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Study Objectives: Obstructive sleep apnea (OSA) is associated with increased cardiovascular risk. The effect of OSA treatment with continuous positive 
airway pressure (CPAP) on the cardiovascular response to a stressor is unknown. We sought to determine the effect of CPAP therapy on heart rate variability 
(HRV) and arterial stiffness, at baseline, in response to, and recovery from a physiological stressor, Angiotensin II (AngII), in humans with OSA.
Methods: Twenty-five incident healthy subjects (32% female; 49 ± 2 years) with moderate-severe OSA and nocturnal hypoxia were studied in high-salt 
balance, a state of maximal renin-angiotensin system (RAS) suppression, before CPAP, and after 4 weeks of effective CPAP therapy (usage > 4 h/night) in a 
second identical study day. HRV was calculated by spectral power and time domain analysis. Aortic augmentation index (AIx) and carotid-femoral pulse-wave 
velocity (PWVcf) were measured by applanation tonometry. HRV and arterial stiffness were measured at baseline and in response to AngII challenge (3 ng/
kg/min·30 minutes, 6 ng/kg/min·30 minutes, recovery·30 minutes). The primary outcome was the association between CPAP treatment and HRV and arterial 
stiffness responses to, and recovery from, AngII challenge. In an exploratory analysis subjects were stratified by sex.
Results: CPAP corrected OSA and nocturnal hypoxemia. CPAP treatment was associated with increased sensitivity and delayed recovery from AngII (Δln 
HF [high frequency; recovery: −0.09 ± 0.19 versus −0.59 ± 0.17 ms2, P = .042; ΔrMSSD [root mean successive differences; recovery: −0.4 ± 2.0 versus 
−7.2 ± 1.9 ms, P = .001], ΔpNN50 [percentage of normal waves differing ≥ 50 ms compared to the preceding wave; AngII: 1.3 ± 2.3 versus −3.0 ± 2.4%, 
P = .043; recovery: −0.4 ± 1.4 versus −6.0 ± 1.9%, P = .001], all values pre-CPAP versus post-CPAP treatment). No differences were observed by sex. There 
was increased AIx sensitivity to AngII after CPAP among men (8.2 ± 1.7 versus 11.9 ± 2.2%, P = .046), but not women (11.4 ± 1.5 versus 11.6 ± 2.1%, P = .4). 
No change in PWVcf sensitivity was observed in either sex.
Conclusions: CPAP therapy was associated with delayed cardiovagal reactivation after a stressor and down-regulation of the arterial RAS. These findings 
may have important implications in mitigating cardiovascular risk in both men and women with OSA.
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INTRODUCTION

Obstructive sleep apnea (OSA) is common1 and increases the 
risk of hypertension,2 bradyarrhythmias,3 and cardiovascular 
disease (CVD).4,5 Continuous positive airway pressure (CPAP) 
is an effective treatment for OSA6 and CPAP use is associated 
with lower rates of CVD.4,5 However, CPAP therapy can be 
limited by poor adherence7 which mitigates its cardioprotective 
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efficacy.8,9 In fact, several studies have demonstrated cardio-
vascular benefit in only those subjects who are adherent to 
CPAP > 4 h/night.8–10 A more complete understanding of the 
pathophysiology linking OSA to increased CVD may provide 
alternative therapeutic strategies for those who are unable to 
tolerate CPAP.

Impaired cardiovascular recovery after a physiologic chal-
lenge is associated with increased cardiovascular risk and 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Obstructive sleep apnea (OSA) is associated with increased cardiovascular risk and bradyarrhythmias, 
including alterations in heart rate variability and arterial stiffness, both validated markers of cardiovascular risk, though the mechanisms remain 
elusive. Whether adherent continuous positive airway pressure (CPAP) therapy in men and women with OSA is associated with improved measures of 
cardiovascular risk in response to a stressor remains unknown.
Study Impact: In men and women with OSA, adherent CPAP therapy was associated with (1) delayed cardiovagal reactivation after exposure 
to an angiotensin II stressor and (2) reduced vascular renin-angiotensin system activity. These findings support a role for the renin-angiotensin 
system in mediating OSA-induced hypertension and cardiovascular disease and highlight an important mechanism by which CPAP may eradicate 
bradyarrhythmias during sleep and convey cardiovascular protection.
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mortality.11 OSA is associated with impaired heart rate vari-
ability (HRV),12–16 reflected by increased cardiac sympathetic 
and parasympathetic tone, as well as increased arterial stiff-
ness.13,17–19 Upregulation of the renin-angiotensin system 
(RAS) is detrimental to cardiovascular outcomes,20 but the 
contribution of the RAS to these validated markers of cardio-
vascular risk is unclear. Further, established sex differences in 
RAS activity,21 HRV,22 and arterial stiffness23 may also have 
important roles in the pathophysiology of OSA in CVD.1,24–26 
Although studies have reported improvements in HRV12–16 and 
arterial stiffness17–19 with CPAP, we sought to determine how 
these markers of cardiovascular risk responded to the physi-
ological stressor Angiotensin II (AngII) as a marker of vascu-
lar RAS activity.22,27,28

In a study designed with the primary objective of investi-
gating the effect of CPAP therapy on the renal RAS and renal 
hemodynamics,29 we also examined the effects of CPAP on 
markers of cardiovascular risk in men and women with OSA. 
We hypothesized that CPAP therapy would increase the car-
dioprotective parasympathetic HRV response to and recovery 
from a stressor (AngII), and that the arterial vasculature would 
be more sensitive to the vasoconstrictor effects of AngII, con-
sistent with a downregulated vascular RAS.22,27,28

METHODS

Subjects
Subjects with OSA were recruited from community patients 
referred for suspected OSA to the Foothills Medical Centre 
Sleep Centre and respiratory homecare companies in Calgary, 
Alberta, Canada, between June 2011 and June 2014. Men and 
women, age 18–70 years with moderate to severe OSA and 
significant nocturnal hypoxemia, were eligible to participate 
in the study. All subjects underwent a medical history, physi-
cal examination, and laboratory screening. Exclusion criteria 
included cardiovascular, cerebrovascular, and kidney disease, 
uncontrolled hypertension (blood pressure > 140/90 despite 
maximal use of antihypertensive medications), diabetes mel-
litus, severe lung disease, current treatment for OSA, current 
smoking, pregnancy, and use of nonsteroidal anti-inflamma-
tory medications or exogenous sex hormones. The primary 
endpoint of change in renal hemodynamics in response to 
AngII post-CPAP therapy has been reported elsewhere.29 In 
this manuscript we report the prespecified exploratory cardio-
vascular endpoint results. The study protocol was approved by 
the Conjoint Health Research Ethics Board at the University 
of Calgary. Written informed consent was obtained from all 
study subjects in accordance with the Declaration of Helsinki.

