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Study Objectives: Regularity of respiration is characteristic of stable
sleep without sleep disordered breathing. Appearance of respiratory
irregularity may indicate onset of wakefulness. The present study ex-
amines whether one can detect transitions from sleep to wakefulness
using only the CPAP flow signal and automate this recognition.
Design: Prospective study with blinded analysis

Setting: Sleep disorder center, academic institution.

Participants: 74 subjects with obstructive sleep apnea/hypopnea syn-
drome (OSAHS)

Interventions: n/a

Measurements and Results: 74 CPAP titration polysomnograms in
patients with OSAHS were examined. First we visually identified char-
acteristic patterns of ventilatory irregularity on the airflow signal and
tested their relation to conventional detection of EEG defined wake or
arousal. To automate recognition of sleep-wake transitions we then de-
veloped an artificial neural network (ANN) whose inputs were param-
eters derived exclusively from the airflow signal. This ANN was trained
to identify the visually detected ventilatory irregularities. Finally, we

prospectively determined the accuracy of the ANN detection of wake
or arousal against EEG sleep/wake transitions. A visually identified ir-
regular respiratory pattern (IrREG) was highly predictive of appearance
of EEG wakefulness (Positive Predictive Value [PPV] = 0.89 to 0.98
across subjects). Furthermore, we were able to automate identification
of this irregularity with an ANN which was highly predictive for wakeful-
ness by EEG (PPV 0.66 to 0.86).

Conclusions: Despite not detecting all wakefulness, the high positive
predictive value suggests that analysis of the respiration signal alone
may be a useful indicator of CNS state with potential utility in the control
of CPAP in OSAHS. The present study demonstrates the feasibility of
automating the detection of IrREG.
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Citation: Ayappa I; Norman RG; Whiting D; Tsai AHW; Anderson F;
Donnely E; Silberstein DJ; Rapoport DM. Irregular respiration as a
marker of wakefulness during titration of CPAP. SLEEP 2009;32(1):99-
104.

CONTINUOUS POSITIVE AIRWAY PRESSURE (CPAP) IS
THE PRIMARY TREATMENT FOR PATIENTS WITH OB-
STRUCTIVE SLEEP APNEA/HYPOPNEA SYNDROME
(OSAHS)."? Despite the effectiveness of CPAP in abolishing
upper airway obstruction, acceptance and compliance with ther-
apy has been suboptimal.** Attempts to improve compliance
have addressed nasal symptoms by adding humidification,>* op-
timizing the interface,”® and minimizing expiratory pressure®!'
to reduce discomfort and anxiety associated with the treatment.
Despite limited evidence, it is usually assumed that the optimal
CPAP is the lowest pressure that is consistently therapeutic,
and that pressures higher than this are undesirable as they may
cause discomfort and decrease compliance.’

While the goal of CPAP is to treat s/eep disordered breathing
(SDB), positive pressure is not necessary during wakefulness.
Conceptually, awareness of pressure occurs only during wake-
fulness. Thus, without compromising therapy, reducing pressure
on arousal/awakening may minimize discomfort resulting from
the sensation of pressure and thereby improve compliance. The
first step in an algorithm to reduce pressure during wakefulness
is detection; for chronic use with CPAP, this would have to be
done without electroencephalography (EEG). NREM sleep (in
the absence of SDB) has long been recognized as a period of

Submitted for publication May, 2008

Submitted in final revised form August, 2008

Accepted for publication August, 2008

Address correspondence to: Indu Ayappa, PhD, NYU School of Medicine,
462 First Ave, NBV7W54, New York, NY 10016; Tel: (212) 263-6407; Fax:
(212) 263-7445; Email: indu.ayappa@med.nyu.edu

SLEEP, Vol. 32, No. 1, 2009

very regular respiration.' In addition, studies in anxious sub-
jects have shown that irregular breathing may be associated
with the anxious state.'” In a classic paper examining breath-
ing in sleep and wakefulness in normal subjects, Biilow noted
that there were characteristic changes in pattern and degree of
ventilation during transitions between wake and sleep and that
“it was always possible to recognize even transient periods of
sleep from spirographic record alone.””® We hypothesize that
examination of the ventilatory pattern may provide the infor-
mation necessary to identify wakefulness as we have also ob-
served that transitions from sleep to wake are associated with
changes in pattern (regularity) of respiration.

The purpose of this proof of concept study was twofold:
(1) to examine the relationship between the onset of irregular-
ity of breathing and the transition from sleep to either brief or
sustained periods of wakefulness in patients undergoing CPAP
treatment for SDB (2) to automate the detection of irregularity
of breathing. This study was preliminary to the long-term goal
of developing a device that provides CPAP only during sleep
and withdraws application of pressure during wakefulness us-
ing this automated technology.

