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Study Objectives: Inter-scorer variability in sleep staging of polysomnograms (PSGs) results primarily from difficulty in determining whether: (1) an
electroencephalogram pattern of wakefulness spans > 15 sec in transitional epochs, (2) spindles or K complexes are present, and (3) duration of delta
waves exceeds 6 sec in a 30-sec epoch. We hypothesized that providing digitally derived information about these variables to PSG scorers may reduce

inter-scorer variability.

Methods: Fifty-six PSGs were scored (five-stage) by two experienced technologists, (first manual, M1). Months later, the technologists edited their own
scoring (second manual, M2). PSGs were then scored with an automatic system and the same two technologists and an additional experienced technologist
edited them, epoch-by-epoch (Edited-Auto). This resulted in seven manual scores for each PSG. The two M2 scores were then independently modified using
digitally obtained values for sleep depth and delta duration and digitally identified spindles and K complexes.

Results: Percent agreement between scorers in M2 was 78.9 £ 9.0% before modification and 96.5 + 2.6% after. Errors of this approach were defined as

a change in a manual score to a stage that was not assigned by any scorer during the seven manual scoring sessions. Total errors averaged 7.1 £ 3.7%

and 6.9 + 3.8% of epochs for scorers 1 and 2, respectively, and there was excellent agreement between the modified score and the initial manual score of

each technologist.

Conclusions: Providing digitally obtained information about sleep depth, delta duration, spindles and K complexes during manual scoring can greatly reduce
interrater variability in sleep staging by eliminating the guesswork in scoring epochs with equivocal features.
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INTRODUCTION

Interrater variability in scoring polysomnograms (PSGs) is an
important problem in sleep medicine. For five-stage sleep scor-
ing it is difficult to obtain agreement in > 85% of epochs, on
average, even between expert scorers, and agreement can be
as low as 50% in some PSGs.''? In a recent analysis we found
that inattention errors and scoring bias accounted for < 25%
of the differences between highly experienced scorers.'”” The
major reason was the presence of a large number of epochs
that are difficult to classify such that a technologist may be
willing to accept either of two, or even three, scoring options.
Because scorers are obliged to make a decision, agreement (or
lack thereof) in such epochs is left to chance. These “equivo-
cal” epochs accounted for 28 + 12% of all epochs on average
and up to 76% of all epochs in individual PSGs."?

Most scoring difficulties involve one of three pairs of
choices''%: (1) awake (W) versus nonrapid eye movement
(NREM) sleep, (2) NREM stages N1 versus N2, and (3) NREM
stages N2 versus N3. W/NREM difficulties arise when the
electroencephalogram (EEG) contains both awake and sleep
patterns and it is difficult to decide which pattern occupies > 15
sec of a 30-sec epoch. Distinction between N1 and N2 is based
on identification of spindles and K complexes.”® Definition of
K complexes is qualitative with no criteria for minimum am-
plitude or for the durations of the complex’s different phases.
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BRIEF SUMMARY

Current Knowledge/Study Rationale: Inter-scorer variability

in scoring polysomnograms results primarily from difficulty in
determining whether: (1) an electroencephalogram pattern of
wakefulness spans > 15 sec in transitional epochs, (2) spindles or

K complexes are present, and (3) duration of delta waves exceeds

6 sec in a 30-sec epoch. We hypothesized that providing digitally
derived information about these variables to the scorers may reduce
inter-scorer variability.

Study Impact: Percent agreement between scorers improved
dramatically after their scores were independently modified using
digitally obtained information about sleep depth, delta duration,
spindles, and K complexes. Provision of such information during
scoring can greatly reduce interrater variability in sleep staging by
eliminating the guesswork in scoring epochs with equivocal features.

In addition, manual scoring of spindles is subject to much in-
consistency among scorers.'*!'> N2/N3 differences are clearly
related to difficulty in correctly estimating delta wave duration
in epochs with borderline delta wave prominence.

Digital methods are currently available to determine depth
of sleep, to identify spindles and K complexes, and to calcu-
late delta wave duration within epochs. The odds-ratio-product
(ORP) is a continuous index of sleep/wake state with a range
from zero (very deep sleep) to 2.5 (full wakefulness).'® Tran-
sitional epochs receive an ORP score between 1.0 and 2.0.
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Most W/NREM disagreements occur in this range.' Likewise,
digital methods for identifying spindles and K complexes are
available'** and it is easy to digitally calculate delta wave
duration in 30-sec epochs. We hypothesized that making this
information available to technologists may help to unify the
scoring of such equivocal epochs thereby reducing interrater
scoring variability.