Determination of OSA Status
Subjects underwent an unattended, overnight cardiopulmo-
nary monitoring study (level 3 sleep study) at home (Remmers 
Sleep Recorder Model 4.2, Saga Tech Electronic, Calgary, Al-
berta, Canada).30 The monitor consists of an oximeter to record 
oxyhemoglobin saturation (SaO2) and HRV, a pressure trans-
ducer to record nasal airflow, a microphone to record snoring, 
and a body position sensor. The oximeter provides the data for 

an automated scoring algorithm that calculates the respiratory 
disturbance index (RDI) based on the number of episodes of 
oxyhemoglobin desaturation ≥ 4% per hour of monitoring. 
Nocturnal oxygen saturation was sampled at 1 Hz. The Rem-
mers Sleep Recorder has been validated by comparison to at-
tended polysomnography.30

Sleep apnea was defined as a RDI ≥ 15 events/h as this reflects 
moderate to severe sleep apnea, which is likely to be clinically 
significant.30 The Remmers Sleep Recorder has a sensitivity 
of 98% and specificity of 88% for a designation criterion of 
RDI ≥ 15 events/h.30 Portable monitoring was performed fol-
lowing current guidelines and recommendations of the Amer-
ican Academy of Sleep Medicine.31 The data were reviewed 
by a sleep medicine physician (PJH) who confirmed that the 
estimated RDI was accurate and diagnostic of OSA. Noctur-
nal hypoxemia was defined as in other studies as SaO2 < 90% 
for ≥ 12% of the duration of nocturnal monitoring.24

Study Protocol
The study protocol for assessment of RAS activity is well es-
tablished.22,27,28 Subjects were instructed to consume > 200 
mmol/d of sodium for 3 days before each study day to ensure 
maximum RAS suppression.32 Subjects were studied in the su-
pine position in a temperature-controlled, quiet room in the 
morning after an 8-hour fast to account for circadian varia-
tions in the RAS.33 All subjects provided a second morning 
spot urine test for determination of urinary sodium to verify 
adherence with the high salt diet.34 All premenopausal female 
subjects were studied 14 days after the first day of the last men-
strual period, determined by counting days and measuring 
17β-estradiol levels.35 Subjects on medications that interfere 
with RAS activity were switched to a calcium-channel blocker 
(amlodipine) to achieve adequate blood pressure control 2 
weeks prior to each study day, as these agents are considered 
to have a neutral effect on the RAS.36 Amlodipine was taken 
daily each morning including the morning of the assessment.

At 8:00 am, an 18-gauge peripheral venous cannula was in-
serted into each antecubital vein (1 for infusion, 1 for blood 
sampling). After a 90-minute equilibration period, HRV, aor-
tic augmentation index (AIx), and carotid-femoral pulse-wave 
velocity (PWVcf) were measured at baseline and in response to 
AngII challenge (3 ng/kg/min·30 minutes, 6 ng/kg/min·30 min-
utes) as an index of RAS activity22,27,28 followed by a 30-minute 
recovery period. Blood pressure was recorded every 15 min-
utes by an automatic recording device (Dinamap; Critikon). 
Subjects were studied in the supine position using a standard 
cuff placed on the right arm. The mean of two readings taken 
by the same Registered Nurse (DYS) were recorded. Mean ar-
terial pressure was calculated as one-third systolic blood pres-
sure + two-thirds diastolic blood pressure.

Heart Rate Variability
HRV represents a balance between cardiac sympathetic and 
parasympathetic tone with greater variability in HRV con-
sidered a marker of a healthy autonomic nervous system; im-
paired cardiac autonomic tone is associated with increased 
mortality.37,38 Ambulatory electrocardiogram data were col-
lected with a commercially available Holter monitor using a 
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standard bipolar three-lead configuration (SEER MC recorder, 
GE Healthcare; Milwaukee, Wisconsin, United States). Holter 
data were collected continuously for 180 minutes (90 minutes 
of baseline, 60 minutes of AngII challenge, and 30 minutes 
of recovery). Ninety minutes of baseline, 30 minutes prior to 
the 60-minute timepoint for the AngII challenge, and 30 min-
utes of recovery were used to evaluate HRV at each timepoint, 
respectively. Power spectral density analysis of HRV, which 
transforms the electrocardiographic signals into measures of 
the frequency domain (largely reflecting sympathetic and va-
gal activity) was carried out by computer-generated algorithms 
(MARS version 7, GE Healthcare).38 Autonomic activity was 
categorized into spectral bands: total power (TP), very low fre-
quency (VLF, 0.003–0.04 Hz), low frequency (LF, 0.04–0.15 
Hz), and high frequency (0.15–0.4 Hz) domains.38 VLF repre-
sented the parasympathetic effect on heart rate, LF represented 
a combination of sympathetic and parasympathetic nervous 
system power, and HF represented the parasympathetic (vagal) 
power.37,38 LF and HF parameters were evaluated in terms of 
frequency and amplitude, with amplitude assessed by the area 
(power) of each component; therefore squared units are used 
for the absolute value (ms2).39 Absolute LF and HF parameters 
were not normally distributed; therefore, the values were trans-
formed into the natural logarithm (ln ms2). Absolute LF and 
HF parameters were also converted to normalized units (nu) to 
account for changes in the TP and any background contribution 
from activity within the VLF domain.38–40 Normalized units 
were calculated as follows: LF or HF divided by the total power 
(from which VLF has been subtracted) and multiplying by 100 
([HF or LF] / [TP − VLF]) × 100; all units in ms2.39,40 The 
LF:HF ratio component was calculated by comparing crude LF 
and HF parameters, representing total cardiosympathovagal 
balance.38 Time-domain measurements were generated using 
the beat-to-beat variation in normal R-R intervals, including 
the standard deviation (SD) of all normal R-R-wave intervals 
(SDNN; ms), SD of the average normal R-R-wave intervals 
(SDANN; ms), root mean square of the successive differences 
(rMSSD; ms), and percentage of normal waves differing more 
than 50 ms compared to the immediate preceding normal wave 
(pNN50; %).38 SDNN reflects total HRV, SDANN reflects pri-
marily circadian HRV, while rMSSD and pNN50 reflect para-
sympathetic activity.37

Arterial Stiffness Measurement
AIx and PWVcf are validated measures of central and periph-
eral vascular stiffness, respectively, and are associated with 
adverse cardiovascular outcomes.41,42 AIx and PWVcf were 
measured noninvasively with applanation tonometry (Millar 
Instruments, Houston, Texas, United States) and commer-
cially available acquisition and analysis software (Version 8 
SphygmoCor; AtCor Medical, Sydney, Australia) as previously 
described.43 Subjects were studied in the supine position. Two 
readings were taken and recorded at each time point by the 
same registered nurse (DYS) and the mean was reported.

