Diagnostic Techniques in Obstructive

Sleep Apnea

Charles Frederick Petersen George

Only in the last 25 years has sleep apnea been
recognized as a very common disorder and impor-
tant cause of mortality. Overnight, attended polysom-
nography remains the reference diagnostic tool for
sleep apnea, although the technology for diagnosis
continues to evolve rapidly. In many instances,
screening and ambulatory monitoring devices can
provide similar, clinically relevant information, but
larger validation studies including long-term clinical
outcomes are necessary.
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bstructive sleep apnea is now recognized to

be a very common clinical condition that
affects an estimated 4% to 5% of middle-aged men
and 1% to 2% of middle-aged women.! This
condition is associated with excessive daytime
sleepiness and impaired daytime cognitive func-
tion, and is recognized as a cofactor in the
etiology of road traffic accidents. Sleep apnea may
also be associated with increased cardiovascular
and increased cerebrovascular morbidity and mor-
tality.2* Increased recognition of sleep apnea has
inevitably resulted in a substantial increase in the
number of specialist sleep centers and the num-
ber of referrals to such centers. This leads to
lengthening waiting times for diagnostic studies,
and increased health care resource use. There are
increasing efforts to simply and accurately diag-
nose and treat sleep apnea, the overall strategy to
be as efficient as possible in health care resource
use. This article reviews currently available diag-
nostic techniques for sleep apnea.

Clinical Diagnosis of Sleep Apnea,;
Historical Perspective

The study of sleep and its disorders is less than 50
years old, and sleep apnea syndrome was virtually
unknown in North America until the appearance

of Guilleminault and Dement’s monograph in
1978,5 although the landmark studies were done
more than 10 years earlier in Europe.®-8 However,
there is little doubt that sleep apnea has been
around since antiquity, and numerous, excellent
descriptions of sleep apnea have appeared through
the years, many of which have been nicely cata-
loged by Kryger.® Such historical descriptions of
sleep apnea are educational as well as entertain-
ing. For example, in Shakespeare’s Henry the IV,
Part 1, Act Il, Scene 4, we see the following
exchange, which points out one of the relation-
ships of sleep and breathing:

Peto:  Falstaff is fast asleep behind the arris and
snorting like a horse.
Prince: Hark! How hard he fetches breath.

The most detailed descriptions come from
Charles Dickens' The Posthumous Papers of the
Pickwick Club, first published in 1836. We learn
of Joe, the fat boy who is excessively somnolent:
“...and on the box sat a fat and red-faced boy in a
state of somnolency. . . . Joe—damn that boy, he’s
gone to sleep again.” And of Joe who “snores as he
waits at table ... the snoring of the fat boy
penetrated in a low and monotonous sound from
the distant kitchen.” Other descriptions of sleep-
disordered breathing and sleep patients can be
found in a cohort with presumed familial narco-
lepsyl® “. .. At the onset of such an attack his
head would fall forward and he would snore
loudly, his face becoming cyanotic,” and further,
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in describing a family member, “During his sec-
ond stay in the hospital he had several minor
attacks, during which the respiration increased in
depth for 30 seconds. This was followed by apnea
of 30 seconds, and then he became cyanotic, but
he continued making slight inspiratory move-
ments that did not go through, as if there were a
mechanical obstruction to the respiration.” Al-
though these sleepy patients may have also had
narcolepsy, they clearly had obstructive sleep
apnea, although it was obviously not recognized
as such.

These descriptions of sleep apnea went largely
unnoticed until respiratory physiologists became
interested in sleepy, obese patients. In 1956,
Burwell et al'! reported a case of excessive day-
time somnolence associated with abnormal blood
gases and polycythemia. This patients history of
excessive sleepiness is highlighted by “. . . playing
poker once a week and on this crucial occasion he
was dealt a hand of 3 aces and 2 kings . . . a full
house. Because he dropped off to sleep, he failed
to take advantage of this opportunity.” Being very
much like Joe, the term Pickwickian syndrome
was coined. Obesity was thought to increase the
mechanical load on the respiratory system, de-
pressing respiratory centers and leading to hyper-
capnia and hypoxemia, which were thought to
explain the sleepiness, cyanosis, polycythemia,
and right ventricular failure. However, it was not
until the mid-1960s that the sleepiness in such
patients was related to sleep abnormalities and
not abnormal blood gases.

Diagnosis of Sleep Apnea:
Polysomnography, the Gold Standard

The landmark descriptions by Gastaut,®” Jung
and Kuhlo,?® and others!213 of obstructive apneas
during sleep provided the much-needed physi-
ological explanation of the clinical condition of
sleep apnea. Sleepy, obese patients were found to
obstruct their upper airways and have hundreds
of awakenings each night. The obstructions were
associated with severe hypoxemia, cardiac arrhyth-
mias, and disturbed sleep. There finally seemed to
be an explanation for polycythemia, pulmonary
hypertension, and excessive daytime sleepiness,
and it was clear that abnormal blood gases were
not the cause of the sleepiness.

Following the lead of these early investigators,
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many more studies of patients during sleep ap-
peared, and soon overnight polygraphic record-
ings, “polysomnography,” became the de facto
reference or gold standard for sleep apnea. Full
polysomnography usually includes measure-
ments of: electroencephalogram (EEG), eye move-
ments (electrooculogram, EOG), postural muscle
tone (electromyogram, EMG, typically using the
submental EMG), peripheral limb movements
(upper- and/or lower-limb EMG), oxygen satura-
tion (Sao,), air flow, respiratory effort, and heart
rate. Various devices can be used to assess and
measure airflow (thermistors, pressure transduc-
ers, expired CO,) and respiratory effort (induc-
tance plethysmography, piezoelectric crystals).
Unfortunately, the differences in technologies
result in different detection capabilities for disor-
dered breathing events (see definitions below). It
has been argued!* that the majority of patients
with significant sleep apnea do not require a
measurement of sleep EEG and that oxygen
saturation alone may be all that is necessary to
diagnose sleep apnea (see ambulatory monitoring
below). This view is not shared by all, and full
overnight polysomnography continues to be per-
formed in most centers. However, this testing was
(and still is) very costly to perform, and before
computerization was very expensive. In addition,
recognition of the problem was limited, and in the
early days of polysomnography, only the most
severe cases came to attention and were referred
to one of the few “sleep labs” around at the time.
Given its cost, complexity, and lack of availability,
and without knowing the prevalence of the sleep
apnea, it is not surprising that polysomnography
evolved as the reference standard without rigor-
ous validation or agreement on what level of
polygraphical abnormality is required to produce
the clinical syndrome.

