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INTRODUCTION
Obstructive sleep apnea (OSA) has the characteristics of a 

disorder that should be targeted for screening: it is common, 
has a long latency between symptom onset and the occurrence 
of adverse events, is identifiable in this latent stage, and is ame-
nable to treatment in the form of continuous positive airway 
pressure (CPAP).1 Among older adults, OSA has widely rang-
ing prevalence rates of approximately 15–60%,2-6 a level that 
is higher than in middle-aged adults. Full polysomnography 
(PSG), the standard tool for diagnosing OSA, is expensive and 
requires travel to and from the sleep center. It is technically 
demanding and requires that the patient sleep in an unfamiliar 
laboratory environment. Unattended studies performed in the 
patient’s home alternatively may be less likely to disturb sleep 
than in-laboratory studies.7 Novel, home-based approaches for 
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case identification for older adults who reside in the community 
deserve investigation. However, most prior research examin-
ing screening approaches have focused on younger cohorts8 and 
may not be directly applicable to older individuals.

In previous studies, we developed and validated a two-stage 
approach for OSA among patients at sleep disorders centers and 
among a community-based sample of truck drivers.9,10 In the 
first stage, we developed a relative risk score for apnea. Data 
for this score are derived from self-reported symptoms of ap-
nea, body mass index (BMI) (obesity is a major risk factor for 
the disorder),5,11 age, and sex.12 In some patients, the risk score 
will be high enough that the second-stage test is unwarranted, 
and in others, the risk of apnea is low enough that apnea can be 
excluded. In a third subset of patients in that study who were 
at intermediate risk, however, we administered a second stage 
test, finger oximetry, a simple, unattended study that counted the 
number of hourly desaturations. Because hypopneas may occur 
with little desaturation, use of airflow recording may be more 
sensitive in detecting events in some persons. The use of air-
flow to detect hypopneas/apneas improves the detection of sleep 
apnea with the sensitivity, as compared with oximetry alone, in-
creasing from 75% to 100% and specificity from 85% to 92%.13

Currently we do not know how well this two-stage strategy 
will work in elderly individuals, but its simplicity and utility 
in other groups warranted an evaluation of its usefulness in the 
elderly. In the elderly, the association between obesity and sleep 
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disordered breathing is less than in middle-aged individuals.2 
Our specific hypothesis was that a two-stage screening proce-
dure can reliably identify obstructive sleep apnea syndrome 
(OSAS) in an elderly cohort. To test this hypothesis, we con-
ducted a prospective cohort study in a community-based sam-
ple of older adults who complained of sleepiness and assessed 
how well a two-stage screening procedure for OSAS works. We 
used the risk score described previously in the first stage and 
overnight assessment of airflow as the second stage test.

METHODS

Subject Selection
This study was part of a larger study evaluating sleep apnea 

case identification and outcomes of CPAP treatment in older 
adults with and without sleepiness. We obtained a list of study 
participants from Penn Partners in Healthy Living (PPHL), 
a consumer membership program for older adults. This list 
contained the name, age, race, and sex of Medicare recipients 
who reside near the University of Pennsylvania Health System 
(greater Philadelphia metropolitan region). Two thousand re-
cipients who lived in ZIP codes adjacent to the University of 
Pennsylvania were mailed letters by PPHL, inviting them to 
participate. The letters were followed by a phone call or, for 
those without telephones or without listed telephone numbers, 
by a personal visit. PPHL then provided us with the list of 556 
individuals who were willing to be screened. We then deter-
mined their eligibility to enroll using a questionnaire. We asked 
whether individuals had a problem staying awake during the 
day. If they answered “Yes” to this question, they were asked 
about the frequency of occurrence of this problem. For our 
larger study, an individual was identified as a potential case if 
he or she indicated that the frequency of sleepiness was every 
day or several (≥ 3) days per wk, or as a potential control if he 
or she reported that the frequency of sleepiness was never or 
rarely (once or twice per month). For the purpose of this current 
substudy analysis, we did not distinguish between cases and 
controls to avoid selection bias. Potentially eligible individuals 
were then contacted by the research coordinator, who conduct-
ed a second screening interview and invited potential partici-
pants to an in-person orientation. Individuals were encouraged 
to bring family members with them and were provided with 
transportation to and from the orientation session. Individu-
als willing and eligible to participate then provided written 
informed consent. Recruitment of these community-dwelling 
older adults occurred between 2001 and 2005. The Institutional 
Review Board of the University of Pennsylvania Medical Cen-
ter approved the study protocol.

Eligibility
To determine eligibility, individuals were first administered 

the Multivariable Apnea Prediction (MAP) instrument.10,12,14 
The formula used for the MAP instrument12 has been validated 
as a screening tool in an elderly population.14 This formula con-
sisted of three questions about the frequency of symptoms of 
sleep apnea. We asked: During the past month, have you had, or 
have you been told about, the following symptoms: (1) snorting 
or gasping, (2) loud snoring, and (3) breathing stops, choking, 
or struggling for breath. Individuals rated symptom occurrence 

as: Never (0); Rarely, less than once/wk (1); Once or twice/wk 
(2); Three or four times/wk (3); Five to seven times/wk (4); 
Don’t know (missing). The apnea symptom frequency score 
was computed as the mean of the nonmissing items, with a pos-
sible range of 0 to 4. Therefore, missing responses were im-
puted as the mean of the non-missing responses. We calculated 
the relative likelihood of apnea using this symptom score along 
with body mass index (BMI),15 age, and sex, using a published 
formula.12,14 Potential MAP values ranged from 0 to 1, with 
1 representing the highest likelihood of sleep apnea.12 Values 
greater than 0.5 have been associated with an increased risk of 
OSA, defined as an apnea-hypopnea index (AHI) ≥ 20/h.10

