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Abstract: There was limited information on the analysis of sleep disorder especially apnea. Therefore, study
on sleep apnea is essential to understand the sleep behavior during the occurrence of apnea. Markov chain
analysis particularly suitable to analyze discrete data that involves time. Data on apnea is discrete as it was
measured by recording if the apnea events happens during each epoch of sleep. In this study, the Markov
chain model is fitted to the apnea and no apnea data to determine the optimum order of the occurrence of apnea
using the Alaaike’s Information Criterion (ATC) and Bayesian Information Criteria (BIC) for each subjects of 14
subjects that has apnea problem. The results indicated that the optimuim order varies according to sleep stages
and period of sleep. Generally, the higher order of Markov chamn models 13 suggested during light and deep
sleep stages. However, it is found that regardless of sleep stages the optimum order of Markov chain model
is varies during the first, second, third and fourth quarter period of sleep. The analysis for describing the most
appropriate order showed that the third order model 13 suitable for most subjects. In conclusion, the analysis
indicates that the third order of the Markov chain model 1s the most appropriate order regardless of sleep stages

and sleep period.
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INTRODUCTION

Throughout the world very little information is known
regarding the sleep disorder especially apnea. The work
on data recording need much effort as the patient need to
go through a polysomnography test. During the
polysomnography test, the apnea events and sleep
stages is recorded. Apnea is a paused in breathing during
sleep. Apnea may be characterized as Obstructive Sleep
Apnea (OSA), Central Apnea (CA), Mixed Apnea (MA)
and hypopnea. Hypopnea is a partial apnea. Apnea
usually last for at least 10 sec and paused mn breathing
that less than 10 sec 1s not characterized as apnea
(Guilleminault et al., 2001 ). Most of the studies used OSA
as it is the frequent events during sleep among apnea
patients. In many parts of the world it 13 partly assumed
that apnea 15 a risk of automobile accident (Barbe ef al.,
1999, Teran-Santos et al., 1999). This is because patients
with OSA has difficulty to remain focus and give full
attention during driving automobiles.

Meanwhile, OSA 1s found to be associated with
hypertension and cardiovascular disease (Strohl, 1996).
Moreover, studies have shown that patients with OSA

have lower score of quality of life based on the Health
Related Quality of Life (HRQOL) questionaire.
Stepnowsky et al. (2000) reported that HRQOL at lower
level especially in those with mild apnea compared to
those with moderate to severe apnea. The identification of
mild, moderate and severe apnea has been discussed in
many studies using the Apnea-Hypopnea Index (AHI).
The AHI is the total of apnea and hypopnea divided
with number of hour of sleep (Young er al, 1599).
Lindberg et al. (1999) for example has reported that AHI,
increased from mild to moderate apnea, during the ten
years period of the follow-up study among patients that
1s not treated. The classificaton 1s AHI>5 as muild,
AHI(5-30) as moderate and AHI>30 as severe. Moreover,
OSA is more serious in older age group (>65 vears old)
compared to younger age group (<25 years old) and
among men compared to women based on AHL

During sleep there are four sleep stages which is
wake, light sleep, deep sleep and Rapid Eye Movement
(REM). The sleep stage was recorded for every 30 sec or
epoch during sleep. Goh et al. (2000) found that time of
sleep in each sleep stages is varies. He found that AHT is
higher during REM compared to other sleep stages among
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children. Other study by O°Connor et al. (2000) in United
States showed that occurrence of apnea 18 more frequent
durmg REM sleep stages especially among women
compared to men. However, study by Ware et al. (2000)
showed that there was no significant difference, the
frequency of apnea during REM and other sleep stages
between men and women. Therefore, other study have
suggested that apnea is more likely influence by
cardiovascular disease, body mass index, smoking habits
(Lindberg et al., 1999; Shahar et al., 2001).

Most of sleep
mentioned above have described simply summary of the
sleep and wake cycle, with perhaps the subsequent

studies of the characteristics

assumption that the characteristics of sleep 13 dependent
on the previous sleep (Zung ef al., 1965, Yang and
Hursch, 1973). This type of analysis 1s discussed by
Kemp (1986) using a sleep data. Earlier study by Saat and
Jemain (2009) have shown that the most suitable
distribution to represent hypopnea which 1s the partial
apnea the and Weibull
distributions. However, based on study by Saat et al.
(2008) at least 500 observations is required in order to
discriminate between both distribution. There was very
few study on sleep apnea and effects according to
different sleep stages and period of sleep. Therefore,

is Gamma distributions

study on sleep disorder especially apnea and the
effects on different sleep stages 1s essential in order to
understand the behavior of sleep apnea among adults.
In this
determine whether the present of apnea i1s depending
on the previous event of apnea. Earlier study by Uysal
and Ulus (2007) used Markov chain model to model the

threshold of algorithm for a database system.

