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Objective: Continuous positive airway pressure (CPAP) therapy is recognized as first-line treatment for obstructive sleep apnea 
(OSA), but tolerance to pressure adjustments may differ with age. In this study, we examined age-related differences in physiological 
and neurophysiological responses following CPAP pressure adjustment.
Methods: In this retrospective study, we analyzed baseline polysomnography (PSG) and CPAP titration data from 40 individuals, 
including 20 younger (<65 years) and 20 older adults (≥65 years) matched at the group level. Time-specific analyses were conducted 
using 10-min windows following pressure adjustments. Group comparisons across predefined pressure categories of CPAP (4–5, 6–7, 
and ≥ 8 cmH2O) and age groups were performed using one-way analysis of variance (ANOVA) or Kruskal–Wallis tests, as 
appropriate, with post-hoc analyses. Single and multiple linear regression analyses were conducted to assess associations between 
CPAP pressure categories and physiological responses, using the 4–5 cmH2O group as the reference and adjusting for prior pressure 
change history and sleep-stage distribution.
Results: Both age groups demonstrated improvements in sleep architecture and sleep disorder indices during CPAP titration. Among 
older individuals, analyses of 10-min periods following pressure adjustments showed a higher arousal frequency, increased elevated 
standard deviation (SD) of normal-to-normal (NN) intervals (SDNN) and low-frequency (LF)/high-frequency (HF) ratios, and reduced 
slow-wave peak-to-peak amplitudes and slopes compared to younger counterparts. Regression analyses further indicated associations 
between pressure categories, HRV features, and slow-wave characteristics in the elderly group.
Conclusion: These findings highlight potential age-related differences in short-term responses to pressure adjustments for CPAP. 
Future prospective studies are needed to validate and enhance the generalizability and robustness of these findings.
Keywords: continuous positive airway pressure titration, arousal event, slow-wave characteristic, heart rate variability, aging, sleep 
medicine
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Introduction
Continuous positive airway pressure (CPAP) therapy is first-line treatment for moderate-to-severe obstructive sleep apnea 
(OSA).1 Its therapeutic effects in reducing respiratory events and improving sleep quality are well documented.2 

However, adherence to CPAP remains a persistent challenge, particularly among older adults.3,4 Previous studies 
demonstrated that low CPAP compliance diminishes therapeutic efficacies and may exacerbate comorbidities such as 
cardiovascular,5 metabolic,6 and cognitive dysfunctions.7 These adverse consequences tend to be more pronounced in 
older individuals, who are generally more susceptible to physiological stress, multimorbidity, and impaired sleep 
regulation.8 Among the barriers to CPAP use, intolerance to pressure changes remains one of the most frequently 
reported issues, particularly among older adults who exhibit heightened sensitivity.9 These observations underscore the 
importance of examining age-related differences in sleep-related physiologic responses across different pressure settings 
for CPAP.

The standard protocol for determining optimal pressure for CPAP involves stepwise titration during sleep to eliminate 
respiratory events and oxygen desaturation.10 Clinically, according to American Academy of Sleep Medicine (AASM) 
guidelines for adults, the pressure of CPAP is increased by at least 1 cmH2O after three apneic events, four hypopneic 
events, or 5 min of continuous snoring, until reaching an optimal level. The optimal titration pressure is defined as the 
lowest pressure that reduces the respiratory disturbance index (RDI) to <5 events/h for at least 15 min, including supine 
rapid eye movement (REM) sleep without frequent arousals or awakenings.11 Although this strategy effectively stabilizes 
breathing in patients with OSA, higher pressure levels may also increase sleep fragmentation and the arousal frequency.12 

These effects may be more pronounced in older adults, who often display age-related alterations in ventilatory control, 
including higher loop gain and increased upper airway collapsibility.13 A prior study suggested that elderly patients 
required lower pressure for CPAP titration, potentially reflecting a greater burden of comorbidities as well as changes in 
respiratory structure and function.14 Hence, while the standard titration effectively addresses respiratory events, under
standing its broader implications for sleep physiology in older adults may provide additional insights within existing 
treatment frameworks.

Beyond sleep arousals, neural-related features, such as slow-wave activity and autonomic regulation, may also be 
affected by incrementally increased pressures in CPAP.15,16 Specifically, slow-wave activity, defined by electroencephalo
graphic frequencies of 0.3–1.5 Hz, reflects synchronized cortical oscillations essential for memory consolidation and neural 
recovery.17 Alterations in slow-wave characteristics have been linked to reduced sleep quality, and effects on memory 
consolidation and cognitive decline.18,19 High pressures during CPAP can also augment sympathetic activation,20 stimulat
ing mechanoreceptors and reflex pathways that destabilize ventilatory control and interfere with the occurrence of slow- 
wave sleep.21 Prolonged settings for high CPAP may further enhance sympathetic dominance,22 opposing the parasympa
thetic activity required for deep sleep. Such an autonomic imbalance can be reflected by the heart rate variability (HRV), an 
index representing the sympathetic-parasympathetic balance and its relationships to memory, emotion, and cardiovascular 
function.23,24 Previous studies suggested that excessive increases in pulmonary ventilation or airflow during high pressures 
for CPAP may disturb this autonomic balance.25,26 However, the underlying mechanisms linking pressures for CPAP to 
alterations in slow-wave activity and HRV have not yet been systematically investigated, particularly in the context of age- 
related physiological differences.

