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Background: Obstructive sleep apnea (OSA) is the most common sleep-related breathing disorder characterized by recurrent upper
airway collapse and obstruction, leading to reduced or absent breathing during sleep, especially rapid eye movement (REM) sleep, and
continuous positive airway pressure treatment (CPAP) is often used for treatment of OSA. Sawtooth waves (STWs) are a characteristic
of REM sleep.

Objective: To examine effects of CPAP treatment on STWs during REM sleep in the OSA patients.

Methods: Polysomnographic recordings were performed on 20 moderate-to-severe OSA patients and 16 normal controls, and
comparisons of STWs during REM sleep in the OSA patients with and without CPAP treatment (paired ¢-test or Wilcoxon signed-
rank test wherever appropriate), and between OSA patients and normal controls (Student’s z-test or Wilcoxon rank-sum test) were
carried out. In addition, linear correlation analyses were used to estimate the relationship of STWs and REM sleep with duration of
non-REM (NREM) sleep stage 3 (N3).

Results: The STWs were classified to be apnea/hypopnea associated and not associated (isolated), and the amplitude of the isolated
STWs was significantly higher than that of the apnea/hypopnea associated. With CPAP treatment, the percentage of REM sleep with
STWs and the amplitude of STWs were significantly increased to the levels, which were not significantly different from those in the
normal controls, while the frequency of STWs was not significantly changed. In addition, the total duration of REM sleep and the
duration of REM sleep with STWs were both positively correlated with the duration of N3 sleep in the normal controls and the OSA
patients with CPAP treatment. Furthermore, CPAP treatment also caused a significant increase in the duration of rapid eye movements
in REM sleep.

Conclusion: These findings suggest that there are some interconnections between NREM and REM sleep, and STWs not only
represent the quality of REM sleep but also are correlated with N3 sleep.

Keywords: sawtooth wave, obstructive sleep apnea, continuous positive airway pressure, rapid eye movement sleep, non-rapid eye

movement sleep

Introduction
Obstructive sleep apnea (OSA) is the most common sleep-related breathing disorder characterized by recurrent partial or full
obstruction in the upper respiratory tract resulting in apnea/hypopnea, disruption of sleep with multiple microarousals, sleep
fragmentation and reduction of deep sleep.' > OSA has negative influences on multiple systems, such as circulatory system
and endocrine system, and high blood pressure, diabetes mellitus and stroke commonly occur in OSA patients.>*> In
addition, OSA patients often have excessive daytime sleepiness (EDS), fatigue, and cognitive impairments.®’

Continuous positive airway pressure (CPAP) is the most recommended treatment method for moderate-to-severe OSA
patients,®® and can improve sleep quality and oxygen saturation during sleep, both of which contribute to relief of OSA

Nature and Science of Sleep 2024:16 2111-2124 2111
Received: 17 August 2024 © 2024 Mao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 22 November 2024
Published: 17 December 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php

@ Mao et al Dove

symptoms such as snore, excessive daytime sleep, cognitive dysfunction and other complications of OSA.'® With CPAP
treatment, the duration of non-rapid eye movement sleep stage 3 (N3) is prolonged, and amplitude and power of delta
waves of N3 sleep are also increased.'""'?

According to the criteria established by the American Academy of Sleep Medicine (AASM),'? sawtooth waves are
defined as 2—6 Hz electroencephalographic (EEG) waves during rapid eye movement (REM) sleep, which are found in
all brain regions, except the occipital lobe, and more predominant in the central vertex. From intracranial EEG
recordings, sawtooth waves are observed to be associated with a widespread increase in high-frequency activity including
ripples (80-250 Hz) in the brain such as the sensorimotor cortex, associative areas, and limbic structures.'* These
electrophysiological properties suggest sawtooth waves may be involved in cognitive processes by driving faster EEG
activities and orchestrating synchronized reactivations in different networks necessary for cognitive processes such as
memory consolidation during REM sleep.'® In addition, a previous study has shown two distinctive clusters of delta
waves with different properties during REM sleep in healthy human subjects, namely a frontal-central cluster character-
ized by faster, relatively large, and notched EEG waves (“sawtooth waves”) with a positive correlation with gamma wave
activity and rapid eye movements, and a medial-occipital cluster containing more isolated, smaller and slower (<2 Hz)
waves negatively related to gamma wave activity, and not associated with rapid eye movements.'> However, whether
sawtooth waves, as a delta wave subtype in human REM sleep, were correlated with N3 sleep was still unclear.
Furthermore, previous studies reported that CPAP treatment could increase the duration of REM sleep,'*'® but it was
unclear how CPAP treatment affected EEG activities during REM sleep. Therefore, the current study aimed to examine
whether there was any correlation of sawtooth waves during REM sleep with N3 sleep and whether there were any
effects of CPAP treatment on sawtooth waves during REM sleep in OSA patients.

Materials and Methods
Subjects

The normal controls were recruited from the subjects who underwent routine checkup (eg, physical examination, blood
glucose, blood pressure, and electrocardiographic examination) at the Jiangxi Provincial People’s Hospital during the
period from May 2020 to June 2023. Those who had good general health (eg without ischemic artery disease,
hypertension, and diabetes mellitus, etc.) and good sleep quality with apnea/hypopnea index (AHI) <5 events per hour
of sleep confirmed by polysomnographic (PSG) examination, and did not have a history of excessive daytime sleepiness,
irregular sleep or any conditions listed in the exclusion criteria (eg insomnia) below were included as the normal
controls."”

