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high sensitivity but low specifi city was reported with a single-
channel device that measures airfl ow through a nasal cannula 
using an apnea/hypopnea index (AHI) ≥ 5 as OSA cutoff.8-12

Moreover, without respiratory effort recording, this device 
does not discriminate obstructive from central events.8 Sev-
eral approaches have been applied to improve the diagnostic 
accuracy of SDB using single oximetry or a combined Holter 
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Study Objective: To assess the accuracy of novel algorithms 

using an oximeter-based fi nger plethysmographic signal in 
combination with a nasal cannula for the detection and dif-

ferentiation of central and obstructive apneas. The validity of 
single pulse oximetry to detect respiratory disturbance events 
was also studied.

Methods: Patients recruited from four sleep laboratories un-
derwent an ambulatory overnight cardiorespiratory polygraphy 
recording. The nasal fl ow and photoplethysmographic signals 
of the recording were analyzed by automated algorithms. The 

apnea hypopnea index (AHI
auto

) was calculated using both sig-

nals, and a respiratory disturbance index (RDI
auto

) was calcu-

lated from photoplethysmography alone. Apnea events were 
classifi ed into obstructive and central types using the oximeter 
derived pulse wave signal and compared with manual scoring.
Results: Sixty-six subjects (42 males, age 54 ± 14 yrs, body 
mass index 28.5 ± 5.9 kg/m2) were included in the analysis. 

AHI
manual

 (19.4 ± 18.5 events/h) correlated highly signifi cantly 
with AHI

auto
 (19.9 ± 16.5 events/h) and RDI

auto
 (20.4 ± 17.2 

events/h); the correlation coeffi cients were r = 0.94 and 0.95, 

respectively (p < 0.001) with a mean difference of -0.5 ± 6.6 
and -1.0 ± 6.1 events/h. The automatic analysis of AHI

auto
 and 

RDI
auto

 detected sleep apnea (cutoff AHI
manual

 ≥ 15 events/h) 
with a sensitivity/specifi city of 0.90/0.97 and 0.86/0.94, re-
spectively. The automated obstructive/central apnea indices 
correlated closely with manually scoring (r = 0.87 and 0.95, 
p < 0.001) with mean difference of -4.3 ± 7.9 and 0.3 ± 1.5 
events/h, respectively.
Conclusions: Automatic analysis based on routine pulse oxim-
etry alone may be used to detect sleep disordered breathing with 
accuracy. In addition, the combination of photoplethysmographic 
signals with a nasal fl ow signal provides an accurate distinction 
between obstructive and central apneic events during sleep.
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Sleep disordered breathing (SDB) is highly prevalent in the 
general population. It is estimated that 20% of the general 

population has at least mild obstructive sleep apnea (OSA) and 
moderate-to-severe OSA occurs in 1 of 15 adults.1 Central sleep 
apnea (CSA) is less common but has been reported in 40% of 
patients with chronic heart failure.2 The gold standard to monitor 
and diagnose SDB is polysomnography (PSG).3 However, PSG 
is a costly, labor-intensive, and technically demanding procedure, 
which in many healthcare systems limits the accessibility of SDB 
diagnosis and treatment. Hence, a large number of portable moni-
toring devices including simplifi ed cardiorespiratory polygraphy 
and limited-channel recording devices have been introduced.4

The limited-channel device in the current context uses a con-
tinuous single or dual bio-parameter recording, typically oxy-
gen saturation and/or nasal airfl ow.5 Despite the advantages in 
terms of applicability and cost-effectiveness, the usefulness of 
such a device for SDB diagnosis has generally been limited by 
insuffi cient accuracy.6 For instance, depending on the cutoff, 
the sensitivity and specifi city of a pulse oximeter to detect OSA 
can range from 31% to 98% and 41% to 100%, respectively.7 A 

