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Objective: To investigate whether continuous positive airway pressure (CPAP) treatment would change EEG activities associated
with cyclic alternating pattern (CAP subtype Al, A2, and A3) and non-CAP (NCAP) during non-rapid eye movement sleep stage 3
(N3) in patients with obstructive sleep apnea (OSA).

Methods: The effects of CPAP treatment on the percentages of sleep stage N3 occupied by the CAP and NCAP, power of EEG waves
in the CAP and NCAP were examined in 18 patients with moderate-to-severe OSA undergoing polysomnographic recordings.
Results: Apnea and hypopnea index during sleep stage N3 was positively correlated with ratios of phases A2 and A3 duration to total
phase A duration [Phase (A2+A3) /Phase A] and negatively correlated with phase Al/phase A. With CPAP treatment, percentages of
sleep stage N3 occupied by total CAPs and subtypes A2 and A3, as well as CAP A2 and CAP A3 indexes were significantly decreased
while percentages of sleep stage N3 occupied by NCAP (NCAP/N3) and CAP Al index were significantly increased. In addition,
CPAP treatment significantly decreased percentage of respiratory events associated CAPs and increased percentage of non-respiratory
related CAPs. Moreover, absolute and relative delta power was significantly increased during phase Al, unchanged during phase A2
and phase B2, and significantly decreased during phases B1, A3 and B3. The absolute power of faster frequency EEG waves in CAPs
showed a general trend of decrease. The absolute and relative power of delta waves with amplitudes >75 pV, but not <75 pV, was
significantly increased.

Conclusion: CPAP treatment improves the sleep quality in OSA patients mainly by increasing delta power and decreasing power of
higher frequency waves during phase A1, and decreasing CAP A2 and A3 indexes as well as increasing NCAP/N3 and power of delta
waves with amplitudes >75 pV during NCAP.

Keywords: obstructive sleep apnea, continuous positive airway pressure, polysomnographic recordings, non-rapid eye movement
sleep, cyclic alternating pattern

Introduction

Obstructive sleep apnea (OSA) is a highly prevalent sleep-disordered breathing characterized by recurrent upper airway
obstruction and collapse during sleep, and results in sleep fragmentation and intermittent hypoxemia.' Airway obstruc-
tion during sleep may cause several changes, including cardiac electrophysiological disturbances, dramatic shift in

Nature and Science of Sleep 2022:14 2075-2089 2075
Received: 13 July 2022 © 2022 Chen et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at https://www.dovepress.com/terms.php
A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati /by-nc/3.0/). By accessing the work

Accepted: 8 November 2022
Published: 21 November 2022

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted 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://orcid.org/0000-0001-9417-9598
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
https://www.dovepress.com

Chen et al Dove

intrathoracic pressure, and increases in sympathetic activities. The prevalence of OSA ranges from 13-33% in adult
males and 6— 19% in adult females and increases with aging and body weight gain.”> Most OSA patients complain of
dyspnea, shallow sleep, and nocturnal sleep snoring with apnea. Excessive daytime sleepiness (EDS) and daytime
cognitive and behavioral deficits, such as disturbances in attention, memory, and alertness, have also been observed in
OSA patients.3 Untreated OSA is associated with increases in nocturnal cardiovascular events, stroke, and heart attack.*¢
Studies have shown poor performance in mental behaviors and executive tasks in OSA patients, which is associated with
the severity of hypoxemia, while EDS is associated with memory and attention deficits.”” Continuous positive airway
pressure (CPAP) is still the treatment of choice for severe OSA, and it has been shown to improve sleep quality and
EDS.* "0

The cyclic alternating pattern (CAP), a cyclic variation in electroencephalographic (EEG) activities within non-rapid
eye movement (NREM) sleep, but not within REM sleep, is an EEG marker of unstable sleep and organized into
sequences of successive cycles composed of two phases, A and B.'"'? Phase A involves phasic events allowing
adaptive adjustments of ongoing states to internal and external stimuli and phase B refers to background fluctuation in
cortical activities during CAP.'® Variations in respiratory activity, heart rate, and muscle tone during CAP increase
during phase A and decrease during phase B.'? The CAP is related to cerebral activities during NREM sleep and is
reciprocally influenced by ongoing autonomic and muscle activity, which might determine the pathophysiology of
several sleep disorders and the effect of medication and continuous positive airway pressure (CPAP) treatment of
OSA_ 1314

The fraction of EEG activity without CAP for more than 60 s consecutively is scored as non-CAP (NCAP) and
coincides with a condition of sustained physiological stability. CAP, as a prominent feature parameter in sleep,
provides a powerful assessment of brief and frequent arousals. The vast majority of apneas were associated with
CAPs. Apnea in all CAP-related respiratory events is strongly associated with phase B, while phase A is associated
with respiratory compensation.'* Severe OSA patients were found to have fewer CAP subtype Al and more CAP
subtype A3, and CPAP treatment was found to increase the percentage of CAP subtype Al and decrease the
percentage of CAP subtype A3.''" Two-process model postulates that the propensity to sleep and sleepiness is
controlled by the interaction of process S (homeostatic stress of sleep) and process C (circadian rhythm).'>'¢
Process S, representing sleep debt, increases during wakefulness and decreases during sleep. Slow wave activity
(SWA) during NREM sleep is the main hallmark of process S during sleep'’ and theta activity in waking is a marker
of the rising limb of process S.'® Process C that promotes nighttime sleep and daytime alertness is influenced by the
circadian pacemaker, the suprachiasmatic nucleus.'® Studies have shown that after 30 days of regular CPAP treatment
(N30), regular homeostatic process S and ultradian rhythms such as REM—NREM sleep cycle and the waxing and
waning oscillations of subtypes A2 and A3 in relation to the REM sleep periods occurred during N30 despite
incomplete recovery of phase Al."