We sought to recruit an equal number of study participants 
for each decile of the MAP between 0.0 and 1.0, in order of 
appearance, until we reached 40 in each decile. If the target 
number was reached within each decile, we ceased recruitment 
of individuals with that value of MAP but continued to recruit 
in the others. Individuals with extreme scores were rare, hence 
the decile 0.0–0.1 had only 20 individuals, and 0.9–1.0 decile 
had 15 individuals. This design was chosen to ensure heteroge-
neity in apnea risk in the sample, so that more precise estimates 
could be obtained for optimal cut-points in our prediction mod-
els. Study participants also completed an 8-item self-rated scale 
to determine the degree of excessive daytime sleepiness,16 the 
Epworth Sleepiness Scale (ESS, range 0–24). An ESS score > 
10 indicates pathologic sleepiness.16,17

We excluded individuals who: (1) were unable to speak Eng-
lish; (2) had cognitive impairment (scored ≤ 20 on the Mini-
Mental Status Examination (MMSE)18; (3) screened positive 
for alcoholism via the CAGE questionnaire19; (4) reported use 
of sedative/hypnotic agents ≥ 3 nights/wk; (5) had medical con-
ditions that would alter their breathing pattern during sleep or 
limit their ability to travel to the Sleep Center at the Hospi-
tal of the University of Pennsylvania, such as stroke or heart 
failure; (6) already had received a diagnosis of OSA; (7) had 
Cheyne-Stokes respiration or primarily central (≥ 25% central 
rather than obstructive) sleep apnea documented during a pre-
vious sleep study. The recruitment flow diagram is outlined in 
Figure 1.

Home Sleep Studies
The home sleep study was performed using the ResCare Au-

toSet™ set to diagnostic mode (ResMed, Sydney, Australia).13,20,21 
This device has been tested in comparison with in-laboratory 
PSG and found to have a sensitivity of 92% and specificity of 
79% in middle-aged patients for detection of sleep apnea.20 All 
unattended studies were done within 2 mo before PSG; 99% 
were done within 1 day of PSG. The unit was delivered to the 
home and study participants were provided instruction and as-
sistance regarding assembly on the night of the study. Study 
participants wore a nasal cannula to detect nasal pressure as a 
proxy for airflow. The studies were scored using the automated, 
internal algorithm of the device,21 and manually reviewed by a 
trained technician to compute an estimated unattended apnea-
hypopnea index (uAHI, events/h). The ResCare AutoSet ver-
sion 3.03 software counted apneas as 75% reductions in flow, 
whereas a separate sensor computed the sum of apneas plus 
hypopneas, using the algorithm described previously.21 Flow 
was compared with the average flow using the recent, preced-
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ing baseline (time constant 100 s). Sleep time was based on test 
time combined with a sleep diary, in which study participants 
recorded sleep onset, awakenings, and wakeup times. In the four 
study participants for whom sleep diary data were not available 
or incomplete, sleep times were determined based on examin-
ing regularity of respirations, movement, and airflow patterns. 
Although oximetry was used procedurally, it was not used in any 
of the home sleep study analyses reported in this paper.

Nocturnal PSG
We invited all study participants to undergo in-laboratory sleep 

recordings on a separate night, attended by a technician, using the 
Sandman (Embla® Systems Inc, Broomfield, CO). We applied the 
following leads: two electroencephalographic leads (C3/A2, O2/
A1, with C4/A1 and O1/A2 as backups); two electrooculogram 
leads to the right and left outer canthi, referenced to the opposite-
side mastoid; two submental (chin) and leg (tibialis) electromyo-
grams; nasal pressure transducer22,23 and oral thermistor to assess 
airflow; chest and abdominal piezo belts to measure respiratory 
effort; and a finger oximeter (Nellcor™, Covidien, Boulder, CO) 
to measure oxyhemoglobin saturation. Blinded to questionnaire 
results, experienced sleep technicians and physicians scored poly-
somnograms24 and computed AHI as the number of apneas plus 
hypopneas divided by hours of sleep time. An apnea was 10 sec 
or more of airflow cessation, and a hypopnea was at least 50% 
airflow reduction for 10 sec or more, associated with a ≥ 3 % fall 
in oxyhemoglobin saturation or an arousal.

Case Definition
After data were collected, we defined a case as AHI ≥ 30/h 

combined with ESS > 10. We chose a cut-point of 30/h because 
others have noted that higher AHI values, such as ≥ 30/h, are 
most strongly associated with mortality in older adults.25 We 
included sleepiness as a criterion based on data from the Sleep 
Heart Health Study,26 where self-reported sleepiness (ESS > 10) 
denoted increased susceptibility to cardiovascular sequelae of 
OSA, particularly in patients with severe OSA (AHI ≥ 30/h).

