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Abstract Sleep medicine is a growing field with
multidisciplinary origins in physiological monitoring
techniques, on which it still largely depends. Collabora-
tions between engineers and sleep specialists offer sub-
stantial opportunities to improve on current approaches to
diagnosis and assessment of patients with sleep problems.
Such collaborations could also prove key to improved
fundamental understanding of the pathophysiology that
underlies sleep disorders and their adverse impact on the
brain, cardiovascular system, and optimal health.
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Obstructive sleep apnea affects at least 2% of women and
4% of men, and by some estimates rivals diabetes in
prevalence. Prolonged periods of insomnia probably affect
10% of the population at any given time, and 30% over the
lifetime. Restless legs syndrome also affects up to 10% of
the population. The high prevalence and impact of these
and many other sleep disorders have given rapid rise to a
new medical field, sleep medicine. This area has drawn
clinicians, knowledge, research, and support from several
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more traditional fields, including psychiatry, neurology,
pulmonary medicine, pediatrics, endocrinology, and oto-
laryngology. Important contributions from additional
medical areas are recognized at an increasing rate. How-
ever, engineering and signal analysis are also central to the
new discipline, which in many ways began just over
50 years ago with physiological monitoring that first dis-
tinguished rapid eye movement (REM) sleep from non-
REM sleep. To this day, sleep medicine still depends
heavily on neurophysiological and cardiorespiratory mon-
itoring that have evolved only in limited ways during the
past several decades.

Signals monitored during polysomnography in a sleep
laboratory typically include the electroencephalogram
(EEG), surface electromyogram (EMG), electro-oculogram
(EOQG), electrocardiogram (ECG), nasal and oral airflow,
chest and abdominal excursion, snoring sounds, pulse
oximetry, and other variables as needed for particular
patients [13]. These signals are recorded by specialized
technologists at great time and expense. Once signals are
captured, even on modern digital systems, most of the
analysis depends on human eyes. Each of about 1,000
thirty-second pages is reviewed several times by technol-
ogists who score sleep stages, any pauses in breathing, leg
movements, and other features. A physician then reviews
the scored recording and completes an interpretation of the
study. The entire process can generate charges of a few
thousand dollars. Similarly complex daytime nap studies,
in the form of the Multiple Sleep Latency Test [16], are
sometimes performed after nocturnal polysomnography to
provide an objective estimate of daytime sleepiness or to
help diagnose narcolepsy.

One of the frustrations with these sleep laboratory
assessments, however, is that research repeatedly shows
them to be less predictive of key sleep disorders
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outcomes—impact on patients’ health—than is usually
assumed. For example, the rate of apneas or hypopneas on
an overnight polysomnogram, often taken as the most
important summary of sleep apnea severity, on average
explains only about 11% of the sleepiness recorded on a
Multiple Sleep Latency Test, even though sleepiness is
considered one of the most common symptoms of
obstructive sleep apnea [3]. Even subjective sleepiness
appears to be explained very little, or not at all, by those
recorded rates of apneas and hypopneas [4]. Technologist-
scored and quantified arousals, deep non-REM sleep, REM
sleep, stage 1 sleep, overall sleep efficiency, and other
polysomnographic measures similarly fail to explain as
much of patient comorbidity and treatment outcomes as
many physicians and patients would hope [2, 6]. These
recurrent observations raise a critical question about the
extent to which sleep laboratories record the most salient
physiological variables to characterize sleep, or breathing
during sleep. The problem is that many years after this
issue was already apparent [5], knowledge is still limited
when it comes to the physiology responsible for causing
sleepiness, cardiovascular consequences, endocrine mor-
bidity, or other outcomes strongly suspected to arise from
untreated sleep disorders.

In this setting, and facilitated during the past 15 years by
conversion from analog to digital sleep recording systems,
efforts to improve the clinical utility of sleep assessments
have increasingly involved new collaborations between
sleep medicine specialists and engineers. Unfortunately,
many medical schools now require no math among pre-
requisites for admission, and most physicians probably
remember little of the mathematics they were once taught.
Although progressively larger numbers of engineering
undergraduates and masters candidates seem to head
toward medical school, few end up applying their skills to
clinical problems, at least in sleep medicine.

