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Abstract
Sleep apnea among commercial drivers may increase the risk of fall-asleep crashes, which incur
large expenses. Drivers of passenger cars whose apnea is treated experience lower crash risk.
Among community-based holders of commercial driver’s licenses, we considered three methods
for identifying sleep apnea syndrome: 1) in-lab polysomnography; 2) selective in-lab
polysomnography for high-risk drivers, where high risk is first identified by body mass index, age
and gender, followed by oximetry in a subset of drivers; and 3) not screening. The costs for each
of these three programs equaled the sum of the costs of testing, treatment of identified cases, and
crashes. Assuming that treatment prevents apnea-related crashes, polysomnography is not cost-
effective, because it was more expensive than the cost of crashes when no screening is done.
Screening with BMI, age and gender, however, with confirmatory in-lab polysomnography only
on high-risk drivers was cost-effective, as long as a high proportion (73.8%) of screened drivers
accepts treatment. These findings indicate that strategies that reduce reliance on in-laboratory
polysomnography may be more cost-effective than not screening, and that treatment acceptance
may need to be a condition of employment for affected drivers.
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1. Introduction
An appropriate target population for screening for obstructive sleep apnea (OSA)(1) is that
of commercial drivers. Risk factors for OSA are enriched in this usually male, middle-aged
and obese group(2). Indeed, OSA is highly prevalent among commercial drivers(1, 3, 4).
OSA is associated with daytime sleepiness and, as data from Wisconsin state employees
show, impaired psychomotor performance(5). This association should be highlighted, as it
may predispose affected drivers to experiencing occupational crashes. Data collected from
passenger car drivers show that OSA increases vehicular crash rates (6–8) and off-road
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deviations in a driving simulator (9). Driving performance (9) and crash risk (10–12) may
improve if affected drivers are identified and treated. These data signal a need for
developing screening strategies that find OSA among commercial drivers and assessments to
determine whether such strategies are cost-effective.

1.1 Diagnosing apnea
The standard diagnostic test for OSA is in-laboratory polysomnography, despite its high
expense and relative inaccessibility (13, 14). We proposed using the alternative of
“selective” polysomnography in the highest-risk group of commercial drivers(1) by first
identifying drivers most likely to have apnea with questionnaire and oximetry(15). The
questionnaire we used, the multivariable apnea prediction(16, 17), predicts likelihood of
apnea by combining three symptom-frequency questions with body mass index (BMI), age
and gender. BMI is a proxy variable for obesity. Oximetry evaluates desaturations during
sleep, and can be a sensitive measure of sleep-disordered breathing(18–20).

In our “two-stage” strategy(1, 21), the multivariable apnea score classified subjects’ risk for
OSA as high, low or intermediate. Oximetry was a second-stage test for the subgroup
predicted by the questionnaire to be at intermediate risk. Confirmatory sleep studies would
be administered selectively to those with high multivariable scores or those with positive
oximetry studies. We simulated use of this two-stage strategy in a sleep-disorders clinic with
a high prevalence of OSA(21), and a community-based sample of commercial drivers(1),
who may experience increased risk of vehicular accidents due to untreated OSA.

1.2 Apnea screening, treatment and crashes: economic implications
Treatment of OSA may lower crash risk(12), and thereby lower the cost of crashes.
However, even screened drivers may experience “residual” crashes if the program misses
cases, or if identified cases do not accept treatment. Employers may bear high costs
associated with such crashes(22). A decision to screen based on economics should thus
balance expenditures incurred by screening, treatment and residual crashes against the cost
of crashes when screening is not done. Such an analysis can help specify the proportion of
drivers who must accept treatment in order to offset the costs of the program. If this number
is high, then treatment acceptance may need to be a condition for employment of affected
drivers.

1.3 Focus of the current study
We now focus on two questions: 1) Is screening cost-effective if we use a) in-laboratory
polysomnography on all drivers, or b) selective polysomnography? 2) What is the minimum
rate of treatment acceptance needed for each screening program to be cost-effective? For
selective polysomnography, we used a modified two-stage strategy without apnea symptom-
reporting, since such reporting may be inaccurate in the occupational setting (N.
Hartenbaum, personal communication), and also evaluated an alternative, “one-stage”
strategy which did not require oximetry. We chose the cost perspective of the employer,
who would bear expenses related to screening, treatment or crashes.

2. Methods
All participants provided signed informed consent. The study was approved by the
University of Pennsylvania’s Institutional Review Board.

2.1 Subject selection
During 1996–1998 we mailed the multivariable prediction questionnaire to commercial
driver’s license-holders in Philadelphia. From 1,392/4,410 (32%) respondents, we recruited
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247 drivers at higher-risk (defined by multivariable prediction≥0.436), then 159 in random
order from among those at lower-risk for OSA. We have described this recruitment strategy
previously (1, 23). This two-tiered sample (24, 25) allowed estimation of the proportion with
sleep-disordered breathing of various severities(1) in our large community-based study of
OSA in commercial drivers.

2.2 Definition of OSA syndrome
An apnea-hypopnea index (AHI) ≥5/h with sleepiness (Epworth Sleepiness Scale score>10)
defined OSA syndrome (OSAS)(24, 26).

2.3 Diagnostic testing
2.3.1 Modified multivariable apnea prediction without symptoms—We used
laboratory-assessed BMI, age and gender to compute the multivariable prediction, which
ranges between 0–1 and quantifies relative risk for OSAS. Symptom information,
traditionally part of this calculation(16), was excluded here because of possible under-
reporting in the occupational setting. The formula we used was as follows. The probability
that a driver will have AHI≥10 events/h is:

Probability = ex/(1 + ex), where x = −10.784 + (0.203 * BMI) + (0.043 * AGE) + (1.004 *
GENDER), where GENDER = 1 if male and 0 if female, AGE is age in years and BMI is
body mass index in kg/m2. We called this new tool the “modified multivariable apnea
prediction,” and it predicts a high probability of OSA when it is close to 1, and low
probability when it is close to 0.

