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Abstract: To establish the evidence base for the diagnosis of sleep apnea (SA) in adult patients, a systematic review of the litera-
ture from 1980 through November 1, 1997 was performed. Diagnostic studies were included if they reported results of any test to
establish or support a diagnosis of SA, in comparison to a diagnosis from a full polysomnogram (PSG). Test results were meta-
analyzed using fixed effects models and summary receiver operating characteristic curves (ROCs) to examine consistency of tests
within and between diagnostics vs. the “gold standard” of PSG.

From a total of 937 studies, 249 fit the broad eligibility criteria for inclusion in the clinical trial database and its data were extracted
from these reports; useable data for statistical analyses were reported in 71 studies (7,572 patients). The sensitivity and specifici-
ty of partial channel and partial time PSGs appeared most promising as replacements for full PSG in patients suspected of obstruc-
tive SA. Clinical prediction rules (multivariate models) were also promising. Studies of portable sleep monitors, radiologic or mor-
phologic features, and focused questionnaires were too heterogeneous to be meta-analyzed.

In general, the diversity of study designs and objectives were very high and the methodological rigor of these studies as assess-
ments of diagnostic tests was very low. Thus, we are still not in a position to recommend standardization of diagnostic methodolo-
gy for sleep apnea. Instead, our recommendations for future research include standardization of terms and diagnostic criteria, and

consistently reported statistics to enhance the utility of this literature.
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INTRODUCTION

SLEEP APNEA (SA) IN ADULT PATIENTS IS A DISOR-
DER CHARACTERIZED BY RECURRENT APNEIC
AND HYPOPNEIC EPISODES DURING SLEEP. Apnea
is usually defined as complete cessation of airflow; hypop-
nea is usually defined as a 50% or greater reduction in air-
flow, with or without a coincident O, desaturation. Most
cases are characterized by recurrent airway obstruction
(obstructive SA), and a minority of cases are purely central
in origin. In view of its purportedly high prevalence and
serious associated morbidity, SA has recently been
described as a major public health concern.t23 The
National Commission on Sleep Disorders Research# esti-
mated that SA may be responsible for 38,000 cardiovascu-
lar deaths per year and annual costs of $42 million for relat-
ed hospitalizations. The cumulative eight-year mortality of
untreated SA has been estimated as high as 37% for
patients with an apnea index (Al) >20, where apnea index
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is defined as the number of apneic episodes/hour sleep,
compared to 4% for patients with lower Als.> Patients with
obstructive SA need not go untreated, however, since there
is a well-established first line therapy — continuous posi-
tive airway pressure (CPAP). A major problem in the field,
however, is diagnosis: who to test, how to test, and what
are the implications of test results regarding the risk of seri-
ous clinical sequelae?

SA is a condition where the widely accepted standard
diagnostic method (overnight full polysomnography [PSG]
attended by trained personnel in a sleep laboratory) is intru-
sive and costly, and the interpretation can be difficult. A
standard PSG typically consists of at least two channels of
electroencephalogram, submental (+ tibialis) electromyo-
gram, two channels of electrooculogram, respiratory air-
flow, respiratory effort (thoracic and abdominal breathing
movements), oxygen saturation (oximetry), and electrocar-
diography. Body position and snoring (microphone) are
also frequently monitored in formal sleep studies. The con-
tribution of each of these components to the PSG diagnosis
of SA has not been well substantiated.6 Even these widely
accepted diagnostic techniques are still evolving. For
example, the recent introduction of nasal pressure record-
ing is replacing the respiratory airflow measurement
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because in combination with respiratory effort, nasal pres-
sure is much more sensitive in detection of obstructive
hypopnea.”

If the estimated prevalence of SA at 2% to 4% percent of
middle-age adults is correct,? the cost of full PSGs for all
suspected cases would be prohibitive. However, recent
research on the cost-effectiveness and economic implica-
tions of diagnostics for sleep apnea showed that full PSG
was the most cost-effective of PSG, home systems, and
empirical therapy.8 The development of simpler and less
costly alternatives for diagnosis or pre-PSG screening is
highly desirable. Diagnostic approaches that might be
viewed as alternatives to PSGs or as screening tests to bet-
ter select patients for PSG include: partial channel PSGs,
partial night or daytime PSGs, portable sleep monitoring
devices for use at home, radiologic imaging of the head and
neck for anatomic abnormalities predictive of SA (includ-
ing cephalometry, MRI and CT scans), anthropomorphic
measurements (such as neck circumference, nasopharyn-
geal and laryngeal endoscopic measurements of upper air-
way structure and function), and focused questionnaires.

SA can be viewed as an “orphan condition,” shared by
many healthcare specialties yet owned by none.
Neurology, psychiatry, dentistry, otolaryngology, pul-
monology, and internal medicine all share diagnosis and
management of SA, and as a result, the evidence base is
uneven and dispersed, and clinical management perspec-
tives are sometimes in conflict. When evidence is scat-
tered, and possibly conflicting, a rigorous and comprehen-
sive assessment of all of the best available evidence is crit-
ically important and, in the case of SA, long overdue.
Therefore, the aim of the current study was to develop an
evidence base relevant to answering the following key
guestions concerning the diagnosis of SA: 1) What diag-
nostic and screening tests are presently available 2) What
is the strength of the evidence in support of each? The
analysis was designed to evaluate the diagnostic accuracy
of alternatives to full PSG for the diagnosis of sleep apnea

as compared to full PSG. This evidence base was devel-
oped via a systematic review of the sleep apnea literature
published in the five major Western European languages.
This evidence base, if kept updated, should be useful in the
development of evidence-based strategies and algorithms
to guide the diagnostic work-up of patients suspected of
SA. This work should provide guidance for future
researchers to generate new data to fill the information gaps
discovered during the review. The following is a report of
the methods and chief findings of this systematic review.

