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Study Objectives: Determining the presence and sever-
ity of obstructive sleep apnea (OSA) is based on apnea 
and hypopnea event rates per hour of sleep. Making this 
determination presents a diagnostic challenge, given that 
summary metrics do not consider certain factors that infl u-
ence severity, such as body position and the composition of 
sleep stages.
Methods: We retrospectively analyzed 300 consecutive diag-
nostic PSGs performed at our center to determine the impact 
of body position and sleep stage on sleep apnea severity.
Results: The median percent of REM sleep was 16% (reduced 
compared to a normal value of ~25%). The median percent su-
pine sleep was 65%. Fewer than half of PSGs contained > 10 
min in each of the 4 possible combinations of REM/NREM and 
supine/non-supine. Half of patients had > 2-fold worsening of 
the apnea-hypopnea index (AHI) in REM sleep, and 60% had 
> 2-fold worsening of AHI while supine. Adjusting for body posi-

tion had greater impact on the AHI than adjusting for reduced 
REM%. Misclassifi cation—specifi cally underestimation of OSA 
severity—is attributed more commonly to body position (20% 
to 40%) than to sleep stage (~10%).
Conclusions: Supine-dominance and REM-dominance com-
monly contribute to AHI underestimation in single-night PSGs. 
Misclassifi cation of OSA severity can be mitigated in a patient-
specifi c manner by appropriate consideration of these vari-
ables. The results have implications for the interpretation of 
single-night measurements in clinical practice, especially with 
trends toward home testing devices that may not measure 
body position or sleep stage.
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The diagnosis of obstructive sleep apnea (OSA) and its 
severity categorization are typically based on the apnea-

hypopnea index (AHI) obtained from a single overnight labo-
ratory polysomnogram (PSG). Large studies have shown that 
OSA is associated with cerebrovascular and cardiovascular 
morbidity and mortality in proportion to severity.1-3 Accurate 
assignment of apnea severity is therefore important to establish 
the diagnosis and to motivate treatment decisions. In addition 
to patient-specifi c considerations for individual care, accurate 
assessment of OSA severity is important at the population level 
for establishing genetic, epidemiological, and medical associa-
tions with OSA. Despite the importance of accurate diagnostic 
assessment, obtaining this information is challenging given that 
sleep apnea is a complex process with multiple contributing 
factors, some of which vary over time. Providers may thus be 
left uncertain about how to interpret the presence or severity of 
OSA after a single night’s examination of sleep.

Current guidelines suggest offering treatment to patients 
with AHI values ≥ 5/h (with daytime symptoms or snoring), 
or > 15/h regardless of symptoms.4,5 The AHI does not capture 
other details about apnea physiology such as event duration or 
depth of desaturation but has been accepted as a gateway to 
diagnosis and treatment. One important question arises with re-
spect to the AHI from a single night: what is the likelihood that 
an observed AHI value < 5/h or < 15/h would have been higher 
if more REM sleep or more supine sleep had occurred? A single 
“negative” study may not be suffi cient to rule out OSA, in part 
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due to these factors6,7 that infl uence the summary AHI values. 
This is especially pertinent for those patients with high pre-test 
probability for OSA.8 The ideal approach to studying variability 
in any diagnostic test is to obtain repeated measures, but for 
sleep, this is often not feasible due to cost and inconvenience.

When only a single night of data is available, careful ac-
counting for factors that introduce variability may prove critical 
for accurate patient-specifi c interpretation. Among the potential 
sources of variability in AHI, the dependence of apnea sever-
ity on body position and sleep stage may be evident within a 
single PSG. For example, decreased REM sleep (as is common 
in the fi rst night effect)9 or absent REM on a split-night study 
might lead to relative underestimation of AHI for patients who 
exhibit REM-dominant OSA. Body position in the laboratory 
may lead to over- or underestimation, depending on a patient’s 
home sleep position patterns. Accounting for these factors may 
improve the clinical phenotyping of OSA patients, and most 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Current practice is to summarize 
the OSA diagnosis and severity by the summary full-night AHI value. We 
sought to determine how body position and sleep stage composition im-
pact the full-night AHI in 300 diagnostic studies performed in our center.
Study Impact: The common fi nding of REM-dominance and supine-
dominance of OSA has important implications for diagnostic classifi ca-
tions based on a single night PSG. Improved diagnostic phenotyping of 
OSA patients has important clinical and research implications. 
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importantly, highlight circumstances in which the summary 
AHI from a single night PSG provides false reassurance in re-
gards to disease severity.

We analyzed 300 diagnostic PSGs spanning a range of sum-
mary AHI values to quantify the range of stage- and position-
dependence of OSA. We use this cohort to answer the following 
clinically-relevant questions: (1) What is the distribution of po-
sition- and stage-dependence of OSA among clinical diagnostic 
PSGs; and (2) what are the relative contributions of stage- and 
position-dependence to misclassification of disease severity?

METHODS

A sample of 300 consecutive overnight diagnostic PSGs per-
formed in 2011 in our center, for a variety of indications, was 
analyzed for sleep stage and apnea severity information. Ret-
rospective analysis of clinical PSG data was approved by the 
Partners Human Research Committee. Our pre-specified exclu-
sions were age < 18 years; debilitating neurological disease; 
sleep efficiency < 60%; total sleep time < 4 h; and use of CPAP, 
oxygen therapy, or dental appliance during the study night. 
Sleep was scored according to standard criteria of the American 
Association of Sleep Medicine10 by experienced sleep techni-
cians. Because our laboratory implements clinical criteria for 
conversion of diagnostic studies to split-night studies, the dis-
tribution of sleep apnea severity is biased toward lower val-
ues in this sample of full-night diagnostic studies, with an AHI 
value of 30/h representing the 98th percentile in this cohort. 
Although we did not sub-classify apnea events, central apneas 
were only a minority of events, prohibiting separate analysis of 
positional dependence of central apnea11; the median number of 
central apneas per study was 2, with the 95% percentile value 
of 20 per study.

