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Study Objectives: Sleep is one of the most common factors related to health, yet a standard definition of sleep quality has not been identified. Polysomnography
provides important information about objective sleep variables. However, the relationship between objective sleep variables and perception of sleep quality
remains unclear. The purpose of this review was to (1) summarize the current methods of measuring objective sleep macrostructure and microstructure, including
electroencephalography arousals, spectral frequency, cyclic alternating pattern, and self-report sleep quality, and (2) investigate the relationship between objective
measures of sleep physiology and self-report sleep quality in healthy adults.
Methods: A literature search was conducted using Medline, PubMed, and PsycInfo databases and cited reference searches. Eligible studies included a
comparison between self-report sleep quality and polysomnography sleep measures in healthy adults.
Results: Thirteen studies were identified. Measurement of self-report sleep quality varied widely across studies. Total sleep time and sleep efficiency were most
consistently related to sleep quality, while other objective sleep variables, including electroencephalography spectral analysis, were not reliably predictive of self-report
sleep quality in healthy adults. There is preliminary support that microstructural sleep analysis with cyclic alternating pattern may be related to self-reported sleep quality.
Conclusions: Further research is needed to define and standardize self-report measures of sleep quality and investigate the microstructure of sleep. Objective
measures of sleep and experiences of “quality” sleep are not as closely related as one may expect in healthy individuals, and understanding this relationship
further is necessary to improve the clinical utility of sleep physiology.
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INTRODUCTION

Humans spend approximately one-third of their lives sleep-
ing. Sleep is an inherent physiological process controlled
by homeostasis and circadian rhythms. It is a central part
of maintaining overall mental and physical well-being, yet
the exact functions of sleep remain poorly understood.1

The important role of sleep across several health domains
(eg, mental health disorders, sleep disorders, quality of life,
and functioning) has underscored the need for valid and
reliable methods to measure sleep. The relationship between
the self-perception of sleep quality and physiologically
recorded sleep has been identified as an important clinical
marker for identifying sleep disorders;2 however, this rela-
tionship is also not well-defined in healthy populations. A
discrepancy between objective sleep estimations and percep-
tion of sleep quality has been highlighted in clinical popu-
lations, including insomnia disorder. Understanding the
relationship between sleep perception and objective meas-
ures in healthy individuals allows for a basis when inter-
preting sleep disturbances in the context of medical illness
or psychopathology and provides insight into potential
interventions to improve the perceived experiences of sleep.

Sleep quality is often referred to as an important health factor
in the literature, but it is not typically or consistently defined by
individual studies. There are several scales commonly used to
evaluate sleep quality, ranging from single-item questions
that ask participants to rate how “good” or “bad” sleep was
(eg, “how would you rate the quality of your sleep?”)3 to scales
with multiple domains/subscales.4 Multiquestion scales capture
broad information and comprise various subscales related to
sleep over a specified timeframe, such as the Pittsburgh Sleep
Quality Index.5 A drawback to this approach is that the factors
expected to impact judgments of sleep quality and the weight of
importance for each factor are predefined.4

Studies that attempt to understand which factors correspond
with a good night’s sleep in healthy sleepers have shown that
the top determinants of sleep quality ratings were total sleep
time (TST), wake after sleep onset (WASO), the state of mind
before bedtime (eg, experience of stress,6 feeling refreshed
upon waking, and mood the day after sleep).4 Qualitative
interviews have shown that self-reported feelings the next day
(eg, waking up feeling restored, rested, or alert) were ranked as
the most important variables that individuals use for the
appraisal of the quality of their sleep.7 This suggests that judg-
ments of sleep quality may reflect “nonsleep phenomena” that
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may not be captured in questions related to timing/quantity of
sleep.2 Recording responses first thing in the morning with the
use of a sleep diary minimizes the impact of these phenomena
on sleep quality ratings.8,9

Sleep quality is not necessarily directly related to sleep quan-
tity, as there are some individuals who have sleep complaints
but show objective sleep parameters similar to those without
sleep complaints.2 Krystal and Edinger2 presented several
objective measures of sleep physiology and their potential util-
ity for measuring aspects important for sleep quality, including
traditional polysomnography (PSG) macrostructural sleep
measures, as well as methods which further analyze the micro-
structures of PSG-measured sleep, such as electroencephalogra-
phy (EEG) arousals and spectral activity, and cyclic alternating
patterns (CAP). These methods are briefly described below.

