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INTRODUCTION
Obstructive sleep apnea (OSA) is a common condition with 

major cardiovascular consequences. Symptomatic OSA was es-
timated by Young et al.1 to occur in 4% of North American men 
and 2% of North American women in 1993. However, preva-
lence estimates are currently much higher if only because of the 
increase in obesity rates since 1993,2 and the improved event 
detection through the use of nasal pressure.3 Thus, there is cur-
rently a large number of people with OSA, with the condition 
remaining undiagnosed in most cases.

As a result, efforts have been ongoing to increase the effi-
ciency of OSA diagnosis. Home sleep testing has appeal based 
on perceived economic savings, but lack of adequate monitor-
ing of the electroencephalogram (EEG) to quantify sleep time 
objectively may be a major drawback.4 On the other hand, add-
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ing EEG to home sleep testing would add considerable cost if 
the signals require manual scoring. Strategies to reduce the cost 
of diagnostic testing are thus imperative given the current eco-
nomic challenges.

One approach to improve efficiency and reduce cost is au-
tomation of scoring. Currently, a polysomnography (PSG) 
technologist spends up to 2.0 hr to score an overnight sleep 
recording manually. Manual scoring also has considerable in-
terscorer and intrascorer variability, making its reliability and 
reproducibility questionable.5-11 Thus, automation of scoring 
has appeal, both in terms of reducing cost and improving the 
reproducibility of the data used for diagnostic decisions.

Several attempts at automation have been undertaken,12 but 
the currently available systems have only moderate accuracy 
and are perceived as cumbersome and expensive. One of the 
authors (MY) developed an automated system of scoring that 
showed comparable accuracy to manual scoring using in-house 
testing. The Academic Alliance for Sleep Research (AASR), a 
consortium of academic sleep centers established to perform 
multicenter research studies, conducted a study to investigate 
interscorer variability of computer-assisted manual PSG scoring 
between and across sites. The results of that study are reported 
in a companion article.13 The AASR investigators invited YST 
Limited (Winnipeg, Canada) to compare its automatic scoring 
software to the results of the AASR’s manual scoring project. 
To test the new automated algorithm in an independent fashion, 
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the AASR investigators maintained full control of study design, 
file selection, data analysis, and interpretation.

METHODS

The Automated Scoring Software
The software was written in C# and developed within Micro-

soft Visual Studio 2008 (Microsoft Inc, Seattle, WA).

Sleep Staging
This task is done through analysis of the two central EEG 

signals, the chin electromyogram (chin EMG) and the two eye 
movement channels. The power spectrum of the EEG between 
0.33 and 60.0 Hz is obtained in discrete time intervals and is 
further processed through a proprietary algorithm that classi-
fies the power spectrum into one of three categories, awake 
(W), asleep (S), and uncertain (U). The S epochs are further 
characterized as R, rapid eye movement (REM) or NR, nonr-
apid eye movement (non-REM) based on the presence of REM 
and the chin EMG power. Epochs classified as R are extended 
into neighboring epochs classified as NR or U based on the 
2007 guidelines of the American Academy of Sleep Medicine 
(AASM), i.e., provided there is no increase in chin EMG, no K 
complexes or spindles, and < 6 sec of delta waves.14 Spindles, K 
complexes, and delta waves are identified using time-series and 
frequency-based analyses of the EEG signals. The criteria used 
to identify these events are based on the rules of Rechtschaffen 
and Kales.15 Classification of the remaining uncertain epochs 
(U) occurs after scoring arousals and respiratory events. Uncer-
tain epochs are classified as W or NR based on percentage of 
time with dominant alpha rhythm in the EEG, and the presence 
of respiratory events. Epochs with stage NR are then classified 
as N1, N2, or N3 based on the 2007 AASM guidelines.14 Ep-
ochs following arousals are classified as N1 unless a spindle or 
K complex is present in the first half of the epoch.

Arousal Scoring
For arousal scoring, the following values are scanned during 

periods classified as R or NR: alpha/sigma power, beta power, 
chin EMG, heart rate, and respiratory amplitude. A significant 
increase in alpha/sigma power and/or beta power relative to ad-
jacent regions that lasts > 3 sec is scored as a potential arousal. 
The arousal is confirmed if (1) the increase in [normalized al-
pha/sigma * normalized beta] exceeds a threshold value, or (2) 
the potential arousal is associated with a significant increase in 
a product that combines normalized values of heart rate, chin 
EMG, and respiratory amplitude. For arousals in REM sleep 
an increase in chin EMG is also a requirement. In this fashion, 
and according to the 2007 AASM criteria,14 an increase in high-
frequency power is essential but marginal increases in high-fre-
quency power may or not be scored depending on the presence 
of other findings typically associated with arousals.