METHODS

The overall approach was to visually identify a ventilatory
pattern of irregularity on the airflow signal and test its relation
to EEG detection of wake or arousal using full nocturnal poly-
somnography (NPSG). In order to automate the recognition of
sleep-wake transitions during CPAP from the flow signal, we
developed an artificial neural network (ANN) whose inputs
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were simple parameters derived exclusively from this signal.
Our ANN was first trained to identify the visually detected ven-
tilatory irregularities. Subsequently, in a separate data set, we
determined the ability of the automated ANN to detect EEG
sleep/wake transitions.

All patients had been previously diagnosed with OSAHS
(RDI between 13-119/hr) and were undergoing initial CPAP titra-
tion during full NPSG. The NPSG included recordings of central
and occipital electroencephalogram (EEG), right and left elec-
trooculograms (EOG), and submental electromyogram (EMG)
which were used to monitor sleep. An anterior tibialis EMG
was used to detect leg movements and a bipolar electrocardio-
gram (ECG) was used for cardiac monitoring. Oxygen saturation
was monitored with a pulse oximeter (Masimo Radical, Irvine,
CA). Chest wall and abdominal movement were monitored with
piezoelectric strain gauges. Sleep position was monitored using
a multiposition mercury switch (Biologic). Airflow and pressure
signals were obtained from the CPAP generator and sampled at a
frequency of 50 Hz. All signals were recorded on a digital poly-
graph (Sandman 7, Tyco), with analyses done offline using cus-
tom software. Sleep scoring was performed manually using the
criteria of Rechtschaffen and Kales (R &K) using 30-second ep-
ochs." Arousal scoring was performed using American Academy
of Sleep Medicine (AASM) criteria.'® Sleep disordered breathing
events (> 10 s) were scored using standard criteria: apneas were
defined as airflow < 10% of baseline, hypopneas as airflow <
50% of baseline or airflow < 70% of baseline with a 4% oxygen
desaturation, and respiratory effort related arousals (RERAs) as
airflow < 70% of baseline followed by an arousal.

This protocol was granted exemption from full review and
waiver of informed consent by the Institutional Review Board
at the NYU School of Medicine, as data used were from pre-
viously performed and de-identified clinical CPAP studies. In
addition, this study was reviewed and approved by the NYU
School of Medicine Conflict of Interest committee.

1. Relationship Between Visual Onset of Irregularity of Breathing
and EEG

NPSG data from 17 male and 3 female subjects with OSAHS
during CPAP titration were first scored for sleep, microarousals,
and sleep disordered breathing events. In a separate pass, scorers
examined the flow signal alone while hiding the EEG signals and
sleep stage information. Multiple scorers visually identified dis-
crete periods of irregular/chaotic breathing (I'rREG), defined as
a sequence of > 3 breaths with irregular (varying) amplitude and
frequency. IrREG events were not marked during sleep disor-
dered breathing events and the subsequent 3 breaths. As all stud-
ies were performed at or near therapeutic CPAP, only rare periods
of SDB needed to be excluded. Each study was scored separately
by at least 2 scorers, and differences were reconciled. Examples
of these visually distinct patterns seen on the airflow signal are
shown in Figures la-1c. In order to assess the interscorer agree-
ment in identifying IrREG events, 9 studies were scored sepa-
rately by 2 scorers blinded to each other’s scores after which the
proportion of specific agreement (PSA)'¢ was calculated. Agree-
ment was defined as the simultaneous occurrence of an rREG
event scored by both scorers. Disagreement occurred whenever
an IrREG event was detected by only 1 of the 2 scorers. The
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PSA describes the agreement between scorers; it is defined as the
number of events with agreement between scorers divided by the
average number of events scored by the 2 scorers.

The relationship between visually scored IrREG events and
EEG was tabulated to determine both the prevalence of 'REG
during sustained EEG defined wakefulness (runs) as well as
examine the use of IrREG as surrogate for wakefulness using
positive predictive values:

(1) All runs of sustained wake (defined as > 4 consecutive
epochs scored as wake) were identified and tabulated for the
presence or absence of IrREG within the first 2 minutes of the
run. The percentage of runs of wake ( > 4 consecutive epochs)
associated with the presence of [rREG was calculated in each
subject. In addition, to examine how often wakefulness was
associated with irregular respiration, each epoch of wake was
tabulated for the presence or absence of IrREG. If any part of
the manually scored IrREG event was within the 30-sec wake
epoch, it was tabulated as an agreement. The percentage of all
wake epochs associated with IrREG was calculated in each sub-
ject to obtain the prevalence of IrREG.