2.3.2 Polysomnography and Oximetry—We monitored electro-encephalograms, eye,
chin and pre-tibial myography, electrocardiography, oximetry, respiratory effort and airflow
by thermistor. A trained technician scored data using standard methods (27, 28), while
blinded to questionnaire data. The AHI was the number of apneas plus hypopneas divided
by hours of sleep time(28). The Ohmeda-3700 (Ohmeda Inc., Louisville, CO) or N-200
oximeter (Nellcor Inc., Pleasanton, CA) recorded continuous finger oximetry during
polysomnography. The oximetry desaturation index (ODI) was the number of desaturations
≥3% divided by hours of test time(1). Scorers were blinded to questionnaire and
polysomnography data.

2.3.3 Selective polysomnography
2.3.3.1 Two-stage (Figure 1): We sorted drivers into three risk groups based on scores from
the modified multivariable prediction(1, 21). The “upper bound” score separated the high
from the intermediate risk group. “Lower bound” separated intermediate from low risk.
Individuals in intermediate-risk group had oximetry evaluation; if ODI ≥another variable
(“ODIthreshold”), they were predicted to have OSAS. Those with low modified multivariable
prediction, or with intermediate modified multivariable prediction and ODI<ODIthreshold
were predicted to have no OSAS. All subjects had review of their polysomnogram and
Epworth score to ascertain the presence or absence of OSAS. In order to improve the
accuracy of our prediction rules for future application in occupational settings, we did not
use self-reported sleepiness (Epworth score>10) in our prediction rules for OSAS. This is
because accuracy of reporting might be incomplete in an occupational setting. Sleepiness,
however, was common in our study population (32.6% had Epworth score>10), where
information was kept confidential and therefore sleepiness was part of our case definition.

2.3.3.2 One-stage (Figure 1): Subjects with modified multivariable predictions exceeding a
predefined cut-point had review of polysomnography and Epworth score to ascertain the
diagnosis of OSAS. The remainder had no further testing.
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2.4 Testing-related expenses
2.4.1 Polysomnography—We reviewed expenses from 3,500 hospital-based, 16-channel
sleep studies performed in the Delaware Valley. The average cost of polysomnography,
$768/study, included payroll (technical, administrative and physician), supplies, equipment,
services and facility rental.

2.4.2 Selective polysomnography (one- or two-stage)—Custom programming was
developed using SAS (SAS Systems, Cary, NC) to implement the various algorithms. We
considered 125 combinations (“parameter sets”) of upper bound, lower bound and
ODIthreshold: we varied upper bound from 0.5–0.9 and lower bound from 0.1–0.5 both in
0.1-unit increments, and ODIthreshold from 5–25/h, in 5/h-increments. For each parameter
set, we computed the 125 costs of two-stage screening (SAS Systems, Cary, NC). Each was
a sum of the costs of modified multivariable prediction, oximetry (for those with
intermediate predictions during two-stage testing), polysomnography (for those predicted to
have OSAS) and the cost of missed OSAS, which we treated as a variable from $0–
$200,000/case. We estimated oximetry-related expenses at $160/study using the same data
we used for estimating the cost of polysomnography. Given the ease of administering the
modified multivariable instrument, interpreting results and relaying them to the employer,
the estimated expense was only $5.

The cost of two-stage screening was selected from these 125 costs. It was associated with
the parameter set that minimized misclassification rate (sum of false positive plus false
negative predictions). Because missing a case could lead to a crash, we counted each false
negative prediction at 10 times the value of a false positive prediction (i.e., we weighted the
ratio of FP: FN at 1:10). We have published this method and its rationale previously (1). We
computed the cost of one-stage screening similarly, by selecting the cost associated with one
of 9 modified multivariable prediction cut-points that minimized the sum of false positive
plus 10 times false negative diagnoses. These cut-points ranged from 0.1–0.9, in 0.1-unit
increments.

2.5 Expenses of OSAS-attributable crashes
In one analysis we treated the cost of a missed case as a variable. In a second analysis, we
fixed the value at the cost of a crash attributable to OSAS at $8,200/driver/crash based on
computations using federal data for large trucks(29), while assuming the odds ratio for a
crash given OSAS equaled 2.5(26).

To ground our analyses in actual cost of crashes, we determined the cost of a crash
attributable to OSAS based on current data. Of 11 million commercial drivers’ license
holders(31), 3 million are employed as drivers(32). In our cohort, 8.7% had OSAS (AHI≥5/h
plus Epworth score>10). Thus, (0.087)*(3 million) =~261,000 drivers with OSAS are at risk
for fall-asleep crashes. Large trucks are involved in approximately 415,000 accidents yearly.
Thus, average annual risk of accidents per truck driver is approximately 13.8%
(=415,000/3,000,000). Each accident costs $59,000(22). This value includes the costs of
medical treatment, emergency services, property damage, lost productivity, and a monetary
value of the pain, suffering, and reduced quality of life experienced by the victim and his/her
family. A recent meta-analysis using passenger car data indicates that OSAS is associated
with an odds ratio (OR) for traffic accidents of 2.5 (26). We used this estimate in our base
calculations.

For calculation of the cost of a crash attributable to OSA, we used the following approach.
The overall risk for accidents (13.8%) is a weighted average of the elevated risk for traffic
accidents among those with OSA and a background risk for traffic accidents in those
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without OSA. We do not know this background risk. We can, however, apply the average
risk (13.8%) and the fractions of the driver population with (8.7%) and without (91.3%)
OSA to derive this risk. The cost is a function of the odds ratio for a crash as a result of
OSAS. Our computations show that if the odds for a crash equals 2.5, a crash attributable to
OSAS costs $8,200/driver/year, but is as high as $22,400 if the odds ratio=10 and as low as
$3,200 if the odds ratio is 1.5.

