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a b s t r a c t 

Background and objective: Many sleep recording software used in clinical settings have some tools to au- 

tomatically analyze the blood oxygen saturation (SpO 2 ) signal by detecting desaturations. However, these 

tools are often inadequate for scientific research as they do not provide SpO 2 signal-based parameters 

which are superior in the estimation of sleep apnea severity and related medical consequences. In addi- 

tion, these software require expensive licenses and they lack batch analysis tools. Thus, we developed the 

first freely available automatic blood oxygen saturation analysis software (ABOSA) that provides sophisti- 

cated SpO 2 signal-based parameters and enables batch analysis of large datasets. 

Methods: ABOSA was programmed with MATLAB. ABOSA automatically detects desaturation and recovery 

events from the SpO 2 signals (EDF files) and calculates numerous parameters, such as oxygen desaturation 

index (ODI) and desaturation severity (DesSev). The accuracy of the ABOSA software was evaluated by 

comparing its desaturation scorings to manual scorings in Kuopio ( n = 1981) and Loewenstein ( n = 930) 

sleep apnea patient datasets. Validation was performed in a second-by-second manner by calculating 

Matthew’s correlation coefficients (MCC) and median differences in parameter values. Finally, the perfor- 

mance of the ABOSA software was compared to two commercial software, Noxturnal and Profusion, in 

100 patient subpopulations. As Noxturnal or Profusion does not calculate novel desaturation parameters, 

these were calculated with custom-made functions. 

Results: The agreements between ABOSA and manual scorings were great in both Kuopio (MCC = 0.801) 

and Loewenstein (MCC = 0.898) datasets. However, ABOSA slightly overestimated the desaturation pa- 

rameter values. The median differences in ODIs were 0.8 (Kuopio) and 0.0 (Loewenstein) events/h. 

Similarly, the median differences in DesSevs were 0.02 (Kuopio) and 0.01 (Loewenstein) percentage 

points. In a second-by-second analysis, ABOSA performed very similarly to Noxturnal and Profusion soft- 

ware in both Kuopio (MCC ABOSA = 0.807, MCC Noxturnal = 0.807, MCC Profusion = 0.811) and Loewenstein 

(MCC ABOSA = 0.904, MCC Noxturnal = 0.911, MCC Profusion = 0.871) datasets. Based on Noxturnal and Profu- 

sion scorings, the desaturation parameter values were similarly overestimated compared to ABOSA. 

Conclusions: ABOSA is an accurate and freely available software that calculates both traditional clini- 

cal parameters and novel parameters, provides a detailed characterization of desaturation and recovery 

events, and enables batch analysis of large datasets. These are features that no other software currently 

provides making ABOSA uniquely suitable for scientific research use. 

© 2022 The Author(s). Published by Elsevier B.V. 
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. Introduction 

Hypoxemia is a condition where blood oxygen saturation (SpO 2 ) 

s reduced below the normal level. For example, in sleep apnea pa- 

ients, apneas and hypopneas during sleep cause transient drops 

desaturations) in the SpO 2 [1] . A shunt is a condition, for exam- 
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le, in congenital heart diseases and acute respiratory distress syn- 

rome, where the blood passes from the right side of the heart to 

he left side without participating in the gas exchange in the lungs 

ausing hypoxemia [2] . The imbalance in ventilation/perfusion ra- 

io in many lung diseases, such as chronic obstructive pulmonary 

isease leads to prolonged hypoxemia [3] . Hypoxemia also fur- 

her increases the risk for numerous medical consequences, such 

s heart failure, metabolic dysfunction, hypertension, and mortal- 

ty [4–7] . 

One common non-invasive method to estimate the oxygenation 

f the blood is to measure the SpO 2 with pulse oximetry com- 

only placed on a fingertip. Many clinically used software have 

imited tools to automatically analyze the SpO 2 signal by detecting 

esaturations and by calculating traditional parameters, e.g., oxy- 

en desaturation index (ODI). However, none of the currently avail- 

ble software provides more sophisticated desaturation parame- 

ers [8 , 9] which have been shown to better describe the severity 

f sleep apnea [9–15] by considering the duration and depth of 

he desaturations. In addition, currently available software do not 

upport the analysis of a large number of recordings by one ac- 

ion (i.e., batch analysis) and the analysis must be done manually 

atient-by-patient. Thus, currently available software are poorly 

uited for scientific research where large datasets are often re- 

uired. Furthermore, these software require expensive licenses and 

ay not be compatible with data collected from different manu- 

acturer devices. 

To tackle these shortcomings in the currently available software, 

e developed unique and freely available [16] automatic blood 

xygen saturation analysis (ABOSA) software which enables the 

nalysis of a large number of SpO 2 recordings. ABOSA automati- 

ally locates desaturation and following recovery events from the 

pO 2 signal and produces in-depth information for each event. In 

ddition, ABOSA calculates numerous new SpO 2 signal-based pa- 

ameters that are useful in the estimation of sleep apnea severity 

nd its consequences [10–12 , 17 , 18] , assessment of hypoxemia pro- 

ression over time [13 , 14 , 19] , and mortality risk [20 , 21] . These are

arameters that no other currently available software provides. In 

his paper, we describe the structure of the ABOSA software and 

alidate its accuracy to detect desaturations in two large sleep ap- 

ea patient datasets. 