Methodology

In general, we used state-of-the-art systematic review
methods derived from the evolving science of review
research.910.11 |t was not our intent to review technical con-
siderations of various tests and devices. Readers are
referred to the American Academy of Sleep Medicine 1994
statement on portable devices for discussion of technical
issues related to data acquisition, storage, retrieval, and
analysis.’2 Our review followed a prospective protocol
designed pre-data extraction, which outlined the methods
to be used for the literature search, study eligibility criteria,
data elements for extraction, and methodological strategies
to minimize bias and maximize precision during the pro-
cess of data collection, extraction, and synthesis. The pro-
tocol was shared with a panel of four experts in the field of
SA prior to implementation, and the final report was shared
with a panel of 15 experts in the field of SA, and thus incor-
porated input from representatives of insurers, government
personnel, medical specialty societies, sleep disorder asso-
ciations, and consumer groups. Review by members of an
organization does not imply endorsement by that organiza-
tion.

Literature Search

The published literature was searched from 1980
through November 1, 1997 and the retrieval cut-off date

Table 1—Summary of study patient level characteristics by type of test

K* Mean evidence # of %
score (range) patients males (k)

Study sets

Total analyzable studies 71 20.6 (16-34) 7,572 81 (61)
Partial time PSG 7 18.6 (17-20) 505 86 (6)
Partial channel PSG 3 17.7 (17-19) 213 81 (3)
Oximetry 12 20.0 (16-32) 1,784 83 (10)
Portable devices 25 22.1 (16-34) 1,631 84 (21)
Prediction equations 8 21.5(17-30) 1,908 77 (8)
Flow volume loop 4  18.3 (17-20) 594 79 (4)
Global impression 4  23.3(19-28) 1,139 67 (4)
Other clinical 9 19.8 (18-22) 815 91 (8)
Chemical 1 18 88 49

Radiologic 5 18.5(17-20) 296 73 (3)
Questionnaire 3 19.0(17-21) 576 58 (2)

*Eight studies (#8A- Garcia-Diaz, et al., 1997, #18A- Gugger, 1997, #19A-Gyulay, et al., 1993, #46A- Hoffstein and Szalai, 1993, #-49A-Pracharktam,
et al., 1996, #44A- Schafer, et al., 1997, #20A- Svanborg, et al., 1990, #45A-Viner, et al., 1991.) report results for more than 1 test, consequently the

Sensitivity Specificity
Mean age (k)  Mean BMI (kg/m?2) (%) (%)
49.0 + 5.1 (65) 30.9 £ 3 (44) ND ND
51.4 + 3.5 (7) 33.9+5.5 (5) 69.7 +5.3 87.4+54
51.7 +1.2 (3) 32.0+1.0 (3) ND ND
50.6 + 4.7 (11) 31.7+1.1(12) 87.4+£3.8 64.9 £6.7
485+ 55 (24) 30.0 + 1.6 (15) ND ND
49.4 + 4.0 (8) 31.4+3.4(8) 66.5 + 14.0 88.7+4.9
50.0 + 1.6 (4) 29.0 (1) 39.1+253 60.5 + 23.7
47.7+2.1(3) 29.4+£0.7 (3) 58.9+4.2 65.6 £+ 4.8
47.4 +6.9 (8) 30.3+1.5(6) ND ND
58 28 ND ND
43.0+ 4.7 (4) 305+4.4(4) ND ND
453+ 4.7 (2) 28.0 (1) ND ND

sum of all the, categories is greater than 71. ND=Not Done; *k=# of studies
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was January 30, 1998. The search started with a broad
Medline search using the terms "sleep apnea syndrome,”
and "monitoring, physiologic,” "sleep apnea syndrome,"
and "airway resistance,” and "human." Investigators also
searched "sleep apnea syndromes,” "sleep apnea syn-
drome" and "index." In addition, the 1997 Current
Contents® CD-ROM was searched (“sleep apnea"”) to the
same cut-off date. All citations and their full papers'
abstracts were printed and screened for any mention of
diagnostic tests in adults with SA (Level | screening).
Abstracts were rejected at Level | screening based upon
information presented in their abstracts for the following
reasons: (1.) treatment papers; (2.) peripheral topics; (3.)
reviews; (4.) case studies; (5.) special populations of
patients (e.g., patients with neuromuscular diseases or cere-
bral malformations, congenital or acquired structural
abnormalities of the head or neck); (6.) pediatric studies.
All studies passing Level | screening were retrieved for
second screening (Level 11). To be eligible for inclusion,
studies had to enroll at least 10 adult patients with any form
of SA (obstructive, central, mixed, or not specified) under-
going any diagnostic test or intervention to establish or sup-
port a diagnosis of SA in comparison with full PSG.
Studies reported in the five main Western European lan-
guages (English, French, German, Italian, or Spanish) were
eligible. The electronic searches noted above were supple-
mented by a thorough search of the reference lists of all eli-
gible studies and relevant review articles. Relevant

Figure 1: Patial Time PSG: Tests
Summery ROC Curve and 95% CI from Meta-Analysis of Individual Stuies
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Internet sites posted by medical specialty societies and
patient advocacy groups were contacted for identification
of any additional pertinent information about current rec-
ommendations or guidelines for assessment of disease sta-
tus in patients suspected of SA.

Rating the Evidence

All potentially eligible diagnostic studies were rated by
senior investigators (two MDs, one PhD) to assess validi-
ty of each study as a diagnostic test study prior to data
extraction. A customized rating instrument was used,
derived from 1) the assessment guide provided by Irwig et
al.13 for assessing validity of studies of diagnostic tests in
general, and 2) features important to SA studies in particu-
lar, as suggested by Flemons and Remmers.14 In general,
studies that received the highest scores used full PSG
results as the “gold standard” against which a second test
was evaluated, with random order assignment of tests and
PSG, and with blinding of the readers of each test to the
results of the other tests. Several other features of diag-
nostic study design, execution, and reporting were also
rated including types of outcomes evaluated and statistical
tests performed. Possible scores ranged from 0 to 44, with
higher scores suggesting higher quality of diagnostic test
evidence. Papers scoring less than 16 points (i.e., falling in
the lowest 20% of the distribution of actual scores) were
dropped from further consideration for data extraction and
analysis. This was a post-hoc decision made upon recog-
nition that low scoring studies did not generally have ana-
lyzable diagnostic test results.