Scoring of Respiratory Events
This process is based on analysis of signals from the nasal 

pressure cannula, the oronasal thermistor, and the respiratory 
bands. Each signal is subjected to quality tests and the signal is 
not used when the quality criteria are not met in the file section 
being analyzed. The nasal pressure signal is used to quantify 

respiratory amplitude unless it is of poor quality. In such cases 
the primary signal used is the thermistor’s. If both signals are of 
poor quality, respiratory amplitude is determined from the re-
spiratory bands after summing the ribcage and abdomen signals 
using a proprietary algorithm. Respiratory bands are used for 
amplitude determination only if the bands were of the induc-
tance variety. When the respiratory bands used other technolo-
gies, such as the piezoelectric crystal bands used in this study, 
the band signals are used only to classify apneas.

The oxyhemoglobin saturation signal (SpO2) is scanned. Pe-
riods with bad signal are identified and ignored. Instances in 
which SpO2 decreased by > 2% relative to the highest value in 
the interval (90 sec before to 30 sec after the SpO2 trough) are 
identified. The location (in time) and magnitude of decrease in 
SpO2 are recorded for each such event.

Scoring of apneas follows the 2007 AASM guidelines.14 Pre-
sumptive apneas are scored if respiratory amplitude is ≤ 10% 
of the average of the three largest amplitudes in the preceding 2 
min for ≥ 10 sec. Apneas are confirmed if the thermistor signal 
(if valid) also met the same amplitude criteria and there is no 
snoring for a continuous period ≥ 10 sec during the presump-
tive apnea. Once an apnea is identified it is classified as obstruc-
tive, central, or mixed using the 2007 AASM guidelines.14 The 
respiratory bands’ signals are used to determine if there were 
respiratory efforts during the apnea.

Hypopneas were then scored according to one of three options14:
1. Primary (recommended) AASM criteria (Criteria 4A): ≥ 

30% reduction in respiratory amplitude for ≥ 10 sec as-
sociated with ≥ 4% decrease in SpO2.

2. Secondary (alternate) AASM criteria (Criteria 4B): ≥ 
50% reduction in respiratory amplitude for ≥ 10 sec as-
sociated with ≥ 3 % decrease in SpO2 or an arousal.

3. AASM Research (Chicago) criteria14: ≥ 50% reduction 
in respiratory amplitude for ≥ 10 sec or ≥ 20% reduction 
in respiratory amplitude for ≥ 10 sec associated with ≥ 3 
% decrease in SpO2 or an arousal.

Although the software scores leg movements, the informa-
tion was not used in the current study because the PSGs used 
did not include leg movements.

The software analyzes all data between lights out and lights 
on. At the end of the analysis it generates a table that contains 
the time at which each sleep stage begins and ends, as well as the 
times and type of each event scored. This file is analogous to the 
scoring sheet generated after manual scoring of the files. A report 
is then generated. As required by the protocol of the AASR man-
ual scoring study used for comparison, the report contained the 
results of 17 measurements (see Table 1 for list of variables mea-
sured). By protocol of the AASR study, obstructive and mixed 
apneas were combined and are reported as obstructive events.

Study Design

Manual Scoring
Seventy PSGs were manually scored with the assistance of 

computer software by two scorers at each of the five AASR-
affiliated sites. The methods of selection of the 70 files, scoring 
methods, participating institutions, manual scorers, data collec-
tion and transfer, and compilation and analysis of the 10 manual 
scores are described in the companion paper.13
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Automatic Scoring
One of the investigators (MY, the developer of the software) 

and two technicians from the company that owns the software 
(YST, Winnipeg, Canada) traveled to the Clinical Research 
Center (CRC) for Sleep at the University of Pennsylvania on 
May 27, 2010. The 70 PSG files were given to the technicians 
in EDF file format on a portable hard drive. The files were then 
scored onsite using a laptop with the automated scoring soft-
ware. Scoring of sleep staging, arousals, and respiratory events 
using the three different criteria took approximately 4 hr for 
the 70 files. The YST team copied their results onto one of the 
CRC for Sleep computers and departed. The CRC for Sleep 
submitted the automated scoring reports to the project statisti-
cian (AH) for comparison with the manual scoring results. YST 
had no ability to modify the automated scoring or influence the 
analysis after leaving the CRC for Sleep. YST was blinded to 
the manual scoring results until the analyses were completed.

