Is there a chronic sleep stage-dependent linear and nonlinear
cardiac autonomic impairment in obstructive sleep apnea?
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Introduction

Obstructive sleep apnea (OSA) is a respiratory disorder
char-acterized by recurrent airflow obstruction caused by
total or partial collapse of the upper airway [1-3].
Epidemiological studies have shown a 33 % prevalence of
OSA among the 50-70 year-old population [2, 4]. Chronic
loud snoring, excessive daytime sleepiness [5], personality
changes [6], and deterioration of quality of life [7] are the
most common symptoms of OSA.

Previous research has demonstrated OSA has a negative
impact on cardiac autonomic function [5]. Specifically,
autonomic nervous system (ANS) (sympathetic and para-
sympathetic) control of heart rate (HR) appears unstable in
patients with OSA and has been linked with an increased
risk of cardiovascular events and mortality [8—13]. A non-
invasive and clinically valuable measure providing insight



into ANS balance is heart rate variability (HRV) [14, 15].
Studies have proposed the use of HRV assessed from ECG
recordings, which is part of polysomnographic monitoring,
as a simple and economical solution for the diagnosis of
OSA [16-18].

Traditionally, HRV has been measured in the time and
frequency domain [19, 20]. More recently, nonlinear HRV
analysis has been receiving increasing recognition, as it ap-
pears to be more sensitive in detecting autonomic dysfunction
compared to other diagnostic approaches. For example,
Maikikallio et al. [21] reported that some nonlinear indices
are able to detect subtle changes in HR dynamics better than
conventional linear analyses and suggested that the mecha-
nisms involved in cardiovascular regulation are better charac-
terized in a nonlinear fashion.

Most of these HRV studies are based on a full night of HR
signal analysis, comparing OSA with healthy subjects or
OSA subgroups according to disease severity with the goal
of discovering physiologic measures that allow for distinc-
tion among them. Lado and colleagues [22] conducted a
HRV investigation during an apnea-free sleep period to
determine if HRV changes represent a chronic autonomic
imbalance in OSA. These authors showed that spectral anal-
ysis could discriminate mild from severe OSA. In this con-
text, to our knowledge, the combination of linear and addi-
tional nonlinear analysis was not investigated, which could
potentially detect ANS dysfunction in even less severe,
earlier, stages of the disease.

In addition, differences in HRV during different sleep
stages throughout the night have been demonstrated
[21]. Although HRV may be influenced by sleep stages,
some investigators posit that these changes do not differ
significantly when comparing OSA to NonOSA cohorts
[23]. Moreover, these sleep stage recordings used to
support this hypothesis did not use apnea-free samples.
More specifically, no studies have investigated (1) the
existence of linear and nonlinear HRV changes using
HR signal intervals without apneic episodes in patients
affected by OSA or (2) if the change in HRV is sleep
stage-dependent. Thus, our specific aims were to inves-
tigate whether the ANS alterations in OSA patients are
a chronic condition (evaluating linear plus nonlinear
HRYV indices during an apnea-free sleep period) and to
discover if these changes vary depending on the differ-
ent sleep stages [i.e., stage 2 and rapid eye movement
(REM) sleep] in earlier stages of the disease, specifical-
ly mild and moderate OSA.

We hypothesize that (1) OSA may affect linear and
nonlinear ANS modulation, even during sleep periods that
were free from apnea events, and (2) there is a linear and
nonlinear HRV difference between apparently healthy sub-
jects and OSA subjects during the different sleep stages
analyzed.

Methods

This was a single-center, cross-sectional, retrospective study
involving patients with mild and moderate OSA. Subjects
were selected from the sleep institute database of our institu-
tion between February and December 2012. The study proto-
col was approved by the local ethics review committee (401/
2010), and all participants signed written informed consent
forms prior to enrollment, and the study was conducted in full
accordance with the Declaration of Helsinki. The trial was
registered in RBR-3jbm6d.

Patients and polysomnographic recordings

The database used in the present study consisted of in-
laboratory overnight polysomnography (PSG) recordings of
58 patients referred to our sleep laboratory for evaluation of
apnea, snoring, and excessive daytime sleepiness. Exclusion
criteria were as follows: patients younger than 18 years,
permanent or paroxysmal atrial fibrillation, permanent
ventricular or atrial pacing, current tobacco use, pulmonary
disease, periodic leg movements, and participation in trials
with continuous positive airway pressure devices in the
previous 6 months. PSGs with insufficient REM time sleep
or those that displayed an insufficient quality of their ECG
recordings were also excluded.

