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relied on aggregate quality-of-life assessments, as opposed to 
linking quality of life to relevant outcomes observed in OSA.2-6

In this study, we compare 3 commonly employed diagnostic 
modalities—full-night polysomnography (FN-PSG), split-night 
polysomnography (SN-PSG), and unattended portable home 
monitoring (UPHM)—and the established (gold standard) treat-
ment modality of continuous positive airway pressure (CPAP) 
for moderate-to-severe OSA (apnea-hypopnea index [AHI] ≥ 15 
events/h). All input data for the study were compiled from previ-
ously published clinical trials and health-economic evaluations.

This study evaluates health-related quality of life (HRQoL) 
and the impact of treatment on 3 negative health outcomes asso-
ciated with untreated OSA: strokes, myocardial infarctions, and 
motor vehicle collisions due to excessive daytime sleepiness.7,8 
Cost-effectiveness is assessed through the standard metric of the 
incremental cost-effectiveness ratio (ICER). Scenario analyses 
are performed to identify critical parameters that might be di-
rectly influenced by patients and physicians, including therapy 
compliance. To account for the chronic nature of OSA, we in-
vestigated 2 time frames: a 10-year time horizon and lifetime.

METHODS

Overview
We constructed a decision-analytic Markov model using Tree-

Age Pro 2009 Suite (TreeAge Software Inc., Williamstown, 
MA). The purpose of the model was to evaluate the lifetime cost 
and health consequences of the diagnosis and treatment of mod-
erate-to-severe OSA. The model compared typical clinical algo-
rithms currently used in the United States, as outlined in previous 

INTRODUCTION
Obstructive sleep apnea (OSA) is a chronic, significantly un-

derdiagnosed and undertreated condition characterized by re-
current collapse of the upper airway during sleep. Left untreated, 
OSA is associated with a variety of adverse consequences, in-
cluding daytime sleepiness, increased cardiovascular morbidity 
and mortality, impairment of cognitive function, motor vehicle 
collisions, and reduced quality of life. In light of the large num-
ber of untreated patients who would benefit from therapy1 and 
because of the substantial medical and economic implications 
of OSA, the choice of appropriate strategies for diagnosis and 
therapy is widely debated.2-6

Health-economic assessments evaluating various diagnostic 
and therapeutic approaches have been published.2-6 However, no 
integrated, end-to-end assessment comprehensively evaluating 
the overall impact of OSA diagnosis and therapy, including long-
term patient outcomes and associated costs, has been conducted 
to date. Furthermore, several of the previously published studies 
only evaluated particular aspects of OSA-associated outcomes, 
such as the relationship of OSA to motor vehicle collisions,7 or 
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model includes a set of mutually exclusive and collectively ex-
haustive health states. At the end of each cycle, assumed to oc-
cur in 1-month intervals, individuals can stay in the health state 
they are in or move to a new health state based on the probabili-
ty of that transition. The health state individuals start in is based 
on their diagnosis status, the prevalence of hypertension in the 
cohort, and the probability of patient compliance with physi-
cian recommendations to initiate CPAP treatment. Patients with 
a diagnosis of OSA were distributed into one of 4 categories:

•	 Well, no CPAP
•	 Well, using CPAP
•	 Hypertension, no CPAP
•	 Hypertension, using CPAP
We assumed that hypertensive patients were not more (or 

less) compliant with CPAP therapy than those without hyper-
tension. Patients without a diagnosis of OSA were distributed 
into “Well, no CPAP” or “Hypertension, no CPAP” based on 
the prevalence of hypertension in the cohort.

Within each Markov cycle, patients could die from causes 
other than MVC, MI, or stroke; have a non-fatal or fatal MVC; 
suffer a non-fatal or fatal myocardial infarction; suffer a non-
fatal or fatal stroke; or develop clinical hypertension. Patients 
compliant with CPAP therapy at the beginning of the cycle 
could discontinue treatment during the cycle; once treatment 
was discontinued, the patient remained non-compliant in all 
future cycles. The probability of transitioning to a different 
health state at the end of a cycle was calculated using the for-
mula p = 1 - e-rt where p is the probability of the transition, r is 
the annual rate of the transition, and t is the cycle length of the 
Markov model in years (t = 1/12 in this model). These probabil-
ities were dependent on the age of the patient, the presence of a 
chronic condition (OSA or hypertension), therapy compliance, 
and history of an acute cardiovascular event (MI), or stroke.

Model Inputs

Population characteristics
The base case population was a cohort of 50-year-old male 

patients with a prevalence of moderate-to-severe OSA (AHI ≥ 
15) of 50%. In sensitivity analysis, we considered women, al-
ternative ages, and alternative levels of OSA prevalence.

Test characteristics
The characteristics of the 3 investigated diagnostic modalities 

were based on the limited evidence available in published clinical 
trials and meta-analyses, and therefore we varied them widely in 
sensitivity analysis (see Table 1). We estimated the sensitivity of 
the second half of the SN-PSG (conditional on not meeting OSA 
criteria in the first 2 h) by assuming that the total sensitivity of a 
full night of evaluation would be equal to that of a FN-PSG ses-
sion. In the absence of data, we assumed that FN-PSG performed 
after negative or failed unattended portable home monitoring was 
independent of the previous test result or failure.

Effectiveness of Treatment

Baseline rates of events and risk increase associated with OSA
Age- and gender-specific all-cause mortality was estimated 

using the 2004 United States life tables.13 To avoid double-

health-economic studies6 and in clinical practice guidelines.9,10 
Health outcomes were expressed in life-years (LY) gained and 
quality-adjusted life-years (QALYs) gained (see footnote A at 
end of paper), as well as in the number of myocardial infarctions 
(MI), strokes, and motor vehicle collisions (MVC) prevented. 
Costs were considered from the third-party payer perspective and 
are presented in 2008 US$. Where necessary, costs were con-
verted to 2008 US$ using the U.S. GDP-deflator. Consistent with 
standard practice in health economic analysis, we discounted 
costs and benefits at 3% annually to incorporate time preference 
for money and good health. Model construction and analysis fol-
lowed the recommendations of the Panel on Cost-Effectiveness 
in Health and Medicine.11 We define the optimal or preferred 
strategy to be the non-dominated (see footnote B at end of paper) 
strategy with the highest QALY benefit that has an incremental 
cost-effectiveness ratio less than the willingness to pay threshold 
of $50,000 per QALY-gained.