study, Markov cham model will be used to

MATERIALS AND METHODS

We analyze a database comprising 14 subjects with
apnea problem. The data was extracted from MIT-BIH
database which 1s http://www.physionet.org/physiobank/
database/ which 15 m 1999 (Iclimaru and Moody, 1999,
Goldberger et al., 2000). The data comprises of apnea
event for every 30 sec or for every epochs. One epoch 1s
equivalent to 30 sec. There are three sleep stages that 1s
included in this study which is light sleep, deep sleep and
REM.

Sleep stages were evaluated via the computer
program based on the Rechtschaffen and Kales (1968)
methods. Stage 1 is drowsiness where people drift in and
out of sleep for about 5 to 10 min and can be awakened
easily. Stage 2 1s light sleep where the eye movements
stop. The heart rate slows and body temperature
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decreases. Stage 3 and 4 is deep sleep and during this
stage, there 13 no eye movement or muscle activity. Rapid
Eye Movement (REM), during this stage the breathing
becomes more rapid and people usually dream during this
stage.

Markov chains models: Let, X, X,,... X, be n binary
variables which represent a sequence of the occurrence of
apnea and normal events, for a particular individual during
the duration of sleep for the length of period of n epochs,
indicated as 1 and 0, respectively.

X, =0, noapnea
=1, apnea

and t = 1,2.3,...,n epoch when the events were recorded.
Consider that the period of sleep for a particular individual
can be divided into many epochs each of length 30 sec
(epoch). Since, the occurrence of an event in a particular
epoch 15 dependent on the event which has occurred in
the earlier epoch it is suitable to explain the sequence of
event using a Markov chain model. The sequence of
apnea and normal breathing 1s assumed to follow a first
order Markov Chain (MC) model at time t, when at the
time t, X, depends on previous event X, ;. The occurrence
of apnea in a particular epoch is dependent on the
previous epoch.

For the first order of Markov chain, the stationary
transition probabilities is given by:

P~ P(X, = [, ~hh, i = 0,1

The conditional transition probabilities for the first
order Markov chain at time t 1s given by:

Py = P(X, =0[X,, =0)
Py =P, =0]X,, =1)
P =PX =0[X,=1)
Py =PX,=0|X,=0)

The estimation of the transition probabilities is given

by:
Dy = Ty/Mh,
Similarly, for the lugher order of Markov chamn the

transition probabilities can be written as:
Second order Markov chain:

Pui =P((X,=]j|¥,=1. X,=hhij=0,1
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For the third order of Markov chain:

Py = P =3|X =1 X, =h X.=g)g. hij=0.1

The estimation of the transition probabilities of the
second and third order of Markov chain is given by:

bij

e

Do
N

f)ghu

Optimum order of Markov chain models: In determining
the optimum order of Markov chain models, two type of
mformation criteria whichis (Akaike's Information Criteria)
AIC and Bayesian Information Criteria (BIC) or loss
function was used. Both AIC and BIC is calculated by
generating the log-likelihood function for the estimated
transition probabilities.
The loglikelihood 15 given by:

n
L, :En]lnn—i

n
— 1
L =3 ngn ”

n

In this study, we are interested to determine the
appropriate order of MC among the set of competing
order. Specifically we want to compare between mth
and (m-1)th order model. The comparison of the two
different MC models to decide on the optimum order say
MC models of order kth and rth order where, k<r and
k=01,.., 11, is to form the log likelihood ratio, logf, ..
The maximized likelihood ratio statistic is -2 logf, ..
Where:

L (X, X))

= 1
L{X,....X.) ()

O,

The loss function 1s denoted by AIC(k) (Chin, 1977),
which 1s given by:

AIC(k)=-2 logB, -2v (2)

v = (A=AF) (A-1)

where, v is the degree of freedom with A as the number of
states. For this study A = 2 which represent two event
which 1s apnea and normal breathing. Another loss
function is based on BIC(k) which can be written as:
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BIC(k)y= -2 log 0, ~vIn(n) (3
where, n1s the sample size. The aim 1s to find the value of
ATC and BIC the minimize the loss function.