2.6 Treatment costs
We estimated the average annual cost of CPAP treatment for the supplier for the first year to
be $1,806/case. This includes the costs of titration polysomnography ($768); the CPAP unit
at [$708, broken down as CPAP machine equipped with compliance monitoring ($449),
heated humidification ($135), mask ($25), headgear ($24) and labor for initial setup ($75)];
three office visits for the first year ($170 for the initial visit, plus two follow-up evaluations
totaling $100); replacement masks ($60). We multiplied this total cost ($708+
$768+170+100+60=$1806/identified case) by the number of cases identified by each
program. We added this treatment cost to the cost of screening, and averaged the total
amount to obtain the per-driver cost.

2.7 Total cost of a screening program
The total cost of a screening program equaled the sum costs of testing, treatment plus
crashes. Crashes could result either from a missed diagnosis of OSAS or, among identified
cases, due to non-acceptance of treatment, so total cost was a function of treatment
acceptance. The overall cost of missed cases was the number of missed cases (which was all
cases of OSAS in our sample, for the “no screening” strategy) multiplied by the cost of
crashes attributable to OSAS (8,200/driver). We divided each overall cost of a program by
the number of drivers in the sample to derive the cost per driver screened.

2.8 Determination of cost-effectiveness
A program was cost-effective if its total cost (diagnosis, treatment plus residual crashes) was
lower than the cost of not screening. We determined the minimum percentage of drivers who
must accept treatment in the first year in order for each screening strategy to be cost-
effective. We assumed that 100% treatment acceptance prevents all apnea-related crashes in
the first year, while 0% acceptance prevents no crashes.

2.9 Sensitivity analyses
While we assigned the attributable-odds for a crash at 2.5(26), in sensitivity analyses, we
considered a range from 1.5–10, in 0.5-unit increments. We also evaluated the effects of
doubling and halving the assumed costs of the modified multivariable prediction, oximetry,
polysomnography and treatment. Finally, we evaluated the effect of changing the weighting
of false positive:false negative predictions, from 1:10 to 1:20 and 1:5.

2.10 Testing accuracy
Using the parameter set associated with the cost of each program, we computed true
positive, true negative, false positive and false negative prediction rates and sensitivity,
specificity, negative predictive value and negative likelihood ratio.

3. Results
3.1 Demographics and proportion of drivers with obstructive sleep apnea syndrome

The stratified sampling design requires us to weight sample data from each of the tiers based
on the estimated proportion of drivers within each stratum in the population. We computed
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the weighted mean as (0.415*higher risk mean) + (0.585*lower risk mean), and the
weighted standard error (SE) as the square root of [(0.415)2(higher risk SE)2]+[(0.585)2

(lower risk SE)2]. We have published details regarding this weighting method previously(1).

The average±SD age of the weighted sample was 45.4±11.0 years, BMI 29.9±5.2 kg/m2,
and modified multivariable prediction 0.44±0.21(23). A total of 28.1% had AHI≥5/hour, and
32.6% had Epworth score >10. A total of 8.7% of the sample had OSAS, with both AHI≥5/
hour and sleepiness (Epworth score >10). The average±SE AHI and Epworth score were
6.0±11.5 events/hour and 8.8±4.4, respectively.

3.2 Accuracy of screening when using parameters that minimize cost
For our assumption that the odds of a crash equals 2.5, the two-stage strategy required upper
and lower bound values of the modified multivariable apnea prediction index of 0.5 and 0.1,
respectively, and ODIthreshold ≥5 hourly desaturations of ≥3% to minimize cost (see Figure
1). For the one-stage strategy, the modified multivariable apnea prediction cutpoint value of
0.2 minimized cost of one-stage screening. Using these parameters, 276 drivers (67.9%)
were excluded from any additional testing by the one-stage strategy, and 165 (40.7%) were
excluded by the two-stage strategy. The two-stage strategy required that 212 (52.3%) drivers
undergo oximetry and 95 (23.4%) undergo sleep studies, while the one-stage strategy
required 130 (32.1%) to have sleep studies. In the two-stage strategy, 66 (16.3%) underwent
both oximetry and polysomnography. Thus, a relatively large number of drivers (146, or
36%) had negative oximetry.

For the two-stage strategy, sensitivity, specificity and negative predictive values were 69%,
81% and 97%, respectively, with a misclassification rate of 20.0% and negative likelihood
ratio of 0.385 (Table 1). We applied this value to a Bayesian nomogram(30), and determined
that when two-stage screening predicts the absence of OSAS, the likelihood of having
OSAS was 3.5%. For the one-stage strategy, the optimum questionnaire cutpoint value of
0.2 was associated with sensitivity, specificity, negative predictive value and negative
likelihood ratio of 70.5%, 71.4%, 96.4% and 0.413, respectively (Table 1). This means that
a modified multivariable score<0.2 using the one-stage strategy, which was seen in 276
(67.8%) drivers, is associated with 3.8%(30) likelihood of having OSAS.