. Material and methods 

.1. Software structure 

The ABOSA is an automatic blood oxygen saturation scoring 

oftware programmed completely with MATLAB (version 2021b, 

athWorks, Natick, USA) utilizing App Designer for the creation 

f the user interface. The ABOSA is freely available [16] and it does 

ot require a MATLAB license to be used. However, MATLAB run- 

ime is required and will be automatically installed before the first 

se. MATLAB runtime requires at least 3GB of disk space for in- 

tallation, any x86–64 processor and 4GB of RAM. Specific system 

equirements for the MATLAB runtime version 2021b are available 

or Windows [22] , Linux [23] , and Mac [24] . The ABOSA software

as no additional requirements to run apart from MATLAB runtime. 

he ABOSA takes European Data Format (EDF) files as an input. EDF 

as chosen for the data format as it is widely used and does not 

equire any specific data formatting by the user. In addition, many 

leep recording software support exporting the data to EDF for- 

at for which we have developed an automatic export tool [25] . 

he structure of the ABOSA software is illustrated in Fig. 1 and de- 

cribed in detail below. 
2 
.1.1. Artefact detection 

First, major artefacts are detected from the original raw SpO 2 

ignal (S Raw 

) by filtering the S Raw 

signal with 4th order Butter- 

orth high-pass filter with a 1 Hz cutoff. Next, the filtered signal 

s squared. Values > 30 in the squared signal, and values < 50% and 

 100% in the S Raw 

signal are counted as artefacts. Adjacent arte- 

act points are grouped into a single artefact, and artefacts are ex- 

ended by one second in both directions to add a safety margin. 

owever, artefacts with a duration of ≤5 s are linearly interpo- 

ated allowing the desaturation and recovery event scoring through 

hese periods (see below sections). 

.1.2. Desaturation event scoring 

The scoring of the desaturation events can be divided into mul- 

iple steps. In the first step, the S Raw 

signal is filtered with 2nd 

rder Butterworth low-pass filter with 0.1 Hz cutoff (S Low 

signal). 

Next, we locate the potential endpoints of the desaturation 

vents. This is done by searching local minimums (L min ) from the 

 Low 

signal with a minimum peak distance of 5 s and minimum 

eak prominence of 1 [26] . As L min s are searched from the low- 

ass filtered signal, the location of a L min does not match the exact 

inimum value in the S Raw 

signal. This is corrected by searching 

he actual minimum value in the S Raw 

signal within a 10 s window 

laced around the L min ( Fig. 1 ). 

With a similar approach, we locate potential starting points of 

he desaturation events by searching local maximums (L max ) from 

he S Low 

signal. However, in the location correction, a maximum 

alue is searched instead of a minimum ( Fig. 1 ). Furthermore, L max -

alues that are too low to potentially result in proper desaturation 

vents are removed. This is done by checking the maximum differ- 

nce in S Raw 

values between two adjacent L max s: if the difference 

s < 3 percentage points, the first L max is removed (for further use, 

 max s before removing are marked as L max,org ). 

Next, to form a desaturation event, L max is matched with a L min . 

irst, the maximum duration of a desaturation event is limited to 

80 s. In addition, the potential L max -L min pair cannot go through 

nother L max . Second, the L max is shifted forward to a point where 

he fall rate ≤−0.05%/s is reached for the first time. Furthermore, 

e check whether there is a flat plateau within the potential de- 

aturation event. If a plateau with duration ≥30 s exists, L max or 

 min /L min s are shifted at the end/start of the plateau so that the 

epth of the potential desaturation is maximized. Next, L min s that 

ould result in a desaturation event with < 3% transient drop are 

ejected. In addition, the fall rate of the desaturation event is lim- 

ted between −0.05%/s and −4%/s. At this point, L max could still 

otentially be matched with more than one L min , although this is 

ather rare. Thus, we need to choose the most suitable L min . This is

one by investigating the SpO 2 signal segment between two adja- 

ent L min s (L min,i , L min ,i + 1). If I) this segment includes SpO 2 value

hat is ≥ SpO 2min, i + 2, or II) ≥50% of the SpO 2 values within this 

egment are ≥ SpO 2min,i +1, or III) SpO 2min,i is the minimum of all 

otential endpoints, we choose the L min,i as the ending point of the 

esaturation. If none of these criteria are met, we investigate the 

ext two adjacent L min s, and repeat. If no suitable L min is found for

 max , no desaturation event is formed. Finally, if > 20% of the du- 

ation of the formed desaturation is an interpolated artefact, and 

he total duration of interpolated parts is > 5 s, the desaturation is 

iscarded. 

.1.3. Recovery event scoring 

Recovery events are searched based on the previously detected 

esaturation events. This means that a recovery event cannot exist 

ithout a desaturation event, but a desaturation event does not 

eed to be followed by a recovery event. 