Sleep Apnea Syndrome: Definitions

The definitions of apnea, hypopnea, sleep-
disordered breathing, and/or sleep apnea syn-
drome, along with the clinical presentations, are
discussed in detail elsewhere in this issue (see
article by Kryger). However, a brief review of the
differences in definitions will be important in
understanding the reported differences in sensitiv-
ity, specificity, and predictive value of various
diagnostic techniques in sleep apnea.
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Guilleminault et al first defined apnea as a
cessation of air flow at the nose and mouth for at
least 10 seconds, and noted that a sleep apnea
syndrome is diagnosed if during 7 hours of
nocturnal sleep, at least 30 apneic events are
observed in both rapid eye movement (REM) and
non-rapid eye movement (non-REM) sleep some
of which must appear repetitively in non-REM
sleep.® The recent International Classification of
Sleep Disorders (ICSD) relies more on clinical
criteria for the diagnosis of sleep apnea syndrome:
a history of excessive sleepiness, frequent epi-
sodes of obstructed breathing occurring during
sleep, and associated features including loud
snoring, morning headache, a dry mouth on
awakening or chest retraction during sleep in
young children. Although not part of the minimal
criteria for sleep apnea, the ICSD includes poly-
somnographic monitoring that shows more than
five obstructive apneas more than 10 seconds in
duration per hour of sleep, along with other
associated findings including arterial oxygen de-
saturation (degree not specified), arousal from
sleep, and bradycardia and/or tachycardia. These
definitions do not include any mention of hypop-
neas or partial upper airway obstructions during
sleep, and yet these are clearly important. Gould
et al'® were among the first to report a number of
patients with the full clinical picture of obstruc-
tive sleep apnea syndrome in whom no apneas
were detected, but instead in whom recurrent
episodes of nocturnal hypoventilation were de-
tected. Strictly speaking, these patients did not
have complete upper airway obstruction (apnea)
but rather partial upper airway obstruction (ob-
structive hypopnea) during sleep. Regardless,
these subjects with recurrent hypopneas were
clinically indistinguishable from and had a simi-
lar frequency of oxygen desaturation and arousals
from sleep as patients with frequent apneas. In an
attempt to better define hypopnea, these investi-
gators expanded the spectrum of disease that
could be included under sleep apnea syndrome
and led the way for a more inclusive term of
sleep-disordered breathing. Depending on the
degree of increase in upper airway resistance,
there are patients who snore loud enough and/or
whose work of breathing during sleep is high
enough to disrupt sleep without meeting the
criteria for sleep apnea or sleep hypopnea. By
quantifying respiratory effort by means of changes
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in esophageal pressure, Guilleminault et al'’
clearly showed that such changes (caused by
increases in upper airway resistance) produced
recurrent arousal from sleep. Such loudly snoring
patients, but without obvious apnea, hypopnea,
or oxygen desaturation, nonetheless were clini-
cally very much like sleepy patients with polysom-
nographically defined apnea. Thus there exists a
spectrum of increased upper airway resistance
ranging from simple snoring to complete upper
airway obstruction, ie, apnea. Intermediate values
of increased resistance may produce sleep disrup-
tion or hypopnea and/or oxygen desaturation (of
variable degree) en route to apnea. The variation
in clinical expression of such patients has
prompted much debate. In November 1997, the
American Sleep Disorders Association (ASDA)
and the American Thoracic Society (ATS) jointly
sponsored a conference held in Chicago that was
designed to refine, by consensus, the definition of
hypopnea and its relevance to the sleep apnea
syndrome. The proceedings of this Chicago con-
ference are now before the board of the ASDA and
should be published. Even with this consensus
there will still exist much debate regarding the
level of apneas and hypopneas necessary for
increased daytime morbidity. However, without
consensus definitions for one of the important
variables used to characterize the sleep apnea
syndrome, results of published literature will
continue to be subject to different interpretations
and conflicting viewpoints.