3.3 Comparison of costs of administering each of the four screening strategies in relation
to the cost of a missed case, when this cost is treated as a variable

Figure 2 shows the costs of administering each program, which includes costs of screening
and treating identified cases, and the cost of a missed case. (We consider crashes and
incomplete treatment acceptance later, in Figure 3). The cost of each program is represented
as a function of the cost of a missed case, which is treated in this analysis as an independent
variable. Included are the costs for doing nothing (thin black line), one-stage screening (thin
gray line), two-stage screening (heavy gray line) and polysomnography (heavy black
horizontal line). The cost of performing polysomnography on all drivers remains fixed at
$920/driver ($920=$768 for polysomnography + $152 for treatment, averaged over all
drivers screened, see Table 3, “PSG” column). The line is flat because it is independent of
the cost of a missed case, since polysomnography is assumed to miss no cases, but some
false positives may still occur since not all individuals identified will be excessively sleepy.
Doing nothing misses all cases, and so the cost of doing nothing is a linear function of the
cost of a missed case (long dashed line). Since selective polysomnography misses some
cases, these lines increase as the cost of a missed case increases.

When a sleep study costs $768, oximetry $160 and questionnaire $5, compared to the one-
stage strategy, not screening is the strategy of choice only if the cost of a missed case
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attributable to OSAS is less than $6,100. One-stage screening remains least expensive until
the cost of a missed case is at least $22,700, when using a full sleep study on everyone could
be justified (see Figure 2). Two-stage screening is less expensive than doing nothing or
doing polysomnography, if the cost of a missed case is between $6,500 and $21,000.
However, even within this range, it is marginally more expensive than one-stage screening.

3.4 Selection of a screening strategy based on a fixed cost of traffic accidents
Data provided by Sassani et al(26) assigned a value of 2.5 to the odds ratio for crashes
related to OSAS. For this value of the odds ratio, we found that the cost of a missed case
attributable to OSAS was $8,200 per driver. When we fixed the cost of a missed case at this
value of the OSAS-attributable cost of a crash, we found that program costs per driver
screened were as follows: doing nothing=$689/driver, one-stage screening=$562/driver,
two-stage screening=$587/driver and uniform polysomnography=$920/driver. This program
cost equaled the sum costs of administering the screening tests, plus the cost of treatment of
identified cases, and the cost of crashes that result from missed cases. These costs also
pertain to the condition in which treatment acceptance is a condition of employment, so that
we assume there are no costs associated with crashes due to failed treatment. The impact of
varying treatment acceptance is considered below. The cost of such crashes attributable to
OSAS due to missed cases is $203/driver, $215/driver, and $0, for the one-stage, two-stage
and polysomnography programs, respectively.

The basis for these total costs for the three strategies is shown in Table 2, which lists: 1)
costs of screening, itemized by the outcome of the screening program prediction (whether
true or false positive, or true or false negative); and 2) costs of treating identified cases, i.e.,
true positives.

Performing polysomnography on all drivers incurs the greatest screening cost, at $768/
driver. However, because <10% of drivers in our sample had OSAS, most of this cost, $552/
driver, was expended for sleep studies done in drivers who were eventually found not to
have OSAS (true negatives). Selective polysomnography eliminates the cost of these excess
sleep studies completely. On the other hand, a number of false positive predictions resulted
in excess cost, which was highest for one-stage screening ($202/driver). Because the
background proportion with OSAS was relatively low, $152/driver screened was also
expended with the routine polysomnography program among drivers who were eventually
not labeled with OSAS.

In contrast, the option of not screening incurs no screening or treatment costs, but $689/
driver due to the cost of crashes among cases that are not identified.

3.5 Effect of treatment acceptance on costs of screening programs
We next consider the case where treatment acceptance is not a condition of continued
employment, and that the odds ratio for a crash is 2.5(26) so that the cost of a crash is fixed
at $8,200. There is a rate of treatment acceptance at which cost of diagnosis and treatment as
well as residual crashes (from missed cases) equals the cost of all crashes ($689/driver) in
the absence of screening and therefore missing all cases. This relationship is shown in
Figure 3. The rate of treatment acceptance affects costs since drivers not using therapy are
still at risk for crashes. Even if treatment acceptance in the first year is mandatory (100%),
routine polysomnography on all drivers was still not cost-effective and was more expensive
than not screening. Selective polysomnography, however, requires lower rates of treatment
acceptance in order to be justifiable based on cost, compared to doing nothing. Screening all
drivers and treating identified cases is less expensive than not screening as long as treatment
acceptance is ≥73.8% or ≥78.5% for one-stage and two-stage screening, respectively. Thus,
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the more expensive the screening program, the higher the treatment acceptance rate needed
for the program to be cost-effective. With all strategies, however, high treatment acceptance
was necessary for the total program to be cost-effective.

The graphs in Figure 3 are based on calculated cost of crashes (Table 3), calculated costs of
screening (see Table 2) and of the total cost (see Table 4) as a function of treatment
acceptance. Table 3 shows the costs related to crashes, which come from either failure to
identify cases (false negative predictions) in the case of selective polysomnography or from
cases that were identified but subsequently did not accept therapy for the first year. While
the former cost is fixed, the latter cost is an inverse function of the proportion that accepts
treatment. Crashes due to missed cases are $0 for polysomnography (since this strategy
misses no cases), $203/driver for one-stage screening and $215/driver for two-stage
screening, if everyone accepts treatment. As treatment acceptance falls, however, the total
cost of crashes (the sum of costs of crashes from missed cases plus non-acceptance of
treatment) rises despite screening, up to $689/driver when no driver accepts treatment. This
value is identical to the cost of crashes when screening is not done, $689/driver.

Table 4 shows the total cost of the three programs, which includes screening and treatment
(Table 2) plus crashes (Table 3), as a function of treatment acceptance. All three programs
that involve active screening become less cost-effective as treatment acceptance drops.
However, regardless of how many drivers accept treatment, doing full sleep studies on
everyone is consistently the most expensive of the four choices. At a minimum, 73.8% of
drivers must accept treatment in order to offset the costs of crashes and make screening less
expensive than doing nothing. The program of choice is then one-stage screening. In
conditions with acceptance rates below 73.8%, none of the screening programs are cost-
effective.