Overnight PSG recordings were performed using the
iCelera Fast-Poli 261 (Homed, Sao Paulo, Brazil) device that
allowed for electroencephalogram, electrooculogram,
oronasal flow by thermistor, transducer nasal pressure,
thoracoabdominal movement, electrocardiogram, and snoring
and body position monitoring [24]. A sleep specialist blinded
to study analyzed the data of visually scored polysomnograph-
ic records for sleep stages and apnea events. Total sleep time,
number and duration of REM periods, and number and dura-
tion of arousals were also measured [25].

Sleep stages, hypopneas, apneas, and arousals were scored
using the standard recommended by the American Academy
of Sleep Medicine (AASM) [26]. Apnea was defined as the
absence of airflow for more than 10 s, and hypopnea as the
reduction of respiratory flow for at least 10 s accompanied by
a decrease of 4 % or more in the saturation of hemoglobin.

After overnight PSG, OSA was diagnosed by the apnea—
hypopnea index (AHI), calculated by dividing the number of
apneas and hypopneas by the number of hours of sleep [27].
Subjects were then categorized into three groups: moderate
OSA (n=20; 15<AHI<30), mild OSA (n =20, 5S<AHI<15),
and NonOSA (n=18, AHI<S5) groups [24].

Linear and nonlinear analysis of HRV

Electrocardiographic signals were acquired using the PSG
device at a sampling rate of 128 Hz. After acquisition, the



signals were visually inspected and corrected for ectopic
beats. Only segments with >90 % pure sinus beats were
included in the final analysis. The data were entered into
Kubios HRV Analysis Software (MATLAB, version 2 beta,
Kuopio, Finland). HRV analysis was performed during REM
and stage 2 non-REM sleep.

In order to standardize the selection of the segments, the
whole PSG recording (=6 h) was divided into three parts
(=2 h). Five-minute apnea-free sleep segments were selected
within each PSG recording part (1/3, 2/3, and 3/3 of overnight
data length) of REM and stage 2 non-REM sleep. The HRV
indices were analyzed in 5-min segments, and the average of
each was considered for statistical analysis.

The nonlinear analysis of the Poincaré plot of RR intervals
(RRis) was applied, and the following two descriptors of the
Poincaré plot were used: standard deviation (SD1), usually
interpreted as a measure of short-term HRV, which is mainly
caused by respiratory sinus arrhythmia (parasympathetic mod-
ulation), and SD2, which is interpreted as a measure of both
short- and long-term HRV (overall HRV) [28]. These indices
can infer the notion of different temporal effects of changes in
the vagal and sympathetic modulation of the HR on the
subsequent R—R intervals without a requirement for a station-
ary quality of the data [28-30].

A recurrence plot (RP) analysis was performed as well, and
the following indices were assessed: mean line length
(Lmean), recurrence rate (REC), determinism (DET), and
Shannon entropy (ShanEn) [29, 30]. These measures are
related with the predictability and complexity of the determin-
istic structure in the system [29-31].

Linear frequency domain HRV was computed by fast
Fourier transformation. Two spectral components were ob-
tained: low frequency (LF), from 0.04 to 0.15 Hz, and high
frequency (HF), from 0.15 to 0.4 Hz. The spectral components
were expressed in normalized units (nu). Normalization is
obtained by dividing the absolute power of a spectral compo-
nent (LF or HF) by the total power minus the power of the
component, with a frequency range between 0 and 0.03 Hz
(very low frequency), and then multiplying this ratio by 100
[32, 33].

Statistical analysis

Statistical analysis was conducted to verify possible differ-
ences among the groups (mild and moderate OSA patients and
control group) and between sleep stages (stage 2 and REM)
within groups. Results were reported as mean values and SDs.
Paired ¢ tests were performed for within-patients HRV com-
parisons between sleep stages, and one-way ANOVA (post
hoc Tukey) was used to test for differences among groups
(HRV indices and polysomnographic and demographic pa-
rameters). The Pearson product-moment correlation coeffi-
cient was computed to assess the relationship between the

nonlinear and linear HRV indices. A p value less than 0.05
was considered significant for all tests. The analyses were
performed with SigmaPlot version 11.0 (Systat Software,
Germany).