History and Physical Diagnosis
of Sleep Apnea

In the past 10 to 15 years, there have been
numerous attempts to accurately diagnose (or
exclude a diagnosis of) obstructive sleep apnea
using history and physical findings. The reference
standard in all of these has been the overnight
polysomnogram, although the definitions of ap-
nea and hypopnea have varied. Moreover, there
are clear differences in diagnostic equipment that
alters the apnea-hypopnea index (AHI). Kapuniai
et al*® showed that the combination of loud
snoring and stopping breathing during sleep
predicted an apnea index >10 and an AHI >10
with a sensitivity of 83% and 78% respectively,
and a specificity of 63% and 67% respectively. The
limitations of this approach are that each clinical
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variable is assumed to be of equal importance and
that an arbitrarily determined score must be
achieved before determining disordered breathing
from no disordered breathing categories. More-
over, a sensitivity of only 80% means that a
substantial number of patients with disturbed
breathing during sleep will be missed with this
simple approach. Crocker et al*® used an alterna-
tive approach by developing a statistical model to
predict disturbance of breathing during sleep
using clinical data. One hundred consecutive
patients referred to their center were used to
develop the model, and this was subsequently
tested in an additional 114 consecutive patients.
The four terms found to contribute significantly
to the model were witnessed apneas, hyperten-
sion, body mass index, and age, with witnessed
apneas being by far the most predictive term
(adjusted odds ratio, 19.7). This study showed an
increased sensitivity of 92% but a specificity of
only 51% for an AHI greater than 15. These and
other variables such as neck circumference, waist
circumference, and alcohol intake have been used
to formulate clinical prediction rules for sleep
apnea using multiple regression techniques.29:2!
Hoffstein's group employed logistic regression
analysis to use clinical criteria to predict AHI in
patients with a high (clinical) pretest probability
of sleep apnea.?? They showed that subjective
impression alone or in combination with clinical
features is not a reliable screening test for sleep
apnea. However, the logistic regression model
treats the AHI as a dichotomous variable that
divides all patients into apneics and nonapneics
based on an AHI of 10. This cutoff is arbitrary
(different from the ICSD), and the results of
logistic regression analysis for one particular AHI
cutoff (10) cannot be applied to a different cutoff
(eg, 5, 15, 20). They repeated their study using
AHI as a continuous rather than dichotomous
variable (multiple linear regression) and a larger
data set (n = 594).2 Although clinical features
such as age, sex, BMI, witnessed apneas, and
pharyngeal appearance explained 36% of the
variance in AHI, subjective clinical impression
alone is not sufficient to reliably identify patients
with and without sleep apnea. Even if these and
other such multiple regression techniques could
explain more of the variance in AHI,2425 the
problem faced by most clinicians attempting to
use these rules is that they involve complicated
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mathematical formulas. Flemons et al?6 generated
a four-item clinical prediction rule that included
neck circumference, hypertension, habitual snor-
ing, and partner reports of choking or gasping
during sleep, and simplified this into a table that
could be used to determine a patient’s sleep apnea
clinical score. The higher the score, the more
likely it is that a patient has sleep apnea and the
calculated likelihood ratio to generate estimates
of the probability the patient has sleep apnea.
Recognizing that previous models did not ac-
count for craniofacial dysmorphism or dispropor-
tionate craniofacial anatomy (risk factors for
obstructive sleep apnea independent of obes-
ity27-31) Kushida et al®? incorporated oral cavity
measurements into a morphometric model of
obstructive sleep apnea using measures of palatal
height, maxillary and mandibular intermolar dis-
tance, and degree of maxillary overjet (a measure
of mandibular retroposition) in combination with
neck circumference and BMI. Their model had a
sensitivity of 98%, a specificity of 100%, a positive
predictive value of 100%, and a negative predic-
tive value of 89% for an AHI >5. These investiga-
tors suggest that the model could be used by
primary care physicians as a screening tool to
help decide which patients should be considered
for further investigation, because the model does
not suggest the severity of obstructive sleep
apnea. In a complimentary but slightly different
approach, we have used a neural network ap-
proach to determining which patients not need be
considered for further evaluation.®® Artificial neu-
ral networks are computer programs modelled
after the biological nervous system that are ca-
pable of recognizing complex patterns in data
based on experience. Artificial neural networks
are “trained” by presenting a set of data together
with the outcomes that the trainer wishes the
network to learn. The trained artificial neural
network can then be evaluated by inputting
similar but previously unseen data. This artificial
intelligence approach for outcome prediction has
been used successfully in multiple medical appli-
cations, including the prediction of acute myocar-
dial infarction in patients presenting to an emer-
gency room physician,®* the diagnosis of
pulmonary embolism3>36 and the predicted length
of stay of patients in an intensive care unit.%’
Using a backward error propagation artificial
neural network using 23 clinical variables and a
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leave-k-out strategy, we have found the positive
predictive value that a patient would not have
sleep apnea was 98%, and a negative predictive
value the patient would have sleep apnea
(AHI > 10) to be 89%. In this study the use of the
artificial neural network could have reduced
polysomnograms performed by 22%. We are in
the process of replicating these findings in a larger
prospective analysis.

Overall the probability estimates of sleep apnea
generated by clinical prediction rules are usually
not low enough or high enough to exceed the
thresholds for diagnostic decision making. How-
ever these estimates can be used as a priori
probabilities for subsequent diagnostic testing
with either polysomnography or portable monitor-
ing.

Laboratory Diagnosis of Sleep Apnea

Laboratory-based polysomnography has been used
as the gold standard for sleep-disordered breath-
ing. However, the utility of a single overnight
recording for diagnosis of or exclusion of clini-
cally significant sleep apnea has never been rigor-
ously assessed. It is clear that there may be
considerable night-to-night variability in AHI,
particularly when the AHI is low.38-42 Although
there are many factors that may produce a false
negative test result, available literature suggests
that this will be a very unlikely event in general.
If, despite a negative overnight polysomnogram,
patients are still symptomatic or the clinical
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suspicion remains high, a repeat study should
take place.

Figure 1 shows a typical polysomnogram of a
patient with significant sleep apnea. Upper airway
obstruction (absence of air flow with continued
respiratory effort) is accompanied by oxygen
desaturation and arousal from sleep. There is
movement associated with the arousal and a brief
period of cardioacceleration. Altering the time
scale (Fig 2) shows the repetitive nature of the
events. Figure 3 shows the same events but
without the sleep related measures—EMG, EEG,
EOG—whereas Figure 4 shows only the Sao,.
Because sleep-disordered breathing is easily detect-
able using these later two figures, there have been
many efforts to simply the diagnostic equipment
required and to move the diagnosis from the
laboratory to the ambulatory setting.

Oximetry

Changes in oxygen saturation invariably occur in
association with sleep apnea (Figs 1 to 4), how-
ever, the degree of desaturation is variable. The
magnitude of the change in saturation depends
on many factors, including end expiratory lung
volume at the time of the event, baseline satura-
tion, degree of respiratory effort during the event,
degree of upper airway obstruction (partial versus
complete). Many investigators have tried to evalu-
ate the utility of oximetry in the diagnosis of sleep
apnea. Using computerized algorithms to indepen-
dently assess the oxygen saturation profile and
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Fig 2. In this example, there

are six obstructive apneas.