Although OSA patients demonstrate both a delayed and reduced proportion of slow wave sleep (SWS) compared with
non-OSA subjects, once they achieve SWS, sleep apnea and hypopnea markedly improve in most patients as SWS can
modulate the propensity for upper airway collapse and help to achieve improved or near normal respiratory and arousal
event frequencies.”® Previous studies have shown that EEG measurements could be used as biomarkers of cognitive
performance and sleep quality in OSA patients’' and increased slow-wave activities (SWA) during sleep stage N3
correlated with improved procedural learning, memory process and faster reaction.”? With enough high-quality SWS,
metabolic clearance and memory functions could benefit and help slowing the process of cognitive aging.”> During SWS,
high-voltage slow waves rarely appear as isolated features, but in most cases they converge into collectives resulting in
phase A of CAP subtype Al.'"' CAP subtype Al prevails in milder OSA patients, while CAP subtypes A2 and A3
predominate among moderate-to-severe OSA patients. The milder OSA patients also present higher sleep efficiency, and
increased percentages of sleep stage N3 and REM sleep, as well as longer CAP sequences in sleep stage N3, while severe
OSA patients spend more time in lighter sleep stages.”* It would be interesting to evaluate the effects of CPAP on EEG
activities especially SWA associated with CAPs in comparison with those during NCAP in the patients with OSA.
Therefore, the aim of this study was to determine whether CPAP treatment would change EEG activities associated with
CAP subtypes Al, A2 and A3, and NCAP during sleep stage N3.
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Methods

Subjects
Polysomnographic (PSG) recordings were performed on 18 male patients (mean+ SEM: 52.78+1.93 years old, age range:

42-58 years old) with moderate-to-severe OSA and daytime sleepiness with the Epworth Sleepiness Scale score (ESS) >
10, without and with CPAP treatment in two separated nights. Before the experiment, the patients tried on the CPAP
machine and the machine was programmed so the patient did not feel uncomfortable. Then, data recordings started and
were kept continuously in the titration night until the patients woke up around 6-8 a.m. Power spectral density of EEG
activities (0-30 Hz) during CAP and NCAP of NREM sleep stage 3 was carried out.

Inclusion criteria included: (1) 40-60 years old; (2) male gender; (3) AHI > 15; (4) no depression, stroke and other
mental and neurological diseases; (5) no other sleep disorders, such as narcolepsy, insomnia, bruxism and restless leg
syndrome; and (6) without taking drugs that affected sleep. The OSA patients who met the inclusion criteria underwent
overnight PSG recording without and with CPAP in two separated nights.

Exclusion criteria included the presence of any causes of brain injury, neurological diseases, other primary or
secondary lung diseases, and a history of alcohol and substance abuse. Patients who had used drugs that affected
sleep or breathing, as well as any psychiatric medications within a month immediately before the experiments, were
excluded from the study. Tea, caffeinated foods and beverages, and other stimulants were not permitted 24 hours prior to
PSG recordings.

Polysomnographic Recordings
Overnight polysomnography was performed with a computerized recording system (Pro Fusion PSG 4 System,
Compumedics Limited, Abbotsford, Australia) to record EEG (F4-M1, C4-M1, O2-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) as well as respiration via the thermistor, nasal pressure transducer and
thoracoabdominal plethysmography. In addition, peripheral vascular oxygen saturation with percutaneous finger pulse
oximetry and body position were also recorded.”>~° The study was performed using a Philips CPAP device coupled with
a nasal mask (Philips BIPAP Auto767P, Bi-Flex mode, Pennsylvania, USA) which used an algorithm developed by the
company with a tachometer and pressure generator to analyze airflow and provide a breathing curve synchronized with
other monitored variables on a computerized sleep recording system. The maximum inhalation positive airway pressure
(IPAP) was 12.42 + 0.43 cmH,0 and the maximum exhalation positive airway pressure (EPAP) was 9.14 + 0.51 cmH,O.
Sleep was scored and analyzed according to the criteria established by the American Academy of Sleep Medicine
(AASM).?” An obstructive sleep apnea episode was defined as a decrease by 90% in airflow from baseline with
inspiratory efforts lasting at least 10 seconds, while hypopnea was defined as a decrease by 30% in airflow from

respiratory baseline and a decrease in SpO, by 3% or an arousal.”’

The severity of OSAS was assessed by the number of
sleep apnea and hypopnea per hour of sleep (AHI), hypoxemia was estimated with the minimum SpO, and the duration

of sleep with SpO, <90%.

