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ABSTRACT 

Cardiovascular and cerebrovascular events have been observed during night-time associated with periodic breathing 
including sleep apnea and Cheyne-Stokes respiration. Early detection and treatment is important to reduce night-time 
events. We clarified the characteristics of the dynamic nature of heartbeats associated with periodic breathing by using 
detrended fluctuation analysis (DFA). We analyzed heartbeats in eight recordings from the MIT-BIH Polysomno-
graphic database. We observed two crossover points and defined three scaling exponents, β1 (n ≤ 40 beats), β2 (50 ≤ n 
≤ 200), and β3 (251 ≤ n ≤ 1584). Compared with β1 (1.21 ± 0.13) and β3 (0.92 ± 0.16), scaling exponent β2 (0.62 ± 
0.16) showed the statistically lowest value (p < 0.05). And there was a negative relationship between the scaling expo-
nent β2 and apnea/hypopnea index (p < 0.05). These results indicate that DFA analysis of heartbeats may be useful for 
the early detection of sleep associated breathing disorders including sleep apnea and its severity. 
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1. Introduction 

Sleep is not a passive state but an active neurophysi- 
ological condition, and sometimes a state of heightened 
autonomic activity is associated with REM sleep or sleep 
apnea. Life-threatening arrhythmias and cerebrovascular 
events have been observed during night-time [1-4]. Epi- 
demiological studies suggest that hypertension is fre- 
quently observed in patients with sleep apnea syndrome 
[5-14]. Early diagnosis or treatment of sleep apnea is 
thus important to reduce night-time cardiovascular events. 
Sleep disordered breathing including sleep apnea syn- 
drome is usually diagnosed by polysomnographic tech- 
niques. This procedure takes a lot of time, requires in- 
struments to monitor several physiological signals, needs 
specific skills and is usually performed by specially 
trained technicians in sleep laboratories. The diagnosis of 
sleep-disordered breathing is sometimes missed because 
of the lack of a simple and adequate screening tool [15]. 
Use of 24-hour electrocardiogram and analysis of heart 
rate may be useful as a “rule out test” for sleep disorder 
breathing in patients with congestive heart failure. Dur- 
ing the events of periodic breathing including Cheyne- 
Stokes respiration and obstructive sleep apnea, a cyclic 
variation of the heart rate is observed [16]. Spectral 
analysis of the heart rate obtained from 24-hour electro- 

cardiographic monitoring can afford useful information 
concerning periodic breathing. The peak value in the 
very low frequency band (VLF: 0.01 - 0.05 Hz) is asso- 
ciated with the presence of periodic breathing or Cheyne- 
Stokes respiration [17,18]. Thus, the analysis of noctur- 
nal heart rate variability by spectral analysis is a quick 
and easy screening tool for sleep-disordered breathing 
[19]. Detrended fluctuation analysis (DFA) has become a 
widely-used method to detect fluctuations that cannot be 
distinguished by linear analysis methods [20]. Analysis 
of the fractal characteristics of heartbeats yields more 
powerful prognostic information than traditional meas- 
urement of heart rate variability in patients with heart 
failure [20-22]. DFA has been applied to evaluate pa- 
tients with sleep apnea syndrome [23]. In extracting a 
scaling exponent α2, a crossover point was set at 70 beats. 
In this study, we conducted DFA of heartbeats in sub-
jects with sleep apnea by setting two crossover points 
and evaluated whether scaling exponents have an ability 
to evaluate the relationship between the number of ap- 
nea/hypopnea events and the value of the scaling expo- 
nent.  

