DOI: 10.4149/BLL_2015_081

Bratisl Med J 2015; 116 (7)

CLINICAL STUDY

Non-linear Poincar¢ analysis of respiratory efforts in sleep apnea

Behbahani S!', Moridani MK?

Department of Electrical Engineering, Garmsar Branch, Islamic Azad University, Garmsar, Iran.
sor.behbahani@gmail.com

ABSTRACT

OBJECTIVES: Obstructive sleep apnea (OSA) is a risk factor for hypertension, has effects on cardiovascular
system and increases the sympathetic activity. The aim of the study was to evaluate the effectiveness of the
non-linear Poincaré plot analysis to predict OSA based on polysomnography (PSG).

METHODS: The database of this study was collected by the sleep laboratory at the Philipps University in Mar-
burg, Germany. It includes 24 PSG of men and women between 27-63 years old with obstructive and mixed
sleep apnea. The start and end of apnea events in PSGs were marked. The Poincaré plots of pre-apneic phase
including 4-1 minutes before apnea were evaluated. Wilcoxon test was used for statistical analysis.
RESULTS: Poincaré analysis showed that the dynamics of chest and respiratory efforts changed two minutes
before the apnea and SD1/SD2 ratios of these parameters significantly increased in the pre-apneic phase (p <
0.01). The SD1/SD2 ratio of nasal airflow did not show significant difference even in episodes close to apnea.
CONCLUSIONS: Our results suggest that Poincaré plot parameters of PSG have the potential to be consid-
ered predictors of apnea with the ability to show the dynamic of changes, which could lead to pre-diagnosis or
prediction of apnea about 2—-3 minutes before its occurrence (Tab. 2, Fig. 4, Ref. 23). Text in PDF www.elis.sk.
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Abbreviations: OSA — Obstructive sleep apnea, PSG — poly-
somnography, ECG — electrocardiogram, HRV — heart rate vari-
ability, SD — standard deviation, CNS — central nervous system,
Res — respiratory, Abd — abdominal, Nas — nasal.

Introduction

Sleep is a passive period with elimination of excitation while
wakeful state is associated with active excitation of central nervous
system (CNS). Previous studies have shown that sleep is indepen-
dent of wakefulness, generated by a sequence of changes in CNS
and is a combination of different stages with clear boundaries. It
is an important activity which renews mental and physical health
every day and covers one—third of our lives.

Breathing is one of the main body functions and its alterations
have been proved to be a risk factor in different patient population
(1). The respiratory pump consists of respiratory muscles, struc-
ture of the rib cage and abdomen controlled by the brain, spinal
cord and the peripheral nerves. Since breathing is established au-
tonomously during sleep, it is affected by many anatomical and
physiological parameters, which are different from non-sleep (2).
Depending on these situations, various sleep disorders occur. There
are lots of well recognized sleeping diseases including dream dis-
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orders, somnambulism, insomnias, hypersomnias and respiratory
sleep disorders. Most of them lead to deterioration of health and
decrease quality of life. One of the significant sleep disorders is
the respiratory disorder during sleep, which has a higher incidence
in adults than in children. It is reported that sudden unexpected
deaths during sleep, sleepiness during the day, fatigue and snoring
at night are caused by respiratory disorders in sleep. Therefore,
regular breathing during sleep is an important activity that plays
a vital role in human health (3).

Obstructive sleep apnea, the most common of the different
types of sleep-related breathing disorders is partial or complete
upper airway obstruction during sleep when air is prevented from
entering lungs and covers about 84 % of the cases (4) and is char-
acterized by repetitive cessations of respiratory flow during sleep.
Generally, sleep apnea goes undiagnosed as painful symptoms do
not appear and patients do not seek medical aid. The most common
sleep apnea indicators are daytime sleepiness, irritability, tiredness,
low concentration and impaired learning (5). Growing evidence
shows that OSA is considered to be a risk factor for hypertension
and is independently associated with poor cardiovascular outcomes
in general population and has effects on cardiovascular system and
increases the sympathetic activity (6-8).

The onset of each OSA is associated with inspiratory efforts
against a closed airway, which increase parasympathetic activity
leading to a bradycardia, but as the physiological stress builds
up during apnea, sympathetic activity predominates. This peaks
shortly after the moment of arousal at which there is systemic
vasoconstriction, hypertension, and tachycardia present. Termi-
nation of OSA requires arousal from a deeper-to-lighter stage of
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sleep or wakefulness (2). This is accompanied by a decrease of
blood oxygen over time and mechanical respiratory efforts that
are intensified in order to reopen upper airways. If these efforts
are not sufficient and the hypercapnia level is dangerous, arousal
is generated to reactivate all the peripheral systems and respira-
tion is restored. This episode may repeat hundreds of times in a
single night, with serious health implications (9).