First, the recovery event is forced to start at the same point 

t which the corresponding desaturation event ends. Second, the 
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Fig. 1. Structure of the ABOSA software. 
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aximum recovery event duration is limited to 120 s, or the dura- 

ion of two times the corresponding desaturation event (minimum 

f these two options). 

Next, to form a recovery event, we search the endpoint for the 

vent. Potential endpoints are the L max,org s. L max,org s that would re- 
3 
ult in a recovery event with depth < 2% or recovery rate < 0.05%/s 

re rejected. Similarly, as with desaturation events, at this point, 

ore than one endpoint could still exist for the recovery event. 

hus, we need to choose only one. This is done similarly as with 

esaturations: we investigate the segment between two adjacent 
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Table 1 

Formulas and examples of previous findings from the most used desaturation parameters calculated by the ABOSA software. Similar parameters are also calculated for 

recovery events. Note that ABOSA also calculates other parameters not presented in this table. 

Parameter ∗ , † Formula Examples of uses and associations in literature ‡ 

ODI (events/h) n desaturation 

TS T hour 
Screening of sleep apnea [29] , worsening of hypoxic load over time [14] , daytime 

sleepiness [11 , 27] 

DesSev (%-point) 
∑ 

i DesAre a i 
TS T second 

Worsening of hypoxic load over time [13 , 14] , impaired vigilance [10] , daytime 

sleepiness [11 , 27] , elevated cardiac troponin I [28] , cardiovascular disease-related 

mortality¶ [9] , incident heart failure¶ [15] 

DesSev100 (%-point) 
∑ 

i DesArea 100 i 
TS T second 

Cardiovascular disease mortality¶ [30] 

DesDur (%-point) 
∑ 

i DesDu r i 
TS T second 

× 100% Worsening of hypoxic load over time [13 , 14] , elevated cardiac troponin I [28] , mortality 

[21] 

Average desaturation duration (s) 
∑ 

i DesDu r i 
n desaturation 

Worsening of hypoxic load over time [13] , daytime sleepiness [27] , differences in 

patients with similar sleep apnea severity [8] , differences between breathing cessation 

severities [31] 

Average desaturation depth (%) 
∑ 

i DesDept h i 
n desaturation 

Impaired vigilance [10] , daytime sleepiness [27] , differences in patients with similar 

sleep apnea severity [8] , differences between breathing cessation severities [31] 

Average desaturation area (s%) 
∑ 

i DesAre a i 
n desaturation 

Worsening of hypoxic load [13] , differences between breathing cessation severities [31] 

Average desaturation area from 100% 

saturation (s%) 

∑ 

i DesArea 100 i 
n desaturation 

Average fall rate (%/s) 
∑ 

i FallRat e i 
n desaturation 

Elevated blood pressure [12] , daytime sleepiness [32] 

Average desaturation/recovery-duration 

ratio 

∑ 

i ( 
DesDu r i 
RecDu r i 

) 

n pair 
Incident heart failure [33] 

Percentual time below 90% saturation (%) t < 90 

TS T second 
× 100% Impaired vigilance [10] , daytime sleepiness [11] , elevated cardiac troponin I and T [28] , 

ictal hypoxemia [34] , cholesterol and triglyceride levels [35] 

Average SpO 2 value during sleep (%) 
∑ 

i SpO 2 i 
TS T observation 

Impaired vigilance [10] , daytime sleepiness [11] , cholesterol and triglyceride levels [35] , 

polycythemia [36] 

Minimum SpO 2 value during sleep (%) min(SpO 2 ) Daytime sleepiness [11] , cholesterol and triglyceride levels [35] , carotid plaque burden 

[37] 

The variance of SpO 2 values during sleep 

(% 2 ) 

∑ 

i | SpO 2 i −SpO 2 avg | 2 
TS T observation −1 

One of the six features used to screen sleep apnea [38] 

n desaturation is the number of desaturations and n pair is the number of desaturation-recovery event pairs. DesArea i , DesArea100 i , DesDur i , DesDepth i , and FallRate i are the 

area, area from 100% saturation reference level, duration, depth, and fall rate of individual desaturation events, respectively (see Fig. 1 ). RecDur i is the duration of recovery 

event following DesDur i . TST hour , TST second , and TST observation are the total sleep time in hours, seconds, and the number of data points during sleep, respectively. t < 90 is the 

time in seconds spent < 90% saturation during sleep. SpO 2 i is the individual saturation value and SpO 2 avg is the average of the SpO 2 values during sleep. ∗In addition to 

averages, median values are calculated. † Percentual times below numerous other thresholds than 90% are also calculated. ‡ Note that these are only examples, rather than 

a comprehensive review. ¶Similar parameter used. Parameters calculated by the ABOSA, but not presented in the table: Average/median of the baseline/minimum values 

of the desaturation events, maximum saturation value during sleep, and ratios for desaturation-recovery event depths, areas, areas from 100 reference level, and slopes. 