Development of Two-Stage Models and Identification of the 
Optimal Parameter Set

The proposed two-stage algorithm had three parameters 
requiring estimation: (1) the MAP lower bound below which 
sleep apnea could be excluded, (2) the MAP upper bound above 
which study participants can be assessed to have OSA; and (3) 
the home study AHI cut-point (to be used in study participants 
with intermediate MAP values) above which study participants 
can be assessed to have OSA. The enumeration algorithm in-
volved three components: (1) searching over MAP lower bound 
values from 0.1 to 0.9 in increments of 0.1; (2) searching over 
MAP upper bounds from each evaluated potential lower bound 
to 1.0 in increments of 0.1; and (3) searching over AHI cut-
points estimated from a simple home study starting at 5 events 
per hour and increments of five until 30 events per hour is 
reached for each potential pair of MAP upper and lower bounds. 
Therefore, we explored 9 × 9 × 6 = 486 possible parameter sets. 
Different models would be expected to have different optimal 
parameter sets, so the optimal cut-point on the unattended sleep 
study would not necessarily be the same from one two-stage 
model to the next.

We defined the optimal parameter set as the one that mini-
mized total prediction errors, computed as the sum of false-pos-
itive and false-negative predictions. We defined the base-case 
solution as the one that minimized overall error rate. We under-
took sensitivity analyses to determine how the solution changed 
as a function of weighting the relative cost of missed cases to 
false-positive predictions and selected an “optimum weight” = 
1.2, for weights larger than this value did not lower overall error 
rate significantly.

Additionally, we constructed 95% confidence intervals by 
using percentile-based bootstrapping methodology.10,27,28 For 
each of 1,000 bootstrap resamples, we determined the area 
under the receiver operating characteristic curve (AUC) value 
and standard error (SE). We selected the 2.5th and 97.5th per-
centile values of AUC as defining the 95% confidence interval. 
All statistical analyses were performed using SAS, version 9.1 
(Cary, NC).

Model Development and Validation
We selected a subset randomly of 80% of study participants 

from the sample as a whole for model development. In this 
sample, we computed the AUC80% and, using the optimal pa-
rameter sets that minimized total error as defined previously, 
computed sensitivity, specificity, negative likelihood, and post-
test probability.

Selection of the “Best” Model Using AUC
We calculated AUC in the remaining 20% validation subset 

(AUC20%), using the optimal model identified in the 80% estima-
tion sample. We determined whether this was significantly differ-
ent from AUC80%, to evaluate the generalizability of our findings 

Figure 1—Enrollment diagram.
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to other populations of elderly individuals. We defined percent 
change as (AUC20% – AUC80%) / AUC80%. We classified the 
models into two categories, based on the magnitude of percent 
change: those with no or little percent change (-5% or higher) and 
those with moderate to high (≤ -5% or less) percent change. In 
the models with little or no percent change, we rank-ordered the 
models by descending order of AUC80% and selected the model 
with the highest AUC80% as the model of choice. We did this sepa-
rately for single-stage and two-stage models separately.

RESULTS

Subject Characteristics
Table 1 shows that of the 452 study participants enrolled, 

30% were male, with average (SD) age 71.4 (5.4) years, 251 
(61%) were African-Americans, and 146 (36%) were Cauca-
sians. The average neck circumference (NC) ± SD was 38.1 ± 
3.87 cm. Obesity was prevalent, with an average ± SD BMI of 
29.9 ± 6.2 kg/m2. The percentage of study participants in six 
BMI categories is shown in Figure 2 for all study participants 

and then in the estimation and validation subsamples. Alcohol 
consumption was common, with 42% reporting having at least 
one drink per week. For the group as a whole, mean ± SD MAP 
score was 0.45 ± 0.24; 67.6% had scores ≥ 0.3, and 18.6% had 
high scores ≥ 0.7. The distribution of MAP values in the estima-
tion and validation subsample is essentially identical (Figure 3). 
Scores in extreme ranges were relatively uncommon. The esti-
mation and validation subsamples had no statistically signifi-
cant differences in demographic, anthropometric, clinical, and 
sleep study data (Table 1).

Excessive Sleepiness Prevalence
In the group as a whole, 418 (92%) completed the ESS ques-

tionnaire, and 132 (32%) had pathologic sleepiness,16,17 defined 
by an ESS score of > 10. A similar proportion was found in the 
estimation and validation groups.

Prevalence of Sleep Apnea
Based on in-laboratory sleep studies, a total of 111 study par-

ticipants (26.6%) had at least mild OSAS, defined as AHI ≥ 5/h 

Table 1—Patient characteristics

Variable
Participants

(n = 452)

80%
Estimation sample 

(n = 360)*
20% Validation 

sample (n = 92)* P values† 
Mean age in yr (SD) 71.4 (5.4) 70.9 (5.2) 71.3 (5.9) 0.660
Number of men (%) 126 (30.4%) 98 (29.5%) 28 (33.7%) 0.455
Race

Number Caucasian (%) 146 (35.7%) 119 (36.4%) 27 (32.9%) 0.558
Number African-American (%) 251 (61.4%) 198 (60.6)% 53 (64.6%) 0.497

Mean BMI (SD), kg/m2 29.9 (6.2) 29.8 (5.8) 30.5 (7.6) 0.403
Mean NC (SD), cm 38.1 (3.9) 38.1 (3.9) 38.02 (3.9) 0.943
MAP (SD) 0.45 (0.23) 0.45 (0.23) 0.48 (0.25) 0.308
Current alcohol, number who drink at least one drink weekly (%) 171 (41.6%) 133 (40.3%) 38 (46.9%) 0.279
Current weekly alcohol

Beer, at least one drink weekly (%) 62 (13.7%) 50 (13.9%) 12 (13.0%) 0.915
Spirits, at least one drink weekly (%) 68 (15.0%) 52 (14.4%) 16 (17.4%) 0.379
Wine, at least one drink weekly (%) 106 (23.5%) 82 (22.8%) 24 (26.1%) 0.403

