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Abstract

Purpose of Review Polysomnography (PSG) represents a fundamental diagnostic tool used in the evaluation of sleep disorders. It
represents a simultaneous recording of sleep staging, eye movements, electromyographic tone, respiratory parameters, and
electrocardiogram. It is particularly helpful in the assessment of sleep-disordered breathing and its management, propensity
for excessive sleepiness, complex behaviors during sleep, including motor disturbances of sleep, sleep-related epilepsy, and
parasomnias. This review is intended to summarize the indications for PSG, the limitations and challenges of this diagnostic tool,
indications for home sleep apnea testing options, and new developments and trends in polysomnography.

Recent Findings The polysomnogram is fundamentally important in the evaluation of sleep-disordered breathing in the setting of
cardiovascular comorbidities and neurologic conditions such as neuromuscular disease, stroke, and epilepsy and in the evaluation
of dream enactment behavior in the setting of REM sleep behavior disorder (RBD). Because RBD is predictive of neurodegen-
erative disorders, recent data highlights the importance of PSG in corroborating the diagnosis of RBD and identifying people who
may be at risk. However, due to cost as well as limitations in access to care, further testing has been developed and implemented
including the home sleep apnea test (HSAT). The evolution of consumer wearable devices has also been a growing trend in sleep
medicine; however, few have received appropriate validation.

Summary PSG has been used in both the clinical and research settings and remains the gold standard clinical diagnostic test for
suspected obstructive sleep apnea (OSA) or central sleep apnea (CSA). Clinicians must be familiar with the basic indications for a
PSG but also recognize when it is absolutely required. At this time, the PSG is essential in the evaluation of nocturnal
hypoventilation disorders of sleep, periodic limb movements of sleep, and central nervous system hypersomnia (in the absence
of CSF hypocretin) when combined with the multiple sleep latency test (MSLT) and is probably the only way to help differentiate
among complex behaviors during sleep, especially in the setting of RBD. The capacity to establish an early diagnostic risk of
potential dementia would be of critical importance once neuroprotective agents become available.

Keywords Polysomnography - PSG - Sleep study - Home sleep apnea testing - Multiple sleep maintenance test - EMG montage -
EEG montage

Introduction evaluate sleep quality and disorders which impair sleep.

Polysomnography (PSG) is defined as the continuous moni-
Because of the limitations of subjective measures of sleep,  toring and simultaneous recording of physiologic activity dur-
there is often an inherent need for an objective measure to  ing sleep [1]. Hans Berger invented electroencephalography
(EEG) in the early twentieth century which records electrical
cortical activity and calculates relative differences in electrical
This e}r.ticle is part of the Topical Collection on Sleep and Neurological fields across brain regions. Thereafter, clinicians integrated
Conditions this technology and incorporated additional physiologic respi-
ratory and cardiac parameters to develop the sleep study [2].
The term polysomnogram was coined in the 1970s and com-
bined continuous EEG, which analyzed sleep states, with re-
spiratory channels, body position sensors, and electrocardiog-
raphy (ECG). Initially, analog (paper) recordings had limita-
Division of Sleep Medicine, UC Davis Department of Neurology, tions in the selected EEG montage and numbers of possible
4860 Y Street, Suite 3700, Sacramento, CA 95817, USA channels, and the digitization in the 1990s allowed for many
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more parameters to be analyzed. In recent years, additional
parameters were incorporated including electromyography
(EMG) tone, electrooculogram (EOG), expanded EEG mon-
tages, and transcutaneous or end-tidal capnography. PSG has
become the gold standard for comprehensive monitoring of
sleep to evaluate sleep disorders. In addition, video recording
has led to video PSG (VPSG), which is a standard attribute in
the evaluation and assessment of complex behaviors during
sleep allowing the capacity to record movements, speech, be-
haviors including assessment for amnesia, recovery, and pa-
tients’ response to questions by the sleep technicians [3].

In order to standardize PSG across sleep labs, the American
Academy of Sleep Medicine (AASM) Manual for Scoring of
Sleep and Associated Events was developed to provide the
universally accepted criteria for standard recording technique
and scoring guidelines (AASM Scoring Manual version 2.6,
4). Sleep is staged in 30-s epochs with detailed criteria and
definitions for wakefulness and each stage of sleep. EEG is
recorded at the frontal, central, and occipital regions and is
used to define sleep stages [4]. EOG and chin EMG help with
the evaluation of the sleep stage, particularly during rapid eye
movement (REM) sleep. Airflow via nasal pressure sensors
detects partial airflow limitation or hypopneas, and airflow via
oronasal thermal flow sensors detects complete airflow ob-
struction or apneas. To further classify apneas as obstructive,
mixed or central chest and abdominal sensors are used to
evaluate respiratory effort [5]. Pulse oximetry detects the ar-
terial oxygen saturation, and ECG detects the cardiac rate and

Table 1 Standard PSG channels

rhythm. The anterior tibial EMG leads can detect periodic
limb movements in sleep. End-tidal PCO, can assist with the
detection of hypoventilation [6]. Tables 1 and 2 provide a
summary of the standard channels that are universally present
in PSG and additional channels which can provide supple-
mental information for specific disorders (Fig. 1).

