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Abstract
Objectives To determine inter-lab reliability in sleep stage scoring using the 2014 American Academy of Sleep Medicine
(AASM) manual. To understand in-depth reasons for disagreement and provide suggestions for improvement.
Methods This study consisted of 40 all-night polysomnographys (PSGs) from different samples. PSGs were segmented into
37,642 30-s epochs. Five doctors from China and two doctors from America scored the epochs following the 2014 AASM
standard. Scoring disagreement between two centers was evaluated using Cohen’s kappa (κ). After visual inspection of PSGs of
deviating scorings, potential disagreement reasons were analyzed.
Results Inter-lab reliability yielded a substantial degree (κ = 0.75 ± 0.01). Scoring for stageW (κ = 0.89) andR (κ = 0.87) achieved the
highest agreement, while stageN1 (κ = 0.45) reflected the lowest. Considering the relative disagreement ratio, N2-N3 (22.09%),W-N1
(19.68%), and N1-N2 (18.75%) were the most frequent combinations of discrepancy. American and Chinese doctors showed certain
characteristics in the scoring of discrepancy combinationW-N1,N1-N2, andN2-N3. There are seven reasons for disagreement, namely
Bon-threshold characteristic^ (29.21%), Bcontext influence^ (18.06%), Bcharacteristic identification difficulty^ (8.81%), Barousal-wake
confusion^ (7.57%), Bderivation inconsistence^ (2.15%), Bon-borderline characteristic^ (0.92%), and Bmisrecognition^ (33.27%).
Conclusions This study demonstrated the sleep stage scoring agreement of the 2014 AASM manual and explored potential
sources of labeling ambiguity. Improvement measures were suggested accordingly to help remove ambiguity for scorers and
improve scoring reliability at the international level.
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Abbreviations
AASM American Academy of Sleep Medicine
PSG Polysomnography
IRR Interrater reliability
R & K Rechtschaffen and Kales
N2 NREM2
R REM
W Wake
N1 NREM1
N3 NREM3
REM Rapid eye movement
EOG Electrooculogram
EEG Electroencephalographic
EMG Electromyogram
SWA Slow-wave activity
SEM Slow eye movement
EM Eye movement
KC K complex
SS Sleep spindle
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Introduction

In 2007, the American Academy of Sleep Medicine (AASM)
published the AASM sleep stage scoring manual [1]. This
manual gradually replaced the one published by
Rechtschaffen and Kales (R & K standard) [2, 3], becoming
the gold standard for the definition of sleep stages. Due to the
subjectivity of visual scoring, it is necessary to research the
reliability of the scoring manual and figure out issues for fu-
ture improvements [4–9]. A number of studies [10–12] have
investigated the inter-scorer reliability of the 2007 AASM
manual statistically. Despite the variety of their datasets and
scorers, the interrater reliabilities (IRRs) were about substan-
tial (0.61 ≤ κ ≤ 0.80) according to Landis and Koch’s arbitrary
classification of κ [13]. However, the above research has not
focused on root cause analysis of the scoring discrepancy.
Rosenberg et al. [14] supposed that the agreement at sleep
transitions would be low, probably due to the difficulty in
recognizing key waveforms. However, results revealed that
only the transition from stage NREM2 (N2) to REM (R) fol-
lows the expected pattern. The study also listed epochs with
the highest disagreement in transition epochs, as well as cor-
responding explanations for discrepancy. Nonetheless, with-
out visual inspection of the PSGs, the provided causes might
be misleading and subjective, making the advised modifica-
tions unreliable.

The AASM manual is renewed almost annually. Although
most of the framework is retained, slight revisions can influ-
ence sleep stage judgements. We have not found any discus-
sions on scoring discrepancies for the 2014 AASM manual.

This article focuses on the inter-lab reliability of the 2014
AASM scoring manual. Scoring results were given by scorers
from the USA and China. Besides statistical analysis of the
scoring agreement, PSG observation towards controversial
epochs and analysis of the causes for discrepancy were done.
Accordingly, solutions were put forward for future improve-
ments of the manual. Validation experiments were conducted
on parts of the solutions afterwards. In addition, Chinese doc-
tors’ intra-lab reliability was also briefly explored.