To test this hypothesis, initial disagreement in sleep staging
between two experienced scorers was determined. Thereafter,
scoring of each technologist was independently adjusted ep-
och-by-epoch such that if manual stage was NREM and ORP
was > 1.5 (middle of the transitional zone) the sleep stage was
changed to W, and vice versa (see Methods). Epochs staged
as N1 were converted to N2 if a digitally identified spindle or
K complex was present in the appropriate location, whereas a
shift from manually scored N1 to N2 in the absence of digi-
tally identified spindles or K complexes was overruled. Ep-
ochs staged N2 when digitally determined delta wave duration
was > 6 sec were converted to N3, and vice versa. Agreements
between the two modified scores, and between the modified
score and the original manual score of each technologist, were
subsequently determined. When the modified score of an ep-
och differed from the manual score of both technologists we
determined whether it was assigned by the same scorers dur-
ing five other scoring sessions of the same PSGs. Modified
scores that were not seen in any other session were considered
errors of the proposed approach.

METHODS

See “Expanded Methods” in supplemental material.

Fifty-six PSGs were randomly selected from the sleep cen-
tre’s database at the University of Calgary to represent a broad
spectrum of sleep pathology: severe obstructive sleep apnea
(OSA) (apnea-hypopnea index (AHI) > 30, n = 8), moderate
OSA (AHI 15-30, n = 10), mild OSA (AHI 5-15, n = 10), cen-
tral sleep apnea (AHI > 15, n = 4), severe OSA on continuous
positive airway pressure (CPAP) throughout (n = 5), periodic
limb movement (PLM) disorder (PLM index > 25, n = 4), in-
somnia (n = 5), narcolepsy (n = 5), no sleep pathology (n = 5).
These were the same PSGs used to validate the ORP'¢ and to
determine the reasons for interrater variability.”” The PSGs in-
cluded two central (C3/A2, C4/Al) and one occipital (O2/A1)
EEG signals, two electro-oculograms, chin electromyogram
(EMGQG), electrocardiogram and signals from chest and abdo-
men bands (Respitrace, Ambulatory Monitoring, Ardsley, NY,
USA), nasal pressure and oronasal thermister, oxyhemoglo-
bin saturation, and a microphone. They were recorded with a
Sandman system (Natus Medical, Pleasanton, CA). The scor-
ing performed for the initial clinical evaluation was not con-
sidered here.

The PSG files were manually scored by two certified PSG
technologists, scorer 1 and scorer 2, each with > 10 y of experi-
ence, one from the Sleep Centre at the University of Calgary
and one from the Sleep Centre at the University of Mani-
toba (manual 1). The two technologists did not work together
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previously. PSGs were mailed from Calgary to Winnipeg to be
scored by scorer 2 who used the same type of Sandman viewer
with the same filter and resolution settings. Several months
later scorer 1 and scorer 2 were asked to review their own scor-
ing and correct any errors (manual 2). The PSGs were then
exported in the European Data Format (EDF) with no added
filters and the EDF files were automatically scored (Auto) us-
ing a validated®?® automatic system (Michele Sleep Scoring
[MSS], Winnipeg, Manitoba, Canada). Scorer 1, scorer 2 and a
third senior scorer (scorer 3) were asked to edit the automatic
score, epoch by epoch, and correct any score they disagreed
with. Accordingly, there were seven manual scores for each
epoch in each PSG, three each from scorer 1 and scorer 2, and
one from scorer 3.

Following auto-scoring, Excel files were generated that
listed average ORP and average delta duration in each 30-sec
epoch and the location of each spindle and K complex identi-
fied by the program. A brief description of the method of calcu-
lating ORP is provided in the following paragraphs. For more
details on the method of obtaining ORP and the other variables
please see the supplemental material.

Fast Fourier transform is performed on the EEG in con-
secutive 3-sec epochs. The spectral pattern of the EEG in
each epoch is assigned a four-digit number based on the rela-
tive powers in four frequency bands.'® ORP is obtained from
a look-up table that contains the probability of each of these
10,000 patterns occurring in epochs staged awake by a consen-
sus of highly experienced technologists. The likelihood ranges
from 100% (invariably seen during epochs staged awake) to
zero (never seen during epochs staged awake). The final ORP
value is the normalized probability (2.5 = 100% and 0 = 0%) of
the assigned pattern to occur during wakefulness.'®

Epoch-by-epoch sleep scoring of scorer 1 and scorer 2 in
the second manual session (manual 2) was added to the excel
sheets containing the 30-sec ORP values, total delta wave du-
ration, and epochs with spindles and K complexes. Spindles
and K complexes were distinguished as to whether they were
found in the first or last 15 sec of the epoch. The scores of
scorer | and scorer 2 were then modified individually, without
regard to the scores of the other technologist. The modified
scorer | and scorer 2 scores were placed in new columns. The
following modifications were implemented in sequence start-
ing from the beginning of the file:

1. If manual stage is NREM sleep (any stage) and average
ORP is > 1.5, stage was changed to W. If stage is W
when average ORP is < 1.5, it was changed to N1.