3.6 Sensitivity analyses
3.6.1 Effect of variation in the cost of polysomnography, oximetry and
treatment—The greatest impact on cost-effectiveness occurred under the following
conditions: 1) doubling the costs of either sleep studies or treatment, or 2) halving the cost of
sleep studies (see Figure 4 uppermost and lowest bars, respectively). This figure shows the
magnitude of change in the required treatment acceptance (%) compared to the baseline
condition described above. A negative value implies that less acceptance is needed, so that
the program is more cost-effective. Halving the cost of sleep studies made all programs
more cost-effective, especially one-stage screening, which required only 48% treatment
acceptance, followed by two-stage screening, which required 59.6% treatment acceptance.
The lack of cost-effectiveness of full polysomnography was a robust finding: for all
conditions, change in minimum treatment acceptance was 0%, with the exception of halving
the cost of polysomnography. For this case, the program became more cost-effective, with a
change in minimum rate of treatment acceptance equaling 22.2%, and a drop in the required
minimum treatment acceptance rate dropped from 100% to 77.8%. Doubling either the costs
of sleep studies or of treatment made all programs cost-ineffective, requiring ~100%
treatment acceptance.

Appropriately, only two-stage screening was affected by cost of oximetry: doubling the cost
of oximetry made two-stage screening much less cost-effective, increasing minimum
treatment acceptance rate required to 96% (Figure 4). Halving the cost of oximetry was the
only condition in which two-stage screening became more cost-effective than one-stage
(Figure 4, third bar from the bottom).
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The cost-effectiveness of each program did not differ from the base case significantly when
we altered the expense of modified multivariable prediction (bars stayed close to the cost
neutral range).

3.6.2 Effect of variation in the weighting of missed cases to false positive
predictions (FN:FP)—Doubling the weight ratio of FN:FP from 10:1 (base case) to 20:1
did not change the cost-effectiveness of the three programs. Halving this ratio to 5:1 made
one- and two-stage screening slightly more cost-effective. (See Figure 4, FN:FP conditions).

3.6.3 Effect of variation in the odds ratio for a crash—We assessed the effect of
varying the odds ratio for crash risk attributable to OSAS on the acceptance rate that resulted
in a given strategy being cost-effective. We increased the odds ratio in 0.5 intervals (Figure
5), beginning at 1.5. Lower odds for an OSAS-attributable crash (<=3.0 for full
polysomnography, or <=2.0 for selective polysomnography) meant that 100% treatment
acceptance was required to achieve cost-effectiveness. When the odds increased to 7, all
programs became more cost-effective, as the required treatment acceptance rates were much
lower: 53.7% for full polysomnography, 29.7% for one-stage screening and 31.5% for two-
stage screening.

4. Discussion
Our results indicate that an untreated driver may be expected to incur $8,200/year if the odds
of a crash given OSAS is 2.5, an odds estimate offered by Sassani et al(26) in a recent meta-
analysis. Given this high cost, and given the proportion of drivers expected to have sleep
apnea syndrome, we estimated that an employer’s decision not to screen commercial drivers
costs the industry ~$2.4 billion/year, or $689/driver due to vehicular accidents alone.

We compared this value of $689/driver against the costs of systematic screening and
treatment. Screening using full sleep studies and treating identified cases is not cost-
effective: at $920/driver, it is one third more expensive than not screening at all. Selective
polysomnography, however, is cost-effective. Using a combination of BMI, age and gender
to determine who should undergo polysomnography and then treating identified cases is
considerably less expensive, at $358/driver, or $372/driver if combined with oximetry.
These approaches are nearly 50% less expensive than not screening.

Oximetry used in conjunction with BMI, age and gender is only marginally more expensive
($14/driver more) but offers one advantage: it requires fewer in-laboratory studies. Only 95
(23%) sleep studies were done under two-stage screening, instead of 130 (32%) for one-
stage screening. This could prove valuable in settings of limited access to the sleep
laboratory(13) and also be more acceptable to drivers.

While selective polysomnography is more cost-effective than full sleep studies or not
screening, and lowers the numbers of sleep studies required, this strategy may still miss
some cases, which can contribute to crashes. Both one-stage and two-stage strategies missed
cases with similar frequency: 2.5% (10/406) of drivers screened were missed by one-stage
screening and 2.6% (11/406) by two-stage screening. Additionally, selective
polysomnography may lead to “excess” sleep studies in individuals without sleep apnea.
Although the one-stage protocol avoids reliance on oximetry, this strategy required a larger
number of sleep studies to be performed in individuals who did not have apnea. Consistent
with this finding is the specificity of the two programs: the two-stage strategy had greater
specificity (81%) compared to one-stage screening (71%).
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We assumed a wide range of rates of treatment acceptance, and found that all programs
require relatively high rates of treatment acceptance to be cost-effective: 73.8%, 78.5% or
100%, for one-stage, two-stage or full polysomnography, respectively. Rates this high are
rarely seen in clinical practice. Up to 50% of patients refuse CPAP when it is first offered
(33). Among regular users, about half use it less often than prescribed (34). Within three
years, about 12 – 25% of patients abandon this therapy altogether (33).

Whether rates as low as these would be seen following screening of non-clinic populations
such as commercial drivers is unknown. Data regarding treatment adherence among
commercial drivers have not been reported. We may yet find that this group would be more
willing to use therapy given the occupational implications of not being treated, and hence
also experience a greater degree of utility with screening and treatment. Indeed, our analysis
shows that cost-effectiveness is not achieved unless high numbers of drivers accept therapy.
With this finding, a reasonable public health policy would be to mandate documentation of
ongoing adherence to CPAP treatment as a condition for continued employment in this
occupation. Otherwise, the risk of crashes will persist.