Most clinical PSG variables did not pass tests for normality, 
and thus nonparametric statistical tests were generally used for 
analysis (Mann-Whitney rank test for 2-group comparison, or 
Kruskal-Wallis with Dunn post hoc for 3-group comparisons). 
Similarly, correlation coefficients were Pearson or Spearman 
rank method as appropriate based on distribution normality. To 
calculate REM-dependence ratios, defined as the REM AHI di-
vided by the NREM AHI, we restricted analysis to patients with 
≥ 5 min of REM sleep (n = 285, i.e., 95% of the cohort). To cal-
culate supine-dependence ratios in the initial analysis, defined 
as the supine AHI divided by the non-supine AHI, we restricted 
analysis to patients who were supine between 5% and 95% of 
the night (n = 250, i.e., 83% of the cohort). For subsequent mis-
classification models, we repeated analysis using 20% to 80% 
supine to ensure adequate sampling of the supine-dependence 
ratios. We rounded any AHI values < 1/h up to a value of 1 
to avoid artificially inflating dominance ratios due to fractional 
denominator values. Similar results were obtained when using 
the RDI (not shown).

We used Mathematica (Wolfram Research, Champaign, IL) 
to perform the modeling sections. In order to demonstrate the 
effects of position dependence, we generated contour plots il-
lustrating AHI underestimation according to 2 position-related 
factors. The first is the protection from sleep apnea afforded 
by non-supine relative to supine body position. For example, 
a ratio value of 1 means position independence (no protection 

while non-supine), while a ratio of zero indicates perfect pro-
tection from apnea while non-supine. The second AHI adjust-
ment factor in the contour plots is the proportion of the night 
spent supine, which can vary from 0-100%. Color gradient en-
coded the third dimension, AHI, taking into account these two 
factors varying over their whole range of possible values.

To simulate the effect of body position we made calculations 
from 4 theoretical cohorts of 1,000 people each based on re-
alistic but conservative parameters. We aimed to approximate 
the distribution of AHI values in the large population Sleep 
Heart Health Study, with a peak in the normal range followed 
by a long-tailed distribution extending into the severe range.12 
We assumed that the categories of no apnea (AHI < 5/h), mild 
apnea (AHI 5-15/h), and moderate apnea (AHI 15-30/h) were 
normally distributed with mean (SD) values of 2.5/h (1.25), 
10/h (2.5), and 22.5/h (7.5), respectively. The severe cohort was 
modeled using a skew-normal (long-tailed) distribution with a 
mean AHI of 50/h and 95% of the values between 30/h and 90/h. 
These modeling assumptions allowed us to test the hypothesis 
that realistic conservative estimates of body position and supine 
dominance would lead to substantial misclassification.

For the initial modeling, each subject was assigned an AHI 
value according to these distributions designed to represent the 
spectrum of OSA severity. By virtue of the small amount of 
variance built into the distributions, a small fraction of simu-
lated patients were by chance assigned an AHI value in a differ-
ent class than the “true” class from which they were drawn. At 
this initial stage, each subject was also assigned a percentage 
of the night spent in the supine position (although no position 
dependence was imposed on the OSA values; this was a place-
holder for the next step). These percentages were selected from 
a normal distribution of the ratio of time spent in the supine 
versus lateral position. The mean and SD of 1.13 (0.16) were 
approximated based on those found in the literature,13,14 and 
were similar to the percent time spent in the supine position in 
our cohort. In the next step, we imposed a 2-fold worsening of 
AHI while supine, using the baseline AHI value and the portion 
of the night spent supine assigned previously to each subject. 
To capture the reality that position dependence can increase 
or decrease the overall AHI depending on the baseline, those 
assigned a supine-to-lateral ratio greater than the mean value 
had an increase in overall AHI when supine dominance was 
imposed, while those assigned a ratio less than the mean value 
had a decrease in overall AHI.

RESULTS

We first illustrate representative clinical scenarios one might 
encounter when interpreting a single night PSG in a patient sus-
pected of having OSA, in whom respiratory event frequency 
could depend on sleep stage or body position (Figure 1A). In 
the schematized 7-h night, about half of the time is spent supine, 
including 1 of the 3 REM periods. Event frequency is shown 
under several realistic conditions: (1) position- and stage-inde-
pendent, (2) only REM dominant, (3) only supine dominant, 
(4) and supine dominant with additive worsening in the supine 
REM condition. For comparison, the final condition (5th row) 
shows supine and REM dominant OSA when the full sleep 
time was spent supine. This schematic allows one to consider 
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the summary event index across the 4 possible combinations 
of sleep stage (REM versus NREM) and position (supine ver-
sus lateral; Figure 1B). Compared to the “worst-case” circum-
stance of all-supine sleep, time in the lateral position leads to 
underestimation of apnea severity. Since some of the variance 
in overall AHI calculation from a single PSG may be related to 
supine and/or REM dependence of the OSA severity, observing 
patients under conditions of greatest apnea vulnerability—typi-
cally the combination of supine body position and REM sleep 
stage—reveals the potential impact of these dependencies.

Sleep Stage and Body Position Distributions in 
Diagnostic PSGs

We analyzed a sample of consecutive diagnostic PSGs 
(n = 300) from our center, regardless of reason for referral 
(most were referred for sleep apnea). The characteristics of 
this population are given in Table 1. The portion of the total 
sleep time (TST) spent in REM sleep was variable: the median 
value was 16%, with 22% having < 10% of the TST in REM 
sleep, and only 13% exhibiting > 25% of the TST in REM 
sleep (Figure 2A). This reduction in REM sleep may repre-
sent the classic fi rst night effect, which also includes excess N1 
and decreased sleep effi ciency.9 The median portion of the TST 
spent in the supine position was 65%. Only 19% of patients 
spent > 90% of the TST in the supine position (Figure 2B). 
The chance of observing the supine position while in NREM 
was greater than while in REM sleep (median of 68% versus 
54% was supine, respectively; p < 0.003, Mann-Whitney test). 
It is unknown for individual patients how their time spent su-
pine in the lab relates to their home sleep position patterns. In 
the lab, patients are encouraged to sleep supine and may even 
choose to do so because of the sensor montage; thus, the por-

tion supine observed in the lab may be an overestimate com-
pared to home patterns.

Only a fraction of the PSGs contained observations suffi cient 
to characterize all 4 possible combinations of REM, NREM, 
supine, and lateral conditions (Figure 2C). For example, 43% 
of PSGs contained ≥ 10 min in each combination, while fewer 
than 20% contained ≥ 25 min in each combination. Single-night 
PSG is thus somewhat limited in the chances of providing the 
requisite patient-specifi c information to accurately determine 
stage- and position-dependence.