Besson's coefficient persistence (R): Following the
Brookes and Carruthers (1953) the statistical test to
examine the persistence of the occurrence of apnea in
sequences is Besson's coefficient of persistence (R,). Tt
was defined as follows:

(4)

where, P, is the probability of the apnea occurrence and
Pa\a
apnea given the previous events was aprea.

is the conditional probability of the occurrence of

Fitting Markov chain models: A sequence of apnea
events is defined as a period of consecutive epoch say n
apnea (no apnea) immediately preceded and followed by
apnea (no apnea). In order to compute the frequency
distribution of the sequence of apnea using Markov
models, the following conditional probabilities will be
obtained for the first, second, third and fourth order of
Markov chain models. Similar approach is applied for the
distribution of the no apnea events. The following
notation will be used.

For the first order of Markov cham model the
probability of the n apnea is given by:

p=1{0[n]0)= pnpmp?ilpnn: n=12

For the second order of Markov chain model the
probability of the one epoch of apnea is given by:

p(010) = papy; P

and the probability for more than one apnea following an
apnea for the second order of Markov model is given by:

p=©Mnlo= pupmpu11p1n12pm> n=123
For the third order Markov chain model the
probability of one and two epoch that has occurrence of
apnea is given by:

p(010) = papy; P

p{010) = PyPyPo P
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and the probability for more than two epoch that has
occurrence of apnea for the third order Markov chain
model 18 given by:

P =(0[n]0} = PyPy;PoyuPors P Pruse» 1= 3.4

For the fourth order Markov chain model the
probability of one and two epoch that has occurrence of
apnea is given by:

p(010) = poPuiPars
p(0110) = PePyPui Piio

PO1110) = PyPo PoiiPoriiPiio

and the probability for more than two epoch that has
occurrence of apnea for the third order Markov chain
model 18 given by:

p=(0[n]0)= pupmpunpun1pu1111pf14p11110= n=4,5

The Chi-square goodness of fit test will be used to
test for the appropriate order of Markov chain models
(Mendenhall et al, 1999). The test 15 comparing the
observed and the expected distributions of the apnea
(no apnea) using the first until fourth order of Markov
chain models. The lowest value of Chi-square mdicating
the most appropriate model. This 15 because the lowest
value of Chi-square between the first, second, third and
fourth order is representing the best fit.

RESULTS AND DISCUSSION

Characteristics of the sequence of apnea (no apnea): The
conditional probabilities of a apnea (no apnea) event at
each 30 sec are estimated for different sleep stages and
first, second, third and fourth quarter of sleep . In Table 1,
it is found that the conditional probability of an apnea

given the previous 30 sec was apnea, P,,, is substantially
higher than the probability of apnea, P,, for all subjects.
Furthermore, the difference between the successive
conditional probabilities of apnea reduces dramatically
and becomes negligible after about 2 or 3 epoch; however,
this difference reduces after about 4 or 5 epoch for subject
5,12 and 13.

Similarly, the conditional probabilities of no apnea
events show that the probability P, is substantially
higher than P,. The difference between the successive
conditional probabilities of no apnea reduces
progressively and becomes negligible after about
5 epochs and about 2 or 3 epoch for subjects for 1 and
2 h, respectively. As expected, the analysis of apnea
shows that the conditional probabilities of the apnea,
P.. Puws Po. and P, are lower than those of the no apnea
P Prne P and P during sleep for all subjects.

This may be due to the fact that the apnea seldom
lasts for more than five consecutive epoch in most
subjects. Thus, 1t 13 evident to consider the fifth order
Markov (r = 5) as the maximum order of the Markov
process. Further analysis of the persistency of the apnea
{(no apnea) events will be explored by applymg Besson’s
Coefficient of Persistence (BCP). The result indicated that
the BCP for subjects 5 is the highest (1.66) when
compared to other subjects. However, subject 6 shows
the lowest value of BCP (0.01).

The optimum order of Markov chain models: In
determining the optimum order of the Markov chain
models for a 5-epoch sequence in the during sleep, the
minimum loss function obtained from the two decision
criteria, namely; the AIC and BIC, will be applied. Table 2
shows that the loss function obtained decision criteria
AIC and BIC, consistently shows that the third order 1s
the optimum order regardless of sleep stages. Based on
Table 2, negative value of the loss function due to the
value of log likelihood 1s more compared to the penalty.
The minimum value of AIC and BIC is used in order to
determine the optimum order of the Markov model (2v).