Proportion with ESS > 10 132/418 (31.5%) 107/334 (32.0%) 25/84 (29.8%) 0.689
Number of Subjects with unattended sleep study and ESS 410 (90.7%) 328 (91.1%) 81 (89.0%)
Proportion with at least:

uAHI ≥ 5 & ESS > 10 116 (28.3%) 94 (28.7%) 22 (27.2%) 0.789
uAHI ≥ 15 & ESS > 10 59 (14.4%) 47 (14.3%) 12 (14.8%) 0.911
uAHI ≥ 30 & ESS > 10 23 (5.6%) 17 (5.2%) 6 (7.4%) 0.436

Number of patients with PSG and ESS 418 (92.4%) 334 (92.7%) 84 (91.3%)
Proportion with:

At least mild OSAS (AHI ≥ 5 & ESS > 10) 111 (26.6%) 89 (26.7%) 22 (26.2%) 0.933
At least moderate OSAS (AHI ≥ 15 & ESS > 10) 72 (17.2%) 57 (17.1%) 15 (17.9%) 0.864
Severe OSAS (AHI ≥ 30 & ESS > 10) 35 (8.4%) 25 (7.5%) 10 (11.9%) 0.191

Proportion with:
Mild OSAS: AHI range [5–15) & ESS > 10 39 (8.6%) 32 (8.9%) 7 (7.6%) 0.725
Moderate OSAS: AHI range [15–30) & ESS > 10 37 (8.2%) 32 (8.9%) 5 (5.4%) 0.295

*A total of 452 participants (360 in Estimation Sample + 92 in Validation Sample) agreed to PSG. †Chi square was used for categorical variables; t test for 
continuous variables. AHI, apnea-hypopnea index; BMI, body mass index; ESS, Epworth Sleepiness Scale; MAP, multivariable apnea prediction score; NC, 
neck circumference; OSAS, obstructive sleep apnea syndrome; PSG, polysomnography; SD, standard deviation; uAHI = unattended sleep study apnea-
hypopnea index.
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and ESS > 10; 72 (17.2%) had at least moderate OSAS, with 
AHI ≥ 15/h and ESS > 10; and 35 (8.4%) had severe OSAS, with 
an AHI ≥ 30/h and ESS > 10 (Table 1). A similar prevalence of 
sleep apnea was found in the estimation and validation groups.

Unattended Sleep Studies
We had complete data on 442 of 452 (98%) unattended stud-

ies, and no studies were repeated. When evaluating prevalence 
of OSAS using the unattended study, a total of 116 (28.3%) had 
at least mild OSAS, with AHI ≥ 5/h and ESS > 10; 59 (14.4%) 
had at least moderate OSAS, with AHI ≥ 15/h and ESS > 10; and 

23 (5.6%) had severe OSAS, with an AHI ≥ 30/h and ESS > 10 
(Table 1). Similar values were found in the estimation and vali-
dation subsets. Figure 4 shows the level of agreement between 
PSG (AHI) and in-home, unattended sleep studies (uAHI, lin-
ear scale). Although most values were in agreement (note clus-
tering of points in bottom left and top right groups), there were 
instances of underestimation, (top left) or overestimation (bot-
tom right) by the unattended study. Figure 5 shows the Bland-
Altman curve for the difference in AHI (In-laboratory) – uAHI 
(home) versus the average of (AHI + uAHI) in log units. We 
used log transformation in our prediction models to reduce 

Figure 2—Distribution of BMI in complete sample (dark gray bars) and separately in 80% estimation sample (light gray bars) and 20% validation sample 
(medium gray bars) among 447 older adults with available data. A high proportion of the population were obese; a total of 352 patients (78.7%) were at least 
overweight, 200 (44.7%) had some degree of obesity, and 29 (6.5%) had extreme obesity, with BMI ≥ 40 kg/m2.
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the undue influence of large values. The difference is centered 
around zero, suggesting an absence of systematic bias. How-
ever, the greatest degree of vertical scatter occurs when AHI 
is below approximately 13–20/h, suggesting that in the elder-
ly, unattended sleep studies are more accurate for AHI values 
above this range.

Selection of the Optimum Weight for the Error Function
False negatives (missed cases) were weighted at 1.2 times 

the false positives. To arrive at 1.2, we reviewed a sensitivity 
analysis, which used a range of weights, from 1 to 2.0, in 0.1-
unit increments. Table 2 summarizes the optimal negative like-
lihood for each weight for our single stage models, and shows 
that weights larger than 1.2 did not change negative likelihood 
or posttest probability. Thus, we found 1.2 as the weight in our 
error function: (FP + 1.2 × FN).

Single-Stage Models
Table 3 shows the single-stage models rank-ordered by dis-

criminatory power (percent change). The top three rows show 
models whose AUC in the 20% validation subset have little or no 
percent change, compared with the AUC in the 80% subset (i.e., 
values > -5%). Within this subset, the models are rank-ordered 
in descending values of AUC, with the best performers listed on 
top. The best performing single-stage model was one that com-
bined symptoms with neck circumference and age. The AUC 
(SE) was 0.774 (0.037), with little percent change (4.3%). Thus, 
if the score for a given patient, using this model, is below the 

