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Abstract

Background—Electrocardiography R-wave to Radial artery pulse delay (RRD) represents pulse 

transit time inclusive of pre-ejection period (PEP) and arterial pulse propagation time. RRD is 

proposed to largely reflect arterial stiffness when PEP is accounted for (shorter RRD = higher 

arterial stiffness). Sleep disordered breathing (SDB) causes intermittent hypoxemia and 

sympathetic activation, which negatively influence vascular function. We aimed to examine the 

association of measures of SDB with RRD.

Methods—The sample consisted of participants in the Multi-Ethnic Study of Atherosclerosis 

without prevalent cardiovascular disease who underwent a daytime arterial elasticity exam, cardiac 

magnetic resonance imaging (MRI), and overnight polysomnography. SDB measures of interest 

included apnea hypopnea index (AHI) and oxygen desaturation index (ODI) (N = 1173). RRD was 

regressed on each measure of SDB separately, with adjustment for other cardiovascular risk factors 

as well as for correlates of the PEP, another component of RRD, by including cardiac MRI 

measures of contractility and preload.

Results—In multivariate analysis, among measures of SDB, ODI, a marker of intermittent 

hypoxemia, was inversely associated with RRD (β= −60.2 msec per SD [15.5/hr], p = 0.04). No 

significant association was found with AHI. In gender stratified analyses, ODI and AHI were 
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predictive of RRD in men only (β= −111.3 msec per SD [15.5/hr], p = 0.01 and β= −100.3 msec 

per SD [16.1/hr], p=0.02 respectively).

Conclusion—Severity of SDB as measured by ODI was associated with RRD, a marker of 

arterial stiffness. Association of RRD with measures of SDB appears to be gender-dependent.
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Introduction

Recent decades have witnessed a rising prevalence of sleep disordered breathing (SDB) and 

growing evidence of its adverse impact on health. 1, 2 In particular, epidemiological studies 

have demonstrated an association of SDB with increased cardiovascular (CV) morbidity.3–5 

While the mechanisms underlying such association are not fully understood, factors leading 

to macro- or microvascular abnormalities such as hypertension, 4 endothelial dysfunction,6 

systemic inflammation7 and oxidative stress8 have been proposed. In addition, numerous 

studies have shown independent associations between SDB and various markers of 

subclinical CV disease (CVD).9–11

One of the functional subclinical markers that have recently emerged as an early 

independent predictor of CV morbidity and mortality is arterial stiffness.12–14 The majority 

of the studies, but not all, have shown increased arterial stiffness in SDB patients after 

considering major confounding factors.15 Furthermore some, but not all studies have 

demonstrated improvement in the measures of arterial stiffness after treatment of SDB.16–18

Pulse wave velocity (PWV) based on arterial pulse transit time (hereafter “aPTT”) is a well-

established and commonly used measures of arterial stiffness but requires two tonometric 

measurement sites.19 A major determinant of aPTT is the vascular wall property (stiffness), 

which in turn is heavily influenced by blood pressure (BP) at the time of measurement.20 

While aPTT change within an individual is mainly determined by change in BP, aPTT 

variability across individuals is determined by baseline vascular wall property if BP is 

accounted for. A proxy for aPTT can be measured from the electrocardiography (ECG) R 

wave to the pulse arrival time at the selected peripheral site (i.e., PTT). Inherently, this 

measure also includes the pre-ejection period (PEP), which reflects the time between the 

ECG R wave peak to the aortic valve opening. Because PTT can be readily and non-

invasively measured, it has been evaluated as a surrogate for aPTT or as its own metric.21, 22

The purpose of this study was to determine the relationship between measures of SDB and 

PTT (in the form of ECG-tonometry-based R-wave to radial artery pulse delay [RRD]) in 

ethnically diverse community dwelling adults. We hypothesized that severity of SDB is 

associated with RRD. Given differences in the reported relationships between SDB and 

CVD in men and women, we also explored gender-specific associations, as well as race-

specific associations.
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Methods

Study Participants

The Multi-Ethnic Study of Atherosclerosis (MESA) is a multi-site prospective cohort study 

of community-dwelling men and women aged 45–84 years without known CVD (history of 

coronary heart disease, heart failure, or stroke) at enrollment in 2000–2002.23 For this study, 

we included MESA Exam 5 (2010–2012) participants who underwent radial artery 

tonometry, cardiac magnetic resonance imaging (MRI) and who participated in a Sleep 

Exam on a separate day (2010–2013). Those with any prevalent CVD or any receiving 

continuous positive airway pressure were excluded. The research protocols were approved 

by the Institutional Review Boards at each participating institution, and all participants gave 

written informed consent.