In this study, we explored age-related differences in sleep disorder indices, slow-wave characteristics, and HRV 
features across pressure levels for CPAP titration. The dataset included 40 participants—20 younger and 20 older 
individuals—from northern Taiwan, comprising both baseline polysomnography (PSG) and CPAP titration recordings. 
Beyond conventional sleep parameters, we further examined slow-wave characteristics and HRV features under different 
pressure settings in each age group. We hypothesized that elderly individuals with OSA would exhibit more-frequent 
arousals, greater alterations in autonomic regulation, and reduced slow-wave sleep quality and quantity compared to 
younger individuals. The null hypothesis was that no age-related differences would be observed across pressure levels for 
CPAP. Findings of this study may enhance our understanding of physiological changes associated with pressure 
adjustments for CPAP in both younger and older individuals with OSA. These observations also highlight the importance 
of examining age-related differences in physiologic responses across different pressure settings for CPAP.
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Materials and Methods
Ethical Statement
This study was approved by the Joint Institutional Review Board (IRB) of Taipei Medical University (approval no. 
TMU-N202508084, approval date: August 26, 2025), and was conducted in accordance with guidelines of the 
Declaration of Helsinki. Data collection, anonymization, analysis, and storage were performed in full compliance with 
the approved research protocol. Given the retrospective design and the absence of any risk to the rights or welfare of 
participants, the requirement for informed consent was waived by the IRB.

Study Design and Participant Enrollment
This retrospective study collected data from the Sleep Center of Taipei Medical University – Shuang Ho Hospital 
between June 2023 and December 2024. Participants were identified using a consecutive sampling approach from 
patients referred for a PSG examination and CPAP titration. Eligible individuals met the following inclusion criteria: 
(1) aged 20–85 years; (2) having completed both baseline PSG and CPAP titration within a 3-month interval; and (3) 
with no prior history of invasive treatment for OSA, such as otorhinolaryngological surgery. The requirement that 
baseline PSG and CPAP titration be completed within a 3-month interval was chosen to align with real-world scheduling 
practices for PSG examinations. This timeframe accounts for systemic constraints, such as limited laboratory availability 
and extensive patient waiting lists, while aiming to minimize potential changes in an individual’s health status and to 
ensure adequate sample retention. Baseline characteristics, including gender, age, body-mass index (BMI), neck 
circumference, and waist circumference, were obtained from electronic medical records. Sleep reports of both examina
tions and their corresponding physiological signal data were retrieved. The younger (< 65 years) and older (≥ 65 years) 
cohorts were balanced at the group level through matching for sex, BMI, and OSA severity to ensure comparability 
between the two cohorts.

Sleep Data Collection and Preprocessing
Overnight in-laboratory PSG was conducted using a ResMed Embla N7000 (ResMed, San Diego, CA, USA) and an 
Embla MPR (ResMed Global Supplier Alliance, Sydney, Australia) both before and during CPAP titration. Multiple 
physiological signals were recorded, including electromyography, electroencephalography (EEG), electrocardiography 
(EKG), respiratory patterns, and oxygen saturation. All recorded signals were analyzed and scored using RemLogic 
software (vers. 3.41, Embla, Thornton, CO, USA) by licensed technicians who attended monthly training sessions to 
ensure accuracy, aligning with the 2017 AASM manual.27 CPAP titration was performed following standardized stepwise 
titration protocols.11 Sleep parameters of interest included sleep architecture—wake, REM, and non-REM (NREM) 
stages—along with the arousal index (ArI), apnea-hypopnea index (AHI), and oxygen desaturation index (ODI). 
Additionally, apneic and hypopneic events were identified and expressed as total counts. Pressures of CPAP were 
categorized into three predefined groups (4–5, 6–7, and ≥ 8 cmH2O) to reflect common titration steps and variability in 
pressure adjustment settings (eg, increments of 1 or 2 cmH2O). This standardized categorization ensured sufficient 
observations within each pressure category to support robust statistical comparisons across both age groups. To evaluate 
acute physiological responses to pressure increments and align with the titration protocol—particularly given that some 
pressure adjustments occur rapidly during early titration stages—data were analyzed using standardized 10-min windows 
immediately following each pressure adjustment within the predefined categories. This approach enabled the assessment 
of temporal changes across different pressure levels.

Slow-Wave Detection and HRV Analysis
Slow-wave activity throughout the night was quantified from EEG signals using the YASA open-source Python toolbox 
(vers. 0.6.5; Python Software Foundation, Fredericksburg, VA, USA). Slow-wave detection was adapted from previously 
published methods with minor modifications.28 EEG signals from the F4 electrode channel were band-pass filtered 
between 0.3 and 1.5 Hz to isolate slow-wave activity, consistent with the reference approach. Candidate slow waves were 
identified as negative-positive deflections with a peak-to-peak (PTP) amplitude of ≥ 75 µV. In the present study, a 
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minimum duration threshold of ≥ 0.5 s was additionally applied to standardize detection across recordings. Several slow- 
wave parameters were selected based on prior research linking these features to OSA–related neurophysiological 
alterations and sleep disruption.29 For each detected slow wave, the mean PTP amplitude, slope between the negative 
peak and the subsequent mid-crossing, wave duration, and total number of slow waves were automatically computed. 
The slow-wave index was defined as the average number of detected slow waves per minute of sleep.

HRV features were derived from EKG signals using the hrv-analysis open-source Python module (vers. 1.0.4; Python 
Software Foundation, Fredericksburg, VA, USA), with a sliding-window approach (60-s window with a 30-s stride) to 
capture short-term autonomic dynamics during a 10-min interval.30 This study selected heart rate variability (HRV) 
features that are commonly used markers of autonomic nervous system regulation, including both time- and frequency- 
domain metrics (Table S1). Time-domain features included the standard deviation (SD) of normal-to-normal (NN) 
intervals (SDNN), root mean square of successive differences (RMSSD), and the proportion of adjacent NN intervals 
that differ from each other by more than 50 ms (NN50) relative to total NNs (pNN50). Frequency-domain metrics 
included normalized low frequency (LF; nLF), normalized high frequency (HF; nHF), and the LF/HF ratio were 
determined. To reduce the influence of signal artifacts in EKG recordings, heart rate values below 40 beats per minute 
(bpm) or above 90 bpm were interpolated using median values.31 These thresholds were selected based on prior studies 
defining heart rates above 90 bpm as sinus tachycardia and below 40 bpm as bradycardia during sleep.32 Within short 
HRV analysis windows, such extreme values are more likely to reflect artifacts rather than stable physiological patterns; 
therefore, interpolation was applied to preserve HRV metric continuity.