The measurement and monitoring of respiration is one of the
important functions to check the respiration rate and breathing
health. Direct recording of respiratory signals presents practical rel-
evant problems. There are many studies on the topics of detection
and quantitative characteristics of sleep disorders, especially sleep
apnea using analytical methods from sleep records in the literature.
These studies help the physicians during the process of diagnosis
and treatment of sleep disorders. The most important research on
sleep in the field of biomedical engineering is the measurement
and recording of physiological signals during sleep. Detection
of sleep apnea from the ECG has been studied by a number of
groups during the Computers in Cardiology challenge 2000 (10).
One objective of this challenge was to quantify the apnea stress
by the number of minutes spent with disordered breathing. The
surprisingly good results and methods are summarized in (11).

Polysomnography is a multi-parametric test and the gold
standard tool for sleep apnea diagnosis. PSG, which is usually
performed at night, is a comprehensive recording of the electro-
physiological changes that occur during sleep. The most common
signals recorded are electroencephalogram, electromyogram, elec-
trooculogram, electrocardiogram, airflow, and oxygen saturation.
The acquisition and analysis of these signals require human expe-
rience and specialized equipment (12—14). Moreover, respiratory
efforts along with the airflow are used to diagnose patients with
sleep-disordered breathing. The effort measurement represents
an accurate distinction among physiological and various patho-
logical respiratory patterns. Increasing effort to breathe during a
significant reduction or complete suspension of airflow confirms
obstructive sleep apnea.

The aim of this study was to assess whether Poincaré plot
analysis of PSG signals could yield essential information on the
diagnosis or even prediction of OSA. This paper is organized
as follows: Section 2 introduces data and method. Section 3 pres-
ents the results that are discussed in Section 4. Finally, Section 5
gives the conclusions.

Materials and method

Database Description

The database used in this research is free and available on the
Physionet website, includes the description of data and the origi-
nal challenge. This database was used during the annual Comput-
ers in Cardiology Challenge in 2000 (10). It consists of 24 GPSs,
includes men and women between the ages 27-63 years , with
weights ranging from 53—135 kg and apnea/hypopnea index of 10
or more. The PSGs of studied patients exist and include chest and
abdominal respiratory efforts, nasal airflow and Spo2 signals. The
start and end of apnea events in PSGs were marked. Data were

collected by the sleep laboratory at the Philipps University in
Marburg, Germany. The sampling frequency of ECG was 100 Hz.

Apnea scoring was carried out based on standard criteria by ex-
perts in sleep scoring with a minute-by-minute resolution. A minute
was defined as apnea if at least one apnea or hypo-apnea episode
occurs. Otherwise, that minute was defined as normal breathing.
This procedure was used for the total sleep time for each subject.

Non-Linear Poincaré analysis

Poincaré plot is a geometrical representation of a time series
in a Cartesian plane to assess and qualitatively visualize a com-
plex non-linear behavior of physiological signals. We defined
the data by:

X=X, X, X5t 1)
The return map will be a plot of the points.(x,, x ), (x,, X,), (x,,
x,),... A shape of the plot describes the evolution of the system
and allows us to visualize the variability of x as a time series (15).
Researchers fitted an ellipse to the shape of the Poincaré plot
and defined two standard descriptors of the plot SD1 and SD2 for
quantification of its geometry. These standard descriptors represent
the minor axis and the major axis of the ellipse. The description of
SD1 and SD2 in terms of linear statistics shows that the standard
descriptors guide the visual inspection of the distribution (16).
Descriptors SD1 and SD2 can be defined as:

\2
SDI= - D (x,7x,.) )
SD2=V25D(x,y = } SD(x,~x,.,) ?3)

In case of heart rate variability (HRV), it reveals a useful visual
pattern of the RR interval data by representing both short and long
term variations of the signal (17—18). The inherent assumption be-
hind using consecutive RR points is that the “present RR-interval”
significantly influences the “following-RR interval”.

The Poincaré plots theory can be used to quantify self-simi-
larity in usually periodic functions. Therefore, it can be applied
on other dynamics that repeated on specified intervals and time
series like respiratory rate. In the normal breathing process, the
chest and diaphragm are making efforts to pull air into the lungs;
however in apnea the passageway to the lungs is blocked. Moni-
toring chest wall and abdominal movements to assess the respi-
ratory efforts, as well as airflow through the nose to determine
the depth and frequency of breaths could be a useful tool to
analyze apnea.