Analysis

Comparison of Automatic Results and the Average of Ten Manual 
Scores

For each variable of interest a table with 10 columns (one per 
scorer) and 70 rows (one per file) was generated. The average 
of the 10 values in each row was calculated, resulting in 70 av-
erage values (file averages). Standard deviation (SD) and range 
of these file averages were calculated to indicate the range of 
findings among the different files. The 70 file averages were 
compared with the 70 results obtained from the autoscoring by 
the paired t test. The intra-class correlation coefficient (ICC) 

was computed for the 70 pairs and Bland-Altman plots of the 
difference between the two measurements (auto and average of 
10 scorers) versus the average of the two measurements were 
generated.16 Agreement from the plots was displayed as median 
difference (or bias) between scoring criteria and the 5th and 95th 
percentiles of the difference.

The average of each column in the 10 × 70 table was also 
computed and resulted in 10 average values, each of which pro-
vided the average of the 70 scores made by one scorer (scorer 
averages). SD and range of these scorer averages were exam-
ined to determine if the average autoscore fell within the range 
observed among the 10 scorers.

Within-Site and Across-Sites Agreement Versus Agreement between 
Autoscore and the Average Manual Score

ICCs were obtained for agreement between the two scorers 
in each center, resulting in five within-site coefficients for each 
variable. For each file the average of the two values scored by the 
two technologists at each site was obtained. ICC was determined 
for the agreement across the five sites using the average values of 
the two scorers in each site. The Fisher test17 was used to identify 
significant differences between the ICCs of “automatic versus 
manual” comparisons and the within-site and across-sites ICCs.

RESULTS
The files were obtained from 70 females aged 51.1 ± 4.2 

years with a body mass index of 32.9 ± 9.2 kg/m2 as described 
elsewhere.13

Table 1 shows the average scores of respiratory events, sleep 
stages, and arousals for the 70 files as determined by manual 

Table 1—Average scores by manual scorers and by the automatic system

Variable

Manual Scoring Auto Scoring

Overall Average
(10 scorers × 

70 files)

SD and Range
Average
(n = 70)

SD and Range 
among 70 files

Scorer Averages 
(n = 10)

File Averages 
(n = 70)

AHI Primary (hr -1) 7.4 1.1 (5.5-9.3) 12.3 (0.1-67.8) 8.2 11.2 (0.2-65.1)
AHI Secondary (hr -1) 12.1 2.4 (9.3-16.6) 13.3 (0.4-73.9) 8.5** 10.9 (0.2-64.2)
AHI Research (hr -1) 15.1 5.3 (8.7-24.3) 13.9 (1.2-76.3) 24.9** 15.6 (3.3-77.0)
REM AHI Primary (hr -1) 13.6 5.9 (2.9-20.7) 17.6 (0.0-66.5) 15.8** 18.8 (0.0-73.3)
REM AHI Secondary (hr -1) 19.3 8.2 (4.3-28.9) 18.8 (0.1-71.3) 14.6** 16.8 (0.0-68.3)
REM AHI Research (hr -1) 22.7 10.7 (4.8-39.5) 19.3 (0.4-74.0) 36.2** 25.8 (0.0-95.0)
Central Apneas (n) 2.2 1.2 (0.5-4.4) 4.5 (0.0-30.1) 2.1 5.0 (0.0-29.0)
Obstructive Apneas (n) 15.7 7.4 (7.7-32.5) 37.1 (0.0-266) 11.2** 32.8 (0.0-263)
Arousals, REM (n) 20.8 7.8 (10.7-39.6) 13.1 (3.0-85.9) 11.4** 9.1 (0.0-40.0)
Arousals, NREM (n) 89.9 17.9 (64.0-126.0) 39.3 (24.1-212) 86.6 46.4 (6.0-275)
Stage N1 (min) 42.8 10.7 (25.6-59.5) 17.5 (16.1-108) 48.2* 22.7 (10.5-143)
Stage N2 (min) 244 21.4 (212-281) 46 (115-351) 217** 53.5 (84-412)
Stage N3 (min) 30.4 18.3 (9.0-72.5) 21.3 (1.9-90.5) 59** 40.1 (0.5-176)
Stage REM (min) 80.9 9.0 (69.4-93.1) 24.6 (31-147) 69.4** 31.3 (12.5-148)
Latency to REM (min) 93.9 4.4 (88-100) 37.5 (10-246) 88 52.0 (0.0-236)
Total Sleep Time (min) 398 10.2 (383-415) 52 (259-533) 394 58 (225-548)
Sleep Efficiency (%) 84.0 2.3 (80.4-87.4) 7.6 (60.1-96.5) 83.2 9.2 (51.3-96.6)

