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Abstract
It is currently estimated that 50-70 million Americans suffer some form of sleep deprivation, costing the US economy billions of dollars due to loss of productivity, poor health,
and accidents (Colten & Altevogt, 2006). The physiological underpinnings of sleep are
well understood; however, formal methods of sleep monitoring for clinical diagnosis and
treatment, though effective, are cumbersome, expensive, and often inaccessible for most.
Fortunately, there are more simple options for assessment and intervention demonstrated
to be effective at improving sleep quality, such as heart rate monitoring, cardiorespiratory
training, and neurofeedback. Recent technological advancements in mobile smart device
technology (e.g., smartphones and tablets) provide even greater number of choices for assessing sleep-related parameters and for providing both passive and active interventions.
These advances are already being integrated into health care settings (Luxton, McCann,
Bush, Mishkind, & Reger, 2011) but the pervasiveness of smart devices support a growing
interest in mobile applications for sleep improvement beyond formal health care settings.
In fact, according to a recent report by Consumer Electronics Association (2015), 22% of
US adults are already utilizing some form of sleep technology. Mobile sleep applications
provide a more achievable avenue to address the growing public health concern of sleep
deprivation.

Sleep and Quality of Life
Epidemiological studies indicate that 7-8 hours of sleep is associated with maintenance
of good physical and mental health as the body completes several important processes during sleep including hormone regulation, cardiovascular functions, and processing
events from the day (Bixler, 2009). Despite this, over the last 50 years, the average reported hours of sleep per night have declined. Analysis of survey data collected by the American Cancer Society in 1960 found that the average total sleep time (TST) of adults was
between 8.0 - 8.9 hours per night (Kripke, Simons, Garfinkel, & Hammond, 1979). The National Sleep Foundation 2015 poll indicates the current average adult TST is between 6.9
- 7.6 hours per night, with 34% of Americans endorsing at least one sleep disturbance, 49%
reporting less than good or very good sleep quality, and 32 % reporting moderate fatigue
during the previous week (NSF, 2015). This reduction is predominantly noted in the employed and working-age populations and some posit this is likely due to rising stress levels
among employees and changes in work habits (Bixler, 2009). As expected with decreased
TST in a working-age population, the frequency of reported insomnia symptoms and general sleep complaints such as difficulty falling asleep, waking during the night and daytime
drowsiness have increased (Bixler, 2009). The aging population, 60 years and older, also
experiences similar difficulties with sleep, which have been linked to prescribed medication
side effects, depression, and other chronic diseases (Bixler, 2009; Cooke, 2008). Overall,
the principal factors linked to poor sleep quality are lifestyle factors, socioeconomic factors, age, and stress (Bixler, 2009).
This trend of insufficient sleep is a growing public health problem. It is estimated that be-

tween 50-70 million Americans chronically suffer from sleep deprivation, which negatively
impacts daily functioning and overall health (review see, Colten & Altevogt, 2006). Specifically, sleep loss has been associated with a wide range of health problems including obesity (Knutson, Spiegel, Penev, & Van Cauter, 2007; Jean-Louis et al., 2014), hypertension,
diabetes (Knutson et al., 2007), depression, weakening of the immune system, memory
problems, heart attack, and stroke. Beyond individual health, injuries associated with falling
asleep while performing tasks such as driving are also of concern. For example, independent of alcohol related impairment, nearly 20 percent of all serious crash injuries in the
general population are associated with driver sleepiness (Connor et al., 2002). On a grand
scale, sleep deprivation has been identified as a contributing factor to several environmental disasters including the nuclear reactor meltdown at Three Mile Island and Chernobyl
and the grounding of the Exxon Valdez oil tanker (Harrison & Horne, 2000; Colten & Altevogt, 2006).
Furthermore, the cost of this insufficient sleep trend is staggering. Each year hundreds of
billions of dollars are spent each year on direct medical costs to alleviate sleep deprivation (Colten & Altevogt, 2006). Expenses from accidents related to sleep deprivation are
also high. Each major incident, listed above, cost millions of dollars and had a devastating impact on the environment and local community (Colten & Altevogt, 2006; Harrison
& Horne, 2000). While the total impact of sleep deprivation and poor sleep quality are
too broad for the scope of the current paper, some of the staggering costs and ramifications are highlighted here for basic understanding. For a comprehensive review see Colten
and Altevogt (2006). Clearly, addressing this growing public health concern would have
far-reaching implications, starting with increased safety, productivity and overall quality of
life among average Americans struggling with sleep related problems.