Indications for Polysomnography

Through systemic reviews and expert task force recom-
mendation, the AASM release practice parameters for the
indications for PSG and the strength of the available ev-
idence [7¢¢]. PSG is most commonly used to evaluate for
and quantify the severity of sleep-related breathing disor-
ders (SRBD) and titration of positive airway pressure in
the treatment of SRBD. However, PSG can also be uti-
lized in the evaluation of other sleep conditions, such as
those of central nervous system hypersomnias (i.e., nar-
colepsy and idiopathic hypersomnia) and parasomnias
(specifically REM behavior disorder), and in the assess-
ment of periodic limb movements during sleep [1].
Though it is not required to diagnose all sleep conditions,
such as insomnia and circadian rhythm disorders, PSG
can serve as an essential diagnostic tool in certain cases
where clinical history alone is not sufficient to make a
diagnosis.

Channel

Function

EEG (recommended are F4-M1, C4-M1, and O2-M1; at minimum Monitoring of sleep staging, arousals, and abnormal or epileptiform activity

3 channels are required to stage sleep)
EOG x 2 (recommended are E1-M2 and E2-M2)

Monitoring of horizontal and vertical eye movements to demonstrate in-phase and

out-of-phase deflections, which assist in sleep staging; electrodes are placed at the
right and left outer canthi, 1 cm above and below the eye axis

EMG (at minimum, 3 electrodes are required, typically 3 chin
electrodes, and additional 2 on anterior tibialis muscles)

ECG (single modified lead II placed on the torso)

Airflow (recommended are an oronasal thermal airflow sensor,
along with nasal pressure transducer)

Respiratory effort (abdominal and thoracic respiratory belts)

Evaluation of muscle tone to assist with sleep staging, RSWA (REM sleep without
atonia), and PLMS (periodic limb movements of sleep)

Evaluation of heart rhythm to assess for arrhythmias and heart rate variability

Detection of hypopneas and apneas. Differentiation between obstructive, central,
and mixed events

Detection of respiratory effort to aid in the distinction between obstructive and

central respiratory events

Pulse oximetry

Body position sensor (optional parameter however typically
included)

Video monitoring

Detection of oxygen desaturation with respiratory events or due to pulmonary
disease

Evaluation of body position (via position sensors or by a technologist) to help
identify the positional component of sleep-disordered breathing

Detection of unusual nocturnal behavioral events, including parasomnias,

movement disorders, and seizures

Standard PSG channels require at least 4 neurophysiology channels (EEG, EOG x 2, EMG) and typically include ECG, airflow, pulse oximetry, and

body position channels as well

EEG electroencephalography, EOG electrooculogram, EMG electromyography, ECG electrocardiography, REM rapid eye movement, PLMS periodic

limb movements of sleep
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Table 2  Additional PSG channels

Channel

Function

Expanded EEG (typically with 8—10 additional channels,
involving frontal, temporal, parietal, and occipital lobes)

Expanded EMG (extensor digitorum muscles and additional
electrode over masseter muscle)

Esophageal pressure monitoring (Pes)

Evaluation of ictal pattern, origin, and detection of sleep-related epilepsy

Detection of PLMS, evaluation of motor tone in the setting of parasomnias
(particularly RSWA in RBD), and detection of bruxism

For evaluation of upper airway resistance syndrome. Provides a reflection of

intrathoracic pressure fluctuation associated with breathing efforts

Nasal cannula pressure monitoring

Detection of increased respiratory efforts by its effects on the inspiratory airflow

wave contour

Nocturnal penile tumescence
CO, monitoring

Assessment of erectile dysfunction

Using either transcutaneous or end-tidal CO,. For assessment of sleep-related

hypoventilation in obesity hypoventilation syndrome, for evaluation of
sleep-related breathing disorders in pediatric patients

Additional PSG channels can be added based on clinical indication

EEG electroencephalography, EMG electromyography, RBD REM sleep behavior disorder, PLMS periodic limb movements of sleep. RSWA REM sleep

without atonia

The Utility of Polysomnography in the Assessment of
Excessive Daytime Sleepiness

A chief complaint of “excessive daytime sleepiness” (EDS)
can be non-specific; thus, the first step in the evaluation of
EDS is to obtain a detailed clinical history, particularly with a
sleep diary to assess sleep duration and sleep regularity. The
clinician should focus on sleep duration, sleep-wake patterns,
and comorbid psychiatric and medical conditions, as well as
any medications which can be temporally correlated to the
onset of EDS. It is equally important to differentiate between
bona fide sleepiness (which is defined as an increased propen-
sity to fall asleep) and fatigue, which is a subjective sense of
low energy and the need to rest, not relieved by sleep, and is
more non-specific and can be seen in a variety of medical and

Brain Activity (EEG)

Eye Movement —
Air flow through the nose and mouth [
Chin Muscle tone (electromyogram or EMG)
Cardiac activity (Electrocardiogram or EKG)
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Fig. 1 A standard PSG configuration consists of electroencephalography
(EEG, measuring brain activity), electrooculography (EOG, measuring
eye movements to assist in sleep staging), electromyography (EMG,
measuring muscle tone in chin and limbs), electrocardiography (EKG,

psychiatric conditions. Subjective questionnaires can be used
to differentiate these symptoms and can help in the formula-
tion of one’s differential diagnosis. The most widely used
questionnaire is the Epworth Sleepiness Scale (ESS), which
is an 8-item inventory which assesses how likely subjects are
to fall asleep or doze off during the day in common situations,
each being rated on a 3-point scale. The total ESS score ranges
from 0 to 24, with higher scores reflecting a greater tendency
for sleepiness [8].

