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Study Objectives: We evaluated the interrater reliabilities of manual polysomnography sleep stage scoring. We included all studies that employed Rechtschaffen
and Kales rules or American Academy of Sleep Medicine standards. We sought the overall degree of agreement and those for each stage.
Methods: The keywords were “Polysomnography (PSG),” “sleep staging,” “Rechtschaffen and Kales (R&K),” “American Academy of Sleep Medicine (AASM),”
“interrater (interscorer) reliability,” and “Cohen’s kappa.”We searched PubMed, OVID Medline, EMBASE, the Cochrane library, KoreaMed, KISS, and the MedRIC.
The exclusion criteria included automatic scoring and pediatric patients. We collected data on scorer histories, scoring rules, numbers of epochs scored, and the
underlying diseases of the patients.
Results: A total of 101 publications were retrieved; 11 satisfied the selection criteria. The Cohen’s kappa for manual, overall sleep scoring was 0.76, indicating
substantial agreement (95% confidence interval, 0.71–0.81; P < .001). By sleep stage, the figures were 0.70, 0.24, 0.57, 0.57, and 0.69 for the W, N1, N2, N3, and
R stages, respectively. The interrater reliabilities for stage N2 and N3 sleep were moderate, and that for stage N1 sleep was only fair.
Conclusions: We conducted a meta-analysis to generalize the variation in manual scoring of polysomnography and provide reference data for automatic sleep
stage scoring systems. The reliability of manual scorers of polysomnography sleep stages was substantial. However, for certain stages, the results were poor;
validity requires improvement.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: The principal way to score polysomnography is manually. To increase the interrater reliability of sleep stage scor-
ing, there have been consistent studies with a high degree of variance.
Study Impact: We conducted a meta-analysis to obtain comprehensive data and to identify the sleep stage that is most affected by manual scoring. In
addition to presenting an integrated reference through this study, we summarized the points requiring improvement.

INTRODUCTION

Polysomnography (PSG) yields fundamental data on sleep
architecture and aids the diagnosis of sleep disorders, which not
only pose problems per se but also increase the risks of chronic
diseases of the cardiovascular system and neurodegenerative
diseases, including dementia and Parkinson disease.1,2

PSG yields comprehensive information on sleep states based on
various electrophysiological signals, including electroencepha-
logram (EEG), electro-oculogram, and electromyogram
signals.

In 1968, Rechtschaffen and Kales (R&K) introduced rules
for the scoring of sleep stages; manual scoring thus became sys-
tematic.3 In 2007, the American Academy of Sleep Medicine
(AASM) published an updated version of their earlier scoring
rules; these are commonly used today (The AASM Manual for
the Scoring of Sleep and Associate Events: Rules, Terminology
and Technical Specifications, first edition).4 Manual scoring is
time-consuming, and scorer reliability has been questioned.
Several reports have explored the extents of agreement among
manual scorers.5–11 The extent of overall agreement has varied
greatly, from 61.1%–92.2%. Of the various sleep stages, the

reliability of N1 identification was the lowest, ranging from
19.8%–38.18%. In this study, we explored the interrater reli-
ability of manual sleep stage scoring and systematically
reviewed the factors affecting reliability.

METHODS

Literature sources and study identification
We reviewed works on the interrater reliability of sleep stage
scoring published since 1968, when the R&K manual became
available. We comprehensively searched PubMed, OVID Med-
line, EMBASE, the Cochrane library, KoreaMed, KISS, and
MedRIC for papers written in English. The keywords were
“Polysomnography (PSG),” “sleep monitoring,” “sleep staging,”
“Rechtschaffen and Kales (R&K),” “American Academy of
Sleep Medicine (AASM),” “interrater (interscorer) reliability,”
“agreement,” and “Cohen’s kappa (k).” The search was per-
formed on June 3, 2020. After 2 reviewers independently
checked all abstracts and titles, we excluded studies that were
irrelevant or ineligible. The selected manuscripts were thor-
oughly reviewed, and data were collected.
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Study selection
PSG data that were scored epoch by epoch and classified into
stages were selected. We evaluated only manual (not automated)
scoring. Studies of healthy adults or patients with various
underlying conditions, including sleep-disordered breathing,
were included. Studies of pediatric patients (younger than age
13 years) were excluded. Scorer histories and nationalities var-
ied among the studies; we imposed no restriction.