Potential opportunities for cross-trained individuals, or
engineers who collaborate with sleep specialists, appear to
be numerous. Laboratory evaluations for sleep problems
could be made more accurate, reliable, and predictive to
the extent that human assessment could be done by
machine in an equally accurate but more repeatable and
predictable way. Technological advances may well be able
to move evaluation for sleep problems out of an artificial
sleep laboratory, and into a home environment, with
increased comfort, lower expense, and quicker analysis of
results. Many opportunities exist to simplify the plethora
of biological signals currently acquired to assess patients’
sleep states and sleep disorders. Ultimately, assessment of
sleep should be made simple and inexpensive enough to be
directly accessible to a lay public now equipped with
powerful computers, smart phones, and gadgets of all
types [21].
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A perfect example of an advance in this direction is
provided by the sleepiness index, computed from a bi-
spectrum analysis as described by Swarnkar et al. [23] in
this issue of MBEC. Relying on signals from one EEG
derivation, instead of the six or more used to stage sleep in
full polysomnograms, the authors show that sleep latency
can be reasonably approximated from the computed
sleepiness index, without use of time-consuming human
scoring. The results from a standard Multiple Sleep
Latency Test are not yet replicated precisely, and the
technique may benefit from additional refinement, testing
in larger samples, and trial in different settings. However,
the Multiple Sleep Latency Test is also known to be an
imperfect gold standard [5]. The best test of a new tech-
nology against the Multiple Sleep Latency Test, in
assessment of daytime sleepiness, would be side-by-side
comparison in prediction of future motor vehicle crashes,
or some other real-world outcome of key concern to
patients.

Newly engineered signal analysis approaches could not
only replace partially subjective assessment techniques, but
also enable completely novel types of monitoring that are
precluded by reliance on human technologists. Swarnkar
et al. note that real-time, automatic computation of the
sleepiness index based on a single EEG derivation poten-
tially could be used to monitor for the onset of brief
microsleep periods, serving for example to alert a sleepy
driver and thereby save lives. Applications could prove
even broader: workers might monitor their own cognitive
state and alertness, to maximize productivity; or the mili-
tary might remotely monitor sleepiness among soldiers,
judging electronically when rest could be vital.

Perhaps as important in the long-term as more imme-
diate clinical applications, new engineering approaches to
assessment of sleep and its disorders could greatly improve
insight into the physiological mechanisms that underlie the
considerable morbidity that these conditions can cause. A
better mathematical understanding of the underlying
pathophysiology could generate vital clues on how to
prevent consequences of sleep disorders, improve alertness,
and thereby maximize cognitive function during wakeful-
ness. For example, computer detection of subtle EEG
changes in association with each non-apneic respiratory
cycle during sleep [7, 8]—putative inspiratory microarou-
sals—may improve prediction of sleepiness in patients
with sleep apnea [9]. At the same time, the important
physiological insight is that sleepiness may arise not only
from more obvious, 10-second or longer apneas and hyp-
opneas, but also from much more numerous, if subtle
effects of labored breathing on the sleeping cerebral cortex
[20].

What will be necessary to achieve all this? Already,
some engineers have started to tackle many of the above
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problems, challenges, and opportunities in sleep medicine,
as evidenced by increasing numbers of reports on these
topics in this journal [1, 10-12, 14, 15, 17-19, 22, 24, 25].
However, integration of more advanced math, computer,
and physical science training into medical curricula could
help advance the cause of sleep medicine in addition to that
of many other fields that also depend on physiological time
signal analysis. Individuals with undergraduate through
graduate-level training in engineering, computing, and
biomedical sciences should be encouraged to not only
consider medical school, but to create combined careers in
academics or industry that would put expensive training to
maximal use. Collaborations between engineers and phy-
sicians, in sleep medicine in particular, should be encour-
aged and supported by the NIH and other research funding
sources. The final translation of sleep and engineering
innovation into products that might improve the lives of so
many millions—everyone sleeps suboptimally at least on
occasion—could depend on the foresight of the investment
community to support early stage, clinically driven ideas
that emerge from newly honed research focus, during
wakefulness, on the one-third of human life spent asleep.
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