Assessment of Sleep Apnea

Historical elements are most suggestive of sleep-related
breathing disorders (SRBD) including witnessed apneas, snor-
ing, weight gain, hypersomnia especially on awakening,

00:41:16 228229 00:42:16
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measuring cardiac activity), and respiratory channels (depicting airflow
and effort) with pulse oximetry. These latter channels (respiratory and
pulse oximetry) are most helpful in assessing for sleep-disordered
breathing
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Table 3 STOP-BANG score for

OSA 0 points 1 point
Do you snore loudly? No Yes
Do you often feel tired, fatigued, or sleepy during the daytime? No Yes
Has anyone observed you stop breathing during sleep? No Yes
Do you have (or are you being treated for) high blood pressure? No Yes
BMI <35 kg/m’ >35 kg/m’
Age <50 years > 50 years
Neck circumference <40 cm >40 cm
Gender Female Male

STOP-BANG score to risk-stratify probability of having OSA. A score of < 3 indicates a low risk of OSA, while a
score of >3 indicates a high risk of OSA

morning headaches, or dry mouth, in addition to exam ele-
ments of elevated BMI, presence of hypertension, and signs of
upper airway compromise [9]. Various questionnaires have
been developed to help risk-stratify patients’ likelihood of
having obstructive sleep apnea (OSA), with the most com-
monly used being the STOP-BANG score [10]. This scale
assesses common symptoms of OSA (snoring, witnessed ap-
neas, and daytime fatigue) along with other patient medical
comorbidities (hypertension) and clinical variables (BMI, age,
neck circumference, and gender) and assigns a point for each
of these elements (see Table 3 for full scale). A STOP-BANG
score of >3 indicates a high risk of OSA.

If OSA is suspected, then a sleep study (either PSG or
home sleep apnea test (HSAT)) is indicated. The decision to
proceed with PSG rather than HSAT is based on a patient’s
medical comorbidities, along with logistical considerations. In
particular, patients, who have cardiorespiratory disease, po-
tential respiratory muscle weakness due to a neuromuscular
condition, hypoventilation or suspicion of sleep-related
hypoventilation, chronic opioid medication use, and history
of stroke, are recommended to obtain a PSG as HSAT has
not been adequately validated in these populations and may

underestimate or fail to diagnose a sleep disorder [7¢¢]. HSAT
is also more controversial in elderly populations especially
when there is variation in probability to have significant
OSA [11, 12]. A HSAT may be more appropriate in patients
who have a higher pretest probability of OSA without the
previously listed comorbidities. Table 4 provides a list of com-
mon considerations when deciding between HST and PSG.
The apnea-hypopnea index (AHI) remains a primary
electrographic criterion for the diagnosis of OSA, in a patient
with the previously listed clinical symptoms, with further
studies noting the oxygen desaturation index (ODI) as an im-
portant marker for cardiovascular health benefit given it can
reflect the apnea depth and duration of apneas [13]. If there is
high clinical suspicion of OSA, then a split-night diagnostic
protocol can be ordered, in which a continuous positive air-
way pressure (CPAP) or bilevel positive airway pressure
(BPAP) device is initiated overnight during the study to find
appropriate positive pressure settings for treatment. A titration
study is appropriate when a patient with previously diagnosed
OSA requires formal testing to determine optimal pressure
settings for treatment. Figure 2 demonstrates an example of
a PSG from a patient with severe OSA, with frequent and

Table 4 Use of HST versus PSG
HST acceptable

PSG recommended

High probability of OSA

Absence of comorbidities warranting PSG

Delay in obtaining PSG

Immobility or safety issues obtaining PSG

Strong “first-night effect” in a new sleep

environment

Absent indication for obtaining PSG

History of congestive heart failure
Neuromuscular weakness

Suspicion of hypoventilation

Use of chronic opioid medications
Suspicion of parasomnia

Suspicion of central sleep apnea
History of stroke (especially if recent)
Low probability of OSA

Previously non-diagnostic HST with high clinical suspicion of
OSA

Evaluation of central disorders of hypersomnolence (along with the
MSLT)

Evaluation of periodic limb movements in the setting of restless
legs syndrome (RLS)

Comparison of when to obtain HST vs. PSG based on common clinical and logistical considerations

@ Springer



Curr Sleep Medicine Rep (2020) 6:309-321

313

PR R1-| n

EEG F3-A1+A2

EEG C3-A1+A2

i sl
wwmwwwwwv\

EEG O1-A1+A2

o

Chin EMG
O %Ww WWWW Y ””WWW%W MWWW‘MMJM
Snoremic * Blood oxygen level reduced to >3% of bas I evalue
sp02 % [T T TR T TR T TR TR T T TR TR *9. TR TR TR T TR T TR T I TRTTTR *u L
Pressure transducer -’i‘\iI’Wayobstructs Alrwayﬂo;,;enj ,\ I Al Airway obstructs Airway opens /| N AN A | :‘“‘9
e NN T Bk e M VSN

Airflow [\ /T~ - NV

NN

Thoracic effort |

Abdomen effort |

Fig. 2 Example of PSG in OSA. PSG demonstrating two obstructive
apneic events as significantly reduced airflow with preserved
respiratory effort, associated with severe desaturations during N2 sleep.
Note the airway obstruction and airway opening with delayed blood
oxygen level reduction. These PSG epochs included the following
channels: EEG F3-A1+A2 left frontal in referential montage, EEG C3-

cyclic episodes of airflow limitation, accompanied by
desaturation events.