Statistical Analysis
All statistical analyses were performed utilizing Python (vers. 3.13.5; Python Software Foundation). A two-tailed p value 
of < 0.05 was considered statistically significant for all statistical tests. Individual participants could contribute data 
multiple times—or not at all—to a given pressure category. In addition, analyses of HRV features and slow-wave 
characteristics required artifact-free signal segments, leading to the exclusion of some observations when valid data were 
unavailable. As a result, sample sizes varied across analyses due to differences in data availability.

The Shapiro–Wilk test was first applied to assess the normality of continuous variables. Depending on the data 
distribution, group comparisons were conducted using Student’s t-test for normally distributed variables or the Mann– 
Whitney U-test for non-normally distributed variables. For comparisons involving three groups, a one-way analysis of 
variance (ANOVA) with Tukey’s post-hoc test was performed for normally distributed data, while the Kruskal–Wallis 
test with Dunn’s post-hoc test was used for non-normally distributed variables. A Chi-squared test was used to evaluate 
differences in categorical variables. Using the 4–5 cmH2O group as a reference, simple linear regression models were 
employed to examine associations of predefined pressure categories of CPAP (6–7 and ≥ 8 cmH2O) with sleep disorder 
indices, HRV features, and slow-wave characteristics. Multiple linear regression models were further adjusted for the 
prior pressure change history and sleep-stage distribution (ie, wake, REM, and NREM durations). A post-hoc power 
analysis was conducted for overall pressure-group comparisons using Cohen’s f and an F-test-based approach with a two- 
sided significance level of α=0.05. Results are summarized in Supplementary Materials, Tables S2 and S3.

Results
Baseline Demographics and Sleep Parameters Before CPAP Titration
Table 1 presents comparisons of demographic information and sleep parameters recorded during baseline PSG examina
tions between the elderly and young groups. The mean age of the elderly group (72.00 ± 5.27 years) was significantly 
higher than that of the young group (38.60 ± 7.35 years, p < 0.01). Other demographic variables, including gender, BMI, 
neck circumference, and waist circumference were comparable between the two groups. Regarding sleep architecture, the 
elderly group exhibited a significantly longer wake after sleep onset (WASO; 90.1 ± 42.20 vs 68.39 ± 59.26 min) and a 
higher proportion of wake stage relative to total sleep time (21.72% ± 14.38% vs 14.22% ± 17.46%, both p < 0.05) 
compared to the young group. Conversely, no significant differences were found in sleep efficiency, the ODI, AHI, or ArI 
between the two groups.
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Sleep Parameters Between CPAP Titration and PSG
Comparisons of sleep parameters between the CPAP titration and baseline PSG examinations are demonstrated in Table 2. The 
mean optimal pressure of CPAP was 9.75 ± 3.86 cmH2O in the elderly group and 8.65 ± 3.70 cmH2O in the young group. In 
the elderly group, the proportion of the NREM stage relative to total sleep time (77.66% ± 11.62%) was significantly higher 
during CPAP titration than during the PSG test (50.00% ± 26.94%, p < 0.01). However, no significant differences were found 
in the sleep efficiency, wake ratio, or REM ratio between the two sessions. In terms of sleep disorder indices, ODI values were 
significantly lower during CPAP titration (7.62 ± 6.55 events/h) compared to the PSG examination (44.36 ± 19.89 events/h, p 

Table 1 Comparisons of Baseline Demographics and Sleep Parameters During 
Baseline PSG (N=40)

Variable Elderly Group (N=20) Young Group (N=20)

Age (years)a 72.00 ± 5.27** 38.60 ± 7.35**

Gender (male/female) c 12/8 14/6

BMI (kg/m2) b 25.14 ± 2.73 27.91 ± 5.22
Neck circumference (cm) a 36.42 ± 3.61 38.30 ± 4.12

Waist circumference (cm) a 92.10 ± 10.06 95.60 ± 12.14

Sleep architectureb

Sleep efficiency (%) 65.78 ± 13.89 72.77 ± 16.76

WASO (min) 90.10 ± 42.20* 68.39 ± 59.26*
Wake (% of SPT) 21.72 ± 14.38* 14.22 ± 17.46*

NREM (% of SPT) 50.00 ± 26.94 42.90 ± 33.77

REM (% of SPT) 8.47 ± 6.11 8.21 ± 8.72
Sleep disorder indices (events/h) b

ODI-3% 44.36 ± 19.89 49.27 ± 29.40

AHI 55.38 ± 14.77 58.89 ± 26.31
ArI 42.36 ± 9.68 40.06 ± 16.51

Notes: Data are expressed as the mean ± standard deviation. aDifferences between groups were assessed 
using Student’s t-test for normally distributed data. bDifferences between groups were assessed using the 
Mann–Whitney U-test for non-normally distributed data. cDifferences between groups were assessed using 
the Chi-squared test for categorical variables.*p < 0.05; **p < 0.01. 
Abbreviations: BMI, body-mass index; WASO, wake after sleep onset; NREM, non-rapid eye movement; 
REM, rapid eye movement; SPT, sleep period of time; ODI-3%, oxygen desaturation index ≥3%; AHI, apnea- 
hypopnea index; ArI, arousal index.