Briefly, the AIx was determined by applanation tonometry of 
the right femoral artery using a Millar piezoresistive pressure 
transducer (Miller SPT 301, Millar Instruments) coupled to a 
SphygmoCor device (PWV Medical). AIx was calculated from 

the aortic pressure waveform obtained by applying a transfer 
function to the femoral pressure wave form. The AIx was cal-
culated as the difference between the second systolic peak and 
inflection point of the aortic pressure waveform, expressed 
as a percentage of the aortic pulse pressure. Given that aor-
tic pressure waveform is a combination of a forward travelling 
wave and a reflected wave, AIx is a parameter that reflects the 
degree to which aortic arterial pressure is enhanced by wave 
reflection. PWVcf was determined by sequential acquisition of 
pressure waveforms from the carotid and the femoral arteries 
by use of the same tonometer. The timing of these waveforms 
was compared with that of the R wave on a simultaneously 
recorded electrocardiography (ECG). PWVcf was determined 
by calculation of the difference in carotid to femoral divided 
by the difference in R wave to waveform foot times. The dis-
tance from the sternal notch to the femoral artery was used to 
calculate PWVcf.

Measures of Adiposity and Glycemic Control
Weight was measured using a digital scale and height was as-
sessed using a tape measure while the subject was standing. 
Body mass index was calculated as weight / height2 (kg/m2). 
Fat mass (FM; kg) was evaluated by bioelectrical impedance 
measurement (RJL Sciences Quantum II system bioelectrical 
impedence analyzer). Lean mass (LM; kg/m2) was a calculated 
by weight-FM and then adjusted for height (LM/[height]2). Ho-
meostatic Model Assessment Insulin Resistance (HOMA-IR) 
was calculated as ([fasting glucose, mmol/L] × [fasting insulin, 
µmol/L] / 22.5).

CPAP Treatment
After completing the first study day, subjects were treated with 
CPAP therapy as per the guidelines for treatment of OSA.6 
All subjects underwent an auto-CPAP trial to determine in-
dividual CPAP requirement. Initial auto-CPAP settings were 
16/6 cmH2O and were automatically titrated according to the 
CPAP unit titration algorithm to optimize therapy. If airflow 
limitation or nocturnal hypoxemia were not fully corrected, 
subjects were switched to fixed CPAP, which was estimated 
from the CPAP level at the 95th percentile. Adherence to 
CPAP therapy was monitored by electronic download from 
the unit each month. After satisfactory CPAP adherence was 
achieved (defined as CPAP use > 4 h/night on > 70% nights for 
4 weeks)6 and correction of OSA and nocturnal hypoxemia was 
confirmed by a repeat level 3 sleep study while using CPAP, 
subjects underwent reassessment of HRV, arterial stiffness, 
and indices of adiposity and glycemic control during a second 
study day, identical to the pre-CPAP assessment.

Laboratory Measurements
Catecholamines were quantified by liquid chromatography 
with enzymatic colorimetric assay techniques. Urinary so-
dium was determined by an indirect potentiometry assay us-
ing an ion-selective electrode (Roche Cobas Integra Sodium, 
Roche). Serum creatinine was quantified by enzymatic colo-
rimetric assay techniques (Roche/Hitachi Creatinine Plus). 
Fasting serum insulin levels were determined by chemilu-
minescent immunoassay (Abbott Diagnostics, Abbott Park, 
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Illinois, United States), Hemoglobin A1c levels by turbidomet-
ric immunoassay, and fasting serum glucose was determined 
by a hexokinase-UV colorimetric assay (both Roche Diag-
nostics, Germany). N-terminal pro B-type natriuretic peptide 
(pro-BNP) was determined by an electrochemiluminescence 
immunoassay, or ECLIA (Cobas, Roche Diagnostics).

Sample Size and Power Calculation
The cardiovascular outcomes of interest outlined in this study 
are part of a study originally designed to examine the effect 
of CPAP therapy on renal RAS and renal hemodynamics.29 
As such, the sample size is based on a renal outcome (filtra-
tion fraction [FF]). We calculated that 12 subjects would be 
required to detect a 3% difference in the FF response to AngII 
infusion before and after OSA treatment with CPAP using 80% 
power and an alpha of .05. This estimate is based on data from 
Miller et al. who demonstrated a difference of 3 ± 1% in the FF 
in response to AngII infusion after RAS blockade with the AT1 

receptor blocker (ARB) irbesartan, as compared to before RAS 
blockade, on a high-salt diet in healthy Caucasians.21

Analyses
Data are reported as mean ± standard error, number (percent-
age), or mean (range), where appropriate. Our primary out-
comes were the changes (Δ) in HRV (VLF, LF, HF, LF/HF, 
SDNN, SDANN, rMSSD, pNN50), AIx, and PWVcf at base-
line and in response to a stressor (AngII), as a measure of 
vascular RAS activity, pre-CPAP versus post-CPAP therapy. 
Secondary study outcomes were the changes in indices of 
adiposity (body mass index, FM, LM), indices of glycemic 
control (fasting glucose, fasting insulin, HgbA1c, HOMA-IR), 
serum catecholamines, and pro-BNP at baseline pre-CPAP 
therapy versus post-CPAP therapy. In an exploratory analysis 
we also stratified subjects by sex, which is in keeping with 
Sex and Gender Equity in Research (SAGER) guidelines. Data 
were assessed for normality, and natural logarithms were ap-
plied to non-normally distributed values. Pre-CPAP and post-
CPAP comparisons were made using either the Student paired 
t test (parametric testing for all subjects and male subjects) or 
Wilcoxon signed-rank test (nonparametric testing for female 
subjects). To examine the response to AngII on each study day 
we conducted a repeated-measures analysis of variance (para-
metric testing for all subjects and male subjects) or a Friedman 
test (nonparametric for female subjects) for outcomes with 
multiple measurements. Post hoc analyses with the Wilcoxon 
signed-rank test were conducted with a Bonferroni correction 
applied resulting in a significance level set at P < .0167 for 
outcomes with multiple measurements. Comparisons between 
men and women were conducted using the Mann-Whitney U 
test (nonparametric testing). Sensitivity analyses were con-
ducted excluding subjects with controlled hypertension and 
subjects with persistent nocturnal hypoxia while on CPAP. 
All statistical analyses were performed with statistical soft-
ware package SPSS version 17.0 (SPSS Inc., Chicago, Illinois, 
United States). All statistical analyses were two-tailed with a 
significance level of .05, with the exception of outcomes with 
multiple measurements where the significance level was set at 
P < .0167.

RESULTS

Study Enrollment
A total of 31 subjects completed both study days, but 5 sub-
jects did not have measurement of the endpoints of interest 
on both study days. One subject ingested a single dose of 
candesartan (angiotensin II-receptor blocker) the morning 
of the first study day; this subject was studied in an identi-
cal fashion post-CPAP, including ingestion of candesartan, 
to allow for comparison of pre-CPAP and post-CPAP results. 
This subject was excluded from the final analysis because the 
subject deviated from the study protocol by ingesting can-
desartan but was included in an exploratory analysis as the 
outcomes of interest were the changes (Δ) in HRV, AIx, and 
PWVcf at baseline and in response to a stressor (AngII) pre-
CPAP versus post-CPAP. Consequently, 25 subjects were in-
cluded in the final analyses.

