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Aim: Prolonged P-wave duration (PWD), which indicates atrial conduction delay, is a potent precursor of atrial fibrillation (AF) that
may be induced by obstructive sleep apnea (OSA). The cardio-ankle vascular index (CAVI), which is an arterial stiffness parameter, is
elevated in patients with OSA; moreover, an increased CAVI is associated with atrial conduction delay through left atrium enlargement
in association with left ventricular diastolic dysfunction. We aimed to examine the relationship between the CAVI and PWD in patients
with OSA.

Methods: We included patients with a sinus rhythm who underwent overnight polysomnography. We measured the PWD and CAVI
on standard 12-lead electrocardiograms; further, we analyzed the relationship between PWD and CAVI.

Results: We analyzed data from 300 participants (men, 89.0%; mean age, 52.3 + 13.1 years; and body mass index, 26.2 + 3.9 kg/m?).
The mean PWD was 104.4 + 10.4 ms while the mean CAVI was 7.5 + 1.5. PWD was significantly correlated with CAVI (r = 0.478, p <
0.001); additionally, PWD and CAVI were directly associated with OSA severity (p = 0.002 and p = 0.002, respectively). Multivariate
regression analysis revealed an independent significant correlation of PWD and CAVI with OSA severity.

Conclusion: In patients with OSA, an increase in arterial stiffness is associated with atrial conduction delay.

Keywords: atrial fibrillation, cardio-ankle vascular index, obstructive sleep apnea, P-wave duration

Introduction
The P-wave duration (PWD) on an electrocardiogram is generally accepted as a reliable and noninvasive indicator of
atrial conduction.! Prolonged PWD, which indicates atrial conduction delay, is a potent precursor of atrial fibrillation
(AF).*? Obstructive sleep apnea (OSA) may cause atrial conduction delay, which can be modified by OSA treatment
through continuous positive airway pressure (CPAP).* The possible mechanisms underlying the relationship between
OSA and atrial conduction delay include mechanical and autonomic cardiovascular effects such as elevated cardiac wall
stress related to exaggerated intrathoracic pressure oscillations,™® elevated sympathetic nerve activity,” activation of
systemic inflammation,® oxidative stress associated with the production of reactive oxygen species,” and the related
endothelial dysfunction.'® These pathophysiological effects of OSA may directly contribute to vascular damage and left
atrial remodeling, which are strongly associated with subsequent cardiovascular events, including new-onset AF.>"!
Additionally, OSA may increase arterial stiffness.'” Specifically, the cardio-ankle vascular index (CAVI), which is
among the arterial stiffness parameters, is higher in patients with severe OSA and is considered a clinically useful index
for vascular damage progression.'* Although the underlying mechanisms remain unclear, PWD is associated with arterial

stiffness parameters, which could involve left ventricular diastolic dysfunction.'® In patients with OSA, the left atrial
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diameter is associated with arterial stiffness.'? However, the relationship between PWD and arterial stiffness in patients
with OSA remains unclear.

This study aimed to examine the relationship of OSA severity with PWD and CAVI as well as the relationship
between PWD and CAVI in patients with OSA.

Methods

Participants

We included all consecutive participants was taken informed consent who had undergone an overnight sleep study at the
Sleep Center of the Toranomon Hospital (Tokyo, Japan) from January to July 2007. The inclusion criteria were as
follows: age > 20 years and normal sinus rhythm, where every P-wave was positive in leads I, II, and aVF with uniform
morphologies; every QRS complex was preceded by a P-wave; and every P-wave was followed by a QRS. The exclusion
criteria were as follows: 1) a history of AF, atrial flutter, or sodium-channel blocker administration; 2) frequent episodes
of atrial and ventricular ectopies on electrocardiogram and/or during CAVI measurements; 3) having a pacemaker or
implantable cardioverter-defibrillator; 4) evidence of heart failure; 5) a history of ischemic heart disease; having
significant valvular heart disease, aortic disease, peripheral vascular disease, and severe chronic pulmonary disease; 6)
being on dialysis; 7) ankle-brachial index < 0.9 during CAVI measurements; and 8) having central sleep apnea; 9) have
experienced psychological severe stress before measuring the CAVI. All the patients provided informed consent for
participation in the study. The study complied with the Declaration of Helsinki and was conducted in accordance with the
ethics policies of the involved institution.