Model Structure
The decision tree is shown in simplified form in Figure 1. 

The model incorporates three diagnostic choices (full-night 
polysomnography, split-night polysomnography, portable home 
monitoring), as well as choices of no use of a diagnostic mo-
dality and no treatment, or no diagnosis followed by treatment 
(defined in this paper as empiric treatment). For each scenario, 
the decision tree distributes the cohort into one of 4 groups:

•	 True positive diagnosis of OSA (TP)
•	 True negative diagnosis of no OSA (TN)
•	 Incorrect diagnoses of OSA (false positive, FP)
•	 Incorrect diagnosis of no OSA (false negative, FN)
The proportion in each group depends on the prevalence of 

OSA in the cohort, and the sensitivity and specificity of the di-
agnostic procedure and technology.

FN-PSG includes an overnight in-laboratory PSG session, 
with CPAP titration performed during a subsequent night in the 
laboratory (as needed if OSA criteria were met).

SN-PSG includes an in-laboratory PSG session of > 2 h during 
the first part of an overnight stay, with the remainder of the night 
spent for CPAP titration (for those meeting the OSA criteria). For 
patients who do not meet OSA criteria during the first part of the 
night, the protocol changes to FN-PSG (that is, they are evalu-
ated for OSA throughout the remainder of the night, with titration 
occurring during a separate night). Patients who meet the OSA 
criteria during the first part of the night but fail to be successfully 
titrated during the second part of the night, return to the sleep 
laboratory on a subsequent night for CPAP titration.

Patients undergoing unattended evaluation with a portable 
home monitor (UPHM) also undergo unattended home CPAP 
autotitration if they have been positively diagnosed. If a home 
study is unsatisfactory for technical reasons, if OSA criteria are 
not met during the home evaluation, or if home autotitration 
fails, patients are referred for FN-PSG. In all the above cases, a 
fraction of patients (22%) do not attend the in-laboratory evalu-
ation based on the observed rate in a prospective case study of 
individuals with suspected OSA.12

In the empiric CPAP treatment strategy, all patients are ti-
trated and subsequently treated with CPAP.

Once classified by diagnosis and disease state, patients enter 
the Markov component of the model (Figure 2). The Markov 
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lar Health Study,20 we assumed that hypertension increases 
the risk of non-MVC, non-MI, non-stroke mortality, as well 
as the incidence of MI and stroke. The annual probability of 
non-fatal and fatal MVC in individuals without OSA was es-
timated from 2006 data published by the U.S. Department of 
Transportation.21 The magnitude of the effects of untreated 
moderate-to-severe OSA (AHI ≥ 15) on the incident rates of 
MVC, MI, stroke, and hypertension were estimated from the 
literature.8,22-25

counting deaths, age-specific mortality from MI and stroke14 
were subtracted from all-cause mortality.15

Age- and gender- specific baseline incidence rates for MI, 
stroke, and hypertension were estimated by fitting curves to 
the age- and gender-specific rates reported in large population 
studies.16-19 Because there is limited information on the risk of 
MI, stroke, and hypertension in persons over age 85, we as-
sumed that the annual rate of new events was constant after 
age 85. Based on hazard ratios observed in the Cardiovascu-

Figure 1—Simplified illustration of the decision tree structure (diagnosis and titration only). The small square represents the decision to implement a strategy 
of using a specific diagnostic technology. Circles represent chance events. FN-PSG, Full-night polysomnography; SN-PSG, Split-night polysomnography; 
UPHM, Unattended Home Monitoring; TN, True Negative; FN, False Negative; TP, True Positive; FP, False Positive.
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19 patients with severe OSA before and after treatment; Chakra-
voty et al. used the EQ-5D in 32 moderate-to-severe patients. We 
estimated the age-independent QOL weights from these studies 
using the expected QOL based on the age of the participant or 
the average age of the investigated population. The 2 studies 
were then combined to estimate that baseline QOL of individu-
als with untreated and treated OSA are 16% and 7% lower than 
average people of the same age, respectively. In the model, QOL 
for individuals who do not have OSA but are undergoing CPAP 
treatment due to a false-positive diagnosis was reduced by 2%.

Costs and resource use
The cost analysis was based on a U.S. third-party payer per-

spective, considering only direct healthcare costs. Age-specific 
baseline healthcare costs were based on average U.S. expendi-
tures,33 and a one-time cost of end-of-life care. This cost was in-
curred in the year of death for individuals whose cause of death 
was other than fatal MVC, MI, or stroke, using cost estimates 
based on published Medicare expenditures.34 Incremental costs 
associated with the treatment of hypertension, an acute cardio-
vascular event, or life after an acute cardiovascular event were 
based on literature reports.35-38 Health care costs associated with 
non-fatal and fatal MVCs were based on a U.S. Department of 
Transportation study.39

The costs of diagnostic testing and CPAP treatment were based 
on national average 2008 Medicare reimbursement rates. Diag-
nostic costs for the 3 investigated diagnostic pathways were based 
on the respective CPT codes (full-night polysomnography, 95810; 
split-night polysomnography, 95811; unattended portable home 
monitoring, 95806). When patients did not meet OSA criteria dur-
ing the first part of the night during the SN-PSG protocol, the cost 
incurred is still that of a SN-PSG and a separate cost is incurred 
for the full-night titration performed at a later date. CPAP titra-
tion costs included CPT 95811 for polysomnography-based CPAP 

Therapy compliance and effectiveness
Patient compliance with CPAP treatment is critical to treat-

ment success. We assumed that 10.2% of patients would decline 
therapy, as observed in a study of 353 patients diagnosed with 
moderate OSA.23 Furthermore, we assumed CPAP compliance 
would stabilize after 4 years at 68%, as was observed in a study 
of long-term CPAP compliance.26

Based on the blood pressure reductions observed in moder-
ate-to-severe OSA patients treated with CPAP,27,28 and on the 
observations of a long-term cohort study investigating cardio-
vascular risk in untreated OSA, treated OSA, and controls with-
out OSA,8 we assumed further that CPAP use, when the patient 
is 100% compliant, reduces the risk of MI, stroke, and incident 
hypertension to general population risk levels. This assumption 
was investigated in sensitivity analyses to assess the impact of 
a lower treatment effect.

As in the cases of MI and stroke, we assumed that CPAP 
treatment reduces the risk of motor vehicle collisions (MVC) 
to general population levels when the patient was 100% com-
pliant. The magnitude of treatment benefit for MVC risk was 
evaluated in the sensitivity analyses.

