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Abstract 

Objective: Epidemiological data increasingly supports sleep as a determinant of cardiovascular 

disease risk. Fewer studies have investigated the mechanisms underlying this relationship or 

employed objective sleep assessment approaches to discern the CVD impact of specific sleep 

characteristics. The aim of this study was to examine associations between objectively assessed 

sleep duration and efficiency and daily blood pressure as a potential atherogenic pathway.  

Methods: A diverse community sample of 300 men and women ages 21-70, enrolled in the 

North Texas Heart Study participated in the study. Actigraphy assessed sleep was monitored 

over 2 consecutive nights with ambulatory blood pressure sampled randomly within 45-min 

blocks on the first and second day and second night.  

Results: Complete data was available for 216 participants. As predicted, individuals with lower 

mean sleep efficiency had higher daytime (systolic: B=-0.241, SE=0.100, p<.017, adjusted R2 

=0.412; diastolic: B=-0.121, SE=0.06, p<.045, adjusted R2 =0.356) and nighttime BP (systolic: 

B= -0.696, SE=0.174, p<.001, adjusted R2 = .243; diastolic: B= -0.410, SE= 0.093, p<.001, 

adjusted R2 = .230). Moreover, lower sleep efficiency on one night was associated with higher 

systolic (B= -0.386, SE= 0.111, p<.001, adjusted R2 =0.325) but not diastolic BP (B= -0.126, SE= 

0.067, p=.062, adjusted R2 = .223) the following day. Overall, sleep duration was associated with 

systolic BP only, with the exception of nighttime BP. 

Conclusions: Objectively assessed sleep efficiency and duration are associated with both 

concurrent nighttime BP and subsequent day BP and may serve as pathways linking sleep to 

CVD. Key words: Sleep efficiency; sleep duration; blood pressure; ambulatory; actigraphy. BP= 
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Blood Pressure. CVD= Cardiovascular Disease. BMI = Body Mass Index. Polysomnography = 

PSG. 

Actigraphy-Assessed Sleep Efficiency is Associated with Ambulatory Blood Pressure in a 

Community Sample 

Introduction 

An enormous proportion of Americans (50-70 million / ~20%) suffer from chronic sleep 

and wakefulness disorders, with even more who experience subclinical sleep disturbance. Both 

clinical and subclinical sleep disturbance have shown to be associated with CVD. More 

specifically, two facets of subclinical sleep disturbance, sleep quantity (e.g., sleep duration) and 

quality (e.g., sleep efficiency), have demonstrated a link with CVD with most of the focus on 

sleep duration. Most research on the relationship between sleep duration and CVD has been 

conducted via self-report, despite the moderate to low correlation between subjective and 

objective sleep measures. Other, more refined measures of sleep, such as sleep efficiency, are 

more difficult to accurately collect via self-report, and are thus understudied compared to sleep 

duration. Emerging evidence suggests that sleep efficiency may assert an influence over CVD 

independent of sleep duration (Ramos et al., 2018). Thus, examining sleep efficiency may 

provide a clearer picture of the pathways involved in the relationship between sleep and CVD. 

Emerging literature suggests that sleep efficiency may be associated with blood pressure 

(BP)- a robust determinant of CVD. However, the limited research examining the relationship 

between sleep efficiency and BP to date has various methodological shortcomings which cloud 

understanding of this candidate pathway. In particular, no studies have examined sleep efficiency 

and BP objectively and repeatedly in a community sample. Thus, the aim of this thesis is to 

better understand BP as a mechanism linking sleep to CVD by examining the relationship 



SLEEP EFFICIENCY AND BLOOD PRESSURE 
 

8 
 

between objectively assessed sleep efficiency and objectively assessed ambulatory BP in a large 

community sample of healthy adults. 

What Is Sleep? How Do We Measure It? 

Sleep—a reversible neurobehavioral state of relative perceptual disengagement from the 

environment – has been studied and assessed with increasingly frequency over the past 40 years 

(Buysse, 2014). Despite building evidence that underscores the impact of sleep on most aspects 

of our waking lives, its purpose and influence on health and disease is still somewhat of a 

mystery to scientists and clinicians alike. Though we may not know quite why sleep is necessary, 

the research is clear: optimal sleep is necessary for optimal health due to its implication in 

numerous diseases and even mortality. The American Academy of Sleep Medicine identifies 3 

features of optimal “sleep health”: sleep quantity, quality, and regularity (Buysse, 2014). The 

current sleep quantity recommendations for an average adult ages 18-60 are at least 7 hours a 

night in the absence of sleep disturbances and sleep disorders. Additionally, sleeping more than 9 

hours may be appropriate for young adults and individuals recovering from “sleep debt” (Watson 

et al., 2015). 

Despite these recommendations, the CDC estimates 35% of adults ages 18-60 in the US 

do not get the recommended 7 hours of sleep per night (Liu et al., 2016). Daily sleep 

insufficiency can affect everything from energy expenditure (Spaeth, Dinges, & Goel, 2017), 

attention (Perez-Lloret et al., 2013), interpersonal functioning (Beattie, Kyle, Espie, & Biello, 

2015; Hasler & Troxel, 2010), work productivity (Jurádo-Gámez, Guglielmi, Gude-Sampedro, & 

Buela-Casal, 2015), engagement in health behaviors such as proper diet, exercise, and non-

smoking (Patterson, Malone, Lozano, Grandner, & Hanlon, 2016), and various health indicators, 

from adiposity to cardiometabolic health (Chaput et al., 2017; Kanagasabai & Chaput, 2017). 
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Various features of sleep, namely sleep quantity and quality, (i.e., sleep duration; sleep 

efficiency) appear to have differential relationships with elements health and disease independent 

of one another. Much of the emerging literature on sleep and disease has mixed methods. Thus, 

the accuracy of sleep measurement is an important consideration in the understanding of sleep 

research as it relates to disease, as method of assessment can impact study results. The following 

sections discuss the various methods of sleep assessment with an eye towards accuracy. 

Sleep Measurement Methods  

Objective Measures of Sleep. Researchers employ a variety of objective and subjective 

methods in order to measure sleep quantity and quality. Objective methods typically include PSG 

and actigraphy. PSG is a multi-parametric test that records sleep continuity, sleep architecture 

(i.e., sleep phases), and both rapid eye movement (REM) and non-REM sleep by measuring 

brain-wave activity (Luyster, Strollo, Zee, Walsh, & Boards of Directors of the American 

Academy of Sleep Medicine and the Sleep Research Society, 2012). It is frequently cited as the 

“gold standard” method of objective sleep assessment. Despite its gold standard status, PSG is 

invasive, requiring unnatural sleep conditions (i.e., a laboratory setting) to be conducted reliably. 

This raises the question of whether PSG captures the ‘real-world’ nature of sleep or not. 

Actigraphy is another commonly used objective measure of sleep that is often used to 

estimate real-world patterns of sleep. The appeal of actigraphs, often in the form of a portable, 

wrist-worn device, is increasing for researchers and clinicians, as evident by the relative growth 

in publications that include actigraphy instead of PSG (Quante et al., 2018; Sadeh, 2011). 

Though actigraphy is not capable of distinguishing phases during sleep, actigraphy appears to be 

a reliable way to measure sleep continuity (e.g., sleep duration and efficiency) (Aili, Åström-

Paulsson, Stoetzer, Svartengren, & Hillert, 2017), unlike many subjective measures of sleep. 
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Indeed, a variety of studies have validated actigraphy with PSG in normal and clinical 

populations. These studies have generally found that actigraphy has high overall sensitivity and 

accuracy, but has more trouble identifying wake episodes compared to PSG. Despite this, most 

studies have concluded that actigraphy is a useful, reliable, and valid means of measuring sleep 

(Irwin, 2015; Quante et al., 2018; Taibi, Landis, & Vitiello, 2013; Ward, Lentz, Kieckhefer, & 

Landis, 2012).  

Subjective Measures of Sleep. Subjective methods of measuring sleep are more diverse 

than objective methods, typically including a variety of self-report measures that range from 

single-item responses to validated measures to sleep diaries.  

Self-Report Questionnaires. The most common self-report tools used to measure sleep 

dysfunction include the Pittsburgh Sleep Quality Index (PSQI) and the Epworth Sleepiness Scale 

(ESS) (Mollayeva, Kendzerska, & Colantonio, 2013). Briefly, the PSQI was designed to be used 

by researchers and clinicians alike to measure sleep quality in the general population (D J 

Buysse, Reynolds, Monk, Berman, & Kupfer, 1989), while the ESS was designed to measure 

daytime sleepiness among patients with sleep disorders (Johns, 1991). The PSQI and the ESS 

have been validated in many types of clinical and non-clinical samples around the world, often 

showing good internal consistency. Reviews of the psychometric properties of these measures 

generally conclude that the ESS can reliably measure daytime sleepiness, though should not be 

used as a screening tool for certain sleep disorders (Kendzerska, Smith, Brignardello-Petersen, 

Leung, & Tomlinson, 2014; Nishiyama et al., 2014). Likewise, the PSQI is not recommended as 

a screening tool for sleep disorders, nor is it a valid means of measuring specific parameters of 

sleep (e.g., duration). However, it does appear to be a valid means of measuring “subjective sleep 

dysfunction” (Mollayeva et al., 2016). 
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Evidence concerning the validity of the PSQI and ESS, respectively, compared with 

objective measures, is limited. A recent systematic review and meta-analysis of the psychometric 

properties of the PSQI, for example, cites that only 3 out of 37 articles compare the PSQI to 

actigraphy, and only 5 of the 37 compare it to PSG (Mollayeva et al., 2016). The available 

evidence from these few validation studies generally demonstrates little correlation between 

PSQI score, and both actigraphy (Beaudreau et al., 2012; Spira et al., 2012) and PSG (Manzar et 

al., 2015; Nishiyama et al., 2014), respectively. Despite the modest correlations, self-report 

questionnaires like the PSQI and ESS are favorable compared to questionnaires that have no 

psychometric properties, or to no assessment of sleep at all. 