Physiology of Sleep
The sleep-wake cycle is regulated by a complex system of neural pathways, transmitters,
and receptors, as well as circadian and homeostatic processes (Fuller, Gooley, & Saper,
2006; Merica & Fortune, 2004; Tononi & Cirelli, 2006). In clinical and research settings,
normal sleep processes and sleep-related disorders are investigated using polysomnography (PSG), or a sleep study. PSG involves the simultaneous monitoring of multiple
physiological parameters including an 8-10 lead electroencephalography (EEG), 2 lead
electrooculography (EOG), 3 lead electromyography (EMG), 2 lead electrocardiography
(ECG), respiration sensor, blood oxygenation sensor, and accelerometer (American Electroencephalographic Society, 1994; Iber, Ancoli-Israel, & Quan, 2007). While the physiological correlates of sleep have been investigated since the early part of the twentieth
century, Loomis, Harvey, and Hobart (1937) were the first to publish their observations on
the dynamic and cyclical patterns or “stages” of sleep, spurring the development of standardized classification systems and sleep metrics. Historically, researchers and clinicians
have utilized the terminology, recording methodology, and scoring parameters defined by
Rechtschaffen and Kales (1968) for the classification of PSG sleep phenomena. However,
in 2007 the American Academy of Sleep Medicine (AASM) published a new manual that

incorporated arousal, cardiac, movement, and respiratory PSG scoring parameters along
with revised nomenclature and recording procedures (Iber et al., 2007). The AASM scoring
definitions and physiological characteristics of each stage of sleep observed in adults are
presented below (Figure 1). When applicable, the AASM and corresponding Rechtschaffen
and Kales nomenclature and abbreviations will be presented. Thereafter, only the AASM
terminology will be referenced. This review will touch on each of the major components
related to sleep but will focus on how EEG and heart rate (HR), with an indirect focus on
respiration, influence sleep quality. This is important as the larger, non-clinical population
has easy access to track and train these variables to improve sleep quality.
According to the AASM Manual for the Scoring of Sleep and Associated Events (Iber et al.,
2007), sleep is classified in two distinct states, non-rapid eye movement (N, NREM) and
rapid eye movement (R, REM), and scored across five distinct stages: Stage W (wakefulness), Stage N1 (NREM 1, formerly Stage 1), Stage N2 (NREM 2, formerly Stage 2), Stage N3
(NREM 3, formerly Stage 3 and Stage 4), and Stage R (REM). The following generalizations
can be made of sleep in a young adult maintaining a conventional sleep-wake schedule: (1)
sleep stages cycle over a period of approximately 90 minutes, with varying concentrations
and durations across the night, (2) wakefulness accounts for less than 5% of the night, (3)
N stages constitute 75-80% of sleep, and (4) R sleep constituted 20-25% of sleep over four
to six discrete episodes (Carskadon & Dement, 2011).
Stage W encompasses the transition from full alertness (eyes-open and eyes-closed)
through early signs of drowsiness (eyes-closed) as the individual prepares for sleep. Dominant physiologic characteristics include waxing and waning occipital sinusoidal alpha (8-13
Hz) with eyes closure and opening (> 50% of each epoch), eye blinks and saccades associated with reading or scanning, and normal but maximal muscle tone and chin EMG (Iber et
al., 2007). The crossover of wakefulness to sleep onset (Stage N1) is marked by decreased
variability in respiration, decreased EMG amplitude and variability, decreased heart rate,
and decrease in very low frequency (VLF) and low-frequency (LF), LF/high-frequency
(HF) components of heart rate activity reflecting decreased sympathetic activity (Shinar,
Akselrod, Dagan, & Baharav, 2006). Spontaneous electrodermal responses (EDRs) are
uncommon during wakefulness and the transition into sleep (Broughton, Poiré, & Tassinari,
1965).
Stage N1 is marked by increased drowsiness, anteriorization and/or attenuation of occipital
alpha (8-15 Hz), gradual increase (> 50% of each epoch) of low amplitude theta (4-7 Hz),
possible presence of sharp waves over the central sites, sinusoidal eye movements (> 500
msec), variable but decreasing chin EMG (Iber et al., 2007), decreased ventilation, ventilatory responsiveness, an increase in airflow resistance (Trinder, Whitworth, Kay, & Wilkin,
1992). Stage N2 is marked by the presence of K complexes (>500 msec, negative sharp followed by positive component) with maximal amplitude in the frontal sites and/or multiple
trains of sleep spindles (>500 msec, 11-16 Hz, 12-14 Hz most common) over central sites in
the absence of slow wave activity or an arousal event, limited eye movements, and variable
but decreasing chin EMG (Iber et al., 2007). Stage N3 is marked by the presence of slow

wave activity (> 20% of each epoch, 0.5-2 Hz, p-p amplitude > 75μV) in the frontal sites,
possible persistence of sleep spindles over central sites, limited or no eye movements, and
variable but decreasing chin EMG (Iber et al., 2007). The HF power component of heart
rate variability increases from stage N1-N3 sleep, while LF decreases during N stages (Murali, Svantikova, & Somers, 2003). Heart rate, mean blood pressure, and the amplitude and
frequency of sympathetic-nerve bursting (via microneurography) decrease with the descent into deeper N stage sleep, but show transient increases following arousal stimuli that
produce K-complexes (Somers, Dyken, Mark, & Abboud, 1993). Trains of multiple galvanic
skin response peaks or electrodermal “storms” increase with passage of stage N1-N3 sleep
(Sano & Picard, 2011). In stage N2 EDRs are associated with K-complexes and may become
continuous in stage 4 sleep (Broughton et al., 1965).
Stage R is marked by low amplitude mixed frequency EEG characterized by trains of triangular sawtooth waveforms (2-6 Hz) with maximal amplitudes over central sites that precede bursts of rapid eye movement with sharp irregular deflections (<500 msec; Iber et
al., 2007). Ventilation and respiration become faster and more erratic (Hauri, Percy, Hellekson, Hartmann, & Russ, 1982), muscles become atonic with short irregular bursts of chin or
tibial EMG (<250 msec, REM twitches; Iber et al., 2007) accompanied by surges in blood
pressure and cessation of sympathetic-nerve discharges (Somers et al., 1993) and the
incidence of EDRs becomes infrequent or associated with bursts of REM activity (Broughton et al., 1965). These increases in cardiorespiratory variability are mirrored by increased
LF power and an elevated LF/HF ratio in R stages compared to N stages (Baharav et al.,
1995).