AHI, apnea hypopnea index; NREM, non-rapid eye movement sleep; REM, rapid eye movement sleep. Significantly different (*P < 0.02 and **P < 0.001) 
from mean of 10 scorers.
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and automatic scoring. The 70-file average obtained by auto-
score was not significantly different from the average of the 
10 scorers for AHI primary criteria (8.2 ± 11.2 versus 7.4 ± 
12.3 hr -1), central apneas (2.1 ± 5.0 versus 2.2 ± 4.5), non-REM 
arousals (86.6 ± 46.4 versus 89.9 ± 39.3), latency to REM sleep 
(87.9 ± 52.0 versus 93.9 ± 37.5 minutes), total sleep time (394 ± 
58 versus 398 ± 52 min), and sleep efficiency (83.2 ± 9.2 versus 
84.0 ± 7.6 %). For AHI determined by the secondary criteria, 
the autoscore mean AHI was significantly lower than the aver-
age manual score (8.5 ± 10.9 versus 12.1 ± 13.3 hr -1; P < 0.001) 
and was just below the lowest average value obtained by any 
scorer (9.3 hr -1; see range of scorer averages in Table 1). By 
contrast, for AHI determined by the research criteria the auto-
score was significantly higher than the average manual score 
(24.9 ± 15.6 versus 15.1 ± 13.9 hr -1; P < 0.001) and was just 
above the highest average value obtained by any scorer (24.3 
hr -1). For the remaining nine variables there were significant bi-
directional differences but the auto-score was within the range 
obtained by the 10 scorers, indicating that at least one scorer 

was more different from the overall average score than the au-
toscore.

Figures 1 through 4 show Bland-Altman plots16 for the dif-
ferent variables along with the ICCs. Agreement was excellent 
(ICC > 0.90) for AHI by primary (Figure 1) and secondary 
(Figure 2) AASM criteria, both during REM sleep time and 
total sleep time. It was also excellent for a number of obstruc-
tive events (Figure 1). Agreement was good (ICC 0.80-0.90) 
for stage N2 (Figure 3), total sleep time (Figure 4), and non-
REM arousals (Figure 4) and moderate (ICC 0.7-0.8) for AHI 
by the research criteria (Figure 2). For the remaining variables 
the agreement was modest to poor. Of particular note, the dif-
ference between autoscore and average manual score for AHI 
by the research criteria (Figure 2) and stage N3 (Figure 3) in-
creased as the average value (abscissa) increased.

A relatively poor agreement between the autoscore and the 
average of the 10 manual scores may reflect inaccuracies in 
the autoscore or large interscorer variability in manual scoring 
of the variable in question. In the latter case, between-scorers 
ICCs should also be poor. Table 2 lists the ICCs for within-site 

Figure 1—Bland-Altman plots showing the difference between autoscoring and the average of 10 scorers versus the average of the two scores, for total 
apnea-hypopnea index (AHI) scored by the American Academy of Sleep Medicine (AASM) primary criteria (top left), REM AHI scored by the AASM primary 
criteria (top right), number of central apneas (bottom left), and number of obstructive apneas (bottom right). ICC, intraclass correlation coefficient; REM, rapid 
eye movement sleep. The solid horizontal line in each panel represents the median difference and the two dashed lines represent the fifth and 95th percentiles 
of the difference.
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comparisons (first two columns), across-sites comparisons (col-
umn 3), and comparisons between autoscore and the average 
of 10 manual scores (column 4). There were five within-site 
ICCs. Column 1 shows the average of the five ICCs. Column 
2 shows the range of the five actual within-site ICCs observed. 
Figures 5A and 5B are scatterplots of ICCs obtained from auto-
matic versus manual comparisons of the 17 variables measured 
(Y axes) and average within-site ICCs (Figure 5A) or across-
sites ICCs (Figure 5B) for the same variables.

