
SLEEP BREATHING PHYSIOLOGY AND DISORDERS • ORIGINAL ARTICLE

Home sleep apnea testing: comparison of manual and automated
scoring across international sleep centers
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Abstract
Purpose To determine the agreement between the manual scoring of home sleep apnea tests (HSATs) by international sleep
technologists and automated scoring systems.
Methods Fifteen HSATs, previously recorded using a type 3 monitor, were saved in European Data Format. The studies were
scored by nine experienced technologists from the sleep centers of the Sleep Apnea Global Interdisciplinary Consortium
(SAGIC) using the locally available software. Each study was scored separately by human scorers using the nasal pressure
(NP), flow derived from the NP signal (transformed NP), or respiratory inductive plethysmography (RIP) flow. The same
procedure was followed using two automated scoring systems: Remlogic (RLG) and Noxturnal (NOX).
Results The intra-class correlation coefficients (ICCs) of the apnea-hypopnea index (AHI) scoring using the NP, transformed NP,
and RIP flowwere 0.96 [95%CI 0.93–0.99], 0.98 [0.96–0.99], and 0.97 [0.95–0.99], respectively. Using the NP signal, the mean
differences in AHI between the average of the manual scoring and the automated systems were − 0.9 ± 3.1/h (AHIRLG vs
AHIMANUAL) and − 1.3 ± 2.6/h (AHINOX vs AHIMANUAL). Using the transformed NP, the mean differences in AHI were −
1.9 ± 3.3/h (AHIRLG vs AHIMANUAL) and 1.6 ± 3.0/h (AHINOX vs AHIMANUAL). Using the RIP flow, the mean differences in
AHI were − 2.7 ± 4.5/h (AHIRLG vs AHIMANUAL) and 2.3 ± 3.4/h (AHINOX vs AHIMANUAL).
Conclusions There is very strong agreement in the scoring of the AHI for HSATs between the automated systems and experi-
enced international technologists. Automated scoring of HSATs using commercially available software may be useful to stan-
dardize scoring in future endeavors involving international sleep centers.
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Introduction

Home sleep apnea testing (HSAT) is now commonly used
around the world to diagnose obstructive sleep apnea (OSA)
compared to in-laboratory polysomnography (PSG) [1–4].
HSAT is performed most often using a type 3 portable device
that monitors respiration during the normal sleep hours. The
home sleep study is unattended and does not record sleep
stages [5]. The signals used as a measure of airflow in
HSATs are the nasal pressure (NP) signal, the square root
transformation of the nasal pressure signal (transformed NP),
or alternatively, the uncalibrated respiratory inductive plethys-
mography (RIP) flow which is recommended as a surrogate
measure if the NP signal is inadequate [6]. Our group previ-
ously showed that there was a substantial agreement in the
scoring of the respiratory events for HSATamong internation-
al sleep technologists in the Sleep Apnea Global
Interdisciplinary Consortium (SAGIC) using any of these sig-
nals as a measure of airflow [7].

Automated scoring systems of respiratory events are in-
cluded in commercially available software and may save time
as well as standardize the scoring of HSATs due to the use of
computerized algorithms. Compared to manual scoring, two
prior studies indicate that automated scoring underestimates
the apnea-hypopnea index (AHI) with a mean difference rang-
ing from 5 to 8 events/h [8, 9]. However, both these studies
compared the automated systems to only one human scorer.
Thus, these studies failed to take into consideration the scoring
variability of respiratory events among human scorers. A
more appropriate comparison of the real-world performance
of automated systems should include a group of human
scorers to account for the known variation in human scoring.
In addition, the agreement between manual scoring of HSATs
by international sleep technologists and automated scoring
systems has not been previously reported. This would be im-
portant to determine given the increasing clinical use of HSAT
and the developing collaboration among sleep researchers
worldwide in multi-center international studies [10, 11].

We aimed to extend the findings of our previously pub-
lished study on the HSAT scoring agreement among interna-
tional sleep technologists [7], and examined the agreement
between manual and automated scoring systems using differ-
ent types of airflow signals. Our primary hypothesis was that
there would be strong agreement between the automated sys-
tems and manual scoring.

