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Aim: Home sleep testing is becoming more common in the diagnostics of pediatric obstructive sleep ap-
nea. The aim was to examine the agreement between manual and automatic analyses of home sleep
examinations in children and adolescents. Materials & methods: Sleep examinations recorded with a type
3 sleep monitor (Nox T3) were analyzed manually by a registered polysomnographic technologist and au-
tomatically with Noxturnal version 5.1. Results: 51sleep examinations on children and adolescents with a
median age of 13.6 years were included. The median manual apnea-hypopnea index (AHI) was 2.7 (range
0.2 to 28.2), while the median automatic AHI was 11.9 (range 4.2 to 45.6; p < 0.001). Conclusion: The
agreement between manual and automatic analyses was poor. The AHI was consistently overestimated
by automatic analysis.
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Obstructive sleep apnea (OSA) in childhood is associated with behavioral and neurocognitive dysfunctions [1,2],
cardiovascular morbidities [3-5] and reduced quality of life [6,7]. The prevalence of OSA in the general pediatric
population is estimated to be 1-5% [8]. Overweight is one of the known risk factors for OSA, and the reported
prevalence of OSA in children and adolescents with overweight/obesity ranges from 19 to 61% [9-11].

OSA is diagnosed based on an overnight sleep examination, and in-laboratory polysomnography (PSG) is the
gold standard for diagnosing OSA [12]. However, home sleep testing is becoming more common in the diagnostics
of OSA. The American Academy of Sleep Medicine has now approved the use of type 3 portable sleep monitors as
an alternative to PSG in adults [13]. In children, these monitors are not yet officially approved for diagnosing OSA;
however, portable sleep monitoring is the realistic first choice in many sleep clinics because of the inaccessibility
and great costs of PSG.

It is recommended that home sleep examinations are manually analyzed by a registered practitioner in sleep
medicine [13]. As an alternative to manual analysis, most portable devices have a software program that can analyze
data automatically. Especially designed algorithms for the analysis of pediatric sleep examinations have also been
developed. However, knowledge about the agreement between pediatric manual analysis and pediatric automatic
analysis is lacking. Therefore, the aim of this study was to compare the results from manual analysis of home sleep
examinations with automatic analysis in children and adolescents using a type 3 portable sleep monitor (Nox T3).

Materials & methods
The participants
The study population was recruited from an ongoing research project concerning the effect of weight loss in children ~ FUtUre %%

and adolescents with OSA and overweight/obesity. We included children and adolescents who were referred o2~ Medicine ™
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follow-up consultation in the sleep clinic at Zealand University Hospital, Kege, Denmark, in the period April 2016
to December 2016. All participants in this study had been diagnosed with OSA (defined as an AHI > 2) using
portable sleep monitoring (Nox T3) 6-8 months prior to inclusion. The inclusion criteria were age <18 years
and a night sleep examination containing >4 h of sleep time in acceptable signal quality (overall signal quality
>90%). During the consultations, demographic data and anthropometric measurements were obtained, and the
participants and their parents were meticulously instructed in the use of the portable sleep monitor (Nox T3).
The BMI standard deviation score was estimated using the LMS method (LMS refers to three smooth age-specific
curves called L [lambda], M [mu] and S [sigma] [14]), based on Danish references [15].

Home sleep examinations

Home sleep examinations were performed using the Nox T3 device (Nox Medical, Reykjavik, Iceland), which
is a type 3 portable sleep monitor previously validated in adults [16,17]. It measures airflow via a nasal cannula;
respiratory effort via thoracic and abdominal belts; body position and activity via an integrated accelerometer; and
pulse and oxygen saturation via an oximeter.

Manual & automatic analysis
The sleep examinations were all manually analyzed by the same registered polysomnographic technologist. Apneas
and hypopneas were manually scored according to the pediatric respiratory rules defined by the American Academy
of Sleep Medicine [18]. Apneas were identified if there was a >90% drop in airflow for at least the duration of
two breaths. Apneas associated with the presence of respiratory effort throughout the entire period of the event
were classified as obstructive apneas. Apneas associated with absent respiratory effort during one portion of the
event and the presence of inspiratory effort in another portion were classified as mixed apneas. Hypopneas were
identified if there was a >30% drop in airflow for at least the duration of two breaths associated with a >3% oxygen
desaturation. The apnea—hypopnea index (AHI) was determined as the sum of the average number of obstructive
apneas per hour of sleep (obstructive apnea index [OAI]), the average number of mixed apneas per hour of sleep
(mixed apnea index [MAI]) and the average number of hypopneas per hour of sleep (hypopnea index [HI]) [12].
Central apneas, defined as apneas with absent respiratory effort [18], were excluded from the AHI calculation [12].