cut-point of 0.676, then the negative posttest probability of still 
having apnea would only be 1.2% for that patient. Symptoms 
and NC (without age) performed similarly well, with AUC (SE) 
0.762 (0.045), with small percent change (approximately -5%), 
and a negative posttest probability of 2.4%. This is not surpris-
ing, because the age range in this study is limited to elderly indi-
viduals (age > 65 yr). Symptoms alone also worked quite well, 
with AUC (SE) of 0.719 (0.043), with negligible percent change 
(-1.1%) and a negative posttest probability of 2.2%. Neck cir-
cumference alone resulted in an AUC (SE) of 0.735 (0.024) and 
a negative posttest probability of 0.7%. However, its larger per-
cent change in the validation subset (-15.9%) suggests that this 
model may not produce robust predictions in other populations of 
elderly. Similarly, unattended sleep studies alone had a high AUC 
(SE) value of 0.791 (0.039), but was not selected as the best-
performing single-stage model because of high percent change 
(-13.1%). The negative posttest probability, however, was low 
at 1.7%. The optimal cut-point on the unattended sleep study to 
identify individuals with severe OSA was 20.9/h.

Two-Stage Models
Not surprisingly, two-stage models performed better than 

one-stage models. We outline the best-performing two-stage 
models in Table 4. The top two rows show models for which 
percent change was small (> -5%). The best model combined 
symptoms, neck circumference, age, and sex in the first stage, 
followed by unattended recordings of airflow in the second 
stage; the AUC (SE) was 0.85 (0.028) with percent change 

Figure 4—Degree of agreement between unattended and full sleep studies. The apnea-hypopnea index (AHI) calculated by polysomnography (PSG) 
and unattended sleep study (uAHI) were in agreement in the bottom left of the figure and on the top right. In some studies, the unattended sleep study 
underestimated (top left) and overestimated (bottom right) AHI. The optimal cut-point for identifying cases in the unattended sleep studies was 20.9/h and is 
indicated on the figure.
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of -3.5% and a very low negative posttest probability of only 
0.5%. Symptoms, neck circumference, and age performed sim-
ilarly well in the two-stage algorithm, with an AUC (SE) of 
0.831 (0.028) and a negative posttest probability of 0.5%. BMI 
alone, with a lower bound of 30 kg/m2 and an upper bound of 
45 kg/m2, followed by an unattended sleep study, resulted in a 
high AUC (SE) of 0.856 (0.035) and a negative posttest prob-
ability of 0.7%. A total of 140 study participants (42.7%) re-
quired unattended sleep studies because they had intermediate 
risk for apnea with BMI of 30–45 kg/m2. However, this model 
suffered from substantial percent change (AUC = 0.720, per-
cent change = -15.9%), which prevented BMI from becoming 
the most accurate fi rst stage for a two-stage model, although 
perhaps it was simplest. MAP also performed well as the fi rst 
stage (AUC = 0.833. SE = 0.035), but was associated with a 
moderate percent change of -8.1%. We also considered the po-
tential infl uence of race in the accuracy of the best performing 
single- and two-stage models and found no signifi cant changes 
(data not shown).

DISCUSSION
Sleep apnea may affect up to 15–60% of older adults, yet 

many do not undergo a sleep evaluation due in part to the dif-
fi culty and expense associated with a standard clinical assess-
ment, which includes an overnight in-laboratory sleep study. 
Medicare has recently made CPAP treatment available to el-

derly individuals based on the results of an in-home study.29 But 
how well in-home studies work in diagnosing sleep apnea in 
elderly populations is unknown. Developing effective screen-
ing paradigms for sleep apnea in older adults that can be applied 
in clinical settings is thus of public health importance. The cur-
rent study examined the potential utility of various screening 
approaches for OSA in older adults with complaints of daytime 
sleepiness, a population at particularly high risk of mortality 
from sleep apnea.30 We found that combining age, neck cir-
cumference, and three brief apnea symptom questions led to 
an AUC of 0.774 and negative posttest probability of 1.2% for 
identifying severe OSAS in a single-stage approach. When con-
sidering two-stage approaches, the best performing model com-
bined three apnea symptoms, neck circumference, age, and sex 
in the fi rst stage, followed by unattended recording of airfl ow 
and respiratory effort, with a corresponding AUC of 0.85 and a 
negative posttest probability of 0.5%. This approach will allow 
healthcare providers to rule out sleep apnea with a relatively 
high degree of certainty and with minimal patient burden.

In-Home, Self-Assembled Sleep Studies Are Most Useful if 
Applied in Tandem With Clinical Data

When used in tandem fashion, we found that unattended, 
self-assembled, in-home recordings of airfl ow and respiratory 
effort during sleep enhanced the performance of simple clinical 
tools in identifying severe OSAS, defi ned as AHI ≥ 30/h and 

Figure 5—Bland-Altman analysis showing the difference in apnea-hypopnea index (AHI) (in-laboratory) – uAHI (unattended) as a function of the average, 
i.e., (AHI + uAHI) / 2. The difference is centered around zero, indicating an absence of systematic bias. The accuracy of portable, unattended sleep studies 
in this population is greatest for approximate AHI values above the range of 13–20/h (shaded box). The thick arrow shows area of greatest degree of vertical 
scatter compared to less vertical scatter above (thin arrow) AHI of 13–20/h. *Natural log values used for portable AHI and polysomnography (PSG) AHI.
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accompanied by daytime sleepiness (ESS > 10) in elderly indi-
viduals. The simple clinical tools were combinations of symp-
tom frequency, age, sex, and either BMI or neck circumference. 
However, unattended sleep studies used alone, in the absence of 
clinical data, had more limited discriminatory power in finding 
cases of severe OSAS. Although the AUC value was relatively 

high at 0.791 in the model development cohort, the AUC in the 
validation cohort was only 0.688. Because of the large degree 
of percent change (-13.1%), our data do not support system-
atic application of these monitors in the absence of suggestive 
clinical data. The percent change in AUC is a function of the 
degree of robustness of a given model; a high percent change 
implies that the model may not perform as well in other groups. 
Reasons for high percent change in the validation subset may 
include statistical imprecision due to the small size of the vali-
dation sample, differences in the variance of the variables of 
interest in the validation subset, or estimation sample model 
overfit or misspecification. Small values of percent change pro-
vide some confidence that predictions may be generalizable to 
other elderly populations.