In addition, total event (i.e., combination of desaturation and recovery event) severity, total event severity from 100% reference, and total event duration parameters are 

calculated. 
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 max,org s (L max,org,i , L max,org ,i + 1). If I) this segment includes SpO 2 

alue that is < SpO 2max,org,i -1, or II) ≥50% of the SpO 2 values 

ithin this segment are ≤ SpO 2max,org,i -1, or III) SpO 2max,org,i is the 

aximum of all potential endpoints, we choose the L max,org,i as the 

nding point of the recovery event. If none of these criteria are 

et, we investigate the next two adjacent L max,orgs s, and repeat. 

ext, the selected endpoint is shifted backward to a point where 

 recovery rate ≥0.05%/s is reached for the last time. If no suitable 

 max,org is found for L min , no recovery event is formed. Finally, if 

 20% of the duration of the formed recovery event is an interpo- 

ated artefact, and the total duration of interpolated parts is > 5 s, 

he recovery event is discarded. 

.1.4. Event metrics and parameter calculation 

For each formed desaturation and recovery event, several met- 

ics are calculated. These metrics consist of duration, depth, area, 

rea from 100% saturation reference level, and slopes (i.e., fall and 

ecovery rate, Fig. 1 ). Furthermore, ratios for desaturation-recovery 

vent durations, depths, areas, areas from 100% saturation refer- 

nce level, and slopes are calculated. 

The user can decide the criteria for the desaturation scoring by 

electing the minimum duration and minimum depth of the de- 

aturations (user interface section below). However, the user can- 

ot influence recovery event scoring. In addition, the user can se- 

ect the definition for total sleep time (TST) by inputting analy- 

is start/stop times or hypnograms. Based on the inputted criteria, 

esaturation events, and thus the corresponding recovery events 

ot fulfilling the criteria are ignored. From the remaining events, 
4 
umerous parameters are calculated ( Table 1 , Fig. 1 ). Note that 

imilar parameters are also calculated for recovery events. In this 

tudy, we used the conventional ODI parameter, in addition to the 

esaturation severity (DesSev), DesSev from 100% reference (Des- 

ev100), and desaturation duration (DesDur) parameters, as these 

arameters have been previously used to describe the severity and 

edical consequences of sleep apnea [8 , 10 , 11 , 13 , 14 , 21 , 27 , 28] . 

.1.5. User interface 

From the user interface ( Fig. 2 ), by pressing the “Select input 

older” or by typing in the corresponding text field, the user selects 

 folder which contains all EDF files to be automatically analyzed. 

ote that all EDF files must be in a single folder, not in subfolders. 

ptionally, the user can input a folder that contains the hypno- 

rams (CSV, TXT, XLSX, or XLS files) for each recording. The user 

an also input a single CSV file consisting of analysis start and stop 

imes for all the recordings. More detailed information and exam- 

les on hypnograms and analysis start/stop file formatting is pro- 

ided in the UserGuide after downloading the software [16] . 

If hypnograms and/or analysis start/stop times are inputted, the 

ser can change the TST definition. The “Analysis start/stop” op- 

ion calculates the TST between analysis start and stop timepoints 

n the SpO 2 signal. The “Sleep onset to offset” calculates TST as the 

ime between the first and last non-wake epochs, based on hypno- 

ram. The “Sleep only” option involves only epochs that are scored 

s N1, N2, N3, or REM, when determining the TST. The “Whole 

ecording” option uses the duration of the whole recorded SpO 2 

ignal as TST. TST definition also determines which parts of the 
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Fig. 2. The ABOSA software user interface. 
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pO 2 signal are used for desaturation scoring. For example, if the 

Sleep only” is chosen, only desaturations starting in sleep are in- 

luded. Furthermore, the user can select the criteria for the desat- 

ration scoring by selecting the minimum duration (3 s or longer) 

nd depth (3% or larger) for desaturations. In addition, the user can 

nclude or exclude the artefact parts (see Section 2.1.1 ) of the SpO 2 

ignal from the TST. Note, that the “Artefact definition” only po- 

entially affects the TST, as no desaturation or recovery events are 

cored in artefacts with either option. 

In the selected output folder, an XLSX file containing all param- 

ter values for all recordings and a TXT file containing potential 

rror messages and information on skipped files, are created. In 

ddition, an XLSX file containing the event metrics data for each 

ecording is created. 

Finally, the software is run by pressing the “RUN” button. For 

he first file, the user must select the label for the SpO 2 signals 

hich is then used for all the EDF files. If no such label exists in

ome of the EDFs, these files are skipped. 

.2. Validation 

.2.1. Datasets 

To validate the accuracy of the ABOSA software, software scor- 

ngs were compared to manual scorings in two clinical sleep apnea 

atient datasets: Kuopio and Loewenstein datasets. 

The Kuopio dataset was recorded during 1992–2003 at the Kuo- 

io University Hospital (Kuopio, Finland) with a custom-made am- 

ulatory recording device [39] . SpO 2 signal was recorded with 

inolta Pulsox-7 finger-pulse oximeter (Konica Minolta, Tokyo, 

apan) with a sampling frequency of 4 Hz. Data consists of 1989 
5 
ecordings which were reanalyzed according to the 2007 Ameri- 

an Academy of Sleep Medicine (AASM) guidelines [40] and clin- 

cal practices of the Kuopio University Hospital at the time (i.e., 

% desaturation drop criterion). Due to invalid analysis start/end 

imes, eight recordings were excluded from the validation. There- 

ore, a total of 1981 recordings were included for validation. For 

he data collection and analysis the positive statement was given 

y the Ethics Committee of the Hospital District of Northern Savo 

127/2004, 24/2013). 