(i) Separately, visually scored IrREG events from the man-
ual scoring were tabulated against both sleep stage (NREM,
REM, and wake) and brief EEG arousal. An agreement for
wake (true positive event) occurred if a majority of the breaths
in the identified [IrREG event occurred during an epoch scored
as wake by EEG. An agreement for arousal occurred if the Ir-
REG event occurred simultaneously with or was followed by
an EEG arousal within 3 sec. A disagreement occurred (false
positive) if the [rREG event occurred during an epoch of sleep
(NREM or REM). Positive predictive values (PPV) were calcu-
lated in each subject for IrREG as a predictor of transition from
sleep to wake, as well as for the combination of this and the
presence of a brief arousal.

2A. Development of an Artificial Neural Network (ANN) for
Automated Detection of Irregular Respiration

Data from 50 studies (20 used in the manual evaluation +
30 additional studies) previously diagnosed with OSAHS and
undergoing in-lab PSG with CPAP titration were analyzed. Us-
ing the flow signal alone, these studies were manually scored
and reconciled for ['rREG as described in the previous section
by at least 2 scorers. This data set formed the training set for the
artificial neural network (ANN). An automated algorithm first
identified individual breaths (~300,000 breaths). All areas were
analyzed by the ANN, whether or not sleep disordered breathing
(apnea and hypopnea) was present. The temporal pattern of reg-
ularity of a sequence of 5 breaths was described by calculating
8 parameters measuring average breath timing and amplitude
within the sequence and 17 parameters measuring variability
of breath timing and amplitude between the 5 breaths. These 25
parameters formed the inputs into the ANN, which had 100 hid-
den nodes and one output (presence or absence of IrREG).The
value (IrREG present/absent) was assigned to the last breath in
the sequence and represents the presence of irregularity during
the entire 5 preceding breaths. The next breath was evaluated
by moving the entire 5-breath sequence by one breath.

Tabulation of data: For each breath the ANN classification
(IrREG + or —) was compared to a classification derived from
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Figure 1—Figure 1a shows the pattern of regular breathing usually seen during NREM sleep. The lower panel shows a 2-min window of the
airflow signal from the CPAP machine. The upper panel shows the EEG corresponding the 30 sec highlighted by the dotted lines. In contrast,
Figure 1b shows the irregularity in the airflow signal (both amplitude and frequency) seen during a transition from sleep to wake. Figure 1c
shows a similar irregular pattern seen during a brief arousal.
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Figure 2—Figure 2 shows the derivation of an [rREG event from
individual breaths classified as ['REG+ or IrREG- by the ANN.

the manual scoring. The derivation of a breath classification
based on manual scoring was obtained from examining the cur-
rent breath and its 4 preceding breaths (the same window input
into the ANN). If > 3 of these 5 breaths fell within a manually
marked IrREG event, then a manual value of IrREG+ was as-
signed to the breath. Otherwise it was classified as I'REG—.

2B. Validation of ANN

The validation of the ANN was performed using data from
a separate set of PSGs in 24 subjects (20 M/4 F) undergoing
CPAP titration. IrREG events were identified from the output
of the ANN on ~150,000 breaths on the flow signal. Each event
consisted of one or more consecutive breaths which had been
labeled IrREG by the ANN (each breath representing the irreg-
ularity of the 5 previous breaths). An example of the derivation
of I'REG events is shown in Figure 2.

Tabulation of data: IrREG events identified from the output
of the ANN were tabulated against both sleep stage and brief
arousal as was done for the visual analysis in section 1. Positive
predictive values (PPV) were calculated in each subject for Ir-
REG as a predictor of transition from sleep to wake or the pres-
ence of a brief arousal. To evaluate the sensitivity of the ANN
detected IrREG, each run of visually scored wake (defined as >
4 consecutive epochs of wakefulness on EEG) was tabulated for
the presence or absence of IrREG as described in Section 1.

RESULTS
1. Visual Identification of I'REG

In the 20 subjects a total of 315 (4—45 runs/subject) runs of
wake lasting > 2 min (4 consecutive epochs) were found. Of
these, 164/315 (52%) were associated with visually detected
IrREG within the first 2 min of the run. A total of 3116 wake
epochs (including the runs) were scored (22-346 epochs/sub-
ject). I'IREG occurred in 24% (7%% to 55%/subject) of these
epochs with the lowest percentages occurring in the subjects
with lowest sleep efficiency (r = 0.42, P = 0.06). This indicates
that irregular respiration as defined in our analysis (I'rREG) oc-
curs in only a modest subset of wake epochs.