BRIEF SUMMARY
Current knowledge/Study Rationale: The usefulness of limited chan-
nel devices for sleep disordered breathing (SDB) diagnosis has gener-
ally been restricted by limited sensitivity and specifi city. This study de-
scribes a novel automated algorithm that uses a combination of nasal 
fl ow and several features of photoplethysmographic pulse wave signals 
to detect and differentiate obstructive and central apneas.
Study Impact: It was demonstrated that the combination of photople-
thysmographic signals and a nasal fl ow signal provides an accurate 
distinction between obstructive and central apneic events during sleep. 
Information from a fi nger pulse oximeter alone may be used for an ac-
curate diagnosis of sleep disordered breathing.
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oximeter.13,14 However, distinction between obstructive and 
central events using oximetry alone is an issue that remains to 
be solved, especially in patients with chronic heart failure.15

Intrathoracic pressure changes during spontaneous breath-
ing are mirrored in the peripheral pulse wave.16 Whether this 
feature can be used to distinguish obstructive and central apnea 
events has not been tested. We have developed a novel finger 
photoplethysmography pulse oximeter sensor for the assess-
ment of cardiovascular risk in patients with suspected OSA.17 

Several parameters including oxygen saturation, pulse rate and 
a finger pulsatile wave signal can be derived from the oximeter 
sensor. In the current study, we aimed to validate an automatic 
algorithm using signals derived from the oximeter probe and 
nasal cannula to detect and differentiate obstructive and central 
apnea. In addition, the accuracy of the oximeter sensor signal 
for quantification of SDB was evaluated alone or in combina-
tion with a nasal airflow signal.

METHODS

Study Subjects
Seventy-six subjects with suspected SDB were recruited 

from the sleep laboratory at Sahlgrenska University Hospital, 
Gothenburg, Sweden (n = 46) and 3 German sleep centers in 
Ulm, Berlin, and Nuernberg (n = 30). Subjects were informed 
regarding their participation in the study.

Sleep Study
All patients underwent an ambulatory overnight cardiorespi-

ratory polygraphy recording (SOMNOcheck2, WEINMANN, 
Germany) including nasal airflow, thoracic and abdominal re-
spiratory effort, heart rate, oxygen saturation (SpO2) and body 
position. Patients received oral/written instructions for proper 
application during the sleep clinic visit. The device was self-
applied by the patients at home before bedtime.

Sleep related respiratory events were manually scored by 
sleep technicians who were blind to the study. In brief, an ap-
nea was scored as ≥ 90% flow reduction compare to baseline ≥ 
10 seconds. An obstructive apnea was classified by continued/
increased inspiratory effort during the event and a central ap-
nea was characterized by absent inspiratory effort during the 
event. A hypopnea was defined by ≥ 50% nasal flow reduction 
compared to baseline for ≥ 10 sec together with ≥ 3% oxygen 
desaturation. AHImanual was calculated as the total number of ap-
nea/hypopnea events divided by the recording time.

Automatic Algorithm Description

Signal Handling

A subset of the polygraphic channels (pulse oximeter and op-
tional nasal cannula) was applied for autonomic analyses. The 
pulse wave signal was extracted from the oximeter recording. 
Pulse wave amplitude (PWA) and pulse rate were calculated 
from the pulse wave signal.

A minimum ≥ 3-h artifact-free analysis periods of the flow 
signal were considered acceptable for computation of validity 
data in the study. In general, a signal decomposition algorithm 
based on a dictionary of time-frequency atoms (matching pur-

suit method)18 was modified in order to analyze specific pat-
terns in the oximeter signals (see appendix for further detail of 
method). Thus, well-defined template functions were correlated 
through the original signals and the template functions with the 
highest correlation coefficient were saved for further analysis. 
The forms of these template functions were predefined by de-
signed mathematical functions which reflect the typical pat-
terns of interest (e.g., desaturations). These functions were then 
fitted to the particular, real signal pattern by varying function 
parameters to generate the best fit in terms of amplitude and fre-
quency characteristics. By doing this, chronological coherences 
as well as morphological parameters of the used signals were 
considered in the calculation process. Separate algorithms were 
applied to automatically quantify respiratory disturbance index 
(RDIauto), AHIauto, obstructive apnea index (OAI), and central 
apnea index (CAI).