Note that SaO , changes are
not striking (particularly dur-
ing the third apnea) and that
Sa0, stays above 90%.
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e
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then compare with the full polysomnogram, sev-
eral investigators'#43-45 have shown that changes
in saturation track nicely with the apnea/hypop-
nea index. Although changes in saturation can
result from obstructive apnea, obstructive hypop-
nea, or central apnea, oximetry alone cannot
provide details of the type of sleep-disordered
breathing. Nonetheless it does give some indica-
tion of the frequency and severity of the sleep-
disordered breathing. Although laboratory com-
parisons of oximetry to full polysomnography are
useful, they do not provide any information on
the utility of such simple measurements in the
ambulatory setting. The study of Séries et al*6 is

one of the few to assess the utility of home
oximetry in the diagnosis of sleep apnea.*® In that
study, 240 patients underwent home oximetry
compared with subsequent polysomnography. Al-
though home oximetry detected only 108 of 176
patients with sleep apnea syndrome (positive
predictive value, 61.4%), it correctly excluded 62
of 64 patients (negative predictive value, 96.9%).
The Calgary group has added a measurement of
snoring to saturation detection in an attempt to
improve the ambulatory diagnosis of sleep apnea.
They compared the SNORESAT (recording snor-
ing and oxygen saturation) with standard over-
night polysomnography.*” Depending on the sever-

S$A02 50

10 secsj
Airfiow : )

Fig 3. Only the ECG and re-
spiratory channels of Fig 1
are displayed. The sum of
the ribcage and abdomen
has been included.
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Fig 4. Only the SaO ; is dis-

played, as would be derived
from pulse oximetry.

ity of apnea and the referral population, the
sensitivity and specificity of the monitor in detect-
ing sleep apnea syndrome ranged between 84%
and 90% (sensitivity) and 95% and 98% (specific-
ity). In a follow-up study,*® comparing both
at-home with simultaneous in-laboratory measure-
ments, they found that the at-home SNORESAT
monitorings were highly correlated (r = .92) and
that the correlation between home SNORESAT
and polysomnography AHI was similarly high
(r = .83). Although the SNORESAT AHI tended
to underestimate that determined in the labora-
tory, SNORESAT misclassified patients 1% of the
time or less. Although these data suggest that
oximetry, or oximetry combined with snoring
measurement, may be used in identifying patients
with obstructive sleep apnea, it is important to
remember that not all oximeters are made equally
and that the detection of some events may be
missed by some devices in some situations.4%-52
Using different devices with different algorithms
may show different results. Clinicians need to be
aware of these limitations when interpreting the
literature.

Portable Monitoring

There have been a number of portable monitors
developed over the years. These attempt to sim-
plify the ambulatory diagnosis of sleep apnea
while retaining the essential recording features of
polysomnography. Articles by Emsellem et al%®
and Redline et al>* were the first to report the
feasibility and reliability of recording sleep disor-
dered breathing in the ambulatory setting. They
used an EdenTrace portable monitor, which mea-
sured nasal and oral air flow using thermistors,
chest wall impedance, oxygen saturation with
finger pulse oximetry, heart rate, and movement
detected by electrical comparison of the signals
from the ECG and the pulse oximetry. Discrepan-
cies between these channels is indicated as “mo-
tion” on the saturation channel. Two other stud-
ies, by Parra et al®® and Whittle et al,% also
evaluated the EdenTrace. Of these four studies,

two compared the ambulatory device only in the
laboratory with simultaneously recorded polysom-
nography, and two others had both home and
laboratory recordings. In all studies there is good
agreement between the AHI measured in the
laboratory and with the EdenTrace device in the
ambulatory setting. Ten percent or more of stud-
ies require repetition because of difficulty with
recordings; the most recent study by Whittle et al
suggested that home sleep studies have benefits in
terms of time and cost, but for diagnostic reliabil-
ity, an in-laboratory sleep study may be required
in more than half of the cases.

The MESAM 1V system, widely used in Europe,
evaluates sleep-disordered breathing based on an
analysis of snoring, heart rate, and saturation
change. Cyclical variation of heart rate in associa-
tion with decreases in saturation and snoring are
taken into account at the same time to determine
sleep apnea.5” Several previous studies evaluating
the diagnostic validity of MESAM IV have had
conflicting results.®-61 This is because not all
studies have the same design, patient populations
varied and diagnostic criteria were different. Even
accepting the utility of MESAM IV to diagnose
sleep apnea, a recent study by Krieger et al6?
suggested that patients diagnosed with sleep
apnea using the MESAM IV had poorer compli-
ance with continuous positive airway pressure
(CPAP) therapy compared with a matched group
of sleep apnea patients who were diagnosed in the
laboratory. The investigators concluded that there
is a risk that ambulatory diagnostic procedures
may alter the relationship of patients to their
disease and/or the medical staff so that subse-
guent compliance with treatment may be de-
creased.

Nasal CPAP devices have become one of the
most common treatments for obstructive sleep
apnea (see article by Strollo, this issue). Recent
modifications to the self-adjusting CPAP system,
Autoset (ResMed), allow for an additional means
of portable, diagnostic monitoring. The Autoset
has two functional modes, diagnostic and treat-
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ment. In the diagnostic mode, the Autoset mea-
sures pressure generated in the anterior nares
through standard nasal cannulae. The internal
pressure transducer in the system software allows
estimation of the nasal air flow and the flow-time
relationship. The snoring is qualitatively assessed
by analyzing the flow signal after band pass
filtering. Using an external digital oximeter, noc-
turnal arterial oxygen saturation is measured and
recorded simultaneously by the Autoset although
oximetry data are not used in defining a respira-
tory event. The Autoset uses two independent
detectors; one detects apneas, and the other
detects apneas and hypopneas combined. The
device does not separately record hypopneas.
These variables are calculated per hour of total
study time because the system does not record
sleep stages. Apneas are determined if there is a
decrease in the ventilation signal by more than
75% averaged over each 2-second interval for at
least 10 consecutive seconds. The apnea and
hypopnea detectors triggered if the decrease in
ventilation is 50% or more averaged over any
10-second interval.

There have been several studies comparing
polysomnography with simultaneous Autoset de-
tection of sleep apnea.®3-67 These papers show
reasonable sensitivity and specificity when com-
pared with the polysomnographic AHI; however,
there were only 20, 27, 31, and 36 subjects in four
of the studies, with the largest study being only 95
subjects. Moreover all of these are done within
the laboratory, and the utility of such an approach
requires home and laboratory comparisons. Auto-
set will likely facilitate screening for sleep apnea
but only with a high pretest probability and when
a negative Autoset results, full polysomnography
will still need to be performed.