Methods for measuring sleep objectively include PSG,
which consists of EEG, electro-oculography, and electromyog-
raphy. PSG can detect patterns of sleep architecture, including
the cycling between rapid eye movement (REM) sleep and non-
rapid eye movement (NREM) sleep, which occurs several times
throughout the night in about 90- to 110-minute cycles.10 PSG
measures include TST, sleep efficiency (SE), sleep onset
latency (SOL), WASO, and number of awakenings, among
other variables which are considered to comprise the macro-
structure of sleep (see Table S1 in the supplemental material
for a list of variables obtained from PSG).

The traditional PSG scoring method—the Rechtschaffen and
Kales method—divides sleep into stages: REM and NREM
subdivided into 4 stages from light sleep in stage 1 to slow-
wave sleep in stages 3 and 4.11 These scoring methods persisted
until the American Association of Sleep Medicine updated
them in 2007.12 One of the major changes to sleep stage scoring
was combining stage 3 and stage 4 to one stage labeled as N3,
often called slow-wave sleep (SWS), as well as minor changes
to the EEG placement.13 Sleep stage scoring continues to be
controversial in the field of sleep medicine.13,14

Comparing data from studies scored according to different
standards has natural drawbacks, although the new sleep stage
scoring methods have improved interrater reliability of scoring.15

A notable example of this stems from a recent meta-analysis of
PSG studies (that used American Academy of Sleep Medicine
scoring) including over 5,000 healthy individuals across the life-
span and identified decreased TST and SE as well as increased
WASO and SOL occurring with older age.16 These findings con-
firm age-related changes in sleep from an earlier meta-analysis17

and further support the comparability of sleep scoring methods.
Therefore, it should be noted that demographic factors, such as
sex- and age-related differences in physiological sleep, are
important to consider when evaluating self-report sleep ratings.
Declines in percentage of time in SWS and increased time in
lighter stages of sleep (stage 1 and stage 2) have also been shown
across the lifespan,18 and good sleep has been identified as an
important aspect of quality of life in older adults.19

In addition to measuring the macrostructure of sleep, the EEG
component of PSG allows for measurements of oscillations on a
continuum of sleep–wake states.13 Although several bands of
activity may be present at any given time, the type of oscillation
that dominates any given period allows for understanding stages

of sleep. EEG arousal events are scored manually based on
American Sleep Disorder Association criteria and indicate sleep
fragmentation, based on either total number of arousals or
arousal indices for each individual sleep stage.20 Microstructural
evaluation with EEG frequency spectral analysis allows for mea-
surement of sleep more continuously than sleep stages by gener-
ating indices of activity signals in each frequency band. Spectral
analysis consists of Fourier transformations of EEG signals to
quantify the amplitudes of different frequencies.21 This separates
the slower and faster EEG frequencies so that SWS/delta waves
are discriminated from other frequencies that are present.21 In
this regard, spectral analysis measures frequencies that are not
quantified using sleep scoring methods, since sleep scoring meth-
ods report on the most dominant frequency and not the other fre-
quencies that are present but of lesser amplitude. It has been
hypothesized in early studies that individuals with insomnia who
show no differences in macrostructural PSG measures compared
to healthy controls may show different EEG spectral indices.2

This suggests that EEG spectral analysis may be another poten-
tial objective marker of sleep quality.