Loewenstein polysomnography data was recorded during 2001–

011 at the Loewenstein Hospital – Rehabilitation Center (Raanana, 

srael) with REMbrandt Manager System (Medcare, Amsterdam, 

etherlands). SpO 2 signal was recorded with Ohmeda Biox 3700 

ulse oximeter (Ohmeda, Louisville, USA) and exported with 

56 Hz. Data from 990 patients were reanalyzed at the Kuopio 

niversity Hospital according to the 2007 AASM guidelines [40] . 

owever, 60 recordings were excluded due to issues in data expor- 

ation or due invalid hypnograms. Therefore, a total of 930 record- 

ngs were included for validation. Data collection and processing 

ere approved by the Ethical Committee of the Loewenstein Hos- 

ital – Rehabilitation Center (0 0 06–17-LOE). 

.2.2. Data analyses 

The accuracy of the ABOSA software to detect desaturations 

as validated by comparing automatically scored desaturations to 

he manually scored desaturations. The ABOSA desaturations were 

cored with minimum event duration of 5 s and minimum tran- 

ient drop of 4% in both datasets. First, SpO 2 signals were seg- 

ented into 1 s segments, and each segment was marked as no- 

vent or event. Partial events were marked as an event. Segment- 
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ise agreements between manual and ABOSA-based desaturation 

corings were investigated by calculating Matthew’s correlation co- 

fficient (MCC), Cohen’s kappa, accuracy, specificity, and sensitivity. 

ODI, DesSev, DesSev100, and DesDur parameters calculated 

rom manual and ABOSA scorings were compared in both datasets. 

he “Analysis start/stop” TST definition was used in Kuopio dataset 

nd the “Sleep only” in Loewenstein dataset. Intraclass correlation 

oefficients (ICC) were calculated using two-way random effect, 

ingle rater, and absolute agreement definition (ICC(2,1) definition 

41] ). 

Furthermore, we compared the scorings in an event-by-event 

anner. To investigate this, we paired ABOSA scored desaturations 

o manual events. ABOSA event was paired to a manual event if 

hey overlapped. As multiple ABOSA events may overlap with the 

ame manual event, the first ABOSA event that overlapped was 

sed in the pairing. From the paired events, we calculated differ- 

nces in desaturation start and end times (ABOSA event–manual 

vent), and percentual differences in durations and areas (differ- 

nce/manual event). 

Finally, we compared the performances of the ABOSA software 

nd two commercial software: Noxturnal (version 5.1.19824, Nox 

edical, Reykjavík, Iceland), and Profusion (version 4.5 Build 468, 

ompumedics ProFusion PSG Lite, Abbortsford, Australia). This was 

one by randomly selecting 100 patients from both datasets and 

unning software’s automatic SpO 2 analyses for them. The 100 

atient subpopulations were used, as Noxturnal, or Profusion do 

ot support batch analysis. Therefore, the automatic analyses had 

o be performed manually patient-by-patient, making the use of 

hole study populations unfeasible. The automatic settings in Nox- 

urnal and Profusion were selected to correspond to the settings 

n ABOSA as closely as possible. Therefore, the settings in Nox- 

urnal were a minimum event duration of 5 s, a minimum tran- 

ient drop of 4%, a maximum plateau duration of 30 s, and no 

esaturations were scored in parts of the SpO 2 signal with val- 

es < 50%. Settings in Profusion were a minimum transient drop 

f 4%, a maximum fall rate of 4%/s, and desaturations with > 50% 

ransient drop were not scored. Note that the Profusion scored 

he original desaturations from baseline-to-baseline. Thus, these 

P

Table 2 

1-second segment-based comparisons between manual and ABOSA software scorings. Th

Dataset 

The number of 1 s segments scored as 

desaturation in manual scoring 

The number of 1 s segment

desaturation in ABOSA 

Kuopio 5,223,203 (9.9%) 5,584,390 (10.6%

Loewenstein 3,195,793 (17.0%) 3,182,962 (17.0%

ig. 3. Comparison between manual and ABOSA software scored oxygen desaturation ind

istencies in manual scorings. For example, for a few patients in the Loewenstein datase

arts of the oxygen saturation signal with values < 50% into which the ABOSA does not sc

6 
vents were split into desaturation and recovery events at nadir, 

nd these split events were used in the comparisons. From these 

utomatic scorings, the same second-by-second comparisons were 

erformed. In addition, ODI, DesSev, DesSev100, and DesDur pa- 

ameters were calculated and compared to the manual and ABOSA 

corings. 

. Results 

The agreements between the ABOSA software and manual scor- 

ngs in the second-by-second comparisons were high in both 

atasets. Agreements were higher in the Loewenstein dataset com- 

ared to the Kuopio dataset ( Table 2 ). In addition, ICCs were high

or all investigated parameters in both datasets ( Table 3 ). 