Data collection
We extracted the number of PSGs and that of the epochs, the
underlying patient diseases, the numbers and histories of scor-
ers, the scoring method used (R&K or AASM), and the number
of sleep stages.

Cohen’s k is a measure of the extent of agreement between
two scorers12 and is widely used to evaluate interrater reliability
when the outcome is based on a categorical scale. Cohen’s k is
considered more robust than a simple percentage because it con-
siders the possibility that agreement occurred by chance. Cohen’s
k can be simply calculated from a data matrix. The matrix and
the formula for estimating k when 2 independent scorers classify
sleep stages into 5 levels (W, N1, N2, N3, and R) is shown in
Figure 1.12,13 According to Landis and Koch,14 a k>0.80 repre-
sents near-perfect agreement (beyond chance); in comparison, a
k of 0.61–0.80 represents substantial agreement, 0.41–0.60 rep-
resents moderate agreement, 0.21–0.40 represents fair agree-
ment, and 0.00–0.20 represents slight agreement.

Studies that reported information sufficient for k calculations,
and the standard errors (or estimates thereof) between 2 scorers,
were included. Reports that used Fleiss’s k, which estimates the
extent of agreement among 3 or more raters, or that gave only

percentage agreements or mean Cohen’s k values obtained after
the evaluation of different patients, were excluded.

For the analysis of the overall sleep stage, all available stud-
ies that provided essential data for performing a meta-analysis
were included regardless of the number of sleep stages. For the
analysis of each sleep stage, the staging criteria of the currently
used AASM guideline was followed.4 Studies based on the
R&K system3 that combined sleep stages S3 and S4 into 1 stage
(slow-wave sleep, stage N3 sleep) were included.

Statistical analysis
We used the Dersimonian-Laird random-effects model to ana-
lyze Cohen’s k values. Heterogeneity was calculated employ-
ing the Cochran Q statistic and the I2 test. The latter explores
variation among studies; if I2 > 50% and P< .05, then signifi-
cant heterogeneity is in play.

We used a funnel plot to visually explore publication bias,
followed by the Arcsine Thompson test. Publication bias is sus-
pected when a funnel plot is asymmetrical. All analyses were
performed with the aid of R software (version 3.1.3, R Founda-
tion for Statistical Computing, Vienna, Austria).

RESULTS

Search results and characteristics
A flow chart of the study selection process is shown in Figure 2.
A total of 101 relevant articles were retrieved. After screening of
the titles and abstracts, 60 were subjected to a full-text review and
49 were excluded because they lacked the required data, contained
only limited information without standard errors, or lacked a data

Figure 1—Data matrix and formula for calculating the Cohen’s k.

A B

(A) The data matrix derived when sleep scoring sought to identify 5 sleep stage categories (W, N1, N2, N3, and R). Sij is the number of epochs. (B) The formula
used to calculate the k coefficient. (a) N is the total number of epochs scored. (b) Po is the observed agreement and Pc is the expected agreement. (c, d) Po and
Pc are derived using these formulas.
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matrix (k could not be calculated). Seven studies were finally
included for an analysis of the overall stages5,6,8,15–18.
They contained 13 independent estimates. Four studies featured
8 independent estimates of the reliability of specific sleep stage
scoring.

Overall interrater reliability
Thirteen independent datasets were analyzed in terms of the
interscorer reliability of overall sleep staging (Table 1). If there
are two or more data included in a paper under different condi-
tions (eg, comparison among another scorers or subgroups of
different patient characteristics), they are indicated as (a), (b),
and (c). The Sleep Heart Health Study was a multicenter, longi-
tudinal study conducted to relate sleep-disordered breathing to
cardiovascular outcomes. Participants were recruited regardless
of their sleep apnea status. Participants who met the inclusion
criteria (aged ≥ 40 years, no history of sleep apnea treatment,
no tracheostomy, and no current home oxygen therapy) were
recruited from the parent cohort derived from 9 epidemiological
studies. Significant among-study heterogeneity was evident
(I2 = 99.8%; P< .001 according to the Q test). We used a
random-effects model to derive overall pooled estimates. The

overall Cohen’s k was 0.76 (95% confidence interval [CI],
0.71–0.81), indicating substantial reliability according to Lan-
dis and Koch (Figure 3).14