For AHI using primary criteria, the ICC for automatic versus 
manual was significantly lower than across-sites ICC although 
it remained excellent (r = 0.96). For AHI using research crite-
ria the ICC for automatic versus manual comparison was sig-
nificantly lower than the within-site ICC, but not significantly 
different from the across-sites ICC. The agreement between au-
toscore and average manual score was significantly better than 
either the within-site agreement or the across-sites agreement, 
or both, for REM AHI using primary or secondary criteria, 
number of OSAs, number of non-REM arousals, and time in 
stage N2. There were no other significant differences. Figure 5 
and Table 2 both show that when agreement between manual 

scorers was very high, the agreement between autoscore and 
the average manual score was also very high. On the other hand, 
when manual scoring showed greater within-site or across-sites 
variability the agreement between autoscoring and average 
manual scoring was also lower but was predominantly better 
than the across-sites agreement (Figure 5B).

DISCUSSION
The current study is among the first validation studies of an 

automated scoring system that validated the system in a large 
number of patients, evaluated the accuracy of sleep staging as 
well as scoring of arousals and respiratory events, compared 
the automatic results with the consensus scores of multiple ex-
pert scorers, and was performed completely independently of 
the developer of the software. The results of our study can be 
summarized as follows. First, we have demonstrated that the 
agreement between the results of the current automated algo-
rithm and the average of 10 expert scorers is comparable to 
the agreement between two expert scorers in the same site and 
similar to or better than the agreement between expert scor-
ers across sites (Table 2 and Figure 5). This finding applies to 

Figure 2—Bland-Altman plots showing the difference between autoscoring and the average of 10 scorers versus the average of the two scores, for total 
apnea-hypopnea index (AHI) scored by the American Academy of Sleep Medicine (AASM) secondary criteria (top left), REM AHI scored by the AASM 
secondary criteria (top right), total AHI scored by the research criteria (bottom left), and REM AHI scored by the research criteria (bottom right). ICC, intraclass 
correlation coefficient; REM, rapid eye movement sleep. The solid horizontal line in each panel represents the median difference and the two dashed lines 
represent the fifth and 95th percentiles of the difference.
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sleep staging, and scoring of arousals and respiratory events. 
Second, the automated algorithm shows no systematic bias in 
the scoring of several key variables, including AHI by primary 
AASM criteria, total sleep time, sleep efficiency, and non-
REM arousals. Third, the automated algorithm scores fewer 
respiratory events by the secondary AASM criteria and more 
respiratory events by the AASM research criteria than the av-
erage of 10 expert scorers. Fourth, the automated algorithm 
scores more stage N3, at the expense of stage N2, than the 
average of 10 scorers.

What to Use as a Reference
One of the major problems in evaluating the accuracy of 

any PSG scoring system is the presence of considerable inter-
rater variability in scoring the same files. This limitation has 
been documented in several previous studies,5-11 and is clearly 
evident in the current study by the wide range of results ob-
tained by 10 expert scorers (SD and range of scorer averages13 
[Table 1]). The level of agreement among scorers varies greatly 
depending on what variable is being scored (Tables 1 and 2). 
When agreement among scorers of a given variable is very 
high, the score of only one or two expert scorers should suf-
fice as a reference for this variable. However, in the presence 
of considerable interrater variability and disagreement there is 
no reliable reference. Interrater variability may be due in part 

to guidelines that are ambiguous (e.g., what is baseline SpO2 or 
respiratory amplitude when there is no stable baseline, or what 
constitutes a significant shift to a higher EEG frequency in a 
signal in which the dominant frequency is continuously chang-
ing) or difficult to implement (e.g., is total duration of delta 
waves > 6 sec, or is the increase in leg EMG > 8 microV?). 
Accordingly, scoring of many variables is subject to individual 
interpretation of the guidelines and the willingness of the scorer 
to make time- consuming measurements. Given these consid-
erations and the absence of a gold standard, we thought it was 
appropriate to use the average and range of results observed 
among scorers as a composite reference standard,18 the average 
reflecting the consensus and the range representing the spec-
trum of interpretations and vigilance encountered among expert 
scorers. By using 10 expert scorers from five different institu-
tions across the United States for each file and each variable, we 
believe our reference yardsticks were more than adequate for 
evaluating an automatic scoring system.