2. If manual stage was N1 and there were one or more
spindles or K complexes in the first half of the epoch
or in the second half of the preceding epoch, the
stage was converted to N2 and the change was carried
forward until the manual stage was no longer N1 or
four epochs elapsed without a spindle or K complex.
When manual stage changed from N1 in one epoch to
N2 in the next in the absence of a digitally identified,
appropriately located spindle or K complex, the sleep
stage was changed to N1 and the change was carried
forward until a spindle or K complex was found or
manual stage changed to any stage other than N2.



Spindles and K complexes occurring in a previous
epoch were ignored if the previous epoch was staged
awake in view of the results of specificity analysis that
showed false positive identification of these events in
stage awake (see Analyses section).

3. Finally, epochs staged N2 when delta wave duration
was > 6 sec were converted to N3, and vice versa.

Epochs staged manually as rapid eye movement (REM) sleep
were not modified.

Management of Manually Scored Arousals

Because NREM sleep stage is changed to N1 following arous-
als,”® some N1/N2 discrepancies in the manual scoring were
related to differences in the manual scoring of arousals. On av-
erage, scorer 1 scored 105.2 = 58.3 arousals per PSG whereas
scorer 2 scored 59.1 £ 36.2. Only 41.1 + 27.0 arousals per PSG
were common to both scorers. We elected not to alter the
manually scored arousals because there are no agreed-upon
guidelines for digital scoring of arousals. Accordingly, if one
technologist scored an arousal followed by stage N1 while the
other did not score an arousal and the epoch remained as N2,
no intervention was made unless a digitally scored spindle or
K complex occurred after the arousal and before the middle
of the epoch, as the second modification in the previous para-
graph. However, because of the inconsistency of arousal scor-
ing, when an epoch was changed from N1 to N2, because there
were spindles or K complexes, extension of N2 forward was not
stopped when an arousal was manually scored. Such a practice,
which we tried initially, created too many N1/N2 discrepancies
that did not exist before. Accordingly, we carried forward the
change from NI to N2 through manually scored arousals un-
less 4 epochs elapsed without spindles or K complexes.

Analyses

Analysis to Determine Specificity of the Digitally Identified
Spindles and K Complexes

To confirm that spindles and K complexes are specific to stage
N2, the frequency of spindles and K complexes (number/30-
sec epoch) was calculated in epochs staged unanimously (i.e.,
in all seven manual scores) as awake, N1, N2, N3, and REM
sleep. Each spindle or K complex identified in epochs unani-
mously staged N1 sleep was visually inspected. In performing
this analysis, we were surprised by the small number of ep-
ochs scored unanimously as stage N1 or N3 relative to the total
number of epochs assigned these stages in at least one scoring
session. Accordingly, we performed a systematic evaluation of
the probability of a sleep stage scored by any technologist in
one session being assigned in the six other scoring sessions.

Analyses to Determine the Effect of Proposed Approach on
Scoring Results

The original and modified scores of scorer 1 and scorer 2 were
copied to a new excel sheet. The scores of scorer 1 and scorer 2
in manual 1 and the three post-Auto scores (scorers 1-3) were
added to the table (total of nine columns). The following calcu-
lations were made for each PSG:
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1. Epoch-by-epoch % agreement between scorer 1 and
scorer 2 in the original manual 2 scoring.

2. Epoch-by-epoch % agreement between modified
scorer | and modified scorer 2. The change in %
agreement reflects the overall benefit of the proposed
protocol in reducing interrater variability.

3. Agreement (intraclass correlation) between scorer 1
and scorer 2 in total sleep time, and times in W, N1,
N2, N3, and REM sleep before and after modification
of their scoring.

4. Number of epochs where stage assigned by scorer |
was changed to the stage assigned by scorer 2.

5. Number of epochs where stage assigned by scorer 2
was changed to the stage assigned by scorer 1. The sum
of the last two values (4 and 5) represents a positive
outcome in that the score of either highly qualified
technologist should be acceptable.

6. Number of epochs where the manual stage of either
or both scorers was changed to a completely different
stage. These are potential errors resulting from the
proposed protocol. To determine whether the third
score was an acceptable score given the equivocal
nature of the epoch, we scanned the other scores given
by the three scorers during the five other manual
exercises (two from manual 1 and three manual edits
of Auto). Epochs where the new score was not seen in
any of the other sessions were considered as true errors.
These were further categorized as to the type of error
(e.g., W wrongly called N1, N1 wrongly called N2, etc.).

All epoch numbers obtained in steps 4—6 were expressed as %
of total epochs in the PSG. Unless otherwise indicated, results
are given as mean + standard deviation and 10-90% confi-
dence interval in the 56 PSGs.