Apnea Severity: Dependence on Sleep Stage and Body 
Position

Although OSA is often considered a REM-dominant disor-
der, there is a range of sleep stage dependence reported in the 
literature. The distribution of ratios of REM versus NREM AHI 
in our cohort are given in Figure 3A. Among those patients with 
≥ 5 min of REM sleep (n = 285), about half had a REM AHI 
value ≥ 2-fold larger than the NREM AHI (n = 158); the me-
dian ratio in this subset of REM dominant patients was 4.8 (IQ 
range 2.8-7.4), while the median REM dominance ratio in the 
whole group was 2.2 (IQ range 1.0-5.4). Among the small por-
tion exhibiting a REM to NREM AHI ratio < 0.5 (i.e., > 2-fold 
NREM dominant; n = 32), the median ratio was 0.33 (IQ range 
0.21-0.38). The remaining subjects (n = 95) had < 2-fold differ-
ence between REM and NREM AHI values.

We also considered several subgroups to further explore 
REM dominance patterns. For subjects with at least 20, 40, or 
60 min of REM sleep (n = 271, 218, or 158, respectively), the 
median REM dominance ratio was between 2.4 and 2.6, and 
the percentages of these subgroups with REM dominance ratios 
> 2 were between 45% and 60%. These values were similar 
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Figure 1—Schematic of stage- and position-dependent OSA

(A) Hypnogram from a 7-h PSG, simplifi ed to a single NREM sleep stage. The body position is shown as the dotted line. Tick marks indicate respiratory 
events. For visual clarity, each tick mark represents 2 apneas. Each row of tick marks is a different potential circumstance: Indep, position- and stage-
independence; R-dom, REM dominance alone (2-fold); S-dom, supine dependence alone (2-fold); S&R-dom, supine dominance with worsening in REM only 
while supine (2-fold for each factor); S&R-dom (all supine), supine and REM dominance (2-fold each) assuming that the patient was supine for the whole 
night. (B) AHI values from each of the four conditions representing combinations of sleep stage and body position, as well as the total AHI (events/h).
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to values obtained from group having ≥ 5 min of REM sleep 
reported above. Among women (n = 136), the REM dominance 
was greater, with a median REM dominance ratio of 4.2 (IQ 
range 1-8.3). Male subjects (n = 152) showed a smaller ratio of 
1.9 (IQ range 0.6-4.3; p < 0.0001, Mann-Whitney, compared 
to the ratio in females). There was no significant correlation 
between age and the REM dominance ratio for the whole group 
(Pearson r = 0.02), or when females and males were analyzed 
separately (Pearson r = 0.04 and 0.09).

In addition to sleep stage effects, body position also influ-
enced OSA severity. The distribution of supine to non-supine 
AHI ratios is given in Figure 3B. Among patients with ≥ 5% 
of TST in either supine or non-supine position (n = 250), 60% 
showed ≥ 2-fold greater AHI in the supine than the non-supine 
position (n = 149); the median ratio among these supine-domi-
nant patients was 6.5 (IQ range 3.5-10.3), while the median ratio 
for the whole group was 3.2 (IQ range 1.1-6.9). Only 5 patients 
had a supine to non-supine AHI ratio < 0.5 (i.e., > 2-fold non-
supine dominant OSA). The remaining patients had < 2-fold 
difference in AHI between supine and non-supine positions 
(n = 96). Prone sleep was observed in only 15 patients (5%); 
thus, we could not reliably evaluate the effect of this body posi-
tion on apnea severity.

We also considered several subgroups to further explore su-
pine dominance patterns. Among subjects with 5% to 95% of 
the time spent supine (n = 250), males showed higher median 
supine dominance ratios than females: 4.0 vs 2.2 (p < 0.005, 
Mann-Whitney). This male preference for supine dominance 

persisted if we restricted analysis to those with 20% to 80% 
of sleep in the supine position (3.6 versus 2.2; p < 0.03, 
Mann-Whitney). Older age affected supine dominance, as 
there was a small but significant correlation between age and 
the supine dominance ratio, with Spearman r = 0.28-0.31 for 
the groups defined by spending 5% to 95% of sleep supine or 
20% to 80% supine. Of note, the male subjects were slightly 
but significantly older in each of these subgroups, by a mean 
of approximately 5 years, which may have contributed to the 
male correlation.

AHI Underestimation Due to Reduced Time in REM Sleep
We next considered how the summary (full-night) AHI val-

ue could be underestimated due to the underrepresentation of 
REM sleep that sometimes occurs due to a first night effect. We 
extrapolated the AHI by scaling individuals with < 25% REM 
sleep to a value of 25% of the TST. Those with no REM sleep 
(n = 8) were conservatively assigned a REM AHI of 30/h, which 

Table 1—Population characteristics
AHI < 5 AHI ≥ 5

N 141 159
Age 42 (32-53) 55 (45-64)
Sex 46% male 57% male
BMI 27.0 (23.9-32.6) 29.6 (26.0-35.0)
ESS 7 (4-11) 8 (5-12)
TST (min) 393 (362-429) 388 (348-421)
Efficiency (%) 90.0 (84.5-95.0) 91.0 (82.0-95.0)
N1 (min) 43.0 (27.5-63.8) 51.5 (33-82.5)
N1 (%) 10.9 (7.0-17.4) 13.9 (8.3-21.9)
N2 (min) 225 (185-259) 208 (175-243)
N2 (%) 57.2 (48.2-63.9) 55.0 (47.9-62.1)
N3 (min) 52.0 (24.5-86.0) 45.0 (20.5-80.0)
N3 (%) 13.8 (7.3-20.9) 12.5 (5.9-20.4)
REM (min) 65.5 (44.5-85.3) 58.5 (33-84.5)
REM (%) 16.8 (11.6-21.6) 15.4 (9.7-21.6)
Latency (min) 4.5 (2-11.8) 3.0 (1-7.5)
LPS (min) 12.5 (5.3-22) 9.5 (3.0-20.5)
AI (/h) 14.2 (9.4-19.6) 23.5 (16.2-32.0)*
PLMI (/h) 2.6 (0.2-13.8) 4.5 (0.9-18.9)
O2 min (%) 90 (87-92) 83 (78-94)
RDI (/h) 6.6 (3.5-12.1) 22 (14.8-28.2)*
AHI (/h) 1.5 (0.6-3.5) 9.8 (7.0-15.2)*

Values are median with interquartile range. TST, total sleep time; ESS, 
Epworth Sleepiness Scale; LPS, latency to persistent sleep. *p < 0.05 
Kruskal-Wallis with Dunn correction.
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Figure 2—Distribution of sleep stage and body position in 
diagnostic PSGs

(A) Box and whiskers plot of the percent of the TST spent in REM 
sleep, showing the median value (central line), mean value (+), 25-75th 
percentiles (box edges), and 5% to 95% range (whiskers). (B) Box and 
whiskers plot of the percent of the TST spent in the supine position. (C) 
Percentage of PSGs containing minimum amounts of time (X-axis in 
minutes) in each of the four possible combinations of REM/NREM and 
supine/non-supine.