Methods

The SAGIC centers that participated in this study are Sydney,
Australia; São Paulo, Brazil; Berlin, Germany; Reykjavik,
Iceland; Taipei, Taiwan; Columbus, OH, USA; and
Philadelphia, PA, USA. Approval for the study was provided

by the Institutional ReviewBoard of the Ohio State University
Wexner Medical Center. A waiver of informed consent was
obtained because the HSATs were previously recorded and de-
identified.

Home sleep studies

Fifteen HSATs that were recorded in Columbus, OH, were
chosen. Previously scored HSATs are routinely stored at the
Ohio State University Sleep Disorders Center on a quarterly
basis in a secure electronic drive. Studies were randomly se-
lected from one folder containing the list of patients who had
HSATs obtained in one quarter (74 studies). Fifteen studies
were chosen according to a power analysis as explained be-
low. Exclusion criteria included studies performed while on
positive airway pressure therapy or while wearing a mandib-
ular advancement device, or if the clinical report stated that the
study was not interpretable because of excessive artifacts or
absence of adequate data. During the process of choosing the
15 studies, three studies were excluded because they were
performed while on CPAP therapy and two were excluded
because they were performed while wearing a dental device.
All HSATs were judged to have adequate signal quality. After
the 15th HSAT was chosen, no other studies were evaluated
for inclusion [7].

All HSATs were originally recorded using an Embletta
Gold type 3 portable device (Natus Neurology, Tonawanda,
NY). All patients were seen by a technologist, during a sched-
uled session, at which time-detailed instructions and demon-
stration of how the sensors should be applied were performed.
In addition, patients were asked to demonstrate to the technol-
ogist how they will use the HSAT equipment on themselves.
The patient was also provided with written instructions to take
home at the end of the session. Signals were recorded using
the following sampling rates: nasal pressure, 50 Hz; chest and
abdominal movement, 50 Hz; and pulse oximetry, 3 Hz. Pulse
oximetry (Nonin Medical, Inc., Plymouth, MN) used an aver-
aging algorithm of 3 s or faster for pulse rates of 60 beats per
minute or greater. The HSATs were converted into European
Data Format (EDF) [12]. All prior scoring of the HSATs were
removed with the EDF conversion.

Manual scoring

The HSAT EDF files were imported into the local software
used for scoring at each site. The scoring software used for
manual scoring were Remlogic (Natus Neurology,
Tonawanda, NY) [Berlin, São Paulo, Philadelphia, and
Columbus sites], Compumedics (Compumedics Limited,
Victoria, Australia) [Sydney and Taipei sites], and Noxturnal
(Nox Medical, Reykjavik, Iceland) [Reykjavik site]. The
guidelines for scoring were summarized in Microsoft
PowerPoint and Microsoft Word formats and provided to the
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nine human scorers. This was supplemented by an educational
online conference (WebEx, Cisco Systems, Inc., San Jose,
CA) headed by an investigator (UJM) involving the scorers.
All nine scorers had at least 5 years of experience in scoring
clinical sleep studies and were chosen by the investigator at
each participating SAGIC site (two scorers in Berlin, two
scorers in São Paulo, and one scorer each in Philadelphia,
Columbus, Sydney, Taipei, and Reykjavik). The analysis start
time (Blights out^) and analysis end time (Blights on^) were
provided for each HSAT. Respiratory events were manually
scored for each 30-s epoch according to standard procedures
[7]. An apnea was defined as a decrease in airflow sensor
excursion by ≥ 90% of baseline lasting at least 10 s with ≥
90% of the event duration meeting the amplitude reduction
criteria. An apnea was considered to be obstructive if there
was visible respiratory effort throughout the entire period of
absent airflow, central if respiratory effort was absent, and
mixed if there was absent respiratory effort initially followed
by resumption of respiratory effort [13]. A hypopnea was
defined as a reduction in airflow signal by ≥ 30% of baseline
lasting at least 10 s and associated with at least a 4% oxyhe-
moglobin desaturation from pre-event baseline [7, 13, 14].
The following variables were calculated for each sleep study:
AHI; number of apneas; number of obstructive, central, and
mixed apneas; and number of hypopneas.