Data Extraction and Database Development

Data from each study were extracted in duplicate by
investigators using data extraction forms developed and
tested for this review, with one extractor using a blinded
copy of each study report (masked as to source of financial
support, authors, and journal). The data extraction forms,
completed independently by the two investigators, were
then compared, and differences were resolved by consen-
sus, referring to the information in the original report as
necessary. Only clearly reported aggregate results were
extracted from studies. Results that were only given for
individual patients, and results that would require extrapo-
lations from equations, graphs, or derivations from figures
or tables were not extracted.

Key data elements sought for extraction from each diag-
nostic study included study descriptors, patient demo-
graphic features, (including concomitant illnesses, signs,
and symptoms of sleep apnea syndrome), and test charac-
teristics. The following features were sought for test char-
acteristics:

- PSG type: full vs. partial monitoring
- Full night vs. partial night vs. daytime PSG results
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- Apnea index (Al) or hypopnea index (HI), or apnea-
hypopnea index (AHI). AHI refers to the total apneas plus
hypopneas during total time asleep, divided by the number
of hours asleep. The respiratory disturbance index (RDI) is
the same as AHI.

- Portable devices: test metric, thresholds for diagnosis,
results, site (home vs. laboratory) and conditions (full night
vs. partial night vs. daytime)

- Methods of all sleep test analyses (computer vs. manual,
sleep time vs. time in bed, or test time, and definition of
apnea and hypopnea episodes)

- Non-sleep tests: clinical, radiologic, chemical, question-
naires, prediction equations, etc., with test metric and
thresholds for diagnosis or next action, and results

- Results of all reported statistical tests: sensitivity, speci-
ficity, positive predictive value, negative predictive value,
and correlation coefficients of each test relative to full PSG
results

Statistical Methods and Graphical Analysis

The main objective of the analysis was to evaluate the
diagnostic accuracy of alternatives to full PSG for the diag-
nosis of SA as compared to a full PSG. For the analyses,
PSG was used as the “gold standard”. PSG was either stat-
ed to be “full” or “standard” by the authors, or included at
least the following parameters: oximetry, thoracoabdomi-
nal respiratory excursions, airflow, submental electromyo-
gram (EMG), electroencephalogram (EEG), and elec-

Figure 2 Oximery Tets
Summery ROC Curve and 95% CI from Meta- Analyss of Individual Studes
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trooculogram (EOG). In order to be eligible for the statis-
tical analysis, studies had to report outcomes in terms of the
sensitivity and specificity (or a function of these
outcomes— i.e., likelihood ratios) of the new test as com-
pared to the results (Al, AHI, RDI) of a standard PSG. If
the sensitivity and specificity were not reported, sufficient
information on the performance of the test regarding the
true positive and true negative outcomes had to be reported
in order to calculate sensitivity and specificity, or, in some
cases, a correlation coefficient between the alternative test
and the diagnosis of SA by full PSG. Correlation coeffi-
cients were extracted, but due to lack of data, they could
not be analyzed.

To account for the different numbers of patients in each
study, weighted averages using Mantel-Haenszel fixed
effects modelst> combining the comparative summary
statistics, were calculated and summarized for groups
based on diagnostic test category.13 Study and patient-level
covariates were also summarized for each diagnostic cate-
gory, and weighted by study size when appropriate.

The statistical assessment of diagnostic tests was per-
formed through the comparison of their sensitivity and
specificity vs. the full PSG. A receiver operating character-
istic curve for an individual study will display the effect of
changing diagnostic cut-off values (in this case, Al or AHI)
upon the sensitivity and specificity of the test. A summary
ROC curve in effect combines individual study ROCs in a
meta-analytic framework (weighting by study size and
variance) to give an overall picture of diagnostic accuracy
of a test over the range of cut-off values represented.

A summary ROC curve was calculated for each diag-
nostic test group where sufficient data were available.16.17.18
The resulting curve describes how the test's performance in
those with SA (sensitivity or true positive rate [TPR] varies
with its performance in those without SA); (1 - specificity
or false positive rate [FPR]). The summary ROC plot rep-
resents each study as a single point and the curve represents
the overall summary of all studies eligible for inclusion in
that specific analysis with each study weighted by study
size. The 95% confidence intervals are also displayed.
Where the studies give similar results, the curve and 95%
confidence bound will be close to the points. All calcula-
tions were performed using SAS® software version 7.0.

RESULTS
Search Results

The initial search through Medline and Current
Contents® yielded 3,730 citations. An additional 202 cita-
tions were identified from a manual search of reference
lists. Most citations were rejected at Level | screening due
to the following reasons: ineligible patient populations, a
treatment study, or no studies of adult SA syndrome. After
screening these citations, 937 studies were potentially eli-
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gible. Of these 937 studies, 249 fit the broad eligibility cri-
teria for inclusion in the clinical trial database and data
were extracted from these reports. Analysis of the extract-
ed data yielded 71 studies that reported outcomes with sen-
sitivity, specificity, and/or correlations, relative to a full
PSG. These 71 studies were the subject of the subsequent
analysis and the results are described below. All accepted
71 studies are listed in Appendix A (1A-71A) and extract-
ed data listings may be provided to readers by the authors
upon request.