To test effects of CPAP treatment on sawtooth waves during REM sleep in the OSA patients, the OSA patients were recruited
from the inpatients of the Jiangxi Provincial People’s Hospital who underwent a series of routine medical tests and PSG examination
due to OSA during the period from June 2020 to June 2023. Inclusion criteria for the patients were as follows: 1) AHI > 15 events/
hour of sleep; 2) ages between 30 and 70 years old; 3) a minimum arterial oxygen saturation (Sa0,) < 90% during sleep.

The OSA patients were not allowed to drink caffeine, tea and other stimulating beverages 12 h before PSG recordings,
and they were excluded from the study if they had any of the following conditions: 1) primary and secondary pulmonary
diseases, or chronic obstructive pulmonary disease; 2) hypertension (Stage II or higher) or symptomatic ischemic artery
disease [New York Heart Association (NYHA) Functional Class II or worse]; 3) heart diseases such as cardiomyopathy and
rheumatic heart disease; 4) uncontrolled diabetes mellitus with complications; 5) neurological diseases such as stroke and
neurodegenerative diseases; 6) a history of other sleep disorders (eg insomnia); 7) alcohol and substance abuse; 8) use of
psychotropics or other medications known to influence sleep, EEG or respiration within a month prior to the study.

PSG recordings were performed on the patients without and with CPAP treatment in two separated nights and on the
normal controls as in previous studies.'*'” Prior to the experiment, the CPAP machine was programmed and tried to
make sure that the patients could tolerate without feeling uncomfortable. Then, PSG recordings began and continued in
the titration night until the patients woke up next morning around 7-8 a.m.'>"’

Before the start of experiments, the sample size was estimated with G*Power (version 3.1.9.7, http://www.gpower.hhu.de/)

and it was found that a minimum of 15 patients and 15 normal controls were needed to achieve a desired statistical power
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(>0.8) based on preliminary experiments. After the experiments were finished, the statistical power of each test with P> 0.05
was calculated and all of the tests had a desired statistical power.

Polysomnographic Recordings

PSG recordings were performed using a computerized recording system (Pro Fusion PSG 4 System, Compumedics Limited,
Abbotsford, Victoria, Australia) as described in the previous studies.'*'® Briefly, EEG (F4-M1, C4-M1, 02-M1, F3-M2, C3-
M2, O1-M2), electrocardiographic (ECG), electrooculographic (EOG) activities, and electromyographic (EMG) activities
from jaw muscles (mylohyoid and masseter), upper (bilateral flexor and extensor carpi radialis) and lower limb muscles
(bilateral gastrocnemius and tibialis anterior muscle), and respiration via thermistor, nasal pressure transducer and thor-
acoabdominal plethysmography were continuously recorded. In addition, the peripheral oxygen saturation via a percutaneous
finger pulse oximetry, body position via a position sensor, and snoring sound via an audio recorder were also recorded at the
same time. Furthermore, the patients’ or normal control subjects’ movements were simultaneously monitored and recorded
with two video cameras focusing on the patients’ or normal control subjects’ head (DS-2CD3386FWDV2-IS, Hangzhou
Hikvision Digital Technology Co., Ltd., Hangzhou, Zhejiang, China) and body (HANWHA QND-6022R, Shenzhen
Simkeway Technology Co., Ltd., Shenzhen, Guangdong, China), respectively.

A Philips CPAP device equipped with a nasal mask (BIPAP Auto767P, Bi-Flex mode, Murrysville, PA, USA) was used in
this study, and an algorithm developed by the company and a pressure generator were utilized to analyze airflow and provide
a synchronized breathing curve.'>'” The device was a bilevel positive airway pressure (BiPAP) machine, which could
automatically sense the patients’ breathing pattern and switch between inhalation positive airway pressure (IPAP) and
exhalation positive airway pressure (EPAP) pressure and adjust the two pressure levels automatically. To decrease the
influence of EMG artifacts, the EEG signals were filtered with a high-pass filter set at 0.01 Hz and a low-pass filter set at
35 Hz.'>"7

Data Analysis
Data were initially analyzed with the Pro Fusion PSG 4 software (Compumedics Limited, Abbotsford, Victoria,
Australia) and then with Spike2 (Version 8.07, CED, Milton, Cambridge, UK) according to the criteria established by
the AASM."* An episode of OSA events was defined as a >90% decrease in airflow from baseline with respiratory efforts
lasting at least 10 seconds, while an episode of obstructive sleep hypopnea events was defined as a >30% decrease in
airflow from respiratory baseline accompanied by a >3% decrease in SpO, or an arousal.'®> The severity of OSA was
assessed by the AHI, minimum SpO,, and the duration of sleep with SpO, below 90%.'*"7

Since the sawtooth waves were predominant in the central region of the brain and there was no significant difference
in sawtooth waves between the left and right hemispheres according to previous studies, EEG activities recorded from C4
channel were selected for analysis.'>'®'" According to the criteria established by the AASM,'* sawtooth waves were
defined as 3 or more continuous EEG waves with amplitudes greater than 20 pV and a frequency of 2-6 Hz,
predominantly in bilateral central vertex during REM sleep. When partial or whole cluster of sawtooth waves overlapped

with apnea/hypopnea in time, they were considered to be apnea/hypopnea-associated.