RESULTS

As reported previously,'? patients were 35 females and 21 males,
51 + 14 y in age. Body mass index was 35 £+ 12 kg/m?. Total
sleep time was 244 + 106 min. For the entire group AHI was
21 +£25h™!, arousal/awakening index was 25 + 14 h™', and PLM
index was 17 £ 31 h™",

Stage Specificity of the Digitally Identified Spindles
and K Complexes

Frequency of spindles and K complexes when sleep stage
was the same in all seven sessions (unanimous agreement) is
shown in Figure S1 in the supplemental material. Spindle fre-
quency was highest in epochs unanimously staged N2 sleep
(2.91 + 1.86/epoch), but was highly variable between patients
(10-90%, 0.60-5.51/epoch), and was lowest in REM sleep
(0.70 £ 0.76; 0.08—1.45/epoch). Spindle frequency in stage
N3 was nearly half the frequency in stage N2. Many spindles
were identified in stage W in the absence of visually iden-
tifiable spindles (1.33 = 0.93; 0.34-2.58/epoch). Frequency
of spindles in unanimous stage NI was 1.14 + 0.72/epoch
(0.34-2.10/epoch).
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A total of 892 spindles were digitally scored during epochs
staged unanimously as N1 sleep. Visual inspection of these
events revealed that only 43 (4.8%) had no visual correlate and
could be considered as true errors that could influence results
of the proposed approach. The remainder were consistent with
a score of N1 in that: (1) 431 (48.3%) occurred in the second
half of the epoch and were followed by a manual stage change
to N2 sleep in the following epoch, (2) 291 (32.6%) were digi-
tally identified during or before manually scored arousals in the
first half of the epoch, (3) 76 (8.5%) were questionable by visual
inspection because of borderline duration (= 0.5 sec) or be-
cause the event could easily be scored as a subthreshold arousal
(arousal < 3 sec in duration), (4) 29 (3.3%) occurred during an
extension of the awake pattern from a preceding epoch staged
awake, and 22 (2.5%) were assigned digitally to the first half of
the epoch because their onset was immediately before the 15-
sec point but their body was mostly in the second half. Accord-
ingly, they visually appeared to be in the second half.

K complexes were much less frequent than spindles
(Figure S1; note the 10:1 scale difference). Their frequency
was also maximal in epochs unanimously staged N2 sleep but
there were relatively much fewer K complexes than spindles
in stages W and REM sleep. Their frequency in epochs unan-
imously staged as N1 sleep was 0.11 + 0.13/epoch. Of these
(110 in total), 58.5% occurred in the second half of the epoch
and were followed by a change in manual stage to N2, 35.6%
were K arousals and in the rest (5.9%) an independent arousal
started prior to the midpoint of the epoch thereby precluding a
manual stage change to N2 sleep.”

Effect of the Proposed Approach on Interrater
Variability

There were 40,260 epochs in the dataset. Before modifications,
overall % agreement between the two scorers in manual 2 for
five-stage scoring was 78.9% and kappa statistic was 71.1%
(Figure S2 in the supplemental material). Percent agreement
for individual PSGs was 78.1 + 9.7% (confidence interval [CI]:
64.8—89.8%). Most differences were between W and NREM
sleep (46 = 38; CI: 10—140 epochs/PSG), between N1 and N2
(42+36; CI: 11-90 epochs/PSG) and between N2 and N3 (52 +47;
CI: 0-142 epochs/PSG). After the modifications (Figure S2), %
agreement for the entire dataset increased to 96.5% and kappa
statistic increased to 95.1%. Percent agreement for individual
PSGs was 96.5 + 2.6% (CI: 92.3-99.8%). Nearly all remaining
disagreements were between REM sleep and other stages and
a few N1/N2 disagreements (10 = 10; CI: 1-34 epochs/PSG).
There was no correlation between the arousal/awakening index
in the PSG and magnitude of difference between the two scor-
ers in any sleep stage or in the magnitude of reduction in these
disagreements following the correction.

Figures 1 and 2 illustrate the agreement between the two
scorers in times spent in different stages before and after modi-
fications. Except for agreement in REM time (Figure 2), which
was not modified, all relations improved substantially with in-
traclass correlation coefficients (ICCs) increasing to = 1.00 in
every case.

Table 1 shows average values of sleep variables obtained by
scorer 1 and scorer 2 before and after modifications. Scorer 2
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scored more awake, N2, and REM times and less N1, N3, and
total sleep times than scorer 1. These differences were highly
significant. With the exception of REM time, which did not
change as expected, differences between scorer 1 and scorer 2
disappeared after modifications. Modified N2 was higher, and
NI time was lower than the amounts scored by both technolo-
gists, mainly due to more epochs converted from NI to N2
than the opposite. Modified N3 was intermediate between the
values scored by the two technologists.