Assessment of Suspected Narcolepsy

Polysomnography is also used as part of the diagnostic work-
up in suspected cases of central disorders of hypersomno-
lence, such as narcolepsy. Patients with suspected narcolepsy
can have symptoms of excessive sleepiness with additional
features, such as fragmented or poor nocturnal sleep, and
REM intrusion phenomena, such as cataplexy, sleep-related
hallucinations, or sleep paralysis. Cataplexy, in particular, is
highly specific for narcolepsy and is defined as a sudden loss
of muscle tone while a person is awake, leading to weakness
and loss of voluntary muscle tone. This phenomenon is often
triggered by sudden and strong positive emotions, such as
laughter, excitement, or stress. In this clinical scenario, further
evaluation is warranted with a nocturnal PSG followed by the
daytime multiple sleep latency test (MSLT). Prior to obtaining
these tests, a regular sleep pattern consisting of at least 7-8 h
of sleep should be established, and any REM-suppressing
medications and stimulants should be ideally held for at least
2 weeks (for 5% t72 of drug with the longest active metabolite).
If another sleep disorder such as OSA is detected, it must be
treated prior to PSG and MSLT [6]. The following are criteria
for both narcolepsy and idiopathic hypersomnia (IH), two of
the most common disorders of central hypersomnolence, sum-
marized from the International Classification of Sleep
Disorders, volume 3 [14].

\ ,/' ‘\\///—\. /”‘\ N\

A\

AN NN

A1+A2 left central in referential montage, and EEG O1-A1+A2 left
occipital in referential montage. Chin EMG, chin electromyography;
EKG, electrocardiogram; snore mic, snoring sensor/microphone;
SpO,%, oxygen saturation; pressure transducer, nasal airflow; thoracic
effort, thoracic/chest effort channel; abdomen effort, abdominal effort
channel

A crucial component of the PSG which helps to depict an
individual’s sleep is the hypnogram. A hypnogram is a graph
that represents the stages of sleep as a function of time (hours of
sleep) and can serve as a visual summary of the brain wave
activity from an electroencephalogram. The sleep stages that
are typically recorded on the y-axis are the following: W
(wake), R (REM sleep), N1 (stage N1 sleep or “light sleep”),
N2 (stage N2 sleep or “deeper sleep”), and N3 (stage N3 sleep
or slow-wave sleep). A normal hypnogram depicts non-REM
predominant sleep (stages N1, N2, and N3) in the first half of
the night, while REM sleep (stage R) becomes more predomi-
nant in the second half of the night. Stage R sleep is typically
not observed before 90 min after sleep onset in a normal indi-
vidual. However, in disorders of central hypersomnolence, both
sleep-onset latency and REM onset latency are reduced, which
can be visualized on a hypnogram. Specifically, for narcolepsy
and idiopathic hypersomnia, a sleep-onset REM (SOREM) pe-
riod within 15 min of sleep onset on the PSG can be used as part
of the diagnostic criteria for diagnosing these disorders (see
Table 5). An example of a hypnogram from a PSG in a patient
with narcolepsy and SOREMP is shown in Fig. 3.

While the MSLT can be used in conjunction with PSG to
assess for sleepiness and disorders of central hypersomno-
lence, a related but different test may be used to determine
the ability to stay awake. The maintenance of wakefulness test
(MWT) is a validated objective measure of the ability to stay
awake for a defined period of time. Its main use is in occupa-
tions such as transportation industries and in pharmaceutical
drug trials in the assessment of narcolepsy drugs. Unlike the
MSLT, it cannot be used as a measure of sleepiness or as a
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Table 5 Comparison of common disorders of central hypersomnolence

Narcolepsy type 1 Narcolepsy type 2

Idiopathic hypersomnia

Criteria A and B must be met: Criteria A—E must be met:

A. Daily periods of irrepressible need
to sleep for >3 months

B. Presence of one or both:
a. Cataplexy with a mean sleep
latency of <8 min and >2 SOREM
on MSLT

i. SOREM within 15 min of PSG

preceding MSLT can be used as one
SOREM
b. CSF hypocretin-1 concentration is
<110 pg/mL or < 1/3 mean value of
normal subjects

>3 months

on MSLT

C. Cataplexy is absent

of normal subjects

explained by other causes

A. Daily periods of irrepressible need to sleep for
B. Mean sleep latency of <8 min and >2 SOREM

a. SOREM within 15 min of PSG preceding
MSLT can be used as one SOREM

D. Either CSF hypocretin-1 has not been measured,
or levels are > 110 pg/mL or > 1/3 mean value

E. Symptoms and MSLT findings are not better

Criteria A—F must be met:

A. Daily periods of irrepressible need to sleep for
>3 months

B. MSLT shows <2 SOREM

a. SOREM within 15 min of PSG preceding MSLT can
be used as one SOREM

C. Cataplexy is absent

D. MSLT shows a mean sleep latency <8 min, or the
total sleep time is > 660 min on a 24-h PSG (not
typically done in the USA)

E. Insufficient sleep syndrome is ruled out

F. Symptoms and MSLT findings are not better
explained by other causes

ISCD-3 criteria for narcolepsy and idiopathic hypersomnia

SOREM sleep-onset rapid eye movement, MSLT multiple sleep latency test, PSG polysomnogram, CSF cerebrospinal fluid

diagnostic tool in the assessment of narcolepsy. A full discus-
sion of these tests is beyond the scope of this article; however,
it is important to note that prior studies have shown that the
correlation between these tests is low [15], suggesting that the
ability to stay awake and fall asleep is likely driven by inde-
pendent processes.