Statistical Analysis

Data were first examined for their normality with Shapiro-Wilk test and if P value was greater than 0.05, data were
considered to be normally distributed and were shown as mean + standard error of the mean (SEM) as the null-hypothesis
of this test was that the population was normally distributed; otherwise, data were shown as median (minimum-—
maximum). Paired #-test or Wilcoxon signed-rank test were used to compare paired data (ie, with and without CPAP
treatment) wherever appropriate. Student’s t-test and Wilcoxon rank-sum test were used for comparisons of unpaired data
with normal and skewed distributions, respectively. Statistical analysis was performed using the SPSS statistical software
package (Version 25, IBM Corp., Armonk, NY, USA). P < 0.05 was considered to be statistically significant.
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Results

General Sleep Features

A total of 32 OSA patients were recruited, and among them, 12 patients were excluded since they had one or more of the
conditions listed in the exclusion criteria or could not meet the inclusion criteria. A total of 20 patients [ 16 males and 4 females;
ages: 51.35 £ 2.58 years old (mean £ SEM); age range: 30—69 years old] with moderate-to-severe OSA and the Epworth
Sleepiness Scale score (ESS) >10 and 16 age-matched normal controls [13 males and 3 females; age: 50.69 + 2.15 years old
(mean = SEM); age range: 30-69 years old] were included in the study, and their demographic data, sleep parameters and
respiratory variables were summarized in Table 1. CPAP treatment did not significantly change the total sleep time, but
significantly prolonged the duration of N3 sleep to 76.20 = 7.55 min from 47.20 = 5.96 min without CPAP treatment.
Similarly, the duration of REM sleep was also significantly increased to 73.23 + 7.56 min with CPAP treatment from 54.88 +
4.25 min without CPAP treatment. Furthermore, the durations and percentages of N3 and REM sleep were both significantly
increased, while the durations and percentages of N1 and N2 sleep were both significantly decreased. Additionally, the PLMI,
SBI, wake after sleep onset (WASO) and arousal indexes during N1-N3 and REM sleep were all significantly decreased with
CPAP treatment.

Table | Changes in General Sleep and Respiratory Variables with CPAP Treatment

Variables Normal control OSA patients P pe<
NO CPAP CPAP
Age (years) 50.69 £ 2.15 51.35 £ 258 NS
Sex I13M, 3F 16 M, 4F
BMI (kg/m?) 23.47 £ 0.66 2829 £ 0.95 < 0.001*
Total sleep time (min) 397.00+16.68 393.90+11.70 396.30+11.54 NS NS
NI sleep (min) 37.25 (17.50-66.00) | 47.25 (20.50-100.50) | 31.75 (17.00-91.00) <0.01* NS
N2 sleep (min) 219.10 £ 11.46 241.50+10.74 212.50+14.00 < 0.05* NS
N3 sleep (min) 70.47 + 4.80 47.20%5.96 76.20£7.55 < 0.001* NS
REM sleep (min) 69.63 = 4.79 54.88+4.25 73.23£7.56 < 0.05* NS
NI sleep (%) 9.58+0.70 12.25 (6.30-19.60) 7.95 (4.40-20.10) <0.01% NS
N2 sleep (%) 55.09+1.56 61.17+1.84 53.70%3.15 < 0.05* NS
N3 sleep (%) 17.88x1.10 12.32+1.63 19.30+1.78 < 0.001* NS
REM sleep (%) 17.46+0.92 13.82+0.83 18.24+1.68 < 0.05% NS
Sleep efficiency (%) 89.75%1.24 80.55%1.75 85.15%1.46 < 0.05* < 0.05*
WASO (min) 34.47+3.98 84.50+9.24 59.80+7.07 < 0.05* <0.01I*
Arousal index
NI sleep 15.34+1.68 33.92+4.94 18.83+3.47 <0.01I* NS
N2 sleep 17.17£2.01 38.80+5.34 16.70+2.61 < 0.0001* NS
N3 sleep 7.14 (2.68-19.24) 15.92 (1.01-84.71) 5.80 (0.00-24.26) < 0.05% NS
REM sleep 8.80 (3.69-19.78) 16.67 (5.38-65.71) 6.18 (1.40-25.56) <0.001* NS
Total sleep 13.87(4.04-22.57) 29.50 (1.80-90.30) 13.10 (1.90-31.00) | < 0.0001% NS
AHI (events/h) 2.45 (0.40—4.40) 42.90 (15.2-93.20) 2.80 (0.00-18.80) < 0.0001* NS
Minimal SpO, (%) 90.00 (86.00-92.00) | 66.00 (53.00-81.00) | 90.00 (73.00-93.00) | < 0.0001% NS
Mean SpO, (%) 96.00 (95.00-98.00) | 95.00 (84.00-96.00) | 96.00 (94.00-98.00) | < 0.0001% NS
Time with SpO,<90% (min) 0.00 (0.00-14.50) 22.20 (3.70-331.70) 0.10 (0.00-27.20) < 0.0001* NS
Duration of apnea (s) 16.50+2.39 27.45+1.35 15.30+2.25 < 0.0001* NS
Duration of hypopnea (s) 20.56+1.80 23.80%1.10 18.70+1.52 <0.01I* NS
PLMI (events/h) 2.50 (0.00-11.20) 9.60 (0.80-66.60) 1.20 (0.00-61.90) <0.01* NS
SBI (events/h) 0.45 (0.00-1.60) 0.46 (0.19-2.47) 0.47 (0.13—-1.45) NS NS

Notes: “Data with a skewed distribution were presented as median (minimum-maximum) and Wilcoxon signed-rank test and Wilcoxon rank-sum
test were used for comparisons of paired and unpaired samples, respectively. *Normally distributed data were presented as mean + SEM and paired
t-test and Student’s t-test were used for comparisons of paired and unpaired samples, respectively.