CAP Scoring
The CAP was scored according to the standards described by Terzano et al.*®*?° The CAP sequence onset must be
preceded by non-CAP (a continuous NREM sleep for > 60 s without CAP), with the following 3 exceptions: (1) before
the first CAP sequence arising in NREM sleep; (2) after a wake to sleep transition; and (3) after a REM to NREM sleep
transition.”®*® The CAP consisted of a phase A (phasic events) followed by a phase B (background EEG activities).
Phase A of the CAP was divided into three subtypes: Al, A2 and A3. Subtype Al was characterized by EEG
synchrony with high-amplitude slow waves (e.g. delta bursts, K-complex sequences, vertex sharp transients, and
polyphasic bursts) and occupied more than 80% of the entire phase Al duration. Subtype A2 sequence included EEG
arousals and polyphasic bursts, and consisted of a mixture of slow and fast rhythms with 20-50% of phase A2 occupied
by EEG desynchrony. Subtype A3 included K-alpha, EEG arousals, and polyphasic bursts and was dominated by rapid
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low-voltage rhythms with more than 50% of phase A3 occupied by EEG desynchrony. A movement artifact within
a cyclic alternating pattern sequence was also classified as subtype A3. Each phase of CAP is 2-60 s in duration."' The
CAP parameters were defined as shown in Table 1. The effects of CPAP treatment on these parameters were tested in the
OSA patients.

The EEG signals were digitized with the high-pass filter set at 0.01 Hz and the low-pass filter set at 35 Hz. Since EEG
recordings from the frontal of the brain were more sensitive to assess the outcome and effectiveness of CPAP treatment,
EEG activities recorded from F4 channel were chosen for detailed analysis.’® EEG waves contaminated movement and
EMG artifacts were excluded before further analysis. A total of 24 second epochs in each NCAP (4 s epoch each, 0.2
s interval) were analyzed. Fast Fourier transform (FFT)-based power spectral analysis was performed by using the
Brainstorm program version 2.0. (GNU GPLv2, McGill University, Montreal, QC, Canada) to analyze the CAPs (full
length phase A and phase B) and 4 s epochs in the NCAP with 0.25 Hz resolution and cosine window smoothing.

The absolute and relative power of four specific frequency bands namely delta (0-3.99 Hz), theta (4-7.99 Hz), alpha
(8-13 Hz), and beta (13.01-30 Hz) waves were calculated.’ Relative EEG power was determined as power of a given
frequency band divided by the sum of absolute power across the four frequency bands, and it reflected the contribution of
EEG activity of a given frequency band to the sum of absolute power.>' > In addition, the delta waves with different
amplitude (e.g. <75 pV, =75 pV) in NCAP were analyzed.

Statistical Analysis

Normality tests were performed for all variables before further statistical analysis. Values were expressed as mean =+
standard error of the mean (SEM) if the variables were normally distributed; otherwise, values were expressed as median
(minimum-maximum). The paired #-test or Wilcoxon signed-rank test were used wherever appropriate. Statistical
analysis was performed using the SPSS Statistic 25.0 software package (IBM, Armonk, USA). P<0.05 was considered
to be statistically significant.

Results

General Characteristics of Sleep Variables
As shown in Table 2, with CPAP treatment, the percentage of sleep stage N3 was significantly increased from 14.80 £
1.91% without CPAP treatment to 21.30 + 2.30% (P<0.05), duration of sleep stage N3 was significantly increased from
56.78 + 7.75 min to 82.83 + 9.64 min (P<0.01), while the percentage of sleep stage N1 was significantly decreased from
12.38 + 1.14% to 9.21 + 1.03%, the microarousal index was significantly decreased from 30.77 + 2.32 to 11.82 + 1.46
(P<0.01), arousal index was significantly decreased from 30.58 + 2.30 to 11.91 + 1.52 (P<0.001) and the PLMI was
significantly decreased from 8.40 (1.00-29.30) to 1.10 (0.00-7.60) (P<0.001).

The respiratory variables during sleep were significantly improved with CPAP treatment (Table 2). The minimal SpO,
was increased significantly from 75.50% (55.00-85.00%) to 90.00% (74.00-93.0%), and mean SpO, was significantly
increased from 94.50% (90.00-97.00%) to 96.0% (94.00-97.00%) (P<0.01). In contrast, AHI was significantly decreased

Table | The Main Parameters of CAP and NCAP

Total CAP Duration: total duration of all CAPs within N3 sleep

CAP/N3 (%): percentage of N3 occupied by total CAPs

NCAP/N3 (%): percentage of N3 occupied by total NCAPs

Phase A/N3 (%): percentage of N3 occupied by total phase A of CAP

CAP Al index: number of CAP Al per hour of N3 sleep

CAP A2 index: number of CAP A2 per hour of N3 sleep

CAP A3 index: number of CAP A3 per hour of N3 sleep

Phase B/N3 (%): percentage of N3 occupied by total phase B of CAP

K complex index |: number of K complexes in CAP Al per hour of N3 sleep
K complex index 2: number of K complexes in CAP A2 per hour of N3 sleep
K complex index 3: number of K complexes in CAP A3 per hour of N3 sleep
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Table 2 Sleep Variables in OSA Patients with and without CPAP Treatment