Table 1: Persistency of occumrence of apnea regardless of sleep stages and time of sleep

Subject
Pb 1 2 3 4 b 6 7 8 9 10 11 12 13
Pa 0.15 0.24 0.16 0.33 0.44 0.25 0.19 0.81 0.38 0.48 0.35 0.52 0.47
Pa 0.43 0.63 0.41 0.68 0.79 0.56 0.53 0.88 0.59 0.62 0.40 0.77 0.51
Paa 0.43 0.73 0.41 0.75 0.87 0.49 0.49 0.91 0.54 0.62 0.36 0.78 0.46
Pasna 0.42 0.73 0.42 0.81 0.91 0.53 0.61 0.92 0.56 0.72 0.38 0.79 041
Pasasa 0.33 0.69 0.33 0.82 0.92 0.62 0.57 0.93 0.62 0.73 0.36 0.79 0.57
Pn 0.85 0.75 0.84 0.67 0.56 0.75 0.81 0.20 0.61 0.52 0.65 0.47 0.52
P 0.89 0.88 0.89 0.84 0.84 0.85 0.89 0.61 0.74 0.65 0.67 0.75 0.56
P 0.92 0.90 0.91 0.91 0.92 0.95 0.92 0.89 0.91 0.91 0.83 0.89 0.88
Pronn 0.93 0.91 0.95 0.93 0.92 0.95 0.94 0.91 0.95 0.95 0.88 0.92 0.92
Pronn 0.95 0.91 0.94 0.95 0.93 0.96 0.95 0.93 0.95 0.95 0.88 0.94 0.91
BCP 0.49 1.05 0.42 1.09 1.66 0.01 0.73 1.10 0.58 0.51 0.36 0.08 1.09
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Table 2: The loss function BIC(r) for various order of Markov chain,

Table 4:  Optimum order of Markov chain for apnea event according to ATC

r,m=4 and BIC for first, second, third and fourth quarter period of sleep
Order(r) First (25%)  Second (50%)  Third (75%) Fourth (100%)
Subject 0 1 2 3 4 Subject AIC BIC AIC  BIC AIC BIC AIC BIC
1 -112.25 -127.366 -122.876 -108.339 -73.133 1 0 0 0 0 0 0 0 0
2 -49.567 -129.800 -131.441 -110.042 -79.372 2 1 1 2 1 2 1 2 1
3 165308 20442 98715 119367  -82.624 3 5 a3 2 3 0 2 1
4 281.982 26775 -128.34 113344 -95.518 4 3 ) 1 2 2 2 1
5 129.377 20503 137213 -135657  -90.986 5 3 2 2 0 0 3 2
6 18261  -72.326 87419 88471  -68.122 6 3 31 1 2 a2 1
7 101211 -5L697  -127.65¢  -117.501  -90.631 7 1 L3 5 2 2 2
8 29173 44131 -119.288  -133.239  -92.148 g 2 2 3 2 3 3 3 2
9 157.502  79.903 96,012 -1LS11 -81.243 9 2 2 3 3 3 i 3 2
10 145530 98392 -109442  -119.557 -78.198 10 3 i 3 > 2 > 3 1
11 24079 220099 -126657  -128.166  -84.097 1 2 s 2 2 3 o 3 1
12 53.167  -67.177 122369  -105303  -71.149 12 2 . 2 2 3 2 9 2
13 -68.828 -64.772 -103.149 -88.682 -66.522 13 2 2 2 0 2 2 2 2
Rold values indicate the minimum
. . . Table 5: The value of Chi-square goodness of fit test for various orders of
Table 3: Optimum order f)fMarkov chain for apnea event according to ATC Markov chain models for the distribution of apnea events
and BIC according to sleep stages Subject MO M2 MC3 MO
Sleep stages 1 0.831 0.823 0.822 0.856
. 2 4.159 0.0003 0.001 0.002
Light Deep REM 3 10.998 9.526 0.006 8.407
Subject  AIC __ BIC AIC BIC __ AIC BIC 4 38.748 0.0001 0.0017 6.622
1 3 3 1 1 1 1 5 6.867 1.028 1.007 0.929
3 3 1 ] ] 3 1 [ 4.694 2.877 0.0006 1.971
3 3 5 1 1 4 5 7 5.445 0.007 0.005 16.945
4 3 2 0 0 1 1 8 3.498 2.997 0.244 0.387
5 3 9 0 0 2 1 9 9.076 0.551 0.685 0.812
6 4 0 1 1 R _ 10 14.944 15.087 4.152 11.239
7 3 9 B B 1 1 11 1.325 0.389 0.192 3.061
g 4 2 0 0 1 1 12 0.604 0.692 0.169 10.095
9 3 3 B B 1 1 13 0.588 0.137 0.525 2.912
10 4 2 1 0 1 1 Bold values indicate the minimum
11 4 2 - - -
g : g E) 2 2 1 sleep the optimum order higher than two is found to the

As an example, Table 3 shows that the loss function
obtained from the AIC and BIC (Eq. 2, 3) consistently
shows that the second order 15 found optimum 1in almost
all the subjects for light sleep stages using BIC. However,
for the deep and REM sleep stages the optimum order 1s
less than two based on the BIC the optimum order for the
apnea events is found to be slightly lower than the
optimum order obtained from ATC. Tt is also shown that
the optimum order estimated by the AIC 1s either greater
or equals to the BIC for most subjects during light sleep
and deep sleep.