Abbreviations: M, male; F: female; AHI, apnea’hypopnea index; CPAP, continuous positive airway pressure; N1, N2, and N3, non-REM sleep stage
I, 2 and 3; REM, rapid eye movement; PLMI, periodic leg movements index; SBI, sleep bruxism index; WASO, wake after sleep onset. P&, NO CPAP
VS CPAP. P%%, Normal control VS CPAP. NS, nonsignificant.
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The respiratory variables were significantly improved with CPAP treatment. With CPAP treatment, the minimal SpO,
was significantly increased to 90.00% (73.00%-93.00%) from 66.00% (53.00%—-81.00%) and mean SpO, was signifi-
cantly increased to 96.00% (94.00%-98.00%) from 95.00% (84.00%—-96.00%). Meanwhile, with CPAP treatment, the
mean duration of apnea was significantly decreased to 15.30 + 2.25 s from 27.45 + 1.35 s, and the mean duration of
hypopnea was also significantly decreased to 18.70 + 1.52 s from 23.80 + 1.10 s. In addition, AHI was significantly
decreased to 2.30 (0.00-18.80) from 42.90 (15.2-93.20).

In the OSA patients with CPAP treatment, almost all PSG parameters were significantly changed to the levels which
were not significantly different from those in normal controls, except wake after sleep onset (WASO) and sleep efficiency
(Table 1). Sleep efficiency and WASO in the OSA patients with CPAP treatment were still significantly lower (P<0.05)
and longer (P<0.01) than those in the normal controls, respectively.

Effects of CPAP Treatment on Duration of Sawtooth Waves During REM Sleep
Sawtooth waves usually occurred after the muscle tone reduction or simultaneously, but before eruption of rapid eye
movements. With CPAP treatment, the duration of REM sleep was significantly increased to 73.03 £ 7.53 min from 54.88
+ 4.25 min (Figure 1A; P < 0.05), and the duration of EEG segments containing sawtooth waves during REM sleep was
significantly increased to 117.40 s (6.84-476.20 s) from 50.55 s (12.57-203.69 s) (Figure 1B; P < 0.001). In addition,
with CPAP treatment, the percentage of REM sleep occupied by sawtooth waves was significantly increased to 3.12%
(0.21%-9.28%) from 1.68% (0.37%—4.92%) (Figure 1C; P < 0.001). In the normal controls, the duration of REM sleep,
the duration of EEG segments containing sawtooth waves in REM sleep, and the percentage of REM sleep occupied by
sawtooth waves were significantly higher than those in the OSA patients without CPAP treatment (P < 0.05-0.01), but
were not significantly different from those in the OSA patients with CPAP treatment (Figure 1).

Correlation of Duration of REM Sleep with Duration of N3 Sleep

As shown in Figure 2A, the duration of REM sleep was not significantly correlated with that of N3 sleep in the OSA
patients without CPAP treatment (R* = 0.009; P > 0.05). However, with CPAP treatment, the duration of REM sleep was
positively correlated with that of N3 sleep (R? = 0.582; P < 0.001), which was similar to that in normal controls (R* =
0.259, P < 0.05). Meanwhile, the percentage of REM sleep occupied by sawtooth waves was positively correlated with
the duration of N3 sleep in the OSA patients with CPAP treatment (R? = 0.306; P < 0.05) and in the normal controls (R?
= 0.263; P < 0.05), but not in the OSA patients without CPAP treatment (R* = 0.168; P > 0.05) (Figure 2B).
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Figure | Comparison of the duration of REM sleep (A), duration of sawtooth waves (B) and percentages of REM sleep occupied by sawtooth waves (C) in the OSA patients
and normal controls. Data with a normal distribution are expressed as mean +SEM, and examined with paired t-test (No CPAP vs CPAP) or Student’s t-test (Normal
controls vs CPAP/No CPAP) (A), and data with a skewed distribution are shown as median (minimum-maximum) and examined with Wilcoxon signed rank test (No CPAP
vs CPAP) or Wilcoxon rank-sum test (Normal controls vs CPAP/No CPAP) (B and C), *P < 0.05, **P < 0.001.
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Figure 2 Correlations of the duration of REM sleep (A) and the percentage of REM sleep occupied by sawtooth waves with the duration of N3 sleep (B) in the OSA
patients with and without CPAP treatment, and normal controls.