Study Characteristics

Of the 71 diagnostic studies (1A-71A) reporting out-
comes formats required for inclusion in the analyzable
dataset (full PSG, sensitivity and specificity, or correlation
coefficients), 63 were in English, 5 in German, and 3 in
Spanish. Twenty-one studies were performed in the U.S.,
33 in Europe, and 17 elsewhere. These studies were pub-
lished from 1981 to 1997, with 52 studies published since
1991. The average diagnostic evidence score was 20.6
(range 16 to 34). The range of scores in the included data
set was narrow, due to our prior rejection of low scoring
studies from the analyzable data set.

In total, there were 7,572 patients enrolled, and the aver-
age number of patients per study was 106.6 (range 10 to
594). Only three stated industry sponsorship. Of the 71
studies with full PSG as the “gold standard”, there were 12
oximetry alone studies, seven partial time PSGs, three of
partial channel PSGs, 25 studies with results of portable
monitoring devices, 17 studies with clinical assessments
(including flow volume loops and global impressions),
only one study with chemical assay, five reporting radio-
logic test results (one MRI, three cephalometry, and one
reporting CT and cephalometry), and three studies with
focused questionnaires. Also, eight studies reported results
of multivariate models as predictors of PSG results. Eight
studies (18A-20A, 44A-46A, 49A) reported results for
more than one test, consequently the sum of all the cate-
gories is greater than 71.

Patient Characteristics

Of the 4,400 patients reported to have a suspected sleep
disorder in this set of studies, a PSG diagnosis of SA was
made in 2,037 (49 %), using the lowest apnea index (Al)
(i.e., least specific, most sensitive) or apnea-hypopnea
index (AHI) diagnostic thresholds reported. Note the PSG
definitions of apnea and hypopnea and sleep apnea diag-
nostic cut-off criteria varied somewhat from study to study.
The severity of SA was too infrequently reported to analyze
this further. Mean age was 49.0+5.1 years (range 36 to 60)
for the 7,572 patients studied. Of the 61 studies in this set
which reported gender, 81% of patients were male. Body
mass index (BMI) was reported in 44 studies, and averaged

SLEEP, Vol. 23, No. 4, 2000

30.9 kg/m? (range 26.2 to 40.0).

The relationships between patients’ medical histories
and PSG results, and patients' relevant symptoms and PSG
results could not be estimated because patients' histories
and symptoms were not consistently reported in these 71
studies.

Diagnostic Test Characteristics

All included diagnostic studies were required to report
results of a 'standard' PSG. However, criteria that constitute
a standard PSG varied among the studies. Most studies
monitored respiratory activity (chest and abdominal move-
ments and airflow) and oxygen saturation (oximetry). All
included measures of sleep (EEG, EOG, or submental
EMG), and some included measures of cardiac activity
(ECG). Tibial EMG, snoring, and body position were less
frequently monitored. Most noted that the traditional scor-
ing system for sleep stages of Rechstahffen and Kales!®was
used, and PSG data were assessed manually in nearly all
cases. Apnea was typically defined as complete cessation
of airflow, but in some studies, a >80% reduction in airflow
was used. For defining hypopnea, most papers suggested a
50% or greater reduction in airflow, with or without a coin-
cident O, desaturation of anywhere from 2% to 4% from
some average SaO, over a preceding interval of time.
Nearly all studies based the Al (or AHI) upon the time
asleep, as opposed to the time spent in bed, except for the
portable devices intended for home use which are described

Figure & Portable Devices with Oximetry, HR, Snoring, and Body Posiion
Summary ROC Curve and 95% CI from Meta-Analysis of ndvicual Stuies
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further below. All standard PSGs were performed in the
sleep laboratory, which was either a free-standing unit, or a
hospital setting with trained attendants present. Different
thresholds for Al or AHI (or RDI) were used in different
settings to make a diagnosis of SA, ranging from 5 to 15 for
Al and 5 to 40 for AHI. The most frequently used cut-off
was 10 for Al followed by 15 for AHI. Some studies
required the presence of signs or symptoms of sleep distur-
bance together with an elevated Al (or AHI) for SA diag-
nosis, and some did not. Most did not report distinctions
between obstructive SA, central SA, or mixed SA. Studies
are summarized according to test (see Table 1) and
described further below.

In the following sets of studies, we have applied a meta-
analytic1® method to summarize the diagnostic accuracy of
the tests therein. Simply averaging the true positive rate
[TPR], and the false positive rate [FPR] from each of a set
of studies would be very misleading since a single point
cannot show the relationship between TPR and FPR which
results from varying diagnostic cut-offs. As the diagnostic
cut-off varies, the balance of sensitivity and specificity
shifts. The summary ROC curve can summarize multiple
studies and data on the accuracy of each diagnostic test
without necessarily knowing the exact diagnostic cut-off
(Al or AHI) for positivity used in each of the reports. This
is possible because the data already incorporate the effects
of varying diagnostic thresholds. Most of the variation in
diagnostic test accuracy in these reports will be derived

Figure & Potabe Desices with Airiow and Ovimelry
Summary ROC Curve and 95% CI from Meta-Analysis of Individual Stdies
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from these threshold effects, since other potential causes of
variability, the condition, patients, prevalences, and index
test (PSG) are assumed to vary little in our included stud-
ies. If all the points fall near the summary ROC curve, their
differences can be attributed mostly to differences in diag-
nostic thresholds used. If there is wide scatter for the
points around the ROC curve, other factors that affect TPR
and FPR (such as listed above) may well be contributing to
the variation in diagnostic accuracy thus displayed.