Subgroup analysis and publication bias
Because the evaluation rules that were employed differed, we
predicted that there would be heterogeneity. And because few
data were derived using AASM standards, subgroup analysis
was impossible. When we analyzed the data by the number of
sleep stages scored, significant differences were found between
groups scored using 4–5 and 6–7 sleep stages. The estimates
were 0.73 (95% CI, 0.67–0.79) for the former group and 0.83
(95% CI, 0.81–0.85) for the latter group (Figure 4). The differ-
ence was significant (Q = 10.56; P< .05). However, residual
heterogeneity remained significant (P< .001), suggesting that
other factors also influenced interrater reliability. We explored
whether patient comorbidities, scorer histories, and the number
of EEG derivations might be in play but found no significant
between-group difference.

A funnel plot and the Arcsine Thompson test were used to
evaluate publication bias. The P value of the Arcsine Thompson
test was >.05, and no clear asymmetry was evident on a

Figure 2—Flow diagram of study selection.
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self-reported evaluation of the funnel plot, implying the absence
of publication bias (Figure 5).

Interrater reliabilities by stage
Four papers provided data allowing us to analyze agreement by
stage (Table 2). We evaluated 8 datasets from these studies.
The k coefficients for each sleep stage (derived using random-
effects models) were 0.70 (95% CI, 0.63–0.77) for stage W,
0.24 (95% CI, 0.15–0.33) for stage N1, 0.57 (95% CI,
0.54–0.60) for stage N2, 0.57 (95% CI, 0.42–0.71) for stage
N3, and 0.69 (95% CI, 0.58–0.81) for stage R (Figure 6). The
interrater reliabilities for stages W and R were substantial, those
for stages N2 and N3 were moderate, and that for stage N1 was

only fair. Significant among-study heterogeneities were evident
for all 5 stages (I2 = 87.2%–99%; P< .001 according to the Q
test). We drew a funnel plot and performed the Arcsine Thomp-
son test and found no obvious publication bias for any stage (all
P > .05).

DISCUSSION

We collected data on the reliability of manual PSG scorers pub-
lished since 1968 (when the R&K manual was published). A
whole-night record usually contains 8 hours of data, which,
when split into 30-second epochs yields 960 epochs that require
2–4 hours for manual scoring, which is both time-consuming
and error-prone. To overcome this problem, the first automatic
sleep staging system was reported by Martin et al19 in 1972,
and many other systems have since been developed and evalu-
ated.10,11,20,21 Currently, algorithms using artificial intelligence
and machine learning are being developed. Despite certain
automated systems that are highly accurate and consistent, man-
ual scoring is still considered to be the gold standard. One of the
reasons why the latest equipment still cannot be accepted is the
low degree of reliability.22 However, there is no clinical stan-
dard for the level of reliability for automated sleep staging.
Thus, our analysis of interrater agreement among manual scor-
ers is important; we derived generalizable outcomes that can be
compared to those of the automatic systems.

The R&K manual,3 which has been accepted for decades, is
only applicable to adults. Other recommendations have been
used to reflect differences in the sleep characteristics and struc-
tures of infants and children.23,24 A section for children (≥ 2
months postterm) was proposed in the 2007 AASM scoring
manual, but the upper age limit that the pediatric rule applies to
is controversial.4,25 Because the scoring rules for infants and
children are distinct from those for adults and have been applied
separately, we decided to analyze studies including only adults.

Figure 5—Funnel plot for overall interrater reliability.Figure 3—Forest plot for overall interrater reliability.

CI = confidence interval.

Figure 4—Forest plot for interrater reliability of different
sleep stages.

CI = confidence interval.
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We derived Cohen’s k coefficients between pairs of indepen-
dent evaluators who scored sleep stages epoch by epoch. This
measure assesses categorical results (ie, sleep stages). The k
coefficient can be calculated from the data matrix as follows:

k= (observed agreement–expected agreement)/(1–expected ag-
reement). If 3 or more raters are to be compared, Fleiss’s k is
commonly used.30 The interpretation is the same as that for
Cohen’s k. This statistic is the most important and widely

Figure 6—Forest plot and funnel plot for interrater reliabilities by stage.