659 Journal of Clinical Sleep Medicine, Vol. 8, No. 6, 2012

Sleep Apnea Underestimation

was at the 98th percentile of our cohort’s full-night AHI distri-
bution. With these adjustments, the median AHI value of the 
cohort increased only slightly from 5.3/h (IQ range 1.8-10.4) 
to 6.2/h (IQ range 2.2-12.9), a change that was not significant 
(p > 0.1, Mann-Whitney; Figure 4B). Among those with a 
REM dominance ratio of ≥ 2 or ≥ 5, correction for time spent 
in REM sleep caused reclassification from a normal AHI to an 
AHI > 5 in 8% and 11% of cases, respectively. Reclassification 
from an AHI value of < 15 to > 15 occurred in 11% of those 
with either ≥ 2 or ≥ 5 REM dominance. Thus, while REM can 
clearly be associated with worsening apnea, the overall impact 
of this stage dependence on the full-night average AHI can be 
small. Although the population-level risk of AHI underestima-
tion due to decreased time spent in REM sleep was small, indi-
vidual patients can clearly be misclassified on this basis.

AHI Underestimation Due to Reduced Time in the 
Supine Position

Consider a single night PSG during which body position 
changed—how different might the AHI value be if the patient 
had slept exclusively supine? To answer this question, we ana-
lyzed those patients with 20% to 80% of sleep time spent in the 
supine position (n = 185), using this more conservative cutoff 

to increase confidence in the calculation of the supine domi-
nance of AHI values. The supine dominance of this group had a 
median value of 2.7 (IQ range 1.1-6.7). Extrapolating the AHI 
values as if the patients were supine the whole night revealed 
a significant increase in the median AHI, from 5.1/h (IQ range 
1.4-9.8) to 7.4/h (IQ range 2.4-15.9) (p < 0.0001, Kruskal-Wal-
lis; Figure 4B). The impact of position change was greater than 
the impact of subnormal REM sleep described above. We also 
note the skew of the AHI values well into the severe OSA range 
with this adjustment. Below we will address the apnea severity 
misclassification problem suggested by this pattern.

Expected Benefit of Enforced Lateral Sleep
Despite the current limitations in monitoring and enforcing 

lateral sleep in the home, it is useful to explore the potential for 
positional therapy based on the distribution of body positions 
and the relative protection afforded by non-supine sleep. In the 
subset of patients with 20% to 80% of sleep spent in the supine 
position, enforced lateral sleep would be expected to lower the 
median AHI significantly from 5.1/h (IQ range 1.4 to 9.8) to 1.1 
(IQ range 1.0-3.9; Figure 4B). Within this group, 58% (n = 55) 
of those with observed AHI > 5/h (n = 95) would be predicted 
to normalize (AHI < 5/h) with enforced lateral sleep; similarly, 
57% (n = 27) of those with observed AHI > 10 (n = 47) would 
be predicted to normalize to values < 10/h with enforced lat-
eral sleep. This demonstrates a substantial theoretical benefit 
afforded by position therapy in patients with mild to moderate 
OSA as in this cohort.
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Figure 4—AHI underestimation related to time spent in 
REM and supine position

(A) Box and whiskers plots of the percent of the AHI (events/h) in our 
cohort in baseline conditions (“BL”) compared to that after adjustment 
for each individual who spent < 25% of TST in REM sleep (“corrected”). 
Median (central line), mean (+), 25-75th percentiles (box edges), and 5% 
to 95% range (whiskers) are shown. The groups are not different (Mann-
Whitney rank test). (B) Box and whiskers plots of the AHI values related 
to body position. The baseline condition (“observed”) includes only those 
patients who spent 20% to 80% of the TST in the supine position. These 
values are compared to the supine AHI and the lateral AHI. *Significant 
difference by Kruskal-Wallis test with Dunn post-test.
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(A) Frequency histogram showing the relative occurrence (Y-axis) of REM: 
NREM AHI ratios. Larger values indicate increasing REM-dominant OSA. 
(B) Frequency histogram showing the relative occurrence of supine: non-
supine AHI ratios. Larger values indicate increasing supine-dominant OSA.
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OSA Severity Misclassification Due to Position 
Dependence

The above results indicated that the within-patient adjust-
ment for supine sleep position yields a larger effect in terms of 
potential underestimation at the population level compared to 
adjustment for the amount of REM sleep. Relative to the worst-
case scenario of 100% supine sleep, our results predict OSA 

category misclassifi cation due to position-dependent OSA com-
bined with time spent non-supine (Figure 5). Among patients 
who spent < 50% of TST in the supine position (n = 99) and 
had an overall AHI < 5/h on their PSG (n = 53 of the 99), 14% 
were predicted to have AHI > 5 if they had spent the full TST 
supine (Figure 5B). Among patients with observed AHI < 15/h, 
24% to 38% would be reclassifi ed to AHI > 15/h if they spent 
the full TST supine (depending on whether we use a cutoff for 
analysis of < 50% [n = 99] or < 25% [n = 32] of the TST spent 
supine). Among those with observed AHI < 30/h, 16% to 38% 
would be reclassifi ed as severe (> 30/h) had they spent the full 
night supine. These results suggest that in our cohort the poten-
tial risk for misclassifi cation based on body position was sub-
stantial and affected all OSA severity categories; in some cases, 
those with overall AHI values < 5/h had supine AHI values in 
the moderate or even severe range.