The HSATs were scored separately using one of three dif-
ferent airflow signals: (a) nasal pressure (NP), (b) transformed
(square root) nasal pressure signal (transformed NP), and (c)
uncalibrated respiratory inductive plethysmography (RIP)
flow [6, 15, 16]. Only one airflow signal was used for each
scoring session. For example, when the NP was used as the
signal for airflow, both the transformed NP and RIP flowwere
not visible to the scorer.

Automated scoring

Two commercially available automated software scoring sys-
tems were used: (i) Remlogic (RLG) and (ii) Noxturnal
(NOX). The studies in EDF were imported into each commer-
cially available software and two investigators (KAW, JNJ)
blinded to the manual scoring results, ran the automated scor-
ing systems. The same Blights out^ and Blights on^ times were
used as in the manual scoring above. Each study was scored
separately using one of the three different airflow signals as
above and using the same definition for apneas and hypopneas
as the manual scoring. Automated scoring was performed
without additional manual human review of the respiratory
events.

Sample size

The primary outcome for the inter-rater agreement analysis
was the intra-class correlation coefficient (ICC) of the AHI.

Given 11 scorers (9 humans and 2 automated scorers), the 15
PSGs had a power of 94% to detect an ICC of at least 0.90,
assuming a null hypothesis of ICC = 0.70 and a type 1 error
rate of 0.05.

Statistical analysis

The inter-rater reliability agreement among the 11 different
scorers (9 humans and 2 automated scorers) was assessed
using the ICCs for the different respiratory indices.
Additionally, we also determined the ICCs of the average of
the manual scoring and the two automated systems. The levels
of agreement using the ICCs of respiratory indices were clas-
sified as follows: 0.00–0.25 = little, 0.26–0.49 = low, 0.50–
0.69 = moderate, 0.70–0.89 = strong, and 0.90–1.00 = very
strong [17, 18]. We also calculated the mean difference
(MEANdiff) between the average of the manual scores and
the automated scores of the AHI. The limits of agreement
(LoA) were calculated as mean difference ± 1.96*SD of the
differences [19]. Data analyses were performed using SPSS
software version 23 (IBM Corp., Armonk, NY). The Bland-
Altman plots were generated using SigmaPlot software ver-
sion 13 (Systat Software, Inc., San Jose, CA).

Results

The AHI values of all 15 HSATs by the nine scorers and two
automated systems using the three different airflow signals are
shown in Fig. 1. The mean ± SD of the AHI on all the 15
HSATs was 27.8 ± 5.6 events/h (range 6.3–105.5 events/h)
using NP, 25.1 ± 2.2 events/h (range 4.2–73.4 events/h) using
transformed NP, and 24.0 ± 2.0 events/h (range 4.7–67.5
events/h) using RIP flow.

Scoring agreement assessed by intra-class correlation
coefficients

The inter-scorer agreement of AHI scoring among the human
and automated scorers was very strong using any of the fol-
lowing as the primary signal for airflow: NP, transformed NP,
or RIP flow. As shown in Table 1, the ICCs of the respiratory
event scoring using the NP were AHI = 0.96 [95% CI 0.93–
0.99], apnea index = 0.87 [0.77–0.95], and hypopnea index =
0.67 [0.50–0.84]. The ICCs using the transformed NP were
AHI = 0.98 [0.96–0.99], apnea index = 0.89 [0.81–0.96], and
hypopnea index = 0.81 [0.68–0.92]. The ICCs using the RIP
flow were AHI = 0.97 [0.95–0.99], apnea index = 0.66 [0.49–
0.84], and hypopnea index = 0.79 [0.65–0.91]. Scoring agree-
ments of the apnea and hypopnea indices were therefore not as
high as the scoring agreement of the AHI, although agreement
was still in the moderate to strong range. In addition, as shown
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in Table 1, there was degradation of the scoring agreement of
central and mixed apneas.