Subject Characteristics
Subject characteristics are presented in Table 1. A total of 
25 subjects with newly diagnosed OSA and nocturnal hypox-
emia were recruited (17 men, 8 women [2 premenopausal, 6 
postmenopausal]; age 49 [26–68] years). All had blood pres-
sure < 140/90 mmHg. RAS-interfering medications were 
switched to the calcium-channel blocker amlodipine to con-
trol blood pressure 2 weeks prior to each assessment. All 
subjects were nondiabetic and did not smoke, with normal 
kidney function and in high-salt balance. Subjects had ab-
normal HRV parameters38 consistent with previous studies 
of patients with OSA12–16 and increased arterial stiffness18 
at baseline. Female subjects had decreased serum creati-
nine, aldosterone, and RDI and increased AIx compared to 
male subjects.

CPAP Therapy
All subjects were adherent with CPAP, which corrected their 
OSA and nocturnal hypoxemia. Duration to CPAP acclimati-
zation was 149 (64, 327) days. During the 4-week period prior 
to reassessment of CV risk measures, CPAP was used 92 ± 2% 
of nights (82 ± 3% with usage > 4 h/night), with an average 
nightly usage of 6.1 ± 0.2 hours, indicating good CPAP ad-
herence, and an estimated apnea-hypopnea index of 3.3 ± 0.8 
events/h, indicating adequate treatment. A total of 17 subjects 
completed the study on auto-CPAP, whereas 8 subjects were 
converted to fixed CPAP in order to optimize therapy. All sub-
jects met acceptable criteria for correction of OSA (RDI < 10 
events/h; Table 1) and all but four subjects corrected nocturnal 
hypoxemia (SaO2 < 90% for < 12% monitoring); in those four 
subjects the post-CPAP mean SaO2 was ≥ 90%. One subject 
was not available to complete a level 3 sleep study on therapy 
prior to reassessment, but did have a CPAP adherence down-
load indicating 100% usage > 4 h/night and an apnea-hypop-
nea index of 0.8 events/h. Consequently, adequate treatment 
was inferred based on the CPAP download.

Pre-CPAP Versus Post-CPAP Baseline Characteristics
Study subject characteristics pre-CPAP and post-CPAP strati-
fied by sex are reported in Table 1. There were no changes 
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in measures of adiposity or insulin resistance post-CPAP. 
Blood pressure and heart rate improved post-CPAP. There 
were significant reductions in serum norepinephrine lev-
els and aldosterone levels. The reduction in aldosterone was 
observed only in men and a reduction in pro-BNP was only 
observed in women.

Baseline measures of HRV and arterial stiffness pre-CPAP 
and post-CPAP stratified by sex are reported in Table 2. Pre-
CPAP therapy there were no differences in baseline HRV pa-
rameters between men and women. Post-CPAP therapy there 
were increases in baseline HRV measures (ln VLF, SDNN, 
rMSSD, and pNN50) in all subjects, though these increases 
were most prominent among male subjects. Post-CPAP ther-
apy female subjects had decreased LF (nu), increased HF (nu), 
and increased LF/HF compared to male subjects. Central (AIx) 
but not peripheral (PWVcf), arterial stiffness was reduced, 

though the decrease in AIx post-CPAP was only observed in 
male subjects.

HRV Responses to and Recovery From AngII Pre-CPAP 
Versus Post-CPAP
HRV responses to AngII pre-CPAP and post-CPAP stratified 
by sex are reported in Table 2. Pre-CPAP, HRV measures 
remained stable in response to AngII. Post-CPAP, no signifi-
cant changes in the HRV response to an AngII stressor were 
observed.

Pre-CPAP, HRV measures remained similar in the recov-
ery period to those during AngII challenge. However, CPAP 
therapy was associated with delayed cardiovagal reactivation 
post-AngII as evidenced by decreased ln HF (ms2), rMSSD and 
pNN50 (Figure 1, Figure 2, Figure 3, and Table 2). There was 
also delayed cardiovagal reactivation in HF (nu), which was 

Table 1—Baseline characteristics pre-CPAP and post-CPAP therapy stratified by sex.

Parameter
Pre-CPAP Post-CPAP

P * All (n = 25) Male (n = 17) Female (n = 8) All (n = 25) Male (n = 17) Female (n = 8)
Age, years 49 ± 2 48 ± 3 50 ± 4 – – – –
Sex, n (% Male) 17 (68) – – – – – –
Race, n (% Caucasian) 15 (60) 10 (59) 5 (63) – – – –
Hypertension, n (%) † 8 (32) 6 (35) 2 (25) – – – –
Serum creatinine, µmol/L 74 ± 3 81 ± 3 59 ± 3 § – – – –
eGFR, mL/min/1.73 m2 98 ± 3 96 ± 4 102 ± 3 – – – –
Daytime SaO2, % 94.7 ± 0.4 94.6 ± 0.4 95.0 ± 0.8 – – – –
Urinary Na+, mmol/d 361 ± 23 347 ± 32 391 ± 22 349 ± 24 348 ± 32 353 ± 37 .6
Body mass index, kg/m2 33.5 ± 1.3 33.8 ± 1.5 32.8 ± 2.9 34.4 ± 1.1 33.6 ± 1.2 36.0 ± 2.0 .5
Fat mass, kg 33.0 ± 2.3 29.4 ± 2.7 40.5 ± 3.7 § 33.0 ± 2.8 29.8 ± 2.8 39.7 ± 3.0 || 1.0
Lean mass, kg/m2 23.1 ± 0.7 24.1 ± 0.9 20.4 ± 0.9 § 23.1 ± 0.7 24.1 ± 0.6 20.9 ± 1.3 || 1.0
RDI, events/h 44.9 ± 4.3 53.1 ± 4.5 # 27.6 ± 5.6 § 3.7 ± 0.5 ‡,¶ 4.0 ± 0.6 ‡,# 2.9 ± 0.7 ‡  < .001
SaO2 < 90, % monitoring time 44.2 ± 5.7 42.8 ± 5.5 # 47.1 ± 13.8 6.9 ± 2.1 ‡,¶ 6.1 ± 1.8 ‡,# 8.5 ± 5.4 ‡  < .001
Mean SaO2, % 88.8 ± 0.8 89.4 ± 0.5 # 87.5 ± 2.2 92.6 ± 0.3 ‡,¶ 92.2 ± 0.3 ‡,# 93.2 ± 0.8 ‡ .001
Minimum SaO2, % 69.3 ± 2.0 71.1 ± 1.7 # 65.6 ± 5.1 84.7 ± 1.1 ‡,¶ 85.3 ± 0.9 ‡,# 83.5 ± 2.7 ‡  < .001
Heart rate, bpm 66 ± 2 67 ± 2 65 ± 4 61 ± 1 61 ± 2 ‡ 62 ± 2 .005
Systolic blood pressure, mmHg 127 ± 2 127 ± 3 128 ± 5 120 ± 2 123 ± 2 115 ± 4 ‡ .001
Diastolic blood pressure, mmHg 79 ± 2 80 ± 2 75 ± 3 73 ± 2 76 ± 2 ‡ 66 ± 2 ‡,||  < .001
Mean arterial pressure, mmHg 95 ± 2 96 ± 2 93 ± 3 89 ± 2 91 ± 2 ‡ 82 ± 2 ‡,||  < .001
Plasma renin activity, ng/L/s 0.29 ± 0.06 ¶ 0.33 ± 0.08 0.20 ± 0.04 # 0.21 ± 0.03 ¶ 0.22 ± 0.03 0.21 ± 0.06 # .2
Angiotensin II, ng/L 21 ± 2 20 ± 2 23 ± 5 18 ± 2 18 ± 2 20 ± 4 .14
Aldosterone, pmol/L 185 ± 25 221 ± 33 107 ± 14 § 113 ± 11 120 ± 13 ‡ 100 ± 20 .010
Pro-BNP, ng/L 81 ± 13 62 ± 6 123 ± 38 59 ± 4 62 ± 6 51 ± 1 ‡ .11
Norepinephrine, nmol/L 2.7 ± 0.3 2.7 ± 0.3 2.6 ± 0.4 1.8 ± 0.2 1.8 ± 0.2 ‡ 1.8 ± 0.3 ‡ .001
Epinephrine, pmol/L 73 ± 6 78 ± 9 60 ± 4 76 ± 9 81 ± 13 65 ± 9 .6
Dopamine, pmol/L 102 ± 2 100 ± 0 107 ± 5 100 ± 0 100 ± 0 100 ± 0 .18
Fasting glucose, mmol/L 4.7 ± 0.1 4.8 ± 0.1 4.6 ± 0.2 4.8 ± 0.1 4.8 ± 0.1 4.9 ± 0.3 .2
Hemoglobin A1c, % 5.9 ± 0.1 5.9 ± 0.1 5.9 ± 0.1 5.7 ± 0.1 5.8 ± 0.1 5.3 ± 0.4 .093
Fasting insulin, pmol/L 77 ± 8 77 ± 9 78 ± 16 72 ± 8 72 ± 12 71 ± 7 .5
HOMA-IR 1.63 ± 0.18 1.66 ± 0.23 1.56 ± 0.29 1.57 ± 0.19 1.56 ± 0.27 1.58 ± 0.21 .7