Despite the discrepancy with objective sleep measures (Lauderdale, Knutson, Yan, Liu, 

& Rathouz, 2008), other studies note that the PSQI is correlated with measures of psychological 

distress (Matthews et al., 2018), such as depression (Grandner, Kripke, Yoon, & Youngstedt, 

2006) and anxiety (Nishiyama et al., 2014). Likewise, a systematic review of the psychometric 

properties of the ESS stated that the poor agreement among objective measures of sleep and the 

ESS may reflect the multidimensional nature of sleep (Kendzerska et al., 2014). Thus, the current 

literature on the psychometric properties of the most commonly used sleep dysfunction scales 

(i.e., PSQI and ESS) has noted that there are weak correlations, if any, between validated 

subjective sleep scales and objective indices of sleep. Despite this, evidence suggests there is 

merit in asking individuals about their subjective experiences involving sleep dysfunction, as 

subjective sleep scales may capture a different dimension of sleep compared to objective 

measures.  

Sleep Diaries. Sleep diaries are another commonly used method of subjectively assessing 

sleep. They require the prospective and retrospective reporting of daily sleep/wake times, among 
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other factors, depending on the sleep diary. In terms of the accuracy of sleep diaries, 

discrepancies between objective and subjective sleep measures extend to sleep diary assessment. 

For example, a recent study of 223 racially diverse adults compared the similarities and 

differences in sleep duration estimates between sleep diaries and objective measures of sleep. 

They found that individuals tended to overestimate their sleep duration by sleep diaries 

compared to both actigraphy and PSG. They also found that those who endorsed worse overall 

health and depression symptoms were more likely to have a smaller correlation between sleep 

diary- and actigraphy-assessed sleep duration (Matthews et al., 2018). Other studies have also 

generally found weak associations between sleep diary-assessed duration and efficiency, and 

both actigraphy (Jackowska, Ronaldson, Brown, & Steptoe, 2016) and PSG (Crescimanno, 

Greco, & Marrone, 2014). Taken together, both sleep diaries and standard sleep scales, like the 

PSQI and ESS, have weak correlations with objective sleep measures. However, sleep diaries 

provide richer self-report data than standard sleep scales due to the repeated and prospective 

nature of the design. 

Retrospective Questions. Many studies, especially population-based studies, do not use 

validated scales or sleep diaries to assess sleep, but rather single- or multi-item retrospective 

questionnaires. One common finding in the literature involves the correlation between 

population-level sleep duration and cardiovascular outcomes based on responses to such items. 

However, few studies have validated such questions with objective measures. Those that have 

conducted validations have generally found that correlations between such questions and sleep 

duration are in the moderate to poor range and are systematically biased (Cespedes et al., 2016). 

Single/multi-item questionnaires or other self-report measures of sleep are cost-effective, easy to 

administer, and decrease participant burden. Thus, such questionnaires are commonplace in 
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research, particularly epidemiology. However, the limited evidence concerning the association 

between such retrospective questionnaires and objective sleep measures indicates that 

retrospective questionnaires may not the most accurate or valid means of assessing specific 

parameters of sleep.  

The interest in sleep continues to increase as evidenced by the growth in publications and 

journals in the past decade concerning sleep (Dinges, 2014; Gouveia et al., 2018; Ma et al., 

2015). Likewise, methods of assessing sleep have increased as well, ranging from technological 

advancements in objective assessment, to the proliferation of self-reported retrospective and 

prospective sleep assessments available and validated in various countries and samples. Though 

feasibility is important to consider when assessing sleep, accuracy is an important consideration 

as well. The validation studies that have been conducted on subjective sleep assessments using 

objective measures often find poor agreement and systematic bias. Thus, objective measures, 

though logistically more difficult to utilize, are the ideal way of measuring sleep accurately. Of 

the objective sleep options, actigraphy is the most logistically feasible measure, due to its ability 

to easily and accurately measure sleep and wake in “real-world” settings, unlike PSG. Given the 

advantage of objective measures in sleep research, one should interpret subjective sleep results 

cautiously. The next sections outline subjective and objective findings from population-based 

sleep studies regarding the deadliest disease in the US and around the world- cardiovascular 

disease (CVD). 

Sleep and Cardiovascular Disease 

Sleep Disorders and CVD. Sleep is increasingly recognized as a risk factor for CVD. 

Numerous studies and reviews document relationships between sleep, including both individual 

variations and clinical sleep conditions, and a range of cardiovascular outcomes as well as 



SLEEP EFFICIENCY AND BLOOD PRESSURE 
 

14 
 

mortality (Badran, Yassin, Fox, Laher, & Ayas, 2015; Beydoun et al., 2017; Sogol Javaheri & 

Redline, 2017; Patyar & Patyar, 2015; Reitz & Martino, 2015). More specifically, insomnia 

(Sogol Javaheri & Redline, 2017; Khan & Aouad, 2017; Luyster et al., 2014; Sofi et al., 2014), 

obstructive sleep apnea (OSA) (Bauters, Rietzschel, Hertegonne, & Chirinos, 2016; Drager et al., 

2017; Porto, Sakamoto, & Salles, 2017; Ramos et al., 2017), and restless leg syndrome (Gottlieb, 

Somers, Punjabi, & Winkelman, 2017; Van Den Eeden et al., 2015) have all been linked to CVD 

outcomes. For example, a recent meta-analysis of 12 studies involving 25,760 participants with 

OSA reported a 79% greater risk of CVD, a twofold increase in stroke, and a 92% increased risk 

of all-cause early mortality with the condition (Wang et al., 2013). Likewise, a recent prospective 

study of 23,447 men followed for 6 years documented associations between insomnia and greater 

CVD mortality (Li, Zhang, Winkelman, Redline, Hu, Stampfer, Ma, & Gao, 2014). Another 

recent population-based study of a representative US sample found that increased nocturnal leg 

cramps, a symptom of restless leg syndrome, was associated with hypertension, heart failure, 

angina, and stroke (Grandner & Winkelman, 2017). Evidence positing a definitive link between 

restless leg syndrome diagnosis and CVD though, is currently mixed (Gottlieb et al., 2017). 

Thus, the majority of correlational evidence between clinical sleep disorders and CVD suggests 

that sleep and circadian effects play a significant role in CVD and pathology. 

Everyday Sleep and CVD. In addition to clinical syndromes, everyday sleep 

insufficiency is also linked to CVD and mortality (Cappuccio, D’Elia, Strazzullo, & Miller, 

2010; Gallicchio & Kalesan, 2009; Silva et al., 2016). Numerous reviews and meta-analyses 

have found an association between the extremes of sleep duration (i.e., total sleep time), and the 

prevalence and incidence of CVD, though some of the data are mixed (Aziz et al., 2017; 

Cappuccio, Cooper, D’Elia, Strazzullo, & Miller, 2011; Covassin & Singh, 2016; Knutson, 
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2010). For example, a recent systematic review of 15 studies encompassing 474,684 participants 

found that both short and long sleep duration were associated with developing coronary heart 

disease (CHD) and stroke, while only long sleep duration was associated with total CVD 

(Cappuccio et al., 2011). Likewise, another recent systematic review and meta-analysis of 27 

population-based cohort studies of elderly individuals found that both long and short sleep 

duration were associated with increased risk for all-cause mortality, while just long sleep 

duration was associated with cardiovascular mortality (Silva et al., 2016). Another recent meta-

analytic review by the American Heart Association found that both long and short sleep duration 

are related to adverse cardiometabolic risk, including CHD and diabetes mellitus (St-Onge et al., 

2016). However, two recent population-based studies that also assessed sleep duration and CVD 

risk found that self-reported long sleep was not associated with increased disease risk 

(Hoevenaar-Blom, Spijkerman, Kromhout, van den Berg, & Verschuren, 2011; Lao et al., 2018). 

Thus, an impressive body of population-based literature illustrates that the timing of sleep is an 

important consideration for all manner of cardiovascular and cardiometabolic diseases. More 

specifically, the data generally suggest that short and long sleep have a differential impact on 

disease incidence. These findings generally underscore the importance of sleep as a behavior that 

contributes to cardiovascular health, and that likely impacts risk of early death.  

Sleep quality, in addition to sleep duration, is also linked to CVD risk. For example, a 

recent systematic review of 32 studies documented a significant association between poor 

objective and subjective sleep quality, and various measures of subclinical CVD, including 

endothelial dysfunction and carotid intima-media thickness (CIMT) (Aziz et al., 2017). A 

population-based longitudinal study of 20,432 adults with no CVD at baseline documented an 

association between self-reported short-sleepers (≤6 hours) with poor sleep quality and 12-year 
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CVD and CHD incidence (Hoevenaar-Blom, Spijkerman, Kromhout, van den Berg, & 

Verschuren, 2011). Another large, prospective, cohort study of 60,586 adults aged 40 and older 

found similar results, documenting an association between poor sleep quality defined as 

“difficulty falling asleep/use of sleeping pills or drugs”, and increased CHD incidence (Lao et 

al., 2018). Thus, the evidence positing a relationship between sleep quality and CVD is notable. 