Results

The study groups consisted of 20 mild and 20 moderate OSA
patients as well as 18 NonOSA subjects serving as controls.
The demographic characteristics and polysomnographic pa-
rameters are summarized in Table 1. There were no significant
differences in age and sleep efficiency among studied groups.
As expected, mild and moderate OSA patients presented with
higher AHI index values compared to the NonOSA group.
The AHI index was also higher in the moderate OSA group
compared to that in the mild OSA group. The moderate OSA
group also presented with higher values of oxygen
desaturation index (ODI) compared to both mild OSA and
NonOSA groups. Regardless of severity, subjects with OSA
also displayed a longer time with oxygen saturation below
90 % compared to NonOSA subjects.

Figure 1 shows the results of the HRV nonlinear DET index
and linear spectral indices for each group in sleep stages 2 and
REM. As expected, NonOSA subjects presented with higher
values for both LF and LF/HF in REM sleep compared to
stage 2 sleep, while the mild OSA group did not demonstrate
the same autonomic behavior between these sleep stages.
Moderate OSA patients also presented with higher values
for both LF and LF/HF in REM sleep when compared with
stage 2 and REM sleep of controls. Regardless of the com-
parison, the moderate OSA group demonstrated higher values
for the DET index during REM compared to stage 2 sleep.

Table 1 Demographic and polysomnographic parameters in control
group and mild OSA and moderate OSA groups

NonOSA Mild OSA Moderate OSA
(N=18) (N=20) (N=20)
Men 8 (44 %) 6 (30 %) 13 (65 %)
Age (years) 36+8 37+14 39+8
BMI (kg/m?) 2543 27+5 30+5
AHI (events/h) 28+1.2 8.4+2.5° 19.6+3.7%°
Sleep efficiency (%) 9243 85+7 88+4
ODI (4 % level) 3.6+2.5 6.9+3.3 23.4+8.0%°
T90 (min) 2.1+3.5 77412 17.7£16>"

Data are expressed as mean + SD

OSA obstructive sleep apnea, BMI body mass index, AHI apnea/
hypopnea index, ODI oxygen desaturation index, 790 cumulative time
spent below 90 % saturation

* Differences in NonOSA group
® Difference in mild OSA group
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Fig. 1 Linear and nonlinear indices in sleep stage 2 (gray bars) and
REM (white bars) for OSA and NonOSA groups in a LF nu, b HF nu, ¢
LF/HF ratio, and d DET. Asterisk indicates a difference between sleep

The Poincaré and recurrence plot analysis results for each
group and sleep stages studied are shown in Table 2. HRV
differences between sleep stages are apparent among all
groups. The REM sleep stage demonstrated higher values
for HRV indices (SD2, Lmean, REC, and ShanEn) compared
to sleep stage 2 in all groups, with the exception of the SD1
index.

The Pearson coefficient demonstrated a significant cor-
relation between DET and HF during sleep stage 2 (r=
-0.58, p=<0.01) and REM (r=-0.22, p=<0.05).
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stages within patients (p <0.05), and number sign indicates difference vs.
NonOSA

Moreover, a significant relationship between DET and LF
during sleep stage 2 (»r=0.58, p =<0.01) and REM (r=0.22,
p=<0.05) were also found.

Discussion
The present study was undertaken to investigate possible

chronic sleep stage-dependent changes in ANS modulation
in OSA patients. To our knowledge, this is the first study to

Table 2 Linear and nonlinear HRV indices in sleep stage 2 and REM for OSA and NonOSA groups

NonOSA Mild OSA Moderate OSA

Stage 2 REM Stage 2 REM Stage 2 REM
SDI1, ms 7.2+2.7 7.9+3.2 7.48+2.4 8.1+2.5 7.8+2.9 8.1+2.3
SD2, ms 35.4+16 51.2+26 36.0+13 60.2+26 38.4+16 65.0+£29%
Lmean (beats) 12.17+2.52 15.88+4.39° 12.20+3.08 17.57+£3.91° 13.61+4.32 16.67+4.32°
REC (%) 38.56+5.78 43.25+7.47% 37.72+6.95 45.56+5.18% 40.57+7.37 45.08+5.94*
ShanEn 3.22+0.33 3.46+0.34* 3.21+0.36 3.58+0.18* 3.34+0.26 3.51+0.20*

Data are presented as mean = SD

0S4 obstructive sleep apnea, SD/ the standard deviation measuring the dispersion of points in the plot perpendicular to the line of identity, SD2 the
standard deviation measuring the dispersion of points along the identity line, Lmean mean line length, REC recurrence rate, DET determinism, ShanEN

Shannon entropy
Significant differences between stage 2 and REM



reveal an ANS impairment in OSA patients, even during
apnea-free sleep periods, and this change is dependent on
the sleep stage analyzed.