Quality of life parameters
Values for age-specific and health-state specific quality of 

life (QOL) were derived from the self-reported health of partici-
pants in the nationally representative Medical Expenditure Panel 
Survey (MEPS), as measured by the EQ-5D.29 An individual’s 
age-specific baseline QOL was decreased by a factor of 16% for 
patients who had suffered an MI, 21% for those who had suffered 
a stroke, and 4% for patients suffering from hypertension.29 For 
non-fatal motor vehicle collisions, the lifetime discounted utility 
decrement was subtracted in the year of the collision.30

Two studies have evaluated QOL with untreated and treated 
OSA.31,32 Tousignant et al. used the standard gamble method in 

Figure 2—Schematic of the Markov component of the model. Patients are initially distributed based on their diagnosis. Each month, patients can either die, 
stay in the existing state, or transition into one of the other health states as indicated by the arrows.
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Table 1—Model parameters

Variable Base Case Range Reference
Cohort Characteristics

Sex Male
Age 50 30–70

Risks Associated with Events and Modeled States
Motor vehicle collision causing injury or death

Annual risk, males 0.025 0.023–0.027 21
Annual risk, females 0.011 0.010–0.013 21
Probability of death from a MVC with injury or death 0.0079 0.006–0.01 39

Hypertension
Prevalence of hypertension, Males (varies by age, 40-70 y) 0.239–0.633 19
Prevalence of hypertension, Females (varies by age, 40-70 y) 0.199–0.788 19
Rate (annual per person, until age 85) for incident hypertension, Males 0.0195 × ln(Age) – 0.0551  ± 10% rate 19
Rate (annual per person, until age 85) for incident hypertension, Females (2.5 × 10-7) × Age2.948  ± 10% rate 19
Hazard ratio for all-cause mortality, life with Hypertension 1.49 1.0–2.2 20

Myocardial infarction
Rate (annual per person, until age 85) for incident MI, Males (2.0 × 10-12) × Age5.236 16
Rate (annual per person, until age 85) for incident MI, Females (9.0 × 10-17) × Age7.423 16
Hazard ratio for incident MI, with Hypertension 2.53 2.0–3.5 20
Probability of 28-day mortality, males, varies by age 0.15–0.7 50,51
Probability of 28-day mortality, females, varies by age 0.20–0.7 50,51
Hazard ratio for all-cause mortality, life after MI 1.57 1.35–1.74 52

Stroke
Rate (annual per person, until age 85) for incident stroke (3.1 × 10-13) × Age5.569 17,18
Hazard ratio for incident stroke, with Hypertension 2.78 2.0–4.6 20
Probability of 28-day mortality, varies by age 0.09–0.52 18
Hazard ratio for all-cause mortality, life after stroke 2.30 1.1–2.8 53

Diagnostic Test Characteristics
Full night PSG

Sensitivity 0.97 0.85–1.00 6,54
Specificity 1.00 0.85–1.00 6,54

Split night PSG
Sensitivity 0.89 0.76–0.95 54
Specificity 0.94 0.72–1.00 54

Unattended home monitoring (Type III)
Sensitivity 0.91 0.83–0.94 54,55
Specificity 0.83 0.67–0.94 54,55
Technical failure 0.09 0.07–0.12 54
Refuse FN-PSG given technical failure 0.22 0–0.44 12

CPAP Titration
Successful titration during split-night PSG 0.82 0.80–0.90 6
Successful autotitration during unattended home monitoring 0.87 0.80–0.90 56

CPAP Treatment Compliance
Initial treatment refusal 0.102 0–0.204 23
Annual probability of stopping treatment 0.044 0.022–0.086 26

Hazard Ratios Associated with OSA
HR for motor vehicle collision causing injury or death 3.0 2.5–3.5 23,24
HR for developing hypertension 1.8 1.3–1.9 25
HR for incident MI 2.8 1.9–4.3 8
HR for incident stroke 1.7 1.0–3.5 22

Table 1 continues on the following page



SLEEP, Vol. 34, No. 6, 2011 700 An Integrated Health-Economic Analysis of OSA—Pietzsch et al

CPAP treatment costs consisted of the cost of the CPAP de-
vice, cost of CPAP accessories, and physician visits related to 
CPAP therapy. Current Medicare procedures reimburse for the 
cost of the CPAP device through 13 monthly rental charges 
(HCPCS E0601), after which the patient owns the device. The 
total cost of the CPAP device over the course of its assumed life 
of 5 years was amortized into equal monthly charges. Consistent 
with other health-economic studies,2,4,6 we assumed that most 
patients do not use the maximum allowable number of CPAP 
replacement accessories; we estimated the annual cost of CPAP 
accessories (mask, tubing, headgear, filters, humidifier, and so 

titration and CPT 95806 for autotitration. The laboratory-based 
diagnostic pathways were assumed to be followed by a post-eval-
uation visit at the doctor’s office (CPT 99214) after one month, 
with biannual office visits afterwards during the duration of CPAP 
treatment. Based on published practice behaviors,40 we assumed 
that patients diagnosed by UPHM were followed-up with month-
ly post-evaluation visits during the first 3 months, visits every 3 
months during the following 9 months, and then biannual visits 
over the duration of their treatment with CPAP.6 Patients who did 
not meet OSA criteria or rejected initiation of CPAP treatment 
were assumed to incur the cost of only one additional office visit.