Autonomic Arousal Detection

An autonomic arousal, which indicates an activation of the 
autonomic nervous system, was used to confirm the sleep dis-
rupting character of mild respiratory events like hypopneas. 
It was defined as: (1) pulse rate increase ≥ 20% compared to 
baseline; or (2) PWA attenuation ≥ 40% compared to baseline; 
or (3) PWA attenuation ≥ 35% with pulse rate increase ≥ 15% 
compared to baseline.

Respiratory Event Detection

RDIauto was calculated based on oximeter signal alone. SpO2, 
pulse rate, and PWA were used to classify respiratory distur-
bance events. The definition of an automatically scored respira-
tory disturbance event was: (1) SpO2 drop ≥ 4% or (2) SpO2 

drop ≥ 3% with an autonomic arousal. RDIauto was calculated 
as the number of automatically scored respiratory disturbance 
events divided by the recording time.

AHIauto was automatically calculated using nasal flow and 
oximeter signals. The definition of an automatically scored ap-
nea was: (1) ≥ 90% drop in the flow amplitude compare to base-
line; (2) duration of the event ≥ 10 sec; (3) > 90% of the event’s 
duration met the amplitude reduction criteria for apnea. The 
definition of an automatically scored hypopnea was: (1) ≥ 50% 
drop in the flow amplitude compared to baseline together with 
3% oxygen desaturation or an autonomic arousal; (2) duration 
of the event ≥ 10 sec; (3) more than 90% of the event’s duration 
met the amplitude reduction criteria for hypopnea, which con-
forms to the alternative criteria of the AASM scoring manual.19 

AHIauto was calculated as the number of automatically scored 
apnea/hypopnea events divided by the recording time.

Obstructive/Central Apnea Differentiation

Identification of apneas as well as determination of their du-
ration was based on the assessment of the inspiratory and ex-
piratory phases of the nasal flow signal. The type of the apnea 
(obstructive vs. central) was determined by analysis of the pulse 
waveform. In detail, respiratory effort was derived by analyzing 
fluctuations of the PWA signal caused by intrathoracic pressure 
changes during spontaneous breathing cycles. The PWA signal 
was derived from the photoplethysmographic pulse wave signal 
by computing and plotting subsequently the amplitude value 
of each pulse wave for the duration of each single pulse wave 

D
o
w

n
lo

ad
ed

 f
ro

m
 j

cs
m

.a
as

m
.o

rg
 b

y
 1

9
0
.2

.1
3
3
.2

3
0
 o

n
 M

ar
ch

 2
5
, 
2
0
2
2
. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

. 
N

o
 o

th
er

 u
se

s 
w

it
h
o
u
t 

p
er

m
is

si
o
n
. 

C
o
p
y
ri

g
h
t 

2
0
2
2
 A

m
er

ic
an

 A
ca

d
em

y
 o

f 
S

le
ep

 M
ed

ic
in

e.
 A

ll
 r

ig
h
ts

 r
es

er
v
ed

. 



529 Journal of Clinical Sleep Medicine, Vol. 8, No. 5, 2012

Obstructive/Central Apnea Distinction from PWA

(Figure 1). In order to detect the presence or absence of respi-
ratory effort, baseline drifts of the PWA signal were eliminated 
as a fi rst analysis step. Next, the signal power in the typical 
frequency band of breathing (0.15-0.4 Hz) was determined dur-
ing the apnea phase and compared with the signal power of the 
same frequency range 15 sec before the apnea event (Figure 2). 
An effort ratio index was defi ned as:

signal_ power_ pwa_ periodic
BeforeApnea

effort_ratio =
signal_ power_ pwa_ periodic

DuringApnea

Since the intrathoracic pressure changes may increase during 
obstructive events, effort ratios > 1.0 are possible. An effort ra-
tio < 0.56 was required for classifi cation of a central event. 

Post Hoc Analysis On Flow Signal Quality

In order to evaluate the infl uence of signal quality to the 
algorithms, fl ow data quality was rated according to the pro-
portion of recording time with an offset signal, mouth leak, or 
reduced signal amplitude (positioning of the sensor). A 3-level 
scale was used with cutoff of more than 80%, 60% to 80%, and 
< 60% of artifact-free recording time.