However, research on CVD and sleep duration is more prevalent as the variable is more easily 

defined and measured compared to sleep quality. Taken together, these data provide strong 

evidence of the pathogenic effects of sleep insufficiency.  

Sleep Efficiency and CVD. A significant portion of the population experiences difficulty 

with sleep quality. There are multiple determinants of sleep quality, from qualitative aspects such 

as mood, to more quantitative aspects such as nighttime arousal (Krystal & Edinger, 2008; 

Ramlee, Sanborn, & Tang, 2017; Soffer-Dudek, 2017). Amongst the most common determinants 

of poor sleep quality are problems initiating or maintaining sleep (Roth, 2007), which are the 

defining features of insomnia. Insomnia affects nearly 30% of adults in the U.S., and the best 

objective and continuous operational definition of insomnia severity is sleep efficiency. Sleep 

efficiency is the amount of total sleep time that occurs during time in bed (Schutte-Rodin, Broch, 

Buysse, Dorsey, & Sateia, 2008), which accounts for the time spent awake lying in bed before 

sleep onset (i.e., difficulty initiating sleep), during the night (i.e., difficulty maintaining sleep), 

and in the morning (i.e., early morning awakenings). It is often operationalized as a ratio 

between time asleep and time in bed (Schutte-Rodin et al., 2008). Despite emerging evidence 

linking sleep efficiency to CVD risk, the mechanisms underlying this relationship remain largely 

unexplored. 
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Research examining the relationship between sleep efficiency and CVD risk broadly has 

utilized mixed methods and samples of varying size (Aziz et al., 2017; Ekstedt, Åkerstedt, & 

Söderström, 2004; Kuula et al., 2016; Petrov et al., 2013).  For example, a study of 904 

participants found a modest dose-response relationship between lower PSG-derived sleep 

efficiency and higher Framingham cardiovascular risk scores, after controlling for BMI and age 

(Cintra et al., 2012). Another large, prospective cohort study of 23,447 US men found a dose-

dependent relationship between more self-reported sleep efficiency-related difficulties and 

increased risk of CVD mortality (Li, Zhang, Winkelman, Redline, Hu, Stampfer, Ma, Gao, et al., 

2014). Smaller studies have reported a relationship between decreased sleep efficiency and a 

diagnosis of hypertension vs. normotension (Friedman, Bradley, Ruttanaumpawan, & Logan, 

2010; Liao, Zhao, Liu, & Chen, 2016). Taken together, sleep insufficiency, from inadequate 

sleep duration to poor sleep efficiency, appears to impact CVD risk.  

Potential Moderators of CVD Risk in the Sleep Pathway 

Numerous studies have linked sub-clinical sleep problems to CVD pathways and 

mechanisms in addition to CVD disease outcomes. According to the American Heart 

Association, the most important factors that determined lifetime risk of CVD include 

nonsmoking status, nondiabetic status, total cholesterol level, and blood pressure (Mozaffarian et 

al., 2016). Evidence regarding the association between sleep and these potential pathways and 

mechanisms to disease is varied, with more evidence for some factors than others.  

Smoking and Sleep. Many studies have examined the relationship between smoking and 

sleep. It is well-established that inadequate sleep is common among smokers (Deleanu et al., 

n.d.; Patterson, Grandner, Lozano, Satti, & Ma, 2018). However, sleep disturbance is also 

commonly reported among quitting smokers (Colrain, Trinder, & Swan, 2004; Nair, Haynes, & 
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Collins, 2017; Patterson et al., 2018; Peltier, Lee, Ma, Businelle, & Kendzor, 2017). These 

relationships have been examined in sleep disorders, such as OSA (Chen, Steptoe, Chen, Ku, & 

Lin, 2017; Krishnan, Dixon-Williams, & Thornton, 2014; Lavigne, Lobbezoo, Rompré, Nielsen, 

& Montplaisir, 1997). In terms of sleep insufficiency, studies have more commonly found an 

association between smoking status and low objective and subjective sleep duration than sleep 

efficiency (Custodio et al., 2015; Jaehne et al., 2012; Patterson et al., 2016). The few studies that 

assess smoking and objective sleep do no demonstrate a significant relationship between 

smoking status and sleep efficiency, however subjective sleep quality is associated with smoking 

status (Jaehne et al., 2012; Sahlin, Franklin, Stenlund, & Lindberg, 2009). Taken together, the 

available data indicates that smoking impacts the sleep quantity and quality, but not necessarily 

the sleep efficiency, of a smoker. Inadequate sleep also impacts the ability of a smoker to quit, as 

poor sleep quality often ensues during withdrawal. Thus, sleep duration and quality are being 

targeted in smoking cessation interventions, which already show promise (Filion, Darlington, 

Chaput, Ybarra, & Haines, 2015). Targeting sleep duration and quality may not only improve 

smoking cessation outcomes, but may have downstream effects on cardiovascular health. 

Diabetes and Sleep. Numerous reviews and meta-analyses assert that Type II Diabetes 

(T2D) is associated with objective and subjective sleep parameters (Anothaisintawee, Reutrakul, 

Van Cauter, & Thakkinstian, 2016; Grandner, Seixas, Shetty, & Shenoy, 2016; Tan, Chapman, 

Cedernaes, & Benedict, 2017; Zhu et al., 2018; Zizi et al., 2010). Most literature on sleep 

duration posits a U-shaped relationship between sleep duration and T2D (Shan et al., 2015). For 

example, in a recent meta-analysis of 10 studies assessing the relationship between subjectively-

assessed sleep disturbance and T2D incidence, subjective short and long sleep duration predicted 

T2D development. Poor subjective sleep quality (i.e., trouble initiating and maintaining sleep) 
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also predicted T2D development (F. P. Cappuccio, D’Elia, Strazzullo, & Miller, 2010). Less 

research has been conducted on objective measures of sleep, particularly sleep efficiency, and 

T2D. The available evidence is limited and mixed, with some studies positing a relationship 

between decreased objective sleep efficiency and T2D and its risk factors (Dorenbos, Rijks, 

Adam, Westerterp-Plantenga, & Vreugdenhil, 2015) while others do not (Facco et al., 2017). 

Given the evidence and multiple meta-analyses, sleep duration seems to be a viable target for 

intervention in T2D research. However, it appears more research needs to be conducted on the 

relationship between sleep efficiency and T2D before determining whether it too should be 

considered an intervention target. 

Cholesterol and Sleep. Most of the literature examining the relationship between 

cholesterol and sleep involves OSA (Ng et al., 2017; Xu, Yi, Guan, & Yin, 2014). For example, 

a recent meta-analysis of 64 studies analyzing the effect of obstructive sleep apnea (OSA) on 

lipid profile. They found that patients with OSA generally had increased dyslipidemia, which 

includes higher total cholesterol (Nadeem et al., 2014). There does not, however, appear to be a 

demonstrable relationship between subjective sleep duration or quality and cholesterol at this 

time, according to another recent meta-analysis of 13 studies (N=30,033) examining the 

association of sleep duration and quality with lipid profile. They found no evidence of a 

significant relationship between either subjectively-assessed sleep duration or sleep quality with 

total cholesterol (Kruisbrink et al., 2017). Thus, certain clinical syndromes, like OSA, may have 

a relationship with total cholesterol. However, the impact of subjective sub-clinical sleep indices 

such as sleep duration and quality on total cholesterol appears minimal. The impact of objective 

indices of sleep on cholesterol remains to be seen. 
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Blood Pressure and Sleep. One pathway by which chronic perturbations in daily sleep 

may affect CVD risk is through its effects on BP. Blood pressure is a well-established moderator 

of CVD (Krakoff, 2013; Lawes, Bennett, Lewington, & Rodgers, 2002; Lichtenstein, Shipley, & 

Rose, 1985; Stevens et al., 2016). In addition to non-modifiable determinants, 

psychological/behavioral factors have consistently demonstrated to moderate BP (Pointer, et al., 

2012) with prospective data documenting their impact on underlying disease (Jennings, et al., 

2004). Additionally, various population-based studies and meta-analyses have examined the 

relationship between clinically high blood pressure (i.e., hypertension) and sleep disturbance (E. 

Dean et al., 2012; Guo et al., 2013; Pepin et al., 2014; Ramos et al., 2018; Thomas & Calhoun, 

2017; Q. Wang, Xi, Liu, Zhang, & Fu, 2012). For example, a recent meta-analysis of 21 cross-

sectional and longitudinal studies involving 225,858 individuals showed that both short and long 

subjective sleep duration were associated with increased risk of hypertension (Guo et al., 2013). 

Regarding sleep efficiency and BP, a recent population-based study of 2148 Hispanic adults 

examined the association between objective sleep parameters and hypertension diagnosis. They 

found that each 10% reduction in actigraphic sleep efficiency was associated with a 7.5 greater 

hypertension prevalence. No association was found for objective sleep duration (Ramos et al., 

2018). Therefore, insufficient sleep, in the form of sleep duration and efficiency, may acutely 

affect BP with implications for disease. However, more research needs to be conducted on 

objective indices of sleep in order to understand the relationship with BP. 