Variable Base Case Range Reference
Costs

Diagnosis 
Office visits 89.90 CPT 99214
FN-PSG 810.86 -10%, +20% CPT 95810
SN-PSG 891.14 -10%, +20% CPT 95811
UPHM 209.17 -10%, +20% CPT 95806

Titration
PSG titration 891.14 -10%, +20% CPT 95811
Auto titration 209.17 -10%, +20% CPT 95806

Treatment (monthly)
CPAP, rental 111.71 HCPCS E0601, for 13 

months then owned
CPAP replacement time (years) 5 2–10
CPAP supplies 114 38–380 1/3 of maximum 

allowable from HCPCS 
A7030-A7039, A7045, 

A7046
Office visits (each, assumed 2 per year) 89.90 CPT 99214

Acute Events (one-time)
Non-fatal MVC with injuries 7,500 50–200% 39
Fatal MVC 28,100 50–200% 39
Acute MI 15,110 37
Acute Stroke 20,419 38
Death from cause other than MI, stroke, MVC; varies (decreases) by age 24,122–40,801 34

Health state specific costs (monthly)
Baseline, increases by age 403–1,543 33
Health state specific care costs

Hypertension, additive 56.76 25–115 35
Post-MI, multiplicative 1.76 1.6–2.2 Assumed to be the 

same as stroke
Post-Stroke, multiplicative 1.76 1.6–2.2 36

Quality of Life Weights
Baseline, varies (decreases) by age (40-80 years) 0.871–0.736 29
Health state specific quality of life weights, multiplicative

Well 1
Hypertension 0.96 0.95–1.0 29
Post-MI 0.86 0.80–1.0 29
Post-Stroke 0.81 0.78–1.0 29
Untreated OSA 0.84 0.80–0.93 31,32
Treated OSA 0.93 0.84–0.98 31,32
CPAP without OSA 0.98 0.96–1.0 Estimated

Non-fatal MVC (lifetime discounted decrement, subtractive) 0.036 0.031–0.418 30

Table 1 (continued)—Model parameters
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ber of MIs by 49%, and the 10-year risk of stroke by 31%. The 
relative risk reduction in MIs is greater than that of in strokes 
because the OSA has a greater influence on the risk of MI than 
stroke. The relative risk reduction over the lifetime horizon is 
less than over the 10-year horizon because the average life ex-
pectancy in the treated cohort is longer which increases the 
number of years they are at risk for an event. Considering a 
lifetime perspective, we calculate the ICER of CPAP therapy 
compared to no treatment in a cohort of patients with OSA to 
be $24,222 per LY gained and $15,915 per QALY gained.

Effects of treatment compliance
Within the range tested, treatment compliance did not have 

a substantial effect on the cost-effectiveness of CPAP therapy 
in any population (Table 3). If a patient, from the 50-year-old 

on) to be 30% of the maximum allowable Medicare reimburse-
ment level for all CPAP accessories. We assumed that individu-
als who stop treatment do not immediately return equipment; 
in the base case, we assumed an additional 3 months of CPAP 
rental charges and 3 months’ worth of replacement accessories.

Sensitivity Analysis
Extensive single-variable and multi-variable sensitivity 

analyses were conducted to evaluate the effects of parameter 
uncertainty. The parameter ranges (Table 1) for the sensitivity 
analysis were derived from the literature.

A specific focus of the analysis was on cardiovascular 
events. In light of a number of randomized trials and systematic 
reviews that evaluated treatment effects based on the primary 
measure of reduction in subjective sleepiness as measured on 
the Epworth Sleepiness Scale (ESS),32,41,42 the chosen assump-
tions about the effectiveness of CPAP treatment to reduce the 
increased risk of cardiovascular events in patients with OSA 
may be optimistic. Additional scenarios were also constructed 
using lower cardiovascular risk reductions associated with 
CPAP use—including a scenario in which there was no reduc-
tion in cardiovascular risk associated with CPAP treatment.

RESULTS
The results are presented in 2 parts. First, we evaluated the 

benefits and cost-effectiveness of CPAP therapy in patients 
with a diagnosis of OSA. Second, we evaluated the benefits and 
cost-effectiveness of various diagnostic screening technologies.

Benefits and Cost-Effectiveness of CPAP Therapy
In patients with a diagnosis of moderate-to-severe OSA, 

CPAP therapy reduces the average number of lifetime MVCs 
and lifetime risk of cardiovascular events (Table 2). We es-
timate that treatment with CPAP reduces the 10-year risk of 
MVCs (fatal and non-fatal) by 52%, the 10-year expected num-

Table 2—Risk of cardiovascular events, motor vehicle collision, lifetime costs, 
life expectancy and quality adjusted life expectancy associated with CPAP 
treatment in a 50-year-old male with moderate-to-severe OSA

10 years Lifetime
No 

Treatment Treatment
No 

Treatment Treatment
Risk of MI 11.38% 5.81% 56.25% 38.87%
Risk of Stroke 3.01% 2.07% 14.90% 14.64%
Avg. no. of MVC  0.724  0.352  1.781  0.939 
Risk of fatal MVC 0.57% 0.28% 1.41% 0.74%
Undiscounted

Cost  $81,743  $92,442  $359,919  $408,845 
Life Years  9.473  9.586  23.332  25.641 
QALYs  6.518  7.194  15.572  18.425 

Discounted (3%)
Cost  $70,264  $79,750  $216,934  $243,656 
Life Years  8.236  8.329  16.062  17.165 
QALYs  5.672  6.259  10.814  12.493 

ICER
$/LY-gained  $ 102,585  $ 24,222 
$/QALY-gained   $ 16,172   $ 15,915 

Table 3—Sensitivity analysis: Incremental cost effectiveness ratios 
of CPAP treatment compared to no treatment under various scenarios 
(50-year-old males)

Scenario

ICER
($/QALY-
gained)

Base case 15,915
OSA related risks

No increased risk of MVC with OSA 18,822
Decreased impact of OSA on MVC risks 16,802
Increased impact of OSA on MVC risks 15,087
Decreased impact of OSA on hypertension risks 16,721
Increased impact of OSA on hypertension risks 15,342
Decreased impact of OSA on MI &stroke risk 15,107
Increased impact of OSA on MI & stroke risk 16,307

Efficacy of therapy 
Only MVC benefit 23,595
Only CV benefit 19,091
75% of MVC and CV benefit 17,997
50% of MVC and CV benefit 20,841
25% of MVC and CV benefit 24,722
0% of MVC and CV benefit (only benefit is the utility 
gain from reduced daytime sleepiness)

30,093

Compliance with Therapy
Perfect compliance 15,769
Low compliance: double the number of patients 
who never try therapy, & double the quit rate

16,112

Costs
Low CPAP treatment cost 8,640
High CPAP treatment cost 41,377
Low cost of MVC 17,275
High cost of MVC 13,193
Low cost of CV chronic care 17,027
High cost of CV chronic care 12,730

Utilities
No utility gain from reduction in daytime sleepiness 
(only benefit is the utility gain from reduced MVC 
and CV risks)

35,277

Large utility gain associated with treated OSA; 
same as no OSA with CPAP (2% reduction from 
age-specific HR-QoL)

12,378
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treatment is only marginally higher than in the base case analy-
sis at $16,112 per QALY gained.