Methods

The Air Force General Hospital sleep center (Beijing, China)
and Compumedics Regional Sleep Disorder Center
(Charlotte, USA) were involved in this research. Forty
Chinese subjects (29 males and 11 females) were included in
this study. Thirty-seven thousand six hundred forty-two
epochs were analyzed. Full night PSGs were collected using
Compumedics E-series (an attended in-laboratory PSG sys-
tem) in the Chinese Air Force General Hospital sleep center
over 2 months in 2015. The ethical committee of the Air Force
General Hospital approved the study. Ten channels’ biosignals

were used for the sleep stage classification, including two
electrooculogram (EOG) leads (E1-M2, E2-M2), six electro-
encephalographic (EEG) leads (F3-M2, F4-M1, C3-M2, C4-
M1, O1-M2, O2-M1), and two submental electromyogram
(EMG) leads (Chin1-Chin3, Chin2-Chin3) [15].

Seven sleep technologists (five Chinese and two
Americans who had at least 2 years of experience in sleep
stage scoring using AASM standard) conducted scoring. All
the scorers followed the 2014 AASM standard without uni-
form interpretation. Five stages were distinguished: Wake
(W), REM (R), NREM1 (N1), NREM2 (N2), and NREM3
(N3). Thirty-second epochs were presented on a computer
display, with amplitude markers at ± 37.5 μV assisting the
measurement of slow-wave activity (SWA). Five Chinese
doctors assigned stages independently. Their majority votes
were provided for inter-lab comparison. Two American doc-
tors applied consensus scoring, then generated only one copy
of scoring results [16].

After waveform analysis by PSG observation, re-judgment
of some discrepant epochs was done. Figures containing 10
channels of biosignal (with amplitude and time markers) were
plotted using MATLAB. Scorers were asked to mark key
points (e.g., peak and borders of SWA) using Bdata cursor^
function of MATLAB. MATLAB code is available at https://
github.com/emergencyd/SLEEP.

The degree of agreement between American and Chinese
doctors was analyzed at three levels: (1) visual inspection of
sample hypnograms; (2) statistical analysis of overall, stage-
specific, and discrepancy-combination-specific consistency;
and (3) waveform analysis of discrepant epochs. Statistical
analysis was also conducted for the evaluation of Chinese
intra-lab scoring reliability.

Results

Hypnograms are shown in Fig. 1. It could be observed that
there were some uncertainties among sleep stage scores de-
spite a general agreement. The scoring differences among five
Chinese doctors and between American and Chinese doctors
represent intra- and inter-lab variability, respectively.
Statistical comparison at epoch level was then conducted for
further validation. Unless otherwise stated, (1) BCN^ denotes
China and BUS^ denotes America in all the figures and tables;
(2) the default confidence interval (CI) is 95%.

Agreement between American and Chinese scorers

Comparing sleep stages given by American and Chinese cen-
ters, the overall level of agreement for 40 subjects was 82.06%
(Cohen’s kappa κ = 0.75 ± 0.01). According to Fig. 2, the
range of kappa was wide (0.55–0.90), yielding a moderate
(0.41 ≤ κ ≤ 0.60) to perfect (0.81 ≤ κ ≤ 1.00) agreement
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[13]. Figure 2 also shows the distribution of stage-specific
individual kappa.

A sleep stage-specific analysis of the scoring discrepancy
was also conducted. Table 1 shows the number of epochs for
five stages scored by American and Chinese centers. Most of
the epochs were labeled as stage N2 (43.39%), while only
8.48% were labeled as N1. This sleep architecture was similar
to the results of Mitterling et al. [17].

Taking length differences of five sleep stages into consid-
eration, the relative disagreement ratio β for combination of
stage M and N is calculated as:

β ¼ 2� LM−N

LM þ LN
ð1Þ

where LM, LN, and LM − N denote the number of epochs for
stages M and N and the discrepancy combination M-N,
respectively.

Inter-lab epoch-by-epoch comparison for specific stages is
detailed in Table 2.