The right half of Table 1 lists ICCs for the relation between
the two scorers and between each scorer’s original and modified
scores. Before modifications, ICCs for scorer 1 versus scorer 2
were lowest for N1 and N3. Because, unlike Pearson correlation
coefficients, ICCs are sensitive to differences in the average of
the values being correlated, the reduction in average N1 time for
both scorers (left side of Table 1) resulted in low ICCs for cor-
relations between premodification and postmodification for this
variable (0.45 and 0.67 for scorer 1 and scorer 2, respectively).
The modifications appeared to favor scorer 1 with respect to
N3 because the ICC for premodification versus postmodifica-
tion comparison was much higher for scorer 1 (0.93 vs. 0.71).
Agreements between premodification and postmodification
were excellent and similar for both scorers for stage awake and
total sleep time (ICC > 0.9) and very good for N2 (ICC = 0.88).
In summary, the modified times agreed well (ICC > 0.88) with
the initial times of both scorer 1 and scorer 2 except for N1 time
(both scorers) and N3 time of scorer 2.

Errors Resulting from the Proposed Approach

The percent of epochs in an average PSG where the original
manual score was not altered by this procedure was 79.5 £ 8.0%
for scorer 1 (Figure S3, top panel, in the supplemental mate-
rial) and 79.9 + 11.2% for scorer 2 (Figure S3, bottom panel).
Percent of epochs where the stage was changed to that assigned
by the other scorer was 8.5 + 4.6% for scorer 1 and 8.4 + 6.9%
for scorer 2. In the remaining epochs (12.0 £ 6.5% for scorer 1
and 11.7 + 6.6% for scorer 2) the change was to a different stage
(third score). The third score was assigned to the same epoch
in one or more of the other five sessions in approximately 40%
of cases (4.9 + 4.2% and 4.8 + 4.2% of total epochs). Aver-
age number of sessions in which the third score was assigned
within the other five sessions was 2.0 = 0.3 for both scorers.
The third score was not seen in other sessions in 7.1 = 3.7%
for scorer 1 and 6.9 + 3.8% for scorer 2 and are considered er-
rors. Most errors involved changing a unanimous awake score
to NREM sleep (2.8 + 3.8% and 3.6 + 3.8%) and changing a
unanimous N1 score to N2 (2.1 £ 1.3% and 1.4 + 1.1%). In
summary, the scores of the two technologists were affected to
nearly the same extent and the modified score was indepen-
dently assigned by one or more technologists in all but =~ 7% of
epochs on average.

Although average number of errors was low for all error
categories, there were outliers particularly in the W—NR cat-
egory (Figure S4 in the supplemental material). The patient
with the most errors (PSG #106) had severe insomnia (sleep
efficiency 12%) along with low ORP during stage W. The low
ORP during stage W was due to an error in an ORP correction
factor that occurs rarely when the PSG contains few sleep and
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Figure 1—Agreement between the two scorers in times spent awake and in stages 1 and 2 of non-rapid eye movement sleep.
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Table 1—Sleep variables before and after scoring modifications.

Averages (n = 56)

Intraclass Correlation Coefficient

Variable

Awake (min)
N1 (min)
N2 (min)

N3 (min)
REM (min)

TST (min)

*xkx

S1 Pre

107
(85)
46
(27)
132
(74)
49
(39)
32
(23)
260
(107)

S2 Pre S1 Post S2 Post g; ::g
-
é?) ég) (2) 073
S < 0st
@ e ey o
o e e 02
ﬁgg) 5?8) (ﬁﬁ) 087

S1 Post S1Pre S2 Pre
S2 Post S1 Post S2 Post
1.00 0.93 0.91
0.99 0.45 0.67
1.00 0.88 0.88
1.00 0.93 0.71
0.92 1.00 1.00
1.00 0.96 0.95

, significantly different from S1, p < 0.01 and p < 0.0001, respectively. ****, significantly different from same scorer before modification, p < 0.05 and

p < 0.0001, respectively. 2, significantly different from S1 post, p < 0.0001. S1, scorer 1; S2, scorer 2; pre, before modification; post, after modification; N1,
N2, N3, non-rapid eye movement stages 1, 2 and 3; REM, rapid eye movement; TST, total sleep time.

many awake epochs with low beta power and frequent REM.
In another patient, electrocardiogram artifacts in the EEG were
too wide (0.18 sec) to be detected/removed by the R-wave re-
moval algorithm because of left bundle branch block, thereby
artificially elevating theta power, which reduces ORP.' In two
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patients the EEG in the affected sections was visually indistin-
guishable from stage N1 but there were behavioral indications
of wakefulness (REM with high chin EMG). Finally, in one
patient what visibly appeared to be alpha waves during wake-
fulness had a dominant frequency in the theta range (5.7 Hz),
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Figure 2—Agreement between the two scorers in times spent in rapid eye movement (REM) sleep, stage 3 of nonrapid eye

movement sleep, and total sleep time.
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Top panel: before modifications. Bottom panel: after modifications. Each dot is a separate polysomnogram. The lack of change in REM times is because
epochs scored as REM were not modified as per protocol. ICC = intraclass correlation coefficient.

thereby artificially increasing theta power and reducing ORP
during stage W. True errors occurred in less than 10% in all
but the same five patients (Figure S4).