Vascular Mechanisms of CVD risk via Sleep. As a vascular mechanism, the contribution 

of high BP to CVD risk, above other risk factors, has remained particularly important (Cheng et 

al., 2014). Compelling data suggest that specific sleep parameters, namely sleep duration and 

efficiency, may influence CVD outcomes through such a mechanism. However, the relationship 
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between objective sleep parameters, particularly objective sleep efficiency, and BP, remains 

understudied. Other vascular mechanisms of CVD that are associated with sleep efficiency 

include heart-rate variability (HRV), blood-pressure dipping, and circulating C-reactive protein 

(CRP). For example, a cross-sectional study of 340 women found an association between lower 

in-home PSG-assessed sleep efficiency and higher CRP and fibrogen levels-- markers of 

inflammation that contribute to atherosclerosis (Matthews et al., 2010). In addition, a 

community-based observational study of 527 adults discovered that lower 7-day actigraphy-

derived sleep efficiency was associated with lower baseline HRV (Castro-Diehl et al., 2016). 

Various studies have also reported that lower sleep efficiency is associated with a blunting of 

nocturnal BP, commonly referred to as ‘dipping’- a mechanism hypothesized to influence CVD 

independent of daytime BP (Hughes, Kobayashi & Deichert, 2007; Ross, Yang, Larson, & 

Carter, 2014; Sherwood et al., 2012). In summary, current data suggest that objective sleep 

efficiency may influence CVD outcomes through various vascular mechanisms. 

Blood Pressure and Sleep Efficiency. The studies that have examined the relationship 

between BP and sleep efficiency are methodologically mixed, have varying definitions of sleep 

efficiency (e.g., ‘sleep quality’; ‘sleep fragmentation’) (Chouchou et al., 2013; Fung et al., 2013; 

Morrell et al., 2000), and utilize several tools of measurement. For example, some studies of 

sleep and BP have operationalized sleep efficiency using self-report measures while measuring 

BP at single time points. Such studies have generally reported a relationship between sleep 

efficiency and BP. However, these studies lack methodological rigor in terms of objective 

assessment (Bruno et al., 2013; Corbalán-Tutau, Madrid, & Garaulet, 2012). 

Most studies utilizing objective measures of sleep efficiency and BP have generally 

reported a relationship between sleep efficiency and BP, but with various methodological 
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shortcomings. For example, in a study of 87 Black and White college-aged men and women, 

Hughes and colleagues (2007) found that actigraphy-assessed sleep efficiency was associated 

with night-time ambulatory diastolic BP, but not systolic BP (Hughes et al., 2007). However, 

their sample was not community-based, and sleep efficiency and BP were only measured over 24 

hours. A population-based single-night study of 2,040 ethnically diverse older adults found the 

inverse regarding sleep efficiency and BP. They reported that in-home PSG-assessed sleep 

efficiency was associated with single-time point systolic BP, but not diastolic BP, before 

statistical adjustment (Dean et al., 2015). However, BP was neither measured overnight, nor 

repeatedly over time. Other studies that have utilized objective measures of sleep efficiency and 

ambulatory BP have had either small or homogeneous samples or have only observed a 

relationship between sleep efficiency and BP in child/adolescent samples (Au, Ho, Wing, Lam, 

& Li, 2014; Enright et al., 2003; S. Javaheri, Storfer-Isser, Rosen, & Redline, 2008).  

Current Study 

Although numerous studies have examined the effects of sleep duration on disease risk, 

to the author’s knowledge, no published studies have examined associations between objectively 

assessed BP and sleep efficiency in a large, diverse, community sample with at least 48-hours of 

ambulatory (i.e., actigraphy and BP) data. The current study improves upon prior work by 

examining the relationship between objectively assessed sleep efficiency and objectively 

assessed ambulatory BP in a large community sample of healthy adults. 

Method 

Participants 

A community sample of 300 adults (150 men, 150 women) ages 21 to 70 years (M= 

42.44, SD= 12.76) was recruited for a study of stress and atherosclerosis; the North Texas heart 
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Study (Ruiz et al., 2017). Exclusionary criteria included, 1) cognitive impairment (i.e., 

dementia), 2) previous history of myocardial infarction or tertiary cardiac interventions (e.g., 

coronary artery bypass surgery, implanted cardiac defibrillator), 3) pregnancy within last year or 

anticipating pregnancy during study period, and 4) an occupation that requires shift work. The 

sample was stratified by age within gender and race/ethnicity in order to examine age-related 

effects (Ruiz et al., 2017). The diverse sample included 60% non-Hispanic Whites, 15% non-

Hispanic Blacks, and 19% Hispanic/Latinos of which 75% self-identified as being of Mexican 

descent. 

Procedures 

Overview. The complete North Texas Heart Study protocol is described elsewhere (Ruiz 

et al., 2017). Briefly, a representative community sample of men and women was recruited for a 

longitudinal study of stress and atherosclerosis. Following informed consent, participants 

attended a baseline session. All sessions were conducted at a single-site, staffed, vascular 

medicine clinic located in the community which functioned as a general clinical research center. 

All laboratory sessions were conducted on Thursday mornings followed by a 2-day/1-night 

ambulatory/ecological momentary assessment (EMA) study. Following arrival at the laboratory 

study and consent, all participants underwent a brief physical exam which included a review of 

bodily systems, personal and family medical history, current medications and conditions, health 

behaviors, and detailed cardiac disease history. Prior to leaving, all participants were fitted with 

an actigraph monitor (Phillips-Respironics, Inc), an ambulatory BP monitor (see details below), 

and given a cellular phone for the 2- day/1-night, ambulatory/EMA study. Participants were 

further instructed to complete two additional EMA-based surveys: 1) an end-of-day survey 

completed at bedtime, and 2) a morning survey upon awakening. On the third day, participants 
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met the study coordinator at a designated site to return the EMA/Ambulatory equipment and 

complete final measures. 

Sleep and ambulatory protocol. Sleep was assessed using three distinct methodologies; 

surveys, sleep diaries, and actigraphy. Sleep diaries and actigraphy were used to assess 

subjective and objective aspects of sleep on each study night. Prior to departing the lab session, 

all participants were fitted with an Actiwatch (Mini Mitter, Bond, OR) and trained on its use. 

The Actiwatch was used to objectively monitor sleep over the 48-hour measurement period. In 

addition, participants were asked to keep sleep diaries (Carney et al., 2012) to assess self-

reported sleep and wake times as well as subjective experiences during the prior night’s sleep. 

Sleep diaries were completed upon waking each study day. Participants used the EMA-based 

sleep diary to report on the prior night’s sleep. 

To assess the association between sleep and daily/nightly BP, participants were fitted 

with an ambulatory BP monitor (ABPM). The ABPM was programmed to assess BP at random 

times during 45-min intervals during the first and second study days and the second study night. 

This random sampling procedure prevents participants from anticipating a reading and hence 

altering their activities. Participants were instructed to complete the EMA protocol in response to 

each BP sampling during awake hours. Participants were instructed to turn off the ABPM and 

remove it at bedtime on the first night, to attach and activate it upon awakening the next 

morning, and to contact the investigators immediately with questions. Participants were 

instructed to wear the ABPM on the second night in order collect night-time BP data. 

Measures 

Objective sleep quantity and quality. Actiwatches utilize a motion sensor known as an 

"accelerometer" to monitor the occurrence and degree of motion. This information is analyzed 
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with Actiware (Philips-Respironics, Inc.) software using settings of medium activity threshold 

and ten immobile minutes to detect wakefulness. For the current study, derived variables 

included: bedtime, wake time, time in bed, sleep onset latency, number of awakenings during the 

night, wake time after sleep onset, total sleep time, and sleep efficiency, using proprietary 

scoring algorithms in the software. To test the current aims, we focused on sleep efficiency and 

sleep duration. 

Sleep diaries and actigraphy data were combined to optimize assessment of sleep 

parameters. In the current study, there were moderately significant correlations between sleep 

diaries and actigraphy on total sleep time, sleep onset latency, wake time after sleep onset, and 

sleep efficiency (all p’s < .01). 

Subjective sleep quantity and quality. Self-report survey instruments were used at 

baseline to assess self-reported sleep experiences. Participants completed the 5-item Self-

Assessment of Sleep, a questionnaire about sleep quantity and quality developed by a board-

certified sleep specialist and co-PI of the NTHS. There did not appear to be any validity or 

reliability issues for these items. Participants also completed the 4-item Snoring, Tired, Observed 

Blood Pressure (STOP) Sleep Apnea Screen at each study assessment. The STOP was developed 

and validated in 211 pre-operative surgical patients (Chung et al., 2008).  

Phone-based, EMA sleep diaries were used to assess daily sleep perceptions and to 

augment the actigraphy data. Prospective sleep diaries are better than single-point retrospective 

estimates of sleep (Coursey, Frankel, Gaarder, & Mott, 1980). Upon awakening, participants 

were instructed to complete the sleep diary for the prior night by responding to prompts for time 

in bed, sleep onset latency, wake time after sleep onset, terminal wakefulness, final wake time, 
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and total sleep time. In addition to daily assessments, data was combined over the two-day study 

to yield averages.  