2. Methods 

We selected 8 subjects from the MIT-BIH Polysomno- 
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graphic Database, which we had previously developed 
[24]. These subjects underwent night-time polysomno- 
graphy with ECG (electro-cardiogram), EEG (electroen- 
cephalogram), nasal and oral air flow, respiratory move- 
ment, and systemic blood pressure. These signals were 
digitized at a sampling interval of 250 Hz. Each heartbeat 
was detected automatically by using the ARISTOTLE 
arrhythmia detector (developed by G.B. Moody in MIT), 
and each beat annotation was verified by visual inspec- 
tion and re-edited by cursor in the screen editor (WAVE). 
In the MIT-BIH polysomnographic database, nasal and 
thoracic respiratory signals in patients with sleep apnea 
were included. These sleep recordings were evaluated by 
a sleep expert at Beth-Israel Hospital who followed the 
guidelines of Rechtschaffen and Kales [25]. The number 
of sleep apnea and hypopnea events was measured by 
observing the respiratory signals with cessation of respi- 
ration for at least 10 seconds or a hypopnea in which 
airflow decreased by 50% for 10 seconds. We used the 
detrended fluctuation analysis method (DFA), which had 
been developed to characterize the correlation properties 
in non-stationary time series of a physiological signal 
[20]. We have developed a DFA analysis program by 
using VBA (Visual Basic for Applications) and Micro- 
soft Excel according to the DFA algorithm [20]. As a 
first step, the inter-beat interval time series is integrated 
and Y(k) = (for i = 1 to k; (B(i) – Bave)2; next i) is ob- 
tained; where Bave is the average instantaneous RR- 
interval signal, and B(i) is the beat-to-beat signal. The 
integrated time series is divided into boxes. For each 
box of length n, a least squares line (the “trend”) is fit to 
the n samples in the box. The fluctuations within each 
box are the differences between the samples and the 
fitted, and the root-mean-square fluctuation over all 
boxes of size n is denoted as F(n). This calculation is 
repeated for all values of n between 3 and the length of 
the time series. After that, for each n size, F(n) is ob-
tained. The plot of log10(F(n)) against log10(n) was ob-
tained. The slope of the line relating F(n) and n in a 
log-log scale is the scaling exponent α. Traditionally a 
DFA plot consists of two distinct regions characterized 
by two straight lines before and after a crossover point 
(CP). In our study, the scaling exponent α1 (3 ≤ n ≤ 16), 
and α2 (17 ≤ n ≤ 64) are calculated. As we observed two 
crossover points, we defined an additional three scaling 
exponents, β1, β2 and β3. The values of β1, β2, and β3 
correspond to the slopes of log10F(n) as a function of 
log10(n) in the range between 3 ≤ n ≤ 40 beats, 50 ≤ n ≤ 
200 beats, and 251 ≤ n ≤ 1584 beats, respectively. The 
range of β1 consisted of 13 scales, β2 involved 7 scales 
and β3 involved 9 scales.  

3. Statistical Analysis 

All data are present as mean ± standard deviation. The 

Bartlett multiple-sample test was performed for equal 
variances. Analysis of variance (ANOVA) for repeated 
measurements was applied to examine significant changes 
in the measured variables of exponents β1, β2, and β3. 
The paired t-test was used to examine the differences. 
Probability levels < 0.05 were considered significant.  

4. Results 

The scaling behavior in a patient with sleep apnea (total 
number of sleep apnea events: 264) demonstrates at least 
two crossover points (Figure 1). The box size of the first 
crossover point is 40 beats, and that of the second one is 
251 beats. Scaling exponents obtained by the slopes of 
fitted lines were as follows; α1 = 1.38, α2 = 0.98, β1 = 
1.35, β2 = 0.44, and β3 = 1.06.  

The scaling behavior in a subject with a sleep apnea 
index of less than 5 events/hour shows no remarkable 
change before and after the crossover points (Figure 2: 
α1 = 1.23, α2 = 1.02, β1 = 0.997, β2 = 0.84, β3 = 1.005).  

To examine whether there is a difference in the scaling 
exponents, we performed a statistical analysis on eight 
subjects. A significantly lower value was obtained in the 
scaling exponent of α2 (1.03 ± 0.08) compared with the 
scaling exponent of α1 (1.23 ± 0.11). The mean and stan- 
dard deviation of scaling exponents of β1 = 1.21 ± 0.13, 
β2 = 0.62 ± 0.18 and β3 = 0.92 ± 0.16 were found and 
statistically significant changes are observed (p < 0.05), 
with β2 being the lowest value (Figure 3). 

As shown in Figure 4, the relationship between the 
numbers of sleep apnea/hypopnea index and the values  
 

 

Figure 1. Plot of scaling function log(F(n)) versus log(n) for 
the heartbeats using DFA from MIT-BIH Polysomnographic 
Database (SLP48: A subject with sleep apnea syndrome: 
apnea/hypopnea index 46.8). Arrows indicate “crossover” 
points, which we hypothesized. We calculated the slope of 
the plot between the crossover points, and defined it as β2.  
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Figure 2. Plot of scaling function log(F(n)) versus log(n) for 
the heart beat using DFA from MIT-BIH Polysomno- 
graphic Database (SLP45: A subject with low apnea/hy- 
popnea index: 5). The slope of the regression line is 0.92. 
Arrows indicate “crossover” points, which we hypothesized. 
 

 

Figure 3. Scaling exponent β1, β2, β3 in eight subjects. 
 

 

Figure 4. Relationship between sleep apnea/hypopnea events 
(AHI) and scaling exponent.  

of the β2 exponent in eight subjects showed the negative 
correlation (p < 0.05). 