The automatic analysis was performed using the Pediatric Respiratory Cannula Flow algorithm in the Noxturnal
software version 5.1 (Nox Medical). The criteria for apneas, hypopneas and AHI were the same as those used
for manual analysis. The start and stop times in the automatic analysis were manually regulated, so that they
corresponded to the start and stop times used in the manual analysis.

The OSA severity was categorized based on AHI. Mild OSA was defined as 2 < AHI < 5, moderate OSA was
defined as 5 < AHI < 10 and severe OSA was defined as AHI > 10. An AHI < 2 was defined as normal.

Statistical methods

Data were analyzed using SAS Enterprise Guide version 7.1. The primary outcome variable was the AHI derived
from manual and automatic analyses. First, the agreement between manual and automatic AHI was assessed using
Wilcoxon signed-rank test and a scatter plot with a line of identity. Second, a linear regression model with a 95%
prediction interval was performed based on log-transformed AHI data to investigate if the manual AHI could be
predicted from the automatic AHI. This model was chosen after exclusion of the Bland—Altman method due to
unevenly distributed differences between automatic and manual AHI even after log-transformation. In order to
show the possible impact of automatic analysis on clinical decision-making, a table describing the classification of
OSA severity by automatic analysis compared with manual analysis was created.

The agreement between manual and automatic analyses of OAI and HI was investigated using the Wilcoxon
signed-rank test and scatter plots. After log-transformation, the HI data were suitable for description in a Bland—
Altman plot with calculation of average bias, using a paired t-test, and limits of agreement (mean =+ 2 x standard
deviation). A Wilcoxon signed-rank test was performed to investigate the agreement between manual and automatic
analyses of MAI; however, MAI only accounted for a minimal part of both automatic and manual AHI and was
therefore not further analyzed.

The sample size was calculated based on a paired t-test with alpha 0.05 and power 0.8, an AHI effect size of
1 event/hour and an expected standard deviation of the difference in the AHI of 1.5 events/hour. Under these
assumptions, at least 17 individuals were required. The p-values reported are two-tailed and alpha was set at 0.05
for statistical significance.
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57 participants were referred
to a follow-up sleep
examination (using Nox T3)
between April 2016 and
December 2016

5 participants were excluded
because of age = 18 years

1 participant was excluded
because the recorded sleep
time was < 4 hours

51 participants were
included in the analyses

Figure 1. Flowchart describing the inclusion and
exclusion of participants.

Table 1. Comparison of manually and automatically analyzed sleep parameters in 51 children and adolescents.

Sleep parameter Manually analyzed Automatically analyzed p-value
AHI (events/hour) 2.7 (0.2-28.2) 11.9 (4.2-45.6) <0.001
OAI (events/hour) 0.1 (0.0-16.0) 9.2 (2.5-35.3) <0.001
HI (events/hour) 2.3 (0.2-22.8) 2.4 (0.30-16.4) 0.59
MAI (events/hour) 0.0 (0.0-0.8) 0.0 (0.0-0.5) 0.30

Data are presented with medians and ranges.
Bold values indicate p < 0.05.
AHI: Apnea—-hypopnea index; HI: Hypopnea index; MAI: Mixed apnea index; OAI: Obstructive apnea index.

Results

A total of 51 participants aged less than 18 years with an acceptable home sleep examination were included
(Figure 1). 23 participants (45.1%) were boys and 28 (54.9%) were gitls. The median age was 13.6 years (range
7.9-17.8). The median BMI standard deviation score was 2.68 (range 1.04—4.22) corresponding to a median BMI
percentile of 99.6 (range 85.0-100.0). 30 participants (58.8%) were diagnosed with OSA by manual analysis.

The primary outcome variable: AHI
There was a statistically significant difference in AHI between manual and automatic analyses (p < 0.001) (Table 1).
The median manual AHI was 2.7 (range 0.2 to 28.2) and the median automatic AHI was 11.9 (range 4.2 to 45.6).
In the scatter plot of automatic AHI versus manual AHI (Figure 2A), all points are located above the line of identity
indicating a consistent overestimation of AHI by automatic analysis.

Figure 3 shows the linear regression model based on log-transformed AHI. The root-mean-square error was 0.78
corresponding to a 95% prediction interval of 0.21-4.70 (i.e., the manual AHI could be between 21 and 470% of
the AHI predicted by the model).

