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Study Objective: To characterize the association among apnea-hypopnea indices (AHIs) determined using three common metrics for defining
hypopnea, and to develop a model to calibrate between these AHls.

Design: Cross-sectional analysis of Sleep Heart Health Study Data.

Setting: Community-based.

Participants: There were 6,441 men and women age 40 y or older.

Measurement and Results: Three separate AHIs have been calculated, using all apneas (defined as a decrease in airflow greater than 90% from
baseline for = 10 sec) plus hypopneas (defined as a decrease in airflow or chest wall or abdominal excursion greater than 30% from baseline,
but not meeting apnea definitions) associated with either: (1) a 4% or greater fall in oxyhemoglobin saturation—AHls; (2) a 3% or greater fall in
oxyhemoglobin saturation—AHls; or (3) a 3% or greater fall in oxyhemoglobin saturation or an event-related arousal—AHIs.. Median values were
5.4, 9.7, and 13.4 for AHls, AHIs, and AHls., respectively (P < 0.0001). Penalized spline regression models were used to compare AHI values
across the three metrics and to calculate prediction intervals. Comparison of regression models demonstrates divergence in AHI scores among
the three methods at low AHI values and gradual convergence at higher levels of AHI.

Conclusions: The three methods of scoring hypopneas yielded significantly different estimates of the apnea-hypopnea index (AHI), although the
relative difference is reduced in severe disease. The regression models presented will enable clinicians and researchers to more appropriately

compare AHI values obtained using differing metrics for hypopnea.
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INTRODUCTION

Diagnosis and severity classification of obstructive sleep
apnea (OSA) is commonly based on the apnea-hypopnea
index (AHI), defined as the number of apnea plus hypopnea
events per hour of sleep. Both clinical care and research in-
vestigation of OSA have been hindered, however, by a lack of
standardization in the definition of hypopnea used in deter-
mining the AHI. Although the definition of apnea in adults
is fairly uniform across laboratories, accepted definitions of
hypopnea vary with respect to the degree of airflow reduction,
severity of oxyhemoglobin desaturation, or inclusion of event-
related arousals. In 1999, an American Academy of Sleep
Medicine (AASM) Task Force recommended that hypopneas
be defined based on a reduction in airflow associated with ei-
ther a 3% decrease in oxyhemoglobin saturation or an event-
related arousal.! Despite this recommendation, interlaboratory
variation in the criteria for hypopnea persisted.? In 2007, the
AASM adopted formal guidelines for scoring respiratory
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events during sleep, although these guidelines allowed for the
use of two different hypopnea definitions. The preferred defi-
nition, reflecting Medicare reimbursement criteria, required
a 30% reduction in airflow in association with a 4% fall in
oxyhemoglobin saturation; the alternative definition required
a 50% reduction in airflow in association with either a 3%
decrease in oxyhemoglobin saturation or an event-related
arousal.’ The continued allowance for multiple definitions
did little to ensure standardization among sleep laboratories.
Several studies have evaluated the concordance of these defi-
nitions for the diagnosis of sleep apnea based on threshold
values of AHI**¢ or have treated AHI as a continuous mea-
sure and assumed a linear association between measures. The
true shape of this association has not been explored in detail.
Moreover, although the choice of hypopnea has a substantial
effect on the magnitude of AHL*” the need to adapt threshold
values of the AHI used to diagnose or categorize severity of
OSA to the hypopnea definition employed is not reflected in
formal diagnostic criteria.