Sleep Study

The MESA exam 5 sleep study has been previously described.24 All recordings from 

overnight in-home polysomnography (Compumedics Ltd., Abbostville, Australia) were 

centrally scored at the Brigham and Women’s Hospital Sleep Reading Center, by research 

polysomnologists blinded to other data, with demonstrated high levels of scorer reliability. 

For this analysis, our primary metrics of SDB were the apnea hypopnea index (AHI) and 

oxygen (O2) desaturation index (ODI). AHI was defined as the sum of all apneas (either 

obstructive or central) plus hypopneas with ≥4% O2 desaturation per hour and analyzed as a 

continuous measure. Apnea was further classified as obstructive or central apneas on the 

basis of the presence of respiratory effort. Common clinical cutoffs (AHI< 5, 5≤AHI<15/hr, 

15≤AHI<30, AHI≥ 30/ hr) were used to classify SDB severity. ODI was defined as the 

number of desaturation episodes per hour of at least a 4% decrease in O2 saturation (SpO2) 

from the maximum SpO2 during the event. Nocturnal hypoxemia burden was measured by 

% time spent with O2 saturation (SpO2) less than 90% (PCT90%) and by mean SpO2 during 

sleep.

ECG R-wave to Radial Artery Pulse Delay (RRD)

As part of MESA Exam 5, arterial pulse waveform was obtained during wakefulness by 

placing the tip of the arterial tonometer (Millar Instruments. Houston, TX) on the wrist 

perpendicular to the plane of the radial artery while the participant was lying supine. A wrist 

stabilizer was used to stabilize the position of the tonometer, which was held in a stiff-

necked holder, and appropriate tonometer pressure was maintained throughout the recording 

to ensure proper data acquisition. All the measurements were acquired by certified 

technologists. The signal was then visualized by WinDaq software (DATAQ Inc. Akron, 

OH). A single ECG lead was recorded simultaneously and was displayed alongside with the 

arterial pulse waveform with a sampling rate at 250 Hz for both. All recordings were 

transmitted to a central collection site (University of Washington) and then to a reading site 

(University of Minnesota). aPTT was estimated from the R-wave peak until the start of the 

systolic upstroke of the radial artery pulse waveform (RRD). Entire tonometry recording 

period was 30 seconds except some cases that required additional 30 seconds of recording. 

For consistency, first 30 second period was used. Since RRD can be influenced by 

respiratory cycle, median value of multiple RRD readings during this 30 second period was 
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used. (Figure 1). The R wave was identified as the highest peak in each beat, which was 

checked visually, then additionally by custom-built program (http://www.R-project.org/) to 

find the R wave peak when the T wave was the maximum. The systolic upslope defined as 

the next strong upslope in pressure following on the R wave peak was detected both visually 

and automatically. Any discrepancies between the two methods were adjudicated.

Covariates

Demographic characteristics, body habitus (Body mass index [BMI]) and CV risk factors 

(hypertension, diabetes) were obtained during the MESA Exam 5 clinic visit. Hypertension 

was defined as seated systolic BP ≥ 140, diastolic BP ≥ 90, or the combination of anti-

hypertensive medication use and a physician diagnosis of hypertension (Sixth Report of the 

Joint National Committee (1997) criteria). Diabetes was defined as a fasting glucose ≥7.0 

mmol/l (126 mg/dl), or use of insulin or oral hypoglycemic medications. Information about 

use of any antidepressants or antipsychotic medications were obtained. Distance along the 

radial pulse transit path (i.e., manubrium to wrist distance [RR distance]) was estimated 

from height, gender and race. This was based on a regression model that was constructed 

against the measured distance from subaxilla to extended fingertip (which approximated 

distance from manubrium to radial pulse) in over 1200 consecutive participants at exam 5 

(R2 = 0.56). The estimated RR distance was used for all participants in this study. BP was 

measured immediately before tonometry acquisition. Mean arterial pressure (MAP) was 

used as a covariate. To account for PEP, we adjusted for MRI measures that can influence 

this time interval (i.e., left ventricular ejection fraction [LVEF] and LV end-diastolic volume 

[LVEDV] for contractility and preload respectively). MRI examinations were performed as 

previously described.25 Imaging data were read using MASS software (version 4.2; Medis, 

Leiden, The Netherlands) at a single reading center (Johns Hopkins University) by readers 

trained in the MESA protocol. Functional parameters and left ventricular (LV) mass were 

determined by volumetric imaging. Ejection fraction (EF) was calculated as stroke volume 

divided by LV end-diastolic volume.