Sleep Study

All participants underwent an overnight sleep study using a digital polygraph (SomnoStar a Sleep System; Sensor
Medics, Yorba Linda, CA, USA) at our sleep laboratory, with the use of standard definitions and scoring methods.'> OSA
severity was evaluated using the apnea-hypopnea index (AHI), which was calculated as the total number of apnea and
hypopnea events divided by the total sleep time, expressed as the number of events per hour. Patients with central sleep

apnea were defined as those with an AHI of > 5 events/h, with > 50% being central events.'® '

CAVI

Technologists who were blinded to the polysomnographic and electrocardiogram data measured the CAVI using a Vasera
VS-1000 device (Fukuda Denshi, Tokyo, Japan) while the participants were awake between 8:00 AM and 12:00 noon on
the same day.

Further, blood pressure measurements, anthropometric data, and blood samples were collected. Cuffs were applied to
the four extremities; moreover, electrocardiographic electrodes were attached to the upper arm. Phonocardiography was
performed using a microphone placed at the sternal angle. The participants rested in a supine position for 5 minutes.

Details regarding CAVI and CAVI measurements have been previously described.'!'?!

P-Wave Duration

On the day of the sleep study, a standard 12-lead electrocardiogram was obtained using the same electrocardiogram
device (PageWriter Touch; Philips, Amsterdam, the Netherlands) at 25 mm/s with 1 mV/cm standardization after supine
rest for > 5 minutes. The data were digitally stored on a server at our institution. The PWD was manually measured by an
experienced observer who was blinded to the polysomnographic data and CAVI value using software for the digital
caliper (Hakarun, version 0.7.0; Onegland, Shizuoka, Japan) with fourfold magnification. The PWD was obtained as the
mean duration of three consecutive beats in lead II. Each measurement included identifying the initiation of the P-wave
onset and its termination at the P-wave offset. The P-wave onset was identified as the junction of the T and P isoelectric
line with the beginning of the positive deflection. Additionally, the P-wave offset was identified as the junction between
the end of the P-wave deflection and PR segment.22 To determine intraobserver reproducibility, we obtained the
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coefficients of variation (CV) from triplicate measurements obtained on different days in 10 randomly selected patients.
The average CV was 2.2%.>

Blood Samples and Other Data

Venous blood samples with complete blood count and biochemistry were obtained in the early morning after overnight
fasting and immediately after the sleep study and analyzed serum were separated by centrifugation at central laboratory
in the Toranomon Hospital. We calculated the estimated glomerular filtration rate (¢GFR) based on serum creatinine
levels.® Additionally, we measured the height and weight using exclusive measuring instrument at the same time. Blood
pressure and heart rate were measured on the same day as in the sleep study. Specifically, blood pressure was measured
using a sphygmomanometer with an appropriately sized cuff after the participants had rested for > 5 min. Triplicate
measurements were performed, with the mean of the last two values being recorded. The mean blood pressure was
calculated as follows: mean blood pressure = diastolic blood pressure + 1/3 x (systolic blood pressure — diastolic blood
pressure). Hypertension was defined as systolic blood pressure of = 140 mmHg, diastolic blood pressure of = 90
mmHg, or treatment with antihypertensive medications. A habitual drinker was defined as an individual who ingested
alcohol at least thrice per week at the time of the sleep study. A current smoker was defined as an individual who smoked
at the time of the sleep study or had quit smoking within 1 year before the sleep study.

Statistical Analysis

Continuous variables are expressed as mean * standard deviation or median (interquartile range) while categorical
variables are expressed as numbers and percentages. Correlations among the CAVI, other variables, and PWD were
analyzed. To identify factors independently correlated with PWD, we performed multivariable regression analysis, with
PWD as the dependent variable and significant variables (ie, P < 0.1) in the univariate analyses as the independent
variables. In the regression analyses, we used the natural log-transformed AHI since AHI showed a non-normal
distribution. Statistical analyses were performed using a statistical software package (StatView, version 5.0, for
Windows; SAS Institute, Cary, NC, USA). Statistical significance was set at p < 0.05.

