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7) ABSTRACT

A method of evaluating a patient with sleep apnea includes
monitoring a patient to produce at least one timed waveform
of at least one physiologic parameter, identifying along the
waveform a first waveform variation indicative of an apnea,
identifying along the waveform a second waveform varia-
tion indicative of another apnea, determining the interval
intermediate at least one portion of the first waveform
variation and at least one portion of the second waveform,
and assessing the severity of sleep apnea based on at least
the determining. A device for determining the severity of
sleep apnea comprises a monitor capable of generating a
signal indicative of at least one physiologic parameter and a
processor capable of processing the signal, the processor
operating to generate a timed waveform of the parameter
and to identify a plurality of sequential waveform variations
indicative of a corresponding plurality of sequential apneas,
the sequential waveform variations having temporal and
spatial relationships between the waveform variations and
along the waveform, the processor further operating to
determine at least one of the temporal and the spatial
relationships and displaying the determining so that the
determining can be used to assess the severity of sleep
apnea.
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MICROPROCESSOR SYSTEM FOR THE
SIMPLIFIED DIAGNOSIS OF SLEEP APNEA

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 60/052,438, filed Jul. 14, 1997, the
contents of which are hereby incorporated herein by refer-
ence and the benefit of U.S. Provisional Application No.
60/052,439, filed Jul. 14, 1997, the contents of which are
hereby incorporated herein by reference.

[0002] This application is a continuation-in-part of U.S.
application Ser. No. 08/789,460, filed Jan. 27, 1997, which
is a continuation of U.S. patent application Ser. No. 08/391,
811, filed Feb. 21, 1995, now U.S. Pat. No. 5,605,151, which
is a continuation of U.S. patent application Ser. No. 08/151,
901 filed Nov. 15, 1993, now U.S. Pat. No. 5,398,682, which
is a continuation-in-part of U.S. patent application Ser. No.
08/931,976, filed Aug. 19, 1992, now abandoned. The
contents of application Ser. Nos. 08/789,460, 08/391,811,
08/151,901, 08/931,976, and PCT/US 93/97726, and of U.S.
Pat. Nos. 5,605,151 and 5,398,682 are all hereby incorpo-
rated herein by reference, the contents of which are incor-
porated herein by reference.

BACKGROUND AND SUMMARY OF THE
INVENTION

[0003] Obstructive Sleep Apnea is now recognized as one
of the most common disorders in the US. The lower oxygen
levels associated with Obstructive Sleep Apnea is now
known to be a major cause of cardiovascular morbidity
including heart attack and stroke. A crisis exists in the US in
that traditional expensive polysomnography cannot be used
to identify these patients on a sufficient scale. The situation
is analogous to having a disease as common and subtle as
insulin dependent diabetes without an inexpensive and
widely implementable and simple mechanism to diagnose
the disorder (such as exists for diabetes). Millions of patients
remain undiagnosed. The development of a diagnostic sys-
tem which can allow simplified diagnosis of obstructive
sleep apnea by the primary care physician is a national
healthcare priority of substantial scale. The prevention of
hundreds of thousands of annual excess deaths, stroke and
heart attacks associated with obstructive sleep apnea through
simplified recognition of this disorder is the most important
purpose of the present invention. These excess deaths are
occurring annually in a great part due to the lack of avail-
ability of this technology resulting in a vast pool of undi-
agnosed cases of Sleep Apnea. Despite the fact that obstruc-
tive sleep apnea is easily treated, both the patient and the
family are often completely unaware of the presence of this
dangerous disease, thinking the patient just a “heavy
snorer”.

[0004] Obstructive sleep apnea often develops insidiously
as a patient enters middle age and begins to snore. The major
cause is an increase in fat deposition (often age related) in
the neck which results in narrowing of the airway. (In fact
the probability that a 40 year old has sleep apnea is directly
related to his or her neck circumference). When the muscle
tone of the upper airway diminishes during sleep and
negative pressure associated with inspiration through this
somewhat narrow airway results in collapse of the upper
airway in a manner analogous to the collapse of a cellophane

Aug. 30, 2001

straw. This results in airway obstruction and, effectively
chokes off all air movement. The choking patient (still
asleep) begins to struggle and inhales more forcibly, thereby,
further lowering upper airway pressure and causing further
collapse of the upper airway. During this time, substantially
no air movement into the chest occurs and the patient
experiences a progressively fall in oxygen (similar to the fall
occurring early in drowning). The fall in oxygen produce
central nervous system stimulation contributing to hyper-
tension and potential heart and blood vessel injury and
finally results in arousal. Upon arousal, increase in airway
muscle tone opens the airways and the patient rapidly
inhales and ventilates quickly to correct the low oxygen
levels. Generally, the arousal is brief and the patient is not
aware of the arousal (or of the choking since this occurs
during sleep). Once oxygen levels have been restored, the
patient begins again to sleep more deeply, upper airway tone
again diminishes, the upper airway collapses and the cycle
is repeated stressing the heart with low oxygen in a repetitive
fashion. Often this repeating cycle over many years even-
tually results in damage to the heart muscle and/or the
coronary arteries. As the patient ages, the consequences of
undiagnosed obstructive sleep apnea is often either a pro-
gressive decline in heart muscle function (and eventual heart
failure) or heart infarction.