Partial Time Polysomnogram: There were seven stud-
ies (LA-7A) reporting results with sensitivity, specificity,
and/or correlations of partial night or day PSGs relative to
full night, standard PSGs. The average evidence score of
all seven studies was 18.6, with a narrow range, from
17-20. All PSGs were performed in sleep laboratories with
the standard array of physiologic monitors. Four studies
compared partial night to full night PSGs, and the other
three studies compared daytime PSGs to full night PSGs.
These studies included 505 patients in total, most of whom
were suspected of SA. The number of patients with a diag-
nosis of SA was not completely reported. Their average
age was 51.4 (seven studies reporting) and the percentage
of patients who were male was 86% (six studies reporting).
The average BMI was 33.9 kg/m2.

Of the four studies with comparisons of partial night to
full night PSGs (1A, 2A, 4A, 7A), all used AHI as the PSG
metric for diagnosis of SA. One also provided results using
Al. One of these studies only reported correlations, not
sensitivity or specificity. Of the remaining three studies,
the sensitivity of the partial night PSG ranged from 42% to
93%, and the specificity ranged from 70% to 100%.
However, these ranges reflect varying AHI thresholds for
diagnosis of SA.

Of the three studies of daytime PSG compared to full
night PSG (3A, 5A, 6A), two used AHI and one used Al as
the PSG metric for diagnosis of SA. The sensitivity of the
daytime PSG for results of full night PSG ranged from 66%
to 100%, and the specificity ranged from 50% to 100%,
again depending upon the AHI or Al thresholds used for
diagnosis.

The summary ROC curve derived from these studies is
presented in Figure 1. Most studies were quite homoge-
neous with one exception which had low sensitivity and
extremely high specificity. Sensitivity at AI/AHI threshold
of five was 69.7 % (x 5.3) and improved at thresholds of
10% to 79.5% (x 5.2). Specificity at AlI/AHI threshold of
5 was 87.4% (£ 5.4) and at the higher threshold of 10,
changed little, at 86.7% (x 4.6). At still higher Al/AHI
thresholds, there were too few studies with analyzable
results.

Partial Channel Polysomnogram: In three studies
(8A, 9A, 10A) results of a partial set of PSG channels mon-
itored for a full night were related to the full channel, full
night PSG results. The average evidence score was 17.7
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(17,17, and 19). In all three studies, oximetry, airflow, and
thoracoabdominal movement were recorded. In two stud-
ies, patients were monitored on two different nights, and in
the third study, same night results were compared using
respiratory channels vs. full PSG. These studies totaled 213
patients with suspected or confirmed SA. Their average
age was 51.7 (3 studies reporting) and percentage of
patients who were male was 81% (three studies reporting).
The average BMI was 32.0 kg/m2. Sensitivity ranged from
82 to 94 % and specificity from 82% to 100%. There were
too few studies to meta-analyze.

Oximetry: Sensitivity, specificity, and/or correlation of
oximetry results to standard PSG results were reported in
12 studies (8A, 11A-21A). The evidence score ranged
from 16-32 out of a possible 44 points and the mean score
was 20.0. In three of these studies (15A, 16A, 19A),
oximetry was measured separately (different time and set-
ting) from the PSG, including overnight at home in two
(16A, 19A) and on two different nights in one (19A). In
the other nine studies, oximetry was measured during the
nocturnal PSG. No studies were included where results
from the oximetry channel on a multi-channel portable
device were compared with PSG results, as this was invari-
ably a post hoc result. The publication dates spanned 1986
to 1997. There were 1,784 patients in total, 1,756 of whom
were suspected of having SA. The number of diagnosed
SA patients was not reported in all studies. Their average
age was 50.6 (11 studies reporting) and percentage of
patients who were male was 83% (10 studies reporting).
The average BMI was 31.7 kg/m2.

These oximetry studies used various formats for presen-
tation of results: hourly frequency of desaturations of 3 %
or 4%, frequency of desaturations less than 90 %, O, vari-
ability, or patients exceeding a certain number of desatura-
tions per hour or per night. The type of probe was not con-
sistently reported. Overall sensitivity of oximetry in indi-
vidual studies ranged from 36% to 100% and specificity
ranged from 23% to 99% percent, with varying AI/AHI
thresholds. The overall estimates (with standard error) of
sensitivity and specificity are 87.4% (+ 3.8) and 64.9%
(£6.7), and the summary ROC curve was generated (Figure
2). This curve shows the adjusted study sensitivity and
specificity and the ROC curve calculated from the meta-
analysis of these rates that the studies all fell close to the
estimated curve indicating little heterogeneity.

Portable Devices: In total there were 25 portable
device studies (18A, 20A, 22A-44A) with sensitivity,
specificity, and/or correlation to standard PSG. The aver-
age evidence score was 22.1 (range 16-34). These studies
enrolled 1,631 patients, and 1,368 were suspected SA
patients at entry. Their average age was 48.5 (24 studies
reporting) and percentage of patients who were male was
84% (21 studies reporting). The average BMI was 30.0
kg/m2.
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Of the 854 suspected SA patients whose subsequent
diagnosis was reported, 500 (58.5%) were diagnosed with
SA, using an Al/AHI threshold of >5/hr. In all studies
except two (42A, 44A), the portable device results were
only available as measured in the setting of a sleep labora-
tory, and not at home, where they are generally intended for
use. Comparison of portable devices with full PSGs were
therefore, in reality comparisons of partial montages vs.
full montages. Differences in the settings and in the tech-
nical quality of the signals were not addressed in these
studies. Devices were issued from different manufacturers,
thresholds used for diagnosis of SA varied from 5 to 40 (Al
or AHI) per hour, and results were reported in different for-
mats. These devices were subdivided into groups by the
channels they measured and summarized where data were
available.