Consistency in Scoring Different Sleep Stages

Figure 3 shows the likelihood of agreement among the seven
scoring sessions when a sleep stage was scored by at least
one scorer in a single scoring session. For stage W, there
were 14,956 epochs in which stage W was seen at least once.
In 64.9% of these the score was unanimous (7/7 sessions).
The percent varied widely among PSGs (43.9-87.9%), indi-
cating that in some PSGs scoring of this stage was more chal-
lenging than in others. The likelihood of the stage not being
scored in any other session (1/7) was very small (6.6 + 4.8%)
and a plurality (4/7) was found in 80.8 = 11.7% (64.7-95.0%)
of these epochs. A similar pattern was seen for REM sleep
with unanimity found in 62.7 + 21.9% (CI: 33.1-87.9%)
and a plurality in 82.5 + 13.1% (CIL: 65.5-93.6%). By con-
trast, for stage N1, unanimity was found in only 9.7 + 6.5%
of epochs (1.4-18.5%) and a plurality was found in only
37.2 + 12.0% staged at least once as N1 (21.3-52.8%). Stage
N3 showed a pattern similar to that of stage N1 whereas
the pattern for stage N2 was intermediate with unanimity
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seen in 46.0 + 16.5% (25.7-66.4%) and a plurality seen in
72.8 £ 13.1% (56.7-85.7%)).

DISCUSSION

The current study indicates that providing technologists with
digitally obtained information regarding ORP, spindles, K
complexes, and delta wave duration during scoring can greatly
assist them in scoring epochs with equivocal features and dra-
matically reduce interrater variability.

Although inconsistency among scorers for stages N1 and N3
is well known, our current finding that only a small fraction of
epochs scored as N1 or N3 by one scorer in one scoring session
are scored the same by all or even by a simple majority of com-
petent scorers (Figure 3) indicates that scoring these stages is
little more than a guessing game. This further emphasizes the
need to address the issue of interrater variability."

Use of Digitally Obtained EEG Features as an Adjunct
to Manual Sleep Scoring

As mentioned earlier, most differences between scorers occur
in epochs with equivocal EEG features' and the types of
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Figure 3—Extent of agreement among the seven scoring sessions when a given sleep stage is scored at least once in one of

the sessions.
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category.

scoring differences suggest that the equivocal features relate to
three issues: (1) whether in an epoch with feature of both wake-
fulness and sleep, awake features occupy > 15 sec, (2) whether
spindles or K complexes are present, and (3) whether delta
wave duration exceeds 6 sec in a 30-sec epoch. This study is
the first to use digitally acquired values for these three features
as an arbitrator in such cases. The results show that doing so
does in fact reduce interrater variability to a negligible level;
% agreement increased from 77.6 = 10% in individual PSGs
to 96.5 + 2.6% (Figure S2). At the same time, with very few
exceptions, true errors resulting from this arbitration process
were within an acceptable range (= 7%, Figures S3 and S4).
Furthermore, agreement between the modified sleep score and
the original manual score of each technologist (last two col-
umns, Table 1) was well within reported agreement between
two competent scorers for all sleep stages." "' Thus, even with-
out human oversight (Table 1), the modified score is equiva-
lent to one produced by a competent third scorer whose scores
agree well with other competent scorers. However, it differs
from any other single scorer in that, if used exclusively, interra-
ter variability in sleep staging would be significantly reduced.

Distinction between Awake and NREM Sleep

We used an ORP of 1.5 as a cutoff between wakefulness and
sleep. In development and validation tests (internal validation
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and published studies),'** we found that 30-sec epochs with
an average ORP > 2.0 are consistently scored awake in > 95%
of cases, whereas epochs with average ORP < 1.0 are consis-
tently scored asleep. Epochs with ORP between 1.0 and 2.0
contain both awake and sleep features. Sleep onset is identi-
fied almost invariably within this range*” and most W/ NREM
discrepancies occur in epochs with ORP between 1.0 to 2.0.'
However, there is no absolute ORP cutoff within this range that
distinguishes with certainty epochs that are manually scored
as awake from those scored as sleep. Thus, choosing a unique
level to arbitrate the stage will inevitably introduce errors in
that some epochs can be confidently scored as sleep when ORP
is higher than the cutoff level, and vice versa. A value of 1.5
was our first choice simply because it is in the middle of the
transitional range. Too high a cutoff would result in too many
epochs converted to sleep when they are unequivocally awake,
and vice versa. A perfect compromise would be a level in which
the number of unequivocally awake epochs that are converted
to sleep equals the number of unequivocally asleep epochs that
are converted to awake and both numbers are acceptably small.