Similar to unattended recordings of airflow and respiratory 
effort used alone, BMI alone had limited predictive power 
(AUC = 0.581) in the validation cohort. BMI used in tandem 
with unattended sleep studies, however, was considerably more 
useful, with a much higher AUC value of 0.856 and a negative 
posttest probability of only 0.7%; however, this model still suf-
fered from substantial percent change with AUC in the valida-
tion sample only equal to 0.720. Similarly, neck circumference 
and multivariable apnea prediction (which combines symptoms 
with BMI, age, and sex) predicted well in the validation sample 
but was unable to maintain its predictive value upon cross-val-
idation. Therefore BMI, neck circumference, and multivariable 
apnea prediction were not among the best performing models, 
unless combined with unattended sleep studies. Given the rela-
tively large decline in the performance of these prediction mod-
els upon cross-validation, our study does not support their use 
on their own as screening strategies for OSA in older adults.

Symptom Frequency, Neck Circumference, Age, and Sex Used in 
Tandem With Unattended, In-Home Sleep Recordings was Most 
Accurate in Case-Finding

In this cohort of elderly Medicare recipients, we found that 
the best method for identifying OSAS was the one that operated 
in two stages. The first stage combines apnea symptom frequen-
cy, neck circumference, and age, with or without sex as a vari-
able. These data are used in tandem with a second-stage test, 
the unattended sleep recording of airflow and respiratory effort. 

Table 2—Posttest probabilities for varying ratios of false-positive to false-
negative predictions

False-positive to false-negative ratio
Test 1:1 1:1.2 1:1.3 1:1.5

BMI 1.5% 1.5% 1.5% 1.5%
Age 5.5% 4.6% 4.4% 0.0%
ESS 0.0% 0.0% 0.0% 0.0%
Symptoms 2.2% 2.3% 1.4% 1.4%
Unattended sleep study 1.7% 1.7% 0.0% 0.0%
MAP 1.1% 1.1% 1.1% 1.1%
NC 1.2% 1.2% 1.2% 1.2%
BMI, age 3.4% 1.5% 1.5% 1.5%
BMI, age, sex 2.4% 2.5% 2.4% 2.4%
BMI, sex 4.5% 1.5% 1.5% 1.5%
Symptoms, BMI 2.3% 2.3% 2.3% 2.3%
Symptoms, BMI, age 1.7% 0.7% 0.7% 0.7%
Symptoms, BMI, sex 1.9% 1.9% 1.9% 1.9%
Symptoms, NC 1.1% 1.1% 1.1% 1.1%
Symptoms, NC, age 1.2% 1.2% 1.2% 1.2%
Symptoms, NC, age, sex 3.4% 3.6% 0.9% 0.9%
Symptoms, NC, sex 3.7% 3.8% 1.7% 1.7%
NC, age 1.9% 1.9% 0.8% 0.8%
NC, age, sex 1.6% 1.6% 1.6% 1.6%
NC, sex 0.7% 0.7% 0.7% 0.7%

Negative posttest probability (PTP) declined as the weighting for false 
negatives increased from 1.0 to 1.2 to 1.3 to 1.5. Comparing columns 
1.2 to 1.3 and 1.5 shows that many of the PTPs plateaued after a 
weight of 1.2 was reached. Therefore, we selected this weight (1.2) in 
our error minimization function. BMI, body mass index; ESS, Epworth 
Sleepiness Scale, MAP, multivariable apnea prediction score; NC, neck 
circumference.

Table 3—Discriminatory power of top three best-performing single-stage models, compared with alternatives

Test AUC 80% (95% CI)
Percent 
change* Cut-point SENS SPEC NEG LR PTP

Symptoms, NC, age 0.774 (0.703–0.849) 4.3% 0.68 90.5% 64.4% 0.148 1.2%
Symptoms, NC 0.762 (0.678–0.854) -4.9% 0.71 77.3% 75.2% 0.302 2.4%
Symptoms 0.719 (0.637–0.805) -1.1% 1.0 82.6% 61.2% 0.284 2.2%
Unattended sleep study 0.791 (0.715–0.869) -13.1% 20.9 84.0% 74.3% 0.215 1.7%
MAP 0.776 (0.710–0.846) -17.3% 0.49 90.9% 64.4% 0.141 1.1%
BMI 0.757 (0.687–0.830) -23.3% 30.4 88.0% 63.4% 0.189 1.5%
Symptoms, BMI, age 0.747 (0.693–0.803) -8.3% 0.61 95.5% 54.0% 0.084 0.7%
NC 0.735 (0.688–0.784) -15.9% 14.8 95.8% 51.2% 0.081 0.7%

*Percent change indicates (AUC20% – AUC 80%) / AUC80%. AUC, area under the receiver operating characteristic curve; BMI, body mass index; CI, confidence 
interval; MAP, multivariable apnea prediction score; NC, neck circumference; NEG LR, negative likelihood ratio; PTP, negative posttest probability; SENS, 
sensitivity; SPEC, specificity.
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Using a lower and upper bound values of 0.5 and 0.8 in the first 
stage and an uAHI cut-point of 25/h (if sex is included) or 20/h 
(if sex is left out of the model), the negative posttest probabil-
ity of having OSAS was only 0.5% if the two-stage screening 
results were negative. The associated AUC values were 0.85 
for symptoms, NC, age, and sex, and 0.831 for symptoms, neck 
circumference, and age without the inclusion of sex.