Another method has been developed to investigate and
model microstates of sleep called probabilistic sleep modeling.
This is another way of mathematically modeling sleep as a con-
tinuum and has resulted in a measure of sleep fragmentation,
which may be important for sleep quality.22

Finally, CAP analysis is a method of examining the physio-
logical activity in NREM sleep and identifying microstructures
of sleep physiology.23 A CAP is a specific periodic activity that
occurs in NREM and consists of phase A—transient events that
last between 2 and 60 seconds and stand out from the back-
ground rhythm, phase B. There are 3 subtypes of phase A: A1
consists of high-amplitude slow waves (including delta bursts
and K-complexes; see Table S2), A2 is a mix of slow and fast
rhythms, and A3 is composed of primarily rapid low-voltage
rhythms. The CAP rate is a ratio of the total amount of time in
CAP to the total time in NREM sleep. Just as sleep macrostruc-
ture changes across the lifespan, CAP parameters also show
age-related variability.24 A recent meta-analysis of CAP in nor-
mative samples showed that the CAP rate changes across devel-
opment and is increased in elderly populations.25 An increased
CAP rate has been associated with higher arousal instability in
sleep26 and may be associated with sex differences in sleep.

In sum, there are a number of PSG-derived macrostructure and
microstructure measures of sleep, although it is still unknown how
these are related to sleep quality in the healthy population. The
aim of this review is to investigate the relationship betweenmacro-
structure and microstructure physiology measures of sleep with
ratings of sleep quality in healthy adults. This will provide a better
understanding of how self-report measures of sleep quality corre-
spond with objective sleep physiologymeasures.

METHODS

Review design
We conducted a review using the Participants, Intervention,
Comparisons, Outcome27 study design approach to generate the
research question.
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Inclusion and exclusion criteria
Observational studies were included if the aim of the study was
related to studying sleep in a nonclinical (healthy) adult popula-
tion and reported sleep objectively measured with PSG and a
self-report sleep quality measure.

Full inclusion and exclusion criteria are shown in Table S3.
In summary, a literature search was conducted and included
studies that met the following criteria:

1. Included nonclinical adult participants (aged 18 years or
older) for the purpose of studying sleep in a healthy pop-
ulation (not merely as a healthy control group);

2. Included a measure of self-report sleep quality;
3. Included assessment of sleep characteristics measured

with at least 1 full night of PSG or electrophysiology
(1 or more of the following variables reported: TST,
SOL, SE, WASO, sleep stage durations, REM latency,
EEG spectral power frequency, EEG arousal number,
EEG arousal index, CAP);

4. Included and reported a comparison between the self-
report sleep quality and PSG-measured sleep
characteristic;

5. Excluded participants with sleep, clinical, and neurologi-
cal disorders;

6. Published in peer-reviewed journals in the English
language.

Studies which employed actigraphy as the sole objective
measure of sleep were not included in our search and are out-
side the scope of this article, as it does not provide electrophysi-
ology or sleep stage data. Articles were excluded if they did not
explicitly report a comparison between the objective sleep
measures and the measure of self-report sleep quality.

Literature search
Databases utilized were PubMed, PsycInfo, Medline(R). We first
searched “sleep quality,” since inclusion of a sleep quality measure
was our main criterion and no synonyms were identified in the
databases. Next, we added key terms for objective sleep measures
including “sleep physiology,” “sleep architecture,” “sleep stages,”
“polysomnography,” “electroencephalography,” and “cyclic alter-
nating pattern.”We also wanted to limit studies to those examining
sleep patterns in healthy adult samples so we included “adult,”
“research subjects,” and “healthy volunteers.” Results were lim-
ited to human participants and English publications.

The final search strategy subject headings and search syntax
were adapted for each of the databases separately. We also
hand-searched for additional relevant cited articles within the

Figure 1—Flowchart of the study selection process.
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search-generated articles. The screening process was conducted
independently by the lead author (L.E.C.) based on the study
inclusion criteria outlined. Duplicates were removed, and titles
and abstracts were screened to eliminate nonrelevant studies.
Full texts were screened and if there was uncertainty about the
inclusion of a study, the other authors were consulted.

RESULTS

The search was conducted in August 2020 and resulted in 1,526
records [611 from PubMed, 319 from PsycInfo, and 596 from
Medline(R)]. There were 1,238 records after the removal of
duplicates. The first author (L.E.C.) screened 29 full-text
records and included 13 studies in this review. Figure 1 shows
the flow of the records through the screening process. All of the
included articles reported using PSG for at least 1 full night.