The ambulatory monitoring systems previously
described do not actually monitor sleep itself,
making it difficult to determine the frequencies of
apneas and hypopneas. Given that the AHI is a
standard measure of sleep-disordered breathing,
its absence from most home sleep reports makes
interpretation of the results potentially difficult.
Notwithstanding one study that suggests sleep
staging even in the laboratory does not substan-
tially improve diagnostic accuracy,'# recording of
sleep is preferred by many. In addition signal
quality during home evaluation is only assessed
during subsequent analysis, and as a result poor
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signal quality or lost signal caused the studies to
be a failure. Up to one third of studies may have
data loss. To obviate this, the Nightwatch system
includes some measures of behavior allowing an
AHI to be calculated. Secondarily, near-real-time
data can be intermittently transmitted from the
home to the laboratory by modem so that signal
quality can be verified and corrected throughout
the night if necessary. On a compact solid-state
recorder, the Nightwatch system records eye move-
ment (1 channel, piezo electrode), leg movement
(1 channel, piezo electrode), arterial oxygen satu-
ration (finger pulse oximeter), nasal oral air flow
(thermistor), chest and abdominal movements
(piezo electrodes), body position and movement
(mercury gauge placed on the chest), and heart
rate. The Nightwatch system has the ability to
send to the laboratory data for analysis by modem
2-minute portions of the complete recording so
that signal quality can be assessed and transducer
function corrected if needed. There are three
published reports using the Nightwatch sys-
tem.®870 The most extensive is that by White et
al.58 In this study 30 patients in the laboratory
were monitored simultaneously with the Night-
watch system and polysomnography. An addi-
tional 79 subjects were recorded in the home and
subsequently in the laboratory, and comparisons
were made. During in-laboratory comparisons,
there was a modest correlation between Night-
watch and polysomnogram for total sleep time
(r = .72), with the Nightwatch tending to score
some awake time as non-REM sleep. The correla-
tion for AHI was higher (r = .94), with a sensitiv-
ity of 100% and a specificity of 64% at an AHI
threshold of 10. For the home laboratory compari-
son, the correlation for AHI was similarly high
(r = .92), with a sensitivity of 91% and a specific-
ity of 70% at an AHI threshold of 10. The
investigators also expressed their comparisons in
a slightly different way, reasoning that standard
measures of sensitivity and specificity do not
always apply when assessing the validity of a new
diagnostic approach to sleep apnea. In particular,
because there is no well-defined cut off above
which sleep apnea is diagnosed and below which
it is excluded, small differences in AHI between
the two systems (one to two events per hour) that
are clinically unimportant may be interpreted as
total diagnostic errors using the standard mea-
sures of sensitivity and specificity. Their defini-
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tions were: diagnostic agreement, AHI =40 on
both systems, or if AHI <40 on polysomnogra-
phy, the AHI was within 10 events/hour on both
systems; overestimate of AHI, AHI was 10 events
per hour greater on Nightwatch than polysomnog-
raphy (both <40/hour); underestimate of AHI,
AHI was 10 events/hour less on Nightwatch than
polysomnography (both <40/hour). For their
home-laboratory study, the results were: overall
agreement, 78.6%; overestimation, 17.1%; and
underestimation, 4.3%. The investigators thought
that these results were quite acceptable given the
night-to-night variability in sleep apnea.

Whereas the Nightwatch simplifies recordings,
home sleep systems that can acquire, store, and
analyze full polysomnographic data in the ambu-
latory setting have been recently developed such
as Digitrace Home Sleep Systems (DHSS). The
recent article by Fry et al’* using 77 subjects
suggests that all parameters are scoreable for
more than 95% of all epochs. It suggests that full
polysomnography in this way can be extended to
a large patient population because it no longer
limits the number of sleep laboratory beds, and
there is an overall reduction in costs attributable
to elimination of overnight staff and facility costs.
In addition, this technology can be used for more
than sleep apnea. However, further studies are
necessary before this technology can be put into
widespread use.

Other Diagnostic Approaches

Actigraphy refers to portable motion detectors
that use accelerometers and digital technology to
assess motion. Actigraphs are usually worn on the
nondominant wrist, and depending on the degree
of movement, one can infer sleep and wake. Such
actigraphs have been very useful in determining
disorders of the sleep-wake rhythm.”2 Because
patients with sleep apnea invariably have in-
creased motor activity during sleep, activity moni-
toring could offer a useful approach in the assess-
ment of obstructive sleep apnea. Only two studies
have addressed the use of activity monitoring in
obstructive sleep apnea.”®™ In an early study,
Aubert-Tulkens et al”® included only patients with
severe sleep apnea, whereas Middelkoop et al™
combined the use of wrist actigraphy and self-
assessment of sleep in the screening of obstruc-
tive sleep apnea patients in a community-based
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sample. The earlier study suggested the actigraph
could reliably detect obstructive sleep apnea in
patients with a high pretest probability of obstruc-
tive sleep apnea. One hundred and sixteen sub-
jects suspected of having sleep apnea were evalu-
ated by portable four-channel mini-log recorder
(recording of respiration and oral and nasal
airflow by thermistors) and actigraphy. Both high
sensitivity and specificity were found when com-
paring the actigraph with a portable monitor.
Different results may have been found had this
been compared with polysomnography in-house.
Moreover, the time resolution of the actigraph
may influence its diagnostic effects.

Other surrogate measures have been used in an
attempt to assess sleep apnea. Guilleminault et
al™ reported on cyclical changes in heart rate on
24-hour ECG (Holter) monitoring. They showed
quite impressive periods of alternating bradycar-
dia/tachycardia, and suggested this as a screening
device for obstructive sleep apnea. However,
these subjects had quite severe disease, and the
sensitivity and specificity of Holter monitoring
has not been established, particularly in patients
with mild disease. Davies and colleagues’ pro-
posed changes in blood pressure profile as a
means for identifying sleep-disordered breathing
because arousal from sleep causes a transient
blood pressure increase and each inspiration
causes a transient blood pressure decrease. They
developed two computer algorithms to identify
blood pressure decreases caused by inspiration
and increases related to arousal from a large
sample of blood pressure readings from a wide
variety of patients, including those with sleep
apnea. From these samples, normal ranges for the
number of arousal-related systolic increases and
average size of inspiratory decreases were estab-
lished. This was then prospectively applied to
all-night unedited blood pressure recordings from
a further 20 subjects. They could identify all 6 of
20 patients studied prospectively with sleep-
related breathing disorders. Again, such measure-
ments are made in the laboratory and have not yet
been validated in the ambulatory setting.