* = pre-CPAP versus post-CPAP for all subjects. † = 9 subjects were on antihypertensive medications: calcium-channel blocker (n = 3), ACE-inhibitor 
(n = 4), ARB (n = 3), thiazide diuretic (n = 1), and beta-blocker (n = 1); 1 subject was on dual therapy (calcium-channel blocker, ACE-inhibitor) and 1 subject 
was on triple therapy (ACE-inhibitor, thiazide diuretic, beta-blocker). ‡ = P < .05 versus pre-CPAP. § = P < .05 versus male pre-CPAP. || = P < .05 versus 
male post-CPAP. ¶ = n = 24. # = n = 16. CPAP = continuous positive airway pressure, eGFR = estimated glomerular filtration rate, HOMA-IR = Homeostatic 
Model Assessment Insulin Resistance, pro-BNP = pro-B-type natriuretic peptide, RDI = respiratory disturbance index, SaO2 = oxyhemoglobin saturation.
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accompanied by an increase in LF/HF for all subjects during 
the recovery from AngII.

Sex Differences in HRV in Response to and Recovery 
From AngII
There were no differences in the HRV responses to AngII be-
tween men and women pre-CPAP or post-CPAP therapy.

Similarly, there were no differences in the HRV recovery 
from AngII challenge between men and women pre-CPAP 

therapy. However, post-CPAP therapy both men and women 
demonstrated delayed cardiovagal reactivation in HF (nu) 
post-AngII challenge, though this finding was only significant 
among female subjects. Both men and women demonstrated 
an increase in LF/HF during recovery from the AngII chal-
lenge, though the difference was only significant among male 
subjects. CPAP exaggerated the delayed vagal reactivation in 
both sexes, but the association was significantly greater in 
women compared to men as shown by rMSSD and pNN50.

Table 2—Heart rate variability and arterial stiffness at baseline, in response to and recovery from angiotensin II pre-CPAP and 
post-CPAP therapy stratified by sex.

Parameter
Pre-CPAP Post-CPAP

P *All (n = 25) Male (n = 17) Female (n = 8) All (n = 25) Male (n = 17) Female (n = 8)
ln VLF, ms2 6.95 ± 0.17 6.99 ± 0.22 6.86 ± 0.21 7.20 ± 0.18 7.30 ± 0.21 § 6.99 ± 0.35 .055

Δ AngII 0.23 ± 0.20 0.36 ± 0.23 −0.04 ± 0.38 −0.05 ± 0.19 0.05 ± 0.21 −0.27 ± 0.38 .16
Δ Recovery −0.12 ± 0.17 −0.09 ± 0.22 −0.18 ± 0.30 −0.40 ± 0.16 −0.30 ± 0.17 −0.60 ± 0.38 .2

LF, nu 71.8 ± 2.5 73.8 ± 2.9 67.8 ± 4.5 69.7 ± 2.7 74.5 ± 3.1 59.6 ± 3.2 # .5
Δ AngII −3.8 ± 2.9 −2.0 ± 2.7 −7.8 ± 7.2 −3.2 ± 3.2 −3.7 ± 3.4 −2.2 ± 7.3 .9
Δ Recovery 0.8 ± 2.3 −0.1 ± 2.8 2.8 ± 4.2 4.7 ± 2.5 2.9 ± 2.7 8.5 ± 5.0 .2

ln LF, ms2 6.34 ± 0.17 6.47 ± 0.22 6.08 ± 0.26 6.55 ± 0.22 6.77 ± 0.26 6.09 ± 0.37 .16
Δ AngII −0.07 ± 0.21 −0.08 ± 0.25 −0.05 ± 0.43 −0.40 ± 0.20 −0.46 ± 0.26 −0.27 ± 0.33 .2
Δ Recovery 0.00 ± 0.16 0.01 ± 0.23 −0.04 ± 0.15 −0.27 ± 0.13 −0.26 ± 0.11 −0.30 ± 0.36 .2

HF, nu 25.3 ± 2.5 23.3 ± 3.0 29.4 ± 4.5 27.1 ± 2.5 22.5 ± 2.7 36.9 ± 3.5 # .5
Δ AngII 2.3 ± 2.5 1.4 ± 2.5 4.3 ± 6.0 1.6 ± 2.6 3.5 ± 3.1 −2.3 ± 4.8 .9
Δ Recovery −1.7 ± 2.1 −0.3 ± 2.5 −4.4 ± 4.2 −5.4 ± 2.3 −2.7 ± 2.8 −11.1 ± 3.5 † .2

ln HF, ms2 5.18 ± 0.25 5.18 ± 0.33 5.16 ± 0.38 5.51 ± 0.22 5.47 ± 0.25 5.60 ± 0.44 .075
Δ AngII 0.13 ± 0.21 0.07 ± 0.26 0.25 ± 0.38 −0.23 ± 0.20 −0.22 ± 0.24 −0.26 ± 0.35 .092
Δ Recovery −0.09 ± 0.19 0.01 ± 0.23 −0.31 ± 0.31 −0.59 ± 0.17 † −0.46 ± 0.19 −0.86 ± 0.32 .042