In Poincaré plots analysis, when all intervals of selected time
series are plotted, the assumption is made that the points in the
central portion of the plot are normal and outlier points are ecto-
pic. It can be interpreted that the points close together appearing
in the center of the ellipse show little change, while the scattered
points indicate the existence of some kind of disorder or chaos
in time series.
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Statistical analysis

The results are presented as mean + standard deviation (SD).
As data have asymmetric distribution, the Wilcoxon test was used
to evaluate whether there is any significant change in PSG signals
of pre-apneic phase. Statistical analysis was performed using IBM
SPSS Statistics version 19 (IBM, Armonk, NY, USA), and differ-
ences were considered statistically significant at p<0.01.

Results
In this research, 24 PSG recordings including men and women

between 2763 years old and 53—135 kg weights were studied. In
the first step, the chest respiratory, abdominal respiratory, nasal

Tab. 1. Variations of PSG parameters in pre-apneic phase.

respiratory and Spo2 rates of each apneic signal were analyzed
minute-by-minute for 4 min before apnea to evaluate whether any
significant changes preceded apnea. The duration of apnea and the
fluctuations before apnea differ from patient to patient and even
differ from event to event in the same patient.

An example of a sleep apnea event is given in Figure 1. In this
figure, the signals duration is approximately seven minutes, which
include the period of 1 minute before the apnea started in the ver-
tical green line and ended in first red line. The start and end time
of the apnea is represented by two vertical red lines. As it can be
seen, the chest respiratory, abdominal respiratory, nasal respiratory
and Spo2 rates show some fluctuations in the period prior to apnea.
The fluctuation of Spo2 is less than others but in three remain-

Parameters 4 min 3 min 2 min 1 min
Chest res. effort (uv) —89.81+120.37 —232.09+123.90* —187.59+333.90 186.18+609.36*
Abd. res. effort (uv) -95.41+176.81 113.9+£327.51 129.2+508.74 206+663.88*
Nas. Airflow (L/s) —66.66+256.59 —59.04+207.98 —100.27+£292.67* —86.79+348.33
Spo2 (%) 95+0.29 95+0.41 94+1.52 9442.28
Res — respiratory, Abd — abdominal; Nas — nasal
*Significance (p<0.01) of Wilcoxon test
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Fig. 1. Asample sleep apnea in one of the studied patients, which includes chest respiratory efforts (top-left), Abdominal respiratory effort (top-
right), nasal Airflow (bottom-left), SpO2 (bottom-right). The vertical green line and the first red line represent the period of 1 minute before

the apnea and the red lines indicate the start and end of apnea.
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Fig. 2. The Poincaré plots of four episodes of the chest respiratory efforts prior to apnea
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Fig. 3. The Poincaré plots of four episodes of abdominal respiratory rate prior to apnea.
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Fig. 4. The Poincaré plots of four episodes of nasal respiratory rate prior to apnea.

ing signals the fluctuations have emerged with greater intensity.

To evaluate the possibility of apnea prediction four minutes
before event was considered as the pre-apneic phase, and the mean
SD of PSG parameters were measured in this phase. Table 1 rep-
resents the variations of PSG parameters before apnea.

Statistical analysis indicates that the chest and abdominal
respiratory efforts were significantly higher in periods close to
apneic phase. The nasal airflow and Spo2 showed some amounts
of changes in episodes close to apnea; however, the absolute dif-
ferences were small. As the pre-apneic change in Spo2 was not
significant, the Poincaré plots were calculated for the remained
signals, which are presented in Figs 2—4, respectively.

Figure 2 represents the pre-apneic phase of the chest respira-
tory efforts in 4—1 minutes before apnea. The Poincaré plots are
constructed by plotting each chest respirator effort value against
the previous one. An ellipse was fitted to the points in each period.
It can be seen that the points of 4-3 minutes before the apnea are
close together, and there is no ectopic point in these periods. How-
ever, in the episodes of 2—1 minutes before the apnea some ectopic

Tab. 2. Poincare” plot indices of PSG parameters in pre-apneic phase.

points appear, which emphasize existence of chaotic behavior in
chest respiratory effort patterns in episodes close to apnea.

Figure 3 represents the pre-apneic phase of abdominal respira-
tory efforts in 4-1 minutes before apnea. The Poincaré plots are
constructed by plotting each abdominal respiratory effort value
against the previous one. It can be seen that similar to the Poincaré
plot of the chest respiratory effort, the points in periods of 4-3
minutes before apnea are close together, and there is no ectopic
point in these periods. In the episodes of 2—1 minutes before the
apnea ectopic points appear. The ectopic points in these two epi-
sodes are more than the ectopic points of chest respiratory efforts,
which illustrate the different dynamics of chest and abdominal ef-
forts in pre-apneic phase.