Parameter values calculated from the ABOSA scorings were 

lightly higher compared to the manual scorings in the Kuopio 

ataset but very similar in the Loewenstein dataset ( Table 3 ). For 

xample, median differences in ODIs were 0.8 and 0.0 events/h 

n Kuopio and Loewenstein datasets, respectively. Bland-Altman 

lots ( Fig. 3 ) also illustrate differences between manual and ABOSA 

cored ODIs. 

The ABOSA correctly detected majority of the desaturation 

vents scored by the manual scorers. A total of 160,934 and 111,591 

vents were paired in the event-by-event analysis for Kuopio and 

oewenstein data, respectively. Of the manually scored desatura- 

ions, 4.5% in the Kuopio dataset and 4.1% in the Loewenstein 

ataset were not paired with ABOSA scored events. Moreover, 

4.9% (Kuopio) and 4.5% (Loewenstein) of the ABOSA scored de- 

aturations were not paired with manually scored desaturations. 

ut of all ABOSA scored desaturations, 94.7% (Kuopio) and 96.8% 

Loewenstein) were followed by recovery events. 

In the paired desaturation events, only minor differences were 

bserved in event start and end times ( Fig. 4 ). Median differ- 

nces in desaturation event start times were 0.75 s (Kuopio) and 

.19 s (Loewenstein). Similarly, differences in desaturation event 

nd times were small: 1.00 s (Kuopio) and 0.03 s (Loewenstein). 

ositive values indicate that ABOSA events start/end later. As a re- 
e percentage of 1-s segments scored as desaturation are presented in brackets. 

s scored as 

scoring 

Matthew’s correlation 

coefficient (MCC) 

Cohen’s 

kappa Accuracy Sensitivity Specificity 

) 0.801 0.801 0.963 0.849 0.976 

) 0.898 0.898 0.971 0.913 0.983 

ex (ODI) using Bland-Altman plots. The most extreme outliers were due to incon- 

t’s manual scorings, there was a significant number of desaturations scored in the 

ore events. 
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Table 3 

Median (interquartile range) parameter values from manual and ABOSA software scorings and their median 

difference. 

Dataset/Parameter Manual ABOSA Difference ICC 

Kuopio ( n = 1981) 

ODI (events/h) 4.4 

(1.1, 13.8) 

5.5 

(1.8, 15.6) 

0.8 

(0.2, 2.0) 

0.989 

DesSev (%-point) 0.11 

(0.03, 0.39) 

0.13 

(0.04, 0.44) 

0.02 

(0.00, 0.06) 

0.989 

DesSev100 (%-point) 0.30 

(0.07, 0.99) 

0.33 

(0.09, 1.02) 

0.02 

( −0.02, 0.11) 

0.988 

DesDur (%-point) 4.0 

(1.0, 12.1) 

4.4 

(1.4, 12.6) 

0.4 

( −0.3, 1.4) 

0.981 

Loewenstein ( n = 930) 

ODI (events/h) 11.2 

(2.7, 31.6) 

11.3 

(2.9, 32.4) 

0.0 

( −0.2, 0.6) 

0.996 

DesSev (%-point) 0.26 

(0.05, 0.90) 

0.30 

(0.06, 1.00) 

0.01 

(0.00, 0.06) 

0.983 

DesSev100 (%-point) 0.61 

(0.13, 1.97) 

0.61 

(0.14, 2.01) 

0.00 

( −0.05, 0.04) 

0.959 

DesDur (%-point) 8.6 

(2.3, 24.5) 

8.8 

(2.3, 25.0) 

0.0 

( −0.7, 0.7) 

0.993 

Intraclass correlation coefficients (ICC) were calculated using two-way random effect, single rater, and ab- 

solute agreement definition (ICC(2,1) definition [41] ). Differences are calculated as ABOSA parameter value 

– manual parameter value. %-point = percentage point, ODI = oxygen desaturation index, DesSev = desat- 

uration severity, DesSev100 = desaturation severity from 100% saturation reference level, DesDur = desat- 

uration duration. 

Fig. 4. Histograms of the differences (ABOSA event – manual event) in desaturation event start and end times, and percentual differences (difference/manual event) in 

durations and areas between manual and ABOSA software scored events. 

7 
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Table 4 

1-second segment-based comparisons between manual scorings and automatic ABOSA, Noxturnal, and Profusion software scorings in subpopulations of 100 randomly se- 

lected patients from Kuopio and Loewenstein datasets. The percentage of 1-s segments scored as desaturation are presented in brackets. 

Dataset/Software 

The number of 1 s segments scored as 

desaturation in software scoring 

Matthew’s correlation 

coefficient (MCC) Cohen’s kappa Accuracy Sensitivity Specificity 

Kuopio ( n = 100) 

ABOSA 266,205 (10.0%) 0.807 0.806 0.967 0.870 0.976 

Noxturnal 257,917 (9.6%) 0.807 0.806 0.967 0.856 0.978 

Profusion 277,466 (10.4%) 0.811 0.809 0.967 0.892 0.974 

Loewenstein ( n = 100) 

ABOSA 381,997 (18.6%) 0.904 0.904 0.971 0.922 0.982 

Noxturnal 366,782 (17.9%) 0.911 0.911 0.973 0.909 0.988 

Profusion 381,058 (18.6%) 0.871 0.871 0.961 0.894 0.976 

The number of 1-s segments manually scored as desaturation was 239,660 (9.0%) and 381,957 (18.6%) in Kuopio and Loewenstein datasets, respectively. 