Statistical Analysis
Pearson correlation analysis was used to assess the asso-

ciation between AHImanual and AHIauto/RDIauto. The intraclass 
correlation coeffi cient (ICC) was used to assess the overall 
agreement between AHImanual and AHIauto/RDIauto. Differences 
between the methods were analyzed using the Bland-Altmann 
plot. Receiver operator characteristic (ROC) curves were ap-
plied to assess the diagnostic accuracy of the algorithm using 
different AHI cutoff points. Sensitivity and specifi city, positive 
predictive value (PPV), negative predictive value (NPV), as 
well as positive and negative likelihood ratio were calculated. 
The data were presented as mean and standard deviation. A p-
value of 0.05 or less was considered statistically signifi cant.

RESULTS

Ten of 76 subjects were excluded due to poor data quality (7 
with poor fl ow or effort signals, 3 with insuffi cient recording 

time due to loss of fi nger sensor signal). Sixty-six subjects (42 
males, age 54 ± 14 years, body mass index 28.5 ± 5.9 kg/m2, 
recording time 6.9 ± 1.2 h) were included in the fi nal analysis. 
The most frequent comorbidities included hypertension (46%) 
and diabetes (14%). See Table 1 for patient characteristics.

Accuracy of the Automated AHI/RDI Scoring Algorithm
The recordings were manually scored by 2 experienced sleep 

technicians according to the standard criteria. The AHIauto vs. 
AHImanual difference did not systematically differ between the 2 
scorers in a post hoc analysis (-1.1 ± 5.7 events/h vs. 0.2 ± 8.1 
events/h, p = 0.47).

amplitude

Photoplethysmogram

PWA signal

Figure 1—Visualization of the computation of the PWA 
signal

Shown is the raw signal (top) and the derived amplitude value of each 
pulse wave (bottom).

Flow

Effort

PWA

Plethy

SpO
2

15 sec Duration
of apnea

Figure 2—Illustration of the principle of the algorithm for 
obstructive/central apnea distinction

The respiratory induced component of the high pass fi ltered PWA signal 
during the apnea event is considered in relation to the accordant signal 
component 15-sec window before the apnea event.

Table 1—Patient characteristics of the study cohort

Mean (SD)

Age (yrs) 54 (14)
Body mass index (kg/m2) 28.5 (5.9)
Heart rate (bpm) 68.2 (10.3)
Systolic BP (mm Hg) 133.6 (25.3)
Diastolic BP (mm Hg) 78.2 (12.1)
Apnea/hypopnea index (events/h) 19.3 (18.5)
Apnea index (events/h) 10.4 (15.4)
4% oxygen desaturation index (events/h) 19.3 (17.2)
ESS 10 (5)

Number (percentage)

Subjects 66
Males 42 (63%)
Hypertension 30 (46%)
Post myocardial infarction 7 (11%)
Congestive heart failure 5 (8%)
Stroke 3 (5%)
Diabetes 9 (14%)
COPD 4 (6%)
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In total, 8,804 apnea/hypopnea events (4,715 apneas) were 
manually scored, and 9,055 apnea/hypopnea events were de-
tected by the autonomic algorithm. Among 2,260 hypopnea 
events automatically detected, 74% were based on 3% oxygen 
desaturation criteria and 26% were based on autonomic arousal 
criteria (approximately 9 events per subject, generating an index 
of 1.4/h). There was a very good agreement between AHImanual 

and AHIauto (r = 0.94, ICC 0.93, p < 0.001). The mean difference 
between the methods was -0.5 ± 6.6 events/h (Figure 3A). The 
correlation between the AHImanual and the oximeter based RDIauto 

was r = 0.95 (p < 0.001). The Bland-Altmann analysis showed 
a mean difference between the methods of -1.0 ± 6.1 events/h 
(Figure 3B); the ICC was 0.94. The variability of the AHI/
RDI differences suggested an underestimation of the automated 
algorithm in some patients with higher AHImanual. Flow signal 
quality analysis showed that 36 of the 66 recordings contained 
> 80% artifact-free time. An additional 20 recordings were in 
the 60% to 80% range. Finally, 10 recordings showed < 60% 
of recording time without artifacts. The correlation between 
AHImanual and AHIauto in the 3 categories was 0.98, 0.90, and 

0.88, respectively, indicating that flow signal quality strongly 
influenced the agreement between the methods.