In Figure 4, the nasal respiratory effort value was plotted
against the previous one. In all episodes, the points are close to-
gether, and there is noectopic point in these periods. Table 2 shows
Poincare’ plot indices of PSG parameters in the pre-apneic phase.
In the episodes of 2—1 minutes before apnea, SD1/SD2 ratios of
chest and abdominal respiratory efforts were greater than previous

Parameters 4 min 3 min 2 min 1 min

SD1/SD2 of Chest res. effort 0.23+0.04 0.32+0.09 0.68+0.17* 0.87+0.21*
SD1/SD2 of Abd. res. effort 0.25+0.05 0.37+0.08 0.76+0.22%* 0.91£0.27*
SD1/SD2 of Nas. Airflow 0.224+0.03 0.24+0.04 0.27+0.09* 0.3+0.07*

Res — respiratory; Abd — abdominal; Nas — nasal
*Significance (p<0.01) of a Wilcoxon test
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periods. The SD1/SD2 ratio of nasal airflow did not show signifi-
cant difference even in episodes close to apnea.

Discussion

Previous studies for prediction of OSA have used a wide va-
riety of statistical approaches, photographic analysis and clinical
and photographic measurements to predict the presence of OSA
(19-22). These approaches have been limited by poor sensitivity,
specificity, lack of prospective validation and taking too much time
for computations and analysis. Moreover, these methods could not
represent the dynamic changes of considered parameters such as
PSG signals in pre-apneic phase. Despite the ability of non-linear
methods and specially Poincaré plots to extract and follow differ-
ent patterns in complex systems such as HRV and fluctuations of
sympathetic and parasympathetic activity, these methods are only
included in a few studies related to OSA (23).

The objective of the present study was to evaluate the capa-
bility of non-linear Poincaré plots as a predictors of OSA. In this
study, we measured the Poincaré indices of PSG signals in the pre-
apneic phase to evaluate whether any significant changes occurs in
episodes prior to apnea. Moreover, the statistical changes of PSG
parameters were considered to better understand the pattern of fluc-
tuations. Although statistical analysis indicates the fluctuations of
PSG parameters in pre-apneic phase, in some patients the pattern
of fluctuations and the absolute differences are not significant. It
seems that the dynamic changes of PSG parameters could not be
identified by statistical or even linear analysis.

The statistical analysis indicates that most fluctuations of PSG
signals occurred in one minute before the apnea; however, in some
patients these fluctuations were not significant. On the other hand,
Poincaré plots of the chest and abdominal respiratory efforts show
significant changes from two minutes before the apnea. The pat-
tern of adjacent points in ellipse changed, and the scatter points
appeared, which emphasize the chaotic behavior in this phase.

Moreover, increased SD1/SD2 ratios of chest and abdominal
respiratory efforts reflect chaotic behavior in these time series.
Among the PSG parameters evaluated in this study, abdominal
and chest respiratory efforts showed more chaotic behavior and
the nasal airflow showed some amounts of chaos due to increase
of the SD1/SD2 ratio without representing ectopic points.

The main finding of this study is that patients with OSA have
significant changes in dynamics of chest and abdominal respiratory
efforts during the pre-apneic phase, which could lead to pre-diag-
nosis or prediction of the apnea about 2—-3 minutes before its oc-
currence. Therefore, our results indicate that the Poincaré analysis
of PSG could be considered as a reliable predictor of sleep apnea.

Further studies will be needed to address some of the limita-
tions of this study. Our study was performed in a small number
of patients. A future direction of this work would be to apply our
methodology to a larger population including higher number of
records with OSA to validate the results. We did not consider the ef-
fect of some factors such as gender, age, weight and etc. Moreover,
evaluation of HRV along with the PSG could lead to better under-
standing of the behavior and dynamic changes in pre-apneic phase.

Future work will address the algorithm of OSA prediction con-
sidering not only HRV analysis, but also other mentioned factors
that can affect the results and should be taken into consideration.

Conclusion

In summary, we introduced a potential prediction possibility
for OSA based on dynamic changes in PSG parameters. Using the
non-linear Poincaré analysis we could quantitatively and qualita-
tively study the OSA and predict apnea 2—3 minutes before occur-
rence. The Poincaré plots analysis in pre-apneic phase gives more
insight in to the PSG parameters. These changes provide supple-
mentary information about sympathetic and parasympathetic ac-
tivity of respiratory system under the autonomic nervous system.
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