Misclassification of OSA severity

Table 2 shows the classification of OSA severity by automatic analysis compared with manual analysis. The overall
misclassification rate of the OSA severity by automatic analysis was 84.3%. All participants with normal AHI were
misclassified as having mild, moderate or severe OSA by automatic analysis. Likewise, all participants with mild
OSA were misclassified and had either moderate or severe OSA by automatic analysis. A third of the participants
with moderate OSA were correctly classified while the remaining were misclassified as having severe OSA by
automatic analysis. All participants with severe OSA were correctly classified by automatic analysis.
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Figure 2. Scatter plots of automatically versus manually analyzed respiratory events in 51 children and adolescents. Figure 2A
illustrates the AHI. Figure 2B illustrates the OAI. Figure 2C illustrates the HI.
AHI: Apnea-hypopnea index; HI: Hypopnea index; OAI: Obstructive apnea index.

Table 2. Classification of obstructive sleep apnea severity by automatic analysis compared with manual analysis in 51

children and adolescents.

Automatic analysis

Normal AHI Mild OSA Moderate OSA Severe OSA Total
Manual analysis Normal AHI 0 2 (9.5%) 9 (42.9%) 10 (47.6%) 21
Mild OSA 0 0 5(27.8%) 13 (72.2%) 18
Moderate OSA 0 0 2 (33.3%) 4 (66.7%) 6
Severe OSA 0 0 0 6 (100%)
Total 0 2 16 33 51

Data are presented with frequency and row percent.

Gray areas represent complete agreement between automatic and manual analyses.

Normal AHI: AHI < 2, Mild OSA: 2 < AHI < 5, Moderate OSA: 5 < AHI < 10, Severe OSA: AHI > 10.
AHI: Apnea—hypopnea index; OSA: Obstructive sleep apnea.
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Observations 51
Parameters 2
Error DF 49
MSE 0.6022
R-square 0.5166
Adj R-square  0.5067

Log (manual AHI)

T T
18 2.0 25 3.0 3.5

Log (automatic AHI)

Fit [0 95% confidence limits - ----- 95% prediction limits

Figure 3. Linear regression model based on log-transformed apnea-hypopnea index (AHI).

The additional variables: OAI, HI & MAI
There was a statistically significant difference between manual OAI and automatic OAI (p < 0.001; Table 1).

The scatter plot of automatic OAI versus manual OAI (Figure 2B) shows no linear relation between the two
variables. All data points are located above the line of identity indicating a consistent overestimation of OAI by the
automatic analysis.

No statistically significant difference between manual HI and automatic HI was found (p = 0.59; Table 1). In
the scatter plot of automatic versus manual HI (Figure 2C), the data points are located around the identity line
indicating some level of agreement between automatic and manual HI. Figure 4 shows the Bland—Altman plot of
the log-transformed HI data with average bias and limits of agreement. The average bias was 0.05% (95% CI:
-14-17%). The antilog values of the lower and upper limits of agreement were 0.33 and 3.05, respectively, meaning
that the automatic HI may differ from the manual HI by 67% below to 205% above.

The difference between manual and automatic MAI was not statistically significant (p = 0.30; Table 1). MAI
only accounted for a minimal part of both the manual and automatic AHI, 0.71 and 0.12%, respectively.

Discussion

Our results showed that the AHI was consistently overestimated by automatic analysis. The overestimation of the
AHI resulted in misclassification of the OSA severity in 84.3% of the cases. The linear regression model (Figure 3)
demonstrated wide prediction intervals, meaning that the model is not suitable for use in a clinical setting as a
method for estimating AHI from the automatic analysis.

The difference between manual and automatic HI was not statistically significant, and the scatter plot (Fig-
ure 2C) suggested agreement between the two. A possible agreement between manual and automatic HI was
further supported by the small average bias of 0.05% found using the Bland—Altman method. However, the limits
of agreement were very wide indicating poor agreement between the two measurements on an individual basis.

Regarding OAL, we found a statistically significant difference between manual and automatic OAI and the scatter
plot (Figure 2B) showed a clear overestimation of the OAI by automatic analysis. Therefore, our findings indicate
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Figure 4. Bland-Altman plot of log-transformed hypopnea index (HI) data.

that the overestimation of the OAI is the main explanation for the overall overestimation of the AHI by automatic
analysis.