Table 5 

Median (interquartile range) parameter values calculated from manual scorings and automatic ABOSA, Nox- 

turnal, and Profusion software scorings in subpopulations of 100 randomly selected patients from Kuopio 

and Loewenstein datasets. 

Dataset/Parameter Manual ABOSA Noxturnal Profusion 

Kuopio ( n = 100) 

ODI (events/h) 3.4 

(0.9, 13.3) 

4.9 

(1.9, 14.7) 

4.9 

(1.7, 14.7) 

4.1 

(1.4, 13.8) 

DesSev (%-point) 0.08 

(0.02, 0.38) 

0.11 

(0.04, 0.46) 

0.09 

(0.04, 0.41) 

0.11 

(0.04, 0.49) 

DesSev100 (%-point) 0.25 

(0.05, 1.00) 

0.26 

(0.09, 1.13) 

0.29 

(0.07, 1.15) 

0.32 

(0.09, 1.22) 

DesDur (%-point) 3.0 

(0.9, 11.8) 

3.5 

(1.4, 12.8) 

3.6 

(1.2, 12.8) 

3.5 

(1.4, 14.0) 

Loewenstein ( n = 100) 

ODI (events/h) 12.1 

(2.5, 45.7) 

12.2 

(2.9, 46.0) 

12.2 

(2.9, 45.4) 

10.1 

(2.5, 43.0) 

DesSev (%-point) 0.27 

(0.05, 1.35) 

0.34 

(0.06, 1.56) 

0.32 

(0.06, 1.43) 

0.36 

(0.05, 1.51) 

DesSev100 (%-point) 0.76 

(0.11, 2.41) 

0.77 

(0.12, 2.59) 

0.74 

(0.12, 2.44) 

0.82 

(0.12, 2.53) 

DesDur (%-point) 9.4 

(2.0, 33.2) 

9.9 

(2.4, 35.5) 

9.1 

(2.1, 33.0) 

9.8 

(1.8, 34.8) 

Note that neither the Noxturnal nor Profusion does not provide DesSev, DesSev100, or DesDur parame- 

ter values. Therefore, all parameter values were calculated with separate custom-made functions utilizing 

“Analysis start/stop” and “Sleep only” total sleep time criteria in the Kuopio and Loewenstein datasets, re- 

spectively. %-point = percentage point, ODI = oxygen desaturation index, DesSev = desaturation severity, 

DesSev100 = desaturation severity from 100% saturation reference level, DesDur = desaturation duration. 
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ult, ABOSA scored events were slightly longer and had higher ar- 

as ( Fig. 4 ). 

ABOSA, Noxturnal, and Profusion software performed very sim- 

larly in the second-by-second analysis in the Kuopio dataset sub- 

opulation ( n = 100, Table 4 ). In the Loewenstein dataset subpop- 

lation ( n = 100), ABOSA and Noxturnal performed very similarly, 

hile Profusion was slightly worse. In addition, based on ABOSA 

nd Noxturnal scorings, very similar ODI, DesSev, DesSev100, 

nd DesDur parameter values were obtained in the Loewenstein 

ataset compared to the manual scorings. In the Kuopio dataset all 

hree software slightly overestimated the parameter values com- 

ared to the manual scorings ( Table 5 ). 

Furthermore, a total of 7753 (ABOSA), 7654 (Noxturnal), and 

446 (Profusion) desaturations were paired between manual 

nd software scorings in the Kuopio dataset. Similarly, 13,539 

ABOSA), 13,599 (Noxturnal), and 12,820 (Profusion) desatura- 

ions were paired in the Loewenstein dataset. Of the manu- 

lly scored desaturations, 3.8% (ABOSA), 5.0% (Noxturnal), and 

.6% (Profusion) were not paired with software-based desatu- 

ations in the Kuopio dataset, and 3.0% (ABOSA), 2.6% (Nox- 

urnal), and 8.2% (Profusion) in the Loewenstein dataset. Fur- 

hermore, 14.7% (ABOSA), 15.8% (Noxturnal), and 12.6% (Profu- 

ion) of the software scored desaturations were not paired with 

anually scored desaturations in the Kuopio dataset, and 3.8% 

ABOSA), 4.8% (Noxturnal), and 2.9% (Profusion) in the Loewenstein 

ataset. 
8 
. Discussion 

In this paper, we introduced the ABOSA software for the auto- 

atic analysis of SpO 2 signals. The ABOSA is the first software that 

rovides several sophisticated desaturation and recovery parame- 

ers, produces detailed event-specific characteristics, and enables 

atch-like analysis of large datasets. These are features that no 

ther software provides. We observed that ABOSA slightly overesti- 

ated desaturation parameter values compared to manual scoring. 

his was not only due to a higher event count, but also because 

he ABOSA scored desaturations were slightly longer. However, the 

BOSA missed only a small fraction of manually scored desatura- 

ions. The ABOSA also performed very similarly to the Noxturnal 

nd Profusion software in the automatic desaturation event detec- 

ion. 