Table 2 Comparisons of Sleep Parameters Between CPAP Titration and Baseline PSG (N=40)

Variable Elderly Group (N=20) Young Group (N=20)

CPAP Titration Baseline PSG p value CPAP Titration Baseline PSG p value

Optimal pressure for CPAP (cmH2O) 9.75 ± 3.86 – 8.65 ± 3.70 –

Sleep architecture

Sleep efficiency (%) 69.89 ± 15.29 65.78 ± 13.89 0.38 a 81.00 ± 13.25 72.77 ± 16.76 0.08b

WASO (min) 88.41 ± 45.93 90.10 ± 42.20 0.91a 49.91 ± 52.62 68.39 ± 59.26 0.14b

Wake (% of SPT) 25.21 ± 13.05 21.72 ± 14.38 0.43a 13.86 ± 13.69 14.22 ± 17.46 0.51b

REM (% of SPT) 11.05 ± 8.37 8.47 ± 6.11 0.27a 17.06 ± 8.27** 8.21 ± 8.72** < 0.01b

NREM (% of SPT) 77.66 ± 11.62** 50.00 ± 26.94** < 0.01b 75.60 ± 8.82** 42.90 ± 33.77** < 0.01b

Sleep disorder indices (events/h)

ODI-3% 7.62 ± 6.55** 44.36 ± 19.89** < 0.01b 5.55 ± 4.29** 49.27 ± 29.40** < 0.01a

AHI 7.36 ± 5.80** 55.38 ± 14.77** < 0.01b 4.97 ± 4.45** 58.89 ± 26.31** < 0.01b

ArI 21.67 ± 10.62** 42.36 ± 9.68** < 0.01b 15.52 ± 6.75** 40.06 ± 16.51** < 0.01b

Notes: Data are expressed as the mean ± standard deviation. aDifferences between groups were assessed using Student’s t-test for normally distributed data. 
bDifferences between groups were assessed using the Mann–Whitney U-test for non-normally distributed data. **p < 0.01. 
Abbreviations: CPAP, continuous positive airway pressure; PSG, polysomnography; WASO, wake after sleep onset; SPT, sleep period of time; REM, rapid eye 
movement; NREM, non-rapid eye movement; ODI-3%, oxygen desaturation index ≥3%; AHI, apnea-hypopnea index; ArI, arousal index.
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< 0.01). Similar improvements were observed for the AHI (7.36 ± 5.80 vs 55.38 ± 14.77 events/h) and ArI (21.67 ± 10.62 vs 
42.36 ± 9.68 events/h, both p < 0.01).

The young group exhibited a significantly higher NREM ratio during CPAP titration (75.60% ± 8.82%) than during 
the PSG test (42.90% ± 33.77%, p < 0.01). The proportion of the REM stage relative to total sleep time was also 
significantly higher during CPAP titration (17.06% ± 8.27%) compared to the PSG examination (8.21% ± 8.72%, p < 
0.01). Conversely, ODI values were significantly reduced during CPAP titration (5.55% ± 4.29%) than during PSG 
(49.27% ± 29.40%, p < 0.01). Both AHI and ArI values were also significantly lower during CPAP titration compared to 
PSG (both p < 0.01).

Sleep and Autonomic Responses Within 10 min After Pressure Modifications of CPAP
Each participant contributed 3.85 ± 1.76 windows (range: 1–6 windows/participant) in the young group and 4.45 ± 1.61 
windows (range: 1–6 windows/participant) in the elderly group, depending on the number of pressure adjustments within 
predefined pressure categories during titration. Table 3 summarize changes in sleep disorder indices, HRV features, and 
slow-wave characteristics within a 10-min interval following pressure adjustments of CPAP among elderly participants 
across different pressure categories. The trends of arousal events and slow-wave characteristics across pressure categories 
are illustrated in Figure 1. Arousal events were significantly lower under pressures of 4–5 cmH2O (2.11 ± 2.93) compared 
to pressures of 6–7 cmH2O (4.10 ± 2.96) and ≥ 8 cmH2O (4.46 ± 2.82, both p < 0.01). Although hypopneic events 
showed an increasing trend with higher pressure levels, no significant differences were observed among the three groups. 
Similarly, SDNN values were significantly lower under the 4–5 cmH2O condition (59.32 ± 45.41 ms) than under 6–7 

Table 3 Physiological and Neurophysiological Changes Within 10 min After Pressure Adjustment 
During CPAP Among Elderly Individuals Across Different Pressure Categories (cmH2O)

Variable 4–5 cmH2O (N=36) 6–7 cmH2O (N=31) ≥ 8 cmH2O (N=22)

Sleep disorder indicesa

Arousal events 2.11 ± 2.93+# 4.10 ± 2.96+ 4.46 ± 2.82#

Apnea events 0.28 ± 1.26 0.19 ± 0.65 0.18 ± 0.59

Hypopneic events 1.14 ± 2.54 2.32 ± 3.09 2.32 ± 3.18

HRV featuresa

Time domain

SDNN (ms) 59.32 ± 45.41+# 65.64 ± 47.77+ 71.98 ± 57.09#

RMSSD (ms) 76.33 ± 65.41 80.34 ± 67.37 88.88 ± 81.24
pNN50 (%) 21.79 ± 22.96 22.98 ± 23.78 21.63 ± 24.60

Frequency domain

nLF (%) 37.39 ± 20.14+# 44.05 ± 22.10+ 43.91 ± 21.41#

nHF (%) 62.61 ± 20.14+# 55.95 ± 22.10+ 56.09 ± 21.41#

LF/HF 0.93 ± 1.25+# 1.39 ± 2.02+ 1.30 ± 1.69#

4–5 cmH2O (N=27) 6–7 cmH2O (N=26) ≥ 8 cmH2O (N=17)