Combination M-N includes two cases—an epoch was la-
beled as: (1) stage M by Chinese scorers and N by American

Fig. 2 Boxplot of recording-specific and stage-specific Cohen’s kappa
(n = 40 subjects), where medians, maximum, and minimumwere marked

Table 1 Number of epochs (L) classified as five sleep stages, with
percentage of all stages in parentheses

Stage Chinese American Average

W 6462 (17.17%) 7175 (19.06%) 6818.5 (18.11%)

R 5658 (15.03%) 5736 (15.24%) 5697 (15.13%)

N1 4098 (10.89%) 2289 (6.08%) 3193.5 (8.48%)

N2 15,203 (40.39%) 17,465 (46.40%) 16334 (43.39%)

N3 6221 (16.53%) 4977 (13.22%) 5599 (14.87%)

Values in italics indicate the most and least average numbers

Fig. 1 Hypnograms of a 21-year-
old male sample without OSA,
which were (a) scored by 5
Chinese doctors independently;
and (b) majority vote of 5 Chinese
scores and consensus score from
two American doctors. Some
scoring disagreements were
marked by red boxes
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scorers; and (2) stage N by Chinese scorers and M by
American scorers. Directed discrepancy combinations are pro-
vided in Table 3 to evaluate the scoring preference of scorers
from two centers. W-N1, N1-N2, and N2-N3 were obvious
unbalanced pairs.

Waveform analysis for discrepancy epochs

Three thousand one hundred fifty-six controversial epochs
from 20 samples (15 healthy subjects and 5 OSA patients)
were randomly selected. Visual inspection of the correspond-
ing PSGs was carried out. Table 4 summarizes seven discrep-
ancy reasons and their proportions in all cases: (1) On-
threshold characteristic: the case when characteristics of a
waveform reached a critical point and became hard to measure
with limited time and much noisy signals (Fig. 3); (2) context
influence: when there was a discrepancy for definite stage
scoring, epochs around it were also scored differently
(Fig. 4); (3) characteristic identification difficulty: the difficul-
ty in distinguishing a characteristic wave from complex back-
ground EEG signals (Fig. 5); (4) arousal-wake confusion:
some scorers tended to mark epochs with much arousal or
high EMG as stage W (Fig. 6); (5) derivation inconsistence:
discrepancy occurred when signals from different derivations
presented different waveforms (Fig. 7); (6) on-borderline
characteristic: confusion happened when characteristic

waveforms of N1 or N2 crossed up the middle of the segment
due to the continuing or preceding rules (Fig. 8); (7)
misrecognition: obvious scoring errors.

Rejudging with quantitative assistance

BOn-threshold characterist ic^ and Bon-borderl ine
characteristic^ are difficult to measure without the assistance
of quantitative tools. After categorizing discrepancy epochs,
two technologists from America and China relabeled 951
epochs whose difference reasons are Bon-threshold
characteristic^ and Bon-borderline characteristic.^ Rather than
giving a final decision for a single epoch, they marked key
points of the characteristic waveforms within 5 s. After that,
we calculated the amplitude, frequency, duration, and location
of the marked waveforms, then scored the epoch to a certain
stage accordingly. Table 5 showed the scoring agreement.

Agreement among Chinese scorers

The agreement within five Chinese doctors was also analyzed
statistically to evaluate intra-lab reliability. The overall level of
agreement was 86.01% (Fleiss’ kappa κ = 0.86 ± 0.00). The
kappa range of 40 subjects was wide (0.46–0.91), as detailed
in Fig. 9. Thirty-seven subjects yielded a perfect (0.81 ≤ κ
≤ 1.00), 2 yielded a substantial, and 1 yielded a moderate
(0.41 ≤ κ ≤ 0.60) agreement [13].

A sleep stage-specific analysis of the scoring discrepancy
was also conducted. The distribution of stage-specific individ-
ual kappa is displayed in Fig. 9.

Discussion

This study first evaluated the scoring agreement between
American and Chinese sleep centers. Cohen’s kappa was cal-
culated for the evaluation of inter-lab reliability. A substantial
agreement was found for the pool of all epochs, which agreed
with the results of Danker-Hopfe et al. [10]. Despite the mod-
ifications that the 2014 AASM manual has made on the 2007
AASM manual, little overall reliability improved. Because
this research differs from previous ones in terms of the dataset,
labeling settings, etc., further research is required to figure out
the influence of guidance version on deviating scoring rate.