LF/HF 1.91 ± 0.15 2.03 ± 0.19 1.66 ± 0.21 1.80 ± 0.14 2.03 ± 0.18 1.31 ± 0.09 # .5
Δ AngII −0.21 ± 0.12 −0.20 ± 0.14 −0.23 ± 0.25 −0.18 ± 0.14 −0.28 ± 0.19 0.03 ± 0.18 .9
Δ Recovery 0.09 ± 0.12 0.00 ± 0.15 0.29 ± 0.23 0.32 ± 0.12 ‡ 0.24 ± 0.15 ‡ 0.47 ± 0.19 .16

SDNN, ms 67.5 ± 5.2 67.0 ± 7.0 68.5 ± 6.9 80.1 ± 8.0 83.2 ± 10.1 § 73.4 ± 13.2 .051
Δ AngII 8.5 ± 5.7 12.0 ± 5.1 1.0 ± 14.5 0.0 ± 6.9 1.1 ± 8.4 −2.1 ± 12.8 .2
Δ Recovery 3.3 ± 5.1 7.5 ± 6.6 −5.6 ± 6.8 −8.6 ± 5.7 −4.3 ± 6.4 −17.6 ± 11.9 .12

SDANN, ms 26.5 ± 3.6 23.1 ± 3.4 33.8 ± 8.3 32.8 ± 7.1 33.3 ± 8.9 31.9 ± 12.8 .4
Δ AngII 1.8 ± 4.2 6.9 ± 3.4 −9.3 ± 10.3 5.5 ± 6.3 3.6 ± 7.5 9.5 ± 12.3 .6
Δ Recovery 4.0 ± 3.3 9.3 ± 3.3 −7.4 ± 5.9 § 1.4 ± 5.9 4.6 ± 6.9 −5.3 ± 11.5 .7

rMSSD, ms 32.9 ± 3.3 33.8 ± 4.4 31.0 ± 4.6 38.3 ± 3.4 38.2 ± 4.4 § 38.5 ± 5.7 .005
Δ AngII 2.2 ± 2.8 1.4 ± 3.1 3.9 ± 6.1 −2.3 ± 2.9 −1.4 ± 3.5 −4.3 ± 5.6 .096
Δ Recovery −0.4 ± 2.0 0.4 ± 2.4 −1.4 ± 3.7 −7.2 ± 1.9 † −5.0 ± 2.1 § −10.8 ± 3.6 || .001

pNN50, % 12.7 ± 2.6 13.5 ± 3.4 10.9 ± 3.7 16.9 ± 3.0 16.6 ± 3.7 § 17.4 ± 5.2 .009
Δ AngII 1.3 ± 2.3 0.6 ± 2.7 2.8 ± 4.7 −3.0 ± 2.4 −1.9 ± 2.7 −5.2 ± 4.7 .043
Δ Recovery −0.4 ± 1.4 −0.2 ± 1.8 −0.8 ± 2.5 −6.0 ± 1.9 † −4.0 ± 2.2 § −10.3 ± 3.3 || .001

AIx, % 19.8 ± 2.0 16.7 ± 2.3 26.4 ± 3.1 § 16.4 ± 2.6 12.5 ± 2.7 § 24.7 ± 4.6 # .029
Δ AngII 9.2 ± 1.3 † 8.2 ± 1.7 † 11.4 ± 1.5 † 11.8 ± 1.6 † 11.9 ± 2.2 †,§ 11.6 ± 2.1 † .065
Δ Recovery 2.3 ± 1.3 ‡ 3.3 ± 1.7 0.1 ± 1.6 ‡ 1.0 ± 2.1 ‡ −0.3 ± 2.3 ‡ 3.7 ± 4.3 .6

PWVcf, m/s 8.4 ± 0.4 ** 8.7 ± 0.5 ¶ 7.9 ± 0.5 8.4 ± 0.4 ** 8.6 ± 0.6 ¶ 7.9 ± 0.4 .9
Δ AngII 1.1 ± 0.2 †,** 1.3 ± 0.3 †,¶ 0.8 ± 0.4 0.9 ± 0.2 †,** 1.0 ± 0.3 †,¶ 0.7 ± 0.4 .3
Δ Recovery 1.2 ± 0.2 †,** 1.3 ± 0.3 ¶ 1.1 ± 0.5 0.3 ± 0.4 ** 0.3 ± 0.5 ¶ 0.3 ± 0.4 .067

* = pre-CPAP versus post-CPAP for all subjects. † = P < .0167 versus baseline. ‡ = P < .0167 versus AngII (60 minutes). § = P < .05 versus male pre-
CPAP. || = P < .05 versus female pre-CPAP. ¶ = n = 16. # = P < .05 versus male post-CPAP. ** = n = 24. Δ = change, AIx = aortic augmentation index, 
AngII = angiotensin II, CPAP = continuous positive airway pressure, HF = high frequency, LF = low frequency, ln = natural logarithm, nu = normalized units, 
pNN50 = percentage of normal waves that differ 50 ms compared with the wave directly prior, PWVcf = pulse-wave velocity, rMSSD = root mean square of 
the successive differences, SDANN = SD of the average normal R-R wave, SDNN = SD of the normal R-R wave, VLF = very low frequency.
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Arterial Stiffness Responses to and Recovery From 
AngII Pre-CPAP Versus Post-CPAP
Arterial stiffness responses to AngII pre-CPAP and post-CPAP 
stratified by sex are reported in Table 2. There were increases 
in AIx and PWVcf in response to AngII pre-CPAP. There was a 
greater increase in AIx in response to AngII, though this was 
limited to male subjects (P = .046; Figure 4). There was no 
change in PWVcf response to AngII post-CPAP (Figure 5).

Pre-CPAP AIx returned to baseline after the recovery pe-
riod, while PWVcf remained elevated. Post-CPAP both AIx and 
PWVcf returned to baseline after the recovery period (Figure 4 
and Figure 5).

Sensitivity Analyses
Inclusion of the subject who took candesartan rendered the 
increased AIx responsiveness post-CPAP significant for all 
subjects but otherwise did not affect our findings. Exclusion 
of the subject who did not have a repeat level-3 assessment did 
not affect our findings. Similarly, neither exclusion of subjects 

with controlled hypertension nor subjects with persistent hy-
poxemia altered our primary findings.

DISCUSSION

We examined two validated physiologic markers of cardio-
vascular risk, HRV and arterial stiffness, in individuals with 
OSA before and after CPAP therapy. To our knowledge this 
is first study to examine the effect of CPAP treatment on the 
HRV and arterial stiffness responses to an AngII challenge, a 
well-accepted indirect measure of RAS activity.22,27,28 Our pri-
mary findings were that CPAP adherence in OSA was associ-
ated with (1) delayed cardiovagal reactivation after exposure 
to an AngII stressor and (2) reduced vascular RAS activity as 
reflected by the greater increase in AIx in response to AngII 
post-CPAP therapy. These findings suggest that OSA treatment 

Figure 1—ln high frequency pre-CPAP versus post-CPAP.