Variables No CPAP CPAP P
Total sleep time, min 384.97 + 14.1 390.08 + 12.20 NS
NI, min 49.00 (19.50-78.00) | 33.50 (13.50-91.50) NS
N2, min 21722 £ 13.10 197.39 £ 10.09 NS
N3, min 56.78 + 7.75 82.83 + 9.64 <0.01
REM sleep, min 63.89 + 6.63 74.00 + 4.47 NS
NI, % 1238 = I.14 9.21 £ 1.03 <0.05
N2, % 56.44 + 3.42 50.70 + 2.14 NS
N3, % 14.80 = .91 21.30 +2.30 <0.01
REM sleep, % 16.25 + 1.45 18.74 £ 0.86 NS
Microarousal index 30.77 £ 2.32 11.82 £ 1.46 <0.001
Arousal index 30.58 + 2.30 11.91 £ 1.52 <0.001
Sleep efficiency, % 78.67 + 232 84.71 £ 201 <0.01
PLMI 8.40 (1.00-29.30) 1.10 (0.00-7.60) <0.001
AHI, events/h 44.00 (22.30-91.40) | 1.70 (0.30-10.10) <0.001
Mean duration of apnea, s | 27.00 (15.00-56.00) | 17.00 (11.00-28.00) <0.001
Minimal SpO,, % 75.50 (55.00-85.00) | 90.00 (86.00-93.00) <0.001
Mean SpO,, % 94.50 (90.00-97.00) | 96.00 (94.00-97.00) <0.01

from 44.00 (22.30-91.40) events/h to 1.70 (0.30-10.10) events/h, duration of apnea was significantly decreased from
27.00 (15.00-56.00) s to 17.00 (11.00-28.00) s (P<0.01) (Table 2).

Association of CAP with Respiratory Events
As shown in Table 3, a majority of CAP subtypes A2 and A3 was associated with OSA while most of CAP subtype Al
was not. The ratio of phase Al duration to the duration of total phase As was negatively correlated with AHI in sleep
stage N3, while the ratio of phase A2 and A3 duration to the duration of total phase As was positively correlated with
AHI in sleep stage N3 (Figure 1). With CPAP treatment, the percentage of CAP subtype Al associated with OSA events
was significantly decreased but the percentage of CAP subtype Al unrelated with OSA events was significantly
increased. Moreover, the percentage of CAP subtypes A2 and A3 associated with OSA events was significantly
decreased to almost zero but the percentage of CAP subtype A2 and A3 unrelated with OSA events was significantly
increased (Table 3) although the total number of subtypes A2 and A3 was decreased (Table 4).

Among the 18 subjects, a predominantly fast low amplitude rhythm consisting of CAP A3 was observed during REM
sleep in only 4 patients with OSA with a minimum SpO, in the range of 55-58%. A total of 76.32% (74.48-81.40%)

Table 3 Changes of Subtypes of CAP with CPAP Treatment

Related to Respiratory Events P
NO CPAP CPAP
CAP AIl% 30.32 (22.02-39.45) 2.90 (0.00-10.65) <0.001
CAP A2% 63.26 (42.22-80.00) 0.00 (0.00-18.46) <0.001
CAP A3% 78.82 (59.80-87.47) 0.00 (0.00-10.97) <0.001
Not related to respiratory events P
NO CPAP CPAP
CAP AIl% 69.68 (60.55-77.98) 97.10 (89.35-100.00) <0.001
CAP A2% 36.74 (20.00-57.78) 100.00 (81.54-100.00) <0.001
CAP A3% 21.18 (12.53—40.20) 100.00 (89.03—100.00) <0.001

Notes: Wilcoxon signed rank test for data with skew distribution. Values are presented as median (minimum-
maximum). CAP A1%, CAP A2%, and CAP A3% represent the percentages of CAP Al, CAP A2, and CAP A3 in
relation with respiratory events.
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Figure | Correlation of the severity of obstructive sleep apnea and ratios of duration of phase Al, and phase A2 plus phase A3 to total duration of phase A during sleep
stage N3. Note that ratios of duration of phase Al, and phase A2 plus phase A3 to total duration of phase A were negatively and positively correlated with the AHI during
sleep stage N3, respectively. AHI: apnea—hypopnea index during sleep stage N3. Dotted lines represent 95% confidence interval.

apneas occurred in relation to CAPs in the 4 patients and during CPAP, the percentage was decreased to 19.43% (13.63—
26.30%).

Effects of CPAP Treatment on Main Parameters of CAP During NREM Sleep Stage 3
CPAP treatment significantly decreased the percentage of sleep stage N3 occupied by CAPs (CAP/N3) from 41.10 +
3.01% to 32.98 + 1.58% (P<0.05) and increased the percentage of sleep stage N3 occupied by NCAP (NCAP/N3) from
46.08 £ 2.14% to 50.46 + 0.88% (P<0.05) (Table 4).