Evaluation of Movement Disorders of Sleep

Movement disorders during sleep are seen frequently in the
population, with one of the most common findings on PSG
being periodic limb movements during sleep (PLMS). PLMS
are short, involuntary movements occurring repetitively at
about 20—40-s intervals. Clinically, they usually consist of
big toe extension and dorsiflexion of the ankle, with occasion-
al flexion at the knee and hip [16]. Though PLMS are com-
mon, their clinical significance remains controversial and they
rarely cause sleepiness in isolation [17]. One major impor-
tance of reporting the periodic limb movement of sleep index
(PLMSI) on a PSG is to alert clinicians to screen for the pos-
sibility of other sleep disorders or medical conditions which
may be interfering with an individual’s sleep. For example, an
abnormally high PLMS index (defined as > 15/h in adults and
>5/h in children) can be seen in the setting of restless legs
syndrome (RLS), certain medications (such as anti-

depressants and anti-histamine medications), neurologic dis-
orders (including peripheral neuropathy, spinal cord disease,
narcolepsy, and multiple sclerosis), or medical conditions (in-
cluding chronic kidney disease, uremia, and pregnancy).
Untreated sleep-disordered breathing can also be associated
with limb movements, though these movements are not typi-
cally incorporated in the PLMS index based on AASM scor-
ing criteria. Restless legs syndrome may be of particular inter-
est to clinicians as it is a clinical diagnosis that can be highly
prevalent in certain populations, which can be supported by a
high PLMS index (PLMSI) on a PSG [6]. Separately, periodic
limb movement disorder (PLMD) is a relatively uncommon
condition and requires PLMSI greater than 15 per hour in
adults in the absence of other sleep conditions in which
PLMS commonly occur such as untreated OSA, RLS, narco-
lepsy, or REM sleep behavior disorder [6]. Figure 4 provides
an illustration of a patient with periodic limb movements dur-
ing her sleep, without any other associated sleep disorder.

Evaluation of Parasomnias

Parasomnias are a group of sleep disorders that involve un-
wanted events or experiences that occur while falling asleep,
during sleep, or waking up. These experiences may include
abnormal movements, behaviors, emotions, perceptions, or

Sieep Stages
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R
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il [ Oxygen Saturation Alon Y. Avidan, MD, MPH ©

Fig. 3 Example of PSG hypnogram in narcolepsy. Hypnogram of
nocturnal sleep with an early SOREMP (demarcated by the red arrow)
and sleep fragmentation in a patient with narcolepsy. The colors of the
bars represent the different sleep stages (stage W: gray-colored bar; stage
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Fig. 4 Example of PSG in PLMD. PSG demonstrating periodic limb
movements during sleep (PLMS), without any associated sleep-
disordered breathing. Each limb movement (LM, indicated with red
arrows) is 3—5 s in duration, has an amplitude of 2060 1V above the
resting EMG amplitude, and is separated from the next consecutive LM
by 1020 s. The LM together are part of a PLM series, which is defined as
at least 4 consecutive LM, per the AASM scoring criteria. Limb
movements are associated with EEG arousals (indicated by green
arrows). These PSG epochs included the following channels: EEG F3-
A1+A2 left frontal in referential montage, EEG F4-A1+A2 right frontal
in referential montage, EEG C3-A1+A2 left central in referential

dreams and can range from simple behavior to more complex
interactions. Parasomnias are further divided into two catego-
ries, non-REM parasomnias or REM parasomnias, based on
the stage of sleep from which they emerge.

Non-REM Parasomnias

Non-REM (NREM) parasomnias are events occurring out of
NREM sleep and are more common in childhood and adoles-
cents. Representative NREM parasomnias include confusion-
al arousals, sleep terrors, somnambulism, sleep-related eating
disorder, and sexsomnia. The occurrence of NREM
parasomnias in adulthood is often related to sleep deprivation,
the use of certain CNS-acting medications (hypnotics and an-
ti-depressants), stress, and untreated sleep apnea due to its
facilitation of sleep fragmentation of stage N3 sleep [6].
Events include impaired cognition during the episode and
prolongation of sleep inertia (defined as prolonged difficulty
waking up with a repeated return to sleep), with amnesia to the
event, and can involve distressing elements such as crying,
yelling, or injurious behavior. These disorders are generally
able to be diagnosed on history alone; however, a PSG can be
helpful if an episode is captured as they usually arise out of
stage N3 sleep. It is important to note that a PSG is not re-
quired for these clinical diagnoses but can serve an important
purpose to evaluate for other causes of sleep disruption which
may trigger NREM parasomnia. For example, if there is a high

montage, EEG C4-A1+A2 right central in referential montage, EEG
O1-A1+A2 left occipital in referential montage, and EEG O2-A1+A2
right occipital in referential montage. Chin EMG, chin
electromyography; EKG, electrocardiogram; L and R leg EMG,
bilateral anterior tibialis electromyography; snore mic, snoring sensor/
microphone; pressure transducer, nasal airflow; airflow, oronasal
thermal airflow sensor; thoracic effort, thoracic/chest effort channel;
abdomen effort, abdominal effort channel; SpO,%, oxygen saturation;
PLMS, periodic limb movements during sleep; LM, limb movement;
PLM, periodic limb movement; AASM, American Academy of Sleep
Medicine

clinical suspicion for another sleep disorder, such as OSA or
PLMD, along with NREM parasomnia, a PSG may be con-
sidered to evaluate for these other conditions as an underlying
and treatable cause of the NREM parasomnia.

