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Study Objectives: Polysomnography (PSG) is the gold standard in
diagnosing sleep disordered breathing (SDB). Diagnostic analysis of
SDB is time-consuming and labor-intensive and entails long waiting
lists for patients. The aim of this study was to assess the validity of
a flow-based screening classifier as an automated diagnostic test for
Cheyne-Stokes respiration (CSR).
Setting: Sleep laboratory
Participants: 70 study subjects (28 with obstructive sleep apnea [OSA],
20 with CSR, 11 with CSR+OSA and 11 without SDB)
Measurements: The nasal cannula flow signal was analyzed by ApneaLink (ResMed, Sydney, Australia), based on a classifier algorithm using pattern recognition. In a simultaneous PSG, results were compared
with manual scoring of respiratory events by certified sleep experts.
Results: For detecting CSR we obtained a sensitivity of 87.1% (95%

confidence interval 75.3% to 98.9%), a specificity of 94.9% (95% confidence interval 87.9% to 100%), a positive likelihood ratio of 17.0, and a
negative likelihood ratio of 0.14. The area under the curve (AUC) of the
according receiver operating characteristic (ROC) curve was 93.4%.
This resulted in an accuracy of 91.4% for identifying CSR.
Conclusion: In this study we demonstrated that the screening classifier was able to detect CSR with high diagnostic accuracy. Hence,
ApneaLink equipped with CSR classifier is an appropriate screening
tool which may help to prioritize patients with CSR for PSG.
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CHEYNE-STOKES RESPIRATION (CSR) IS AN ABNORMAL PERIODIC PATTERN OF BREATHING PREDOMINANTLY IN NREM SLEEP. CSR IS CHARACTERIZED by
waxing and waning flow amplitude followed by apnea or hypopnea (Figure 1). This pattern is caused by instability in the
feedback control involved in the chemical regulation of breathing. CSR affects 30% to 40% of patients with congestive heart
failure1-4 and can also be seen in patients with stroke.5 CSR is
associated with sleep disruption and decreased survival rates
compared to subjects with a similar ejection fraction but without CSR.6-8
Diagnostic assessment of SDB is based on polysomnography
(PSG) recorded during the night. Because diagnostic analysis is
labor-intensive and time-consuming, patients must wait 2-10
months for a PSG.9 To prioritize patients for PSG, it is desirable to have a screening device that can distinguish between
the various manifestations of SDB. ApneaLink is a singlesignal screening device that measures flow via a nasal cannula
connected to a pressure transducer. Recent studies showed an
excellent correlation of ApneaLink versus PSG regarding the
apnea-hypopnea index (AHI).10,11
The newest version of ApneaLink provides a classifier for
the auto-detection of CSR. The classifier of ApneaLink is based
on pattern recognition, a concept which is also used for voice
recognition and radar detection.12-15 The nasal cannula flow signal of ApneaLink is used for pattern recognition and hence classification of CSR.

In recent years attempts have been made to automatically
detect SDB. El-Solh et al16 evaluated a neural network based on
spectral analysis of arterial oxygen saturation SpO2 in order to
determine CSR. Our group analyzed a neural network relying
on spectral entropy S of the airflow for identifying OSA and
CSR.17 The aim of the present study was to evaluate the diagnostic accuracy of the ApneaLink classifier for CSR against
simultaneous PSG.
METHODS
Subjects
The study population consisted of 70 subjects referred to our
sleep laboratory for PSG testing (Table 1). Firstly, we included
41 cardiology patients with congestive heart failure and high
pre-test probability of CSR. Secondly, to test the device in a
mixed population (CSR, OSA, CSR+OSA, no SDB), we included 29 subjects with high pre-test probability of OSA referred from general practitioners. An institutional review board
approved the study, and subjects provided informed consent
prior to participation in this study.
Polysomnography
Polysomnography was performed using a digital polygraph
(Embla, Broomfield, USA) including 2 electroencephalographic (EEG) channels, 2 electrooculograms (EOG), submental
electromyogram (EMG), tibialis EMG, rib cage and abdominal
inductance pneumograms, pulse oximeter (Nonin 8500, Minnesota, USA), body position, and nasal cannula connected via
a T-piece allowing simultaneous recording of flow signal by
ApneaLink and the PSG system. Sleep staging and arousals
were scored using 30-s epochs according to Rechtschaffen and
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Table 1—Demographic Characteristics, SDB Classification, and
Comorbidities for All 70 Subjects
Demographic Characteristic
Age
Sex, f/m
BMI
OSA
CSR
OSA + CSR
no SDB
Congestive heart failure
Hypertension
Diabetes
Asthma
Chronic obstructive bronchitis
Allergies

Flow
Thorax

Results
60.3 ± 11.5 years
15/55
27.5 ± 4.4 kg/m2
28
20
11
11
41
36
13
9
14
5

Abdomen
SpO2

60 sec

Figure 1—Typical recording of CSR displaying waxing and waning of flow followed by a central apnea. Lack of thorax and abdomen effort causes cessation of airflow followed by moderate
desaturation.