Ambulatory BP Monitoring (ABPM). Ambulatory BP was monitored over a 48-hour 

period using the Oscar 2 oscillometric ambulatory BP monitor (Suntech Medical Instruments, 

Inc., Raleigh, NC, USA). The Oscar 2 was designed specifically for ambulatory assessments and 

is the only ABPM clinically validated to all three international standards. The sensors and the 

cuff are unobtrusively worn under the participant's clothing, and only a small control unit 

(approximately 4.7 x 2.8 x 1.2 inches; 284 grams) attached to the participant’s belt is partially 

exposed. An appropriately sized BP cuff was selected according to participant size and wrapped 

around the upper part of the non-dominant arm. Data was cleaned using the criteria set by Marler 

and colleagues (1988). First, 2 ratios were calculated where ratio 1 = SBP/DBP and ratio 2 = 

(1.065 + (.00125*DBP)). Systolic BP values were censored as follows: 1) if ratio 1 < ratio 2, 2) 

if ratio 1 > 3, 3) if SBP < 70mmHg, or 4) if SBP > 250mmHg. Similarly, diastolic BP values 

were censored if: 1) ratio 1 < ratio 2, 2) if ratio 1 > 3, 3) DBP < 45mmHg, or 4) DBP > 

150mmHg. “Daytime” BP was defined as readings occurring between 7am and 10pm, while 

“Nighttime” BP was defined as readings occurring between 12am and 5am. These were the 

intervals during which it was most likely most participants would be awake and asleep, 

respectively. 

Statistical Analyses 

Ambulatory blood pressure averages were created for each of the two study days and the 

one study night. Specific derived variables included: day one systolic BP, day one diastolic BP, 

day two systolic BP, day two diastolic BP, night two systolic BP, night two diastolic BP. In 

addition, average day systolic and diastolic BP were calculated by averaging all daytime 
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measures during the study period. Consistent with established protocol, actigraphy-derived sleep 

efficiency was calculated as the ratio between total sleep time (TST) and time in bed (TIB) 

(TST/TIB)*100 (Schutte-Rodin et al., 2008). Specific derived variables included: night one sleep 

efficiency, night two sleep efficiency, and average sleep efficiency, calculated by averaging 

night one and two sleep efficiency measured during the study period. 

Linear regression was used to test hypotheses regarding the association between 

actigraphic sleep efficiency and sleep duration, and ambulatory BP. More specifically, I sought 

to examine whether average sleep efficiency and whether average sleep duration is associated 

with 1) average daytime BP, 2) average evening BP, and 3) whether average sleep efficiency and 

sleep duration on one night is associated with average daytime BP the next day.  

First, simple correlations were performed between all sleep efficiency and duration 

variables and BP outcome variables and continuous control variables. Next, linear regressions 

were conducted in steps. Unadjusted regressions were conducted analyzing the association 

between both sleep efficiency and sleep duration, and BP variables. Next, partially adjusted 

models were conducted, assessing the influence of demographic characteristics (i.e., age, sex, 

and race/ethnicity). Lastly, fully adjusted models were conducted to assess the added influence 

of BMI, sleep apnea risk, and baseline BP—factors that are likely to explain variance in our 

models. Thus, all fully adjusted models were adjusted for age, sex, race/ethnicity, BMI, baseline 

BP, and sleep apnea risk. Each analysis was conducted for systolic and diastolic BP, and for 

sleep efficiency and sleep duration, respectively. In describing the analyses, the unstandardized 

(B), standard error, confidence intervals, and p-values are reported in Tables 3-4. The overall 

multiple correlation square (R2) for each model, as well as the change in R2 between partial and 

unadjusted models, and between fully and partially adjusted models are also reported. F-
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statistics, p-values, and adjusted R2 of the overall models are reported throughout the text. Model 

comparisons were made using ANOVA. Alpha level was set at p < .05 (two-tailed) and were 

performed using R version 3.3.2 and RStudio 1.0.136 (R Core Team, 2017).  

 

 

Results 

Sample Descriptives and Preliminary Analyses 

Descriptive statistics for the total sample are shown in Table 1. Significant gender 

differences were observed in several key parameters. Specifically, men had significantly higher 

daytime systolic and diastolic BP as well as higher sleep apnea risk scores and lower average 

sleep duration compared to women (all p’s<.025).  

Bivariate correlations for all relevant continuous variables are displayed in Table 2. 

Replicating prior work, individuals with higher body mass index (BMI) had significantly higher 

day and nighttime BP. Correlational analyses also revealed that there was a significant 

relationship between higher average sleep efficiency, and greater age and average sleep duration, 

as well as lower baseline systolic BP, average daytime systolic BP, and average nighttime 

systolic and diastolic BP.  

Data Quality 

Of the 300 individuals enrolled in the study, 48 participants (16%) had missing data for 

average sleep efficiency, 4 (1%) had missing data for both mean daytime diastolic and systolic 

BP, and 58 (19%) had missing data for mean night time diastolic and systolic BP. Such missing 

rates are not uncommon and values were not imputed. Participants were not excluded based on 

missing data. Rather, listwise deletion was relied upon in order to maximize the n within specific 
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models. The only variable that predicted the missingness of nighttime BP and average sleep 

efficiency was combined race/ethnicity. Race/ethnicity was included in all partially and fully 

adjusted models to account for this non-random missingness. 

For all analyses, there were no significant differences in BP among racial/ethnic groups 

(p’s<.624). After full adjustment for all models, single time-point baseline BP consistently 

explained a substantial portion of the variance between sleep efficiency and duration, and 

ambulatory BP. For all models, the normality of the residuals as well as any potential outliers 

and cases with significant leverage were assessed. No leverage points associated with our models 

were found. For models with significant associations, a sensitivity analysis was conducted in 

which we removed outliers in the outcome variable. All substantive effects remained after 

removal of outliers. 

Association between Average Sleep Duration and Blood Pressure 

Multiple regression analyses were used to test whether actigraphic sleep duration, 

averaged across the two study days, is associated with average daytime and nighttime BP, and 

whether Night One sleep duration is associated with average BP the following day. The results of 

all unadjusted-, partially-, and fully-adjusted models are displayed in Table 3. Specifically, 

unadjusted analyses revealed that higher average sleep duration was associated with lower 

average daytime systolic (F(1,247)=8.341, p=.004, R2= 0.029) and diastolic (F(1,247)=8.341, 

p=.049, R2= 0.012) BP after removal of outliers. However, the association with diastolic BP was 

no longer significant after partial (F(4,242)=4.813, p=.37, R2= 0.058) and full (F(7,215)=8.761, 

p=.16, R2=0.197) adjustment.  

With regard to nighttime BP, the association between higher average sleep duration and 

lower average nighttime systolic and diastolic BP remained after partial (systolic: 
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F(4,208)=5.059, p<.001, R2= 0.071; diastolic: F(4,208)=4.89, p<.001, R2= 0.068) and full 

adjustment (systolic: F(7,184)=10.68, p<.001, R2= 0.262; diastolic: F(7,185)=7.67, p<.001, R2= 

0.196). Finally, higher Night One sleep duration remained associated with lower average Day 

Two systolic BP after partial (F(4,245)=7.46, p=.019, R2= 0.094) and full adjustment 

(F(7,216)=14.76, p=.037, R2= .302), and with diastolic BP after partial adjustment 

(F(4,245=5.37, p=.032, R2=0.068).  

Association between Average Sleep Efficiency and Daytime Blood Pressure 

 Multiple regression analyses were used to test whether actigraphic sleep efficiency, 

averaged across the two study days, is associated with average daytime BP, also averaged across 

the two study days. The results of all unadjusted-, partially-, and fully-adjusted models are 

displayed in Table 4. Unadjusted analyses revealed that higher average sleep efficiency was 

associated with lower average daytime systolic (F(1,248)=7.96, p=.005, R2= .027), but not 

diastolic BP (F(1,248)=2.66, p=0.1, R2=.006). The association for systolic BP remained 

significant after partial (F(4,242)=9.18, p=.002, R2=0.117 ) and full adjustment (F(7,216)=23.28; 

p=.017, R2=0.41) with full adjustment accounting for up to 41% of the variance in systolic BP, 

and all changes in R2 significant.  

Association between Average Sleep Efficiency and Nighttime Blood Pressure 

Multiple regression analyses were used to determine whether sleep efficiency was 

associated with average nighttime systolic and diastolic BP. Unadjusted analyses revealed that 

higher average sleep efficiency was significantly associated with lower nighttime systolic 

(F(1,214)=22.04, p<0.001, R2=0.089) and diastolic (F(1,214)=19.23, p<.001, R2=0.078) BP. 

These associations remained significant after both partial (systolic: F(4,208)=7.30, p<.001, 

R2=0.106; diastolic: F(4,208)=5.71, p<.001, R2=0.082) and full adjustment (systolic: 



SLEEP EFFICIENCY AND BLOOD PRESSURE 
 

31 
 

F(7,185)=9.79, p<.001, R2=0.243; diastolic: F(7,185)=9.178, p<.001, R2=0.229), with full 

adjustment accounting for up to 24% and 23% of the variance in systolic and diastolic BP, 

respectively. Changes in R2 between partial and fully adjusted models, but not between 

unadjusted and partially-adjusted models, were significant.  

Association between Night One Sleep Efficiency on Day Two Blood Pressure 

Additional multiple regression analyses were used to determine whether a temporal trend 

existed between sleep efficiency on one night and BP the next day. Unadjusted analyses revealed 

that higher sleep efficiency on Thursday night was associated with lower systolic 

(F(1,251)=10.5, p<.001, R2=0.036), but not diastolic (F(1,251)=3.63, p=0.058, R2=0.01), BP on 

Friday. The association between lower Night One sleep efficiency and higher Day Two systolic 

BP remained after partial (F(4,245)=9.05, p<.001, R2=0.115) and full adjustment 

(F(7,216)=16.33, p<.001, R2=0.325). All changes in R2 for systolic BP models were significant.  