Visual Guide to Position Related Underestimation of 
AHI from a Single Night PSG

Next we generated a simple visual framework for con-
sidering AHI underestimation given 2 factors obtained on 
routine laboratory PSG: the portion of the TST spent supine, 
and the relative protection afforded by non-supine sleep 
(Figure 6). We conducted simple calculations involving 3 
typical patient groups with assumed supine AHI values of 10, 
22.5, and 40/h. The percentage of TST spent supine and the 
relative protection afforded by non-supine sleep were varied 
to produce a spectrum of observed summary AHI values in 
each group. For example, a patient with severe OSA based on 
a supine AHI of 40 could be observed to have an AHI value 
in the mild or moderate range if lateral position affords at 
least 2-fold protection and supine position was < 50% of the 
TST (Figure 2C). These parameters are plausible, having oc-
curred in 60 patients in our cohort (of the 90 with 5% to 50% 
of TST spent in supine position).
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Figure 6—Simulations of AHI underestimation due to body position

Contour plots illustrate observed AHI values (color gradient scale), when the supine AHI value is 10 (A), 22.5 (B), or 40 (C). In each panel, all possible 
combinations of the portion of TST spent supine (X-axis) and the relative protection of lateral position compared to supine in terms of AHI (Y-axis; L: S ratio of 
AHI values) are shown to provide the entire spectrum of possible underestimations in each case. The white contour lines indicate the clinical boundaries for 
OSA severity categories. In each panel, the observed AHI (color) equals the “true” AHI only when either there is no position dependence (top margin of each 
panel), or when the time spent supine is 100% (right margin of each panel). Underestimation of the AHI occurs whenever either of these conditions is violated, 
in proportion to the extent of position dependence of AHI and the proportion of the night spent supine.
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Figure 5—OSA category misclassifi cation: risk due to body 
position

(A) Bar plot of the baseline percentage (X-axis) of the cohort with AHI 
values in the following disease categories: none (AHI < 5; gray), mild (AHI 
5-15; green), moderate (AHI 15-30; orange), and severe (AHI > 30; red).
(B) Misclassifi cation for those subjects with either < 25% or < 50% of the 
TST spent in the supine position (n = 32). The percentage of the cohort 
that could switch categories based on extrapolation of supine AHI is given.

Category change < 25% supine < 50% supine
< 5 to > 5 16% 14%
< 5 to > 15 9% 3%
< 5 to > 30 3% 1%
< 15 to > 15 38% 24%
< 15 to > 30 19% 6%
< 30 to > 30 38% 16%
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Phenotypic Misclassification in a Simulated Population

In the prior sections, we focused on the risk of underestimat-
ing AHI values from a single PSG. We now explore the issue 
of misclassification by over- or underestimation, such as might 
occur in population studies undertaken for OSA genetics or 
cardiovascular risk associations. Single-night assessments that 
neglect position dependence could blur phenotype boundaries, 
which would increase variance, dilute the strength of associa-
tions, and necessitate higher numbers of patients to identify re-
lationships. We modeled 4 groups of patients with supine AHI 
values (mean ± SD) of 2.5 ± 1.25/h for normal, 10 ± 2.5/h for 
mild, and 22.5 ± 7.5/h for moderate apnea. The severe group 
was modeled by a skewed normal distribution with mean of 
50/h, and 95% of values within the range of 30-90/h, to reflect 
the long tail toward higher AHI values, as seen in large studies 
such as the Sleep Heart Health Study (SHHS).

Values drawn from these baseline control distributions are 
shown in Figure 3A. Our intention is to provide a baseline 
distribution against which to compare the same groups with 
imposed position-related variance rather than to model actual 
population observations, which lack nadirs between clinical 
categories. The overlapping categories in this baseline simula-
tion are entirely due to the imposed small degree of stochastic 
variance in the AHI; these effects are fairly small, with misclas-
sification rates of ~5% (not shown).

In this initial model, each subject was also assigned a per-
centage of the TST spent supine, but no position dependence 
was imposed. In Figure 3B, we used this place-holder value 
to introduce variance into each subject’s AHI value due to 2 
factors: portion of the TST spent supine and supine dominance 
of the OSA severity. Supine versus non-supine time ratios were 
drawn from a normal distribution of ratios (1.13 ± 0.16), based 
on prior work.13-16 The supine-dominance of AHI was taken to 
be 2:1. Thus, each subject had their AHI value reassigned based 
on position dependence imposed upon their previously assigned 
portion of the TST spent supine. From this plausible source of 
variation, the overlap in clinical categories became more pro-
nounced (Figure 7B). The OSA category misclassification is 
summarized in a confusion matrix (Figure 7C). The portion 
of patients remaining in their original categorical phenotype 
ranged from 64% to 93%, with 7% to 19% being adjusted to 
either one category lower or higher than their original category.

DISCUSSION

Reliance on a single night of sleep data continues to repre-
sent a challenge to OSA diagnosis, decision making, and re-
search phenotyping because a single night of sleep often does 
not provide sufficient examination of all combinations of sleep 
stages and body positions. This study highlights several impor-
tant points relevant to interpretation of the single-night sleep 
study with regard to OSA classification: (1) we found a wide 
variation in the stage- and position dependence of OSA during 
routine diagnostic PSG testing; (2) we observed all four com-
binations of stage (REM and NREM) and position (supine and 
non-supine) in only a fraction of PSGs; (3) supine dominance 
had a greater impact than REM dominance regarding the risk 
of underestimating AHI; (4) the risk of misclassification is sub-
stantial, as indicated by models driven by even conservative 

parameter estimates. Considering position dependence and 
REM dependence of the AHI provides a framework to guide 
patient-specific PSG interpretation, although certain limita-
tions clearly remain that are inherent to the single-night assess-
ment of OSA.