The finding that BMI was not among the best-performing 
models in this cohort of elderly patients contrasts with our pre-
vious findings in commercial truck drivers,10 in whom BMI was 
associated with an AUC of 0.802, considerably higher than the 
AUC of 0.757 in this elderly group. Others have also noted 
that the association of sleep apnea with BMI becomes attenu-
ated with advancing age,2,6 which may be due to differences in 
pathophysiology related to aging.6,31 BMI is a proxy variable for 
obesity, a major risk factor for OSA. In the current study, it is 
possible that BMI may be a weaker proxy variable for obesity, 
because among older adults, for a given body mass, they will 
have less lean muscle mass compared with younger adults.32 If 
an older adult has less lean muscle mass and relatively greater 
adipose tissue, or more centrally distributed fat stores (consid-
ered a greater risk for OSA than peripherally distributed fat 
stores33), then a relatively lower BMI level may carry greater 
apnea risk in the elderly than in a younger adult. Indeed, in 
the older population studied here, the optimal cut-point of 30.4 
kg/m2 to discriminate those at risk for severe OSAS is lower 
than the optimal cut-point of 32.7 kg/m2 in a younger cohort of 
commercial drivers.10 Because body fat in the abdominal cavity 
increases with aging, BMI becomes a poorer indicator of both 
overall and central fat stores in older men and women; with 
aging, growth hormone and testosterone levels decrease, which 
results in lower muscle mass and increased body fat.34 Estrogen 
also affects body fat distribution. Estrogen promotes the accu-
mulation of gluteofemoral fat (peripheral body fat)35 and the 
loss of estrogen with menopause is associated with an increase 
in central fat.36 These findings emphasize that screening strate-
gies developed in middle-aged populations cannot always be 
extrapolated to the elderly.

OSA has been considered underdiagnosed in the elderly due 
to atypical presentation, revealed by data from a convenience 
sample.37 Although some may debate whether OSA in elderly 
people represents a specific entity with distinctive features or 
the same disease as in younger individuals,38 healthcare uti-
lization and morbidity is higher in elderly populations with 
OSA.39 A study comparing the healthcare utilization and mor-
bidity of the elderly population with OSA with that of elderly 
patients without OSA found that elderly patients with OSA 
have high healthcare utilization due to associated cardiovas-
cular morbidity and more use of psychoactive medications.39 
Hence, a rationale exists for developing new screening meth-
ods for diagnosis of OSA in the elderly population. Further-
more, the prevalence of OSA in older adults is approximately 
15–60%, a range for which even moderately precise screening 
tests can significantly affect the posttest probability, as com-
pared with extremely rare or extremely common conditions, 
where only an extremely accurate test can change posttest 
probabilities.

We used a desaturation magnitude of 3% desaturation to de-
fine a hypopnea on in-laboratory studies, as this was convention-
al at the time the study was conducted. Currently, The Centers 
for Medicare and Medicaid Services (CMS) requires at least a 
4% desaturation for a hypopnea to be scored. Had we used the 
4% definition, our models would have yielded lower posttest 
probability values. This is because prevalence values using the 
more stringent 4% criterion would be lower, and a lower prev-
alence (i.e., pretest probability) would yield a proportionately 
lower post-test.40 Therefore, our use of 3% desaturation would 
be expected to bias the results in a conservative direction.

To our knowledge, this is the first study of screening for 
OSAS among community-dwelling older adults. Its strengths 
include: (1) prospective application of unattended and full sleep 
studies, after administration of first-stage screening tools; (2) 
blinding of scorers; (3) recruitment from the community rather 
than hospital or clinic-based population for model develop-
ment and validation; and (4) inclusion of individuals with a 
broad range of preexisting risk, as determined by presence or 

Table 4—Percent change and discriminatory power of top two best-performing two-stage models

Test AUC 80% (95% CI)
Percent
change

Lower
bound

Upper
bound

Unattended 
study 

cut-point

Number 
who needed 
unattended 
study (%) SENS SPEC NEG LR PTP

Symptoms, NC, age, sex 0.850 (0.796–0.905) -3.5% 0.50 0.80 25.0 141 (50.7%) 95.2% 74.7% 0.064 0.5%
Symptoms, NC, age 0.831 (0.776–0.886) 0.6% 0.60 0.80 20.0 104 (37.3%) 95.2% 70.9% 0.067 0.5%
BMI 0.856 (0.786–0.926) -15.9% 30.0 45.0 15.0 140 (42.7%) 92.3% 83.6% 0.092 0.7%
Symptoms, NC 0.845 (0.769–0.923) -8.1% 0.50 0.90 25.0 191 (67.7%) 86.4% 82.7% 0.165 1.3%
Symptoms, BMI, age 0.843 (0.791–0.896) -14.6% 0.60 0.80 15.0 118 (40.1%) 95.5% 73.2% 0.062 0.5%
MAP 0.833 (0.765–0.902) -8.1% 0.40 0.90 15.0 145 (49.3%) 90.9% 75.7% 0.120 1.0%
Symptoms, BMI, sex 0.832 (0.748–0.917) -9.2% 0.50 0.90 25.0 178 (60.1%) 82.6% 83.9% 0.207 1.6%
NC, sex 0.831 (0.783–0.879) -11.1% 0.50 0.90 15.0 201 (65.3%) 95.8% 70.4% 0.059 0.5%
NC 0.824 (0.755–0.894) -8.6% 15.0 19.0 15.0 189 (60.8%) 95.8% 72.8% 0.057 0.5%
Symptoms 0.820 (0.733–0.910) -10.1% 1.0 2.50 25.0 98 (32.9%) 78.3% 85.8% 0.253 2.0%