Quantitative Sleep Quality Assessment
While PSG is the “gold standard” for the assessment and diagnosis of sleep-related disorders, this procedure may be inaccessible, cost prohibitive, or unnecessary for many individuals experiencing sleep disturbances. Sleep health questionnaires are often employed as a
first assessment step. These instruments are utilized as general measures of sleep health
and daytime dysfunction, and are not specific for any single primary sleep disorder (Mondal, Gjevre, Taylor-Gjevre & Lim, 2013). Despite the utility of sleep health questionnaires
they may be inaccurate for some individuals due to poor observation, morning recall or
lack of reporting of the previous night’s sleep. Physiological measures are not susceptible
to these same limitations and offer the individual the opportunity to objectively evaluate
sleep history and efficiency. The following sections provides a review of commonly used
sleep health questionnaires and physiological assessments that may be utilized outside of
a sleep lab or clinical setting.

Self-Report Questionnaires

					
Self-report scales offer an alternative means of assessing subjective sleep parameters,
specifically the feelings, behaviors, and experiences that accompany sleep. Although there

are many online screeners that are easily accessible, reliable and validated questionnaires
used by professionals yield more accurate information. Some of the most widely used and
scientifically validated questionnaires include the Epworth Sleepiness Scale, the Stanford
Sleepiness Scale, and the Pittsburgh Sleep Quality Index (Spriggs, 2015).
Epworth Sleepiness Scale (ESS; Johns, 1991) - The ESS is an eight-item assessment of somnolence, with possible scores from 0 to 24. A score of over 10 is considered to be abnormal. The eight common situations are the respondent’s self-reported probability of falling
asleep. These everyday situations include while sitting and reading, watching television,
sitting inactive in a public place, as a passenger in a car for an hour, while lying down in the
afternoon, while sitting and talking to another, sitting quietly after lunch, and in a car while
stopped in traffic (Mondal et al., 2013).
Pittsburgh Sleep Quality Index (PSQI; Buysse, Reynolds, Monk, Berman & Kupfer, 1989) The PSQI is a seven domain (19 item) self-rated questionnaire evaluating usual sleep habits
during the last month. The seven domain scores including: subjective sleep quality, sleep
latency, sleep duration, sleep efficiency, daytime dysfunction, sleep fragmentation, and use
of sleep aid medications; combine to provide a global sleep quality index score. The possible scores range from 0–21, with greater than five indicative of impaired sleep quality.
Stanford Sleepiness Scale (SSS; Hoddes, Zarcone, Smythe, Phillips, & Dement, 1973) - The
SSS has been used to assess sleepiness in sleep deprivation and sleep fragmentation and
among shift workers (Pilcher, Schoeling & Prosansky, 2000). It uses a simple scale that assesses how alert you are feeling by recording your “degree of sleepiness” at different times
throughout the day. Seven–point Likert-type scale has descriptors ranging from “feeling
active, vital alert, or wide awake” (score = 1) to “no longer fighting sleep, sleep onset soon
and having dream-like thoughts” (score = 7).
Insomnia Severity Index (ISI; Bastien, Valliéres, & Morin, 2001) - The ISI is a 7-item questionnaire, with 1 item for each of the following categories: 1) difficulty with sleep onset, 2) difficulty with sleep maintenance, 3) problem with early awakening, 4) satisfaction with sleep
pattern, 5) interference with daily functioning as a result of sleep problems, 6) noticeability
of sleep problem to others, and 7) degree of distress caused by sleep problem. The questionnaire was designed as a brief screening measure of insomnia and an outcome measure
for use in treatment research. Content of the ISI corresponds in part to the Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) diagnostic criteria for insomnia and has been validated against both polysomnographic and prospective sleep diary measures and demonstrates convergence with clinical interview criteria (Omachi, 2011).