Effects of CPAP Treatment on the Amplitude and Frequency of Sawtooth Waves
Apnea/hypopnea associated sawtooth waves were found in all the 20 patients without CPAP treatment. The amplitudes of
the apnea/hypopnea-associated sawtooth waves (34.00 £ 1.00 puV) were significantly smaller than those of isolated
sawtooth waves in the OSA patients with CPAP treatment (36.55 + 0.87 pV, P < 0.01; Figure 3A) and in the normal
controls (38.56 + 0.83 pV; P < 0.01). However, there was no significant difference in the amplitude of isolated sawtooth
waves between the OSA patients with CPAP treatment and normal controls (P < 0.05). In contrast, the frequency of
isolated sawtooth waves with CPAP treatment was not significantly different from that of apnea/hypopnea-associated
sawtooth waves [No CPAP: 2.75 (2.08-4.00) Hz; CPAP: 2.52 (2.20-3.42) Hz; Figure 3B, P > 0.05)]. In addition, the
frequency of isolated sawtooth waves in the normal controls [2.47 (2.32-3.07) Hz] was not significantly different from
that in the OSA patients with CPAP treatment.

Among the 20 OSA patients in the absence of CPAP treatment, isolated sawtooth waves during REM sleep were only
found in 12 OSA patients, and no isolated sawtooth waves were found in the remaining 8 OSA patients. Although there
were no significant differences in age, BMI, total sleep time, sleep efficiency, N1-N3 and REM sleep time and their
proportions in total sleep, and WASO, AHI in each sleep stage and arousal indexes in N2, N3 and REM sleep, as well as
AHI and arousal index during the entire sleep period were significantly lower (P < 0.01-0.05) in the OSA patients with
isolated sawtooth waves than those in the patients without isolated sawtooth waves during REM sleep (Table 2). In
addition, minimal SpO,, mean SpO,, and time with SpO, <90% were significantly higher (P < 0.05), higher (P < 0.05)
and shorter (P < 0.01) in the OSA patients with isolated sawtooth waves than those in the OSA patients without isolated
sawtooth waves during sleep, respectively (Table 2).

In the OSA patients with isolated sawtooth waves without CPAP treatment, the amplitudes of isolated sawtooth waves
(35.18 £ 1.35 pV, P < 0.05) without CPAP treatment were significantly higher than those of the apnea/hypopnea
associated sawtooth waves (33.09 = 1.36 pV, P < 0.05) in the same OSA patients (Figure 3C). However, the amplitudes
of isolated sawtooth waves in the OSA patients with CPAP treatment (35.81 +1.41 pV) were not significantly different
from those without CPAP treatment (P > 0.05). The amplitudes of isolated sawtooth waves in the OSA patients with
CPAP treatment were significantly higher than those of apnea/hypopnea associated sawtooth waves in the OSA patients
without CPAP treatment (Figure 3C, P < 0.01), but there were no significant differences in the frequencies between the
isolated sawtooth waves [2.59 (2.12-3.85) Hz] and apnea/hypopnea associated sawtooth waves [2.69 (2.08—4.00) Hz] in
the OSA patients without CPAP treatment, and between isolated sawtooth waves in the OSA patients with [2.52
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Figure 3 Effects of CPAP treatment on the amplitude and frequency of sawtooth waves (STWs) during rapid eye movement sleep in the OSA patients with or without
STWs (A and B), and in the OSA patients with (C and D) and without (E and F) isolated sawtooth waves in the absence of CPAP treatment. *P < 0.05, **P < 0.01.
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Table 2 Comparison of General Sleep and Respiratory Variables in the OSA Patients with and

without Isolated Sawtooth Waves During REM Sleep Without CPAP Treatment

Variables With Isolated Without Isolated P
Sawtooth Waves Sawtooth Waves
Age (years) 53.08%3.12 48.75+1.44 NS
Sex 9M,3F ™, IF
BMI (kg/m?) 26.90+0.95 30.36x1.71 NS
Total sleep time (min) 389.00+13.62 401.20+21.88 NS
NI sleep (min) 51.25+4.77 48.88+9.72 NS
N2 sleep (min) 236.40%15.12 249.10%15.15 NS
N3 sleep (min) 47.25£7.15 47.13£10.97 NS
REM sleep (min) 54.13+4.58 56.00+8.52 NS
NI sleep (%) 13.35%1.29 11.71£1.85 NS
N2 sleep (%) 60.18+2.15 62.65+3.34 NS
N3 sleep (%) 12.64+2.09 11.83+2.78 NS
REM sleep (%) 13.83+0.98 13.81£1.70 NS
WASO (min) 90.71+13.00 75.19+12.67 NS
Sleep efficiency (%) 80.00+2.37 81.38+2.73 NS
Sleep cycles with N3 sleep 3 (04) 3.5 (1-4) NS
Arousal index (events/h)
NI sleep 28.97+4.71 32.86+10.82 NS
N2 sleep 28.82+4.43 53.78+9.65 < 0.05*
N3 sleep 8.76+2.67 36.41£12.57 < 0.05*
REM sleep 18.07+3.63 37.3848.37 < 0.05*%
Total sleep 24.97+3.45 47.51+8.96 < 0.05*
AHI (events/h)
NI sleep 42424557 76.42+9.05 <0.01I*
N2 sleep 32.82+4.77 59.25+9.67 < 0.05*%
N3 sleep 13.98+3.52 47.10%12.22 <0.01I*
REM sleep 44.37+3.47 67.99+5.90 <0.01I*
Total sleep 33.45+3.49 61.45+8.46 <0.01*
Minimal SpO, (%) 77.00 (58.00-82.00) 60.00 (53.00-78.00) < 0.05#
Mean SpO, (%) 95.00 (90.00-96.00) 92.00 (84.00-96.00) < 0.05#
Time with SpO, <90% (min) 16.05 (3.70-142.10) 78.40 (20.70-331.70) <0.0I#
Duration of apnea (s) 27.92x2.11 26.75%1.32 NS
Maximal duration of apnea (s) 59.25+5.33 64.00+6.67 NS
Duration of hypopnea (s) 25.25+1.53 21.63%1.22 NS
Maximal duration of hypopnea (s) 60.58+5.67 56.13+6.37 NS
PLMI (events/h) 9.55 (0.80-66.60) 11.85 (1.70-52.90) NS
SBI (events/h) 0.52 (0.37-2.47) 0.38 (0.19-0.83) NS