A summary of the study sample, sleep measures, and study
findings related to the relationship between the objective sleep
measure and self-report sleep quality measure are listed in
Table 1. Ten of the studies used archival data that had been col-
lected for other purposes. Ten of the 13 studies analyzed inde-
pendent study samples, as 3 studies28–30 reported on data from
the SIESTA project.31 The SIESTA sample consists of a sleep
database of normative healthy participants who were screened
for shift work, usual bedtime before midnight, and had no acute
depressive or anxious symptoms.31

Two studies32,33 analyzed data from males from the Osteo-
porotic Fractures in Men study and females from the Study of
Osteoporotic Fractures.34 Results are synthesized below by
grouping the articles together based on the objective sleep
parameters that were identified as significantly related to
self-reported sleep quality. See Table S4 for a summary of the
direction of association between each objective variable and the
self-report sleep quality measure.

Macrostructural sleep
TST was the measure significantly associated with sleep quality
most often among studies; however, the directions of these
associations were inconsistent. Two studies found that TST was
positively related to self-reported sleep quality,3,35,36 while
4 studies found TST was negatively correlated (eg, longer sleep
duration was associated with decreased sleep quality28–30,37).
Similarly, 2 studies found higher SE was associated with
greater sleep quality;3,35 however, 2 other studies found the
opposite relationship.29,30

Variables that signify difficulties with maintaining sleep dur-
ing the night (WASO, percentage of time awake, and number of
awakenings) were associated with poorer sleep quality in 3 stud-
ies.3,28,38 Goelema et al30 and Rosipal et al29 found the relation-
ship with awakenings in the opposite direction (higher WASO
was positively related with sleep quality), despite analyzing
data from the same study of which Moser et al28 analyzed a
smaller subset.

In terms of sleep stages, REM duration and N2 duration (see
Table S2)30,37,39 were both primarily associated with sleep
quality in a negative direction, other than 1 study with a small

sample which showed a positive relationship with N2 dura-
tion.40 The only consistent association with sleep staging was
that greater duration of SWS was significantly associated with
higher self-reported sleep quality ratings in 3 studies.29,35,39

Findings from machine learning
Two studies of large datasets of over a thousand participants
employed machine-learning techniques and showed that the
most consistent predictors of self-reported sleep quality
included SE, WASO, and age.32,36 SE and WASO were also
noted to be highly collinear. Sleep staging variables were only
weakly correlated with sleep quality.32 Regardless of the
machine-learning model used, 11–17% of the variance in sleep
quality ratings in older adults was explained by sleep, demo-
graphic, and clinical variables.32 Using the same techniques on
a sample of midlife community-dwelling adults, only between
7 and 13% of the variance of self-reports of sleep quality was
explained with PSG, EEG spectral power, and demographic
variables.36 EEG spectral power frequency showed that micro-
structures of sleep did not contribute significantly to the
machine-learning models.36 Finally, Gabryelska et al37 found a
small effect size for lower N2 sigma 2 and REM delta 1 spectral
power for predicting higher self-reported sleep quality.

CAP analyses and sleep quality
CAP analysis was performed in a small subset of the SIESTA
study database (n = 28), finding CAP variables were not signifi-
cantly associated with sleep quality ratings.28 More recently,
CAP measures were automatized and calculated for a large
sample of older male adults (n = 2,811).33 Decreased CAP rate
was related to improved sleep quality measures. Those who
reported higher sleep quality ratings also showed a decreased
CAP A2 + A3 index.33

DISCUSSION

This review highlights the nuanced relationship between percep-
tions of sleep and physiological measures of sleep in healthy
adults. Across the studies, TST and SE were the PSG-measured
sleep variables that were most frequently significantly related to
self-reported sleep quality. However, it is worth noting that TST
and SE showed both positive3,35 and negative29,30 relationships
with sleep quality. This indicates a meaningful relationship, since
both long and short sleep durations can be associated with sleep
difficulties. Objective measures of TST and SE may be useful in
predicting self-reported sleep quality ratings but may also depend
on the sample being studied. Although this review focused on a
healthy population, the significant differences in sample selec-
tion and sleep quality measures across studies may influence
interpretation of the direction of the results.