Results

During the study period, 412 participants underwent a sleep study. We analyzed data from 300 eligible participants.
Table 1 analyzes the characteristics of the participants. The participants were generally middle-aged, predominantly male,
and mildly obese. Among the participants, 22.3% and 65.7% were current smokers and habitual drinkers, respectively.
The mean P-wave duration and CAVI were 104.4 = 10.4 ms and 7.5 + 1.5, respectively. Table 2 summarizes the sleep
study data. The natural log-transformed AHI showed a modest but significantly positive correlation with CAVI and PWD

Table | Characteristics of the Participants

Age, Years 523 £ 13.1
Men, n (%) 267 (89.0)
BMI, kg/m? 262 39
Current smokers, n (%) 67 (22.3)
Habitual drinkers, n (%) 197 (65.7)
Systolic blood pressure, mmHg 1314 £ 172
Diastolic blood pressure, mmHg 834 + 10.1
Mean blood pressure, mmHg 994+ 114
Heart rate, /min 70.6 £ 12.3
Total cholesterol, mg/dl 197.6 + 36.5
Triglycerides, mg/dl 169.0 £ 131.2
HDL cholesterol, mg/dI 479 + 133
Fasting blood glucose, mg/dI 101.3 £ 20.9
(Continued)
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Table | (Continued).

HbAlc, % 5.6 £3.0
eGFR, mL/min/|.73m? 78.0 £ 153
CRP, mg dI 0.27 £ 1.26
Calcium channel blockers, n (%) 57 (19.0)
ACE-I/ARB, n (%) 53 (17.7)
Beta blockers, n (%) 20 (6.7)
Statins, n (%) 24 (8.0)

Abbreviations: ACE-|, angiotensin converting enzyme inhibitors;
ARB, angiotensin receptor blockers; BMI, body mass index; CRP,
C-reactive protein; HDL, high density lipoprotein; eGFR, esti-
mated glomerular filtration rate; HbAlc, glycohemoglobin Alc;
high density lipoprotein.

Table 2 Sleep Study Data

Total Sleep Time, Min 3525 £ 69.7
% of slow wave sleep, % of total sleep time 9380
% of REM sleep, % of total sleep time 112 +£59
Arousal index, /h 343 (24.9)
AHI, /h 31.8 (27.9)
Mean SO,, % 95.7 £39
Lowest SO,, % 775+ 11.2

Abbreviations: AHI, apnea-hypopnea index; REM, rapid eye movement;
SO,, oxyhaemoglobin saturation.

(correlation coefficient, 0.162; P = 0.005 and 0.157; P = 0.007). As shown in Table 3, age, mean blood pressure, eGFR,
and mean SO, showed a significant univariate relationship with PWD. Additionally, CAVI showed a significant positive
correlation with PWD (Figure 1). Multivariate regression analysis, which included PWD as the dependent variable and
age, mean blood pressure, eGFR, mean SO,, log-transformed AHI, and CAVI as independent variables, showed
a significant independent association of mean blood pressure and CAVI with PWD (Table 4).

Discussion
PWD and CAVI showed a significant independent correlation with OSA severity. This is the first report to show that an
increase in arterial stiffness is associated with atrial conduction delay in patients with OSA.

Patients with OSA may have increased arterial stiffness; however, the relationship between OSA severity and arterial
stiffness remains unclear. Generally, increased arterial stiffness reflects the degree of structural and functional vascular
damage, with the latter being associated with endothelial dysfunction and sympathetic nervous system overactivation.”**>

Table 3 Significant Correlates with the PWD Other Than CAVI in
Univariable Analyses

Correlation Coefficient P
Age 0.406 < 0.001
Mean blood pressure 0.242 < 0.001
eGFR —0.289 < 0.001
Mean SO, —0.099 0.088
Natural log-transformed AHI 0.157 0.007

Abbreviations: AHI, apnea-hypopnea index; CAVI, cardio-ankle vascular index; eGFR,
estimated glomerular filtration rate; PWD, P-wave duration; SO,, oxyhaemoglobin
saturation.
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Figure | Scatter plots of the PWD and CAVL

Specifically, endothelial dysfunction and sympathetic overactivation may affect muscular arterial stiffness; further, patients
with moderate-to-severe OSA have endothelial dysfunction, which could be reversed by treatment with CPAP.'%%¢