Notes: #: Data with a skewed distribution were presented as median (minimum-maximum) and Wilcoxon rank-sum tests
were used for comparisons. *: Normally distributed data were presented as mean + SEM and Student’s t-tests were used

for comparisons. NS: nonsignificant.

Abbreviations: M: male; F: female; CPAP: continuous positive airway pressure; REM: rapid eye movement; NI, N2, and
N3: non-REM sleep stage |, 2 and 3; PLMI: periodic leg movements index; AHI: apnea/hypopnea index; WASQO: wake after

sleep onset; SBI: sleep Bruxism index.

(2.29-3.42) Hz] (Figure 3D, P > 0.05) and without CPAP treatment. Moreover, in the 8 OSA patients without isolated
sawtooth waves during REM sleep, the amplitudes of isolated sawtooth waves in the OSA patients with CPAP treatment
(37.21 + 0.87 pV) were significantly higher than those of apnea/hypopnea associated sawtooth waves without CPAP
treatment in the same patients (34.36 = 1.33 uV) (Figure 3E, P < 0.05), while the frequencies were not significantly

changed (Figure 3F, P > 0.05).

The percentage of REM sleep occupied by apnea/hypopnea-related sawtooth waves was positively and negatively

correlated with AHI and minimal SpO, in REM sleep, respectively (Figure 4A and B).
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Figure 4 Correlations of the percentage of REM sleep occupied by apnea/hypopnea-related sawtooth waves (STWs) with AHI in REM sleep (A) and with minimal SpO,
during REM sleep (B).

Effects of CPAP Treatment on Eye Movements in REM Sleep
The percentage of REM sleep containing rapid eye movements in the OSA patients without CPAP treatment (14.72%
+1.81%) was significantly smaller than those in the OSA patients with CPAP treatment (22.52%+2.69%, Figure 5A, P <
0.001) and in normal controls (25.11% + 2.37%, Figure 5A, P < 0.01), while and the percentage of REM sleep without
eye movements in the OSA patients without CPAP treatment (81.53%+2.04%) was significantly larger than those in the
OSA patients with CPAP treatment (74.39%+2.80%, Figure 5C, P < 0.01) and in the normal controls (70.97% =+ 2.24%,
Figure 5C, P < 0.01). However, there were no significant differences in the percentage of REM sleep without eye
movements or containing rapid eye movements between the normal controls and OSA patients with CPAP treatment.
The percentage of REM sleep containing slow eye movements was not significantly different in the OSA patients
with and without CPAP treatment, and between the OSA patients and normal controls (Figure 5B, P > 0.05).
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Figure 5 Comparisons of the percentage of REM sleep with rapid eye movements (A), slow eye movements (B), and without eye movements (C) in the OSA patients with
and without CPAP treatment, and normal controls. **P < 0.01, ***P < 0.001.
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Discussion

Methods for treatment of OSA include sleep position adjustment, lifestyle modifications, orthodontic treatments, CPAP,
pharmacological therapies, upper airway surgery, and hypoglossal nerve stimulation,”® and orthodontic treatments for
mild to moderate OSA such as personalized oral appliances, mandibular positioning devices, rapid maxillary expansion,
which are treatment options only when skeletal discrepancies exist, have demonstrated a significant reduction in AHI and
alleviation of OSA symptoms.?'-*2

CPAP is the most commonly used treatment for OSA.*? In the current study, the authors systemically examined
sawtooth waves during REM sleep and influence of CPAP treatment in the OSA patients, and found that there were two
types of sawtooth waves, namely isolated and apnea/hypopnea-associated sawtooth waves during REM sleep and CPAP
caused a significant increase in the duration of REM sleep, the percentage of REM sleep with sawtooth waves and the
amplitudes of sawtooth waves without changes in the frequences. In addition, the duration of total sawtooth waves was
positively correlated with the duration of N3 sleep in the OSA patients with CPAP treatment and the normal controls.
These findings suggest that increases in isolated sawtooth waves during REM sleep might represent an improvement of
sleep quality in OSA patients with CPAP treatment.

As OSA occurs most commonly in middle-aged and older adults and CPAP treatment was often used in moderate-to-
severe OSA patients, only moderate-to-severe OSA patients between 30 and 70 years old were recruited for the current
study. To eliminate potential confounding variables that might influence REM sleep and sawtooth waves, age-matched
OSA patients and normal control subjects (P > 0.05) without taking psychotropics or other medications known to
influence sleep, EEG or respiration within a month prior to the study were included. However, BMI of the OSA patients
was significantly greater than that in the normal controls (P < 0.001) (Table 1) as OSA patients are often overweight.