[0005] The duration and severity of each apnea is quite
variable from patient to patient and with the same patient
throughout the night. Indeed, the disease process represents
a spectrum of severity from mild snoring, which is associ-
ated with incomplete and inconsequential airway obstruc-
tion, to severe apneas which can result in fatal hypoxemia.

[0006] This disease commonly results in excessive day-
time sleepiness and can disrupt cognitive function during the
day due to fragmentation of sleep during the night associated
with recurrent arousals of which the patient is not aware.

[0007] Although this disease commonly affects obese
patients, it may occur in patients with any body habitus.
Because this disease is so common and because it presents
with the subtle and common symptoms of excessive daytime
sleepiness, morning headache, and decreasing ability to
concentrate during the day, it is critical that an inexpensive
technique for accurately diagnosing and treating this disease
be developed. Traditionally, this disease has been diagnosed
utilizing a complex and expensive multi-channel polysom-
nogram. This is generally performed in a sleep lab and
involves the continuous and simultaneous measurement and
recording of an encephalogram, electromyogram, extraocu-
logram, chest wall plethysmogram, electrocardiogram, mea-
surements of nasal and oral air flow, and pulse oximetry.
These, and often other, channels are measured simulta-
neously throughout the night and these complex recordings
are then analyzed to determine the presence or absence of
sleep apnea.

[0008] The problem with this traditional approach is that
such complex sleep testing costs between one-thousand to
thirty five hundred dollars. Since sleep apnea is so common,
the cost of diagnosing obstructive sleep apnea in every
patient having this disease in the United States would exceed
Ten Billion Dollars. It is critical that a new, inexpensive
technique of accurately diagnosing sleep apnea be devel-
oped.

[0009] Nocturnal oximetry alone has been used as a
screening tool to screen patients with symptoms suggestive
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of sleep apnea to identify whether or not oxygen desatura-
tions of hemoglobin occur. Microprocessors have been used
to summarize nocturnal oximetry recordings and to calculate
the percentage of time spent below certain values of oxygen
saturation However, oxygen desaturation of hemoglobin can
be caused by artifact, hypoventilation, ventilation perfusion
mismatching. For these reasons, such desaturations identi-
fied on nocturnal oximetry are not specific for sleep apnea
and the diagnosis of sleep apnea has generally required
expensive formal polysomnography.

[0010] The present invention comprises a system and
technique for deriving and utilizing the analysis of graphical
pulse oximetry-derived waveforms as a function of time to
accurately diagnosis sleep apnea with adequate specificity
to, in many cases, eliminate the need for expensive formal
polysomnography.

[0011] Tt is the purpose of this invention to provide an
inexpensive system for the collection and analysis of pulse
oximetry values as a function of time during sleep to provide
a diagnosis of sleep apnea with a high degree of specificity.

[0012] This invention provides a reliable and specific
means for the diagnosis of obstructive sleep apnea which
can be performed in the patient’s home without attendance
of technical personnel. It is further the purpose of this
invention to provide, an inexpensive and accurate means to
both screen for and specifically diagnose obstructive sleep
apnea by a single overnight recording in the patient’s home
without the need for multiple connections to different parts
of the patient’s body. It is further the purpose of this
invention to define a technique for diagnosing obstructive
sleep apnea utilizing the calculation of the ascending and
descending slope ratio of phasic oxygen desaturations mea-
sured during sleep.

[0013] Specifically, the present invention defines a device
for diagnosing sleep apnea, that has the following compo-
nents. First, a means must determine an oxygen saturation of
a patient’s blood. This saturation value is coupled to a means
for identifying a desaturation event based on the saturation
value. The desaturation event is one in which said oxygen
saturation falls below a baseline level by a predetermined
amount and for a predetermined time. The slope of the event
is calculated by means for calculating a slope of said
desaturation event representing a rate of change per unit
time of fall of oxygen saturation. This slope is used by a
means for comparing said calculated slope with a value of
slope which is determined in advance to be indicative of
sleep apnea, and determination of diagnosis of sleep apnea
is made based on said comparing.