Electroencephalography (EEG)
EEG measures the electrical activity in the brain from electrodes placed on the scalp at
standardized locations according to the International 10-20 system (Klem, Lüders, Jasper,
& Elger, 1999). EEG signals are broken down into frequency bands (Hz) in the following

ranges: delta (1.5-3.5 Hz), theta (4-7.5 Hz), alpha (8-12Hz), beta 1 (13–16 Hz), beta 2 (13–21
Hz), beta 3 (21–32 Hz), and gamma (35–45 Hz; Niedermeyer, 1999). Different stages of
sleep can be determined by analyzing specific EEG details (see Table 1). The literature
vastly describes the behavioral components related to each frequency band.
Several studies have presented how EEG changes from wakefulness to sleep and the differences between a good sleeper and a poor sleeper. A good sleeper exhibits higher levels
of delta and theta during sleep, while poor sleepers have elevated levels of high frequency
activity (Beta: 14-35 Hz and Gamma 35-45 Hz) which increase throughout the night starting at the onset of sleep and continuing through both non-REM and REM sleep (Achermann & Borbély, 2003; Perlis, Smith, Andrews, Orff, & Giles, 2001; Šušmáková, 2004).
Increased beta activity during sleep has been shown to negatively correlate with self reported perception of sleep quality (Freedman, 1986; Jacobs, Benson, & Friedman, 1993;
Lamarche & Ogilvie, 1997; Nofzinger et al., 1999; Perlis et al., 2001). This is important because as the amount of delta, also called sleep pressure, decreases and the amount of beta
increases, the brain transitions into a state that is associated with wakefulness. This leads
to shorter TST and sleep quality is reduced (Perlis et al., 2001). On the other hand, good
sleepers are able to maintain more delta relative to beta, shown to be a healthy sleep pattern, for the entire night. Poor sleepers are only able to maintain that state for 3-4 hours
and this likely accounts for an increased number and duration of awakenings (Perlis et
al., 2001). In the awake state, Buckelew, DeGood, Roberts, Butkovic, and MacKewn (2009)
observed central (Cz) theta suppression in good sleepers from a resting eyes-open task to
a sensory attentiveness task and theta enhancement across these tasks in poor sleepers.
This research group also reported that good sleepers demonstrated greater “neuroflexibility”, control over the self-regulation of alpha enhancement and suppression, during bidirectional neurofeedback protocol when compared to poor sleepers (Buckelew et al., 2013).

Cardiorespiratory Activity
Cardiorespiratory activity has been demonstrated to be a reflection of the autonomic nervous system including sympathetic and parasympathetic responses. These vagal responses are related to sleep stages. Respiratory volume and frequency are more regular during
NREM sleep than during REM sleep and wakefulness. Irregular respiration patterns occurring during wakefulness are usually caused by body movements or alteration of ventilation
control manipulated by some external factors; during REM sleep they can be related to
muscle atonia or subcortical structures with a possible involvement of the bizarre content
of dreams (Long, Haakma, Leufkens, Fonseca & Aarts, 2015).

Heart Rate
Heart rate (HR) is defined as the number of contractions or heartbeats, per unit of time.
HR is typically measured in beats per minute (bpm). At any given time, HR represents the
net effect of the neural output of the parasympathetic nerves (slow HR) and sympathetic

nerves (accelerated HR). The average resting heart rate for healthy adults in the US is 60100 bpm (American Heart Association, 2015).
With regard to sleep, it has been shown that there is a significant correlation between
time it takes to fall asleep (sleep latency) and heart rate. Studies have demonstrated both
that nighttime and daytime resting heart rates are related to sleep quality. Johns, Thornton, and Doré (1976) demonstrated that a reduced resting heart rate at night is associated
with shorter sleep onset and that as sleep onset occurs, there is a significant decrease in
heart rate. Yuksel et al. (2012) demonstrated that self-reported poor sleep quality has been
correlated with higher resting heart rate during daytime assessments (Yuksel et al., 2012).
Although this study was focused on determining how sleep quality impacted cardiovascular measures during a physical stress test on a treadmill, the outcomes can be added to the
large body of evidence solidifying a broader link between sleep quality and cardiovascular
health.

Heart Rate Variability
Heart rate variability (HRV) measures oscillations in the interval between consecutive
heartbeats (RR intervals) and is under the control of the autonomic nervous system (ANS).
HRV can be analyzed in the frequency and time domain to provide insight into the physiological and pathological conditions and quantitative markers of parasympathetic and
sympathetic activity in the ANS (Task Force of the European Society of Cardiology and
the North American Society of Pacing and Electrophysiology, 1996). In the frequency domain, three spectral components have been identified: very low frequency (VLF: 0.01-0.04
Hz), low frequency (LF: 0.04-0.15 Hz), and high frequency (HF: 0.15-0.40 Hz). VLF activity is assumed to reflect humoral factors, temperature, and slow components. LF activity
reflects contributions of both the sympathetic and parasympathetic branches of the ANS,
while HF activity is considered a marker of parasympathetic activity or vagal modulation.
Respiratory sinus arrhythmia (RSA), one of the physiologic interactions between respiration and circulation, is heart rate variability in synchrony with respiration, by which the R-R
interval on an ECG is shortened during inspiration and prolonged during expiration. RSA
or heart rate variability in synchrony with respiration is a biological phenomenon, which
may have a positive influence on gas exchange at the level of the lung via efficient ventilation/ perfusion matching (Yasuma & Hayano, 2004). In the time domain, variations in heart
rate or cycle length are analyzed over longer time periods (e.g., 24 hours), segmented into
smaller recordings (e.g. 5 minute), and derived from the NN intervals (normal RR, direct
HR) or variations between the NN intervals (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology, 1996). The RMSSD, square root of the mean differences in NN interval, and the pNN50, the proportion of
interval differences of successive NN intervals greater than 50 ms divided by total number
of NN intervals, are common metrics calculated from interval differences and are estimates
of short-term, high frequency variations in HRV .
In an investigation of HRV and respiratory changes during sleep onset, Shinar, Akselrod,