When the average of the manual scoring was used to de-
termine the inter-rater agreement with the two automated sys-
tems, similar results were obtained. As shown in
Supplemental Table 1, the ICCs using the NP were AHI =
0.99 [0.97–0.99], apnea index = 0.78 [0.56–0.91], and
hypopnea index = 0.52 [0.20–0.78]. The ICCs using the trans-
formed NP were AHI = 0.98 [0.96–0.99], apnea index = 0.79
[0.57–0.91], and hypopnea index = 0.72 [0.47–0.88]. The
ICCs using the RIP flow were AHI = 0.96 [0.91–0.99], apnea

index = 0.71 [0.46–0.88], and hypopnea index = 0.90 [0.79–
0.96].

Scoring agreement assessed by the mean difference

Scoring agreement was also determined using the mean dif-
ference (MEANdiff) between the average of the manual scores
and the automated scores of the AHI using the three airflow
signals. As shown in Fig. 2, using the NP signal, the mean
differences in AHI were − 0.9 ± 3.1/h (AHIRLG vs
AHIMANUAL), − 1.3 ± 2.6/h (AHINOX vs AHIMANUAL), and
− 0.3 ± 1.9/h (AHIRLG vs AHINOX). Overall, the mean

Fig. 1 The absolute values of the
AHI by the 9 human scorers and 2
automated systems of each of the
15 HSATs are shown. NP, nasal
pressure; transformed NP, square
root transformation of NP signal;
RIP flow, flow using respiratory
inductive plethysmography; AHI,
apnea-hypopnea index; RLG,
Remlogic; NOX, Noxturnal
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differences in AHI scoring between manual and automated
scoring were small. In addition, the mean difference in AHI
scoring between the two automated scoring systems was
small. Table 2 shows the mean differences between manual
and automated systems using the three different airflow
signals.

Discussion

The current research investigated HSAT scoring agreement of
respiratory events between manual scoring by international
sleep technologists and two commercially available automat-
ed scoring systems. We found the following results: (1) there
is a very strong inter-rater agreement in the scoring of the AHI
for HSATs between the automated systems and manual scor-
ing performed by technologists from international sleep cen-
ters; (2) the scoring agreement of the AHI between the auto-
mated scoring systems and experienced technologists is very
strong regardless of the type of airflow signal used (NP, trans-
formed NP, or RIP flow); (3) there is very strong agreement in
the scoring of the AHI between the two commercially avail-
able automated scoring systems used in this study; and (4)

scoring agreement of the apnea and hypopnea indices was
not as high as the scoring agreement of the AHI, although
agreement was still in the moderate to strong range. We are
unaware of any previous study that examined the agreement
of HSAT scoring of respiratory events among international
sleep technologists and automated scoring systems. Two prior
studies reported that automated scoring underestimates the
apnea-hypopnea index (AHI) obtained by human scorers with
a mean difference ranging from 5 to 8 events/h [8, 9].
However, both these studies compared the automated systems
to only one human scorer. In contrast, the automated systems
in our study were compared to nine human scorers which
provided a more accurate comparison considering that manual
scoring among sleep scorers has inherent variability. As
shown in Fig. 1, the AHI derived from the two automated
systems was within the variation of the AHI scored by the
nine human sleep technologists in each of the 15 HSATs. In
addition, the fact that different scoring software were utilized
by the human scorers is a strength of our current study given
that this would be the real-world situation in collaborative
endeavors involving international sleep centers.

Three previous studies have examined the scoring agree-
ment of in-laboratory PSGs between human and automated

Table 1 Inter-rater agreement of
scoring respiratory events using
different airflow signals. Values in
parentheses represent the 95%
confidence limits of the
agreement among the 11 scorers
(9 human and 2 automated
scoring systems)

Intra-class correlation coefficients
Variable NP Transformed NP RIP flow

AHI (events/h) 0.96 [0.93–0.99] 0.98 [0.96–0.99] 0.97 [0.95–0.99]

Apnea index 0.87 [0.77–0.95] 0.89 [0.81–0.96] 0.66 [0.49–0.84]

OA index 0.86 [0.75–0.94] 0.73 [0.48–0.89] 0.60 [0.42–0.80]

CA index 0.59 [0.41–0.79] 0.80 [0.66–0.91] 0.61 [0.43–0.80]