What Is the “True” AHI?
The question may arise when patients reporting a lateral 

sleep position preference in the home are requested to sleep 

Histogram of AHI values obtained from a simulated cohort of n = 1,000 
subjects in each of 4 categories: AHI < 5 (purple), AHI 6-15 (pink), AHI 
16-30 (gold), and AHI > 31 (green). See methods for the distribution 
assumptions in this and subsequent panels. Histogram of AHI values 
from the same cohort as in panel A after imposing position dependence to 
the AHI for each individual. Note the change in X-axis range. Confusion 
matrix showing misclassification of individuals according to the distribution 
in panel B. Each row is the “true” AHI assigned to each group. Each 
column is the OSA category assigned given stochastic variation as well 
as position dependence. Gray shading indicates the correctly classified 
members of each group. The percentage of individuals misclassified is 
also given based on the standard categories, as well as a single cutoff 
value of AHI = 15.
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None Mild Mod Sev correct lower higher 
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22.5 14 177 636 173 64% 19% 17%
89%
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supine during their laboratory PSG. Such a patient might argue 
that their study’s AHI does not accurately represent their AHI at 
home, particularly if their supine AHI is more severe than other 
body positions, as is often the case. The true AHI, they would 
argue, should be that obtained from their more typical sleep po-
sition (lateral, in this example). However, it is difficult to know 
about (or control) body position in sleep. Moreover, if one has 
severe apnea while supine, one might not want to risk the po-
tential health consequences of OSA occurring during (perhaps 
unknown) time spent in the supine position. The true AHI in 
this clinical situation would be the weighted average of supine 
and lateral values according to a distribution of time spent in 
different positions over time. Since there is currently no fea-
sible way to routinely measure this, the conservative approach 
would be to strongly weight the supine AHI in decision making.

From a research standpoint, we suggest that two types of 
misclassification are most deserving of attention, and which is 
more relevant would depend upon the goals of the research. 
From a sleep apnea genetics standpoint, patients should argu-
ably be classified using metrics that capture AHI according to 
stage and position, as these may carry important phenotypic 
value. Genetic associations of OSA severity should not, in con-
trast, depend on stochastic nightly variance in body position 
or REM% (which presumably are not genetic). On the other 
hand, in large population studies aiming to draw epidemiologi-
cal links between OSA severity and cardiovascular events, the 
“true” AHI value should arguably take into account night-to-
night variation (of any cause) occurring within individual pa-
tients, because presumably the actual AHI value is contributing 
to the risk. In other words, the distribution of AHI values over 
time (from variance in position or other factors) is critical in 
linking OSA with clinical outcomes. To illustrate that the true 
AHI is context dependent, consider a theoretical patient with 
strongly supine-dominant OSA who sleeps exclusively in the 
lateral position in the home. Such a patient could be classified 
(appropriately) as mild or even normal in an epidemiological 
study of cardiovascular outcomes, while the same patient could 
also be classified (appropriately) as severe OSA in a genetic 
study of OSA risk.

Sleep Stage Dependence of OSA
Several reports have characterized the stage dependence 

of OSA, and approximately half of patients with OSA were 
REM dominant.13-14,17-19 In our study, the distribution of stage 
dependence was quite large and non-normally distributed 
(Figure 3). Some individuals had quite large REM: NREM 
AHI ratios: 27% of subjects had a ratio > 5. The worsening 
of OSA severity in REM sleep is likely to be related to the 
accompanying atonia resulting in more prominent airway col-
lapse as well as greater desaturation.20 Despite the fact that 
REM dominance can be quite substantial, the impact of sub-
normal REM sleep times on the overall AHI values was small, 
due to the fact that REM occupies a minority of sleep time 
even under normal conditions.

Among patients with severe AHI values (e.g., 30-60/h or 
higher) reported in the literature, NREM dominance was the 
more common pattern.13,14,17,21 We could not assess this pattern 
in our cohort, which was comprised of mainly normal, mild, 
or moderate OSA patients. However, the reported NREM 

dominance trend for severe OSA is not surprising, since 75% 
or more of the TST typically consists of NREM sleep. Thus, 
REM-related events are at a 3:1 “disadvantage” on average, 
compared to NREM-related events, in terms of contribution to 
the total night AHI (Supplemental Figure S1). For example, to 
achieve an overall AHI of 75, with a 3:1 REM-to-NREM AHI 
ratio, the REM AHI would have to be the nearly impossible rate 
of 150/h (and the NREM rate would be 50/h).

Despite the relatively lower impact of reduced REM% on 
the full-night AHI in our cohort, a substantial minority of pa-
tients (~10%) exhibited underestimation sufficient to cause 
clinically important misclassification (using AHI cutoffs of 5 or 
15). Patient-specific mitigation of this risk could be reasonably 
achieved by reassessing borderline cases as if the REM% were 
a normal (for example, 25%) portion of the TST. The finding 
of greater REM dominance in females than males suggests that 
sex should be considered in the clinical interpretation of over-
all AHI values when subnormal REM% times are encountered. 
And while the focus of this paper is on the AHI which is itself a 
summary metric, it should be noted that respiratory pauses can 
be most severe in REM sleep, by virtue of event duration and 
oxygen desaturation, but these features are not captured by the 
AHI.22,23

Position Dependence of OSA
The basis for supine-related worsening of OSA severity 

likely relates to gravity-driven collapse of the tongue and pha-
ryngeal soft tissue to occlude the airway,15 and in this way may 
share similarities with REM-related worsening. In our cohort, 
the distribution of position dependence was quite broad and 
non-normally distributed (Figure 3), with large ratios > 5 seen 
in 36% of the subjects. Despite the likely contribution of body 
position change to variance in OSA severity, only some reports 
observed this correlation (Table 2).7,24-26

For patients intolerant of CPAP who also have sufficient 
supine dominance, positional therapy may be considered as a 
conservative measure.27,28 However, positional therapies such 
as anti-snore shirts are of uncertain utility and long-term adher-
ence is typically suboptimal.29,30 The lack of available body po-
sition monitors contributes to this uncertainty. One recent study 
aimed to improve the efficacy and compliance with a novel 
vest-like device to enforce lateral sleep, which also contained 
an actigraphy monitor to track compliance.31 That study showed 
promising results in a small population (16 patients) of posi-
tional patients, and suggests that improved positional devices 
may overcome some of the previously reported limitations. In 
our cohort, the expected benefit of enforced lateral sleep was 
striking, with > 60% of patients with an AHI > 5/h predicted 
to normalize (to < 5/h) given this intervention. Enforcing su-
pine sleep during testing has the advantage of decreasing the 
potential risk of underestimating the AHI. However, it carries 
the liability that position dependence remains hidden, and thus 
one may not be able to establish the extent to which lateral sleep 
position might be protective. It is important to note that few of 
the approved home PSG devices report body position, which 
our data suggests is critical for interpretation of the AHI value.32