Slow-wave characteristics

Mean of PTP amplitude (µV)a 126.30 ± 28.45# 114.15 ± 28.11 104.02 ± 18.61#

Mean of slope (µV/s)b 452.73 ± 138.69# 390.44 ± 183.94 306.43 ± 85.25#

Mean of duration (s)a 1.24 ± 0.15+# 1.37 ± 0.25+ 1.48 ± 0.29#

Slow-wave index (events/min)a 1.53 ± 1.46 0.92 ± 1.16 1.28 ± 1.55

Notes: Data are expressed as the mean ± standard deviation. aDifferences among pressure groups of CPAP were assessed using 
the Kruskal–Wallis test, followed by Dunn’s post-hoc test for multiple comparisons. bDifferences among pressure groups of CPAP 
were assessed using a one-way ANOVA, followed by Tukey’s post-hoc test for multiple comparisons.+A significant difference 
between pressures of 4–5 and 6–7 cmH2O. #A significant difference between pressures of 4–5 and ≥ 8 cmH2O. Individual 
participants could contribute multiple observations—or none—to a given pressure category. Observations without valid HRV 
data or detectable slow waves were excluded, resulting in smaller sample sizes for some variables. 
Abbreviations: CPAP, continuous positive airway pressure; HRV, hear rate variability; SDNN, standard deviation of normal-to- 
normal (NN) intervals; RMSSD, root mean square of successive differences; pNN50, the proportion of adjacent NN intervals that 
differ from each other by more than 50 ms (NN50) divided by the number of NNs; nLF, normalized low frequency; nHF, 
normalized high frequency; PTP, peak-to-peak; Slope, slope between negative peak and mid-crossing.
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cmH2O (65.64 ± 47.77 ms) and ≥ 8 cmH2O (71.98 ± 57.09 ms, both p < 0.05). The RMSSD exhibited a slight upward 
trend with increasing pressure but did not significantly differ across the pressure groups. As for slow-wave character
istics, elderly participants demonstrated significantly greater mean PTP and slope values under pressures of 4–5 cmH2O 
(126.30 ± 28.45 µV; 452.73 ± 138.69 µV/s) than under pressures ≥ 8 cmH2O (104.02 ± 18.61 µV; 306.43 ± 85.25 µV/s, 
both p < 0.05). Conversely, the mean slow-wave duration was significantly shorter at pressures of 4–5 cmH2O (1.24 ± 
0.15 s) compared to 6–7 cmH2O (1.37 ± 0.25 s) and ≥ 8 cmH2O (1.48 ± 0.29 s, both p < 0.05). No significant differences 
were found in the slow-wave index among the three pressure groups. Subgroup analyses comparing initial and optimal 
CPAP pressures in the elderly group are presented in Table S4.

Young participants exhibited different trends in physiological and neurophysiological variables after pressure adjust
ments of CPAP across different pressure groups (Table 4). Corresponding trends in HRV features across pressure 
categories are illustrated in Figure 2. No significant differences were observed in sleep disorder indices among the 
three groups. However, time-domain HRV features—SDNN (57.59 ± 37.38 ms), RMSSD (65.27 ± 52.04 ms), and pNN50 

(18.02% ± 15.53%)—were significantly higher at pressures of 4–5 cmH2O compared to 6–7 cmH2O and ≥ 8 cmH2O (all 
p < 0.05). In the frequency domain, the nLF was lower at pressures of 4–5 cmH2O (44.15% ± 22.78%) and 6–7 cmH2O 
(43.53% ± 22.25%) compared to ≥ 8 cmH2O (47.93% ± 21.07%, both p < 0.05). In contrast, the nHF was higher at 
pressures of 4–5 cmH2O (55.85% ± 22.78%) and 6–7 cmH2O (56.47% ± 22.25%) than at ≥ 8 cmH2O (52.07% ± 21.07%, 
both p < 0.05). The LF/HF ratio was highest at 4–5 cmH2O compared to the other two pressure levels (both p < 0.05). 
Among slow-wave characteristic, the mean PTP amplitude was higher at pressures of 4–5 cmH2O (133.89 ± 26.27µV) 
compared to 6–7 cmH2O and ≥ 8 cmH2O (both p < 0.05). 

Figure 1 Trends in Arousal Events and Slow-wave Characteristics Across Pressure Categories of CPAP. Changes in total arousal events and slow-wave metrics (PTP 
amplitude, slope, duration, and slow-wave index) across three predefined pressure categories (4–5, 6–7, and ≥ 8 cmH2O). The blue line represents the elderly group, while 
the orange line represents the younger group. 
Abbreviations: CPAP, continuous positive airway pressure; PTP, peak-to-peak; Slope, slope between the negative peak and mid-crossing.
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Associations Between Pressure Increments in CPAP and Physiological Responses
Table 5 presents associations between pressures categories of CPAP and sleep disorder indices, HRV features, and slow- 
wave characteristics in the elderly group. Compared to the reference group (4–5 cmH2O), pressures of 6–7 cmH2O were 
associated with a higher number of arousal events (β = 1.89, 95% CI: 0.46–3.32, p < 0.05), while pressures of ≥ 8 cmH2O 
showed a stronger association (β = 2.54, 95% CI: 0.96–4.11, p < 0.01). Similarly, both 6–7 cmH2O (β = 6.33, 95% CI: 
0.98–11.68, p < 0.05) and ≥ 8 cmH2O (β = 12.66, 95% CI: 6.80–18.53, p < 0.01) were associated with higher SDNN 
values relative to the reference group. In the frequency domain, higher pressure categories of CPAP were associated with 
increased nLF (β = 6.51–6.65, both p < 0.01) and decreased nHF. The LF/HF ratio was also associated with pressures of 
6–7 cmH2O (β = 0.46, 95% CI: 0.28–0.64, p < 0.01) and ≥ 8 cmH2O (β = 0.37, 95% CI: 0.17–0.57, p < 0.01), compared 
to the 4–5 cmH2O group. Regarding slow-wave characteristics, pressures of ≥ 8 cmH2O were associated with lower mean 
PTP amplitudes (β = −22.29, 95% CI: −38.54–-6.03, p < 0.01) and reduced mean slopes (β = −146.30, 95% CI: 