Five studies (25A, 33A, 38A, 39A, 44A) measured
oximetry, snoring sounds, heart rate, and body position.
These studies included 444 patients total. Figure 3 gives
the summary ROC curve for these studies. Four studies
(18A, 23A, 27A, 32A) recording airflow and oximetry
enrolled a total of 178 patients. Figure 4 gives the summa-
ry ROC curve for these studies. Six studies (24A, 34A,
35A, 37A, 42A, 43A) tested portable devices monitoring
oximetry, airflow, breathing and heart rate. Some of them
also included measurements of body position, body move-
ment and snoring sounds. There were 436 patients enrolled
in these studies. The summary ROC curve for the four
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studies which included airflow, respiration, oximetry, heart
rate, and body position are shown in Figure 5. The remain-
ing eight studies could not be grouped by channels.
Sensitivity of these devices ranged from 78% to 100% and
specificity ranged from 62% to 99.5%.

Non-sleep Tests

There were 17 studies which provided sensitivity, speci-
ficity, and or correlations of results of some clinical mea-
sure in relation to standard PSG results. Pulmonary func-
tion tests and flow volume loops were included in this set
of studies.

Prediction Equations: Eight studies (19A, 44A, 45A,
46A, 47A, 48A, 49A, 50A) reported the sensitivity, speci-
ficity, or correlations of multivariate models relative to
PSG results. The evidence scores of these studies ranged
from 17 to 30, and averaged 21.5. The predictive accuracy
of each separate component of each model was not extract-
ed, although it was reported in some studies. Only the pre-
dictive features of the model as a composite result were
captured. These studies included 1,908 patients, 254 of
whom were known at entry to have SA; an additional 841
were diagnosed during the study. Their average age was
49.4 (eight studies reporting) and the percentage of patients
who were male was 77% (eight studies reporting). The
average BMI was 31.4 kg/m2. Each model included at least
three of the following variables: gender, age, obesity,
hypertension, neck circumference, overjet (the horizontal

Figure 6: Prediction Equations
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measurement from the labial of the maxillary central
incisor to the labial of the mandibular central incisor), BMI,
cephalometry measurements, arterial blood gases, home
oximetry, pulmonary function tests, apnea spells, snoring,
falling asleep while driving, and percentage of time spent
in stage 1 sleep. Sensitivity of the models for the PSG
result ranged from 28% to 97.6%, and specificities ranged
from 21.4% to 100%. The pooled estimate for sensitivity
was 66.5% (+£14.0) and specificity was 88.7 percent (+4.9).
The summary ROC curve is shown in Figure 6. In this fig-
ure, both sensitivity and specificity were high.

Flow Volume Loops: Four studies (51A-54A) reported
results of flow volume loops. These studies included 595
patients total, of which 286 were diagnosed with SA (one
patient with pure central apnea (enrolled in study 54A was
excluded from all analyses). The evidence score of these
studies ranged from 17 to 20 (average=18.3). Their aver-
age age was 50.0 (four studies reporting) and percentage of
patients who were male was 79% (four studies reporting).
The average BMI was 29.0 kg/m2. PSG results were
expressed as Al in two studies (diagnostic cut-offs, 5 and
10) and AHI in one study (diagnostic cutoff 10). One study
did not state the PSG metric used for SA diagnosis.
Sensitivity of FEFso/FIFso, @ measure of extrathoracic air-
way obstruction, ranged from 12% to 67%, and the speci-
ficity ranged from 29% to 86%. The presence of the “saw-
tooth” sign on the flow volume loop , indicative of “pha-
ryngeal” fluttering during forced breathing maneuvers, had
a sensitivity ranging from 29% to 61%, and a specificity
ranging from 54% to 85%. Using both FEFs,/FIFsg and the
“sawtooth sign” combined, the sensitivity ranged from 7%
to 86%, and specificity from 13% to 89%. The meta-anal-
ysis of sensitivity and specificity yielded pooled estimates
and ROC curve, as shown in Figure 7. The sensitivity of
FEFso/FIFsy was 19.6% (+ 9.6) and the specificity was
79.2% (£9.7). For the sawtooth sign, the sensitivity was
61.9% (£10.7) and the specificity 62.7% (£7.2). When
both measures were analyzed together, the sensitivity was
39.1% (+ 25.3) and specificity 60.5% (+ 23.7).

Global Impressions: There were four studies (19A,
45A, 46A, 55A) reporting the global impression of clini-
cians: three studies in clinic settings (19A, 45A, 46A), and
one (55A) in sleeping patients in a sleep laboratory. The
evidence scores of these studies ranged from 19 to 28, and
averaged 23.3. Together these studies included 1,139
patients total, 539 of whom were diagnosed with SA. AHI
was the PSG metric used in three studies, with diagnostic
cut-offs of 10 and 15. In the study of sleeping patients, the
PSG metric was Al, and the cut-off for SA diagnosis was
five. Their average age was 47.7 (three studies reporting),
and the percentage of patients who were male was 67%
(four studies reporting). The average BMI was 29.4 kg/m2.
Sensitivity of global impressions of SA relative to PSG
diagnosis of SA ranged from 52% to 79%, with a pooled
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estimate of 58.9% (+4.2): specificity ranged from 50% to
100%, the latter result from the observation of sleeping
patients. The pooled estimate of specificity was 65.6% (+
4.8). The summary ROC curve for these four studies is in
Figure 8. These show that while sensitivity was relatively
constant across studies, specificity varied a great deal.

Other Clinical: Nine studies (47A, 56A-63A) reporting
sensitivity and specificity were identified for several clini-
cal measures, but there were too few in each category to
permit meta-analysis: neck circumference, airway dimen-
sions via acoustic reflection (56A), nasopharyngeal airway
resistance (57A), pulmonary function tests without flow
volume curves (58A), laryngoscopy (59A), snoring sound
analysis (60A), pupillary light reflex (61A), heart rate vari-
ability by ECG monitoring (62A), and body mass index
alone (47A, 63A). No conclusions regarding the useful-
ness of any of these clinical measures as aids in the screen-
ing or diagnosis of SA can be made on the basis of so few
studies.