The results show that with a threshold of 1.5 the number of
epochs converted to sleep against a unanimous decision was
=~ 3% of total epochs, whereas the opposite occurred in only 1.0
% of epochs (Figure S3). This suggests that 1.5 was perhaps
a little too high. However, we elected not to experiment with
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other thresholds in view of the small number of errors involved,
particularly because the epochs subjected to this error are al-
ready transitional between awake and asleep and do not re-
flect full wakefulness. There were only a few PSGs (5 of 56) in
which an excessive number of epochs (> 8%) were erroneously
converted to sleep (Figure S4). These errors, however, would
not have been averted by a small reduction in the cutoff value
because they were related to unusual EEG patterns and arti-
facts and the ORP in the affected epochs was well below 1.5.

Distinction between NREM Stages N1 and N2

Manual scoring of spindles and K complexes is subject to
much variability and uncertainty."* It was estimated that “2
to 3 experts are needed to build a spindle scoring dataset with
substantial reliability and 4 or more experts are needed to build
a dataset with near perfect reliability”."* A secondary contrib-
uting factor is interrater variability in scoring arousals because
the stage is changed to N1 following arousals. Thus, discrep-
ancies in arousal scoring result in N1/N2 discrepancies unless
spindle/K complex frequency is sufficiently high that conver-
sion to N1 following arousal is immediately reversed.

A number of signal processing techniques have been used
to develop several automated methods for detection of sleep
spindles and K complexes."”>* We elected to use the algorithms
built into the commercial MSS system for a number of reasons:
(1) they were available to us, (2) if shown to be effective they
can be implemented immediately (the system is available com-
mercially), (3) the algorithms were developed by trial and error
with the specific aim of achieving the best agreement between
highly competent scorers, which is the main aim of the pro-
posed approach, (4) agreement between MSS, which utilizes
these algorithms, and the average of 10 academic scorers in
scoring N1 and N2 was shown to be superior to agreement
across academic sites and comparable or superior to agreement
between scorers at the same site,” and (5) none of the meth-
ods described in the literature has been generally adopted be-
cause of its superiority to others or its acceptable performance
against a consensus of several scorers.”

It is predictable that if decisions between N1 and N2 are
made based on detection of spindles/K complexes by a single
independent scorer (automatic system in this case), most N1/N2
discrepancies would disappear regardless of how accurate the
automatic system is. This was clearly confirmed here; N1/N2
disagreements decreased from an average 42 + 36 epochs/PSG
to 10 = 10 epochs/PSG. The remaining disagreements were
the result of discrepancies in arousal scoring. Accordingly, the
main question to be addressed is the accuracy of the algorithms
used here to detect these events. Should the algorithms be inac-
curate, the benefit of minimizing N1/N2 disagreements would
clearly be offset by a large number of epochs that would erro-
neously be converted from N1 to N2, and vice versa. Evidence
that the algorithms performed adequately for the intended
purpose was obtained from two sets of observations. First, fre-
quency of spindles and K complexes was highest in stage N2
(Figure S1) and when they were detected in stage N1 they were
consistent with the manual stage assigned by the scorers except
in a very few cases (43 spindles, and no K complexes, in the
entire dataset). Spindles were falsely identified during epochs
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staged awake (Figure S1) and during arousals. However, as
long as spindles identified under these conditions are ignored,
as was done here, there should be very few errors. Second, only
2.1 = 1.3% of epochs in the case of scorer 1 and 1.4 + 1.1% in
the case of scorer 2 were changed from N1 to N2 in the face of
a unanimous N1 decision (Figure S3) and the largest such er-
ror in any PSG was 6% (Figure S4). Likewise, there were very
few epochs that were changed from N2 to N1 in the face of a
unanimous N2 score (0.5 £ 0.5 and 0.3 + 0.4% for scorer 1 and
scorer 2, respectively; Figure S3), with the largest error being
2.5% (Figure S4). We believe this is an acceptable compromise
for a marked improvement in inter-scorer agreement.

Distinction between NREM Stages N2 and N3

N2/N3 discrepancies arise from difficulty in visually estimat-
ing total delta wave duration in borderline epochs. To do that
visually requires identification of each wave that meets the am-
plitude (75 pV) and duration (0.5-2.0 sec) criteria, measuring
the duration of each eligible wave and summing all durations.
This is clearly not practical and scorers simply eyeball the ep-
och. As in the case of spindles and K complexes, if an esti-
mate of delta duration made by a single independent scorer (the
automatic system in this case) is enforced, perfect agreement
would result, regardless of the estimate’s accuracy. As ex-
pected, the proposed approach reduced N2/N3 disagreements
from 2,849 epochs (52 + 47 epochs/PSG) to 22 epochs (< 1 ep-
och/PSG) (Figure S2). The question is whether the algorithm
is accurate enough such that very few epochs unequivocally
scored as N2 are converted to N3, and vice versa. Such errors
were very few (0.5 = 0.7 epochs per PSG for erroncous N2 to
N3 conversion and 0.2 + 0.3 epochs per PSG for the opposite
error; Figure S3 and S4), thereby indicating that the algorithm
is adequate for this purpose.