CI = confidence interval, REM = rapid eye movement.
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accepted measure of interrater reliability, especially in medical
literature.31

Most studies have reported percentage agreements among
scorers. Alternatively, agreement can be quantitatively assessed
by deriving the intraclass correlation coefficient (ICC) of sleep
parameters, including the apnea-hypopnea index, rapid eye
movement sleep latency, and time-in-stage. Several reports
have explored consistency using ICC.7,10,28 In this analysis, we
focused on Cohen’s k; this is the preferred method of reliability
estimation when using categorical variables.

The differences between the R&K and AASM systems are as
follows. The R&K guidelines3 identify sleep stages as wake,
rapid eye movement sleep, and nonrapid eye movement sleep
(stages 1, 2, 3, and 4); 1 paper included stage 0 sleep (awake
after falling asleep but before final awakening).15 The AASM
guidelines (AASM scoring manual)4 recognize 5 sleep stages.
Wake and rapid eye movement sleep stages are named W and
R, respectively, and the nonrapid eye movement sleep stages
are N1, N2, and N3. Stage 3 and stage 4 of the R&K standard
are considered to form a single stage and are incorporated into
N3 (deep delta-wave sleep). When analyzing overall agree-
ment, all studies were included (regardless of the number of
sleep stages). Finally, studies that applied 4–7 stages were
selected, as shown in the second column of Table 1. We per-
formed subgroup analysis based on the number of sleep stages;
a significant difference was evident between the 2 groups. Oth-
erwise, a consistent criterion for the number of sleep stages was
required to analyze interrater reliabilities by stage, because this
study was devised to include both the R&K and the AASM
scoring manual guidelines. We targeted studies that classified
sleep into 5 stages as recommended by the AASM, which is the
standard currently used.

Reliability estimates will be influenced by the study setting,
scorer experience, and any underlying disease of a patient. The
AASM scoring manual4 recommends the use of a montage that
includes 3 standard EEGs (frontal, central, and occipital). In
contrast, the R&K guidelines3 suggest the use of at least 1 cen-
tral EEG channel. According to a previous report, overall agree-
ment improved slightly (from Cohen’s k 0.65 to 0.67) when the
number of EEGs rose from 1 to 3.29 Subgroup analysis in this
study was not possible given the small number of papers. How-
ever, the data included in our meta-analysis were obtained using
different EEGmontages, thus creating heterogeneity.

A scorer’s credibility is influenced by experience and quali-
fications. The scorers were described as “trained” or “certified,”
or “with several years of experience.” In some studies, the scor-
ers were described as registered polysomnographic
technologist–certified, but this was not the case in other studies.
The registered polysomnographic technologist has been an
international expert certification for those who clinically assess
sleep disorders since the Board of Registered Polysomno-
graphic Technologists was established in 1978. This certifica-
tion is accepted as the global standard measure of competency
for estimating the ability of a scorer above a certain level. The
registered polysomnographic technologist is the only objective
reference for proving the scorers’ qualifications in the included
studies. We could not perform subgroup analysis by this factor
because the number of studies was limited and among-study

diversity rendered objectification difficult. We strongly suspect
that scorer skill markedly affects reliability.

Several studies have suggested that interrater agreement falls
when a patient has a condition that disrupts sleep.5,26,27 Scoring
of patients with sleep-disordered breathing or narcolepsy was
less reliable than scoring of healthy patients. In patients in an
intensive care unit, the overall k was 0.51–0.56, thus only mod-
erate.27 Because the current analysis targeted all participants
regardless of their underlying conditions, the results will be
heterogeneous.

Participant age was considered as a contributing factor to the
heterogeneity. However, in this study, it was difficult to con-
duct a subgroup analysis considering age. There was a funda-
mental limitation in terms of performing this subgroup analysis
because age was reported in various forms, such as a range or
the mean, or it was not reported. Therefore, it was impossible to
classify the studies according to age categories.