When looking at five sleep stages separately (Fig. 2), it
emerged that the inter-lab agreement was the worst for N1,
whose median kappa barely fell into a moderate interval. On
the contrary, both stage Wand R reached a perfect agreement.
This order was similar to the ranking (W and R changed po-
sition) of Danker-Hopfe et al. [10]. With regard to the ex-
tremely low agreement for stage N1, Danker-Hopfe et al.
[10] and Basner et al. [4] proposed two hypotheses: (1) tran-
sition fromW to N1 is difficult to identify, especially for those

Table 2 Combinations of discrepancies between American and
Chinese centers: number of epochs LM − N (upper triangle matrix);
relative variance β (lower triangle matrix)

Stage W R N1 N2 N3

W – 93 985 178 45

R 1.49% – 388 790 3

N1 19.68% 8.73% – 1831 17

N2 1.54% 7.17% 18.75% – 2423

N3 0.72% 0.05% 0.39% 22.09% –

Values in italics indicate the highest deviation ratios

Table 3 Directed
combinations of
discrepancies between
American and Chinese
centers: number of
epochs

CN US

W R N1 N2 N3

W – 45 165 82 2

R 48 – 138 411 1

N1 820 250 – 1438 7

N2 96 379 393 – 612

N3 43 2 10 1811 –

Values in italics indicate the obvious un-
balanced pairs
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Table 4 Detailed difference reasons for deviating combinations: number of epochs. Percentages of all reasons were listed inside the parentheses in the
last line

On-threshold
characteristic

Context
influence

Characteristic
identification
difficulty

Arousal-wake
confusion

Derivation
inconsistence

On-borderline
characteristic

Misrecognition Total

N2-N3 SWA Amplitude 267 – – – SWA 66 – 266 1177
Frequency 315

Duration 263

W-N1 (Alpha and EM)
duration

45 – – 133 – – 194 372

N1-N2 (Arousal) duration 10 319 Arousal 94 – – Arousal 29 385 939
KC 90

SS 12

N1-R (Arousal) duration 4 73 REM 9 – EMG 2 – 82 180
(High EMG)

duration
7 Arousal 3

N2-R – 160 KC 16 – – – 62 289
REM 42

SS 9

N2-W – 8 KC 3 63 – – 25 99

N3-W – – – 29 – – 4 33

N1-N3 SWA Amplitude 2 – – – – – 9 15
Frequency 4

R-W (High EMG)
duration

5 10 – 14 – – 23 52

Total 922 (29.21%) 570 (18.06%) 278 (8.81%) 239 (7.57%) 68 (2.15%) 29 (0.92%) 1050 (33.27%) 3156

SWA slow-wave activity, EM eye movement, KC K complex, SS sleep spindle, REM rapid eye movement

Fig. 3 a N2 (CN) vs. N3 (US), waves highlighted by red boxes are slow
waves. The total duration is about 5.5–6 s, while the border of the slow-
wave activity (SWA) blurs. bN3 (CN) vs. N2 (US), waves highlighted by
red boxes are suspected slow waves. Their frequencies are about 1–2 Hz,
while in most cases, the frequency of slow wave is 0.5–1 Hz. c N2 (CN)
vs. N3 (US), waves highlighted by red boxes are suspected slow waves.
Their amplitudes are more or less 75 μV, making these waves difficult to

classify. dW (CN) vs. N1 (US), alpha rhythm (highlighted by red boxes)
roughly lasts 15 s, with indistinct borders and discrete distributions. e N1
(CN) vs. N2 (US), suspected arousal activity (highlighted by red boxes)
roughly lasts 3 s. f N1 (CN) vs. R (US), arousal and raise of EMG tone
(highlighted by the red box) roughly lasts 14–15 s, nearly half the epoch.
Slow eye movements (SEMs) could be observed in the last half of this
epoch
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from people who generated little or no α activity; and (2) low
proportion of N1 sleep results in low kappa, which was intro-
duced by Danker-Hopfe et al. [5] as well. The first hypothesis
is reasonable. When looking at relative variance β in Table 2,
disagreement for W-N1 was slightly greater than N1-N2.
However, we could also find that stage N1 was mainly con-
fused with N2, then W. This paradox is the result of the ex-
tremely imbalanced distribution of sleep stages, since almost
half the epochs were labeled as stage N2, while less than one-
fifth were stageW (as shown in Table 1).When discussing the
low agreement evaluated by kappa, the number of discrepant
epochs rather than β should be decisive. The research of
Rosenberg et al. [14] also demonstrated that the agreement
in W-N1 transitions was better than the average for stage
N1, which revealed that the first hypothesis did not seem to
be the dominant reason. But still, the tendencies to confuse N1
with W or N2 were almost the same. The second hypothesis
was soon rejected by Danker-Hopfe et al. [10] themselves,
since the highest proportion of N2 did not yield the highest
kappa, which was also evidenced by our research. N1 is the
only stage with almost no characteristic grapho-elements.
Besides the role in the initial sleep onset, N1 behaves as a
transitional stage throughout the night [18]. Therefore, a high
degree of disagreement for N1 is primarily due to the