(A) All, (B) male, and (C) female subjects. * = P < .05 versus pre-CPAP. 
Δ = change, CPAP = continuous positive airway pressure, ln = natural 
logarithm.

Figure 2—rMSSD pre-CPAP versus post-CPAP.

(A) All (B) male, and (C) female subjects. * = P < .05 versus pre-CPAP, 
Δ = change, CPAP = continuous positive airway pressure, rMSSD = root 
mean square of the successive differences.
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with CPAP alters HRV recovery after a stressor. Furthermore, 
CPAP appears to reduce central arterial stiffness through 
downregulation of vascular RAS activity. Patients with OSA 
exhibit bradyarrhythmias during sleep and CPAP therapy has 
been shown to correct these arrhythmias.3 Chrysostomakis et 
al.14 postulated that the reduction in parasympathetic activity 
may be one of the mechanisms responsible for alleviation of 
bradyarrhythmic episodes following the initiation of CPAP 
therapy. We extend these findings by demonstrating that adher-
ent CPAP therapy delays parasympathetic reactivation after a 
stressor, which may be one of the mechanisms by which CPAP 
therapy eradicates bradyarrhythmias during sleep and confers 
cardiovascular protection. These findings support a role for 
the RAS in mediating OSA-induced hypertension and CVD 
in humans and highlight several mechanisms by which CPAP 
therapy appears to convey cardiovascular risk reduction.

CPAP therapy is associated with lower rates of cardiovascu-
lar complications and mortality, especially among patients who 
are adherent to treatment.4,5 Nonadherence appears to mitigate 
the cardioprotective properties of CPAP8 and several studies 
have demonstrated dose-response relationships between CPAP 
adherence and cardiovascular endpoints.4,5 The fact that all 
subjects in our study were adherent to CPAP suggests that the 
physiological changes observed with CPAP therapy are consis-
tent with an improvement in cardiovascular risk.

Multiple studies have demonstrated abnormalities in sym-
pathetic and parasympathetic activity in OSA and improve-
ment with CPAP, with important differences in HRV during 
sleep and wakefulness.12–16 It has been suggested that the 
physiological basis of the OSA-associated HRV abnormalities 
during sleep is due to upper airway obstruction, with initial 
stimulation of the parasympathetic nervous system, followed 

Figure 3—pNN50 pre-CPAP versus post-CPAP.

(A) All (B) male, and (C) female subjects. * = P < .05 versus pre-
CPAP, Δ = change, CPAP = continuous positive airway pressure, 
pNN50 = percentage of normal waves that differ 50 ms compared with 
the wave directly prior.

Figure 4—Aortic augmentation index pre-CPAP versus 
post-CPAP.

(A) All (B) male, and (C) female subjects. * = P < .05 versus pre-CPAP, 
Δ = change, CPAP = continuous positive airway pressure.
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note, discordance between AIx and PWVcf responses to stress-
ors has been reported previously. Kelly et al.28 demonstrated 
that vasoactive drugs (AngII and nitroglycerine) were capable 
of producing large effects on AIx but had minimal effect on 
PWVcf (Δ < 1 m/s) in healthy men. The authors hypothesized 
that the elastic nature of the aorta may minimize the effects of 
acute changes on vascular tone and blood pressure on the small 
arteries and PWVcf.28

We have previously reported no change in circulating levels 
of PRA and AngII post-CPAP therapy, despite a reduction in 
serum aldosterone and changes in AngII sensitivity at the level 
of the kidney.29 In the current study, we report changes in An-
gII sensitivity at the level of the vasculature despite no changes 
in circulating PRA or AngII. The most likely explanation for 
this phenomenon is differences in the local tissue RAS, as local 

by sympathetic activation due to the resultant intermittent 
hypoxia,44 intrathoracic pressure changes,45 and recurrent 
arousals.46 Thus, there is significantly enhanced nocturnal RR 
variability as a consequence of these alternating strong succes-
sive parasympathetic and sympathetic drives in patients with 
OSA. In contrast, daytime HRV is reduced in OSA and is as-
sociated with enhanced sympathetic activity.44

Khoo et al.15 reported no change in HRV measures during 
sleep in 7 patients with OSA with short-term CPAP, but dem-
onstrated improvement in vagal control with long-term CPAP 
adherence in 13 men.16 Roche et al.12 reported higher noctur-
nal measures of parasympathetic activity in patients with OSA 
compared to controls. In a follow-up study, the same authors 
reported that CPAP for 3 months decreased nocturnal LF, HF, 
and LF/HF when patients were asleep.12 Further, the decrease 
in LF/HF persisted into the daytime and thus the authors con-
cluded that CPAP significantly reduced parameters of cardiac 
sympathetic tone, which is a favorable effect.12 Chrysostoma-
kis et al.14 found no significant differences in HRV indices dur-
ing the day in 26 subjects with OSA (18 male) compared to 
controls, but found that both rMSSD and pNN50, measures 
of cardiovagal activity, were significantly higher compared to 
controls at night and that CPAP for 2 months reduced these 
nighttime vagal indices to resemble that of normal controls. 
The fact that our study occurred during the daytime may thus 
explain why our subjects exhibited increased baseline vagal 
activity with CPAP.

Both AIx and PWVcf are validated measures of central and 
peripheral vascular stiffness, respectively, which is associated 
with adverse cardiovascular outcomes.41,42 Kraiczi et al.47 mea-
sured vascular sensitivity to an intra-arterial AngII challenge 
as measured by arterial forearm conductance in 10 subjects 
with OSA and 10 healthy controls. The authors found the fore-
arm vasoconstrictor response to intra-arterial AngII infusion to 
be increased in normotensive patients with OSA compared to 
healthy controls.47 Similar to our findings, there was increased 
arterial stiffness in subjects with OSA. However, this study dif-
fered from ours in that the authors used intra-arterial AngII 
infusion as opposed to intravenous AngII infusion, evaluated 
arterial stiffness through a different modality, included only 
male subjects, did not control for salt intake or kidney func-
tion, and importantly the study was not designed to assess the 
effect of OSA treatment on arterial stiffness. Several studies 
have reported reductions of arterial stiffness with effective 
CPAP therapy.13,17–19 Shiina et al.13 studied the effect of CPAP 
for 3 months on HRV and brachial-ankle PWV in 50 patients 
with OSA (90% male). They reported a significant independent 
correlation between the change in LF/HF and brachial-ankle 
PWV and suggested that improvement of sympathovagal bal-
ance with CPAP may be directly related to improvement in 
arterial stiffness. Upregulation of the vascular AngII system 
results in the chronic blood pressure changes that occur from 
episodic hypoxia48 and intermittent hypoxia increases arterial 
blood pressure in humans through a RAS-dependent mecha-
nism.49 As a blunted vascular response to AngII is a reflection 
of high local tissue—AngII concentrations and tissue—RAS 
activity,32 the increased AIx sensitivity to AngII challenge re-
flects a downregulation in arterial RAS activity with CPAP. Of 

Figure 5—Carotid-femoral pulse-wave velocity pre-CPAP 
versus post-CPAP.