Consistent with previous studies,'**>*

it was found in the current study that the sleep quality in the OSA patients was
significantly improved with CPAP treatment, which manifested as increased N3 and REM sleep as well as sleep efficiency, and
decreased N1 and N2 sleep, arousal index and WASO (Table 1). These improvements might result from decreased AHI and
increased SpO,. Significantly lower sleep efficiency and longer WASO in the OSA patients with CPAP treatment than the
normal controls (Table 1) indicate that the patients might need some time to adapt to CPAP treatment.

Sawtooth waves were commonly found in EEG recordings during REM sleep.” In the current study, sawtooth
waves were found to occur after sequence of muscle tone reduction, and prior to the onset of the rapid eye movements

as shown in the previous studies'®*’

and might predict the eruption of rapid eye movements. Furthermore, it was
found that there were two types of sawtooth waves, namely apnea/hypopnea associated and not associated (isolated),
in REM sleep in the OSA patients. Although no significant differences in the frequencies, the amplitudes of isolated
sawtooth waves were significantly higher than those associated with apnea/hypopnea (Figure 3). Therefore, OSA
events were associated with decreased amplitudes of sawtooth waves, which was similar to decreased amplitudes of
delta waves in N3 sleep as previously reported in OSA patients.'? Consistent with these findings, the OSA patients
with isolated sawtooth waves in REM sleep had less severe OSA with significantly lower AHI and arousal index and
shorter time with Sp0O,<90% than those without isolated sawtooth waves, and AHI in REM sleep and the minimal
SpO, were correlated with the percentage of REM sleep with apnea/hypopnea-related sawtooth waves (Table 2, Figure
4). Moreover, arousal indexes in N2, N3, REM sleep and total sleep period in the OSA patients without isolated
sawtooth waves were significantly higher than those with isolated sawtooth waves, which might be related to higher
AHI in the OSA patients without isolated sawtooth waves. Therefore, apnea/hypopnea-associated sawtooth waves
might be used to indicate the severity of OSA. However, there were no significant differences in the total sleep time,
sleep efficiency or duration of N3 and REM sleep, and the proportions of N3 and REM sleep to total sleep and WASO
between the OSA patients with and without isolated sawtooth waves (Table 2). These findings might indicate isolated
sawtooth waves might be a more sensitive indicator than N3 sleep duration, total sleep time, and sleep efficiency to
reflect sleep quality in the OSA patients without CPAP treatment. In addition, with CPAP treatment, the duration of
REM sleep and the percentage of REM sleep occupied by sawtooth waves were significantly increased (Figure 1) and
correlated with the duration of N3 sleep (Figure 2). These findings suggest that isolated sawtooth waves in REM sleep
might also reflect sleep quality in the OSA with CPAP treatment.
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The significance of sawtooth waves in REM sleep is not fully clear. A previous study showed sawtooth waves as frontal-
central clusters of delta waves characterized by faster, relatively large, and notched EEG waves with a positive correlation with
gamma wave activity and rapid eye movements, which suggests sawtooth waves may be involved in cognitive processes such
as memory consolidation during REM sleep.'* In addition, it was also shown that sleep deprived healthy volunteers with
haloperidol intake demonstrated an increase in the duration and density of sawtooth waves without significant alterations in
rapid eye movements, which suggest that the dopaminergic receptors exert a modulating role in sawtooth waves since REM
sleep deprivation and administration of neuroleptics sensitize dopaminergic receptors.”® Furthermore, it was also demon-
strated that significant differences in the mean latencies of the features associated with onset of rapid eye movements, muscle
tone reduction and sawtooth waves between postpolio patients with and without involvement of brainstem, thus changes in
these features might be a biomarker of functional or structural changes in the brainstem.?” Consistent with the previous study,
CPAP treatment in the current study also caused a significant increase in the duration of rapid eye movements in REM sleep,
which might be associated with a reversal of brainstem dysfunction in OSA patients by CPAP treatment.

Sawtooth waves together with gamma waves, bursts of eye movements linked to ponto-geniculo-occipital waves,
irregular respiratory and cardiac activities, myoclonic twitches of limb muscles and contractions of the middle ear
muscles occur during phasic REM sleep. In contrast, no sawtooth waves occur during tonic REM sleep, which comprises

2930 the arousal thresholds were found to be lower

obviously longer and more quiescent periods.”® In previous studies,
and gamma activity was found to be higher in phasic REM sleep in comparison with tonic REM sleep. These previous
findings indicate that phasic REM sleep presents cognitively active state, which might explain the phenomenon of
dreams.'*

OSA events during REM sleep have been shown to stimulate the limbic system, which might evoke the occurrence of
emotive dreams.*'? Furthermore, AHI in REM sleep was found to be an independent factor for occurrence of night-
mares in OSA patients, and nightmares disappeared in most of OSA patients with optimal CPAP treatment.**** In the
current study, apnea/hypopnea associated sawtooth waves, a marker of dream related phasic REM sleep, found in the
OSA patients disappeared with CPAP treatment. However, it is unclear the relationship between apnea/hypopnea
associated sawtooth waves and nightmares or dreams and further studies are needed.