In these subjects, whose IrREG event scoring was the result
of reconciliation of all scorers, 360 IrREG events were identified
visually from respiratory pattern alone (3—48 events per subject).
The distribution of the R&K scored sleep stage associated with
events was: 321 (89%) of IrREG events occurred during wake;
32 (9%) during AASM arousal; 7 (2%) during NREM sleep, and
0 (0%) during REM sleep (Table 2). The mean positive predic-
tive value of IrREG to identify wake on EEG was 0.89 (rang-
ing from 0.33 to 1.0 across subjects). To identify either wake or
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Table 1—Cross Tabulation of Breaths Based on their Manual and
ANN Label as IrREG. (ANN Training Set)

# of sequences Identified by ANN
IrREG + IrREG - Total
(regular
breathing)
Identified Visually
IrREG + 5025 3312 8337
IrREG -

(regular breathing) 1259 312462 313721

Note: ANN = artificial neural network

brief arousal the PPV was 0.98 (ranging from 0.67 to 1.0 across
subjects) (Table 3). Of note, visual detection of IrREG did not
produce any false positive detections of REM.

Reliability of scoring of IrREG events: A total of 149 [rREG
events were scored by one or more raters. The PSA for visual
identification of IrREG by the 2 scorers in 9 subjects was 76%
(ranging from 42% to 91%). Of the 92 events scored by both
scorers (agreement), 95% were associated with wake and 100%
with either wake or arousal.

2A. ANN Training (data from 50 subjects)

The tabulation shown in Table 1 summarizes the results of
comparing the ANN assignment and the classification derived
from the manual scoring over all breaths in all subjects. The
overall sensitivity of IrREG breath detection by ANN, com-
pared to manually marked IrREG, was 5025/8337 = 60% and
the specificity of IrREG breath detection by ANN to manually
marked I'REG was 312,462/313,721 =99.5%

2B. ANN Validation (data from 24 subjects)

In the validation set, 524 IrREG events were identified from
respiratory pattern alone by the ANN (mean: 22, range 5-56
events per subject). Of these, 346 (66%) were associated with
EEG defined wake, 104 (20%) were associated with AASM
arousal, 39 (7%) were associated with NREM sleep and 35 (7%)
were associated with REM sleep (Table 2). The mean positive
predictive value of IrREG for transition from sleep to wake
was 0.66 for all subjects (ranging from 0.25 to 1.0 across all
subjects) and 0.86 for transition from sleep to wake or arousal
(ranging from 0.42 to 1.0 across all subjects) (Table 3). Seventy
percent of the 158 runs of 4 or more consecutive EEG epochs of
wake were associated with IrREG within the first 2 minutes.

DISCUSSION

Our data show that the presence of the irregular respiratory
pattern we identified (I'rREG) was highly predictive of the ap-
pearance of wakefulness defined by EEG and very rarely oc-
curred during sleep (including REM). Furthermore, we were
able to automate identification of this pattern of irregularity
with an artificial neural network (ANN).

Despite the above, our data show that only a subset of in-
dividual epochs of EEG wakefulness is associated with ven-
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Table 2—Distribution of I'REG Events Identified Visually and
by the ANN

Visual ANN
(n=360) (n=524)
IrREG events associated with
Wake 321 (89%) 346 (66%)
Arousal 32 (9%) 104 (20%)
NREM sleep 7 (2%) 39 (7%)
REM sleep 0 (0%) 35 (7%)

Note: ANN = artificial neural network

tilatory irregularity. However 52% of sustained periods of
wakefulness (runs) were associated with an early period of ven-
tilatory irregularity detected visually, and 70% of the runs of
wakefulness were detected as IrREG by the ANN. We further
suspect that these periods of sustained wakefulness associated
with ventilatory irregularity on CPAP may be those associated
with the greatest degree of arousal and possibly with the great-
est discomfort. We postulate that identifying these periods and
rapidly reducing CPAP when they occur might improve CPAP
compliance. We note that this approach proposed is similar to
that intuitively followed by many experienced sleep technolo-
gists, who, even when patients do not specifically complain
about pressure, frequently lower CPAP during titration in the
laboratory when patients are unable to fall asleep.