Cycle length

Kales19 and American Sleep Disorders Association.20 An apnea
was defined as cessation of flow for ≥ 10 s, and a hypopnea as
reduction of ≥ 50% in flow amplitude lasting ≥ 10 s. The respiratory event was scored as obstructive apnea if it met apnea
criteria and was associated with continued or increased respiratory effort throughout the entire period of absent airflow.21
The respiratory event was scored as central apnea if it met apnea criteria and was associated with absent respiratory effort
throughout the entire period of absent airflow. According to the
definitions of the American Academy of Sleep Medicine21 CSR
was defined if i) ≥ 5 central apneas or hypopneas/h occurred,
or ii) the cyclic crescendo and decrescendo change in breathing amplitude had a duration of ≥ 10 consecutive minutes. In
PSG an apnea-hypopnea index (AHI) was calculated by dividing the total number of apneas and hypopneas by the total hours
of sleep time recorded over the night.
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Figure 2—Classifier features of ApneaLink: apnea-hypopnea
length, cycle length, hyperpnea length, hyperpnea shape, and hyperpnea initial jump feature.

by a discriminator providing a probability of CS-like breathing between zero and one. However, if in a definite epoch the
discriminator provides a high probability for CSR in patients
with both CSR and OSA, it is possible that obstructive events
may occur in the same epoch as well. The resulting CSR probability can be marked up on a patient record or displayed as
a time-series graph. The classification of each epoch could be
displayed in a bar chart (Figure 4). This provides an indication
of a patient record at a glance. In this study, the results provided
by ApneaLink were based on total recording time, whereas the
results derived from PSG were based on total sleep time.

ApneaLink
ApneaLink (ResMed, Sydney, Australia) is a single-signal
screening device which measures flow via a nasal cannula connected to a pressure transducer. The device is also equipped
with finger oximetry, but this feature was not used in the study.
The flow signal is recorded with a sampling rate of 100 Hz and
is pre-processed by linearizing the signal, filtering the noise,
and zeroing the baseline. For analyzing the flow, the signal is
split into epochs of 30 min as CSR occurs typically in periods
of 20-30 minutes. The classifier of ApneaLink uses various features for identifying CSR. As shown in Figure 2, the main features are the cycle length (for CSR usually 30-90 s), the apneahypopnea length, the hyperpnea length, and the shape of the
hyperpnea. The typical waxing and waning shape of the flow
can be described in mathematical terms as a linear combination
of various trigonometric functions. Furthermore, a so-called
jump feature is analyzed, as displayed in Figure 3. Usually, the
CSR hyperpnea starts with a moderate flow after the end of
an apnea, and the hyperpnea of obstructive sleep apnea (OSA)
begins typically with the so-called sudden breath. Thus, creating an envelope over a 2-s time base, the jump features of OSA
and CSR are significantly different from each other. All features are combined into a pertinent set of parameters and tested
SLEEP, Vol. 32, No. 4, 2009
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Statistical Analysis
Using ROC curves, we obtained the best cut-off point of ApneaLink classifier probability threshold compared to the diagnosis of sleep experts in terms of sensitivity, specificity, and
positive and negative likelihood ratios.21,22 The patient was considered to be positive for CSR if the probability value of CSR
exceeded a specific threshold. The accuracy was the number of
true positive and true negative cases divided by all cases.
RESULTS
The ROC curve with different probability thresholds is
displayed in Figure 5. The AUC was 93.4%. Best values for
sensitivity and specificity regarding the CSR probability were
yielded at a threshold of 0.5. We obtained a sensitivity of 87.1%
and a specificity of 94.9% as shown in Table 2. We found 2 false
positive results reflecting a low CSR probability of 0.56 and
0.57 (close to the threshold of 0.5). There were 4 false nega554
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Table 2—Diagnostic Accuracy for CSR Regarding Classifier
Probability Threshold of 0.5
Accuracy %

0.8
0.7

91.4

CS Probability

Sensitivity % Specificity % LR+
LR–
(95% CI)
(95% CI)			
87.1
94.9
17.0
0.14
(75.3-98.9)
(87.9-100)			

1
0.9

CI denotes confidence interval, LR refers to likelihood ratio.
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Figure 4—Classification of each epoch displayed in a bar chart;
one epoch = 30 min. (A) A report where many epochs show a
high probability of CS-like breathing. (B) A report where a single
epoch shows a high probability of CS-like breathing. This epoch
could be investigated more closely.
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DISCUSSION
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This study shows for the first time the utility of ApneaLink as
a screening device for detecting CSR in a group of subjects with
OSA, CSR, and no SDB. The ApneaLink classifier based on
pattern recognition of nasal canula flow signal provided a high
diagnostic accuracy for the detection of CSR when compared to
the results of manually scored simultaneous PSG. The classifier
of ApneaLink recognized CSR with a sensitivity of 87.1% and
a specificity of 94.9%.
A limitation of ApneaLink at the current stage of development is that the classifier discriminates between CSR and nonCSR only. In theory, mixed apneas that look like central apneas
of CSR are classified as CSR. Nevertheless, in this study, no
false positive cases caused by incorrect classification of mixed
apneas were identified.
Our study tested CSR detection by comparing ApneaLink
with simultaneous PSG. Erman et al11 showed that the diagnostic accuracy regarding the AHI decreased when ApneaLink in a
home setting was compared with ApneaLink from an attended
laboratory-based case. The reason for different diagnostic accuracy under those conditions was night-to-night variation of
the occurrence of respiratory events.23,24 Also, long-term loss of
flow signal when the nasal cannula accidentally falls off during
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Figure 3—The jump feature is obtained by creating an envelope
over a 2-s time base. (A) OSA jump feature: the maximum difference between 2 points is high compared to CSR jump feature. (B)
CSR jump feature: the maximum difference between 2 points is
low compared to OSA jump feature.

tive results: one included apneas of short cycle length and the
other 3 contained no continuous clear CSR pattern, so that the
experts relied heavily on non-flow information such as thorax
and abdomen signals.
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ing tool that may help to prioritize patients with high pre-test
probability of CSR for PSG.
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