Agreement between the Automatic System and the Average of 
10 Scorers

The agreement (ICC) between the automatic score and the 
average of 10 scorers was similar to or better than the agreement 
across sites for virtually all variables (Figure 5B). Considering 
that, as a target, the average of 10 expert scorers is preferable to 

Figure 3—Bland-Altman plots showing the difference between autoscoring and the average of 10 scorers versus the average of the two scores, for sleep 
stages N1 (top left), N2 (top right), N3 (bottom left), and rapid eye movement (REM) sleep (bottom right). ICC, intraclass correlation coefficient. The solid 
horizontal line in each panel represents the median difference and the two dashed lines represent the fifth and 95th percentiles of the difference.
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the average of two scorers at different sites, the results obtained 
by this automatic system are more robust than those obtained 
by any single site, even when the result in each site is the aver-
age of two scorers. The absolute level of agreement between the 
autoscore and the average manual score was, however, not high 
with all variables. When agreement among scorers was high, 
the automatic versus manual agreement was also high (e.g., 
AHI by primary and secondary criteria, total sleep time, and 
number of OSAs, Table 2). However, when agreement among 
scorers was only moderate or poor (ICC < 0.8), the automatic 
versus manual agreement was often also moderate to poor (e.g., 
stages N1, N3, and REM, latency to REM, REM arousals, and 
number of central apneas). Nevertheless, in all such cases, the 
ICC for automatic versus manual comparison remained within 
the 95% confidence interval (CI) of the across-sites ICC or the 
range of within-site ICCs (Table 2). Reducing ambiguity and 
time-consuming measurements in scoring guidelines is likely 
to be needed to reduce interrater variability for these variables.

Systematic Differences between Automatic and Manual Scoring
Although there was excellent agreement between automatic 

and manual scoring of the AHI when respiratory events were 
scored using the secondary AASM criteria (ICC = 0.91, Table 2 

and Figure 2), the automatic score was on average 3.5 hr -1 less 
than the manual score (8.5 versus 12.1 hr -1, P < 0.001, Table 1) 
despite similar total sleep time. The difference appeared to 
increase as AHI increased (Figure 2). The reason for this sys-
tematic bias is not clear, although, in view of the excellent 
agreement, and no bias, for scoring AHI by the primary AASM 
criteria, the reason is most likely the method of determining 
whether the amplitude of breathing decreased by more than 
50% of baseline. As indicated earlier, the definition of what is 
baseline when breathing is periodic is not clear14 and amenable 
to subjective interpretation. It is interesting to note that at least 
one of the expert scorers scored almost the same average AHI 
as the automatic system (9.3 versus 8.5 hr -1, Table 1). It is also 
interesting that the AHIs determined by the automatic system 
with the primary and secondary criteria were almost identical 
(8.2 ± 11.2 versus 8.5 ± 10.9 hr -1, Table 1, ICC = 0.98). Perhaps 
the method used for determining baseline amplitude in the au-
tomatic system fortuitously cancelled out the effect of the dif-
ference between the two sets of criteria.

By contrast, the AHI scored by the Chicago criteria was, 
on average, substantially higher than that scored by experts 
(Table 1 and Figure 2). The difference also increased as AHI 
increased (Figure 2). According to the Chicago criteria19 a hy-

Figure 4—Bland-Altman plots showing the difference between autoscoring and the average of 10 scorers versus the average of the two scores, for total 
sleep time (top left), onset of rapid eye movement (REM) sleep (top right), number of arousals in non-REM (bottom left), and REM sleep (bottom right). ICC, 
intraclass correlation coefficient. The solid horizontal line in each panel represents the median difference and the two dashed lines represent the fifth and 
95th percentiles of the difference.
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popnea would be scored if there is “a clear amplitude reduction 
of a validated measure of breathing during sleep that does not 
reach the above criterion (i.e., 50% reduction) but is associ-
ated with either an oxygen desaturation of > 3% or an arousal”. 
There is no recommended threshold reduction in amplitude be-
low which a hypopnea is not scored. In the current software a 
reduction of at least 20% is required. Manual scorers could well 
require other more substantial reductions to score hypopneas. It 
is worth noting that the AHI scores by Chicago criteria ranged 
8.7 to 24.3 hr -1 among the 10 scorers (Table 1), with the values 
obtained by at least one of the scorers being very similar to the 
automatic score (24.3 versus 24.9 hr -1).