ambiguity in recognizing other stages (especially stage W
and N2), including but not limited to transition fromW to N1.

Taking the total duration of a particular stage into consid-
eration, N2-N3, N1-N2, and W-N1 showed the greatest dis-
agreement (presented in bold type in Table 2). A possible
explanation for this phenomenon is that sleep development
is gradual, so characteristics between adjacent stages might
overlap. This was also discovered by Rosenberg et al. [14].
Table 2 revealed the lowest deviation ratio for W-R, W-N2,
W-N3, N3-R, and N1-N3. This order of discrepancy combi-
nation was basically in concordance with the result of Danker-
Hopfe et al. [10]. It can be observed fromTable 2 that stage N3
was seldom confused with other stages except for N2.
Likewise, stage W was predominantly confused with N1.
The probable reasons are (1) characteristics of both stage W
and N3 are highly discriminative from most other stages; and
(2) they do not have preceding or continuation rules.

A pilot study for interrater reliability (IRR) research, PSG
observation on difference epochs, was also done. Except for
Bmisrecognition,^ detailed reasons for scoring disagreement
regarding particular deviation combinations are elaborated
below.

N2-N3 had the highest β. Most of the deviations were
caused by Bon-threshold characteristic^, since the definition

Fig. 5 a This epoch was scored as stage N2. The subsequent epoch was
scored as N1 (CN) and N2 (US). Frequency change can be observed in
the last half of the epoch, as highlighted by the red box, but is not a big
difference compared with the previous signal. b N1 (CN) vs. N2 (US),
waves highlighted by red boxes are suspected K complexes, the shapes of
which do not exactly meet the requirement of negative-positive patterns. c

N1 (CN) vs. N2 (US), wave highlighted by the red box is suspected sleep
spindle (SS), the shape of which is not strictly sinusoidal. d This epoch
was scored as R (CN) and N2 (US). Wave highlighted by the red box is
suspected REM, the tone of which is low and thus less distinguishable
from background activity

Fig. 4 Hypnogram fragments.
The shaded epoch was scored as a
N2 (CN) and N1 (US) and b N2
(CN) and R (US). Both of them
followed the labels of the preced-
ing or/and following epochs
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of stage N3 relies on the recognition and duration measure-
ment of SWAs. The judgment of SWA strongly depends on
the amplitude and frequency of the waveform. It can be con-
cluded that clear stipulation of a particular waveform does not
necessarily bring a higher agreement. BDerivation
inconsistence^ would influence reliability as well, because
fine distinctions could influence the feature measurement.
When facing ambiguity, the Chinese doctors tended to score
N3 while the American doctors preferred N2 (Table 3).

W-N1 had the second highest β, mostly due to the
Barousal-wake confusion.^ Arousal is considered sleep dis-
ruption, which indicates the ending of stage N2 or R and a
switch to a shallower sleep state—usually stage N1 sleep [19].
According to R & K criteria, an arousal could be scored as a
wake state [3]. Although not supported by the AASMmanual,
scoring epochs with much arousal as stage W might be rea-
sonable. The same goes for epochs with an extremely high
chin EMG tone. In addition, the Bon-threshold characteristic^
was also a source for confusion, as the definition of stage W
relies on the duration of α activity and eye movement. When
facing ambiguity, the Chinese doctors tended to score N1
while the American doctors preferred W (Table 3).