Statistical Analysis

Characteristics of participants included in the study were described by absence or presence 

of ‘significant SDB’ using an AHI cut off of 15/hr. Exposure variables included key 

measures of SDB: AHI, ODI and % PCT90%. The main outcome variable was RRD (msec). 

All values were expressed as mean (SD) unless specified otherwise. To better characterize 

the distribution of the measures of SDB in relation to RRD, descriptive statistics were 

derived based on terciles of RRD. For this cross-sectional analysis, we used multiple linear 

regression with model 1 adjusting for age, gender, race, BMI, RR distance, LVEF and 

LVEDV and model 2 adjusting additionally for MAP, hypertension, hypertension medication 

and diabetes. Estimates of association were provided per 1 unit and also per SD of the 

exposure of interest. The latter facilitates comparisons across the different exposures of 

interest. In addition to considering measures of SDB as continuous predictors, AHI clinical 

severity category was evaluated. Possible effect modification of associations between SDB 

and RRD by age, gender and race was tested by including cross-product terms in the models. 

In the presence of significant interaction (p<0.05), subgroup analysis was performed. All 

analysis was performed using SAS (ver 9.3 SAS Institute Inc., Cary, NC, USA).
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Results

Participant Characteristics

A total of 1073 participants were included in the study (Figure 2). The distribution of 

participant characteristics is shown in Table 1. The mean age of the participants was 67.8 

(8.8), 523 (44.6 %) of 1173 participants were men and nearly about two thirds (62.6%) of 

the participants were of non-white race/ethnicity. SDB was common with 31% of the 

participants meeting the criteria for moderate or more severe SDB with mean AHI at 13.8 

(Median: 7.5 [IQR: 2.8–17.5])/hr. 36.7%, 32.3%, 17.8% and 13.2% were classified as 

normal, mild, moderate and severe SDB severity categories, respectively. Hypertension was 

present in half of the participants. As expected, participants with SDB when compared to 

those without were more likely to be men, obese, diabetic, and characterized by higher 

MAP. With regards to cardiac MRI measures, those with SDB had higher LVEDV and lower 

LVEF (Table 1a). Men were more obese, had higher AHI, MAP and LVEDV, and lower 

LVEF compared to women (Table 1b). Men had a slightly longer RRD than women but the 

difference was not statistically significant (Men: 120.2 [1.54] vs. Women: 119.1 [1.5] msec, 

p = 0.3).

Distribution of RRD

RRD was inversely correlated with age, MAP and LVEF and positively correlated with 

LVEDV. No correlation was found between RRD and BMI (Table 2). There was significant 

difference in SDB measures between the terciles of RRD except mean O2 saturation and 

PCT90% (Table 2).

Association between Measures of SDB and Nocturnal Hypoxemia and RRD

Adjusting for demographics, BMI, radial pulse transit path distance, LVEF and LVEDV, 

severity of SDB as measured by ODI was significantly associated with shorter RRD time. 

The associations remained significant when the model was further adjusted for MAP and 

CVD risk factors (β= −60.2 msec per SD [15.5/hr], p = 0.04) (Table 3). There was a trend 

but statistical significance was not reached with AHI as a predictor of RRD. Neither 

subtypes of AHI (i.e., obstructive AHI and central apneas) nor markers of nocturnal 

hypoxemia (i.e., mean SpO2 and PCT90%) showed significant association with RRD. In this 

multivariable model, male, older age, shorter RR distance, hypertension, higher MAP and 

LVEF, and lower LVEDV were found to be associated with shorter RRD. In contrast, no 

association was found with BMI or race. Significant interactions between key measures of 

SDB and gender (AHI-gender, pinteraction= 0.01; ODI-gender, pinteraction = 0.01) were 

present. No interactions were found with either age or race. The subsequent gender specific 

subgroup analysis showed that the associations of SDB measures with RRD were significant 

in men (AHI: β= −100.3 msec per SD [16.1/hr], p=0.02; ODI: β= −111.3 msec per SD 

[15.5/hr], p = 0.01) but not in women (Table 4). There was a trend of decrease in RRD with 

the increasing clinical SDB severity category in men (Figure 3). RRD in severe SDB group 

was lower than normal group in men (mean 115.3 msec [112.0–118.6] vs. 122.6 [119.8–