For the rest of the analysis, Table 4 displays the
summary of the optimum order of 5 epoch sequence of
apnea and non apnea according to first, second, third and
fourth quarter duration of sleep and sleep stages. It can
be seen that the optinum order obtained from both,
decision criteria varies with sleep stages and hour of
sleep. Generally, for both the AIC and BIC and the sleep
stages considered, the Markov chain of higher order is
found to be optimum for the 25% period of sleep for
subject 6 and 11. However, for the 50 and 75% period of
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optimum order for subject 9 and 10. Moreover, for the
fourth quarter period of sleep the optimum order 1s likely
less than three for most subjects. In addition for subject
1 the apnea event is independent with the previous apnea
event during all period of sleep. This findings 1s
supported by Katz (1981) indicated that the optimum order
based on the AIC was inconsistent and had a tendency to
over-estimate the true optimum order, whereas the BIC
produced more consistent results.

Table 4 shows that, in general it shows that the
second order of Markov chain is the optimum order for
describing the distributions of apnea during 25% period
of sleep for most subjects except for subject 2,7 and 13
according to BIC. However, during the second, third and
fourth period of sleep the optimum order 1s varies.

The most appropriate
models to explamn the apnea (ne apnea) using various
identified through the
Chi-square goodness of fit test. Table 5 provides the
value of Chi-square regardless of sleep staged and period
of sleep, based on the most appropriate order of the first
four orders of the Markov chain models

order of Markov chain

order of Markov chams 1s

indicated as
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MCI1, MC2, MC3 and MC4 for the distributions of apnea
and non apnea for the three selected subjects,
respectively. It 1s also found that a higher order of the
Markov chain models (order more than one) are observed
to be more appropriate in order to describe the
distribution of apnea as shown in Table 5. Regardless of
sleep stages, for the three sleep stages 1t is consistently
show that the higher order of Markov chain is found to be
appropriate for representing the distribution of apnea for
most subjects.

CONCLUSIONS

The information of apnea behavior is important to the
medical experts which can be used to make prediction of
severity of apnea. The analysis of persistence of apnea
(no apnea) add the information of the occurrence of apnea
based on the previous epoch. The results based on
analysis will provide a more mformation of the apnea
occurrence during sleep. In this study, the Markov chain
of various orders were applied on the apnea occurrences
among patients in MIT-BTH hospital by considering the
period of sleep and different sleep stages.

It can be concluded from this study that the 5 epoch
of apnea occurrence varies according to levels of hour of
sleep and sleep stages . Generally, for all cases, the results
show that the optimum order identified by using AIC 1s
higher compared to BIC. The findings 1s supported by
TIimoh and Webster (1996) and Katz (1981 ) based on the
simulation study that ATC in inconsistent compared to
BIC. Meanwhile, the order greater than one 1s optimum
order for most for all period of sleep. However, for the
optimum order is higher during light compared to deep
and REM sleep stages. This study 1s supported by study
by Goh et al. (2000), who claimed that the apnea is more
frequent 1s second hour of sleep compared to first hour of
sleep. Their findings indicated that 55% of apnea occurs
during REM sleep stages and last period of sleep. They
divide the hour of sleep mto three periods.

Since, the higher order of Markov chain models 1s
found to be optimum for the light sleep stages, indicating
that the results may provide evidence that the higher the
order of the chamn, the greater the persistence of the apnea
(no apnea) events especially for subject 9 and 10.
Moreover, for the apnea event for the third order of
Markov chain model is found to be the most appropriate
order in most subjects regardless of sleep period and
sleep stages.

Further analysis could be carried out by including
other covariates so that many valuable information could
be found and more prediction can be made to understand
the behavior of apnea. In the future, it 1s suggested that
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the most appropriate probability models by comparing
various orders of Markov model with the Bayesian model
1n representing the severity of apnea by considering the
proportions of apnea events for each subject and other
severity index such as Apnea-Hypopnea Index (AHT) and
Respiratory Disturbance Index (RDT).

Generally the stationary pattern of apnea and non
stationary pattern of apnea are difference among subject
between sleep stages. This may be due to the health
status of the subject. In addition (Bardwell et al., 1999;
Guillenimault er al., 2000) found that the occurrence of
apnea may be severe among subject that has depression,
anger, arxiety and mood disturbance.
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