As shown in Table 4, the percentage of sleep stage N3 occupied by phase A (phase A/N3) was significantly decreased
from 12.18% (6.78-31.76%) to 5.66% (2.74-23.54%) (P <0.01) and phase B/N3 was significantly decreased from 25.63
+ 1.04 to 21.84 + 0.81 (P <0.05) with CPAP treatment. With CPAP treatment, the ratio of subtype Al to all CAPs
significantly increased from 58.79% (44.59-73.19%) to 71.39% (52.03-81.02%) (P<0.01) while the ratios of subtypes
A2 and A3 to all CAPs were both significantly decreased (P<0.05). Similarly, subtype A1l index (the number of CAP A1
per hour of N3 sleep) significantly increased from 21.23 (6.43—45.33) to 27.35 (10.57-70.40) (P<0.05), while subtype A2

Table 4 Changes in CAP Parameters with CPAP Treatment

CAP Parameters Without CPAP With CPAP P

CAP/N3 (%) 41.10 £ 3.01 32.98+1.58 <0.05
NCAP/N3 (%) 46.08 + 2.14 50.46 + 0.88 <0.05
Phase A/N3 (%) 12.18 (6.78-31.76) 5.66 (2.74-23.54) <0.01
Phase B/N3 (%) 25.63 + 1.04 21.84 + 0.8 <0.05
CAP AI/CAPs ratio (%) 58.79 (44.59-73.19) 71.39 (52.03-81.02) <0.01
CAP A2/CAPs ratio (%) 15.12 (10.53-26.61) 10.66 (5.16-21.98) <0.05
CAP A3/CAPs ratio (%) 23.84 (12.58-34.31) 17.16 (12.16-26.90) <0.01
Subtype Al index 21.23 (6.43—45.33) 27.35 (10.57-70.40) <0.05
Subtype A2 index 5.20 (2.61-16.00) 2.83 (1.01-8.00) <0.01
Subtype A3 index 6.34 (3.21-16.36) 3.59 (1.91-11.20) <0.01
K complex index | 7.42 (0.00-28.00) 10.16 (1.36-58.81) <0.05
K complex index 2 0.00 (0.00-0.00) 0.00 (0.00-0.00) NS

K complex index 3 0.00 (0.00-0.00) 0.00 (0.00-0.80) NS

Notes: Paired t-tests for data with normal distribution and Wilcoxon signed rank test for data with skew

distribution. Values are presented as median (minimum-maximum).
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and A3 indexes were both significantly decreased (P<0.01). In addition, with CPAP treatment, the K complex index 1
(number of K complexes in CAP subtype Al per hour of N3 sleep) significantly increased from 7.42 (0.00-28.00) to
10.16 (1.36-58.81) (P<0.05), but no changes in K complex indexes 2 and 3 (number of K complexes in CAP subtype A2
and A3 per hour of N3 sleep).

Effects of CPAP Treatment on EEG Power of CAP During NREM Sleep Stage 3

In phase Al, the absolute power of delta and theta waves was significantly increased while that of beta waves was
significantly decreased and that of alpha waves was not significantly changed with CPAP treatment. In contrast, in phase
A2, the absolute power of delta waves was not significantly changed while that of alpha and beta waves was significantly
decreased with CPAP treatment. Moreover, in phase A3, the absolute powers of EEG waves (e.g. delta, theta, and beta
waves) showed a general trend of decrease with CPAP treatment. With CPAP treatment, a general trend of decrease in the
absolute power of delta waves in phase B (B1, B2, and B3) was found while those of other EEG waves were either
significantly decreased or unchanged (Figure 2).

In phase Al, the relative power of delta waves was significantly increased, while that of other EEG waves showed
a trend of decrease with CPAP treatment. In contrast, in phase A2, the relative power of delta waves was not significantly
changed while that of beta waves was significantly decreased. In phase A3, the relative power of delta waves was
decreased, while that of other EEG waves were decreased with CPAP treatment. With CPAP treatment, the relative power
of delta waves was significantly decreased and that of theta waves was significantly increased in phase B1 and B3 while
both were not significantly changed in phase B2. The relative power of beta waves, but not that of alpha waves was
significantly decreased in all phase B (Figure 3).

Effects of CPAP on Duration Ratio and Absolute Power of EEG Waves During NCAP
of NREM Sleep Stage 3

The percentage of duration of N3 sleep occupied by the segments containing EEG waves with amplitudes >75 pV, but
not <75 puV, in the NCAP of N3 sleep was significantly increased by CPAP treatment (Figure 4).

The absolute and relative power of EEG waves did not show obvious changes with CPAP treatment (Figure 5). EEG
data were divided into segments containing delta waves with amplitudes <75 pV and >75 pV to further examination of
effects of CPAP treatment. The absolute and relative power of delta waves with amplitudes >75 pV was significantly
increased, while absolute and relative power of delta waves with amplitudes <75 uV was not significantly changed with
CPAP treatment (Figure 5).