Recently published recommendations of the AASM Sleep
Apnea Definitions Task Force'® acknowledge the difficulty in
choosing a single best definition for hypopnea, noting in par-
ticular the insufficient evidence to favor one particular desat-
uration threshold over another. Nevertheless, these guidelines
recommend a definition of hypopnea requiring at least a 30%
decrease in a measure of airflow accompanied by either a
3% decrease in oxyhemoglobin saturation or an event-related
arousal. If widely adopted, these recommendations may lead
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Table 1—Subject characteristics.
Total (n) 6,441
Male 3,036 (47.1%)
Age (y) 63.5 (11.0)
BMI (kg/m?) 28.2(5.2)
Wt (kg) 79 0(16.8)
ESS 7 (44)
Race
White 76.7
Black 8.1
Hispanic 4.4
Native American/Alaskan 9.5
Asian/Pacific Islander 14
Other 01
Hypopnea Criteria
AHlq 5.4 (1.8,13.4)
AHI3 9.7 (4.1,20.0)
AHl3 13.4 (6.8,24.1)
Mean and standard deviation values reported for age, BMI, weight,
and ESS. Median with first and third quartile values reported for AHI.
Percentage values reported for race. AHI, apnea-hypopnea index; BMI,
body mass index; ESS, Epworth Sleepiness Scale score; kg, kilogram;
kg/m?, kilogram per meter squared; Wt, weight.

to improved standardization across laboratories. Although the
recommendations acknowledge that the choice of hypopnea
definition will have a substantial effect on the magnitude of
the AHI and that “thresholds for identification of the pres-
ence and severity of OSA, and for inferring health-related
consequences of OSA, must be calibrated to the hypopnea
definition employed,” they provide no guidance on how such
calibration should be performed. Our study utilizes polysom-
nographic data from over 6,000 community-dwelling adults
to delineate the association among three commonly used
metrics for AHI based on differing hypopnea definitions to
address the question of how to relate AHI values based on
the newly recommended definition to AHI values from re-
search investigations or clinical sleep studies that have used
different event definitions. We present the shape of the as-
sociation and associated prediction intervals across a broad
range of sleep apnea severity and identify the corresponding
AHI values across definitions for various commonly used
threshold values of AHI.

METHODS

Study Sample

The design of the Sleep Heart Health Study (SHHS) has been
published previously." Briefly, the SHHS is a prospective co-
hort study designed to evaluate cardiovascular consequences
of OSA. Participants age 39 y and older were recruited from
ongoing epidemiologic cohort studies of cardiovascular and
pulmonary disease in the United States. The sample includes
6,441 individuals who completed baseline evaluation during
the years 1995 through 1998 that included polysomnography,
medical history, and sleep habits questionnaires.
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Polysomnography

Participants underwent in-home polysomnography using
the portable PS-2 system (Compumedics, Abottsville, Aus-
tralia). The montage included: electroencephalogram, elec-
trooculogram, electrocardiogram, submental electromyogram,
finger pulse oximetry, thoracic and abdominal excursion by in-
ductance plethymography, airflow by nasal-oral thermocouple,
and body position. Polysomnograms were scored at a central
reading center as reported previously.'? For this analysis, three
separate apnea-hypopnea indices have been calculated, using
all apneas (defined as a decrease in airflow greater than 90%
from baseline lasting for least 10 sec) plus hypopneas defined
as a decrease in airflow or chest wall or abdominal excursion
greater than 30% from baseline with either:

(1) a 4% or greater fall in oxyhemoglobin saturation—AH]I4
(corresponding to the preferred hypopnea definition in
the 2007 AASM Scoring Manual?;

(2) a 3% or greater fall in oxyhemoglobin saturation—AHI;
(similar to the hypopnea definition available from most
portable sleep monitoring devices);

(3) a 3% or greater fall in oxyhemoglobin saturation or an
event-related arousal—AHI:. (similar to the hypopnea
definition recommended in the 2012 AASM Scoring
Manual Update'?).