Accuracy of the Automated Obstructive/Central Apnea 
Scoring Algorithm

The analysis of the algorithm for differentiation of obstruc-
tive (n = 3,673) and central (n = 1,042) apneas was made on the 
complete data set irrespective of the flow signal quality. Mixed 
apnea in the manual scoring was classified as obstructive apnea 
in the comparison. The correlation coefficients between manu-
ally and automatically scored CAI and OAI were 0.95 and 0.87, 
respectively. The mean difference between the methods for cen-
tral apnea and obstructive apnea detection was 0.3 ± 1.5 and 
-4.3 ± 7.9 events/h, respectively. BMI did not systematically 
influence the accuracy of the detection algorithm, although only 
a limited number of subjects (n = 6) had BMI > 35 kg/m² (data 
not shown). Some of the obstructive apnea events were scored 
as hypopnea in the algorithm. The difference between manu-
ally and automatically scored hypopnea indices was 4.1 ± 7.2 
events/h. A case-by-case comparison in subjects with central 
apnea index ≥ 3 events/h is shown in Figure 4.

Diagnostic Accuracy
Different cutoff values were used to validate the diagnostic 

capacity of the AHIauto. The sensitivity, specificity, positive and 
negative predictive values (PPV, NPV), positive and negative 
likelihood rations (+LR, -LR), and the area under the ROC curve 
value for identification of sleep apnea are shown in Table 2.

The AHIauto, based on photoplethysmography and flow sig-
nals, showed a sensitivity of 0.90 and a specificity of 0.86 when 
the AHI cutoff of 15 was used. The area under the ROC curve 
was 0.96. When the assessment was purely based on the pulse 
oximetry derived RDI, the sensitivity and specificity were 0.97 
and 0.94, respectively, with the area under the ROC curve of 
0.98 (Figure 5).
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Figure 3—Bland-Altman plots
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Figure 4—Case-by-case comparison of subjects with 
central apnea index ≥ 3/h 

Subject 8 has mixed apneas.
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When using CAImanual ≥ 5 events/h as the diagnostic cutoff for 
patient with a component of CSA (n = 6), the automated algo-
rithm detected CSA patients with sensitivity, specificity, PPV, 
NPV, +LR, -LR, and area under the ROC curve of 0.83, 0.98, 
0.83, 0.83, 25, 0.17, and 0.98, respectively.

DISCUSSION

The current study demonstrated for the first time that a novel 
computer algorithm based on a combination of nasal air flow 
and photoplethysmographic pulse wave signals may be used to 
accurately detect and differentiate obstructive and central sleep 
apnea events. In addition, an algorithm based on the pulse ox-
imeter signal alone provided a good quantitative estimate of 
SDB severity.

OSA, the most common type of SDB, has been associated 
with cardiovascular, metabolic, and pulmonary comorbidities.20 

In the light of a growing need for diagnosis and treatment of 
SDB patients, unattended home sleep studies using portable 
monitoring devices have been widely applied in the clinical 
setting. For instance, ambulatory cardiorespiratory polygraphy 
have been used for CSA/Cheyne-Stokes respiration detection 
in heart failure patients.2,21 According to the AASM, a mini-
mum of heart rate, oxygen saturation, and respiratory analysis 
(e.g., by airflow or peripheral arterial tone) is required for out-
of-center sleep testing.22 Finger PWA derived from peripheral 
arterial tone has been used for respiratory disturbance event 
detection in combination with a pulse oximeter at home.23 In 
this study, we were interested in the combination of airflow and 
signals derived from a common pulse oximeter sensor, includ-
ing PWA. Recently, we were able to derive a PWA signal from 
pulse oximetry and evaluated its relevance for cardiovascular 
risk assessment.17 Thus, we wanted to further test the validity 
of such a signal for SDB diagnostics in the ambulatory setting. 
The diagnostic capacity was tested in two separate conditions: 
One included application of a nasal cannula and the other was 
based on signals derived from the pulse oximeter sensor alone.