The automatic system also scored more N3 time than manual 
scorers (Table 1) and the difference increased as N3 time in-
creased (Figure 3). Without reviewing the relevant sections of 
the files, it is difficult to know which scoring is correct. How-
ever, in many cases where the amplitudes of the slow waves 
is borderline, and the slow waves are not numerous, precise 
measurement of slow wave amplitudes and duration is required 
to determine if the stage is N2 or N3. Most technologists simply 
“eyeball” the epoch, whereas precise measurements are not a 
problem for the software. Thus, it is possible that the automatic 
score is more precise. This possibility is further suggested by 
the fact that N3 time scored by the 10 technologists ranged from 
9.0 to 72.5 min, with at least one scoring more N3 time than the 
automatic system (Table 1).

Other Automated Scoring Systems
Most PSG acquisition systems include software modules that 

automatically score sleep stages, arousals, respiratory events, 

and leg movements. Experience with these systems has been 
quite disappointing and in practice their use is limited to simple 
tasks such as identifying SpO2 changes and leg movements. 
There are two freestanding commercial systems that perform 
complete automatic analysis of PSGs and for which there are 
published validation studies, Morpheus (WideMed Ltd, Omer, 
Israel)20 and Somnolyzer (Philips Respironics, Murrysville, 
PA).21-25 Comparison between the current study and these other 
validation studies is difficult because of differences in the popu-
lations studied, the references used to compare with the auto-
matic scores, and the analytical methods used. For example, 
all but one of the studies on Somnolyzer21 were performed ex-
clusively on healthy patients and those with insomnia22-25 and 
in all studies21-25 evaluation was limited to sleep staging (i.e., 
scoring of respiratory and arousal scoring was not evaluated). 
In the only study in which some patients with sleep apnea were 
included,21 accuracy of sleep staging was reported as epoch-by-
epoch agreement, where data from all files are pooled, and it is 
therefore not possible to evaluate the effect of disagreements on 
sleep time in individual patients.

In the only published study on Morpheus,20 the automatic 
results were compared with the results of two individual scor-
ers. Interrater variability among manual scorers was evaluated 
from the agreement between the two scorers (in the same insti-
tution). There was good agreement between the automatic score 
and each of the two scorers for the estimation of the AHI by 
the primary AASM criteria (ICCs = 0.95, 0.95; CI of the dif-
ference between automatic and manual scoring -17 to 12 hr -1). 
In the current study, the comparable values against the average 
of 10 scorers were slightly better (ICC = 0.96 and CI of the 

Table 2—ICCs of automatic vs. average manual scoring and of manual scoring within and across 5 sites

Variable
Within-Site ICCs Across-Sites

ICC (95% CI)
Auto vs. Average
Manual (95% CI)Average Range (n=5)

Column number 1 2 3 4
AHI Primary 0.97 0.91-1.00 0.98 (0.98-0.99) 0.96 (0.93-0.97)&

AHI Secondary 0.95 0.93-0.97 0.95 (0.89-0.97) 0.91 (0.58-0.97)
AHI Research 0.87 0.78-0.96 0.80 (0.77-0.83) 0.75 (-0.05-0.92)#

REM AHI Primary 0.95 0.91-0.99 0.73 (0.59-0.83) 0.95 (0.91-0.95)**
REM AHI Secondary 0.94 0.92-0.95 0.68 (0.48-0.80) 0.92 (0.69-0.97)**
REM AHI Reseach 0.83 0.67-0.92 0.59 (0.55-0.63) 0.73 (0.08-0.89)
Central Apneas 0.63 0.26-0.95 0.68 (0.64-0.72) 0.63 (0.46-0.75)
Obstructive Apneas 0.84 0.73-0.91 0.86 (0.84-0.88) 0.94 (0.90-0.97)+,*
Arousals, REM 0.55 0.28-0.88 0.52 (0.47-0.57) 0.39 (0.02-0.63)
Arousals, NREM 0.59 0.24-0.75 0.58 (0.53-0.62) 0.83 (0.75-0.89)+,*
Stage N1 0.62 0.39-0.80 0.44 (0.39-0.49) 0.56 (0.37-0.70)
Stage N2 0.75 0.49-0.90 0.61 (0.57-0.66) 0.84 (0.33-0.94)*
Stage N3 0.56 0.27-0.83 0.40 (0.35-0.45) 0.47 (-0.04-0.74)
Stage REM 0.78 0.64-0.92 0.69 (0.64-0.72) 0.64 (0.40-0.78)
Latency to REM 0.67 0.32-0.90 0.55 (0.50-0.59) 0.55 (0.37-0.70)
Total Sleep Time 0.89 0.78-0.98 0.87 (0.85-0.89) 0.87 (0.79-0.91)
Sleep Efficiency 0.80 0.65-0.96 0.77 (0.73-0.80) 0.74 (0.61-0.83)