In 1994 the American Sleep Disorders Associa-
tion (ASDA) published standards and a review of
the available literature at that time on nonpoly-
somnography methods for diagnosing sleep ap-
nea.”” That report pointed out that there were
more than 25 portable systems marketed, but
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validation studies were few. Most studies had very
few subjects, and at that time, fewer than 50 were
studied unattended at home. Since that report,
more diagnostic devices have appeared (and some
are no longer made), but still the number of
ambulatory-based studies remain small. As pointed
out by Flemons and Remmers,*8 standards for the
conduct of studies that investigate diagnostic
systems have been previously published.”® These
standards include (1) an independent blind com-
parison with a reference standard; (2) an appropri-
ate spectrum of patients; (3) avoidance of work-up
bias; (4) methods for performing the test de-
scribed in detail, allowing for duplication of the
study; (5) adequate description of study popula-
tion; (6) adequate sample size (conservative esti-
mate is that there should be greater than or equal
to 200 patients in the study, approximately equally
divided between those with and without the
condition. This allows for competence intervals
of approximately +10% for estimates of sensitiv-
ity and specificity); (7) avoidance of a selection
bias—in the case of patients with sleep apnea, this
means a consecutive sample of patients referred
to a sleep clinic rather than those referred to a
sleep laboratory, avoiding filtering of patients;
and (8) adequate description of study setting and
appropriate setting—for instance, basic descrip-
tors of the study should include whether it is a
tertiary referral sleep clinic or a community sleep
clinic, types of physicians referring to the sleep
clinic, population base, type of patients, etc.
Because most portable monitors are intended for
use outside of the sleep laboratory, this is the
setting in which they should be studied. Still,
there are very few studies that meet these criteria.

Summary

Polysomnography remains the gold standard for
diagnosis of sleep apnea and other disorders of
sleep. However, depending on the prevalence of
sleep apnea in the population in question and the
diagnostic device used, an ambulatory strategy
can be adopted. All patients, whether symptom-
atic or asymptomatic, can be stratified according
to history, physical examination, and clinical
prediction strategies. The probability of sleep
apnea could be estimated, and where there is a
moderate to high probability, portable monitoring
may confirm the suspicion and subjects can
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immediately go on to treatment. If there is no
sleep apnea and patients are asymptomatic, it can
be argued that no further testing is necessary and
only follow-up is required. Symptomatic patients
would go on to polysomnography. If the pretest
probability for sleep apnea is low, polysomnogra-
phy would be used only for symptomatic patients.

There have been no long-term outcome studies
of such an approach. Individual clinicians will
have to apply this algorithm within the confines
of the local resources, patient expectations, and
clinical practice.

References

1. Young T, Palta M, Dempsey J, et al: The occurrence of
sleep disordered breathing among middle aged adults.
N Engl J Med 328:1230-1235, 1993
2. Koskenvuo M, Kaprio J, Telakiva K, et al: Snoring is a
risk factor for ischemic heart disease and stroke in
men. Br Med J 294:16-19, 1987
3. He J, Kryger MH, Zorick FJ, et al: Mortality and apnea
index in obstructive sleep apnea patients experience
in 385 male patients. Chest 94:9-14, 1988
4. Partinen M, Jamieson A, Guilleminault C: Long term
outcome from obstructive sleep apnea patients. Chest
94:1200-1204, 1989
5. Guilleminault C, Dement WC (eds): Sleep Apnea
Syndromes. Alan R. Liss, New York, NY, 1978
6. GastautH, Tassinari CA, Duron B: Etude polygraphique
des manifestations épisodiques (hypniques et respira-
toires) diurnes et nocturnes, du syndrome de Pick-
wick. Rev Neurol (Paris) 112:568-579, 1965
7. Gastaut H, Tassinari CA, Duron B: Polygraphic study
of the episodic diurnal and nocturnal (hypnic and
respiratory) manifestations of the Pickwick syndrome.
Brain Res 1:167-186, 1967
8. Jung R, Kuhlo W: Neurophysiological studies of abnor-
mal night sleep and the Pickwickian syndrome. Prog
Brain Res 18:140-159, 1965
9. Kryger MH: Fat, sleep, and Charles Dickens: literary
and medical contributions to the understanding of
sleep apnea. Clin Chest Med 6:555-562, 1985
10. Krabbe E, Magnussen G: On narcolepsy: | Familial
narcolepsy. Acta Psychiatr Scand 17:149-173, 1942
11. Burwell CS, Robin ED, Whaley RD, et al: Extreme
obesity associated with alveolar hypoventilation—a
Pickwickian syndrome. Am J Med 21:811-818, 1956
12. Duron B, Tassinari CA: Syndrome de Pickwick et
syndrome cardiorespiratore d I'obesite (a propos d’'une
observation). J Fr Med Chir Thorac 20:207-222, 1966
13. Tassinari B, Bernardina D, Cirignotta F: Apnoeic peri-
ods and the respiratory related arousal patterns during
sleep in the Pickwickian syndrome. A polygraphic
study. Bulletin de Physio-Pathologie Respiratoire
8:1087-1102, 1972
14. Douglas NJ, Thomas S, Jan MA: Clinical value of
polysomnography. Lancet 339:347-350, 1992

ResMed Corp. - Ex. 1068
Page 10 of 12



DIAGNOSTIC TECHNIQUES IN OSA

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Diagnostic Classifications Steering Committee, Thorpy
MJ (Chairman): International Classification of Sleep
Disorders: Diagnostic and Coding Manual. Rochester,
MN, American Sleep Disorders Association, 1990
Gould GA, Whyte KF, Rhind GB, et al: The sleep
hypopnea syndrome. Am Rev Resp Dis 137:895-898,
1988