It is known that respiratory movements cause variation in 
the peripheral circulation. Changes in intrathoracic pressure 
modulate central venous pressure and alter venous return to the 
heart which can be detected by photoplethysmographic sensor 
attached to skin.16 The respiratory induced frequency compo-
nent of the photoplethysmographic signal has been closely as-
sociated with respiratory volume.24 Although the underlying 
physiological mechanisms are not fully understood, intratho-
racic pressure changes and autonomic nervous activity oscilla-

tions seem to play a role in this variation.24,25 Central apnea is 
characterized by an absence of inspiratory effort during airflow 
cessation which is associated with lower signal power in the 
0.15-0.40 Hz frequency band of the PWA signal. This was in-
deed the case in our finger PWA signal analysis which provided 
a possibility to distinguish between obstructive and central ap-
nea. We also found that in subjects with dominant central ap-
neas, the algorithm tended to slightly underestimate the number 
of central events. In cases with mixed apneas, which were clas-
sified as “obstructive apnea” in the analysis, there was a trend 
towards overestimation of the central events, and the degree 
depended on the length of the central apnea component.

The pathogenesis of CSA and OSA is different, but there 
may be similar clinical complications in terms of cardiovascu-
lar morbidity and mortality. In a large community-based cohort, 
increments of obstructive and central apnea indices were both 
associated with increased incidence of cardiovascular events.26 

In patients with congestive heart failure, severe SDB provided 
a 2-fold increase risk for death compared with those without 
severe SDB.27 In the post hoc analysis comparing severe and 
mild SDB groups, mortality was only significantly higher in 
the group with predominant CSA but not in those with pre-
dominant OSA. Hence, the distinction between different types 
of respiratory events may have important implications for the 
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Figure 5—Receiver operator characteristic curve of RDI
auto

 

and AHI
manual

 (cut-off AHI
manual

 ≥ 15), AUC = 0.98

Table 2 

AHI Sensitivity Specificity PPV NPV +LR -LR AUC

≥ 5/h 1.00 0.60 0.82 1.00 2.50 0.00 0.99
≥ 10/h 0.97 0.75 0.84 0.96 3.88 0.04 0.95
≥ 15/h 0.90 0.86 0.84 0.91 6.43 0.12 0.96
≥ 20/h 0.82 0.93 0.86 0.91 11.71 0.19 0.97
≥ 30/h 0.87 0.96 0.87 0.96 21.75 0.14 0.99

Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (+LR), negative likelihood ratio (-LR), and area 
under the ROC curve (AUC) of AHI

auto
 using different cutoff values of AHI

manual
.
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classification and treatment of patients with SDB. According to 
the AASM guidelines, the preferred technique for detection of 
respiratory effort is either esophageal manometry, or calibrated 
or uncalibrated inductance plethysmography. However, both 
methods provide an obvious limitation in terms of applicability 
during unattended recordings in the home environment. To the 
best of our knowledge, the current available diagnostic instru-
ments using nasal flow and pulse oximeter can detect apnea/hy-
popnea events but are unable to differentiate obstructive versus 
central apnea event. In the current study we have shown that 
our automatic algorithm can differentiate central/obstructive 
events with high accuracy. Hence, the algorithm may provide 
an important additional benefit in screening programs, particu-
larly in populations with high likelihood of central events (e.g., 
patients with heart failure, stroke, or opioid intake).