We also calculated the impact of compliance on other out-
come measures such as the lifetime risk of injury or death 
from MVCs, and the risks of MI or stroke, for initial treatment 
compliance between 0% (no compliance at all) and 100% (full 
compliance). Figure 3 illustrates the magnitude of health ben-

male cohort, was perfectly compliant, treatment would not be 
substantially more cost-effective, with an ICER of $15,769 per 
QALY gained. To illustrate this limited impact when compared 
to baseline, a worst-case compliance scenario was created in 
which double the number of patients refused therapy immedi-
ately when offered, and twice the number of patients discon-
tinued treatment each month. In this scenario, the ICER of 

Figure 3—Expected life-years, quality-adjusted life years, lifetime risk of MI, stroke, and death from motor vehicle crash (MVC), and expected lifetime number 
of MVC, varying CPAP therapy compliance (50-year-old male cohort).
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Benefits and Cost-Effectiveness of Diagnostic Technology 
Choices

We computed the benefits of diagnosis and subsequent CPAP 
treatment in terms of the prevention of MVCs and the reduction 
of cardiovascular events for the base case cohort of 50-year-old 
male patients with a 50% pretest probability of having OSA 
(Table 4). The different numbers of false diagnoses (FP and FN) 
caused by differences in the sensitivity and specificity of the 
diagnostic modalities investigated result in small but important 
differences in event rates, costs, and QALYs across strategies. 
The preferred diagnostic strategy is FN-PSG, with an ICER of 
$17,131 per QALY gained. Even though FN-PSG is the most 
expensive technology at diagnosis requiring patients to undergo 
2 overnight in-lab assessments (one for diagnosis and the other 
for titration), the superior diagnostic accuracy of this technolo-
gy resulted in it costing less and providing more health benefits 
than any other approach to diagnosis in the long term.

Effects of Cohort Age, Gender, and Pretest Probability
In the cohort with a prevalence of 50%, the choice of pre-

ferred strategy was not affected by age or gender. Men had low-
er ICERs than women (50-year-old men vs. women: $17,131 
vs. $20,184 per QALY gained), and younger people had lower 
ICERs than older people (men at 30 years old vs. 70 years old: 
$16,512 vs. $21,835; women at 30 vs. 70: $19,912 vs. $23,893 
per QALY gained).

Figure 4 shows the incremental costs and incremental QA-
LYs associated with each of the diagnostic modalities modeled 
for 3 different pretest probability populations: low OSA preva-
lence of 20%, base case of 50%, and high OSA prevalence of 

efits associated with CPAP treatment, compared with treatment 
forgone by non-compliant patients. For the base case therapy 
compliance, the model results show that CPAP therapy reduces 
overall per-person risk of a fatal MVC by approximately 48%, 
and the total number of MVCs by approximately 47%. Thus, 
the results suggest that an estimated 670 MVC fatalities can be 
prevented in a 100,000-patient cohort treated with CPAP.

Sensitivity analysis
The results were not sensitive to gender or cohort age. How-

ever, we observed that men had lower ICERs than women (at 
50 years old, men vs. women: $15,915 vs. $18,942 per QALY 
gained) and younger people had lower ICERs than older people 
(men at 30 years old vs. 70 years old: $15,478 vs. $20,150; 
women at 30 vs. 70: $18,836 vs. $22,348 per QALY gained). 
These small differences are due to differences in near-term 
baseline cardiovascular risk among the different cohorts.

Sensitivity analyses indicated that the cost-effectiveness of 
CPAP treatment in patients with OSA was robust (Table 3). As-
sumptions about the utility gain from reduced daytime sleepi-
ness affected the cost-effectiveness of treatment. Compared to 
the baseline ICER of $15,915 per QALY-gained, including only 
benefits associated with reduced daytime sleepiness increased 
the ICER to $30,093 per QALY gained, whereas including only 
the benefits associated with reduced occurrences of MVC and 
cardiovascular events—and excluding the utility gains from re-
duced daytime sleepiness—results in an ICER of $35,277 per 
QALY-gained. Increasing the monthly cost of treatment to the 
Medicare allowable maximum increased the ICER to $41,377 
per QALY gained.

Table 4—Risk of cardiovascular event, motor vehicle collision, lifetime costs, life expectancy, and quality adjusted life expectancy associated with various 
diagnostic approaches in a 50-year-old male with a 50% pretest probability of OSA

No Diagnosis & No 
Treatment Full-Night PSG Split-Night PSG

Unattended Portable 
Home Monitoring

Empiric
Treatment

Risk of MI 44.67% 36.24% 36.24% 36.57% 35.98%
Risk of Stroke 14.72% 14.59% 14.59% 14.60% 14.59%
Expected number of MVC  1.227  0.818  0.818  0.834  0.806 
Risk of fatal MVC  0.010  0.006  0.006  0.007  0.006 
Undiscounted

Cost  $ 367,159  $ 391,879  $ 392,756  $ 393,574  $ 410,707 
Life Years  24.8639  25.9835  25.9835  25.9396  26.0181 
QALYs  18.1005  19.4840  19.4753  19.4074  19.3824 

Discounted (3%)
Cost  $ 217,602  $ 231,553  $ 232,060  $ 232,716  $ 243,879 
Life Years  16.7920  17.3271  17.3271  17.3061  17.3436 
QALYs  12.3600  13.1743  13.1683  13.1269  13.0994 

Average CER (compared to No Diagnosis)
$/LY-gained * 26,073 27,023 29,400 47,637
$/QALY-gained * 17,131 17,887 19,707 35,536

ICER (compared to the next best alternative)
$/LY-gained * 26,073 Dominated Dominated 744,822
$/QALY-gained * 17,131 Dominated Dominated Dominated