Other critical assumptions that we made pertain to the efficacy of CPAP therapy. We
assumed that the rate of OSA-attributable crashes may be eliminated by full treatment
acceptance, and reduced to the background risk seen in those without OSA. Whether this
assumption is credible or not must be addressed by future prospective studies that quantify
this efficacy rate; CPAP may not eliminate all apneas even if the driver adheres to therapy,
and if it does, complete elimination of crash risk due to residual OSAS-related sleepiness
may still not ensue. Additionally, we made no assumptions or conclusions regarding the cost
of crashes that are not due to OSA in our analyses, regardless of whether the driver opts to
be treated or refuses treatment.

Reporting of sleepiness by our subjects was common in this research setting, where we
provided detailed confidentiality guarantees a priori. Over 95% of the group completed the
Epworth questionnaire. Adjusting for stratified sampling by risk group, the estimated mean
Epworth score was 8.8 (95% CI 8.4 to 9.2), with 32.6% (95% CI 28.2% to 36.9%) having
scores in the pathological range, above 10. This is similar to the prevalence of 24% for
elevated Epworth scores reported by Howard et al(3), who also studied a large sample of
commercial drivers in Australia.

Our successful collection of sleepiness data allowed us to predict OSA syndrome rather than
an isolated apnea-hypopnea index value. We chose to model on OSA syndrome rather than
AHI alone because increasing levels of sleepiness were associated with increasing accident
risk in the study by Howard et al, with a twofold increased risk of an accident in the
sleepiest 5% of drivers based on Epworth scores(3). Additionally, in a case-control study of
fatigue-related crashes among 1,403 drivers in North Carolina, individuals having such
crashes were more than twice as likely to have elevated Epworth sleepiness scale scores
(35).

Although sleepiness was therefore part of our case definition, we chose not to include self-
reported sleepiness in our decision rule in making predictions about apnea risk, because such
symptom-reporting is likely to be inaccurate in the occupational setting (personal
communication, N. Hartenbaum, MD). Given these concerns about accuracy of symptom
reporting, we also developed a version of the multivariable apnea prediction instrument that
was independent of symptoms. This change did not prevent selective polysomnography
from being more cost-effective than routine polysomnography, while maintaining a high
negative predictive value of 97%. This is a reasonable rate for a program whose purpose is
screening (i.e., low numbers of missed cases). In our prior analyses of commercial drivers,
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addition of symptom information to two-stage screening and use of different parameters
(upper bound = 0.9, lower bound = 0.3, and ODIthreshold=10/h) was more accurate; the
negative likelihood ratio was lower, 0.1(1), instead of 0.44 in this study.

Our economic analysis considers the cost of screening as a function of the cost of a missed
case of apnea. In one analysis, we treated this cost of a missed case as a variable, since this
cost is still not precisely known. This approach allows one the ability to use Figure 2 to
assess the costs of screening when considering only the direct costs of untreated OSAS,
indirect costs or both. For example, another indirect cost might be due to loss of productivity
related to untreated sleep apnea: an affected driver may require longer hours to complete a
haul if he has to stop en route due to sleepiness. Future studies need to focus on delineating
these direct and indirect costs more clearly. These costs might include other outcomes of
untreated apnea other than crashes, such as lost productivity and increased health care
expenditures(36, 37).

Likewise, the role of apnea in crash risk in commercial vehicles(38) also warrants more
investigation. Our study derives the attributable risk of crashes among commercial drivers
from passenger car data (26) because these data are not available for commercial drivers.
Since this odds ratio is not known for commercial drivers, we conducted a sensitivity
analysis where we varied the odds ratio for a crash. These data show that selective
polysomnography is the least expensive program to administer compared to full
polysomnography, independent of the odds ratio, as long as the odds ratio is at least 2.0. Not
screening is the least expensive option only if the risk of a crash attributable to OSAS in
commercial drivers is <1.6. Indeed, crash risk may be mitigated among commercial drivers
because of their greater driving experience, but they also drive continuously for long
periods, and often at night (39), so their crash risk may indeed be higher than 1.6. An
assessment of actual crash rates attributable to OSAS among commercial drivers is urgently
needed. As we have shown, conclusions about the most cost-effective strategy and the
degree of treatment acceptance that are needed for cost-effectiveness are dependent on the
odds ratio for crashes attributed to OSAS. In addition, our odds ratio for crashes is based the
number of crashes of large trucks divided by the number of commercial drivers. This
denominator includes only drivers of large trucks, whose gross vehicle weight rating
(GVWR) exceeds 10,000 pounds, so it excludes taxi drivers, light vehicle drivers (including
couriers and motorcycle couriers) and chauffeurs. However, our sensitivity analysis around
the odds ratio addresses the possibility that this may be an under- or over-estimate of the
actual odds of a crash.

Another area of interest is that of fatal crashes; federal data report that a single fatal crash
costs $3.4 million(22). We have opted not to confine our analysis to fatal crashes alone,
since this value is orders of magnitude higher than $59,000 for all crashes, and may
therefore favor screening and treatment. Furthermore, the role of OSAS specifically in
sleepiness-related fatal accidents in commercial drivers is even less well defined.

We compare our results to those of Chervin et al(40), who conducted a cost-utility analysis
of polysomnography, not testing at all, and home diagnostic testing using portable monitors
in a hypothetical cohort of patients suspected of having OSAS, presumably such as those
referred to a sleep center. Treatment was offered not only to the subset with confirmed
OSAS on home study or polysomnography, but to everyone in the “no-testing” group.
Measuring quality-of-life five years after diagnosis, they reported that polysomnography is
cost-effective in comparison to home study or no testing. This conclusion is different from
ours, and is likely related to the populations studied; the rates of sleep apnea in general
populations such as commercial drivers are lower than those found in the specialized cohort
of individuals being evaluated in a sleep center for suspected sleep apnea. Our results

Gurubhagavatula et al. Page 11

Accid Anal Prev. Author manuscript; available in PMC 2012 November 26.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



suggest that among commercial drivers, even when the odds of having a crash related to
OSAS is ≥7, polysomnography would become more cost-effective than not screening, but
remains less cost-effective than doing a pre-evaluation with BMI, age, and gender
±oximetry.