Prior studies have examined the variability of breathing dur-
ing both wake and sleep. In general, these studies have ana-
lyzed the pattern of breathing only within each state.'” BuSha
et al showed reduced respiratory variability in rats during sleep
compared with wakefulness.'® Irregularity of the respiratory
pattern during wakefulness has been shown to increase further
during anxious states such as panic attacks,'*!” and some pa-
tients have a reduction in respiratory variability after treatment
for panic attacks.® Although aspects of the respiratory pattern
(e.g., hyperventilation) may contribute to or even cause a panic
attack, it has also been suggested that the irregularity of breath-
ing, including the appearance of frequent sighs, may be a mark-
er of anxiety and/or panic attack.?! There has been little study of
the respiratory pattern at the transition between sleep and wake,
or the sudden appearance of irregularity as a maker of transition
from sleep to wake. Our data suggest that there may be frequent
appearance of respiratory irregularity as a predictable correlate
of arousal. Furthermore we speculate that even more dramatic
deviation from the ventilatory regularity seen during sleep may
occur in the presence of a potential irritant such as CPAP due to
an associated period of anxiety and/or discomfort.

The visual recognition of I'REG was successfully automated
using an artificial neural network with inputs solely from the
respiratory signal. It is possible that additional sophistication in
the analysis of the variability parameters might further improve
detection of all wakefulness. Although a perfect arousal/wake
detector using the flow signal alone might be desirable for other
applications, this was not our primary goal for this particular
application. If this algorithm was used in a CPAP device in or-
der to lower pressure it would not be desirable to lower CPAP in
response to a very brief arousal, as by definition the patient has
rapidly returned to sleep and reduction in pressure in this set-
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Table 3—PPV of Ir'REG for Transition from Sleep to Wake

Visual ANN
mean range mean range
For wake 0.89 0.33-1.0 0.66 0.25-1.0
For wake+arousal 098 0.67-1.0 086 0.42-1.0

Note: ANN = artificial neural network

ting would result in sleep disordered breathing. The high PPV
and bias towards longer periods of wakefulness of the ANN as
currently implemented suggests there will be a low rate of inap-
propriate reduction in CPAP. Lack of response of the ANN to
all periods of EEG wake does not exclude the potential for en-
hanced patient comfort in those awakenings that are detected.

To automate the visual observation so that the human could
identify a pattern of breathing that correlated with EEG wake-
fulness, we examined multiple statistical techniques (principal
components analysis, discriminant analysis, tree classifiers).
However, no simple combination of amplitude and frequency
that was specific to this pattern of irregularity could be identi-
fied. Therefore, we used an ANN, as these algorithms are most
often used to automate visual pattern recognition.

During manual scoring, we did not mark IrREG events dur-
ing periods of clear sleep disordered breathing. However, we
did not exclude these periods when the ANN was trained, thus
presenting the full spectrum of respiratory patterns to the ANN.
While this may seem counterintuitive, our goal was to develop
an ANN which contrasted the irregular pattern seen at arousal
with all other patterns of breathing including regularity seen
during sleep and the pattern of SDB. In addition, robust auto-
mated methods, as used in many autotitrating CPAP units, exist
to detect SDB itself.

REM sleep has been described as being associated with irreg-
ularity of breathing. However to the human eye the “pattern” of
this irregularity is different from that at sleep/wake transitions.
Our data showed that the human never misidentified REM as
Wake (Table 2). The nature of this pattern difference appears
to be a complex interaction of amplitude and frequency. The
ANN was trained to mimic this human performance and ignore
the occurrence of the irregularity of breathing associated with
REM, thus minimizing the misidentification of REM as wake.

The present study suggests a new method of adjusting
CPAP using a combination of detection of arousal and of SDB
to control auto titration providing both adequate treatment
during sleep and optimal comfort on arousal. Comfort and
compliance may be improved if identification of ventilatory
irregularity indicating wakefulness allows reduction of CPAP
when it is not needed. This differs from current autoCPAP
algorithms, which generally focus on raising pressure in re-
sponse to SDB, and only incidentally lower pressure when no
SDB is detected. This may take as much as 20 minutes after an
arousal. In contrast, our approach is to identify arousal where
CPAP is conceptually not needed. This would allow very rapid
reduction of CPAP ( < 30 sec). Our bias is that subjects do
not have pressure-related difficulties tolerating CPAP while
asleep, but rather experience discomfort only while awake.
Thus, if one can automatically detect the appearance of wake
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(or anxiety), it becomes possible to lower CPAP pressure rap-
idly when therapy is not needed. The present study provides
an incentive to develop an automated CPAP device contain-
ing this algorithm so that the impact on comfort and/or CPAP
compliance can be tested directly.
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