(A) All (B) male, and (C) female subjects. CPAP = continuous positive 
airway pressure.
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AngII formation in the vasculature may occur independently 
of the circulating RAS.50 Greater vascular sensitivity during 
AngII infusion may reflect remodeling in the vessel walls and 
in particular alterations in sensitivity to vasoconstrictors and 
vasodilators at the cellular level.47

The sex differences observed in our study deserve comment. 
Few studies examining the effects of OSA on vascular mea-
sures have reported sex-stratified analyses. In the Multi-Ethnic 
Study of Atherosclerosis, moderate-severe OSA in men was 
associated with retinal arteriolar narrowing and venular wid-
ening but not in women.51 Conversely, severe OSA in women 
was associated with retinal microaneurysms, but not in men.51 
Three months of CPAP significantly improved endothelial 
function, blood pressure, and glycemic control in male but not 
female patients with OSA.52 We have previously shown sex dif-
ferences in HRV responses to AngII challenge in healthy men 
and women22 and we now extend these findings to men and 
women with OSA. It is unclear why CPAP was associated with 
an exaggerated delayed vagal reactivation in women compared 
to men. The sensitivity of angiotensin type 1 receptors to An-
gII is much stronger in men than in premenopausal women,21 

which may explain the observed sex differences in the HRV 
and arterial stiffness responses to AngII in patients with OSA. 
Because six of eight women in our study were postmenopausal, 
it is possible that the results of our study are not representative 
of premenopausal women or women using postmenopausal 
hormone therapy and therefore further study is required.

The prevalence, clinical presentation, and severity of OSA 
are known to differ between men and women. OSA is more 
common in men with an estimated male to female ratio ranging 
from 3:1 to 5:1 in the general population.1 This is partly because 
of underrecognition of OSA in women whose clinical presen-
tation is often atypical and different from that in men. OSA is 
often less severe in women because of differences in the patho-
genesis including upper airway anatomy and collapsibility.25

Our study has strengths and limitations. First, our study 
sample was large compared to the published literature12,14–17,19 
but was limited to subjects with OSA without comorbidities 
who were CPAP adherent, thereby potentially limiting the gen-
eralizability of our results. However, by studying a healthier 
population of subjects with OSA, we were able to examine the 
effect of CPAP on HRV, arterial stiffness, and the RAS with-
out confounders. Further, by design, we included only subjects 
with both moderate-severe OSA and significant nocturnal hy-
poxemia. Thus, it remains unclear whether it was the correction 
of apnea or intermittent hypoxemia that was responsible for 
our findings. Although no control group was included, condi-
tions during the assessment of RAS and vascular function were 
standardized to minimize any potential effect of confounders. 
Specifically, subjects were studied supine in the morning to 
account for circadian variations in HRV38 and the RAS,33 in a 
high-salt state to ensure maximal RAS suppression,32 during 
the same stage of the menstrual cycle to eliminate estrogen-
mediated RAS differences,35 and all subjects had a blood pres-
sure < 140/90 with no other coexisting diseases and were free 
of RAS-interfering medications and exogenous sex hormones. 
Further, through our pre-post study design, whereby each sub-
ject acted as their own control, we attempted to minimize the 

risk introduced by interindividual variability in factors such 
as differences in age and other unmeasured confounders on 
our study outcomes. As such, it is unlikely that the observed 
changes in HRV and vascular function were due to factors 
other than CPAP. Third, the gold standard of HRV measure-
ment is with a 24-hour Holter ECG monitor. However, many 
studies routinely use short-term ECG recordings, as the accu-
racy of these more practical HRV analyses has been substanti-
ated against long-term measurements.53 This study included a 
180-minute period of Holter ECG monitoring in a calm, tem-
perature-controlled room, diminishing the effect of heavy re-
spiratory, parasympathetic activity, which has been suggested 
to alter short-term HRV analysis.54 We used carotid-femoral 
PWV, which is considered the “gold standard” measurement of 
arterial stiffness.43 Fourth, the duration of CPAP usage prior to 
reassessment varied because of differences in the ability of in-
dividual patients to acclimatize to it, which is well recognized 
in patients with OSA.7 However, by ensuring that all subjects 
were on effective CPAP therapy for the same amount of time (4 
weeks) before their RAS and vascular function was reassessed, 
we were able to standardize this intervention and determine the 
effect of CPAP on HRV and arterial stiffness. Consequently, by 
design our subjects had the same standardized amount of ad-
equate and adherent CPAP therapy (defined as CPAP use > 4 h/
night on > 70% nights for 4 weeks) prior to reassessment of the 
study outcomes of interest and therefore we cannot comment 
on the effect that duration of CPAP therapy has on our study 
outcomes. Fifth, we used portable monitoring instead of poly-
somnography both to diagnose OSA and to evaluate patients’ 
response to CPAP. However, the use of portable monitoring 
was appropriate for the population we studied according to 
current guidelines.6 Further, the findings were objective and 
unequivocal. The duration of CPAP therapy may have been 
insufficient to demonstrate its full benefits on RAS activity. 
However, the treatment period we chose has been shown to 
improve other cardiovascular outcomes in previous studies.55 
Last, we reported sex-stratified analyses and included subjects 
with controlled hypertension, thereby increasing the generaliz-
ability and clinical implications of our results.

In a community-based OSA population, adherence to 
CPAP was associated with delayed cardiovagal reactivation 
after a stressor and decreased arterial RAS activity, suggest-
ing a physiological mechanism by which CPAP therapy may 
prevent CVD. Sex differences in these findings may have 
important implications in mitigating cardiovascular risk in 
patients with OSA.

ABBRE VI ATIONS

AIx, aortic augmentation index
AngII, angiotensin II
CPAP, continuous positive airway pressure
CVD, cardiovascular disease
ECG, electrocardiography
FF, filtration fraction
FM, fat mass
HF, high frequency
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HOMA-IR, Homeostatic Model Assessment Insulin 
Resistance

HRV, heart rate variability
LM, lean mass
LF, low frequency
ln, natural logarithm
nu, normalized units
OSA, obstructive sleep apnea
pNN50, percentage of normal waves that differ 50 ms 

compared with the wave directly prior
PRA, plasma renin activity
pro-BNP, pro-B-type natriuretic peptide
PWVcf, carotid-femoral pulse-wave velocity
rMSSD, root mean square of the successive differences
RAS, renin-angiotensin system
RDI, respiratory disturbance index
SaO2, oxyhemoglobin saturation
SD, standard deviation
SDANN, SD of the average normal R-R wave
SDNN, SD of the normal R-R wave
TP, total power
VLF, very low frequency
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