This main finding was verified by different linear and
nonlinear HRV indices among groups in periods free of respi-
ratory events. The moderate OSA group presented higher
values of linear (LF and LF/HF) and nonlinear (DET) indices
compared to the NonOSA group in both sleep stages analyzed
as well as lower values of the linear parasympathetic index
(HF), suggesting that this severity level of OSA produces
sympathetic hyperactivity. In addition, the mild OSA patients
failed to show the expected difference between sleep stages in
the LF and LF/HF ratio, as observed in NonOSA patients,
which may represent the early onset of autonomic impairment
at this level of OSA. Thus, as we hypothesized, ANS modu-
lation may already demonstrate a characteristic of chronic
impairment in the early stages (i.e., mild OSA).

A number of studies have shown that OSA has a close
relationship with cardiovascular disease [2, 34-36]. In these
patients, ANS abnormalities including an increased resting
HR, decreased cardiac rhythm activity, and increased sympa-
thetic tone are considered to be involved in the development
of cardiovascular diseases [37]. Therefore, the assessment of
ANS cardiac modulation in OSA patients has potential clinical
utility as, among other things, a means to identify individuals
at highest risk for untoward events.

It is known that deleterious changes in cardiovascular
function accompany every apnea event [38]. During the apnea
episode, a relative bradycardia is observed, while after the
event, reconstitution of respiration and a relative tachycardia
ensues [39, 40]. Nonetheless, the measurement of HRV
during segments with apnea can be difficult because the
events, per se, cause dramatic alterations in HRV, which
violates the stationary condition required for frequency
domain analysis [17]. In this study, we used apnea-free
sleep periods for linear and nonlinear HRV analyses, which
have been only recently investigated in other chronic con-
ditions such as post-myocardial infarction (MI) [42].

Most of the studies evaluate ECG signals that included
apnea and arousal events, and a few studies have analyzed
HRYV during an apnea-free sleep period. Song and colleagues
[20] studied the influence of OSA on HRYV, by analyzing time
and frequency domain analysis in moderate and severe OSA.
These investigators found that the LF/HF ratio, which is
closely related to sympathetic nervous system activity, may
be affected by the severity of sleep apnea. However, in this
study, HR signals were only reported to be free of artifacts,
while no detailed information about the HR signal period
analyzed was provided.

Vanoli et al. [43] compared frequency domain HRV
between post-MI and controls in REM and non-REM
sleep. They observed reduced vagal activity following
MI in non-REM sleep and pronounced sympathetic

activity during REM sleep. In our study, we found
similar results in moderate OSA patients, although with
distinct methodological differences, specifically, moni-
toring HR signals without events.

Dingli et al. [18] applied frequency domain HRV analysis
to 2-min windowed RRi centered at the end of apneic events
and found that HRV results were consistent with SNS en-
hancement during sleep due to apnea, which may help explain
the increased cardiac risk. In a recent study, Jilek and col-
leagues [19] also demonstrated that patients with OSA
presented with sympathetic overdrive not only during phases
of hypopnea and obstructive apnea but also in nonapnea
intervals, before and after events. Their results also demon-
strate higher values for the LF/HF ratio during hypopnea and
obstructive apnea episodes.

In mild OSA, we did not observe differences between sleep
stage 2 and REM patients by linear HRV indices. This is an
interesting result that may be interpreted as an early identifi-
cation of impaired cardiac ANS modulation since the varying
sleep stage response (i.c., stage 2 vs. REM) was expected, as
observed in NonOSA subjects. We also did not observe dif-
ferences in these values when compared to NonOSA subjects,
which contrasts from the results observed in the study by Lado
et al. [22]. Specifically, they observed that mild and severe
OSA subjects presented with lower values of linear indices
compared to controls when evaluated throughout the night.

In the moderate OSA group, subjects presented with higher
values of indices related to sympathetic predominance and
sympathovagal balance (LF and LF/HF ratio) and nonlinear
indices during REM sleep compared to stage 2.

Another study [22] calculated HRV indices in 5-min-long
intervals to investigate whether there were differences be-
tween intervals with and without apnea episodes. Consistent
with our results, this study showed that HRV spectral indices
in both apneic and normal breathing intervals are statistically
different between OSA patients and healthy controls, demon-
strating lower HRV in OSA subjects throughout the night.
These results contributed to the hypothesis that cardiovascular
risk remains constant for OSA patients. One difference in the
present study was the additional analysis of nonlinear HRV
indices.