Using AHI ≥ 15 as the diagnostic cutoff, oximeter combined 
with nasal cannula has been shown to detect sleep apnea with a 
high accuracy. However, when AHI ≥ 5 was applied as the cut-
off, high sensitivity but low specificity of the automatic analysis 
was found in the current study. This was not unexpected, as 
previous studies using similar signals and cutoff levels showed 
comparable results.8-11 Hence, limited-channel devices may be 
sensitive to rule in SDB patients but seem to be less robust to 
rule out patients, especially when lower thresholds are applied. 
The diagnostic accuracy of these devices could be improved 
if recordings are manually reviewed. A study comparing auto-
matic analysis to manual scoring from a limited channel device 
found an increase in specificity from 0.6 to 0.87 when a cutoff 
AHI ≥ 5 was used.12

The quantification of RDI using information derived from 
oximeter yielded also a good agreement with the manually 
scored AHI. The diagnostic accuracy of using oximeter signal 
alone was found to be similar to nasal cannula/oximeter combi-
nation in this cohort. One explanation could be that there were 
few respiratory disturbance events based on 3% desaturation 
and autonomic arousal in the analyzed material (~2.5 events/h). 
On the other hand, finger pulse wave attenuations reflecting 
sympathetic nervous activity have been shown to associate 
with apnea/hypopnea events and to coincide with arousals.28 A 
composite criterion including PWA attenuation, pulse rate in-
crease, and oxygen desaturation has been shown to accurately 
detect respiratory disturbance events during sleep.29 Although 
information from the oximeter alone did not assess the severity 
of respiratory events (apnea/hypopnea/flow limitation), it may 
serve as a standalone screening tool or alternative method in 
SDB diagnostics when the focus is directed towards the general 
assessment of SDB or when technical problems (e.g., mouth 
breathing, poor nasal airflow signal, patients intolerance of the 
nasal cannula) occur during the night.

Several study limitations need to be addressed. In order to 
reflect the clinical setting, unattended ambulatory recordings 
were applied in the study. However, we did not use PSG as 
the comparator which limited the capacity for scoring arousals 
and may, in some patients (delayed sleep onset or low sleep 
efficiency), lead to overestimation of the validity of the algo-
rithm. Inter- and intra-score variability testing was not con-
ducted prior to the analysis and event-by-event concordance 
was not performed. Nasal flow, but not oronasal thermistor, 
was used to classify an apnea event; this is not in accordance 

with current AASM guidelines as remaining mouth flow may 
be left undetected.30 The hypopnea event definition in the 
study was adapted from the alternate AASM guidelines, but 
automatic arousal was used rather than arousal determined in 
electroencephalgraphic (EEG) recording. Although the number 
of hypopnea events detected solely by the autonomic arousal 
criterion was low in the current study, we consider that these 
events may provide novel information on apnea/hypopnea re-
lated autonomic activation and it is important to maintain it in 
the algorithm. PWA attenuations and pulse rate accelerations 
were used to classify autonomic arousal events instead of 
changes in electroencephalography activity used for standard 
arousal classification. It has been shown that a drop of PWA is a 
sensitive marker for changes in cortical activity during sleep.31 

Acoustically induced arousal from NREM sleep could induce 
biphasic changes of finger PWA fall and an increase of heart 
rate.32 Indeed, the reduced PWA alone or in combination with 
an increase in heart rate was found to be closely correlated with 
PSG-scored electroencephalography arousals.33 In the current 
study, we did not use a separate nasal airflow and oximeter de-
vice for comparison with the polygraphic recording. Rather, we 
tested the algorithm using signals derived from the polygraphic 
recording itself. Hence, the reproducibility of such algorithms 
in a two-channel screening device for SDB recognition remains 
to be determined. Study subjects were selected among patients 
referred to the sleep laboratory. Although the cohort included 
some patients with predominantly central apneas, the study 
population was not ideally balanced in terms of proportion of 
central or obstructive sleep apnea. The applicability of the algo-
rithms to identify high risk SDB patients in the general popula-
tion needs also to be further studied. Finally, the classification 
of mixed apneas as “obstructive” apneas might not be accurate 
in all the cases.

CONCLUSIONS

There is an unmet need for simple diagnostic devices with 
documented accuracy for the differentiated classification of 
SDB. This study describes a novel automated algorithm that 
uses a combination of nasal flow and different features of the 
photoplethysmographic signals to detect and differentiate ob-
structive and central apneas. It was also demonstrated that in-
formation from the finger pulse oximeter alone could be used 
for more advanced SDB diagnostics. This finding has a po-
tential implication in the era of shift from attended laboratory 
monitoring towards ambulatory home testing.34
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