One factor to explain the observed differences between manual 

nd all three software-based desaturation scorings is the absence 

f standardized desaturation scoring rules. The only currently im- 

lemented rule for desaturation scoring is the 3% minimum tran- 

ient drop criterion used in sleep apnea diagnostics when scoring 

ypopnea events [40] . Therefore, when a disagreement between 

anual and automatic software scoring is present, it is challeng- 

ng to distinguish which scoring is correct, if either. Another fac- 

or that can explain the higher number of desaturations scored by 

he ABOSA compared to manual analysis, is the possibility of miss- 

ng desaturations in the manual analysis due to human error. How- 
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ver, for recovery events, no scoring rules exist at all, as currently 

ecovery events are not used in clinical practice. Thus, it should 

e noted that some of the scoring criteria implemented in the 

BOSA software are somewhat subjective, and the selected criteria 

ere based on visual inspection ( Sections 2.1.2 and 2.1.3 ). In case 

ore specific desaturation and recovery event scoring rules will be 

ublished in the future, these rules could be implemented in the 

BOSA software. Furthermore, no commercial software scores re- 

overy events, and thus,cannot provide any parameters from them. 

ue to these reasons, the use of recovery events has not been 

tudied extensively. However, in addition to in-depth desaturation 

vent analysis, recovery events could enhance especially the sleep 

pnea research [38 , 42 , 43] even further as they could indicate how

ell and fast the body can recover from a hypoxic state. For this, 

he ABOSA software is an excellent tool. 

One limitation in the ABOSA software is the artefact detec- 

ion which is relatively simple and only intended to identify ob- 

ious sharp peak artefacts and periods where the pulse oximeter 

s most probably completely off or disconnected. Thus, slow trend- 

ike artefacts where the SpO 2 values get suspiciously low, but still 

lausible (e.g., 60–70%), due to improper pulse oximeter contact or 

oor perfusion [44] , are not detected. However, slow trend drifts 

hich do not fulfill the desaturation event criteria can also be a 

hysiological phenomenon increasing the nocturnal hypoxic load 

ven in the absence of sleep apnea. Such drifts can be troublesome 

s they have been shown to increase the mortality risk [45] while 

eing resistant to sleep apnea treatments [46] . Thus, classifying 

hether a drift is an artefact, or a real physiological feature is chal- 

enging. Although the ABOSA does not locate these drifts, the low- 

red SpO 2 values do reflect into smaller mean and median values 

nd increased t90 (and t85, t80, etc.) values during the recording 

hich ABOSA does provide. Furthermore, as the analysis is purely 

ased on the SpO 2 signal, motion artefacts can be misidentified as 

vents. However, to mitigate the effect of signal noise on the event 

corings, the detection of event start and end times is conducted 

rom the lowpass filtered signal. The ABOSA was also robust on 

pO 2 signals recorded with different devices. 

Another limitation is the input format as the ABOSA only allows 

DF files as input. EDF was chosen as it is the most common and

 standardized format, thus including all relevant information for 

he automatic analysis, such as sampling frequency and labeling. 

ther data formats would require file-specific manual inputting of 

he needed features or specific data formatting by the user. As the 

im of the ABOSA software was to enable a batch analysis of large 

atasets without reformatting the data, the input format was lim- 

ted to the EDF at this stage of the software development. Addi- 

ionally, there are multiple EDF libraries freely available for dif- 

erent programming languages [47–49] and even standalone solu- 

ions with graphical user interfaces [50] that do not require pro- 

ramming knowledge which can be used to convert other filetypes 

o EDF [51] . These solutions could be used to preprocess unsup- 

orted filetypes before using the ABOSA software. However, also 

uilding this functionality directly into ABOSA and thus easily al- 

owing other input formats, such as .txt, ASCII, .xlsx, .csv, or .mat, 

s a potential future step to take in the development of the ABOSA 

oftware. 

In summary, the ABOSA software was developed to be used 

n scientific research as the interest in using simple oxygen 

aturation-based methods to estimate the severity of sleep apnea 

nd its numerous health issues has increased in recent years [10–

4,17–20] , and as the currently available clinical software do not 

rovide these parameters. The ABOSA provides several desaturation 

nd recovery event parameters, in-depth event-specific characteri- 

ation, and it enables batch analysis of large datasets. In addition, 

he ABOSA is completely free to use [16] and does not require any 

dditional software or licenses to be used. These are features that 
9 
re lacking in the commercial software designed for clinical use. 

e showed that compared to two commercially available software, 

oxturnal and Profusion, the ABOSA performed very similarly in 

he automatic SpO 2 signal scoring. Therefore, the ABOSA can be 

onsidered a reliable software, and it could be used to reanalyze 

atasets for further research use, especially in the field of sleep re- 

earch. 
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