
trial data and relaxing of the technical assumptions, 
but it is hoped that the current study provides valuable 
input for the wide range of stakeholders interested in 
new COPD exacerbation management programs. 
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