Danker-Hopfe, Anderer, et al32 compared the AASM and
R&K standards3,4 and found that the former were better for all
stages except stage N2 sleep. In our results, the interrater reli-
ability for stage N2 sleep was lower than that for stages W and
R sleep. Because many of the studies included in the analysis of
each sleep stage followed the AASM scoring manual, a similar
line of reasoning may have worked. Another factor that may
have contributed to the relatively low reliability for stage N2
sleep is that this stage can be confused with stage N1 sleep
when sleep stages are scored. After the K complex and sleep
spindle—typical features of stage N2 sleep—are detected once,
the stage is scored as stage N2 sleep even if the characteristic
N2 features are no longer visible.

The interrater reliability for stage N3 was moderate. The def-
inition of a slow wave, which plays a major role when classify-
ing stage N3 sleep, is specified by the amplitude (>75mV).
When the EEG amplitude is being visually determined, scoring
errors can be introduced by human factors (manual scoring),
various EEG channel derivations, and different software pro-
grams. In addition, the slow-wave sleep amplitude decreases
significantly with age after approximately age 40 years.33,34

The wide range of ages could have affected the reliability of rat-
ing stage N3 sleep.

In several previous studies, stage N1 sleep scores tended to
exhibit the poorest agreement.7,32,35 One report hypothesized
that the cause of this phenomenon was that the transition from
stage W to stage N1 sleep was difficult to recognize, especially
in patients exhibiting sparse a activity. We found that stage N1
sleep was the least reliably detected, consistent with previous
results.

Our meta-analysis could not include several recent large-
scale studies because of a lack of data.11,32,36 Furthermore, sub-
group analysis was not possible because of the small number of
studies and the methodological variations among them. Future
studies should consider percentage agreement and ICC as alter-
native methods for determining the degree of agreement
between scorers. The percentage agreement is the proportion of
epochs scored as the same stage by the scorers. Percentage
agreement could be calculated using the data matrix and for-
mula in Figure 1. It has the same value as the “observed
agreement,”with Po converted into a percentage.
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The ICC can be used to assess reliability between 2 or more
raters when measurements yield continuous data (ie, apnea-
hypopnea index [events/h], total sleep time [minutes], sleep
efficiency [%]). Previous studies used units of time (minutes)
or percentages to apply the ICC to assess the reliability of sleep
stage scoring.37–39 There are 6 types of ICC models, and the
appropriate one is selected according to the study setting. A
2-way random model is suitable when both the patient effects
and scorer effects are random. This model was applied by Nor-
man et al.5 We obtained the ICC using the data matrix and for-
mula in Figure 7.40,41

The AASM interscorer reliability program implemented in
2010 to increase the reliability of scorers and to find the cause
of disagreement involved thousands of participants and
reported that the extent of sleep stage agreement was 82.6%.9

This study identified that the scoring discrepancies were most
common in epochs of transition from one stage to another and
suggested the use of detailed brain wave definitions and other
criteria for stage classification. Silber et al42 considered that
visual scoring is necessarily imperfect. However, it is possible
to improve accuracy, and this method is the way forward.

CONCLUSIONS

PSG optimally evaluates sleep structure and aids the diagnosis
of various sleep disorders. Our meta-analysis revealed that the
overall extent of agreement among manual scorers was substan-
tial (k= 0.76). When we compared each sleep stage, we found
that stages W and R sleep exhibited a substantial level of agree-
ment; stages N2 and N3 sleep were moderate; stage N1 sleep
was fair. Significant heterogeneity was apparent among the k
estimates, and there was a statistically significant difference
between subgroups using a different number of sleep stages.

These results can serve as baseline data with which to judge
whether the guidelines to be updated improve the interrater reli-
ability of manual scoring. In addition, the nonrapid eye move-
ment sleep stages were associated with a relatively low level of
reliability, which should be considered when revising or supple-
menting the scoring rules. Many efforts are being made to
improve agreement among scorers; analyses of the disagree-
ments are helpful in this context.

ABBREVIATIONS

AASM, American Academy of Sleep Medicine
CI, confidence interval
EEG, electroencephalogram
ICC, intraclass correlation coefficient
PSG, polysomnography
R&K, Rechtschaffen and Kales
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