Discussion 

This study examined the association of sleep efficiency and sleep duration, respectively, 

with day and nighttime BP in a diverse community sample of adults. The key findings were that 

sleep insufficiency, in the form of both lower sleep efficiency and sleep duration, was negatively 

associated with daytime systolic BP, and nighttime systolic and diastolic BP, after adjusting for 

BMI, age, gender, race/ethnicity, sleep apnea status, and baseline BP. Of particular interest were 

the temporal trends found between Night One sleep duration and efficiency and systolic BP the 

following day. Though previous research assessing the relationship between objective sleep 

efficiency and BP has yielded mixed results, the findings from the present study seem to support 

the findings from the more methodologically rigorous studies to date examining this relationship. 

That is, studies using large community samples, and at least some objective measurements in 
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their methods, have also reported a relationship between sleep efficiency and daytime systolic, 

but not diastolic, BP. Likewise, our findings on sleep duration generally match the experimental 

and epidemiological research on the association found between short sleep duration and 

increased BP (Dean et al., 2012; Gangwisch, 2014; Guo et al., 2013). As noted, sleep duration is 

a critical characteristic of the broader sleep efficiency variable.  

This study is the first to examine the relationship between objectively assessed sleep 

efficiency and ambulatory BP in a diverse community sample of healthy adults over a 48-hour 

period. It is also the first study to suggest a temporal relationship may exist between one night’s 

sleep efficiency and BP the following day. Hence, the current study represents a conceptual 

advance as it demonstrates it is not just the total amount of sleep that is important to acute 

cardiovascular functioning and perhaps disease risk but also the efficiency of that sleep. These 

findings suggest sleep efficiency is an alternative target for intervention efforts in addition to 

sleep duration.  

Sleep and Daytime Blood Pressure. The significant association between sleep 

efficiency and daytime BP is consistent with the limited studies that have objectively assessed 

sleep efficiency and some measure of BP. For example, Javaheri and colleagues (2008) studied 

238 adolescents with and without hypertension and found that those with lower sleep efficiency 

had, on average, higher wakeful systolic BP. Additionally, Liao, Zhao, Liu, and Chen (2016) 

found that patients with ambulatory-confirmed hypertension had lower sleep efficiency than 

those without hypertension. Nevertheless, some studies examining this relationship have found 

no relationship between sleep efficiency and BP, despite using objective measures. Such studies 

conflict with our findings. However, as mentioned above, these studies have generally had small 

sample sizes (Ekstedt et al., 2004; Ross et al., 2014). 
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Sleep and Nighttime Blood Pressure. In addition to associations found between sleep 

efficiency and daytime BP, significant associations were found between sleep efficiency and 

nighttime BP both before and after adjusting for socio-demographic and medical variables 

known to influence BP. The results for nighttime BP are consistent with some studies that have 

assessed sleep efficiency and BP. For example, Au and colleagues (2014)found that PSG-

assessed sleep efficiency was associated with nighttime systolic and diastolic ambulatory BP in 

143 adolescents, but not with wake-time BP. The results are also discrepant with some of the 

literature that has examined these relationships. For example, Hughes et al. (2007) found that SE 

was not associated with nighttime systolic BP, but was associated with nighttime diastolic BP in 

college students. Again, studies that have not found a significant relationship between objective 

sleep efficiency and nighttime BP have usually had very small sample sizes that have not 

accounted for key demographic variables. 

The literature concerning sleep and cardiovascular risk continues to increase. Robust 

findings from epidemiological studies concerning commonly measured indices of sleep, such as 

sleep duration, has given rise to studies utilizing objective methods to further explore this 

relationship. Such studies are beginning to broaden the scope of sleep research, examining more 

specific and refined indices of sleep, such as sleep efficiency. Given the objective methods used 

and the variables analyzed, the current study may provide a clearer picture of the synergistic 

relationship between sleep efficiency and sleep duration, and the pathways involved in their 

relationship with CVD. This study also argues strongly for examining temporal order in sleep 

assessment. These data have demonstrated that there is added benefit to examining the temporal 

order of the effect of sleep on BP, in addition to understanding broad averages over time. 

Sleep Insufficiency in the Context of Insomnia 
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Though sleep efficiency and sleep duration are collinear (one measure is derived using 

the other), they are conceptually distinct. One is a measure of time spent sleeping, while the 

other is an index of problems initiating and maintaining sleep. Such problems indicate arousal 

during what should be a time of rest. Sleep efficiency is the primary feature of insomnia-- a sleep 

disorder that can be defined as a conditioned state of hyperarousal that may or may not involve 

short sleep duration (Sogol Javaheri & Redline, 2017).  

Indeed, recent studies have tried to characterize insomnia severity by parsing insomnia 

from short sleep duration in an effort to determine whether insomnia with short sleep is a more 

severe phenotype of the disorder (Fernandez-Mendoza, 2017). Additionally, several 

epidemiological studies have assessed the differential impact of insomnia with and without short 

sleep on CVD risk (Bathgate, Edinger, Wyatt, & Krystal, 2016; Vgontzas, Liao, Bixler, 

Chrousos, & Vela-Bueno, 2009). For example, a large longitudinal epidemiological study of 

patients with insomnia, free of hypertension at baseline, found that that insomnia was associated 

with a two-fold increased risk of developing hypertension at follow up, and a four-fold increased 

risk if insomnia was coupled with short sleep duration (Fernandez-Mendoza et al., 2012). Thus, 

given insomnia’s high comorbidity with CVD, parsing sleep efficiency from sleep quantity in 

insomnia may be particularly relevant for CVD prevention efforts in conjunction with tailored 

insomnia intervention. 

Emerging evidence suggests that characterizing sleep duration and sleep efficiency in 

terms of the severity of each has potential to impact both biological and behavioral insomnia 

intervention efforts. The most widely-studied behavioral treatment for insomnia, and the first-

line treatment for insomnia in general, is cognitive-behavioral therapy for insomnia (CBT-I) 

(Qaseem et al., 2016). Vgontzas et al. (2013) have proposed that varying insomnia phenotypes 
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may respond differently to such insomnia treatments, namely CBT-I and sedative hypnotic drug 

treatment. Bathgate et al. (2016) tested this hypothesis in a secondary analysis of a randomized, 

clinical CBT-I trial with 60 patients with insomnia categorized as either short (<6 hours) or 

normal (≥6 hours) sleepers. They found that patients with insomnia and normal sleep duration 

responded more positively to CBT-I than their short sleep counterparts. Authors also note that 

short sleepers had worse objective sleep efficiency than normal sleepers at baseline. This 

preliminary research suggests that examining pre-treatment sleep characteristics in people with 

insomnia may help determine their response to behavioral sleep treatment, potentially allowing 

for tailored behavioral intervention intensity. The improvement of CBT-I is pertinent to CVD as 

insomnia is highly linked with cardiovascular outcomes, and limited available evidence has 

suggested that CBT-I improves biomarkers of CVD (Conley & Redeker, 2015). However, future 

research should determine whether sleep duration or sleep efficiency is a better marker of CBT-I 

treatment response.  

Strengths and Limitations 

This study has a number of strengths. First, sleep and BP were assessed objectively and 

prospectively. The moment-by-moment granularity that these methods provide allow for more 

reliable measurement of the constructs. Additionally, individuals were sampled in daily life, 

improving the ecological validity of these findings. Second, the sample size was substantial 

(~260) and was racially and ethnically diverse, increasing the generalizability of these findings. 

Third, actigraphy was measured both with and without the ambulatory BP cuff, allowing an 

opportunity to assess changes in sleep due to the presence of the ABPM (there were none; 

p=.193).  
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Of course, the present research does have notable limitations. First, the data collection 

time was limited to just 2 days/nights and thus, the data may not prove representative of broader 

sleep patterns or be as stable as a longer data sampling window might yield. Future work should 

attempt to replicate these findings over a longer period of time and perhaps at different time 

periods. Second, despite our efforts, the ambulatory BP cuff may have perturbed sleep for some 

participants resulting in artificially inflated readings that may not be a true ecologically 

representation of normal sleep/BP patterns. Third, although we have a racially/ethnically diverse 

sample, we examined the relationships across the whole sample which may omit group 

differences. There is evidence to suggest racial/ethnic differences in sleep disturbance 

(Cunningham, Wheaton, Ford, & Croft, 2016; Hicken, Lee, Ailshire, Burgard, & Williams, 

2013) and in the relationship between sleep and cardiovascular disease (Alcántara, Giorgio 

Cosenzo, Fan, Doyle, & Shaffer, 2017; Kalmbach, Pillai, Arnedt, & Drake, 2016). Perhaps a 

study powered to look at those relationships could be conducted to elucidate those trends. Hence, 

this study should be viewed as conceptually consistent but in need of replication and extension.  

Future Directions 

The results from the current study build upon a growing body of literature regarding sub-

clinical and clinical sleep problems and CVD. These findings appear to indicate that both short 

sleep duration and low sleep efficiency are associated with high BP. Though the pathogenesis of 

sleep and CVD is not fully understood, future studies may provide some insight into the 

differential roles of sleep duration and sleep efficiency on physiology. Namely, that short sleep 

might work to exacerbate the physiological effects of poor sleep efficiency on BP. Such roles 

would be consistent with the present findings. 
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The current results specifically and uniquely help to clarify the relationship between sleep 

efficiency and BP, and thus warrant an expanded look at this potential pathway to disease. Future 

research should establish directionality in this pathway with longitudinal data and should 

examine whether this pathway mediates the relationship with CVD development. Studies 

characterizing sleep efficiency into its component parts (i.e., sleep latency, sleep maintenance, 

early awakening) to determine which element might be driving the BP effect, and in whom, are 

also warranted. In terms of sleep duration, future studies should work to clarify the role of short 

sleep duration versus low sleep efficiency on CVD and to better define groups at increased risk. 