Chemical: Similarly, there was one study (64A) of a
chemical test (urinary uric acid and creatinine) as a screen
for SA. There were 88 patients enrolled, 49 with SA.
Patients who desaturated at night differed from those who
did not, but no correlation can be made on the basis of a
single study.

Radiologic: One study (65A) correlated MRI results
with PSG. This study included 40 patients. One study
(66A) correlated CT scans with PSG and included 37
patients. The latter also reported cephalometry, in relation
to PSG results. There were additional cephalometry stud-
ies, which reported a multitude of different measurements
of patients in different positions. Most of these studies did
not, however, report correlations to PSG results, and none
reported sensitivity or specificity in relation to PSG results.
The average evidence score of these studies was 18.5
(range 17-20). Of the five radiologic studies which did
report correlations to PSG results, one combined (49A)
cephalometric results with morphometric results in a statis-
tical model, which is discussed in the Prediction Equations
section above. Among the remaining four studies (63A,
66A, 67A, 68A), 256 patients in total, there is too little
overlap of measurements to pool data, or even to synthesize
data in a strictly qualitative way.

Questionnaires: Three studies (69A-71A) reported
sensitivity, specificity, or correlations of focused question-
naires to PSG results. One of two studies (71A) which
used the Epworth Sleepiness Scale (ESS), reported sensi-
tivity (42%) and specificity (68%) in 354 suspected SA
patients, using a PSG Al threshold of 20. The other ESS
paper (69A) reported a correlation (r=0.55) to PSG RDI.
The third paper (70A) did not use standard questionnaires,
but selected questions about observed apneas, falling
asleep or daytime sleepiness, and snoring. One additional
paper20 should be noted in this category, since it studied the
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sensitivity and specificity of several questions in a large
number of patients (n=1,409). However, it only reported
these outcomes by patient subgroups stratified by gender
and as such it was not considered analyzable with the other
studies in this set.

DISCUSSION

An ideal diagnostic test in a general population should
have a relatively high specificity to minimize false posi-
tives, yet it should have sufficient sensitivity, and also be
minimally intrusive, relatively inexpensive, possess
“uniqueness” (i.e., not merely reflect other markers that are
simpler or cheaper to acquire) and identify patients early in
the disease process. Conversely, an ideal diagnostic test in
a population with a high pre-test probability of disease
should have higher sensitivity, while maintaining high
specificity. Most of the patients in these studies were sus-
pected of sleep apnea, and therefore had a higher pre-test
probability of disease than the general population.

Differences among the studies in this set in sensitivity or
specificity of identical tests vs. PSG may be due to sever-
al factors. A lower cutoff to declare a test positive in some
studies may result in lower sensitivity or a higher cutoff
may produce higher specificity. There may be random
variations in the performance of the test between study
sites, or between studies resulting in heterogeneity. There
may be differences in the clinical settings in which the test
is employed, or wide variability in the patient characteris-
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tics of those tested. Lastly, it should be recognized that the
studies were frequently not designed to demonstrate com-
parability with a full PSG, but rather, to provide additional
risk information or limited screening data.

The summary ROC curve serves as a compact descrip-
tion of the accuracy of a diagnostic test over a range of
diagnostic thresholds.?6 These can also be used to compare
technologies, to detect (and explore) outliers, and to build
decision models. This is the first time summary ROC
curves have been constructed for studies with sufficient
data in SA. These curves indicate the degree of hetero-
geneity between the study sets, as well as the relationship
between sensitivity and specificity within each study set.
There is no ideal summary ROC curve for all clinical cir-
cumstances. The predictive value of any test depends upon
the pre-test probability of the condition. Different centers
with different referral populations will have different pre-
test probability, as will, of course, a general population for
screening. Thus, these summary ROC curves should not
necessarily dictate choice of tests. Also, in the absence of
consideration of the pre-test probability, the costs of the test
must be weighed in light of the size of the test population,
and the costs and efficacy of treating cases thus identified.

In addition to the summary ROC curves, another key
strength of this review is its comprehensiveness. This
study represents the best available evidence base for the
diagnosis of sleep apnea derived from relevant literature in
five languages; and it is unlikely that any important diag-
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nostic studies were missed. Restricting data analysis to
those studies with features most likely to yield useful diag-
nostic test information, specifically to those studies report-
ing sensitivity and specificity of diagnostic maneuvers, is
consistent with study selection approaches previously
employed by the AASM Standards of Practice Committee
in its 1994 statements,’2 in its 1997 statements?1.22 and the
Blue Cross/Blue Shield Technology Evaluation Committee
1996 assessment of portable sleep studies. Furthermore,
this established database, if kept updated, could serve as a
valuable resource to practitioners and researchers.

There are many limitations to this evidence base which
should be instructive to researchers planning and reporting
new studies. In general, the diversity of designs and study
objectives was high and the methodological rigor of the
studies as an assessment of a diagnostic test was so low
that, contrary to the usual practice of using evidence scores
only in sensitivity analyses, these scores were used as a fil-
ter for selecting consistent studies for data extraction.
Investigators thereby rejected studies scoring in the bottom
20% of the distribution of scores. Even so, the studies that
remained constitute Level 111 to V23 evidence, that is, pri-
marily derived from case series and observational studies.
There were very few diagnostic studies which employed
randomized assignment of tests, and very few studies per-
formed blinded assessments of test results, both key fea-
tures of rigorous diagnostic studies.