Dagan, and Baharav (2006) indicated that while VLF, LF, and LF/HF components of HRV
decrease among normal controls and individuals with obstructive sleep apnea and sleep
disorders, sympathovagal balance (LF/HF) was highest among individuals with sleep disorders followed by those with sleep apnea and normal sleep quality. Gouin, Wenzel, Deschenes, and Dang-Vu (2013) evaluated the correlational relationship and predictive power of HRV measures in assessing sleep efficiency (time asleep/time in bed) over a 7-day
sleep diary period. The results indicated that HRV parameters (rMSSD, pNN50, and RSA)
had a medium to large positive correlation with sleep efficiency (greater parasympathetic
dominance, greater sleep efficiency) and were a better predictor of sleep efficiency than
individual demographics or psychological distress. Burton, Rahman, Kadota, Lloyd, and
Vollmer-Conna (2010) demonstrated similar findings, reporting a significant predictive
relationship between reduced RMSSD and increased general sleep problems and repeated
awakenings, and increased HF power and increased subjective sleep quality. A reciprocal
predictive relationship was observed between the report of situational insomnia (Bonnet
& Arand, 2003) or sleep deprivation (Dettoni et al., 2012; Glos, Fietze, Blau, Baumann, &
Penzel, 2014; Zhong et al., 2005) and decreased HF-HRV or rMSSD (Jackowska, Dockray,
Endrighi, Hendrix, & Steptoe, 2012) during morning wakefulness. Finally, in a stress manipulation task, Hall et al. (2004) reported that the typical parasympathetic modulation
increase observed in N stage of sleep in non-stressed individuals was blunted in stressed
individuals and associated with poorer sleep maintenance and lower delta activity.

Actigraphy/Physical Activity
Actigraphy is the continuous recording of body movement, often by means of a bodyworn device that detects movement through acceleration. These devices typically sample
movement several times per second and are capable of storing this information, along
with the measurement date and time, for days, weeks, or months, until it is downloaded for
analysis (Ancoli-Israel et al., 2003). Actigraphy has become a valuable tool in tracking and
assessing sleep. It is based off the principle that body movement is reduced during sleep
and increased during waking periods (Littner et al., 2003). After data is collected, specialized algorithms are used to estimate common sleep variables such as TST, sleep percentage, and number of awakenings after sleep onset (Martin & Hakim, 2011). Several reviews
have demonstrated the parallel between the sleep-wake and rest-activity rhythms which
suggest that actigraphy can be cost effective substitution for the standard, polysomnographic techniques (Pollak, Tryon, Nagaraja, & Dzwonczyk, 2001; Martin & Hakim, 2011).
Interestingly, daytime movement may also be another valuable tool for assessing sleep
quality. Loprinzi and Cardinal (2011) analyzed data from the National Health and Nutrition
Examination Survey (NHANES) 2005-2006 to determine the relationship between sleep
quality and daytime physical activity. Participants were interviewed about sleep quality and wore an actigraph for 7 days. The results indicated that after controlling for age,
bmi, health status, smoking status, and depression, the relative risk of often feeling overly
sleepy during the day, compared to never feeling overly sleepy during the day, decreased
by a factor of 0.65 for participants meeting physical activity guidelines compared to those

not meeting guidelines. Additionally, participants that met physical activity guidelines reported that they were less likely to inform their doctor that they had trouble sleeping, be
informed by their doctor that they have a sleeping disorder, wake up too early in the morning, feel unrested during the day, feel overly sleepy during the day and to take pills to fall
asleep. Overall, greater daytime physical activity was associated with healthier self-reported sleep-related parameters. Furthermore, this research suggests that daytime actigraphy
measurements can shed light on an individual’s sleep quality.

Electromyography (EMG)
EMG monitoring is a noninvasive way to directly assess electrophysiological muscle activity and is used as a biofeedback method to teach patients to relax their muscles. When a
muscle contracts an electrical signal is generated along the muscle fiber and an action potential spreads from the muscle to the skin where it can be recorded with electrodes. The
total amount of recorded voltage is proportional to the number of muscle fibers contracting simultaneously (Pluess, Conrad, & Wilhelm, 2009). In sleep research, EMG is similar to
EEG in terms of equipment setup, as several surface electrodes are connected to the subject (Lee & Lin, 2012). While direct support of elevated EMG and increased sleep latency or
other sleep disturbances has not been observed (Good, 1975), the link between increased
anxiety, elevated EMG, and sleep disturbances have been well established (Kahn, Baker, &
Weiss, 1968; Zung, 1970; Baekeland, 1970; Gering & Mahrer, 1972).