*“No Diagnosis & No Treatment” was the least costly strategy, therefore it is the comparator for the next strategy on the efficient frontier.
Dominated: Strategies that are not on the efficient frontier are described as dominated. Dominated strategies cost more and provide fewer QALYs than 
another strategy or a combination of strategies available to the decision-maker.
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for cohorts of men younger than age 50 and women younger 
than age 60, FN-PSG remains the economically most efficient 
alternative with ICERs ranging from $16,124 (for a 30-year old 
male) to $40,513 (for a 50 year old female) per QALY-gained. 
However, SN-PSG is most efficient for cohorts of men age 50 
and older and for cohorts of women age 60 and older, with IC-
ERs ranging from $16,599 (for a 50-year-old male) to $23,103 
(for a 70-year-old female) per QALY-gained. At the low (20%) 
and moderate (50%) pretest probability, the key factor differ-
entiating the diagnostic strategies is the rate of false-positive 
diagnoses and the long-term costs associated with those misdi-
agnoses. Because of the higher risk of false-positive diagnosis, 
the immediate cost-savings from choosing the less expensive, 
less specific test are overwhelmed by the long-term costs of 
treating the many false-positive diagnosis patients without ben-
efit. In contrast, at the high pretest probability (80%), the key 
factors differentiating the diagnostic strategies are the cost of 
the technology and the long-term QALYs foregone associated 
with different rates of false-negative diagnoses. Using a less 
expensive, less sensitive test is not optimal in younger cohorts 
because of the greater number of years at risk for an event 
(MVC, MI, or stroke) that can be averted with diagnosis and 
treatment. It should be noted, however, that at a pretest prob-
ability of 80%, the lifetime costs and benefits of FN-PSG and 
SN-PSG are nearly indistinguishable from each other for all 
cohorts (differences in expected costs and QALYs are less than 
$300 and 0.004 QALY).

Sensitivity Analysis
Extensive single-variable and multi-variable sensitivity anal-

yses were performed to assess the robustness of the cost-effec-
tiveness analysis (Table 5). The results were not sensitive to the 
cost of the diagnostic technologies. However, if FN-PSG and 
SN-PSG are both assumed to have perfect sensitivity and speci-
ficity, then SN-PSG is preferred because it is less expensive for 
some patients. If FN-PSG and SN-PSG have test characteristics 
at the lower range of published values, then UPHM becomes 
the preferred diagnostic strategy with an ICER of $48,206 per 
QALY gained. However, assuming base case accuracy for FN-
PSG, UPHM is outperformed by FN-PSG, even if we assume 
the best case accuracy for UPHM (sensitivity and specificity of 
94%). At a 50% pretest probability of OSA, the cost of the tests 
had little to no impact on the cost effectiveness of the optimal 
diagnostic strategy.

In our base case analysis, we assumed that UPHM had a sub-
stantial likelihood of technical failure and that only some pa-
tients who had this technical failure would undergo a FN-PSG 
as recommended. In scenarios in which we assumed that UPHM 
had no rate of technical failure, FN-PSG continued to be the 
preferred diagnostic strategy because the comparatively high 
number of false diagnoses in the UPHM arm resulted in higher 
costs and fewer QALYs than in the FN-PSG arm. In scenarios 
in which we continued to assume the base case rate of technical 
failure but we assumed that all patients would follow-up with 
the recommended FN-PSG, UPHM provided more QALYs 
than FN-PSG but with an ICER of $782,167 per QALY-gained 
and so FN-PSG continued to be the preferred strategy.

The cost effectiveness of OSA diagnosis is a function of the 
cost effectiveness of OSA treatment. In all scenarios in which 

80%. In a cohort with low prevalence of 20%, diagnostic evalu-
ation with FN-PSG cost less and provided more QALYs than 
all other diagnostic alternatives, with an ICER ranging from 
$18,062 (for a 30-year-old male) to $26,211 (for a 70-year-old 
female) per QALY gained. In a cohort with prevalence of 80%, 

Figure 4—Incremental cost-effectiveness of different diagnostic 
strategies for 3 different levels of OSA prevalence (pretest probability) 
(50-year-old male cohort).
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Table 5—Sensitivity analysis: Incremental cost effectiveness ratios compared to the next best diagnostic strategy under various scenarios

Scenario
No Diagnosis & 
No Treatment*

Split-Night 
PSG 

Full-Night 
PSG

Unattended 
Portable Home 

Monitoring
Empiric

Treatment
Base case Dominated 17,131 Dominated Dominated
Test Characteristics

Best case, FN Dominated 17,095 Dominated Dominated
Worst case, FN 19,876 Dominated 516,167 2,333,995
Best case, both FN & SN 16,777 Dominated Dominated Dominated
Worst case, both FN & SN Dominated 20,448 48,206 2,333,995
Best case UPHM Dominated 17,131 Dominated Dominated
Worst case UPHM Dominated 17,131 Dominated Dominated
No patient refuses FN-PSG after technical failure with UPHM Dominated 17,131 782,167 Dominated
No technical failure from UPHM Dominated 17,131 Dominated Dominated

OSA related risks
Decreased impact of OSA on MVC risks Dominated 18,036 Dominated Dominated
Increased impact of OSA on MVC risks Dominated 16,281 Dominated Dominated
Decreased impact of OSA on hypertension risks Dominated 17,974 Dominated Dominated
Increased impact of OSA on hypertension risks Dominated 16,551 Dominated Dominated
Decreased impact of OSA on MI &stroke risk Dominated 23,554 Dominated Dominated
Increased impact of OSA on MI & stroke risk Dominated 14,821 Dominated Dominated

Efficacy of therapy
Only MVC benefit Dominated 25,986 Dominated Dominated
Only CV benefit Dominated 20,362 Dominated Dominated
75% of MVC and CV benefit Dominated 19,448 Dominated Dominated
50% of MVC and CV benefit Dominated 22,582 Dominated Dominated
25% of MVC and CV benefit Dominated 26,827 Dominated Dominated
0% of MVC and CV benefit (only benefit is the utility gain 
from reduced day-time sleepiness)

Dominated 32,675 Dominated Dominated

Compliance with Therapy
Perfect compliance Dominated 16,696 Dominated Dominated
Low compliance: Double the number of patients who never 
try therapy, & double the quit rate

Dominated 17,726 Dominated Dominated

False Positives self-identify by quitting CPAP therapy at 12 
times the rate of True Positives

17,074 51,557 Dominated 817,009

Cost
Low FN-PSG cost Dominated 17,031 Dominated Dominated
High FN-PSG cost Dominated 17,330 Dominated Dominated
Low SN-PSG cost Dominated 17,131 Dominated Dominated
Low UPHM cost Dominated 17,131 Dominated Dominated
Low CPAP treatment cost Dominated 9,856 Dominated Dominated
High CPAP treatment cost Dominated 42,593 Dominated Dominated
Low cost of MVC Dominated 18,492 Dominated Dominated
High cost of MVC Dominated 14,409 Dominated Dominated
Low cost of CV chronic care Dominated 18,243 Dominated Dominated
High cost of CV chronic care Dominated 13,947 Dominated Dominated

Utilities
Annualized equivalent of 2 days lost for attending sleep clinic 
for FN-PSG or SN-PSG

Dominated 17,304 Dominated Dominated

No utility gain from reduction in day-time sleepiness (only 
benefit is the utility gain from reduced MVC and CV risks)

Dominated 37,974 Dominated Dominated

Large utility gain associated with treated OSA; same as no 
OSA with CPAP (2% reduction from age-specific HR-QoL)

Dominated 13,325 Dominated Dominated

*“No Diagnosis & No Treatment” was the least costly strategy in all scenarios tested. It is the comparator for the next strategy on the efficient frontier.
Dominated – Strategies that are not on the efficient frontier are described as dominated. Dominated strategies cost more and provide fewer QALYs than 
another strategy or a combination of strategies available to the decision-maker.
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the same rate. In all cases, diagnosis with type IV devices cost 
more overall and provided fewer QALYs than type III devices.