Statistical Analysis

Median values of the three AHI measures were compared
using the signed-rank test. For the regression models, the sta-
tistical approach consisted of the following sequence of steps:
(1) nonparametric estimation of the conditional mean asso-
ciation between each pair of variables using penalized spline
smoothing'*-"7; (2) residuals were estimated by subtracting the
nonparametric mean from the original data; (3) the 2.5, 5, 95,
and 97.5 percentiles of the residuals were calculated in small ad-
jacent bins, each containing 4% of the data (~258 observations
per bin); and (4) each percentile was then smoothed using pe-
nalized spline smoothing and these local smooth quantiles were
added back to the smooth conditional mean to form the 90%
and 95% prediction intervals, respectively. This procedure was
necessary because data exhibit strong heteroscedasticity (vari-
ance changes with the value of the predictor) and covariate-de-
pendent skewness of the residuals around the fitted conditional
mean. The large number of observations in the SHHS (6,441
subjects) allowed the meaningful binning of the data. Programs
were implemented in the R™ statistical language (version 2.15.2)
and smoothing was based on the function spm() implemented
in the SemiPar'® package. R code is available upon request.

RESULTS

The SHHS database consisted of 6,441 polysomnographic
studies for analysis. Characteristics of the participants included
in analysis are shown in Table 1. The three methods of scoring
hypopneas yielded significantly different estimates of AHI
(P <0.0001 for all pair-wise comparisons). Figure 1 shows the
effect of using each AHI definition on the estimated prevalence
and severity distribution of OSA based on commonly used
threshold values: normal (AHI < 5), mild (5§ < AHI < 15), mod-
erate (15 < AHI < 30), and severe (AHI > 30), respectively. The
findings are similar to prior analysis of the SHHS database, in
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Figure 1—Distribution of obstructive sleep apnea (OSA) severity using different hypopnea criteria to determine apnea-hypopnea
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Figure 2—(A) Predicted AHlsa with 90% prediction interval using AHI. referent. AHlsa = apnea-hypopnea index with a 3% or greater fall in oxyhemoglobin
saturation or an event-related arousal. AHIs = apnea-hypopnea Index with a 4% or greater fall in oxyhemoglobin saturation. (B) Predicted AHIs with 90%
prediction Interval using AHl4 referent. AHI; = apnea-hypopnea index with a 3% or greater fall in oxyhemoglobin saturation. AHl: = apnea-hypopnea index
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which the desaturation or arousal criteria were applied to ap-
neas as well as to hypopneas.* Results of the regression models
are shown in Figures 2, 3, and 4. The predicted values with as-
sociated 90% prediction intervals of AHIz. and AHI; are shown
in Figure 2A and Figure 2B, respectively, using values of AHI4
as the reference. The models demonstrate divergence in AHI
values among the three methods at low AHI levels; however,
the absolute difference in the values stabilizes at higher AHI
values, and begins to converge at values of AHI; >30. As shown

SLEEP, Vol. 38, No. 12, 2015

1889

in Figure 3A, AHI:. values exceed AHs by three to four events
per hour over the entire range of AHI3 values > 3. Prediction
intervals provide the expected distribution of the predicted AHI
values; for example, using Figure 2B, an AHI4 of 10.0 is associ-
ated with a predicted AHI; of 16.0, with a 90% probability that
the true AHI; value falls between 12.1 and 22.1.

Tables of the predicted values and associated 90% and 95%
prediction intervals between the three metrics for calculating the
apnea-hypopnea indices are included in the supplemental material.
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Figure 3—(A) Predicted AHls. with 90% prediction interval using AHIs referent. AHls = apnea-hypopnea index with a 3% or greater fall in oxyhemoglobin
saturation. AHIz. = apnea-hypopnea index with a 3% or greater fall in oxyhemoglobin saturation or an event-related arousal. (B) Predicted AHIs with 90%
prediction interval using AHIs referent. AHI; = apnea-hypopnea index with a 3% or greater fall in oxyhemoglobin saturation. AHl: = apnea-hypopnea index
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Figure 4—(A) Predicted AHIs with 90% prediction interval using AHIsa referent. AHIs = apnea-hypopnea index with a 3% or greater fall in oxyhemoglobin
saturation. AHlz. = apnea-hypopnea index with a 3% or greater fall in oxyhemoglobin saturation or an event-related arousal. (B) Predicted AHIs with 90%
prediction interval using AHls. referent. AHlza = apnea-hypopnea index with a 3% or greater fall in oxyhemoglobin saturation or an event-related arousal.