N1-N2 had the third highest β. (1) This was mainly a result
of Bcontext influence.^ Epochs following a controversial stage
N2 would also be scored differently in the absence of other
evidence. (2) BCharacteristic identification difficulty^ was al-
so a big problem. Concise and clear as the definitions in the
guideline are, PSG signal in reality is rather complex.
Divergence in the judgment of K complex would happen,
when the shape of the suspected waveform did not meet the
criteria Bnegative...followed by positive.^ The sleep spindle
also faced the challenge of shape recognition, due to the lack
of strict restrictions on Bsinusoidal^ [20]. On the grounds that
no quantitative criteria is made for SS, the classification could
become quite subjective. However, additional criteria with
precise measurement might not necessarily bring higher reli-
ability because of the limitation in visual scoring, taking the
definition of SWA as an example (also pointed out by
Rosenberg et al. [14]). Moreover, disagreement existed on
the classification of arousal (a crucial influence factor on
whether or not to end stage N2), especially when the frequen-
cy shift was not significant. (3) Another reason for the dis-
crepancy of N1-N2 was Bon-borderline characteristic,^ since
both stage N1 and N2 strictly follow the rule that the present

Fig. 6 a N2 (CN) vs. W (US),
much arousal could be observed
in the last half of the epoch. b N1
(CN) vs. W (US), EMG is high in
most parts of this segment, and
slow eye movements (SEMs).
SEMs could be observed in full
image (in Supplymentary
material)

Fig. 7 a N2 (CN) vs. N3 (US), wave highlighted by the red box could be
determined as a slow-wave activity (SWA) according to the BF3-M2^
derivation, but the decision could be quite the opposite based on the

BF4-M1^ derivation. b This epoch was scored as N1 (CN) and R (US).
Only upper chin EMG derivation demonstrated high tone
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epoch is defined by the featuredwaveform in its first half, or in
the last half of the preceding epoch. (4) The Bon-threshold
characteristic^ was another cause, because the classification
of arousal needs a duration measurement. When facing ambi-
guity, the Chinese doctors tended to score N1 while the
American doctors preferred N2 (Table 3).

N1-R had a much lower β. BContext influence^must not be
neglected, for the reason that stage R has preceding and contin-
uation rules. BCharacteristic identification difficulty^ was ob-
served when suspected arousals had inconspicuous frequency
shifts, or suspected REM had low amplitudes. BOn-threshold
characteristic^ was also a source for disagreement, because the
duration of high EMG or suspected arousal could reach a crit-
ical point. BDerivation inconsistence^ occurred when signal
tones from two EMG derivations were completely opposite.

N2-R was primarily caused by Bcontext influence,^ con-
sidering that both stage N2 and R have continuation or pre-
ceding rules. BCharacteristic identification difficulty^ also
existed in the recognition of K complex, SS, and REMs.

To sum up:

(1) BOn-threshold characteristic^ occurred when scorers
needed to accurately measure the following:

a. Slow-waves’ duration (Fig. 3a), or a wave’s frequen-
cy (Fig. 3b) and amplitude (Fig. 3c) to score N3

b. Duration of α rhythm and eye movement to score W
(Fig. 3d)

c. Duration of frequency changes to score arousal (Fig. 3e)
d. Duration of different stages in an epoch to score the

primary stage (Fig. 3f)
(2) BContext influence^ mainly happened in the confusion of

stageN2/R due to their continuation and/or preceding rules
(3) BCharacteristic identification difficulty^ including the

determination of the following:

a. Arousal when the frequency change was not abrupt
(Fig. 5a)

b. K complex when the shape of a suspected wave was
not strictly biphasic (Fig. 5b)

c. Sleep spindle while the shape of a suspected wave
was not sinusoidal (Fig. 5c)

d. REM when the amplitude of a suspected wave was
rather low (Fig. 5d)

(4) BArousal-wake confusion^ could lead to the discrepancy
in the judgment of W

(5) BDerivation inconsistence^ would influence the judg-
ment of the following:

a. N3 when the duration of SWAs or the tone of a
suspected SWA reached a critical point (Fig. 7a)

b. R if EMG tones from two leads showed opposite
patterns (Fig. 7b)

Fig. 8 This epoch was scored as N1 (CN) and N2 (US), while the pre-
ceding epoch was scored as N2. Arousal could be observed in the middle
of this epoch, as highlighted by the red box