Evaluation of REM Sleep Behavior Disorder

Rapid eye movement (REM) sleep behavior disorder (RBD) is a
parasomnia characterized by episodes of dream enactment be-
havior associated with augmentation of EMG tone during REM
sleep, in the setting of a normal EEG and absence of other factors
that can facilitate dream enactment such as OSA. These episodes
themselves are often significantly distressing for patients and can
cause potential injury, to both patients and bed partners.

RBD can serve as an important prodromal biomarker of
neurodegenerative diseases such as Parkinson’s disease and
other synucleinopathies, such as Lewy body dementia (LBD)
and multiple system atrophy (MSA) [18]. Video PSG with
expanded EMG montage (arm and leg EMG leads) is an es-
sential requirement in the diagnosis of RBD (ICSD-3, 2014).
RBD requires the presence of REM sleep without atonia
(RSWA) and dream enactment behavior. In fact, RBD is the
only parasomnia in which a PSG is required to make an offi-
cial diagnosis, as documentation of RSWA is needed, coupled
with videographic evidence of dream enactment or a support-
ive clinical history. The following are official diagnostic
criteria for RBD as provided by the AASM [14]:
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* Repeated episodes of sleep-related vocalization and/or
complex motor behaviors

* Behaviors are documented by PSG to occur during REM
sleep or based on the clinical history of dream enactment
and are presumed to occur during REM sleep

* Presence of REM sleep without atonia on PSG

* Absence of epileptiform activity during REM sleep, un-
less RBD can be clearly distinguished from any concur-
rent REM sleep-related seizure disorder

* The sleep disturbance is not better explained by another
sleep or medical disorder

An example of a patent with RSWA is shown in Fig. 5. In
addition to evaluating for RBD with the above criteria, PSG is
also helpful to assess for dream enactment behavior unrelated
to RBD, such as episodes triggered by cortical arousals related
to suboptimally controlled sleep apnea, a termed coined
“pseudo-RBD.” [17].

00:41:25 (187/822)

Evaluation of Nocturnal Seizure

Sleep-related epilepsies typically begin in late childhood or
adolescence and are characterized by short (usually < 1 min)
stereotyped movements that are often accompanied by
arousals, vocalizations, frightened expression, complex be-
havior (such as bicycle pedaling and ballistic or dystonic limb
movements), and a post-ictal state [17]. Nocturnal seizures
typically arise out of NREM sleep; however, distinguishing
them from other NREM phenomena, such as parasomnias,
can prove challenging based on clinical history alone. For
suspected nocturnal seizures, PSG can be helpful and support-
ive in confirming a suspected epilepsy diagnosis but can be
equally important in ruling out other sleep disorders which
may mimic a seizure. A PSG with expanded EEG montage
is most helpful in this situation as epileptiform discharges and
seizures typically arise in 30-60 min after sleep onset, in
stages N2 and N3 sleep, and are most likely to be observed
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Loc —— e T :

ROC

e " w7 E

Fa-M1 :

C4-m1

02-M1 S— %, : -

o LA IETTIRI

L ARM +

R ARM “‘

LLEG [+ - J + : b

R LEG é.* [ 4 e+ ’.~

SNORE

CPAP | —"\ /mv.-—ﬁ\w»‘—»/"\ T /T N\
CHEST ~—
ABD Wﬁjﬁ\
<y, 1009 %5 95 96 95 9598 95 96 95 95 95 96 95 95 9665 98 95 98'48 96 95 95 % 95 95 9 98
(%) S Aton ¥ Avidan; MO, MPH © Abnormal movement in REM

Fig. 5 Example of abnormal movement in REM as seen in greatest in
right arm EMG (red arrow) and chin EMG (green arrow) in a 30-s epoch
as evidence of RSWA which can be seen in RBD. Courtesy of Dr. Alon
Y. Avidan, MD, MPH ©. The PSG epoch included the following
channels: LOC and ROC, left and right electrooculogram; chin EMG,
chin electromyography; F4-M1, EEG channel right frontal in reference
to the contralateral mastoid process; C4-M1, EEG channel right central in
reference to the contralateral mastoid process; O2-M1, EEG channel right
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occipital in reference to the contralateral mastoid process; EKG,
electrocardiogram; L arm and R arm, left arm and right arm
electromyography; L leg and R leg, left leg and right leg
electromyography; snore, snore sensor/microphone; CPAP, CPAP
airflow channel pressure set at 6.0 cm H,O here; chest, thoracic/chest
effort channel; Abd, abdominal effort channel; SaO, (%) or SpO,%,
oxygen saturation; RSWA, REM sleep without atonia; RBD, REM
behavior disorder; EMG, electromyography
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with expanded EEG channels. However, even with the most
sensitive study parameters, the yield of capturing an epilepti-
form discharge is < 50% [19], and thus, PSG can be helpful
but is not required to make the clinical diagnosis of nocturnal
seizure. We include here an example of a patient with a noc-
turnal seizure on PSG seen maximal at frontotemporal regions
in Fig. 6.