Guilleminault C, Stooks R, Dunear S, et al: Snoring:
daytime sleepiness in regular heavy snorers. Chest
99:40-49, 1995

Kapuniai LE, Andrew DJ, Crowell DH, et al: Identifying
sleep apnea from self reports. Sleep 11:430-436, 1988
Crocker BD, Olson LG, Saunders NA, et al: Estimation
of the probability of disturbed breathing during sleep
before a sleep study. Am Rev Respir Dis 142:14-18,
1990

Stradling JR, Crosby JH: Predictors and prevalence of
obstructive sleep apnea and snoring in 1001 middle
aged men. Thorax 46:85-90, 1991

Deegan PC, McNicholas WT: Predictive value of
clinical features for obstructive sleep apnea. Eur
Respir J 9:117-124, 1996

Viner S, Szalai JP, Hoffstein V: Is history and physical
examination a good screening test for obstruction
sleep apnea? Ann Int Med 115:356-359, 1991
Hoffstein V, Szalai JP: Predictive value of clinical
features in predicting obstructive sleep apnea. Sleep
1993:118-122, 16

Kump K, Whalen C, Tishler PV, et al: Assessment of
the validity and utility of a sleep symptoms question-
naire. Am J Respir Crit Care Med 150:735-741, 1994
Maislin G, Pack Al, Kribbs NB, et al: A survey screen
for prediction of apnea. Sleep 18:158-166, 1995
Flemons WW, Whitelaw WA, Brant R, et al: Likelihood
ratio for sleep apnea clinical prediction rule. Am J
Respir Crit Care Med 150:1279-1985, 1994

Jamieson A, Guilleminault C, Partinen M, et al: Obstruc-
tive sleep apneic patients have craniomandibular ab-
normalities. Sleep 9:469-477, 1986

Rivlin J, Hoffstein V, Kalbfleisch J, et al: Upper airway
morphology in patients with idiopathic obstructive
sleep apnea. Am Rev Respir Dis 129:355-360, 1984
Lowe AA, Santamaria JD, Fleetham JA, et al: Facial
morphology and obstructive sleep apnea. Am J Or-
thod Dentofacial Orthop 90:484-491, 1986

Partinen M, Guilleminault C, Quera-Salva MA, et al:
Obstructive sleep apnea and cephalometric roentgeno-
grams. The role of anatomic upper airway abnormali-
ties in the definition of abnormal breathing during
sleep. Chest 93:1199-1205, 1988

Ferguson KA, Ono T, Lowe AA, et al: The relationship
between obesity and craniofacial structure in obstruc-
tive sleep apnea. Chest 108:375-381, 1995

Kushida CA, Efron B, Guilleminault C: A predictive
morphometric model for the obstructive sleep apnea
syndrome. Ann Int Med 127:581-587, 1997

Kirby SD, Danter W, George CFP, et al: Neural
network prediction of obstructive sleep apnea from
clinical criteria. Chest, 1999 (in press)

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

365

Baxt WG: Use of an artificial neural network in the
diagnosis of myocardial infarction. Ann Int Med 115:
843-848, 1991

Scott JA: Neural network analysis of ventilation perfu-
sion lung scans. Radiology 186:661-664, 1993

Patil S, Henry JW, Rubenfire M, et al: Neural network
in the clinical diagnosis of acute pulmonary embolism.
Chest 104:1685-1689, 1993

Danter WR, Wood T, Morrison NJ, et al: Artifical neural
network prediction of survival or death following admis-
sion to ICU. Clin Invest Med 19:S14, 1996

Wittig RM, Romaker A, Zorick FJ, et al: Night to night
consistency of apneas during sleep. Am Rev Respir
Dis 129:244-246, 1984

Bliwise DL, Benkert RE, Ingham RH: Factors associ-
ated with nightly variability in sleep disordered breath-
ing in the elderly. Chest 100:973-976, 1991

Meyer TJ, Eveloff SE, Kline LR, et al: One negative
polysomnogram does not exclude obstructive sleep
apnea. Chest 103:756-760, 1993

Lord S, Sawyer B, O’'Connell D, et al: Night to night
variability of disturbed breathing during sleep in an
elderly community sample. Sleep 14:252-258, 1991
Mendelson WB: Use of the sleep laboratory in sus-
pected sleep apnea syndrome: is one night enough?
Cleve Clin J Med 61:299-303, 1994

George CF, Millar TW, Kryger MH: Identification and
quantification of apneas by computer-based analysis
of oxygen saturation. Am Rev Respir Dis 137:1238-
1240, 1988

Rauscher H, Popp W, Zwick H: Quantification of sleep
disordered breathing by computerized analysis of
oximetry, heart rate and snoring. Eur Respir J 4:655-
659, 1991

Levy P, Pepin JL, Deschaux-Blanc C, et al: Accuracy
of oximetry for detection of respiratory disturbances in
sleep apnea syndrome. Chest 109:395-399, 1996
Sériés F, Marc |, Cormier Y, et al: Utility of nocturnal
home oximetry for case finding in patients with sus-
pected sleep apnea hypopnea syndrome. Ann Intern
Med 119:449-453, 1993

Issa FG, Morrison D, Hadjuk E, et al: Digital monitor-
ing of sleep disordered breathing using snoring sound
and arterial oxygen saturation. Am Rev Respir Dis
148:1023-1029, 1993

Flemons WW, Remmers JE: The diagnosis of sleep
apnea: questionnaires and home studies. Sleep 19:
S243-S247, 1996

Severinghaus JW, Kelleher JF: Recent developments
in pulse oximetry. Anesthesiology 76:1018-1038, 1992
Vegfors M, Lindberg L-G, Lennmarken C: The influ-
ence of changes in blood flow on the accuracy of pulse
oximetry in humans. Acta Anaesthesiol Scand 36:346-
349, 1992