A previous study showed that patients with temporal lobe epilepsy had significantly lower density, shorter duration
and lower frequency of sawtooth waves than the controls, which suggests a cortical influence on REM sleep either
directly or through limbic—hypothalamic-brainstem connections..>* This is consistent with more sawtooth waves in acute
hemispheric stroke patients with good short-term clinical outcome.*> In addition, sawtooth waves were found in all
cortical regions except the occipital lobe, with a significant increase in power of the 2—4 Hz scalp EEG band in the
fronto-parieto-temporal cortex and were related with widely distributed, but locally regulated REM sleep slow oscilla-
tions. Furthermore, sawtooth waves were found to be associated with a strong and widespread increase in high
frequencies, and these slow and fast activities exhibited a high spatiotemporal heterogeneity. Sawtooth waves might
orchestrate synchronized multifocal reactivations, which granted tagging of complex representations necessary for REM
sleep-dependent memory consolidation by driving fast activities.'* These findings suggest that sawtooth waves may be
related to cognitive processes during REM sleep. In the current study, it was found that the percentage of REM sleep with
sawtooth waves and the amplitudes of sawtooth waves were significantly increased, while the frequency of sawtooth
waves did not significantly change with CPAP treatment. These findings are consistent with cognitive dysfunction
reported in OSA patients and suggest that OSA causes significant changes in multiple cortical regions and CPAP
treatment might reverse some of these changes.>®’

Rapid eye movements and slow eye movements during REM sleep were shown to be associated with dream

% and there was a positive correlation between activities of facial muscles and rapid eye movements.** In

emotions,
the current study, the percentages of REM sleep containing rapid eye movements and no eye movements were
significantly increased and decreased with CPAP treatment, respectively (Figure SA and C), while the percentage of
REM sleep containing slow eye movements was not significantly changed (Figure 5B). These findings might indicate
obstructive sleep apnea/hypopnea has no significant effect on slow eye movements but decreases the chances for
occurrence of rapid eye movements and CPAP treatment abolishes these changes. It seems that a higher percentage of

REM sleep containing rapid eye movements might reflect an improvement of sleep quality and an increase in dream
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emotions. In addition, increased REM and N3 sleep, and positive correlations of the duration of REM sleep with
sawtooth waves and the total duration of REM sleep with the duration of N3 sleep were also found in the OSA patients
with CPAP treatment (Figure 2), which is consistent with previous findings of increased duration of N3 sleep and
percentage of REM and N3 sleep after N3 sleep deprivation or with CPAP treatment in OSA patients.'®***! Since
sawtooth waves in REM sleep and delta waves in NREM sleep share some common characteristics, sawtooth waves
might be considered as delta waves in REM sleep with similar function to delta waves in N3 sleep.'>**** Thus, the
findings in the current study support the view that there are some interconnections between NREM and REM sleep,*>*
and might indicate that sawtooth waves not only represent REM sleep quality but also are correlated with N3 sleep.
However, these correlations were not found in the same patients without CPAP treatment. This indicates that inter-
connections between N3 and REM sleep might be interrupted with apnea/hypopnea events.

In short, in the current study, it was found that isolated and apnea/hypopnea-associated sawtooth waves occurred
during REM sleep in the OSA patients and CPAP treatment caused significant increases in the amplitude of sawtooth
waves, durations of REM and N3 sleep, and duration of REM sleep with sawtooth waves in the OSA patients. Moreover,
with CPAP treatment, the total duration of REM sleep as well as the duration of REM sleep with sawtooth waves were
positively correlated with the duration of N3 sleep. These findings support the view that there are some interconnections
between NREM and REM sleep and indicate that sawtooth waves might represent the quality of REM sleep and predict
the quality of NREM sleep.

Limitation

The significance of sawtooth waves during REM sleep was examined in the OSA patients without and with CPAP
treatment in the current study, but there were some limitations to be considered. First of all, although all of the statistical
tests in the current study had a desired power, the number of subjects was relatively small. Second, since no mild OSA
patients were included, the findings in the current study might not be generalizable to all OSA patients, especially those
with mild symptoms. Third, CPAP treatment was carried out only for one night and long-term effects of CPAP treatment
on sawtooth waves were still unknown. Fourth, apnea/hypopnea events still existed in the OSA patients with CPAP
treatment although the AHI during REM sleep with CPAP treatment was low (2.23+0.41 events/h). The number of apnea/
hypopnea associated sawtooth waves in the OSA patients with CPAP treatment was negligible.

This was a preliminary study to explore the significance of sawtooth waves in the OSA patients, and more normal
control subjects and patients with different severity of OSA are needed to be included in the future studies. In addition,
effects of long-term CPAP treatment in OSA patients on sawtooth waves need to be tested in the future. Moreover,
effects of CPAP treatment on nightmares or dreams in OSA patients in relation to phasic REM sleep such as sawtooth
waves, gamma waves, eye movements linked to ponto-geniculo-occipital waves, irregular respiratory and cardiac
activities, myoclonic twitches of limb muscles and contractions of the middle ear muscles need to be examined.
Furthermore, the current study in OSA patients is observational, and further studies of the function and significance of
sawtooth waves at cellular and molecular level are needed.
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