125.5], P=0.001) (Figure 3). Adjusting for covariates attenuated the results (Adjusted mean 

117.0 msec [113.9–120.2] vs. 121.3 [118.6–124.1], P=0.05). No association of nocturnal 

hypoxemia measures and RRD was found in either men or women.
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Discussion

RRD is a measure of arterial stiffness that is mostly determined by arterial transit time 

(shorter transit time values suggesting greater arterial stiffness). In this racially and 

ethnically diverse, community-based cohort we found that severity of SDB as measured by 

ODI was associated with RRD. Inverse association shown in our study suggests that higher 

ODI (more frequent oxygen desaturation events) is associated with shorter RRD taking into 

account factors that may influence PEP. In addition to ODI, variables such as age, 

hypertension and BP, each of which is well known to affect arterial stiffness, and thus PWV, 

were all found to be related to RRD. The association of ODI with RRD accounting for these 

factors implies that the severity of SDB (i.e., high ODI) may be independently associated 

with higher arterial stiffness (short RRD).

The results of this study is consistent with findings from a number of studies that have 

largely demonstrated a higher degree of arterial stiffness in patients with SDB.15 Majority of 

studies conducting various arterial stiffness measures revealed that SDB (vs. no SDB), 

severe SDB (vs. milder SDB) and SDB (vs. no SDB) in the setting of hypertension or 

metabolic syndrome conferred higher arterial stiffness.

A recent meta-analysis of 5 clinic-based studies showed that carotid-femoral PWV was 

significantly higher in patients with SDB than controls (standardized mean difference 0.45, 

95% CI 0.21–0.69, P<0.0001).26 A population based study involving 153 participants from 

Wisconsin Sleep cohort did not reveal any independent association between measures of 

SDB and PWV in multivariable analysis.27 In a small study that evaluated augmentation 

index as a measure of arterial stiffness, an association with SDB was shown in men only.28 

In demonstrating this relationship, almost all prior studies have used AHI, which is indeed 

the most commonly used index in assessing SDB. In our study, as an exploratory strategy we 

included several related measures of SDB that are routinely reported in clinical sleep study. 

Although AHI and ODI were highly correlated and provided similar information regarding 

associations with RRD, the ODI showed more significant association. Moreover no evidence 

of association was found when the degree of hypoxemia as expressed by mean O2 saturation 

or PCT90% were considered.

That ODI among various SDB measures had the strongest association with RRD highlights 

the potential importance of intermittent hypoxemia-reoxygenation in explaining the 

pathophysiological link between SDB and RRD. Intermittent hypoxemia induces ischemia-

reperfusion type of injury, which is a potent trigger to oxidative stress, endothelial 

dysfunction and increased sympathetic tone.8, 29–31 Cumulative exposure to these stresses 

can change vascular properties explaining the increased basal arterial stiffness.32 Although 

most conventional SDB measures reflect severity of intermittent hypoxemia, ODI is a simple 

and reliable metric that is easily obtainable via pulse oximetry unlike AHI that requires 

measurement of air flow. Moreover AHI is rather a sensitive metric that is subject to varying 

definitions of hypopnea.33

Notably, we found a significant role of gender in modifying this relationship as the 

association was present only in men but not in women. Gender-based analysis prompted by 

Kwon et al. Page 6

Sleep Med. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the presence of significant interaction revealed that in men both higher ODI and AHI were 

associated with shorter RRD. Indeed, there was a trend of shorter RRD across AHI-based 

SDB severity class. No such pattern was found in women. Many of previous studies 

investigating SDB and more conventional measures of arterial stiffness included men only. 

Even in studies including both gender, gender-specific difference in the relationship has not 

been reported. Mechanisms behind this gender-specific finding of our study is unclear. 