Other macrostructural sleep variables were not frequently
related to sleep quality. Increased duration of SWS was associ-
ated with improved sleep quality, which is intuitive given SWS
is regarded as the most “restorative” stage of sleep; however,
this was only found in 3 studies with relatively small sample
sizes.29,35,39 Greater N2 sleep stage duration was associated
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with poorer sleep quality ratings in 3 studies,30,37,39 which may
be related to how more transient arousals (K-complexes/sleep
spindles) occur during this stage.13

In terms of microstructural sleep variables, only a few studies
have examined EEG spectral frequency analysis or CAP in relation
to sleep quality. EEG spectral frequency analysis did not signifi-
cantly predict self-reported sleep ratings in a large multisite study of
older adults.36 A negative relationship between N2 sigma 2 (inde-
pendent of N2 duration) and sleep quality with a small effect size
was found.37 CAP rate was decreased significantly in older adult
males with higher self-reported ratings of sleep depth, restfulness,
and length.33 This recent study provides further evidence for the
theory that CAP rate is a marker of instability and enhanced
arousals within NREM sleep.26 CAP analysis has been automa-
tized, indicating that it can now bemore easily applied to previously
collected PSG data and should continue to be investigated as a
potentially more sensitive marker of self-reported sleep disruption.

Variations in self-reported sleep quality measures
This review reiterates the need for more standardized measure-
ment of sleep quality. No two studies that examined different
populations employed the same methods for measuring self-
reported sleep quality. These ranged from single-item visual
analog and Likert scales that are not validated measures to more
commonly used validated measures that provide a single score
composed of multiple items/subscales.29 Since many of the
reviewed studies performed analyses on previously collected
data, measures of sleep quality that may better correspond with
objective sleep (such as the consensus sleep diary8) were not
available at the time of collection, and many studies relied on
single-item questions that may be less robust.36 This points to a
major barrier in being able to properly quantify perceptions of
sleep quality in the extant literature, which is a problem that has
been identified for more than a decade.2 Identifying a core out-
come set that is clinically meaningful for sleep studies including
clinical trials would enhance the understanding of the key com-
ponents of sleep quality.41

A recent panel of sleep experts systematically rated which
sleep indicators were supported by appropriate evidence for
indicating “good” sleep across the lifespan.42 Across all age
groups, there was consensus among experts that good sleep
quality generally consisted of sleep continuity measures and
number of awakenings. Interestingly, panel-rated objective
markers of good sleep quality based on objective measures of
sleep are not equivalent to self-reported ratings of sleep quality
rated by participants.42 Objective markers that correlate with
“good” sleep have not been consistently identified, as seen in
this review. Careful consideration about measurement of the
individual differences that may be involved in one’s evaluation
of sleep quality would further clarify the “nonsleep phenomen-
on” impacting perception of sleep experiences.2,43 This is illus-
trated in studies which show that other self-report measures of
stress,44 depression, and anxiety45 were significantly better pre-
dictors of sleep quality than objective sleep measures.

Studies that measured objective sleep variables with actigra-
phy were not included in this review, because we were primar-
ily interested in sleep architecture. However, several studies

comparing actigraphy with self-reported sleep quality found
discrepant results similar to those described here with PSG.46,47

The variance in sleep quality has been better explained by self-
reported variables from a sleep diary, such as number of awak-
enings, SOL, and WASO, than by the actigraphy-based sleep
measures.48 Sleep duration measures have also been shown to
be significantly different between actigraphy, PSG, and sleep
diary.49 It is possible that the discrepancy between sleep meas-
ures may reflect the methods for objective sleep do not ade-
quately capture sleep quality. This general poor agreement
between self-reported sleep quality and objective sleep methods
(eg, PSG and actigraphy) indicates a need for more basic
research on the brain activity throughout sleep–wake transi-
tions50 in order to improve sleep measurement techniques.