DISCUSSION
The objective of this study was to develop a model to evalu-

ate the health impacts and cost-effectiveness of technologies 
used for the diagnosis and treatment of moderate-to-severe 
OSA.

Using a mathematical model of OSA, we found that CPAP 
therapy increases life expectancy and quality-adjusted life 
expectancy, and reduces the rate of fatal and non-fatal motor 
vehicle collision, myocardial infarction, and stroke. We also 
found that CPAP therapy is cost-effective for men and women 
at all ages considered (30-70 years) who have already been di-
agnosed with moderate-to-severe OSA with ICERs between 
$15,478 and $22,348 per QALY gained, which are lower than 
the ratios for treatments and technologies thought to be of good 
value and below the commonly used thresholds for determin-
ing cost effectiveness in the US.43 Table 6 presents the ICERs 
of various treatments and technologies for comparison to the 
ratios presented in this study.

Comparisons of diagnostic modalities indicate that full-night 
polysomnography (FN-PSG) is cost-effective and preferred 
over other diagnostic modalities in almost all of the investi-
gated populations and scenarios. Counter-intuitively, at pretest 

treatment was less effective or more costly, diagnosis was also 
less cost effective and in all scenarios in which treatment was 
more effective or less costly, diagnosis was also more cost ef-
fective. Improved treatment compliance improves treatment 
effectiveness, but has a very small impact on the ICER of diag-
nostic modalities.

In our base case, we assumed that false positives would be 
equally likely to be compliant as true positives. However, it 
is possible that patients diagnosed as false positives would be 
more likely to stop CPAP therapy when they perceive no benefit 
from treatment. We performed a threshold analysis to determine 
whether this assumption could affect our results. We found that 
when false positives stop therapy at ≥ 12 times the rate of true 
positives, SN-PSG becomes preferable to FN-PSG.

Type III vs. Type IV UPHM Devices
In all but a few scenarios, type III unattended portable home 

monitoring devices were overshadowed by other diagnostic mo-
dalities. When FN-PSG and SN-PSG devices were estimated to 
have low sensitivity (85%), the incremental cost-effectiveness 
ratio of type III UPHM devices (91% sensitive) was $77,087 
per QALY gained. We also considered type IV unattended 
portable home monitoring devices. These devices have fewer 
channels than type III devices—and thus lower sensitivity and 
specificity—but in most instances are currently reimbursed at 

Table 6—Cost per Quality-Adjusted Life Year (QALY) gained from selected clinical strategies (results of this study are in bold)

Intervention ICER ($/QALY)
Corticosteroids vs. nonsteroidal anti-inflammatory drugs (NSAIDs) in combination with any disease-modifying anti-rheumatic 
drug (DMARD) in patients with rheumatoid arthritis (age 50)57

Cost saving

Aspirin vs. no aspirin in combination with usual care in patients at high risk for cardiovascular disease58 $2,840
Mechanical thrombectomy vs. best medical therapy alone in patients with large-vessel ischemic stroke who are ineligible to 
receive tissue plasminogen activator (age 67)59

$12,120

CPAP therapy vs. no treatment in patients with a diagnosis of moderate-to-severe OSA (50-year-old male) $15,915
Full-night polysomnography and initiation of CPAP therapy vs. no diagnosis and no treatment for the diagnosis of 
OSA in patients with 50% pretest probability of OSA (50-year-old male)

$17,131

Annual screening for proteinuria and subsequent treatment with ACE inhibitor or ARB therapy vs. routine clinical practice (No 
Screening) in patients with hypertension at annual physical (age 50)60

$21,880

Diabetes screening vs. routine clinical practice (no Screening) in patients with hypertension at annual physical (age 55)61 $44,100
Pioglitazone vs. placebo, in addition to usual care in high-risk patients with type 2 diabetes62 $47,770
Adult Treatment Panel III (ATP III) guidelines vs. alternate risk and age based strategies for identifying patients for 
cholesterol lowering statin therapy in the general population (ages 35-85)63

$48,265

Ileocolonoscopy with follow-up computed tomographic enterography (CTE) vs. ileocolonoscopy only for the diagnosis of 
small-bowel Crohn disease in patients with 75% pretest probability of small-bowel Crohn disease (30 year old)64

$55,390

HIV antibody screening every 5 years vs. one-time screening, for the diagnosis of HIV in general population with 1% pretest 
probability of HIV (age 42)65

$63,900

Annual mammogram from ages 40 to 80 vs. annual mammogram from ages 45 to 80 for the diagnosis of breast cancer in 
average risk women in the general population66

$71,000

Bone densitometry vs. no densitometry for the diagnosis of osteoporosis and fracture risk assessment in men with no history 
of clinical fracture (age 70)67

$103,750

One-time whole-body CT scan vs. routine preventive care at age 5068 $180,500 per LY-gained
Dynamic susceptibility-weighted contrast material-enhanced (DSC) magnetic resonance (MR) imaging vs. standard clinical 
workup for the diagnosis of Alzheimer disease In community dwelling patients with mild to moderate dementia69

$749,000

Values are given in 2008 U.S. dollars, with adjustment using the GDP deflator. Numbers are the ratios of the added cost per person to the gain in QALYs per 
person.
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attend a follow-up FN-PSG, Ayas et al.49 assume that all ini-
tially missed cases are found. When we consider this protocol, 
assuming, as did Ayas, that all false positives would correctly 
perceive no health benefits from CPAP and that all technical 
failures and negatives would attend a FN-PSG, we find that the 
ICER of this modified-UPHM strategy is $29,122 per QALY-
gained compared to FN-PSG when the pretest probability of 
OSA is 50%. However, if attendance at FN-PSG after failed or 
negative UPHM is imperfect, immediate FN-PSG remains the 
optimally efficient choice (ICER of $17,131 per QALY-gained). 
These findings exemplify the need for a lifetime horizon analy-
sis when evaluating the cost-effectiveness of diagnostic strate-
gies for a chronic condition.