The CAVI represents arterial stiffness and can predict atherosclerosis development. Since the CAVI reflects the
stiffness of the aorta, femoral arteries, and tibial arteries, arterial stiffness assessed by CAVI comprises both elastic and
muscular arterial stiffness. The vascular stiffness of muscular vessels is strongly affected by blood pressure, sympathetic
nerve activity, and physiological and psychological stress.>” Compared with other parameters of arterial stiffness, the
CAVI is less dependent on blood pressure during measurement since it is calculated using simultaneously measured
systolic and diastolic blood pressures.”**° Taken together, the CAVI allows calculation of the degree of structural and
functional vascular damage based on the non-invasive measurement and is less susceptible to blood pressure variations
during the measurement. Our findings demonstrated that OSA severity was associated with increased arterial stiffness
since the CAVI was higher in patients with more severe OSA.

The mechanism underlying the relationship between arterial stiffness and PWD in patients with OSA remains unclear.
Prolonged PWD, which indicates delayed atrial conduction, is associated with atrial enlargement and abnormality in left
atrial function, with subsequent atrial arrhythmias such as AF. PWD is significantly correlated with the left atrial pressure
and size>*>! As an indirect mechanism, OSA is associated with left ventricular diastolic dysfunction, which can cause
impaired left ventricular filling and increased left atrial pressure.**** As a direct mechanism, negative intrathoracic
pressure against an obstructed upper airway in patients with OSA increases the left ventricular afterload and left ventricle
transmural pressure. We previously reported that OSA may cause atrial conduction delays, which can be modified by

CPAP treatment of OSA.*

Table 4 Significant Correlates with the PWD in Multivariable Analysis

B 95% CI Partial Correlation P
Coefficient
Age 0.111 -0.007, 0.230 0.121 0.066
Mean blood pressure 0.111 0.021, 0.200 0.125 0.033
eGFR —0.046 —0.126, 0.034 —0.066 0.258
Mean SO, =0.111 —0.386, 0.163 —0.099 0.426
Natural log-transformed AHI 0.529 —0.505, 1.563 0.058 0.315
CAVI 2.393 1.232, 9.553 0.285 < 0.001

Abbreviations: AHI, apnea-hypopnea index; CAVI, cardio-ankle vascular index; Cl, confidence interval; eGFR,
estimated glomerular filtration rate; PWD, P-wave duration; SO,, oxyhaemoglobin saturation.
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Arterial stiffness is associated with left atrial size in patients with hypertension;***> moreover, the left atrial diameter
is significantly correlated with arterial stiffness parameters, including pulse wave velocity, independent of age, sex, body
mass index, ventricular remodeling, and filling pressure.®* Furthermore, since arterial stiffness of the aorta is positively
correlated with left ventricular afterload,>® increased arterial stiffness in patients with OSA could be an independent
factor associated with atrial remodeling.'> Notably, long-term intermittent hypoxia in patients with OSA may have
a direct effect on the heart and aorta; additionally, increased arterial stiffness may affect prolonged PWD. Since we
observed a significant independent correlation of CAVI with PWD in patients with OSA, there could be an independent
mechanism through which OSA promotes arterial stiffness, which causes left atrial and ventricular afterload and left
ventricular diastolic dysfunction, and ultimately leads to prolonged PWD, which indicates delayed atrial conduction.

OSA severity was significantly correlated with prolonged PWD and CAVI; moreover, CAVI showed a significant
independent correlation with PWD. This indicates that OSA may cause left atrial overload and remodeling, which causes
various adverse effects through arterial stiffness, including an increased risk of AF development.

Limitations

This study had several limitations. First, we included a small number of women given the low prevalence of moderate-to-
severe OSA in women;’’ moreover, we could not identify eligible women during the study period. Additionally, this was
not a population-based study. The low proportion of participants with no or mild OSA decreases the generalizability of
our findings. Second, we did not obtain structural or functional information regarding the left atrium, which could allow
elucidation of the mechanism underlying the association between atrial conduction delay and arterial stiffness in patients
with OSA.

Conclusion

We observed a significant correlation of OSA severity with prolonged PWD and CAVI; additionally, CAVI showed
a significant independent correlation with PWD. These findings suggest that increased arterial stiffness is associated with
atrial conduction delay in patients with OSA, which leads to various adverse effects, including an increased risk of AF
development.
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