Discussion

CPAP is the treatment of choice for OSA and is associated with many changes in OSA patients with the treatment. In the
current study, we systematically examined the effects of CPAP on EEG activities in sleep stage 3 by focusing its effects
on CAPs and found the ratio of CAP Al/all CAPs was significantly increased, power of delta waves in phase Al and the
power of waves >75 pV in NCAP were significantly increased while power of delta waves in phase B1, A3 and B3 was
significantly decreased and there were no changes in power of waves <75 uV in NCAP and phase A2 and B2. These
findings suggest that CPAP has different effects on different types of CAPs and on delta waves depending on their
amplitudes in NCAP.

CAP is a marker of brain activity that occurs in conditions of reduced vigilance (sleep, coma, etc.), and contributes to
arousal in both normal and pathological conditions.'® It is proposed to restore a steady cortical state through sustained
oscillations and considered to be the main manifestation of sleep microstructure, which represents a local pillar of sleep
quality just as sleep duration, intensity, and continuity.”’* CPAP is the treatment of choice for OSA and can reverse the
negative effects of OSA on sleep, shown as increases in N3 sleep, decreases in microarousals and improvements of sleep
efficiency in addition to improvement of hypoxemia (Table 2). Furthermore, it was shown that CAP subtype A1l occurred
more commonly than A2 and A3 during sleep stage N3 regardless of CPAP treatment (Table 4) and the ratio of phase A2
and A3 duration to total duration of phase As was found to be positively correlated with AHI in sleep stage N3, while the
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Figure 2 Comparison of the absolute power of four waves (delta, theta, alpha, and beta) of phase Al (A), phase Bl (B), phase A2 (C), phase B2 (D), phase A3 (E), and
phase B3 (F) of CAPs during sleep stage N3 without (solid bars) and with CPAP treatment (blanket bars). With CPAP treatment, the absolute power of delta waves was
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either significantly decreased or unchanged. Values are shown as mean + SEM. Paired t-tests. *P<0.05, **P<0.01.

2082 e Nature and Science of Sleep 2022:14

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Chen et al

Phase A1 Phase B1
A ok B *
109 1 o454 B No CPAP 109 7] 0.15+ B No CPAP
[ CPAP *x [ CPAP
0.8 ° 0.8 ]
. 2 0.10+ . 3 0.104 |—I
$ s 2 °
3 0.6 e g 0.6 2
2 04 g "7 * S 04 2 %
- 4 - B *
k) rl = & M
& 0.2- 0.00- & 0.2 © 0.00
theta alpha beta theta alpha beta
0.0 [ R 0.0- i__l___l [ e
1 1 1 I I 1 1 1 1 1 I I 1 1 I 1
delta theta alpha beta delta theta alpha  beta
EEG waves EEG waves
Phase A2 Phase B2
C D
1.09 0.15- B No CPAP 1.07 0.15 B No CPAP
1 CPAP 1 CPAP
0.8 5 0.8 5
. 0.10-
5 §0.10 5 s
§_o.e— e E 0.6 g
o S 0.05+ ° g 0.05- .
2 0.4- [ N 2 0.4-
5 1 ki [
& 0.2 0.00- 0.2 00
' theta alpha beta ’ theta alpha  beta
0.0 - o 0.0 ] o
I I 1 1 I I I I 1 1 I I 1 1 I 1
delta  theta  alpha beta delta  theta  alpha beta
EEG waves EEG waves
Phase A3 Phase B3
E F
1.0 * 0.15+ HEE No CPAP 1.0
0.15+ Il No CPAP
1 N x [ CPAP ] CPAP
0.8 (] 0.8 = *
2 0.10 g
g % g §0.10— |_|
g 0.6 2 S 0.6 2
> 3 0.05- > B 0.05-
2 0.4 *k 2 0.4 x *
= 1 ® 1
© 0.00- ©
& 0.2+ theta alpha beta & 0.2 theta alpha beta
i ] o i [ E—
0.0 0.0
T T T 1 1 1 I 1 1 1 1 1 1 1 1 1
delta theta alpha beta delta theta alpha beta
EEG waves EEG waves

Figure 3 Comparison of the relative power of four waves (delta, theta, alpha, and beta) of phase Al (A), phase Bl (B), phase A2 (C), phase B2 (D), phase A3 (E), and phase
B3 (F) of CAPs during sleep stage N3 without (solid bars) and with CPAP treatment (blanket bars). With CPAP, the relative power of delta waves was significantly increased
in phase Al (A), unchanged in phases A2 (C) and B2 (D), and significantly decreased in phases Bl (B), A3 (E), and B3 (F), that of theta waves was significantly increased in
phases BI, A3 and B3, and that of other waves was either significantly decreased or unchanged. Values are shown as mean + SEM. Paired t-tests. *P<0.05, **P<0.01.