AHI, apnea hypopnea index; REM, rapid eye movement sleep; ICC, intraclass correlation coefficient. CI, confidence interval. &Significantly lower than across 
sites ICCs (P < 0.05). #Significantly lower than within-site ICC (P < 0.05). +Significantly higher than within-site ICC (P < 0.05). Significantly higher than across 
sites ICCs (*P < 0.01 and **P < 0.001).
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difference -6 to 8 hr -1, Table 2 and Figure 1). Morpheus also 
performed well versus each of the two scorers for total sleep 
time (ICCs = 0.92, 0.94). However, agreement was only mod-
est for other important outcome measures such as the arousal 
index (ICCs = 0.58, 0.72), staging of REM sleep (ICCs = 0.72, 
0.76), stage N1 (ICCs = 0.37, 0.53), stage N2 (ICCs = 0.72, 
0.84), stage N3 (ICCs = 0.18, 0.53), and latency to REM sleep 
(ICCs = 0.43, 0.46). These values cannot be readily compared 
with the current results because only two technologists from the 
same institution were used. The agreement between these two 
scorers may not be representative of within-site or across-sites 
agreement given the wide range of interscorer variability for 
these variables (Table 2, column 2).

Need for Manual Editing
One concern that arises is the use of automated systems with-

out human involvement, which we do not endorse. We believe 
that a combination of automated scoring and human editing is 
required for ideal results. Human errors can result from fatigue 
or carelessness, which are inherent in repetitive tasks being 
done under time pressures. Although computerized systems are 
free from these concerns, they have their own shortcomings in 
that human experience can be beneficial in defining unusual or 
unexpected patterns that are foreign to the computerized algo-
rithms. Occasionally, obvious artifacts to a human may not be 
identified by a computerized system if such a pattern is not ac-
counted for by the automated algorithms.

Limitations
Despite our study’s strength, we acknowledge a number of 

limitations. First, our 70 patients included only a few patients 
with severe sleep apnea. We recognize the need for further study 
of clinical populations, but would argue that we observed good 
negative predictive value for OSA based on our analyses. In ad-
dition, many of the patients had severe OSA during REM sleep 
and the ICC for AHI in REM sleep remained very high (0.95, 
Table 2 and Figure 1). Second, there were no patients with im-
portant central sleep apnea; the highest total number of central 

apneas in any patient was 28 (Figure 1). Third, we recognize the 
need for further study of varying clinical populations including 
those with insomnia, heart failure, epilepsy, and other condi-
tions. Fourth, the PSG recordings were selected as good-quality 
studies for our companion research.13 Thus, the results of the 
manual as well as the automated scoring may be different in un-
selected recordings. Fifth, we recognize that there is no optimal 
gold standard against which automated scoring should be com-
pared. Although some authors have used epoch-by-epoch com-
parisons, others have used overall results from a large number 
of scorers. We do not believe that any method is ideal given that 
PSG scoring is subjective as currently defined. This subjectivity 
of human scoring is equally present using an epoch-by-epoch 
approach versus an overall PSG approach. Ultimately, the abil-
ity of various scoring methods to predict clinical outcome may 
be the most informative, although existing data suggest that AHI 
correlates quite poorly with many clinical outcomes. Thus, no 
method is ideal.26 Despite these limitations, we believe that our 
findings are robust and worthy of further study.

CONCLUSION
The automatic system yielded results that were similar to 

those obtained by experienced technologists. Very good ICCs 
were obtained for many primary PSG outcome measures. This 
automated scoring software, particularly if supplemented with 
manual editing, promises to increase laboratory efficiency and 
standardize PSG scoring results within and across sleep centers.
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Figure 5—Scatterplots of intraclass correlation coefficients (ICC) for autoscoring versus average manual scoring of the 17 variables measured (ordinate) 
versus within-site (A) and across-sites (B) ICCs for the same variables. Each dot is a separate variable. Diagonal lines are the lines of identity.
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