Interestingly, in comparison to REM dominance, the role of 
supine dominance appears to be a larger contributor to variance 
in AHI. This is not unexpected: the body position has a plau-
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Table 2—Literature regarding night-to-night variability in OSA
Reference N PSG Loc Retest interval; population Comments
Dean 199248 241 2 L 18 month retest interval

Repeat tests on initial negative studies 
if suspicion for OSA

~1.8-fold difference in supine % (but NS)
3-fold more REM on 2nd night
9 had OSA on retesting (7 of these severe)

Redline 1991*49 29 2 H OSA defined as RDI > 10
1-300 day retest interval

No first night effect seen in RDI
High correlation (> 0.9) between studies

Meyer 19936 11 2 L 8 week retest interval
OSA defined as AHI > 5

Half were only positive on second night
Only stage N1 percentage was predictor

Aarab 200925 15 4 L 1-9 week retest interval
Known OSA (AHI > 5)

Group mean AHI unchanged on retesting
However, large variation (60-80% of the mean)
Body position may play a role

LeBon 20007 243 2 L Consecutive night retesting
Suspected OSA referrals

High variability, highly skewed AHI values
15-25% were misclassified
Many patients met OSA criteria only on retest
Role of stage and position implicated

Stepnowsky 200450 1091 3 H Consecutive night retesting
Suspected OSA referrals

Consistent AHI across nights
15% misclassification

Levendowski 200926 37 2 L 6 month retest interval
Mild to moderate OSA

~0.6 r-value (AHI test-retest)
Bias 8 AHI points worse on retest
Supine correlation ~0.4 (% test-retest)

Levendowski 200926 37 2 H 6 month retest interval
Mild to moderate OSA

~0.7 r-value (AHI test-retest)
No bias on retesting in terms of AHI
Supine correlation ~0.7 (% test-retest)

Levendowski 200951 20 2 L > 1 month retest interval
Suspected OSA referrals

~0.4 r-value (AHI test-retest)
Bias to AHI increase by 7 on retest
25% increased AHI by > 20/hr
~0.7 supine (test-retest %)

Bliwise 199152 71 2 L Consecutive night retesting
Elderly population

18% had nightly variability of > 10/hr AHI
Variability greater for high AHI subjects
12-25% crossed AHI cutoffs of 5 or 10
Nasal obstruction predicted variability

Lord 199153 15 4 H Consecutive night retesting
(repeated at 4-6 months)
Elderly population
OSA not suspected

OSA defined by RDI > 15
0.6 Kappa for RDI across nights
Classification changed in 15% vs first night

Ahmadi 200954 193 2 L Consecutive night retesting
Sleep Clinic referrals

21% differed by > 5/h
Using RDI 15 cutoff: 20% were misclassified

Chediak 199655 37 2 L Consecutive night retesting
Men undergoing evaluation for 
impotence

50% false negative for N1 (AHI 5 cutoff)
AHI > 10 difference in 32% of subjects
No architecture or supine determinants
< 30% supine on either night

Mosko 198856 46 3 L Consecutive night retesting
Elderly population

OSA defined as AHI > 5
43% were misclassified vs first night

Gouveris 201057 130 2 L Consecutive night retesting
Known OSA patients

Mean AHI was unchanged
Using AHI > 10 cutoff, 6% were misclassified

Aber 198958 14 2 L Consecutive night retesting
Elderly men

Mean AHI was unchanged
Using AHI > 5 cutoff, 35% were misclassified

Fietze 200459 35 7 H Consecutive night retesting
All had ODI 5-30 at baseline

Using ODI > 15 cutoff, 14% were misclassified
ODI variance not related to stage, position, BMI

Bittencourt 200124 20 4 L Consecutive night retesting
OSA based on AHI > 10 

Mean AHI stable across nights
50% changed classification
65% had AHI vary by > 10/h
Body position influenced variance (as did stage)

Quan 200241 91 2 H < 4 month retest interval
Subset of the SHHS

No bias using 3 or 4% desaturation
Intra-class correlation coefficient ~0.8
12-21% misclassified using 5, 10, 15 cutoff
REM% varied (position not measured)

Davidson 200360 44 2-3 H Consecutive night retesting
Known OSA

Group mean AHI not different on re-testing
7-11% misclassified for AHI (15 or 30 cutoff)
The AHI SD on retesting was ~10/h

N, number of subjects studied; #, number of PSGs recorded per subject; Loc, location of PSG; H, home study; L, laboratory study; ODI, oxygen desaturation 
index; NS, not significant; SD, standard deviation; *home device validation also performed.
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sible range of time spent supine from 0-100% of the TST, while 
the plausible range of time spent in REM sleep is more restrict-
ed, to about 10% to 30% of the TST (Supplemental Figure S1). 
This distinction may not hold for split-night studies, in which 
the AHI during 2-3 hours of baseline sleep might be more sen-
sitive to the presence or absence of a REM period (although 
the AHI calculated from “simulated” split nights derived from 
full diagnostic PSGs had high reported correlation with the full 
night AHI in previous work33).

Finally, supine dominance may be a useful marker of more 
than just apnea severity. Chervin et al. reported that the supine 
AHI correlated better with sleepiness than the overall AHI in a 
large retrospective study.34 From a treatment standpoint, posi-
tion dependence might serve as a predictor for the efficacy of 
weight loss or dental appliance interventions,28 although BMI 
has been reported as an inverse predictor of position depen-
dence.35,36 Neither a recent meta-analysis nor the practice pa-
rameter regarding surgical treatments for OSA lists position 
dependence as a predictor of efficacy.37,38 The degree of supine 
dependence was influenced by sex and age in our cohort, sug-
gesting these factors should be considered in the evaluation of 
position-dependence in future work. It is also important to rec-
ognize that the time spent supine during a PSG may not be an 
accurate reflection of the time spent supine during sleep in the 
home. Due to the routine practice of encouraging supine sleep 
during clinical studies, the portion supine may in some cases 
be an overestimate compared to home sleep patterns. Despite 
this uncertainty, as discussed herein, a conservative approach 
would be to determine how severe apnea could be while supine, 
to avoid under-diagnosis.