How to Implement the Proposed Approach

Most PSG acquisition systems offer scoring modules to assist
in the manual scoring of various PSG variables. One or more
of the three algorithms used here can be added to the bank of
modules. With every epoch exposed on the viewer these mod-
ules would display average ORP, average delta wave duration
and/or whether spindles and K complexes are present in the
first or second half of the epoch. As shown before,"? scoring
differences among competent technologists develop primar-
ily when epochs are ambiguous such that one scorer may be
leaning toward a score while the other, or the same scorer at
another time, may lean away from it. If technologists are in-
structed to be guided by the results of the modules unless they
are absolutely certain the modules are wrong, the guessing
aspect of scoring such epochs is removed, resulting in much
better agreement between scorers. Such an approach may also
reduce scoring time because the interpretation of ambiguous
epochs can be challenging and time consuming.

A special caveat must be pointed out regarding wake/sleep
decisions. Here, the use of 15 sec of “awake” time as cutoff
between wakefulness and sleep' would have to be abandoned.
Epochs in which this rule applies are ipso facto transitional.
Determination of whether the alpha and/or beta pattern span
exactly 15 sec is often difficult and is the main reason for wake/



sleep discrepancies. The use of an objective measure of sleep
depth (e.g., ORP) in such epochs is preferred because it reflects
the complex features of the entire epoch'é and not a single pa-
rameter such as duration of a specific pattern. Furthermore, we
have shown that, with few exceptions, implementing an ORP
cutoff of 1.5, regardless of what the technologist might score
using the 15-sec rule, is associated with a clinically insignifi-
cant number of epochs where the “modified” score is not as-
signed by one or more scorers in other sessions (Figure S4).
Accordingly, in using the ORP module, technologists should
be advised to score epochs as asleep if ORP is < 1.5 even if
they are certain that the alpha/beta pattern is > 15 sec unless
there are clear signs of wakefulness, such as eye blinks or
REMs with high EMG.

Limitations

The proposed approach does not address REM/NREM scoring
discrepancies. We elected not to address this issue at this point
because there was little disagreement in REM scoring in this
data set (Figure 2); consequently, no significant benefit can
reasonably be expected.

The very small number of unjustified spindles found in
epochs with unanimous N1 score (43 spindles in 55 PSGs)
suggests that the algorithm produces very few false-positive
results when used outside arousals and awake periods. As such,
the algorithm proved adequate for the purpose of distinguish-
ing stages N1 and N2. However, its accuracy in identifying
individual spindles during NREM sleep was not tested. Ac-
cordingly, it currently cannot be recommended for use to eval-
uate frequency of spindles or spindle characteristics.

Sampling frequency of the EEG/electro-oculography/EMG
signals was lower (128 Hz) than that currently recommended
by the American Academy of Sleep Medicine (AASM)
(= 200 Hz). However, the higher frequency recommended
by AASM is simply to improve the visual resolution during
manual scoring. It has no effect on digital scoring or ORP and
other features because the original EDF is downsampled to a
standard 120 Hz and filtered according to AASM criteria be-
fore it is digitally processed.

We only analyzed PSGs recorded with one acquisition sys-
tem (Sandman). However, there is no technical reason to expect
that the proposed approach would not work with other systems
as long as the system follows the AASM recommendations for
data acquisition and the acquired data can be exported in the
EDF format without prior filtering. Sampling frequency is ir-
relevant provided it exceeds 120 Hz because the original EDF
is first downsampled to a standard 120 Hz by MSS before it is
subjected to digital analysis.

CONCLUSIONS

This study has shown that currently available digital methods
that determine depth of sleep and delta wave duration and
identify sleep spindles and K complexes have sufficient accu-
racy to guide the scoring of difficult-to-score epochs. Making
them available during scoring can result in dramatic reduction
in interrater variability in scoring sleep stages.

1355

M Younes and PJ Hanly. Method to Improve the Staging of Sleep

ABBREVIATIONS

AHI, apnea-hypopnea index

CPAP, continuous positive airway pressure
EEQG, electroencephalogram

EMG, electromyogram

ICC, intraclass correlation coefficient

MSS, Michele sleep scoring system

N1, stage 1 of non-rapid eye movement sleep
N2, stage 2 of non-rapid eye movement sleep
N3, stage 3 of non-rapid eye movement sleep
NREM, non-rapid eye movement sleep
ORP, odds ratio product

OSA, obstructive sleep apnea

PLM, periodic limb movement

PSG, polysomnogram

REM, rapid eye movement sleep

TST, total sleep time

W, stage awake
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