Nature and Science of Sleep 2022:14 heeps: 2083

Dove:


https://www.dovepress.com
https://www.dovepress.com

Chen et al Dove

§ * %

S 40- Il No CPAP
:.g 1 CPAP
5 304

o

™

Z 20-

[T

(o)

S 10-

8

c

e =

g_’ <75uV  =75uV

Amplitude

Figure 4 The percentages of duration of N3 sleep occupied by EEG waves with amplitudes < 75 uV and 275 uV in NCAP in the OSA patients without (solid bar) and with
CPAP treatment (blanket bar). The percentage of EEG waves with amplitudes 275 puV, not <75 pV was increased with CPAP treatment. Values are shown as mean * SEM.
Paired t-test, **P<0.01.

ratio of phase A1l duration to total duration of phase As was found to be negatively correlated with AHI in sleep stage N3
(Figure 1). Nevertheless, a majority of CAP subtypes A2 and A3 was associated with OSA while most of CAP subtype
Al was not, and more percentage of CAPs became no respiratory event related with CPAP treatment (Table 3). Since
sleep apnea acts as an arousal stimulus to activate the patient’s autonomic nervous function, it is mainly used to generate
EEG changes dominated by rapid low-voltage CAP A3 and mixed fast and slow rhythm CAP A2 to restore breathing
after apnea. Most arousals during NREM sleep were found to be included in the CAPs, especially in subtype A2 or A3,
and the extensive overlap between arousal and subtype A2 and A3 was obvious given the fact that 95% of subtype A3
and 62% of subtype A2 met the AASM criteria for arousal.”>*® CPAP treatment was found to reduce the occurrence of
apnea and decreased CAP A2% and A3% in the current study, which indicates that arousals with CPAP treatment were
decreased and sleep quality was improved in patients with OSA. This might be due to increases in stable sleep and
decreases in AHI index as results of CPAP treatment. Indeed, CPAP treatment was found to be associated with increases
in duration and percentage of sleep stage N3 and sleep efficiency, and decreases in arousal index and microarousal index
in addition to improvement of respiration and hypoxemia in the current study (Table 2).

The specificity of CAP is mainly provided by phase A and all phase A subtypes have been shown to be capable of
reinstatement of breathing, since respiration recovering after the offset of apneic period of OSA occurred with all phase
A subtypes, with the strongest effect nonetheless noted during phase A3 subtype.'"'* Increased CAP can be induced by
the conditions that induce vigilance instability such as noise, insomnia, interictal EEG paroxysms, nocturnal seizures,
and periodic leg movements.*> While CAP phase A (especially A3) is always accompanied by respiratory compensa-
tion, this is due to the fact that the CAP phase A with a desynchronized pattern (i.e. predominant o and B-like activity) is
strongly associated with stronger transient arousal and has a greater impact on neurovegetative function.”® It may
represent the ability of the brain to control and maintain sleep in pathological environments. Each subtype of CAP A will
be adjusted to the physiological or pathological conditions of the brain. Therefore, CAP phase A3 with a fast and low
amplitude rhythm has the strongest excitation response and plays a major role in respiratory compensation in OSA
condition. Whereas the CAP phase Al with slow-wave mode and CAP phase A2 in hybrid mode rarely interrupted
apnea and only resumed effective breathing when converted to the more powerful CAP phase A3. Most arousals during
NREM sleep were found to be included in the CAPs, especially in subtype A2 or A3, and subtype A2 and A3 were
positively correlated with light sleep and negatively correlated with deep sleep.”**® Regular EEG oscillations in the
transition from light sleep to deep stable sleep are basically expressed by the subtype A1, which is mainly composed of
slow waves.'! Subtype Al is usually predominant in patients with mild OSA while subtypes A2 and A3 dominate in
moderate to severe OSA patients.>* Persistent mechanical and functional triggers such as hypoxia, hypercapnia, and
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respiratory effort gradually shift CAP from sleep protective (subtype Al) to arousal responses (subtype A2 and A3),
leading to sleep fragmentation.'®>” The OSA patients with excessive sleepiness showed longer CAP time, higher CAP
rate (especially subtype A2), greater number of CAP cycles and a lower mean duration of phase B than those without
excessive sleepiness, but the number of arousals and arousal index did not differ significantly in the OSA patients with
and without excessive daytime sleepiness although the number of arousals is often used to assess the level of sleep
fragmentation.*®

The current study showed that patients treated with CPAP had higher delta power in CAP phase Al, increased CAP
A1% and reduced CAP A2% and A3%, suggesting that CPAP treatment reduced the patient’s arousal impulse and that
CAP A2 and A3 played a less important role in restoring normal respiration and was switched to CAP Al (lower
frequency and higher amplitude). CPAP treatment reduced the occurrence of apnea as well as CAP A2% and CAP A3%
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in the current study, which further suggests the decreased arousals after CPAP treatment and improved sleep quality with
CPAP treatment in OSA patients. The changes in CAP parameters (increase in A1% and decrease in A2% and A3%) and
increased delta power in CAP phase Al with CPAP treatment support the hypothesis that CPAP helps restore
neurocognitive function. CAP parameters might provide a more appropriate evaluation for sleep.