Table 4 Physiological and Neurophysiological Changes Within 10 min After Pressure 
Adjustment for CPAP Among Young Individuals Across Different Pressure Categories 
(cmH2O)

Variable 4–5 cmH2O 
(N=30)

6–7 cmH2O 
(N=26)

≥ 8 cmH2O 
(N=21)

Sleep disorder indicesa

Total arousal events 2.10 ± 2.93 3.73 ± 3.07 3.19 ± 3.89

Apnea events 0.23 ± 0.77 0.50 ± 1.66 0.33 ± 0.73

Hypopneic events 1.10 ± 2.07 1.27 ± 1.76 1.43 ± 2.34

4–5 cmH2O 
(N=30)

6–7 cmH2O 
(N=26)

≥ 8 cmH2O 
(N=18)

HRV featuresa

Time domain

SDNN (ms) 57.59 ± 37.38+# 44.10 ± 25.66+ 46.83 ± 35.05#

RMSSD (ms) 65.27 ± 52.04+# 49.24 ± 34.31+ 48.22 ± 42.19#

pNN50 (%) 18.02 ± 15.53+# 15.91 ± 17.35+ 12.80 ± 16.68#

Frequency domain

nLF (%) 44.15 ± 22.78# 43.53 ± 22.25 $ 47.93 ± 21.07#$

nHF (%) 55.85 ± 22.78# 56.47 ± 22.25 $ 52.07 ± 21.07#$

LF/HF 1.59 ± 2.41# 1.39 ± 1.83 $ 1.53 ± 1.76#$

4–5 cmH2O 
(N=28)

6–7 cmH2O 
(N=21)

≥ 8 cmH2O 
(N=14)

Slow-wave characteristics

Mean of PTP amplitude (µV)b 133.89 ± 26.27+# 116.89 ± 21.03+ 114.55 ± 18.16#

Mean of slope (µV/s)a 496.21 ± 156.07 455.12 ± 140.26 425.50 ± 72.71
Mean of duration (s)a 1.28 ± 0.22 1.29 ± 0.23 1.32 ± 0.11

Slow-wave index (events/min)a 1.68 ± 2.14 2.87 ± 4.00 2.13 ± 2.39

Notes: Data are expressed as the mean ± standard deviation. aDifferences among pressure groups of CPAP 
were assessed using the Kruskal–Wallis test, followed by Dunn’s post-hoc test for multiple comparisons. 
bDifferences among pressure groups of CPAP were assessed using a one-way ANOVA, followed by Tukey’s 
post-hoc test for multiple comparisons. +A significant difference between pressures of 4–5 and 6–7 cmH2O. # a 
significant difference between pressures of 4–5 and ≥ 8 cmH2O; $a significant difference between pressures of 
6–7 and ≥ 8 cmH2O. Individual participants could contribute multiple observations—or none—to a given 
pressure category. Observations without valid HRV data or detectable slow waves were excluded, resulting in 
smaller sample sizes for some variables. 
Abbreviations: CPAP, continuous positive airway pressure; HRV, hear rate variability; SDNN, standard devia
tion of normal-to-normal (NN) intervals; RMSSD, root mean square of successive differences; pNN50, the 
proportion of adjacent NN intervals that differ from each other by more than 50 ms (NN50) divided by the 
number of NNs; nLF, normalized low frequency; nHF, normalized high frequency; PTP, peak-to-peak; Slope, slope 
between negative peak and mid-crossing.
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−237.59–-55.00, p < 0.01), relative to the reference group. Additionally, a longer mean slow-wave duration was 
associated with pressures of 6–7 cmH2O (β = 0.13, 95% CI: 0.01–0.26) and ≥ 8 cmH2O (β = 0.24, 95% CI: 0.10– 
0.38, both p < 0.01). Multiple linear regression analyses adjusting for prior pressure change history and sleep-stage 
distribution are presented in Table S5.

Discussion
Results revealed different physiological responses to incremental increases in pressure levels for CPAP between the 
young and elderly group, despite comparable baseline demographics. Both age groups showed significant improvements 
in sleep architecture and sleep disorder indices during CPAP titration. However, incremental increases in pressure during 

Figure 2 Trends in HRV Features Across Pressure Categories of CPAP. Changes in HRV features, including the time-domain and frequency domain, across three predefined 
pressure categories (4–5, 6–7, and ≥ 8 cmH2O). The blue line represents the elderly group, while the orange line represents the younger group. 
Abbreviations: HRV, hear rate variability; CPAP, continuous positive airway pressure; SDNN, standard deviation of normal-to-normal (NN) intervals; RMSSD, root mean 
square of successive differences; pNN50, the proportion of adjacent NN intervals that differ from each other by more than 50 ms (NN50) divided by the number of NNs; 
nLF, normalized low frequency; nHF, normalized high frequency.
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CPAP were accompanied by significantly higher arousal events, elevated SDNN, nLF, and LF/HF ratio values, and 
reduced PTP amplitude and slope in the elderly group. Regression analyses further revealed that higher pressure levels 
were associated with an increased arousal frequency, enhanced sympathetic activation, and diminished slow-wave sleep 
quality among older participants. Notably, these physiological alterations were also found under the optimal pressure 
settings.