5. Discussion 

In this study, we analyzed the scaling behavior in heart- 
beats by using the DFA method. There were apparent 
two crossover points in the plot of logF(n) and log(n) 
derived from the DFA method in subjects suffering from 
sleep apnea syndrome. We detected a statistically sig- 
nificant decrease in the β2 value in subjects with sleep 
apnea syndrome and a negative correlation between 
numbers of sleep apnea events and β2 values.  

Penzel et al. determined two scaling exponents, α1 and 
α2 instead of using the traditional crossover point [23]. 
They defined exponent α1 as the slope of logF(t) as a 
function of logt in the range 10  t  40 beats, and α2 as 
the slope in the range 70  t  300 beats. We defined 
exponent β2 as the slope in the range 50  n  200 beats. 
This means the scaling exponent α1, α2 as defined by 
Penzel and the scaling exponent β1, β2 as defined by us 
covers almost the same range. They reported that the 
average scaling exponents of α2 value obtained from all 
night data in healthy (H), moderate sleep apnea (M), and 
severe sleep apnea (S), were 0.67 ± 0.19, 0.63 ± 0.11 and 
0.51 ± 0.14 respectively. These values are similar to our 
results except for subjects without sleep apnea who 
showed a scaling exponent of β2 = 0.84. Peng [20] re- 
ported average scaling exponents of α1 = 1.201 ± 0.178 
and α2 = 0.998 ± 0.124 for healthy subjects, and for 
congestive heart failure subjects, α1 = 0.803 ± 0.259 and 
α2 = 0.998 ± 0.124. Thus, the pathologic subjects exhibit 
a “reverse” crossover and it is possible to distinguish 
between the two groups.  

We found double crossover points in the plot of logF(n) 
vs. logn in patients with sleep apnea. In order to calculate 
the scaling exponent β2, we set the first crossover point 
at n = 50 (CP1) and the second at n = 251 (CP2). Con-
cerning exponent β2, there was a rapid decrease of the 
slope after the first crossover point (50 < n < 250) and a 
rapid increase of the slope after the second CP2.  

The amplitude and period of sinusoidal trends have an 
effect on the crossover point [26,27]. The period of a 
sinusoidal trend determines the crossover point [27]. De- 
trended fluctuation analysis for time sequential data ob- 
tained from the period of sinusoidal signal Xs with a pe- 
riod of T and amplitude A disclosed a crossover point of 
T beats and amplitude A leads to a vertical shift of 
logF(n). After CP1, the slope decreases nearly flat (slope 
= 0). Thus the cyclic change of the heartbeats with a cy-
cle length of T beats observed in subjects with periodic 
breathing might produce a CP1 of T beats. These data are 
very similar to our results.  

There are several sinusoidal rhythms of the heart beat 
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in our pathophysiological system: 1) respiratory sinus 
arrhythmia (especially observed during deep sleep) with 
a cycle length of 4 to 8 seconds; 2) the Mayer rhythm (10 
seconds); 3) sleep apnea with a cycle length of 30 - 60 
seconds; and 4) Cheyne-Stokes respiration (cycle length 
of 60 - 120 seconds). We quantitatively analyzed the 
cycle length of periodic breathing in three different con- 
ditions and subjects [1], and found that: 1) for normal 
subjects under hypobaric pressure, the cycle length is 
19.6 ± 3.5 seconds; 2) in patients with sleep apnea syn- 
drome, the cycle length is 58.5 ± 11.1 seconds; and 3) in 
patients suffering from congestive heart failure accom- 
panied by Cheyne-Stokes respiration, the cycle length is 
93.2 ± 21.7 seconds. In the present study, we observed 
CP1 at 40 beats, indicating the cycle length of the sleep 
apnea. The rhythm regulation system in the central 
nervous system (CNS) has the ability to affect the sinus 
node of the heart through the autonomic nervous system, 
and may contribute to produce this crossover point [28].  

This is the first study to point out the presence of CP2 
in subjects suffering from sleep apnea. There was a sta- 
tistically significant negative correlation between the 
number of apnea events and the value of scaling expo- 
nent β2 (p < 0.05). 

Further study might be required: 1) to clarify the 
physiological or mathematical significance of the pres- 
ence of CP2; 2) to develop an algorithm to determine 
CP1 and CP2; and 3) to establish the sensitivity and 
specificity of β2 in evaluating sleep apnea syndrome.  

We conclude that the scaling exponent β2 obtained 
from heartbeats detrended fluctuation analysis might be a 
useful parameter in evaluating the severity of sleep ap- 
nea.  
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