Third, some of the covariates may serve as moderators in the relationship between sleep and BP, 

such as age, race/ethnicity, and BMI. Future research should examine the extent to which this is 

the case. Likewise, future research should assess likely psychosocial (e.g., perceived stress) and 

biological (e.g., immunological response) moderator/mediator candidates of this pathway.  
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Table 1.    

Total Sample Characteristics by Gender     

Variable Men Women p-values 

Participants (n) 150 150  

Mean age (years) (SD) 40.88 (12.59) 44 (12.7) 0.857 

Mean BMI (kg/m) (SD) 29.33 (6.11) 29.27 (6.84) 0.092 

Mean STOP score (sleep apnea risk, 0 to 4) (SD) 1.23 (1.05) 1.07 (0.86) <0.001* 

Mean Sleep Efficiency (%) (SD) 81.45 (9.91) 83.53 (9.27) 0.547 

Mean daytime systolic BP (mmHg) (SD) 151.25 (21.73) 141.04 (17.66) 0.008* 

Mean daytime diastolic BP (mmHg) (SD) 86.66 (13.78) 81.95 (10.24) 0.025* 

Mean nighttime systolic BP (mmHg) (SD) 133.50 (25.63) 124.64 (24.44) 0.547 

Mean nighttime diastolic BP (mmHg) (SD) 70.19(14.98) 68.09(15.82) 0.576 

Mean Sleep Duration (minutes) (SD) 381.99 (63.55) 421.27 (65.89) <0.001* 

Race/Ethnicity    

Non-Hispanic Black (n) 30 16  

Non-Hispanic White (n) 92 88  

Hispanic (n) 20 37  

Non-Hispanic Other (n) 8 9  

 
   

*=p<.05; **=p<.01; ***=p<.001. 

  
Note. N=300. SD=standard deviation. 
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Table 2.               

Correlations and Descriptive Statistics for Blood Pressure, Sleep Efficiency, and Continuous Predictor Variables (N=300) 

Variables 1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 

1. Baseline SBP 1              

2. Baseline DBP 0.76** 1             
3. Mean Daytime 

SBP - Day 1 and 2 0.58** 0.49** 1            
4. Mean Daytime 

DBP - Day 1 and 2 0.44** 0.56** 0.85** 1           
5. Average 

Actigraphic Sleep 

Duration -0.08 -0.07 -0.15* -0.08 1          

6. TST_Acti_T1_D1 -0.04 -0.06 -0.1 -0.09 0.69** 1         
7. Average 

Actigraphic Sleep 

Efficiency -0.16* -0.06 -0.18** -0.1 0.47** 0.1 1        
8. Actigraphic Sleep 

Efficiency - Night 1 -0.08 -0.02 -0.17** -0.11 0.4** 0.43** 0.71** 1       
9.Average Daytime 

SBP - Day 2 0.48** 0.42** 0.95** 0.82** -0.19** -0.15* -0.2** -0.2** 1      
10. Average Daytime 

DBP - Day 2 0.38** 0.46** 0.79** 0.94** -0.11 -0.11 -0.12 -0.12 0.84** 1     
11. Average 

Nighttime SBP - 

Night 2 0.33** 0.29** 0.66** 0.58** -0.26** -0.04 -0.31** -0.17** 0.67** 0.57** 1    
12. Average 

Nighttime DBP - 

Night 2 0.21** 0.28** 0.53** 0.61** -0.28** -0.05 -0.29** -0.16** 0.54** 0.59** 0.84** 1   

13. BMI (derived) 0.44** 0.41** 0.37** 0.34** -0.03 0.04 -0.07 0 0.32** 0.29** 0.28** 0.26** 1  
14. Age 0.05 0.08 0.14* 0.13** 0.19** 0.07 0.17** 0.15* 0.14 0.11 0.02 0.01 -0.01 1 
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Table 2 continued 

Variables 1 2 3 4 5 6 7 8 9 10 11        12 13 14 

Mean 139.19 82.70 146.15 84.30 402.09 414.26 82.51 82.90 147.20 84.92 128.96 69.12 29.30 42.44 

SD 22.21 12.89 20.4 12.3 67.55 87.28 9.62 10.37 22.31 14.31 25.37 15.43 6.48 12.76 

n 284 284 296 296 252 259 252 259 289 289 242 242 299 300 
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Table 3.  

Main Effect Results from 18 Models: Association Between Sleep Duration and Blood Pressure 

 Unadjusted Partially Adjusted Fully Adjusted 

  N=249 N=247 N=224 

  Adjusted R2=0.029 Adjusted R2=0.105 Adjusted R2=0.413 

     Δ R2=0.077 Δ R2=0.307 

  B(se) 95% CI p B(se) 95% CI p B(se) 95% CI p 

Avg Daytime 

Systolic BP 

 

 

 

       

Average SDur -0.051(0.018) (-0.086, -0.016) .004** -0.037(0.018) (-0.072, -0.0016) .041* -0.036(0.015) (-0.068, -0.01) .014* 

Gender    -8.41(2.39) (-13.13, -3.70) <.001*** -4.11(2.09) (-7.27, 1.07) 0.051 

Age    0.28(0.091) (0.095, 0.46) .003** 0.18(0.078) (0.013, 0.33) .021* 

R/E    -2.50(1.58) (-5.60, 0.61) 0.12 -0.80(1.35) (-3.57, 1.79) 0.56 

BMI     
 

 0.60(0.17) (0.20, 0.89) <.001*** 

STOP       1.42(1.04) (-1.17, 2.97) 0.18 

BL SBP       0.41(0.054) (0.31, 0.53) <.001*** 

  N=249 N=247 N=224 

  Adjusted R2=0.012 Adjusted R2=0.058 Adjusted R2=0.197 

     Δ R2=0.011 Δ R2=0.262 

Avg Daytime 

Diastolic BP           

Average SDur -0.02(0.01) (-0.041, 0.00) 0.5 -0.0090(0.01) (-0.03, 0.011) 0.37 -0.013(0.01) (-0.031, 0.0035) 0.16 

Gender    -3.93(1.38) (-6.64, -1.21) .005** -0.95(1.36) (-2.84, 2.04) 0.48 

Age    0.12(0.052) (0.012, 0.22) .029** 0.061(0.05) (-0.032,  0.15) 0.23 

R/E    -1.57(0.90) (-3.35, 0.21) 0.083 -1.45(0.88) (-2.29,  0.91) 0.1 

BMI       0.30(0.11) (-0.0099, 0.39) .009** 

STOP       0.52(0.68) (-0.89, 1.56) 0.44 

BL DBP       0.15(0.036) (0.30,  0.50) <.001*** 
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Table 3 continued         

  N=213 N=213 N=192 

  Adjusted R2=0.082 Adjusted R2=0.071 Adjusted R2=0.262 

     Δ R2=0.011 Δ R2=0.191 

Avg Nighttime 

Systolic BP           

Average SDur -0.10(0.022) (-0.14, -0.056) <.001*** -0.08(0.024) (-0.13, -0.032) .001** -0.089(0.022) (-0.14, -0.046) <.001*** 

Gender    -5.76(3.27) (-12.21, 0.70) 0.08 -0.52(3.25) (-6.19, 6.69) 0.87 

Age    0.033(0.12) (-0.21, 0.28) 0.79 -0.09(0.12) (-0.33, 0.14) 0.45 

R/E    0.30(2.14) (-3.92, 4.53) 0.89 -0.40(2.09) (-3.97, 4.27) 0.85 

BMI       0.77(0.25) (0.24, 1.24) .003** 

STOP       2.04(1.53) (-1.15, 4.90) 0.19 

BL SBP       0.32(0.08) (0.11, 0.44) <.001*** 

  N=213 N=213 N=193 

  Adjusted R2=0.064 Adjusted R2=0.068 Adjusted R2=0.196 

     Δ R2=0.003 Δ R2=0.128 

Avg Nighttime 

Diastolic BP           

Average SDur -0.051(0.013) (-0.076, -0.026) <.001*** -0.054(0.014) (-0.082, -0.027) <.001*** -0.053(0.014) (-0.081, -0.028) <.001*** 

Gender    0.034(1.88) (-3.66, 3.73) 0.99 0.78(1.97) (-2.91, 4.62) 0.69 

Age    -0.0070(0.071) (-0.15, 0.13) 0.92 0.016(0.071) (-0.12, 0.16) 0.82 

R/E    -1.32(1.22) (-3.73, 1.09) 0.28 -0.062(1.25) (-2.10, 2.77) 0.96 

BMI       0.52(0.15) (0.18, 0.76) <.001*** 

STOP       1.65(0.92) (-0.33, 3.27) 0.075 

BL DBP       0.098(0.05) (0.082, 0.40) 0.051 
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Table 3 continued 

  N=250 N=250 N=224 

  Adjusted R2=0.026 Adjusted R2=0.094 Adjusted R2=0.302 

     Δ R2=0.068 Δ R2=0.208 

Avg Day 2 

Systolic BP           

Night 1 SDur -0.04(0.015) (-0.069, -0.011) .006** -0.035(0.015) (-0.064, -0.0058) .019** -0.028(0.013) (-0.054, -0.0017) .037* 