Limitations and Challenges
of Polysomnography

It is important to note the limitations of PSG in both interpre-
tation and diagnosis. Many sleep disorders have night-to-night
variability; thus, a single night snapshot may not truly reflect
an individual’s normal sleep pattern. In addition, there can be
a “first-night” effect, with limited sleep time and worsened
sleep quality on the first night of sleep in unfamiliar surround-
ings [2]. If there are lower levels of deeper stages of sleep, it
may reflect this first night effect and thus may not accurately
portray an individual’s sleep disorder. Home sleep studies
have the benefit of being performed in a patient’s home envi-
ronment; however, they do not have the advantage of having a

sleep technologist who corrects potential technical issues that
may arise in the middle of the night [20]. Self-titration positive
airway pressure (auto PAP devices) has improved some care
delivery as well, though it cannot be used if the patient has
central sleep apnea (CSA), hypoventilation syndromes, con-
gestive heart failure, or chronic obstructive pulmonary disease
[7, 21]. Practice guidelines through the AASM help with the
standardization of sleep labs [22¢]. However, there are still
practice variations in both the technical and interpretation dif-
ferences inherent to the individualized practice.

Home sleep testing (see Fig. 7) which traditionally mea-
sures airflow, pulse oximetry, and respiratory effort has be-
come an acceptable technology, with clinical trials showing
comparable diagnosis and treatment initiation among patients
with a high likelihood of OSA [23, 24]. There have been
multiple comparative studies between PSG and HSAT, which
have shown similar diagnosis and successful treatment rates
with CPAP, when excluding patients with cardiovascular dis-
ease and other medical comorbidities, and in those with a high
likelihood of having OSA [25, 26]. This is an important point
in that HSAT should not be used to “rule out” OSA, especially
if results are negative in a patient with a low pretest probability
of having SRBD [24]. This is one of the biggest limitations of
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Fig. 6 Example of PSG in nocturnal frontal lobe epilepsy. Nocturnal
PSG in a 20-s epoch during N2 sleep demonstrates the emergence of
ictal scalp EEG discharges over a period of 10 s. EEG fast activity
during a seizure is seen maximal at the bilateral frontotemporal regions
(red arrows), disrupting the background. The EKG indicates ictal
tachycardia (green arrow) consistent with ictal autonomic hyperactivity
synchronous with seizure. There are leg movements present in bilateral
anterior tibialis EMG (purple arrow) during the recorded seizure. There is
demonstrated oxygen desaturation at the ictal onset. The EOG leads
indicate no rapid eye movements, and respiratory channels do not
demonstrate tachypnea or change in the respiratory effort during the

event. This 20-s PSG epoch included the following channels:
longitudinal bipolar extended EEG montage in the international 10-20
system including prefrontal (FP), frontal (F), temporal (T), parietal (P),
and occipital (O) electrodes with odd numbers indicating left hemisphere
and even numbers indicating right hemisphere. L EOG and R EOG, left
and right electrooculogram; chin EMG, chin electromyography; EKG,
electrocardiogram; leg EMGs, leg electromyography; pressure
transducer, nasal airflow; airflow, oronasal thermal airflow sensor;
thoracic effort, thoracic/chest effort channel; abdomen effort, abdominal
effort channel; SpO,%, oxygen saturation
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portable testing [27]. Another disadvantage of home testing is
the lack of an EEG parameter, which precludes the assessment
of cortical arousals and, indirectly, respiratory effort-related
arousals (RERAs). As there is a subset of patients in whom
respiratory events are associated with arousal rather than
desaturations, HSAT will not capture this subgroup of patients
in diagnosing OSA [12]. The benefit of cost and convenience
with home sleep testing may outweigh these disadvantages;
however, the accuracy and quality of portable testing remain
to be studied and newer developments in technology may aid
accuracy (Table 6).

Trends and Developments

An interesting approach in recent years includes a movement
towards precision medicine, which aims to predict and indi-
vidualize health care using different data sources that tailor to
personal health concerns [28¢]. Extraction of physiologic met-
rics from PSG can be utilized to evaluate the impact of a
treatment or behavioral intervention on an individual’s sleep.
One way this approach may help in the classification and
personalization of diagnosis is a better characterization of sub-
types of disorders such as OSA. OSA is a clinically heteroge-
neous disorder with several subtypes that may respond

Table 6 Comparison between the HSAT and PSG elements

differently to various interventions [29]. PSG can further de-
lineate these variables, such as the arousal index, apnea dura-
tion, and degree of hypoxemia, to better characterize which
treatment modalities (including CPAP, oral appliance, sleep
surgery, or pharmacotherapy) may be most beneficial in spe-
cific groups of patients [28].

There is also significant information gained from both tra-
ditional PSG and home sleep tests which we do not currently
apply to clinical decisions. This includes data about normal
sleep processes, age-related changes, and gender differences.
As we continue to learn more about the fundamental neuro-
science of sleep functions, we can apply the information gath-
ered from PSG to better understand the evolution of other
neurologic and medical conditions. Applying these sleep var-
iables to the study of neurodegenerative conditions, in partic-
ular, has become an important recent trend to better under-
stand memory disorders. For example, a recent study evaluat-
ed asymptomatic older adults for SRBD with HSAT. A large
majority of patients (75%) met the criteria for SRBD based on
AHI > 15 alone. Interestingly, there was no difference be-
tween these groups in measures of subjective sleep quality,
daytime sleepiness, or cognitive performance. Advanced neu-
roimaging magnetic resonance imaging (MRI) and (positron
emission tomography) PET voxel-wise comparison in this
study revealed that untreated SRBD presented greater amyloid

HSAT

PSG

Respiratory channels

EEG channels/sleep staging Not measured
EMG channels/limb movement Not measured
EOG channels
ECG channel