AUC, area under the receiver operating characteristic curve; BMI, body mass index; CI, confidence interval; MAP, multivariable apnea prediction score; NC, 
neck circumference; NEG LR, negative likelihood ratio; PTP, negative posttest probability; SENS, sensitivity; SPEC, specificity.
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absence of sleepiness. This inclusion of individuals is distinct 
from studies that recruit from specialized sleep centers, where 
patients often report preexisting sleepiness.

As Figure 4 suggests, a limitation of the AutoSet™ is that the 
device may underidentify hypopneas or misclassify events that 
occur during wakefulness as pathologic.41 This may be of partic-
ular concern in older adults, as they have more wakefulness af-
ter sleep onset than younger subjects.42 The ResCare AutoSet™, 
now known as the ResMed S9 AutoSet™, also uses a proprietary 
algorithm. Whether alternate systems have similar performance 
characteristics is not clear, and needs to be evaluated.

It is important to take into account the implications of our 
study design. The sample in this study was not a random sam-
ple but rather a sample chosen to recruit individuals across 
the range of MAP scores. This study design ensures that we 
have variance in OSAS risk, and therefore, in the severity of 
OSAS, so that a variety of prediction models could be evalu-
ated. Despite our intention to recruit an equal number of study 
participants for each decile of the MAP we were not able to do 
so because scores in the extreme ranges were relatively uncom-
mon. In addition, prevalence cannot be extrapolated from this 
artificially constructed sample. Another limitation is the use of 
self-report measures of sleepiness (ESS). However, such a mea-
sure is highly relevant to clinical practice, as currently available 
objective measures (i.e., multiple sleep latency or maintenance 
of wakefulness testing) are too expensive and burdensome to 
be practical for the routine clinical assessment of sleepiness in 
patients with OSA.

The association of OSA with excess daytime sleepiness 
(measured by ESS) among community-dwelling older adults 
has been described6,43; the Sleep Heart Health Study showed 
significant correlation between degree of OSA and ESS in the 
elderly, not limited to those with clinically apparent sleep ap-
nea.43 Interestingly, despite the main inclusion criteria in this 
study of recruiting older adults with complaints of daily or 
frequent (≥ 3 days) daytime sleepiness, only 132 individuals 
(32%) had pathologic sleepiness (ESS score of > 10). This 
suggests that a response to a general question about sleepiness 
may not be equivalent to ESS score > 10, and that the ESS, 
therefore, may not be an ideal instrument for use in the elderly 
because it was developed for and validated in a predominantly 
middle-aged group (average age of experimental subgroups 
was 36–52 yr). These results, however, contrast with those in 
older males participating in the MrOs study, who had a 50% 
greater odds of sleepiness if they had sleep disordered breath-
ing.6 The utility of the ESS in an older population deserves 
further study.

In conclusion, these results indicate a role for the use of 
clinical data in conjunction with unattended (type IV) record-
ings of airflow during sleep in identifying cases of severe 
OSAS among older adults. Granted that type IV monitors have 
not been approved by CMS, this method of diagnosis nonethe-
less may result in higher levels of OSAS diagnosis and treat-
ment, ultimately leading to greater utilization of sleep health 
resources by older adults. There is a paucity of data regarding 
the efficacy of CPAP treatment in older adults with OSA.44 Fu-
ture studies in elderly patients should address how utilization 
of in-home sleep recordings for identification of severe OSA 
among the elderly affect their cognitive and cardiovascular 

morbidity, quality of life, and mortality. Furthermore, studies 
are needed to define the specific characteristics of patients in 
whom unattended monitoring is likely to have the greatest ef-
fect on quality and duration of life. Finally, because our data 
relied on airflow rather than oximetry, novel diagnostic algo-
rithms deserve exploration, in which a PAP device set in diag-
nostic mode for the first night is switched to therapeutic mode 
the following night using wireless technology. Future studies 
should assess whether such an approach may shorten time to 
treatment, lower costs, increase patient acceptance, and still 
offer favorable health outcomes.

ABBREVIATIONS 
OSA, obstructive sleep apnea
CPAP, continuous positive airway pressure
BMI, body mass index
OSAS, obstructive sleep apnea syndrome
PPHL, Penn Partners in Healthy Living
MAP, multivariable apnea prediction score
RDI, respiratory disturbance index
AUC, area under the receiver operating characteristic curve
SE, standard error
MMSE, Mini Mental Status Examination
ESS, Epworth Sleepiness Scale
PSG, polysomnography
EEG, electroencephalographic
EOG, electrooculogram
EMG, electromyograms
AHI, apnea-hypopnea index
SD, standard deviation
NC, neck circumference
CI, confidence interval
SENS, sensitivity
SPEC, specificity
NEG LR, negative likelihood ratio
PTP, negative post test probability
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