Numerous other limitations also apply to this dataset.
With regard to the gold standard PSG, there was consider-
able variability in how PSGs were administered (i.e., which
measures were considered essential components of stan-
dard PSGs). As a consequence, several questions are
raised: Is the 'standard' PSG really a gold standard for the
diagnosis of SA? Does the ability to measure sleep stage
improve diagnostic accuracy? Is an entire night necessary?
Proof is lacking, and the reasonably high sensitivity and
specificity of partial channel PSGs and partial time PSGs
only serve to reinforce this uncertainty. There was consid-
erable inconsistency in how apnea and hypopnea were
defined, let alone what metric (Al or AHI) and what thresh-
old (>5, 10, 15, 20, 30 per hour) was used to diagnose SA.
There was inconsistency in the incorporation of clinical
signs and symptoms with PSG results in diagnosing SA.
Distinctions between types of SA were usually not made.
Night to night reproducibility of the gold standard is still
not well documented, and may also differ using different
diagnostic thresholds. In addition, usually Al and AHI
were reported for the entire sleep duration, but these
indices were virtually never reported separately for REM
sleep and non-REM sleep. Although never formally stud-
ied, it remains possible that specific techniques have dif-
ferent sensitivities in detecting respiratory events during
REM compared to during non-REM sleep (or indeed that
respiratory events and arousals from REM sleep have dif-
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ferent effects on the severity of symptoms than respiratory
events and arousals from non-REM sleep.

Few studies included non-apneic patients, to achieve a
broad spectrum of test subjects. Reliability of the PSG or
diagnostic test being studied was not examined nor report-
ed in these studies. Researchers should seek to clarify the
prevalence of apnea and hypopnea in general populations
by gender and age.2 The Sleep Heart Health Study cur-
rently underway?* will add to our knowledge of the preva-
lence of sleep apnea in a prospective cohort of 6,600 adults
who will undergo a home PSG and be monitored for major
cardiovascular events. More naturalistic sleep studies (in
the home) are still of interest, as it is possible that much of
the uncertainty about the nature of SA, its pathophysiology,
risk factors, and clinical consequences, derives from the
fact that the phenomenon called SA may be altered by the
very fact of observing it via standard PSG.

Diagnostic technology is rapidly evolving, with increas-
ing sensitivity of instruments and quite recent realization
that very subtle respiratory events (e.g., changes in upper
airway resistance and respiratory efforts causing recurrent
arousals) can cause clinical symptoms, thus the frequency
of diagnosis is changing.?> Given these circumstances, and
the aforementioned diversity in study design, methodology,
and objectives, the use of common formats becomes essen-
tial. We recommend sleep apnea researchers adopt com-
mon reporting formats, in the spirit of that promoted for
reporting randomized controlled trials.26 Until such time as
standardized diagnostic criteria for sleep-related breathing
disorders are agreed upon among the professional societies
and researchers in this field, as well as the insurance agen-
cies, we recommend the following standardized report for-
mats for researchers publishing results of diagnostic com-
parisons between standard PSG and other techniques in
sleep apnea:

- Gold standard PSG should be performed in all patients
over a full night

- Apnea and hypopnea criteria should be defined clearly
and if various criteria are used, then the impact of varying
these definitions on sensitivity and specificity should be
noted

- AHI should be reported for total sleep time

- When reporting sensitivity and specificity, at least the
standardized diagnostic AHI thresholds of <5, 5-30, and
>30 should be used

- Patient groups should be defined using AHI alone vs AHI
and clinical features

- The order of tests in diagnostic studies should be random
- Sleep monitoring systems proposed as pre-qualifiers or
replacements to PSG must be validated in the settings in
which they are intended to be used

- Test readers should be blinded to results of the other test
- The frequency of signs and symptoms (obesity, snoring,
daytime sleepiness, observed apneas) should be noted
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- The subject population should include a wide range of
pre-test likelihood patients, including normals, and the
prevalence in the study population should be assessed (i.e.,
pre-test likelihood of diagnosis)

With such standardization it will be possible to better
combine future studies for useful comparison of techniques
such that standardized criteria for diagnosis of sleep apnea
can be developed and applied. Adoption of these recom-
mendations, plus acceptance of research principles recent-
ly outlined by a Task Force of the American Academy of
Sleep Medicine on defining sleep-related breathing disor-
ders and measurement techniques?’ should not be delayed.

CONCLUSIONS

This systematic review of the best available evidence for
diagnosis of sleep apnea suggests that although numerous
diagnostic strategies have been reported, the published evi-
dence for most is still insufficient as a basis for recommen-
dations or guidelines. The following conclusions must be
tempered by a recognition that reliance upon a full labora-
tory PSG as a gold standard is based upon a widely held,
but unproven assumption. There is some evidence in a rel-
atively small number of patients, that should be expanded
with more studies, suggesting that a full laboratory PSG
may not be necessary to diagnose SA. Rather, sleep labo-
ratory measured oximetry, thoracoabdominal respiratory
movements, and airflow alone (partial channel PSG), in the
context of high likelihood of sleep apnea based upon fea-
tures, may have sufficient sensitivity and specificity to
replace full PSG. There is still insufficient evidence that
any multi-channel portable device can be used reliably in
the home setting. With regard to all the other types of
assessments which were hoped to be somehow predictive
of SA, including anthropomorphic signs, otolaryngeal and
dental assessments, and radiologic measures, the etiologic
relevance of most is at best controversial. While statisti-
cally significant associations have been noted in some stud-
ies, causal associations have not been proven. Flow vol-
ume loops do not appear to be a useful diagnostic test in
SA. Lastly, sensitivity and specificity were good for clini-
cal prediction rules in general, but additional studies would
be required to build the evidence base to justify widespread
adoption of any single model.

Future studies of diagnostic strategies should address the
many limitations of the literature and in particular adopt
standard research methods and reporting formats as offered
herein.

ALTERNATE SOURCE

An executive summary of this report was posted on the
Agency for Healthcare Policy and Research (AHCPR) Web
site: (http://www.ahrg.gov/clinic/apnea.htm) in December
1998 and a hard copy of the report was published in
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February 1999 (AHCPR Publication No. 99.E002) and
posted on AHRQ’s Web site: (http://text.nlm.nih.
gov/ftrs/dbaccess/apnea). The report was reviewed in ACP
J Club, 2000;132:69.
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