Sleep Interventions
Efficient sleep has been shown to have many positive effects on mental and physical
health. There are a variety of clinical interventions and pharmaceutical options that can be
administered if an individual isn’t sleeping as soundly or as long as desired. However, there
are limitations and challenges to formal sleep interventions. The most common test used
to diagnose sleep disorders is the PSG, described above. This test is expensive (ranging
from $700 to $2400), requires the individual to spend the night at a sleep center, and to
schedule follow-up appointments for reviewing results and determining best treatment
options. Home sleep testing is a version of PSG testing that can be completed outside of a
lab at a reduced cost (Brunk, 2014). This is becoming increasingly popular because of the
convenience to test at home. However, the results obtained by individuals at home are less
reliable than tests performed at sleep clinics due to a high technical failure rate (El Shayeb,
Topfer, Stafinski, Pawluk, & Menon, 2014). It has been demonstrated that home sleep testing results were only in agreement with PSG results 76% of the time confirming that in-lab
PSG remains the best option for accurate results (Hwang, 2013; El Shayeb et al., 2014).
Both of these methods require many sensors be correctly attached to the body and the
recording device(s) (Patel, Alexander, & Davidson, 2007).
Pharmaceuticals are aimed at improving sleep, reducing body movements during sleep or
improving waking functions (Proctor & Bianchi, 2012). About 4% of adults in the U.S. use

prescription sleep aids and nearly all of the prescribed medication have serious side effects (Chong, Fryer, & Gu, 2013; Proctor & Bianchi, 2012). If the level of sleep dysregulation
has not reached a clinical level, individuals may opt to take over the counter sleep aids or
other alternative options such as caffeine, tracking sleep, breathing exercises, and/or neurofeedback. In 2008, Americans spent more than $600 million on OTC sleep aids which
demonstrates the need to find new, effective options to improve sleep quality (Cassell,
2009). Technological advances, such as smart devices, have allowed home-based interventions which address many of the limitations of formal sleep interventions. These are capable of tracking sleep, guiding users through breathing exercises, monitoring (and training)
heart rate/heart rate variability and completing neurofeedback training sessions.

Passive Interventions
Tracking Sleep Hygiene/Sleep Diaries. The most affordable and basic way to start to improve sleep is to track sleep. Keeping a sleep diary is an easy first step in working to
improve sleep as it can be done at home, over many nights without the supervision of
a trained professional. Overtime, the diary will help to recognize personal patterns associated with good and bad sleep. Common variables that are tracked include time to bed,
wake up time, the conditions of the room, comfort of the bed, if the bed is being shared
with a spouse, child, or pet, and the presence of any technology in the bedroom. It is also
important to note if the time to bed and awakening are consistent. Other sleep hygiene
contributions can be monitored as well, such as reports of the ambient room temperature
and light level, as a cool, dark, quiet room often leads to better sleep. By tracking sleep
patterns, it is possible to learn to create healthy habits and patterns that contribute to falling asleep easier, staying asleep longer and feeling more rested (Zoidis, 2006).
Movement/Actigraphy. Actigraphy has been used for over 20 years to track sleep-wake
cycles measured by the amount of body movement recorded by a device worn on the
wrist (Ancoli-Israel et al., 2003). This is a convenient, accurate, low cost, objective option
for tracking TST, percent of time spent awake, and total number of awakenings over time.
Additionally, actigraphy is more accurate than sleep diaries as it does not rely on the individual’s memory to report how many awakenings occurred during the night. As referenced
earlier, actigraphy monitoring can be used to not only assess, but also to help improve
sleep quality through awareness and subsequent increase of physical activity.
Monitoring Heart Rate. Another basic, inexpensive and effective way to track sleep quality
is to monitor HR. It has been shown that HR is significantly higher in the morning after a
night of poor sleep and long term poor sleep is associated with overall elevated HR (Lusardi et al., 1999; Yuksel et al., 2014). HR patterns have also been identified in good sleepers,
specifically at the onset of sleep HR decreases and remains lower to meet the reduced
metabolic needs of the body during rest (Carrington, Walsh, Stambas, Kleiman, & Trinder,
2003; Penzel, Kantelhardt, Lo, Voigt, & Vogelmeier, 2003). Tracking heart rate in the morning, during the day and before bed will build a clear picture of sleep quality. A lower HR in
the morning followed by a slightly increased (normal) daytime HR followed by a reduced

HR before bed indicates good sleep quality. On the contrary, an elevated HR in the morning that extends throughout the day and into the night indicates poor sleep quality.