AHIs = apnea-hypopnea index with a 4% or greater fall in oxyhemoglobin saturation.

DISCUSSION hypopnea definition,’ the 2012 AASM Scoring Manual Update

Using the large SHHS database, we explored the associa-  hypopnea definition,'® and the latter definition as applied to
tion between AHI values determined using several different portable sleep apnea testing. Similar to prior studies,*>= our
and commonly employed criteria for identifying hypopneas, = data demonstrate that estimates of AHI are highly sensitive to
corresponding to the 2007 AASM Scoring Manual preferred the metrics used to define hypopnea. Not previously reported,
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however, is that the slope of the association changes with in-
creasing AHI, such that the differences in AHI by the three
methods is larger at lower AHI levels, and decreases with in-
creasing OSA severity. These data suggest that there is likely
to be little reclassification of disease status in individuals with
high AHI levels whereas there may be substantial reclassifica-
tion at lower levels. This underscores the likelihood that indi-
viduals with lower AHI levels may be differentially diagnosed
and treated according to which AHI is used. In addition to
comparing the AHI; and AHI. to the recently recommended
metric (AHIs), we also compared the former metrics to one
another. The differences between these metrics were smaller
than when compared to AHL:. We present regression models
that can be used to assist clinicians and researchers to more
appropriately compare AHI values obtained using differing
hypopnea metrics.

There are several limitations to these data. Although full-
montage polysomnography was performed in the entire SHHS
cohort, there is a greater propensity for sensor loss in the home
than the sleep laboratory. Hypopneas were identified based
on a reduction in nasal-oral thermal sensor signal or either
inductance band of at least 30% from baseline, rather than
the currently recommended nasal cannula-pressure trans-
ducer system. Previous studies have shown nasal-oral thermal
sensors to be less sensitive in identifying flow reduction and
therefore would underscore hypopneas when compared to
nasal cannula-pressure transducer and the “gold standard”,
pneumotachograph.?®?' The use of a thermocouple in the
SHHS cohort may have resulted in overall lower AHI score
for all participants, but would not be expected to differentially
affect the three hypopnea definitions employed in this study,
which focus on a comparison of how corroborative levels of
desaturation and arousal are applied to the AHI definition.
Also, the derivations of the “alternative” AHI definitions used
amplitude reductions of 30% rather than 50%. However, am-
plitude is assessed using noncalibrated sensors and the effect
of amplitude differences is likely less than the difference in
corroborative desaturation.

These limitations notwithstanding, this analysis provides
a detailed comparison of AHI levels expected based on com-
monly used alternative hypopnea definitions. Even if sleep
laboratories adopt uniform scoring rules in the future, there
will be a need to compare future studies with earlier studies
conducted using different hypopnea definitions. The models
presented could give clinicians, researchers and policymakers
the means to calibrate AHI thresholds to the event definitions
employed. Additionally, this calibration approach can be used
by individual laboratories to develop laboratory-specific equa-
tions reflecting their specific technology and scoring. The re-
sults also underscore the potential to misclassify disease at the
lower AHI range when different hypopnea definitions are used.

ABBREVIATIONS
AASM, American Academy of Sleep Medicine
AHI, apnea-hypopnea index
AHIs» AHI with a 4% or greater fall in oxyhemoglobin
saturation
AHI;, AHI with a 3% or greater fall in oxyhemoglobin
saturation
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AHIz.» AHI with a 3% or greater fall in oxyhemoglobin
saturation or an event-related arousal

BMI, body mass index

ESS, Epworth Sleepiness Score

OSA, obstructive sleep apnea
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