Night-to-Night Variability
Table 2 illustrates the spectrum of reported variability 

across two or more nights of testing. The literature varies in 
terms of population, number of PSG assessments, time be-
tween tests, and location of testing. In general, these studies 
found similar mean AHI values across study nights and good 
test-retest correlations. However, it is important to note that, 
despite the reported stability of group means, the individual 
variability was actually quite large. In order for stable group 
mean values and high individual misclassifications to both 
occur, there must be a relative balance among those with in-
creasing, decreasing, or unchanged event rates between the 
first and subsequent nights of assessment. This serves as a re-
minder that variability can lead to under- or overestimation of 
OSA severity for any given individual, even if group means 
appear stable in test-retest studies. It is also worth noting that 
apnea classification issues extend beyond the issues covered 
in this report and those surrounding night to night variabil-
ity—for example, differences in apnea/hypopnea definitions 
can alter the apnea indices.39

For reasons of cost and convenience, it is common for large 
clinical studies to involve single night PSG to establish the diag-
nosis and severity classification of OSA.40 Although test-retest 
reliability was reportedly good when home PSG was repeated 
in a small subsample of the SHHS (n = 91),41 characterizing 
the phenotype of OSA patients is not straightforward due to 
heterogeneity of the disease as well as the manner in which it is 
clinically characterized in various studies.42,43

Clinical Implications
As in many aspects of diagnostic medicine, for practical rea-

sons one must often assign cutoff values to continuous vari-
ables, such as the AHI, even when the population distribution 
does not have clear statistical demarcations to guide these cut-
offs. Categorical OSA clinical classifications have facilitated 
links to sleepiness44 and to cardiovascular risk.2,3 Yet it should 
be emphasized that considerations regarding how accurate one 
must be in determining the AHI depends in part on the context. 
Whether a sleepy patient has an AHI of 20 or 80 per hour on 
their diagnostic PSG will not change the fact that CPAP is the 
gold standard treatment. However, patients meeting criteria for 
OSA while supine may escape diagnosis because only a portion 
of the PSG was spent in the supine position, which reduced the 
summary AHI value.

One major limitation of the single-night study of sleep, re-
garding the ability to adjust for stage- and position-dependence, 
is that one may not observe all four combinations of REM/
NREM and supine/non-supine sleep. For patients who spend 
the entire PSG supine and have a normal amount of REM sleep, 
the apnea severity is unlikely to be underestimated. However, 
even under these conditions that insulate against underestima-
tion, some information is lost, as one is still left with uncer-
tainty as to relative protection afforded by lateral sleep (should 
a position approach be attempted). For patients with position 
dependence, the contour plots of Figure 5 can be used as a 
guide to estimating potential underestimation. For those with 
an unexpectedly negative single night PSG, considering the 
pre-test probability of OSA should drive selective decisions to 
repeat testing.8

Underestimating the AHI has implications for individual pa-
tients in whom the diagnosis and treatment decisions are made 
based on a single study. Repeat testing may be useful in the 
short term to confirm unexpected results, or over longer time 
frames to assess worsening.45,46 It is also worth mentioning that 
while the diagnosis and severity categorization formally rests 
upon the AHI, this metric does not take into account other po-
tentially important features such as length of event, associated 
cardiovascular response, depth of desaturation, or fragmenta-
tion of EEG metrics of sleep.

The main limitation of our study is that we were limited 
to single-night PSG, as is customary in the clinical laborato-
ry setting. Ideally, repeated nights of observation would pro-
vide important information as to the impact of differences in 
REM sleep and body position, assuming that these parameters 
changed from night to night. Such a study would allow impor-
tant validation to the predictions made herein. In addition, we 
note that our selected population of mainly mild-to-moderate 
apnea is more likely to show position dependence compared to 
patients with severe apnea. Thus, the extent to which the posi-
tion-related classification issues discussed here may generalize 
to more severe sleep disordered breathing remains uncertain. 
By extension, our finding that position is more relevant than 
sleep stage may not generalize to populations with more severe 
AHI values, in which position dependence is less apparent.35,47 
These patterns however emphasize the potential role of posi-
tional therapy in those with mild or moderate sleep apnea.

In summary, supine dominance and REM dominance are 
important risk factors for underestimating the AHI that can be 
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potentially recognized and accounted for in a patient-specific 
manner from a single night’s study of sleep. Although home 
monitoring devices may facilitate repeat testing to address cer-
tain contributors to AHI variance, many of these do not mea-
sure sleep stage or body position,32 thus limiting their value. 
When position- and/or stage-dependence is evident in a single 
night PSG, the conditional AHI values should be considered 
regarding the potential for OSA misclassification, in particular 
the risk of underestimation of severity or missing the diagnosis 
altogether. We suggest that routine PSG interpretation should 
include not only the average AHI and RDI values, but also the 
details of respiratory event frequency by position and sleep 
stage. This would enable clinicians to extrapolate the positional 
data across the spectrum of full-supine sleep (presumed to be 
the worst case scenario) to the full-lateral sleep position for the 
purposes of positional therapy considerations. In addition, it 
would facilitate incorporation of stage-dependent data (perhaps 
in combination with position data) in the case of underrepresen-
tation of REM sleep in particular. Routine reporting at this level 
will provide improved patient-specific sleep apnea phenotyping 
and thus improved management.
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Figure S1—Impact of position versus stage on OSA severity

Each plot illustrates the relationship between the full night AHI (Y-axis) and the AHI of the “dominant” condition, whether it be position or stage (X-axis). 
Three plausible dominance ratios (2:1, 5:1, 10:1) are shown in panels A–C respectively. When REM is the dominant condition of interest, the % time spent 
in this state can vary in a relatively low range, such as 5%, 15%, or 25% (gray) of TST. However, when supine is the “dominant” condition of interest, time 
spent in this state can vary without restriction from 0-100%. If REM could vary without restriction, there would be no theoretical difference between supine- 
versus REM-dependence when it comes to AHI underestimation. As supine position varies over a larger value range, the total AHI also varies to a larger 
degree (manifested as a steeper slope) for any given dominant AHI value, when one considers the plausible range of supine sleep time (say, 25% to 75%) 
compared to REM sleep time across its plausible range (5% to 25%). As an example, consider a patient with supine AHI of 40, and 5:1 supine dominance 
(i.e., non-supine AHI of 8). This patient would have a total AHI of 32 when 75% of the TST is supine, while total AHI is < 15 when only 25% of the TST is 
supine—resulting in severe versus mild misclassification.
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