Active Interventions
EMG Biofeedback. As with HRV biofeedback and neurofeedback, EMG biofeedback involves the real-time assessment, feedback, and reward of muscle activity. The findings
related to the efficacy of EMG biofeedback for the treatment of sleep-related disorder is
limited and requires further investigation. Turner and Ascher (1979) investigated the efficacy of three treatment conditions (paradoxical intention, stimulus control, and progressive
muscle relaxation) compared to a placebo and non-treatment control condition, indicating that all three treatments produced a significant reduction in sleep latency, number of
awakenings, and difficulty falling asleep compared to the control conditions. They hypothesized that the lack of statistical significance among the treatment conditions was linked
to individual differences in the type of sleep related disturbances and the randomized
assignment of the appropriate treatment condition to address those issues. This hypothesis was supported by post-hoc findings of Hauri (1981), which indicated that application of
EMG biofeedback or a combined neuro/biofeedback protocol rewarding the augmentation
of EEG activity in the theta range along with the inhibition of EMG activity was more effective for individuals identified as “high-arousal” insomniacs with elevated tension levels
at study baseline. The efficacy of EMG biofeedback was further tested indicating that the
inhibition of EMG resulted in a significant decrease in sleep latency (Cortoos, De Valck,
Arns, Brentler, & Cluydts, 2010; Freedman & Papsdorf, 1976), awakenings after sleep onset,
and sleep efficiency (Cortoos et al., 2010).
CardioRespiratory Training. CardioRespiratory training (moderate-intensity aerobic physical activity) is one such alternative that is inexpensive and affects numerous health systems simultaneously. Exercise is associated with ease of falling asleep, deepness of sleep,
a sense of well-being, and morning alertness (Buman & King, 2010). HRV, a noninvasive
marker of parasympathetic activity is augmented after exercise (De Meersman, 1993).
However, Browman and Tepas (1976) indicated that 45 minutes of moderate exercise within an hour of sleep increased sleep latency compared to a monotonous task or progressive
muscle relaxation.
Respiratory Exercises. Guided breathing exercises are an active method to aid in preparing
the body for sleep. Breathing exercise are proven to significantly reduce heart rate and decrease the effects of stress in a normal population (Pal & Velkumary, 2003; Turankar et al.,
2013). Actively working to reduced HR before bed by performing 0.1Hz breathing exercises (6 breaths/min) has been shown to reduce sleep latency and improve overall reported
sleep quality (Tsai, Kuo, Lee, & Yang 2015). In addition, performing slow paced breathing
helps the individual enter deep sleep in less time and reduces time/number of awakenings
throughout the night.
Heart Rate Variability. Applied HRV training or HRV biofeedback involves the real-time

assessment, feedback, and conditioning of heart rhythms through reward conditioning of
non-invasive earlobe and finger pulse information (McCraty & Shaffer, 2015). Sakakibara,
Hayano, Oikawa, Katsamanis, and Lehrer (2013) evaluated the impact of HRV biofeedback
before bed on HRV activity during sleep compared to autogenic training and a non-treatment control. Results indicated that as few as two sessions of HRV training increased HF
activity during sleep, an index of parasympathetic and restorative function, while it remained unchanged following autogenic training or usual sleep routine.
Neurofeedback. An emerging technology that is non-evasive and highly effective at improving sleep quality is neurofeedback (NFB). NFB is a process that involves analyzing
EEG and providing feedback in real-time. This type of training requires an individual to
learn how to alter specific aspects of cortical activity such as amplitude (uV) and frequency (Hz) through operant conditioning; specifically when the prescribed EEG activity is reached a reward is earned (Sherlin et al., 2011). Several studies have demonstrated
how NFB can be used to improve sleep quality. In animal research, Sterman, Howe, and
MacDonald (1970) demonstrated that the conditioning of enhanced sensorimotor rhythm
(SMR) during the awake state led to increased sleep spindle bursts, quiet sleep, and suppression of motor activity in cats. In humans, SMR enhancement training has been shown
to reduce sleep latency, decrease number of awakenings, increase time spent in slow-wave
(deep) sleep, and improve overall reported sleep quality (Arns, Feddema, & Kenemans,
2014; Cortoos, De Valck, Arns, Breteler, & Cluydts, 2010; Hammer, Colbert, Brown, & Ilioi, 2011; Hauri, 1981; Hauri et al., 1982; Hoedlmoser et al.. 2008, Schabus et al., 2011; 2014).
Additionally, up-training theta has been shown to reduce sleep latency, increase TST, and
improve subjective reports of sleep quality (Bell, 1979; Browne, 2000; Hauri, 1981; Hauri et
al., 1982). Importantly, these positive results were shown to be maintained over time (Bell,
1979; Hauri et al., 1982). Although neurofeedback is typically thought of only as a clinical
application, technology advancements in the last 5 years have allowed even greater access
to EEG monitoring and even training outside the health care setting (e.g., Wyckoff, Sherlin,
Ford, & Dalke, 2015).

Heart-Brain Connection
The preceding sections briefly described the relationship between specific physiological parameters and sleep. These patterns of activity do not exist in a vacuum, rather they
reflect the coordinated actions of the central and peripheral nervous system. An extensive
body of research supports the Neurovisceral Integration Model, detailing the direct and
indirect connection of the heart and brain for emotion regulation, cognitive function, and
executive performance (Thayer & Lane, 2000, 2009; Thayer & Ruiz-Padial, 2006; Thayer,
Ahs, Fredrikson, Sollers, & Wager, 2012; Thayer, Hansen, Saus-Rose, & Johnsen, 2009; Thayer & Ruiz-Padial, 2006). One of the core principles of the Neurovisceral Integration Model
is the idea that HRV activity is not only important for what it indicates about the heart, but
also for what it tells us about the brain. This model has been used to investigate the heartbrain connection across sleep stages (Lechinger, Heib, Gruber, Schabus, & Klimesch, 2015)
and is further supported by the bidirectional relationship observed in simultaneous EEG
and HRV feedback studies.