Video monitoring

Not measured
Not measured
Not measured
Patient position information

Low-to-moderate pretest probability of OSA

Moderate-to-high pretest probability of OSA
PSG

Evaluation for conditions such as narcolepsy, Not recommend
parasomnias, RBD, SRE, and PLMD

Use in patients with cardiopulmonary comorbidities
or concern for hypoventilation

Assessment of initial response to weight loss, oral
appliance therapy, or surgery for OSA

Technical limitations

Not recommend

Convenience
accessible

Cost Less expensive with lower labor

cost

Measured, including O, sensor

Measured on most devices

Can underestimate the severity of
OSA in mild cases
Accuracy may be comparable to

Not recommended

Higher technical failure rate with
varied sensor technology

Conducted at home, more

Measured, including O, sensor
Measured

Measured

Measured

Measured with single-lead ECG
Measured

Measured

Provides more accurate diagnosis of milder cases
Accuracy is comparable to HSAT
Recommended

Recommended

Recommended

More reliable data with a trained technologist to correct
artifacts and troubleshoot technical issues

Conducted at the sleep laboratory, less accessible

More expensive with higher labor cost

HSAT home sleep apnea test, PSG polysomnography, EEG electroencephalography, EMG electromyography, EOG electrooculogram, EMG electro-
myography, ECG electrocardiography, OSA obstructive sleep apnea, REM rapid eye movement, SRE sleep-related epilepsy, PLMD periodic limb

movement disorder
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Fig. 7 Home sleep apnea test. A 5-min epoch from a home sleep apnea
test which demonstrates severe obstructive sleep apnea. The respiratory
channels demonstrate significant airflow limitation (example between

deposition and metabolism over brain regions (posterior cin-
gulate cortex and precuneus areas) which are alternated in
Alzheimer’s disease [30+]. Thus, screening for sleep disorders,
such as OSA, may be beneficial in identifying asymptomatic
older adults to enroll in other clinical trials aimed at preventing
cognitive decline. This study provides additional new evi-
dence beyond the current US Preventive Services Task
Force (USPSTF) guidelines which conclude the currently in-
sufficient evidence to assess the benefits and harms of screen-
ing for OSA in asymptomatic adults [31e¢]. Furthermore, re-
cent Alzheimer’s disease biomarker studies of patients with
subjective cognitive impairment (SCI) but normal cognitive
testing found greater amyloid deposition based on the cere-
brospinal fluid analysis in patients with untreated OSA [32¢].
Patients with untreated OSA had lower serum and cerebrospi-
nal fluid amyloid levels compared to both controls and OSA
patients treated with CPAP indicating PAP therapy as a pos-
sible early cognitive therapeutic strategy in patients with SCI
and OSA [32¢].

Developments in home sleep testing have gained mo-
mentum as well, in an effort to minimize the traditional
limitations of portable testing. Toedebusch et al. ex-
plored a research protocol which combined single-
channel frontal EEG and EMG leads, with traditional
respiratory parameters to monitor older cognitively nor-
mal or very mildly impaired adults, who may not be
able to present for an in-lab test [33]. They demonstrat-
ed a feasible option for older adults along with instruc-
tional video and support. Further expansion of HSAT
includes FDA-approved disposable equipment to mini-
mize handling and reuse of equipment. This has become
especially important now to minimize potential SARS-
CoV-2 transmission and cross-contamination in the cur-
rent 2019-2020 pandemic [34].

Within the last 5 years, we have also seen an
expanding focus on wearable sleep tracker devices and
consumer sleep technology. Though there is more data,
there is a challenge in the validity and reliability of this
data to be used clinically beyond the general wellness
information. There has been an increasing number of

vertical red bars), accompanied by cyclic desaturations (indicated by
asterisks) with preserved respiratory effort (example green arrow),
hallmarks of OSA

studies evaluating the performance of wearable sleep
trackers against standard PSG; however, most were con-
ducted in the laboratory and not under natural sleep
settings [35]. Each device uses a proprietary algorithm
and when compared to PSG has variability in measures
of sleep/wake. Importantly, only a few commercial de-
vices (i.e., Dreem2™) used EEG to measure staging as
is standard with PSG [36]. These newer devices using
either headband or around the ear dry electrodes for
EEG are currently in validations studies, and the hope
will be to gain more sleep information longitudinally
[37]. So far, early validation studies have shown feasi-
ble and accessible ways to acquire sleep data in newer
montages and a moderate range of agreement on the
group level for all sleep staging combined based on
blinded rated AASM scoring [38].

Newer smartphone devices are also equipped with
building accelerometers which can interface wirelessly
with more personalized data. Some studies reveal partic-
ipants reported improved sleep through changes in sleep
habits [39]. These devices enhance awareness of sleep
quality and sleep hygiene, which may indirectly impact
sleep through a “placebo-like” mechanism. Mobile ap-
plications will continue to evolve, and further wireless
technology innovations will continue to push forward
the expansion of the traditional polysomnogram.

Conclusion

Polysomnography has been a longstanding fundamental diag-
nostic test and continues to hold the cornerstone role in diag-
nosing many sleep disorders. Evolving technologies, includ-
ing precision medicine and the development of advanced out-
of-lab testing modalities, continue to grow and have emerged
in certain populations to be a clinically beneficial and more
convenient diagnostic tool. There remain many patient popu-
lations who are still best served with a PSG. Future research is
needed to determine how to best apply PSG to certain popu-
lations and when to consider alternative testing options.
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