In our study, the HRV measurements were made only
during apnea-free periods, representing an important method-
ological difference. Thus, it was possible to demonstrate that
independent of the HRV alterations that occur during apnea
episodes, there is a chronic change in cardiac ANS modulation
in both mild and moderate OSA patients. While these changes
were more apparent in moderate OSA, subjects with mild
OSA did also present with differences compared to subjects
without OSA. Specifically, cardiac ANS modulation in sub-
jects with mild OSA did not respond to different sleep stages
in the same way individuals without OSA did. This can be
considered useful information for recognition of patients with



OSA who have established or emerging increase in risk for
cardiovascular events.

In this context, choosing an apnea-free ECG period for
analysis presents an interesting possibility for HRV analysis
during sleep, reflecting a more stable condition, which, how-
ever, may be difficult depending of severity of OSA. Patients
with more severe OSA do not have long event-free periods
during sleep, and many have subclinical events that are not
scored but are still associated with significant disruptions in
cardiac ANS function. In this study, we analyzed the ECG
signal from three parts of the night, with 5 min averages
corresponding to the stages studied (stage 2 and REM) to
improve the HRV analysis of patients. Furthermore, the pres-
ent study did not include patients with severe OSA, who could
present with instability of normal breathing and potential
arrhythmias produced by oxygen desaturation, which could
be interpreted as a methodological bias.

To our knowledge, some studies have evaluated HRV only
by spectral analysis during different sleep stages. Scholz et al.
[41] and Cabiddu et al. [42] already demonstrated that in
NonOSA subjects, REM sleep is marked for an increased
sympathetic modulation observed in HRV spectral analy-
sis. They observed that LF/HF ratio was higher during
REM sleep when compared to stage 2 of sleep. In our
study, although the mild OSA group presented the same
behavior of the other groups in the analysis, we could not
see statistical difference within stage 2 and REM. We
believed that this finding is important instead that in a
relative small number of subjects, we have been able to
observe differences. However, in contrast with the present
study, Scholz et al. [41] and Cabiddu et al. [42] did not
study nonlinear HRV indices, and they did not exclude
apnea intervals during the HRV analysis.

In relation to nonlinear analysis, the Poincaré plot SD2
descriptor displayed larger values during REM in all subjects
when compared with sleep stage 2. This index is inferred by
overall HRV and demonstrated a higher variation in REM
sleep in OSA and NonOSA patients. When we applied recur-
rence plot analysis, we also observed that Lmean, recurrence
rate, and Shannon entropy were higher in the REM stage in all
subjects as well as the DET.

Among all nonlinear indices, only DET demonstrated
intergroup differences, with higher values in REM sleep in
moderate OSA subjects compared to the NonOSA group,
which can be attributed to overactive sympathetic activation
in this moment since we observed a significant and positive
relationship between DT and LF. These results suggest that
nonlinear HRV may not be as sensitive of an indicator for
ANS dysfunction during the earlier stages of OSA compared
to linear domain frequency indices.

The nonlinear analysis of HRV can be characterized as
random or correlated HR patterns. Thus, two patients could
have the same values for RRi, but one could have a very

normal, organized HR pattern, and the other could have a
highly random and disorganized HR pattern. In this way,
nonlinear indices can be useful to detect dynamic changes in
HRYV in OSA patients [29, 30].

Limitations of study

A limitation of the study was the relatively small sample size,
no formal calculation to find the needed number of patients for
comparison, and no prior knowledge about precision for HRV
nonlinear measurements and skewness of their distribution.
Another limitation of this study was the exclusion of severe
OSA due to difficulty in obtaining enough HR signals free of
events. Moreover, the first-night effect was not considered in
this study. Increased sleep latency, decreased overall sleep
time, increased wake frequency, and invasion of alpha in
non-REM sleep may occur due to first-night effects [43].
However, polysomnography was conducted under the same
conditions on all subjects, and thus, first-night effects likely
did not influence the comparisons among groups. Another
possible limitation is the fact that in this study, we only
analyzed the subjects during sleep, and thus, we could not
compare HRV values obtained while the subjects were awake.
The measure of sympathetic activation during wakefulness in
the resting state would be complementary to our analysis as
well as the analysis of ANS modulation during other condi-
tions such as physical exercise.

Conclusion

In subjects with OSA, there is a chronic and sleep stage-
dependent impairment of linear and nonlinear cardiac ANS
modulation. Interestingly, this impairment can be identified in
the early stages of the disease.
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