Lechinger et al. (2015) investigated the modulatory effects of heartbeat on EEG activity
across sleep stages, reporting that heartbeat evoked frontocentral EEG amplitude and
phase locking, occurring approximately 300-400 ms following the R peak, decreased with
the deepening of N stage sleep and increased during R stage sleep. Heart rate was also
correlated with the individual alpha peak frequency during wakefulness and decreased
with increasing sleep depth. The QRS complex of heartbeat activity was further observed
to have a modulatory effect on EEG spindle phase and frequency (12-15 Hz) during Stage
N2 sleep. Taken together these findings demonstrate that cardiac activity can modulate
or be modulated by oscillatory brain activity. This reciprocal relationship has been further
demonstrated in neuro/biofeedback research. Bazanova, Balioz, Muravleva, and Skoraya
(2013) investigated the HRV (pNN50) effects of a 10-session eyes-closed EEG alpha power enhancement training protocol versus a sham-feedback control in a sample of healthy
young males. The results revealed that alpha enhancement training in individuals with a
low baseline alpha frequency led to improved cognitive performance, reduced stress, and
increased HRV (pNN50), while training in individuals with a high baseline alpha frequency
only led to a decrease in HRV. Conversely, Sherlin, Muench, and Wyckoff (2010), investigated QEEG and sLORETA changes following a single session of RSA biofeedback versus
a sham-feedback control in a sample of adults reporting moderate to severe stress. The
results indicated a significant reduction of scores on the State-Trait Anxiety Inventory
(Spielberger, Gorsuch, Luschene, Vagg, & Jacobs, 1983) for the individuals in the RSA training group (Sherlin, Gevirtz, Wyckoff, & Muench, 2009) as well as increases in theta and
alpha absolute power, and a dose response relationship for enhanced RSA regulation with
decreased beta power (Sherlin et al., 2010). sLORETA analysis also revealed an increase
in alpha relative power in Brodmann’s area 24 and decreases in relative beta activity in
Brodmann’s areas 30 and 31, highlighting the modulatory effect of RSA training on cortical
components of the limbic system associated with emotion processing and affective dimensions of pain (Williams, White, & Mace, 2005).
Collectively, these neuro/biofeedback techniques (EEG, HRV, EMG) have been classified by
the American Academy of Sleep Medicine at the “Guideline” level, indicating a moderate
degree of clinical certainty supported by Level II evidence (randomized control trials with
high-beta error probabilities; Chesson et al, 1999). However, applied research is required to
investigate the heart-brain connection in sleep, as well as the efficacy, specificity, and combined effects of neurofeedback and HRV biofeedback.

Discussion
In this review the consequences of sleep-related issues and the physiological characteristics of normal and pathological sleep were described. Subjective and objective assessment
and non-pharmacological intervention strategies accessible to the general population were
identified. Recent advancements in smart device technology are becoming more effectively integrated into health care settings, as they gain credibility and reliability with professional health care providers (Luxton, McCann, Bush, Mishkind, & Reger, 2011). Despite this
growing utility, several interventions have been omitted (prescription medication, CPAP,

stimulus control, paradoxical intention, sleep restriction therapy, cognitive-behavioral therapy, etc.) or reported only the briefest information (EMG Biofeedback) in this report, as we
wanted to restrict our scope to those metrics and actions that are more easily accessible
without any necessary mediation by a healthcare professional.
Today, accessibility of these interventions is growing as portable and mobile platforms are
developed and released to general consumers (Consumer Electronics Association [CEA],
2015). For example, neurofeedback and biofeedback treatments, which were once only
available in a clinical and research setting under the supervision of a licensed or certified
provider, are now becoming increasingly available to broader consumer markets. New
technology advancements in physiological and health behavior monitoring designed for
consumer electronics, like smartphones and tablets, now allow many users to begin to
engage in lifestyle monitoring and behavior change with greater ease and interest. Sleep
monitoring and interventions are of particular interest, as the prevalence and cost of sleep
deprivation creates increasing demand for addressing this growing problem. Consumer
Electronics Association (2015) recently published survey data aimed at identifying consumer demand for technology advancements for sleep monitoring and interventions for
smart devices. Results suggest that almost a quarter of adults in the United States currently use technology to monitor or aid their sleep quality. Additionally that the mobile technology category of “health and fitness”, under which sleep monitoring and interventions
fall, is projected to produce $1.8 billion in wholesale revenue in 2015 (CEA, 2015). Thus the
consumer market is primed for improving sleep patterns with the use of mobile technology. It should be noted that additional research is needed to further investigate the efficacy,
mechanisms of action and long-term or combined effects of sleep interventions, like those
reviewed, as they are rendered into mobile applications.
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