Given the paucity of data regarding longer-term health outcomes and costs, our analysis
assessed costs of diagnosis and treatment of sleep apnea which occur within the first year,
when these costs are presumably the highest (40). One study has addressed this issue in a
more general population. Ronald et al(36) suggested that untreated OSA imposes significant
economic burden on the Canadian health care system. Physician claims totaled an equivalent
of $3,039/OSA patient/10 years in U.S. currency, compared to the cost of $1,506/subject
without OSA/10 years, although confounding effects of obesity and tobacco use could not
be excluded. Bahammam et al subsequently showed, however, that acceptance to treatment
by OSA patients was associated with a reduction in physician claims in the two years after
OSA diagnosis(37). The difference in physician claims (not actual claims) between OSA
cases and controls during the year before diagnosis totaled $199/year, and dropped to $133/
year in the 2 years after diagnosis. This comparison reached statistical significance in the
group adhering with therapy.

Epstein et al conducted a cost-effectiveness analysis of nocturnal oximetry as a screening
tool for OSA(41) in a sleep center population. However, their study did not include the
major cost of a missed case. Using a pattern of brief, repetitive fluctuations in saturation to
define an event, and using an ODIthreshold of 10/hour, they showed that oximetry had a
sensitivity of only 61%(41). Perhaps because of this low diagnostic accuracy, as well as the
lack of inclusion of the costs of missed cases, they concluded that using oximetry for
screening is not cost-effective. Including the cost of missed cases in our analysis, we have
shown that, contrary to the study by Epstein et al, screening is economically valuable,
particularly in a more general population such as commercial drivers.

Future analyses in this area need to take into account patient adherence not only with
treatment, but also with screening strategies. Adherence with polysomnography may be less
than adherence with the modified multivariable prediction, which can be done within
minutes, or oximetry, which can be done directly in the patient’s home. Additionally, future
technologies for confirmatory testing will likely involve use of home-based diagnostic
systems(42–46). If such systems become validated, they may eventually replace in-lab
polysomnography. Our sensitivity analysis supports the use of such systems: halving the
cost of full polysomnography decreases the rates of treatment adherence necessary for
screening with full polysomnography to be cost-effective. In the future, an initial screen with
BMI, age and gender followed by out-of-laboratory diagnostic options could result in
substantial gains in cost-effectiveness.

In our exercise, we did not explore the impact of screening on intangible outcomes, such as
drivers’ quality of life (47–49). Quality of life may improve with treating cases that are
identified by screening (49, 50), provided that patients adhere to therapy. Utility of
screening, however, depends not only on patient acceptance and adherence with therapy and
on demographic variables, but also on patient-assessed ratings of satisfaction and
importance of being treated. This can certainly be different among commercial drivers than
in a more general population, given the importance of maintaining vigilance in order to meet
occupational requirements safely and effectively.

In conclusion, our results suggest that from an economic perspective, a simple approach to
screening using BMI, age and gender alone or with oximetry is a viable strategy to detect
obstructive sleep apnea in commercial drivers, and lowers the need for in-laboratory

Gurubhagavatula et al. Page 12

Accid Anal Prev. Author manuscript; available in PMC 2012 November 26.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