Table 5 Second-round judgment
of discrepancy epochs (caused by
Bon-threshold characteristic^ and
Bon-borderline characteristic^)
with quantitative assistance:
number of epochs and agreement
rate

Discrepancy combination Key points Total Agreement Rate

On-threshold characteristic

N2-N3 Peak and bottom boundaries of SWA 845 630

W-N1 Boundaries of alpha rhythm and REM 45 35

N1-N2 Boundaries of arousal 10 9

N1-R Boundaries of high EMG 11 9

N1-N3 Peak and bottom boundaries of SWA 6 6

R-W Boundaries of high EMG 5 3

On-borderline characteristic

N1-N2 Boundaries of arousal 29 25

Total 951 717 75.39%

SWA slow-wave activity, REM rapid eye movement
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(6) BOn-borderline characteristic^ had a significant impact
on the scoring of N2 and N1, since they were determined
by the characteristic waveforms in the first half of the
epoch (Fig. 8)

(7) BMisrecognition^ was the most common case. It was
possible that doctors tended to label a single stage con-
secutively in light of sleep completeness. When most of
the epochs were labeled as a particular stage during a
period, few exceptions were ignored. Additionally, it
was presumably due to scorers’ fatigue or carelessness.

Possible measures to deal with these cases were proposed.
First, it might help if scorers could mark the key points of a
certain waveform (such as the peak and the bottom boundary
points of SWA), then let the software system calculate the
corresponding frequency, amplitude, or duration automati-
cally. In this way, much disagreement caused by Bon-thresh-
old characteristic^might be avoided. By marking key points,
characteristic waves could also be located, thus reducing
Bon-borderline characteristic.^ As verified in Table 5, with
quantitative tools calculating the waveform length, ampli-
tude, duration, and location, scoring results of two technol-
ogists agreed on 75.39% of previously controversial epochs,
even though the boundary points were hard to mark accu-
rately under complex background signals. Second, common-
ly used scoring software would need the scorers to label
every epoch. With the existence of preceding and continua-
tion rules, scorers could just label definite stages, and let the
software system replenish the remaining epochs. It might
effectively reduce Bcontext influence^ when conducting
consensus scoring, as the source epoch of a series of unrea-
sonable labeling would be easily pointed out by others.
Furthermore, much time and effort could be saved. It would
also bring convenience for further IRR research, because
Bcontext influence^ could become easier to figure out.

Third, Bcharacteristic identification difficulty^ and
Barousal-wake confusion^ could possibly be avoided by
adding detailed and clear statements in the scoring manual,
such as (1) strict requirement for the shape of K complex and
SS; (2) quantitative evaluation of frequency shift for arousal;
(3) amplitude requirement for REM; and (4) declaration of
the relationship between arousal and wake, especially when
an epoch contains much arousal. Fourth, the main source of
deviation Bmisrecognition^ should be addressed by intensive
and standardized training. There is still room for the reas-
sessment of the AASM scoring rules towards the solution of
Bderivation inconsistence.^ This research brings some valu-
able insights for future revisions.

Intra-lab reliability of five Chinese doctors was perfect in-
corporating all sleep stages, which was higher than that of
inter-lab comparison. Note that even at the individual level,
almost all subjects yielded a perfect agreement. Penzel et al.
[6] stated that a certain flavor exists towards scoring of con-
troversial epochs, which was also confirmed in our study. As
shown in Table 3, American and Chinese doctors gave ten-
dentious labels for W-N1, N1-N2, and N2-N3. It could be
preliminarily assumed that normalized training could help im-
prove IRR by universalizing the judgment when the rules are
not obvious. As for sleep stage-specific analysis of intra-lab
reliability, it could be observed from Fig. 9 that the agreement
was best for stage W, followed by stages R, N3, N2, and N1,
which was exactly the same as the order of inter-lab
agreement.

This research was limited by the sample distribution. In the
future, a greater diversity of subjects from multiple countries
and more international scorers with different backgrounds will
be included to generate a more reliable conclusion. Our re-
search focused on the reliability of sleep stage scoring. In the
future, we will also analyze other sleep events such as respi-
ratory events and PLMs using the PSG waveform analysis
method.

More examples (discrepancy epochs in EPS format) for
detailed cases could be accessed on https://github.com/
emergencyd/SLEEP.
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