The two age groups demonstrated comparable gender distributions, BMI values, and OSA severity levels, except that 
the elderly group had a significantly longer WASO duration and a higher proportion of wake relative to total sleep time. 
These findings are consistent with a previous study reporting that older adults with OSA tend to experience prolonged 
wake periods during sleep.33 Age-related physiological changes in sleep regulation—such as increased unintentional 
napping, cognitive decline, and sleep fragmentation—may partially account for this observation.34 In addition, the higher 
prevalence of central sleep apnea in older adults, which is often accompanied by frequent awakenings, may further 
contribute to the extended WASO duration observed in this age group.35 Regarding differences between sleep parameters 
recorded during CPAP titration and the baseline PSG, both groups exhibited a significantly higher proportion of the 
NREM stage relative to total sleep time during CPAP titration. Moreover, significant improvements were observed in 
sleep disorder indices, including the ODI, AHI, and ArI, across both age groups. These findings align with previous 
reports demonstrating the therapeutic efficacy of CPAP in alleviating OSA-related manifestations.36,37 However, despite 
the well-established benefits of CPAP therapy, the physiological and neurophysiological outcomes of incremental 
pressure adjustments remain insufficiently explored.

Different patterns of sleep disorder indices, HRV features, and slow-wave characteristics were observed between the 
young and elderly groups within the 10-min intervals following pressure adjustments of CPAP. Notably, a significant 

Table 5 Single Linear Regression Analysis of Incremental CPAP Pressure Categories 
with Sleep Disorder Indices, HRV Features, and Slow-Wave Characteristics Among 
Elderly Individuals (N=20)

Variable Beta Coefficient (95% CI)

6–7 cmH2O ≥ 8 cmH2O

Sleep disorder indices

Arousal events 1.89 (0.46, 3.32) * 2.54 (0.96, 4.11)**

Apnea events −0.03 (−0.46, 0.40) −0.01 (−0.49, 0.46)
Hypopnea events 1.13 (−0.26, 2.52) 1.32 (−0.22, 2.86)

HRV features

Time domain
SDNN (ms) 6.33 (0.98, 11.68) * 12.66 (6.80, 18.53)**

RMSSD (ms) 4.01 (−3.62, 11.63) 12.55 (4.20, 20.91) **

pNN50 (%) 1.20 (−1.37, 3.76) −0.15 (−2.96, 2.65)
Frequency domain

nLF (%) 6.65 (4.36, 8.95) ** 6.51 (4.00, 9.02)**

nHF (%) −6.65 (−8.95, −4.36) ** −6.51 (−9.02, −4.00)**
LF/HF 0.46 (0.28, 0.64) ** 0.37 (0.17, 0.57)**

Slow-wave characteristics

Mean of PTP amplitude (µV) −12.16 (−26.58, 2.27) −22.29 (−38.54, −6.03) **
Mean of slope (µV/s) −62.29 (−143.31, 18.73) −146.30 (−237.59, −55.00) **

Mean of duration (s) 0.13 (0.01, 0.26)* 0.24 (0.10, 0.38)**

Slow-wave index (events/min) −0.61 (−1.37, 0.14) −0.25 (−1.11, 0.60)

Notes: Regression models used pressures of 4–5 cmH2O as the reference category. Data were extracted from 
the 10-min window following each pressure change. *p < 0.05; **p < 0.01. 
Abbreviations: CI, confidence interval; CPAP, continuous positive airway pressure; HRV, hear rate variability; 
CI, confidence interval; SDNN, standard deviation of normal-to-normal (NN) intervals; RMSSD, root mean 
square of successive differences; pNN50, the proportion of adjacent NN intervals that differ from each other 
by more than 50 ms (NN50) divided by the number of NNs; nLF, normalized low frequency; nHF, normalized 
high frequency; PTP, peak-to-peak; Slope, slope between negative peak and mid-crossing.
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increase in arousal events with higher pressure settings was exclusively observed in the elderly group. This finding 
suggests that older adults may exhibit heightened sensitivity to pressure fluctuations during CPAP titration, potentially 
related to age-associated alterations in ventilatory control and upper airway mechanics.38 Conversely, hypopneic events 
showed a non-significant upward trend across pressure categories in the elderly group, diverging from the general 
expectation that higher pressures reduce such events. Despite a small effect size and statistical power, this discrepancy 
may be related to transient respiratory instability occurring within the 10-min period following pressure adjustments, as 
older adults may require more time to achieve physiological adaptation. The absence of this pattern in younger 
participants further highlights age-related differences in short-term adaptive responses. Such transient instability may 
partly explain why elderly individuals required higher optimal pressures for CPAP than younger counterparts, despite 
comparable baseline OSA severities. Further investigation is warranted to validate and expand these findings.