Gender    -8.63(2.60) (-13.75, -3.52) .001** -5.13(2.51) (-10.083, -0.18) .042* 

Age    0.35(0.10) (0.15, 0.55) <.001*** 0.21(0.094) (0.024, 0.40) .028* 

R/E    -0.77(1.74) (-4.20, 2.66) 0.66 -0.22(1.65) (-3.47, 3.035) 0.9 

BMI       0.54(0.21) (0.12, 0.96) .012* 

STOP       1.061(1.27) (-1.44, 3.56) 0.4 

BL SBP             0.39(0.066) (0.26, 0.52) <.001*** 

  N=250 N=250 N=224 

  Adjusted R2=0.022 Adjusted R2=0.066 Adjusted R2=0.157 

     Δ R2=0.043 Δ R2=0.091 

Avg Day 2 

Diastolic BP            

Night 1 SDur -0.022(0.0080) (-0.038, -0.0052) .010* -0.018(0.0080) (-0.035, -0.0015) .032* -0.016(0.0080) ( -0.03, 0.0019) 0.054 

Gender    -4.044(1.46) (-6.93, -1.16) .006** -2.13(1.56) (-5.092, 0.81) 0.17 

Age    0.14(0.057) (0.025, 0.25) .017** 0.11(0.060) (-0.0024, 0.23) 0.073 

R/E    -1.14(0.98) (-3.069, 0.80) 0.25 -0.76(1.03) (-2.17, 1.81) 0.46 

BMI       0.29(0.13) (0.0051, 0.50) .029* 

STOP       0.28(0.79) (-1.37, 1.66) 0.72 

BL DBP             0.14(0.04) (0.18, 0.43) <.001*** 

Note. The reference is a 55 year-old White woman with a low BMI, no sleep apnea risk, low baseline BP, and an average SD of 7.1 hours. Average Daytime Systolic Blood 

Pressure. *=p<.05; **=p<.01; ***=p<.001. All values are after the removal of outliers. Avg.= Average. SDur= Sleep Duration. R/E= Combined Race and Ethicity. BMI= Body 

Mass Index. STOP= sleep apnea risk score. SBP = Systolic Blood Pressure; DBP= Diastolic Blood Pressure. Partially adjusted model adjusted for gender age, and 

race/ethnicity; Fully adjusted model additionally adjusted for body mass index, sleep apnea risk score, and baseline systolic or diastolic BP. 
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Table 4.  

Main Effect Results from 18 Models: Association Between Sleep Efficiency and Blood Pressure 

 Unadjusted Partially Adjusted Fully Adjusted 

  N=250 N=244 N=224 

  Adjusted R2=0.027 Adjusted R2=0.117 Adjusted R2=0.412 

   Δ R2=0.090 Δ R2=0.295 

  B(se) 95% CI p B(se) 95% CI p B(se) 95% CI p 

Avg Daytime 

Systolic BP           

Average SEff -0.36(0.13) (-0.61, -0.11) .005** -0.37(0.12) (-0.61,  -0.14) 0.002** -0.24(0.10) (-0.44, -0.04) 0.017 

Gender    -9.038(2.29) (-13.55, -4.52) <.001*** -5.09(2.03) (-9.093, -1.081) .013* 

Age    0.25(0.091) (0.069, 0.43) 0.007** 0.18(0.078) (0.027, 0.34) .021* 

R/E    -2.46(1.57) (-5.55, 0.63) 0.12 -0.85(1.35) (-3.50, 1.81) 0.53 

BMI       0.60(0.17) (0.25, 0.94) <.001*** 

STOP       1.28(1.04) (-0.77, 3.33) 0.22 

BL SBP       0.39(0.055) (0.28, 0.50) <.001*** 

  N=250 N=244 N=224 

  Adjusted R2=0.006 Adjusted R2=0.062 Adjusted R2=0.356 

   Δ R2=0.056 Δ R2=0.294 

Avg Daytime 

Diastolic BP           

Average SEff -0.13(0.07) ( -0.28, 0.026) 0.1 -0.09(0.07) (-0.23, 0.05) 0.2 -0.12(0.06) (-0.24, -0.0020) .045* 

Gender    -4.12(1.33) (-6.73, -1.50) .002** -0.66(1.22) (-3.07, 1.75) 0.59 

Age    0.12(0.052) (0.016, 0.22) .024* 0.053(0.047) (-0.039, 0.15) 0.26 

R/E    -1.58(0.90) (-3.35, 0.19) 0.081 0.16(0.10) (-0.042, 0.36) 0.12 

BMI     
 

 -0.89(0.83) (-2.52, 0.74) 0.28 

STOP     
 

 0.38(0.63) (-0.87, 1.62) 0.55 

BL DBP     
 

 0.43(0.051) (0.33, 0.53) <.001*** 

          

 

 

 

 

 

   

 

    



SLEEP EFFICIENCY AND BLOOD PRESSURE 
 

70 
 

Table 4 continued 

  N=216 N=210 N=193 

  Adjusted R2=0.089 Adjusted R2=0.106 Adjusted R2=0.233 

   Δ R2=0.017 Δ R2=0.216 

Avg Nighttime 

Systolic BP           

Average SEff -0.84(0.178) ( -1.19, -0.48) <.001*** -0.73(0.166) (-1.06, -0.40) <.001*** -0.70(0.174) (-0.96, -0.33) <.001*** 

Gender    -7.69(3.05) (-13.70, -1.67) .013*   -4.63(3.41) (-9.17, 3.38) 0.18 

Age    0.058(0.12) (-0.18, 0.30) 0.632 0.072(0.13) (-0.31, 0.17) 0.57 

R/E    0.32(2.10) (-3.82, 4.47) 0.879 2.10(2.27) (-4.19, 4.19) 0.35 

BMI       0.68(0.28) (0.21, 1.23) .016** 

STOP       2.62(1.68) (-1.55, 4.60) 0.12 

BL SBP       0.27(0.091) (0.097, 0.43) .004** 

  N=216 N=210 N=193 

  Adjusted R2=0.078 Adjusted R2=0.082 Adjusted R2=0.330 

   Δ R2=0.004 Δ R2=0.248 

Avg Nighttime 

Diastolic BP           

Average SEff -0.480(0.109) (-0.69, -0.26) <.001*** -0.43(0.095) (-0.62, -0.40) <.001*** -0.41(0.093) (-0.59, -0.23) <.001*** 

Gender    -1.87(1.76) (-5.34, 1.60) 0.29 -0.47(1.81) (-4.05, 3.11) 0.8 

Age    0.05(0.069) (-0.086, 0.19) 0.47 0.027(0.069) (-0.11, 0.16) 0.69 

R/E    -0.14(1.20) (-2.50, 2.22) 0.91 0.16(1.22) (-2.25, 2.57) 0.9 

BMI       0.41(0.15) (0.11, 0.70) .007 **  

STOP       1.34(0.90) (-0.44, 3.12) 0.14 

BL DBP       0.24(0.079) (0.087, 0.40) .002**  
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Table 4 continued 

  N=253 N=247 N=224 

  Adjusted R2= 0.036 Adjusted R2=0.115 Adjusted R2=0.300 

   Δ R2=.078 Δ R2=.185 

Avg Day 2 

Systolic BP           

Night 1 SEff -0.42(0.13) (-0.68, -0.17) .001** -0.46(0.12) (-0.70, -0.23) <.001*** -0.39(0.11) (-0.61, -0.17) <.001*** 

Gender    -8.65(2.48) (-13.53, -3.76) <.001*** -5.86(2.43) (-10.65, -1.07) .017*   

Age    0.37(0.10) ( 0.17, 0.56) <.001*** 0.26(0.094) (0.072, 0.44) .007**  

R/E    -0.78(1.70) ( -4.12, 2.56) 0.65 -0.43(1.62) (-3.63, 2.77) 0.79 

BMI       0.59(0.21) (0.18, 1.00) .005 **  

STOP       0.99(1.25) (-1.46, 3.45) 0.43 

BL SBP       0.36(0.07) (0.23, 0.49) <.001*** 

  N=253 N=247 N=224 

  Adjusted R2=0.010 Adjusted R2=0.068 Adjusted R2=0.227 

     Δ R2=0.057 Δ R2=0.159 

Avg Day 2 

Diastolic BP           

Night 1 SEff -0.15(0.079) (-0.31, 0.005) 0.058 -0.16(0.069) (-0.30, -0.024) .022*   -0.13(0.067) ( -0.26, 0.006) 0.062 

Gender    -4.59(1.43) (-7.42, -1.77) .002**  -2.18(1.45) (-5.04, 0.69) 0.14 

Age 
   

0.15(0.058) (0.038, 0.27) .009**  0.097(0.057) (-0.015, 0.21) 0.089 

R/E    -1.14(0.98) (-3.07, 0.79) 0.25 -0.19(1.00) (-2.16, 1.78) 0.85 

BMI       0.26(0.12) (0.014, 0.50) .039* 

STOP       0.48(0.75) (-1.00, 1.96) 0.52 

BL DBP             0.34(0.063) (0.21, 0.46) <.001*** 

Note. The reference is a 55 year-old White woman with a low BMI, no sleep apnea risk, low baseline BP, and an average SEff of 87.5%. *=p<.05; 

**=p<.01; ***=p<.001. All values are after the removal of outliers. Avg.= Average. SEff= Sleep Efficiency. BP = Blood Pressure.  Partially adjusted model 

adjusted for gender age, and race/ethnicity; Fully adjusted model additionally adjusted for body mass index, sleep apnea risk score, and baseline systolic or 

diastolic BP. 