MA index 0.56 [0.37–0.77] 0.66 [0.49–0.84] 0.42 [0.24–0.67]

Hypopnea index 0.67 [0.50–0.84] 0.81 [0.68–0.92] 0.79 [0.65–0.91]

NP, nasal pressure; transformed NP, square root transformation of NP signal; RIP flow, flow using respiratory
inductive plethysmography; AHI, apnea-hypopnea index; OA, obstructive apnea; CA, central apnea; MA, mixed
apnea

Fig. 2 Bland-Altman plots of the agreement between the AHI values using the nasal pressure signal. AHI, apnea-hypopnea index; RLG, Remlogic;
NOX, Noxturnal
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systems [20–22]. All of these studies were done in the USA
and all reported good agreement in the scoring of respiratory
events between experienced sleep technologists and the auto-
mated systems. In the largest of these studies, byMalhotra and
colleagues, automated scoring compared to ten sleep technol-
ogists from five sleep centers also yielded very good ICCs for
sleep architecture measures aside from the AHI. The authors
suggested that automated scoring, particularly if supplement-
ed with manual editing, may provide a way to improve sleep
laboratory efficiency as well as standardize PSG scoring
across sleep centers [21]. The current study extends the find-
ings of these previous reports to scoring of HSATs and among
international sleep centers. This has implications particularly
in research, given the increasing use of HSAT to diagnose
OSA and the developing collaboration among sleep re-
searchers worldwide in multi-center international studies
[10, 11].

The agreement in the scoring of central apneas for HSATs
between the average of the manual scoring and the two auto-
mated systems was lower than the scoring agreement for ob-
structive apneas. Our previous studies also showed that,
among human scorers, there was greater disagreement in the
scoring of central apneas and mixed apneas for PSGs and
HSATs than for scoring of obstructive apneas [7, 14]. The
explanation for these findings is not known, but may be relat-
ed to difficulties in determining the absence of respiratory
effort from the abdominal and thoracic belt signals. The air-
flow derived by the square root transformation of the nasal
pressure (transformed NP) signal is used by some centers for
the scoring of respiratory events [6, 23, 24]. The RIP flow
from the thorax and abdominal belt signals is also suggested
as an alternative sensor for scoring respiratory events if the NP
signal fails. Our study showed strong agreement in AHI scor-
ing between human and automated systems when using the
transformed NP or RIP flow signals. To our knowledge, ours
is the first study that has examined the AHI scoring agreement
using these alternative flow signals between human scorers
and automated systems.

Our study has some limitations. First, similar to the two
previous studies examining the agreement between manual
scoring and automated systems in HSATs, we used a ≥ 4%

oxygen desaturation to define a hypopnea, which is an accept-
able alternative definition, but not the recommended one ac-
cording to the update of the American Academy of Sleep
Medicine (AASM) PSG scoring rules which uses a ≥ 3% ox-
ygen desaturation [6]. A second limitation is the fact that all 15
HSATs were acquired from one SAGIC center. However, the
type 3 portable device used to acquire the signals in these 15
HSATs included standard signal channels that would not be
expected to be different in other international centers. A third
limitation of our study is that we only included two automated
scoring systems and our results cannot be extrapolated to other
commercially available automated systems. Finally, although
the 15 HSATs used in our study were randomly selected, all
had good signal quality which is not to be expected with all
HSATs. In the real world, human scorers will still be needed to
review the HSATs to assess the quality of the signal to check
for signal loss or high levels of noise.

In summary, our findings show that there is a strong agree-
ment in the scoring of the AHI for HSATs between the com-
mercially available automated scoring systems and experi-
enced technologists from international sleep centers. This is
also true when alternative airflow signals such as the trans-
formedNP and RIP flow are used by the automated systems in
the scoring of HSATs. Scoring agreements of the apnea and
hypopnea indices were not as high as the scoring agreements
of the AHI, although agreement was still in the moderate to
strong range. Our study suggests that automated scoring of
HSATs may be a useful tool to improve sleep laboratory effi-
ciency and to standardize scoring among international sleep
centers.
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