While marked difference in the prevalence of SDB by gender is well known, gender-related 

difference in SDB’s CV effects remains elusive.34 However, pathophysiologic response to 

SDB between men and women may differ. Experimental studies showed more pronounced 

peripheral vasoconstriction response to arousal in men than women.35 Wadhwa et al. 

demonstrated sustained alteration in autonomic nervous system activity in response to 

exposure to intermittent hypoxia in men but not in women.36 Conversely, endothelial 

dysfunction, which represent different aspects of vascular property than arterial stiffness, 

appeared to be affected in women with SDB but not in men.37, 38 In the Sleep Heart Health 

Study, the association of severe SDB with incident coronary heart disease, heart failure and 

stroke was observed in men but not in women although this finding could have been partly 

attributed to insufficient power in women and a lower lifetime cumulative exposure to SDB 

when the women were studied.3, 5

It should be noted that RRD (PTT) in our study represents a single measure of arterial 

stiffness obtained during wakefulness. The measurement approach is identical to that of 

conventional pulse wave analysis measurement. This approach is distinct from using 

dynamic continuous PTT changes during sleep as an autonomic arousal index to quantify 

SDB severity.39 In this regards, examining continuous measure of RRD (vs. single) as a 

dynamic arterial stiffness measure in sleep in comparison to existing peripheral arterial 

tonometer-based sleep diagnostic technology would be of interest in the future.40

Recently, Zhang et al. suggested that radial PTT, equivalent to RRD in our study, is a useful 

index of arterial stiffness by demonstrating its inverse relationship with age in both men and 

women.41 Likewise, the significant associations of RRD with age and BP shown in our 

study confers validity of RRD as an index of arterial stiffness. RRD has the advantage that it 

can be easily obtained by a single tonometric measurement with simultaneous ECG 

compared to traditional PWV measure that require two separate tonometric measurements. 

In the MESA cohort, RRD was associated with BP, metabolic syndrome and coronary artery 

calcium score.42 Despite this, RRD used in this study encompasses PEP in addition to aPTT 

(a direct derivative of PWV) and therefore possibly confounding the RRD-arterial stiffness 

relationship. While we attempted to overcome this by adjusting for LVEDV (loading 

condition), LVEF (inotropic state) and MAP (afterload) known to be major determinants of 

PEP, these MRI measures were not obtained at the time of RRD measurement. However, we 

argue that cardiac MRI measures of LVEDV and LVEF in resting state are relatively stable 

measures. The RRD incorporates both an elastic segment (ascending aorta and aortic arch) 

and muscular arterial segment (segments distal to the takeoff of the brachiocephalic trunk or 

subclavian arteries from the aorta). It is widely accepted that large/elastic artery 

stiffening/PWV is associated with aging and CV risk, whereas muscular artery stiffening is 

not.43 In Framingham cohort, in contrast to carotid femoral PWV, carotid radial PWV was 

not linked to CV outcomes.44 Therefore, we acknowledge the need for further studies to 
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validate RRD as a marker of arterial stiffness or as a useful index of CV risk. Future studies 

should examine the reproducibility of RRD as well as the relationship between RRD and 

other conventional measures of arterial stiffness including PWV and pulse wave contour 

analysis derivatives. Furthermore, the utility of RRD in prediction of CV outcomes is 

warranted. Finally, cross-sectional and observational nature of the study does not allow us to 

infer causality. In spite of the limitations, a strength of this study includes objective 

measurements of SDB and RRD in a large, ethnically diverse, community-based cohort. To 

the best of our knowledge this study represents the largest population-based study examining 

markers of SDB in relation to a surrogate of arterial stiffness.

Our findings add to the growing body of evidence that SDB is associated with subclinical 

markers of CVD and that associations between SDB and vascular property differ in men and 

women. In conclusion, we found that severity of SDB in men was associated with RRD, a 

novel subclinical CV marker.
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• ECG R-wave to Radial artery pulse delay (RRD) is a marker of arterial 

stiffness

• Severity of sleep disordered breathing was associated with higher arterial 

stiffness

• This association was found only in men but not in women
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Figure 1. 
RRD (ECG R-wave to Radial Artery Pulse Delay) measurement Time interval between 

dotted lines represent RRD (ECG R-wave to Radial Artery Pulse Delay).

Kwon et al. Page 12

Sleep Med. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Study participants MESA, Multi-Ethnic Study of Atherosclerosis; MRI, magnetic resonance 

imaging
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Figure 3. 
RRD by SDB severity category SDB, sleep disordered breathing; RRD, ECG R-wave to 

Radial Artery Pulse Delay (unit: msec). Based on unadjusted analysis. Men (total N=523): 

Normal (N=135), Mild (N=163), Moderate (N=121) and Severe (N=104); Women (total 

N=650): Normal (N=295), Mild (N=216), Moderate (N=88) and Severe (N=51). Bar 

represents 95% CI. * indicates statistical significance when compared to reference (Normal) 

group (p=0.001). P values for linear trend were 0.001 for men and 0.7 for women.
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