Consistently, an upward trend in the LF/HF ratio was observed in the elderly group across higher pressure categories 
of CPAP, while the young group showed the highest LF/HF at lower pressure levels (4–5 cmH2O). These results may 
reflect a transient autonomic imbalance occurring during the short period following pressure adjustments. In particular, 
the elevated LF/HF observed within the 10-min analysis window may have been influenced by arousal-related variability, 
sleep fragmentation, or rapid fluctuations in cardiorespiratory coupling immediately after the pressure increment.39 

Notably, changes in HRV features showed age-specific patterns. SDNN and RMSSD did not exhibit consistent parallel 
changes with the LF/HF ratio, suggesting that the observed variability measures may reflect mixed influences of arousal 
frequency, altered sleep continuity, and short-term autonomic instability. This paradoxical pattern likely reveals a 
compensatory parasympathetic rebound following arousal-related sympathetic surges.40 Among older adults, age-related 
reductions in the baroreflex sensitivity and ventilatory stability may exacerbate an alternating pattern of sympathetic 
activation and parasympathetic recovery following pressure adjustments.41 Regarding slow-wave characteristics, older 
individuals exhibited reductions in the mean PTP amplitude and slope, accompanied by a prolonged mean duration. 
While CPAP treatment is traditionally known to restore reduced slow-wave amplitudes in OSA patients to levels 
comparable to healthy controls,42 the discrepancies observed in our cohort may be attributed to the short-term observa
tion window immediately after pressure adjustments that disrupted cortical synchronization. In addition, age-related 
changes in the cortical structure and reduced slow-wave generation may increase susceptibility to such transient 
disturbances.43 In younger individuals, concurrent reductions in the PTP amplitude and HRV features across higher 
pressure categories of CPAP may similarly reflect short-term arousal-related autonomic and cortical responses following 
pressure adjustments, rather than sustained sympathetic dominance. Consistent patterns were also observed when 
comparing the 10-min intervals following pressure adjustments of CPAP between the initial and optimal titration 
pressures among the elderly group. Additionally, in the elderly group, higher pressure levels (≥ 8 cmH2O) during 
CPAP were significantly associated with increased arousal events, augmented sympathetic activity, and attenuated slow- 
wave characteristics relative to 4–5 cmH2O. These findings highlight that pressure adjustments may be associated with 
concurrent changes in the arousal frequency, autonomic regulation, and slow-wave characteristics, particularly in older 
adults. Therefore, physiological responses related to autonomic and cortical stability—such as the arousal frequency, 
HRV features, and slow-wave activity—may provide a complementary context to respiratory indices during CPAP 
titration.

This study has several strengths. To our knowledge, it is the first to examine the effects of incremental pressure 
changes during CPAP on physiological and neurophysiological outcomes, including sleep disorder indices, HRV features, 
and slow-wave characteristics. Also, the inclusion of both younger and older participants with comparable demographics 
strengthened the reliability of the observed age-dependent responses to pressure adjustments during CPAP. Additionally, 
time-specific analyses offered insights into temporal interactions of incremental pressure levels of CPAP with sleep 
regulation, autonomic function, and cortical activity. These observations suggest that age-related differences may 
influence adaptation to pressure changes. Specifically, older adults may benefit from more-gradual pressure increments 
or extended stabilization intervals between adjustments to facilitate physiological adaptation. Future prospective studies 
are warranted to validate these hypotheses and determine whether age-specific titration strategies can improve sleep 
stability and treatment tolerance without compromising therapeutic efficacy. Furthermore, exploring the role of oral 
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appliances in the therapeutic pathway may provide valuable insights into managing age-related differences in treatment 
tolerance.44

Several limitations should be acknowledged. Despite IRB approval and the inclusion of multiple physiological 
parameters, the retrospective, single-center design and relatively small sample size limit the generalizability and ability 
to make causal inferences. In addition, the absence of randomized or interventional clinical trial data precludes definitive 
conclusions regarding treatment effects. Accordingly, this study should be interpreted as exploratory and hypothesis- 
generating. Pressures of CPAP were grouped into three predefined categories that were consistently applied across age 
groups to ensure sufficient observations within each category and facilitate comparability. However, this standardized 
categorization might not fully capture individual-level optimal pressure ranges and may limit generalizability to other 
populations. Future studies involving larger and more-diverse cohorts, as well as alternative pressure categorizations or 
individualized pressure modeling approaches, are warranted. Next, although time-specific analyses were used to 
characterize short-term physiological responses following pressure adjustments, multiple observations per individuals 
across different pressure categories were included. This may have introduced within-subject dependency that was not 
fully accounted for in the current analytical framework, thereby constraining the robustness of causal inferences. Future 
prospective studies employing longitudinal or mixed-effects modeling approaches are needed to validate and extend these 
findings. In addition, although the sleep stage distribution within the analysis windows and prior pressure adjustment 
history were accounted for in the multiple regression analyses, factors such as medication use and comorbid conditions 
may also contribute to inter-individual variability and warrant further examination. While a standardized fixed-amplitude 
threshold was applied for slow-wave identification to ensure analytical consistency across individuals, age-related 
attenuation of EEG amplitudes may influence slow-wave detection. In addition, while preprocessing of EKG signals 
was implemented to reduce transient artifacts, this approach may have attenuated true extreme values. Thus, findings 
related to slow-wave characteristics and HRV features should be interpreted as relative differences across pressure 
categories rather than absolute measures of cortical slow-wave generation and autonomic activity. Future research 
incorporating age-specific or individualized detection criteria are warranted to validate and improve the robustness of 
the results. Finally, the 3-month interval and the10-min analysis window reflected routine clinical workflows but may 
inherently introduce bias related to unmeasured physiological changes. Future prospective studies are needed to 
investigate longer-term physiological effects of sustained CPAP pressure exposure.

Conclusions
This study examined temporal physiological and neurophysiological responses to pressure adjustments during CPAP in 
younger and older individuals. In the elderly group, increased arousal events and an elevated LF/HF ratio were linked to 
relatively high pressure levels, along with a lower slow-wave PTP amplitude and slope. Regression analyses further 
indicated associations between pressure categories and alterations in autonomic regulation and changes in restorative 
sleep characteristics among elderly individuals. These findings suggest the potential value in incorporating age-related 
considerations into CPAP titration to support therapeutic efficacy while reducing sleep instability in elderly patients. 
Future prospective studies are needed to validate age-specific titration strategies and to enhance the generalizability and 
robustness of these findings.
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