Sleep across the adult lifespan
Five of the 13 studies reviewed were focused on understanding
sleep in older adults. More disruption in sleep across the lifespan
has been established based on large population studies51,52 and a
recent meta-analysis.16 In general, shorter TST and longer SOL
and WASO detected by PSG have been associated with older
age, as well as more overall variability. The studies that exam-
ined large samples of adults across the lifespan found the same
PSG-measured variables (SE and WASO) to be the most signifi-
cant predictors of sleep quality in older age.32,36 These studies
also showed that age was a significant predictor of sleep quality
(direction of this relationship was not specified). Self-reported
sleep quality ratings in older adults have also been shown to be
more related to health-related quality of life than PSG measures
of sleep.19 These studies suggest that the perception of sleep also
shifts with age. In fact, Åkerstedt et al3 found that older women
required an average of 85 minutes less TST than younger women
to achieve the same rating of sleep quality. This may be
explained by a shift in expectations about sleep, namely, a strat-
egy of acceptance of age-related sleep architecture changes.3

Sex differences in sleep
Previous studies have shown that females reported poorer sleep
quality than males, despite showing greater TST and shorter
SOL and WASO.53 Kaplan et al32 found that females rated sleep
quality higher than males directly after they woke up; however,
females rated their overall sleep quality from the past month
worse than males. This suggests a potential difference in the
interpretation of sleep quality between the sexes, which is partic-
ularly relevant when considering the higher rates of depression,
anxiety, and insomnia in females54 and may further explain dis-
crepant findings due to studies not controlling for sex.

Hartmann et al33 found that females showed fewer A1 phases
than males in SWS, despite exhibiting similar macrostructural
properties of sleep. Although sex differences in sleep quality
ratings were not explored in this study, the sex differences in
microstructures as measured with CAP may help elucidate
these differences even when objective macrostructural sleep
does not. A recent meta-analysis found that CAP was indicated
as a possible marker of hormonal and sex differences across age
groups.25 Studies examining CAP indices in major depressive
disorder have shown differences in CAP rate and cycle in
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depression, although sex differences were not explored.55,56

The role of CAP in the interaction between sex and psychopa-
thology is promising yet requires further investigation. Future
research on sex differences in microstructural sleep parameters
and sleep quality are needed.

CONCLUSIONS

Objective markers and perceptions of sleep are not as closely
related as one may expect, which is largely due to the idiosyn-
cratic nature of sleep quality, which appears to extend well
beyond the minutes spent in a sleep state or interrupted sleep.
Since PSG is considered to be the “gold standard” measurement
of sleep architecture, understanding the factors that contribute to
the discrepancy with perception of sleep experiences is needed in
order to improve techniques and clinical utility of sleep physiol-
ogy. The findings of this review suggest that self-report remains
the most consistent way of measuring sleep quality, since it is
unclear which markers of objective sleep quality are the most
consistent. This inconsistency has been found in “healthy”
sleepers, as demonstrated in this review, and discrepancy
between perceptions of sleep quality and objective sleep meas-
ures may not be a unique feature to sleep disorders. It is therefore
not surprising that sleep quality in those with sleep complaints is
also not consistently reflected in objective sleep measures (eg,
“paradoxical insomnia”).21 This further explains why treating
insomnia with cognitive behavioral therapy for insomnia—a
gold-standard therapy that targets both sleep behaviors and
thoughts—more clearly benefits perceptions of sleep rather than
objective sleep measures.57 A better understanding of what
healthy sleep looks like in the general population would provide
invaluable insight into the assessment of sleep and treatment tar-
gets for the broad domain of sleep across many populations. This
is necessary to obtain foundational knowledge which may be
applied to clinical populations where sleep is disturbed.

Future directions based on this review include further
research on defining, standardizing, and validating self-report
sleep quality measures, including the definition of a core out-
come set. Use of nonlaboratory methods of measuring objective
sleep, such as actigraphy, may be useful in understanding the
discrepancy between objective and self-reported sleep meas-
ures in more naturalistic settings.58 Finally, additional studies
on the microstructure of sleep, such as CAP, are needed to clar-
ify its utility as a potential “marker of instability” of sleep that
is more correlated with self-reported ratings of sleep.

ABBREVIATIONS

CAP, cyclic alternating pattern
EEG, electroencephalography
NREM, nonrapid eye movement
PSG, polysomnography
REM, rapid eye movement
SE, sleep efficiency
SOL, sleep onset latency
SWS, slow-wave sleep

TST, total sleep time
WASO, wake after sleep onset
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