CAP subtype Al has been considered to be related to a deeper and more efficient slow wave sleep that facilitates
processes of synaptic plasticity and phase-amplitude coupling. It was found in a previous study that there was
a significant positive correlation between the phase Al and neurocognitive tests that characterize frontal cognitive
function (e.g. language fluency, memory process, and language learning).!' Since phase Al mainly consists of slow
waves (distributed in the frontal lobe area), its EEG shows a strengthened network structure associated with increased
cognitive function, and fluctuations in delta waves during sleep stage N3 contribute to the consolidation of memory
traces acquired during wakefulness.'"'*** This suggests that the increase in delta power of phase Al in OSA patients
after CPAP will have a positive effect on patients’ daytime memory. K-complex is an important component of EEG
transients associated with the termination of respiratory events, and the vast majority of K-complexes associated with
respiratory events occur prior to event termination; the gradual increased delta power may reflect the gradual induction of
evoked K complexes.*” Patients with CPAP treatment were shown to be associated with an increase in K-complexes with
increased CAP subtype Al (Table 4), which may indicate that the K-complex in phase Al plays a defense or sleep
protection function as previously reported.”’ However, the K-complex indexes in CAP A2 and A3 were unchanged as
K-complexes rarely occurred with CAP A2 and A3. These findings might indicate the patients’ sleep quality was
improved.

CAP A2 is a type of CAPs happening between stable sleep associated with CAP Al and unstable sleep associated
with A3. CPAP did not significantly affect delta and theta power of CAP A2 and only decrease alpha and beta power of
CAP A2 although the number of CAP A2 was decreased with CPAP treatment, which might also be associated with
improvement of the patients’ sleep quality.

CAP subtype A3 is predominantly associated with cortical arousals and sleep fragmentation.'' In the current study,
we have shown that both absolute delta, theta, and beta power of CAP subtype A3 were significantly decreased with
CPAP while relative delta, beta power of CAP subtype A3 were decreased. This might be due to reduction of CAP A3,
which commonly occurred with OSA, as a result of inhibition of the appearance of OSA with CPAP treatment. Once
CAP A3 occurred with CPAP treatment, it showed less delta power and more power of higher frequency waves, it
might be compensatory as it was less likely to occur. Cognitive performance appears to be inversely associated with
the phase A2, whereas the phase A3 is inversely associated with planning and motor sequences.*? The increased A1%
and the decreased A3% after treatment support the hypothesis that CPAP therapy helps restore neurocognitive
function.

In healthy people, phase A in CAP may correspond to the very slow delta rhythm and higher frequency EEG waves,
and these EEG activities are inhibited during phase B.*> Mean phase B duration was elevated in OSA patients, and fewer
phase B seemed to have a protective effect on sleep segments.”** In the current study, it was found that percentage of
total phase B of CAP occupying N3 sleep in duration was decreased with CPAP treatment (Table 4). Furthermore, the
changes in powers of EEG waves during phase B1, B2, and B3 (Figures 3 and 5) associated with CPAP showed a general
trend of inhibition of EEG wave activities especially delta waves with CPAP treatment, which might reflect an
improvement of oscillation of EEG waves.

REM sleep is characterized by a lack of synchronized EEG, and phase A of REM sleep is dominated by fast low-
amplitude rhythms (predominantly phase A3). Under normal circumstances, CAP does not occur during REM sleep.
However, it is also possible to identify CAP consisting of phase A3 in REM sleep under conditions of extremely high
frequency arousal, such as periodic REM sleep-related sleep apnea events.”® However, a predominantly fast low
amplitude rhythm consisting of CAP A3 was observed in REM sleep of only four OSA patients among 18 subjects
with a minimum SpO, in the range of 55-58% during sleep stage N3, which may be because most patients with less
severe OSA required to have CAP A3 during REM sleep in the current study.

NREM sleep is also characterized by prolonged stationary activities (i.e. NCAP) in addition to CAPs. NCAP is the
tonic condition of sleep and controls subsystems that affect sleep mechanisms and is closely related to enabling them to
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achieve a global stable state in mutual equilibrium.'"** In the current study, it was found that CPAP treatment was also
associated with larger delta power and longer NCAP duration of sleep stage N3 with delta waves having an amplitude of
75 uV and higher (Figures 4 and 5) although the overall delta power was not changed during NCAP period of N3 sleep
(Figure 5), which might suggest increased role of NCAP in stabilizing sleep by increasing NCAP/N3, and delta waves
with amplitudes >75 pV with CPAP treatment.

In short, the current study has shown the changes in sleep microstructure in OSA patients during sleep stage N3 with
CPAP treatment in consideration of CAP and NCAP and revealed that CPAP treatment could improve the sleep quality of
OSA patients mainly by increasing delta power and decreasing higher frequency waves of CAP subtype Al, and
decreasing the CAP subtype A2 and A3 indexes as well as increasing NCAP/N3 and power of delta wave with
amplitudes >75 pV during NCAP. The CAP parameters may be appropriate arousal-related EEG markers for evaluation
of sleep and can be used to assess improvement of sleep quality in OSA patients with CPAP treatment.

Limitation
In this study, sleep microstructures including CAPs and NCAP in patients with OSA without and with CPAP treatment
were examined with some limitations. The number of subjects was relatively small and no healthy control group was
included in the study. In addition, the study only focused on the effects of CPAP treatment on sleep stage N3 and no
comparison between male and female patients was carried out.

Further studies are needed to examine the effects of CPAP treatment on CAPs and NCAP in sleep stage N3 and other
sleep stages in large samples of male and female subjects separately.
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