polysomnography studies. Despite missing some cases, this strategy requires lower rates of
treatment acceptance than routine polysomnography in order to be cost-effective, given the
high cost of crashes in drivers with OSAS. Reasonable estimates of crash risk attributable to
OSAS supports the use of screening strategies in commercial drivers from an economic
perspective. Implementation of such strategies will require the policy that treatment
adherence needs to be monitored once drivers with OSAS are identified.
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Figure 1.
Figure 1 displays three screening options. The first two rely on selective polysomnography:
one-stage screening, which uses the modified multivariable apnea prediction or two-stage
screening, which uses both modified multivariable prediction and oximetry. The third is
routine polysomnography on everyone. Selective polysomnography results in true or false
positives, and true negatives or missed cases, while routine polysomnography misses no
cases. The total numbers of drivers that are in each arm of the program are given, with
percentages in parentheses. The branch points are defined by using the optimal parameters,
which were determined as described in the Methods section 2.4.2. Cases can be missed in
two situations: when the modified multivariable prediction is low and no further testing is
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done, or if an intermediate modified multivariable prediction results in an oximetry score
below the threshold. In either situation, a missed case occurs if the AHI is ≥5 events/h and
Epworth score is >10.
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Figure 2.
Total cost of screening strategy as a function of the cost of missing a case of sleep apnea
syndrome (defined by AHI≥5 events/h with sleepiness defined by Epworth score >10). The
cost of the polysomnography program (heavy black line) is is fixed at $920=$768 for testing
each driver, plus $152/driver screened for the cost of treatment. Cost of oximetry and
modified multivariable prediction were assumed to be $160 and $5, respectively. The figure
shows costs (on y-axis) for full polysomnography (heavy black line) and doing nothing (thin
black line) compared against one-stage screening (thin gray line) and two-stage screening
(heavy gray line). The horizontal axis shows the variable cost of a missed case (bottom
labels). Not screening is least expensive when a missed case costs less than $6,100. When
missing a case costs between $6,100 and $22,700, one-stage screening is the least expensive
strategy. When a missed case costs more than $6,500, two-stage screening is also less
expensive than not screening. Polysomnography is less expensive than two-stage screening
when a missed case costs more than $21,000, and less expensive than one-stage screening
when the cost of a missed case is more than $22,700.
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Figure 3.
Cost per driver screened of screening, treatment, and crashes for each of four programs, as a
function of the rate of treatment acceptance. The cost of doing nothing (horizontal line) is
fixed at $689, due to the fixed cost of crashes due to missing all cases. Full
polysomnography (heavy black line) derives its cost from testing, treatment, and from
crashes among those who do not accept treatment. The cost declines with increased
treatment acceptance but is always greater than doing nothing, even at 100% treatment
acceptance. Screening with the one-stage (thin gray line) or the two-stage (wide solid gray
line) methods incurs costs from testing, treatment, and crashes not only due to incomplete
adherence, but also from variable numbers of missed cases. As long as treatment acceptance
is at least some minimum value, a given screening program is less expensive than not
screening. For one- and two-stage screening to be cost-effective, these rates are 73.8% and
78.5%, respectively. Full polysomnography is never cost-effective, since it never crosses the
“do nothing” line, even when treatment acceptance is 100%.
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Figure 4.
Sensitivity analysis of the effect of varying costs of testing (modified multivariable
prediction, oximetry or sleep study) or of treatment, and misclassification ratios, for one-
stage screening strategy. The change in minimum treatment acceptance needed for cost-
effectiveness compared to the baseline case is shown on the x-axis. A large positive value
denotes an increase in treatment acceptance needed from baseline (and hence lower cost-
effectiveness), and a negative value denotes improvement in cost-effectiveness. Doubling of
the cost of treatment or of polysomnography makes one- and two-stage screening less cost-
effective, while halving each, or changing the misclassification rate to 5:1 (rather than 10:1)
makes one-stage screening more cost-effective. Doubling the cost of oximetry makes the
two-stage program less cost-effective.
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Figure 5.
Sensitivity analysis of the effect of changing the odds for a crash, given OSAS. As in
Figures 4, the change in minimum treatment acceptance needed for cost-effectiveness
compared to the baseline case is shown on the x-axis. A large positive value denotes an
increase in treatment acceptance needed from baseline (and hence lower cost-effectiveness),
and a negative value denotes improvement in cost-effectiveness. All programs become more
cost-effective as the odds for a crash increases. At low odds for a crash, (≤2 for one- and
two-stage screening, or ≤3 for polysomnography), the programs become cost-ineffective.
When the odds for a crash is ≥3.5, however, both one-stage (red) or two-stage (blue)
screening, both of which are comparable in cost-effectiveness, become more cost-effective
than polysomnography (yellow). (Compare leftward magnitude of bars for one- and two-
stage against that for polysomnography).

Gurubhagavatula et al. Page 21

Accid Anal Prev. Author manuscript; available in PMC 2012 November 26.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Gurubhagavatula et al. Page 22

TABLE 1

ACCURACY OF THREE SCREENING STRATEGIES

One-stage Two-stage Polysomnography

Sensitivity 70.5% 68.8% 100%

Specificity 71.4% 80.9% 78.4%

Negative Predictive Value 96.4% 96.6% 100%

Negative Likelihood Ratio 0.413 0.385 0.000
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Table 2

Costs per driver screened ($) of screening and treatment for three* screening programs, based on correctness
of prediction

COST COMPONENT One-Stage Two-Stage Polysomnography

1.Cost of Screening, based on type of prediction) 252 268 768

 TRUE POSITIVE PREDICTIONS 45.76 51.26 64.51

  Modified Multivariable prediction 0.30 0.29 0.00

  Oximetry 0.00 6.56 0.00

  PSG 45.47 44.41 64.51

 FALSE POSITIVE PREDICTIONS 202.35 154.98 151.70

  Modified Multivariable prediction 1.31 0.88 0.00

  Oximetry 0.00 19.44 0.00

  PSG 201.04 134.67 151.70

 FALSE NEGATIVE PREDICTIONS (missed cases) 0.12 2.02 0.00

  Modified Multivariable prediction 0.12 0.13 0.00

  Oximetry 0.00 1.88 0.00

  PSG 0.00 0.00 0.00

 TRUE NEGATIVE PREDICTIONS 3.27 59.44 551.79

  Modified Multivariable prediction 3.27 3.70 0.00

  Oximetry 0.00 55.74 0.00

  PSG 0.00 0.00 551.79

2. Cost of Treating Cases (true positives) 107 104 152

TOTAL COST of screening plus treating identified cases 358 372 920

*
A fourth alternative program we considered, not screening, does not incur screening or treatment costs, but by comparison incurs a total cost of

$689/driver. This cost is due to the cost of missed cases.
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Table 3

Costs of crashes ($) for each of three programs due to undiagnosed OSAS or failure of identified cases to
accept treatment*

Cost of Crashes One-Stage Two-Stage Polysomnography

 DUE TO MISSED CASES (false negative) 203 215 0

 DUE TO NON-ACCEPTANCE OF TREATMENT

  Treatment acceptance (%)

   100 0 0 0

   78.5 104 102 148

   73.8 127 124 180

   50 243 237 344

   25 364 356 517

   0 485 474 689

*
Data are based on the estimate that the cost of a single crash equals $8,200, which corresponds to an odds ratio for a crash of 2.5(26).
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Table 4

Total costs ($) per driver of three programs arising from comprehensive screening, treatment of identified
cases of OSAS, and crashes*

Treatment acceptance (%) One-Stage Two-Stage Polysomnography

100 562 587 920

78.5 666 689 1,068

73.8 689 711 1,100

50 804 824 1,264

25 926 942 1,436

0 1,047 1,061 1,608

*
Because crashes may be due to missed cases of OSAS or failure of identified cases to accept treatment, data are shown as a function of treatment

acceptance rates
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