Limitations
Our health-economic study has limitations, many of which 

are common to modeling studies. Our analysis relied on pub-
lished studies for estimates of the impact of OSA and OSA 
treatment on event risks, costs, and QOL for modeled states. 
For some parameters, this literature is limited. Specifically, 
QOL for untreated and treated OSA has not been assessed in 
large-scale studies in the past, and our data came from two stud-
ies with a limited sample size. The focus of our analysis was 
the United States healthcare system; some of the results may 
not be generalizable to other healthcare systems and countries. 
To mitigate the limitations of existing data, and to expand the 
generalizability of the study results to settings and assumptions 
different from our base case, all parameters were assessed in 
sensitivity analyses.

The study population was limited to men and women of av-
erage cardiovascular risk, between the ages of 30 and 70 years. 
The impact of diagnosing and treating individuals with mild 
OSA or at higher-than-average baseline risk for cardiovascular 
events was not evaluated. In this analysis, CPAP was the only 
treatment considered although other treatments are available. 
The assumptions of CPAP effectiveness included in the model 
may not be appropriate for all patients, with additional factors 
that are currently not included in the model possibly influencing 
therapy effect.

Finally, our study assumed the baseline cost of CPAP ac-
cessories (mask, tubing, headgear, filters, humidifiers, and so 
on) to be 30% of Medicare’s maximum allowable cost for all 
CPAP accessories. This estimate was based on interviews with 
practitioners in the field, and is within the range of previously 
published cost estimates.4 However, such costs may vary de-
pending on specific preferences of patients and physicians, and 
may vary regionally within the United States.

CONCLUSION
The health-economic evaluation presented in this paper in-

vestigates the end-to-end process of OSA diagnosis and ther-
apy, explicitly taking into account OSA-related motor vehicle 
collisions and important clinical outcome measures. Conclu-
sions that full-night PSG for diagnosis and CPAP treatment of 
OSA are highly cost-effective are robust within the ranges of 
input parameter uncertainty. Diagnosis and treatment of OSA 
contributes to significant increases in patient quality of life and 
substantial reductions in the risk of motor vehicle collisions, 
heart attacks, and strokes. Payers and providers should expand 

probabilities of 20% and 50% we found that FN-PSG, which is 
more expensive up-front, costs less and provides more QALYs 
than SN-PSG and UPHM over the lifetime of the patient. Over 
the lifetime horizon, SN-PSG and UPHM are more expensive 
than FN-PSG because they are less specific tests and therefore 
result in more false-positive diagnoses. When compared to oth-
er therapies that are commonly reimbursed in the United States 
(Table 6), diagnosis and treatment of OSA can be considered 
highly cost effective, justifying widespread use of these diag-
nostic and therapeutic modalities to improve health outcomes 
in individuals suspected of having or diagnosed with OSA.

The benefits of diagnosis and treatment of OSA are accrued 
by the patient in the form of increased quality of life associ-
ated with reduced daytime sleepiness and reduced risks of hy-
pertension, heart attack, stroke, and motor vehicle collision. 
In addition, the reduction in the number of fatal and non-fatal 
motor vehicle collisions has a substantial societal public-safety 
impact that goes well beyond the benefits captured by the in-
dividual patient or by standard health-economic evaluations. 
Notably, only 2.35% of the total societal costs per MVC fa-
tality, estimated at $1.196 million by the U.S. Department of 
Transportation,39 are direct medical costs and thus included in 
health-economic evaluations. The overall impact of OSA diag-
nosis and treatment can be expected to be substantially higher, 
especially when considering that accidents caused by OSA suf-
ferers might lead to additional people being injured or killed in 
OSA-related accidents.

In light of the number of undiagnosed and therefore untreat-
ed OSA patients, the results of this study underscore the need 
to further strengthen current efforts to identify and treat OSA 
patients. The model results robustly indicate that full-night PSG 
is the optimal diagnostic choice.

From a health-economic perspective, UPHM, FN-PSG, and 
SN-PSG have very similar outcomes in populations with a high 
pretest-probability of OSA (patients with several clinical indi-
cators highly suggestive of having OSA). This result is impor-
tant, as it indicates that UPHM, despite its lower sensitivity and 
specificity, can be a cost-effective diagnostic approach (incre-
mental cost-effectiveness ratio of $19,707 per QALY gained 
compared to no diagnosis) in situations where FN-PSG or SN-
PSG are not available, where there are substantial wait times 
for in-lab diagnosis,44 or when patients are not willing or able to 
undergo evaluation in a sleep lab.

Prior studies have evaluated the cost effectiveness of CPAP 
therapy2,4,45,46 and the cost effectiveness of the various diagnosis 
strategies.6,47,48 Our analysis differs from these analyses because 
we consider a lifetime analysis horizon in contrast to several 
analyses that have considered a 5-year time horizon.2,4,6,45 Us-
ing a lifetime horizon ensures that all relevant future costs and 
health effects are captured in the analysis.11 Our analysis of the 
cost effectiveness of CPAP therapy is consistent with other life-
time horizon analyses.46 In addition, a recent study by Ayas et 
al.49 estimates that, at a pretest prevalence greater than 0.47, a 
diagnostic protocol starting with UPHM has a lower total cost 
of diagnosis than FN-PSG.49 This study considers a diagnos-
tic protocol using UPHM to rule-in OSA and then a trial of 
CPAP and follow-up FN-PSG to separate the true positive from 
false positive diagnoses. Further, by assuming that all patients 
who experience a technical failure or initially negative UPHM 
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access to patient screening and treatment for OSA to capture 
these large health and public safety benefits.

FOOTNOTE A
The QALY is an effectiveness measure that takes into ac-

count both the amount of time a patient stays in a given health 
state, and the quality of life that is associated with this health 
state.

FOOTNOTE B
Dominated strategies cost more and provide fewer QALYs 

than another strategy or a combination of strategies available to 
the decision-maker.
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