Severinghaus JW, Naifeh KH, Koh SO: Errorsin 14
pulse oximeters during profound hypoxia. J Clin Monit
5:72-81, 1989

West P, George CFP, Kryger MH: Dynamic in vivo
response characteristics of three oximeters: Hewlett-
packard 47201A, Biox lll, and Nellcor N-100. Sleep
10:263-271, 1987

ResMed Corp. - Ex. 1068
Page 11 of 12



366

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Emsellem HA, Corson WA, Rappaport BA, et al:
Verification of sleep apnea using a portable sleep
apnea screening device. South Med J 83:748-752,
1990

Redline S, Tosteson T, Boucher MA, et al: Measure-
ment of sleep related breathing disturbances in epide-
miologic studies: assessment of the validity and repro-
ducibility of a portable monitoring device. Chest 100:
1281-1286, 1991

Parra O, Garcia-Exclasans N, Montserrat JM, et al:
Should patients with sleep apnea/hypopnea syn-
drome be diagnosed and managed on the basis of
home sleep studies? Eur Respir J 10:1720-1724,
1997

Whittle AT, Finch SP, Mortimore IL, et al: Use of home
sleep studies for diagnosis of the sleep apnea/
hypopnea syndrome. Thorax 52:1068-1073, 1997
Penzel T, Althaus W, Meinzer K, et al: A device for
ambulatory heart rate, oxygen saturation and snoring
recording. 13th Annual International Conference IEEE
EMBS. New Frontiers of Biomedical Engineering 13:
1616-1617, 1991

Stoohs R, Guilleminault C: MESAM 4: an ambulatory
device for the detection of patients at risk for obstruc-
tive sleep apnea syndrome (OSAS). Chest 101:1221-
1227, 1992

Roos M, Althaus W, Rheil C, et al: Comparative use of
MESAM IV and polysomnography in sleep-related
respiratory disorders. Pneumologie 47:112-118, 1993
(suppl 1)

Kozeij M, Cieslcki JK, Gorzelak K, et al: Hand-scoring
of MESAM 4 recordings is more accurate than auto-
moatic analysis in screening for obstructive sleep
apnoea. Eur Respir J 7:1771-1775, 1994

Esnaola S, Duran J, Infante-Rivard C, et al: Diagnostic
accuracy of a portable recording device (MESAM [V)
in susppected obstructive sleep apnoea. Eur Respir J
9:2597-2605, 1996

Krieger J, Sforza E, Petiau C, et al: Simplified diagnos-
tic procedures for obstructive sleep apnoea syn-
drome: lower subsequent compliance with CPAP. Eur
Respir J 12:776-779, 1998

Gugger M, Mathis J, Bassetti C: Accuracy of an
intelligent CPAP system with inbuilt diagnostic abilities
in detecting apnoes: a comparison with polysomnogra-
phy. Thorax 50:1199-1201, 1995

Bradley PA, Mortimore IL, Douglas NJ: Comparison of
polysomnography with Respcare Autoset and the
diagnosis of the sleep apnea/hypopnea syndrome.
Thorax 50:1201-1203, 1995

Kiely JL, Delahunty C, Matthews S, et al: Comparison
of a limited computerized diagnostic system (ResCare
Autoset) with polysomnography in the diagnosis of
obstructive sleep apnoea syndrome. Eur Respir J
9:2360-2364, 1996

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

CHARLES FREDERICK PETERSEN GEORGE

Rees K, Wraith PK, Berthon-Jones M, et al: Detection
of apnoeas, hypopnoeas and arousals by the AutoSet
in the sleep apnoea/hypopnoea syndrome. Eur Respir
J 12:764-769, 1998

Mayer P, Meurice J-C, Philip-Joet F, et al: Simulta-
neous laboratory-based comparison of ResMed Auto-
set with polysomnography in the diagnosis of sleep
apnoea/hypopnoea syndrome. Eur Respir J 12:770-
775, 1998

White DP, Gibb TJ, Wall JM, et al: Assessment of
accuracy and analysis time of a novel device to
monitor sleep and breathing in the home. Sleep
18:115-126, 1995

Ancoli-Israel S, Mason W, Coy TV, et al: Evaluation of
sleep disordered breathing with unattended recording:
the Nightwatch system. J Med Eng Technol 21:10-14,
1997

Sergi M, Rizzi M, Greco M, et al: Validity of diurnal
sleep recording performed by an ambulatory device in
the diagnosis of obstructive sleep apnea. Respir Med
92:216-220, 1998

Fry JM, DiPhillipo MA, Curran K, et al: Full polysomnog-
raphy in the home. Sleep 21:635-642, 1998

Sadeh A, Alster J, Urbach D, et al: Actigraphically
based automatic bed time, sleep wake scoring: valid-
ity and clinical applications. J Ambulatory Monitoring
2:209-216, 1989

Aubert-Tulkens G, Culee C, Harmant-Van Rijckevor-
sel K, et al: Ambulatory evaluation of sleep distur-
bance and therapeutic effects in sleep apnea syn-
drome by wrist activity monitoring. Am Rev Respir Dis
136:851-856, 1987

Middlekoop HAM, Nevin AK, vanHilten JJ, et al: Wrist
actigraphic assessment of sleep in 116 community
based subjects suspected of obstructive sleep apnea
syndrome. Thorax 50:284-289, 1995

Guilleminault C, Connoly S, Winkle R, et al: Cyclical
variation of the heart rate in sleep apnea syndrome.
Mechanisms and usefulness of 24h electrocardio-
graphy as screening technique. Lancet 1:126-131,
1984

Davies JRO, Vardi-Visy K, Clarke M, et al: Identifica-
tion of sleep disruption and sleep disordered breathing
from systolic blood pressure profile. Thorax 48:1242-
1247,1993

Ferber R, Millman R, Coppola M, et al: ASDA stan-
dards of practice; portable recording in the assess-
ment of obstructive sleep apnea. Sleep 17:378-392,
1994

Guyatt G, Tugwell P, Feeny D, et al: The framework for
clinical evaluation of diagnostic technologies. CMAJ
134:587-94, 1986

ResMed Corp. - Ex. 1068
Page 12 of 12