In adults, a number of studies have investigated the agreement between manual and automatic analyses for type
3 portable sleep monitors [16,17,19-24]. Both Cairns ez a/. (16) and Xu ez a/. (17] used the same device as in our study
(Nox T3) and found good agreement between manual and automatic analyses. Most of the other mentioned studies
found that automatic analysis underestimated the AHI [19-221. This is in contrast to our findings; however, it is
not possible to directly compare the results from the studies in adults with our study in children and adolescents.
It would have been interesting to compare our findings with studies in children, but searching for literature, we
did not find any studies investigating the agreement between manual and automatic analyses using type 3 portable
sleep monitors in children. More research in this area would be valuable.

The major difference between the adult and the pediatric criteria for detecting apneas and hypopneas is the
duration requirements of respiratory events. In children, an apnea or a hypopnea should last at least the duration
of two breaths, while it should last at least 10 s in adults [18]. We speculate whether a software program would be
better at recognizing the duration of 10 s than it would be at recognizing the duration of two breaths. If this were
the case, it would add uncertainty to all respiratory events recognized by the pediatric automatic analysis possibly
contributing to the overestimation of respiratory events. However, this does not explain why the obstructive apneas
were more difficult to detect compared with the hypopneas, since the duration criteria are the same for both the
obstructive apneas and the hypopneas.

It should be kept in mind that the accuracy requirements for a pediatric automatic analysis are higher than for
an adult automatic analysis. With an AHI > 2 as the criterion for detecting OSA in children even small differences
in the AHI would be clinically relevant. Therefore, a very precise AHI calculation is necessary before a pediatric
automatic analysis can be approved, while less precision can be tolerated in an automatic analysis designed for
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adults. An overestimation of OSA severity as seen in our study could lead to overdiagnosis and as a consequence
improper treatment of patients and an unnecessary waste of health system resources.

The same experienced sleep technician analyzed all sleep examinations. However, it might have been valuable if
more than one sleep technician had manually analyzed all sleep examinations because it would have given us the
opportunity to compare the automatic analysis with more than one manual analysis. This is a limitation to our
study. However, we chose a pragmatic approach, and it was not part of the clinical routine to have more than one
sleep technician analyzing the same sleep examination.

Our study population had a high BMI status and all participants had a history of OSA. These characteristics
separate our study population from the general pediatric population and might limit the extent to which the
findings can be extrapolated to the general pediatric population. However, 41.2% of the participants had a normal
AHI. Therefore, it seems fair to say that we have tested the automatic analysis in both ends of the AHI spectrum.

We did not compare our findings with PSG-derived sleep examinations. We wanted to evaluate the automatic
analysis in a daily pragmatic way. Conducting a similar study with the inclusion of PSG monitoring would be both
costlier and more inconvenient for the participants and it was considered beyond the scope of this study. When
using type 3 portable sleep monitors, it is a limitation that information about arousals is not obtained. This implies
a risk of underestimating the number of hypopneas. Furthermore, the determination of the total sleep time is less
accurate compared with PSG.

The possible advantages of an automatic scoring method in practice could be considerable, both economically
because of the reduction in technician time but also in terms of quality. We did not have data to investigate the
cost—effectiveness. This could be an aspect of future investigations if automatic methods become more accurate.

Conclusion

In this study, we found that the agreement between the pediatric manual analysis and the tested pediatric automatic
analysis of home sleep examinations was poor. The automatic analysis consistently overestimated the AHI leading
to a high rate of misclassification of OSA severity. Our findings imply that improvements in especially the automatic
detection of the OAI are needed before the tested automatic analysis can be implemented in the clinic.

Summary points

e The aim of this study was to examine the agreement between manual and automatic analyses of home sleep
examinations in children and adolescents using a type 3 portable device (Nox T3).

e Fifty-one home sleep examinations on children and adolescents with a median age of 13.6 were included.

e The sleep examinations were analyzed manually by a registered polysomnographic technologist and
automatically with Noxturnal version 5.1.

e The agreement between the manually analyzed apnea-hypopnea index (AHI) and the automatically analyzed
AHI was poor.

e The automatic analysis consistently overestimated the AHI.

e The overall misclassification rate of obstructive sleep apnea severity by automatic analysis was 84.3%.

e A small average bias (0.05%) was found comparing the manual and automatic hypopnea index, while the
obstructive apnea index was consistently overestimated by automatic analysis.

e Our findings indicate that improvements in especially the automatic detection of the obstructive apnea index are
needed before the tested automatic analysis can be implemented in the clinic.
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