[0014] The comparing can be done by:

[0015] 1) comparing with an absolute number which
is likely to indicate a sleep apnea, or

[0016] 2). comparing with other slopes taken at dif-
ferent times.

[0017] The identifying means can also identify a resatu-
ration, immediately following said desaturation and coupled
with said desaturation, in which the oxygen saturation rises,
and wherein the determination can also be based on a slope
of said resaturation.

[0018] Many other ways of calculating the slope are also
disclosed herein.
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[0019] These and other aspects of the invention will now
be described in detail with reference to the accompanying
drawings, wherein:

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] FIG. 1 shows a block diagram of the basic system
of the present invention;

[0021] FIG. 2 shows a basic flowchart of operation of the
present invention;

[0022] FIGS. 3 and 4 show basic desaturation events and
many of the parameters associated therewith;

[0023] FIG. 5 shows a specific way in which a comparison
can utilize the calculation of the area above each desatura-
tion event compared to area above each coupled resaturation
event.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0024] The inventor of the present invention found, rela-
tive to sleep apnea diagnosis, that the waveform pattern of
oximetry during a sleep recording can be considered in
relation to the physiologic parameters which affect oxygen
saturation over time. Specifically, during an apneic period,
arterial oxygen saturation initially falls as a function of the
oxygen saturation of mixed venous blood and oxygen uptake
from residual exchangeable oxygen within the lungs. Sub-
sequently, arterial oxygen saturation falls directly as a func-
tion of oxygen consumption and global oxygen stores. These
stores of oxygen are very limited. The sources of oxygen
available during an apneic period include residual exchange-
able oxygen within alveoli and airways, the oxygen bound
to hemoglobin, dissolved oxygen within body tissues and
oxygen stored as myoglobin. These stores are rapidly
depleted during an apneic period as a function of global
oxygen consumption. As oxygen stores are depleted, the
cellular oxygen levels fall, and mixed venous oxygen satu-
ration progressively diminishes. Since a small amount of
exchangeable oxygen supply exists within alveoli and air-
ways, arterial oxygen saturation, as measured by the pulse
oximeter is briefly unaffected by the initial fall in body
oxygen storage. However, since oxygen stores within the
alveoli are extremely limited, arterial oxygen saturation then
progressively falls toward that of mixed venous arterial
blood saturation since little significant gas exchange occurs
as mixed venous blood passes by essentially unventilated
alveoli. The partial pressure of oxygen in arterial blood
therefore progressively falls toward the mean partial pres-
sure of oxygen in body tissues at the cellular level.

[0025] Tt is possible to measure indirectly the partial
pressure of oxygen in arterial blood by measurement of
arterial oxygen saturation of hemoglobin utilizing a pulse
oximeter 12. If the probe 13 of pulse oximeter is placed on
a patient’s finger or other body part during a prolonged
apneic period, a progressive decrement in arterial saturation
will be identified as a function of the fall in arterial oxygen
partial pressure. Although the initial decline in arterial
oxygen saturation is greatly dependent on mixed venous
oxygen saturation, since body oxygen stores during a apnea
cannot be repleted, the subsequent portion of the fall in
arterial oxygen saturation as measured by a pulse oximeter
over time will be directly correlated to the oxygen consump-
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tion of the patient. The average oxygen consumption of a
resting human (approx. 3.5 ml/kg/min) has a relatively
constant relationship to average body arterial oxygen stores
(approx. 25 ml/kg). Although substantial variability exists in
body oxygen stores in chronically ill patients with low
cardiac output states (resulting in lower mixed venous
oxygen storage), a finite range of oxygen stores exists.
Indeed, even in the presence of severe compensated disease,
mixed venous oxygen saturation genecrally ranges from
50%-80%. Therefore, a sleeping human has a definable and
predictable range of slopes of arterial oxygen saturation
decrement as a function of the baseline mixed venous
oxygen saturation initially and of oxygen consumption and
body oxygen stores terminally. Although augmented body
muscular activity associated with obstructive apnea could
modestly increase oxygen consumption and although a
decrease in oxygen consumption may occur below a critical
levels of tissue oxygenation, the declining range of slope of
desaturation is still predictable within only modest vari-
ances.

[0026] To understand the predictable parameters of arte-
rial pulse oximetry waveform, it is important to consider the
way in which pulse oximetry reflects total body oxygen
stores. Total body oxygen stores can be conceived as rep-
resenting four major compartments:

[0027] 1. The Lung Compartment,
[0028] 2. The Arterial Compartment,
[0029] 3. The Tissue Compartment, and
[0030] 4. The Venous Compartment.

[0031] Oxygen enters the lungs and is stored sequentially
in each of these compartments. When oxygen is depleted
during apnea, depletion occurs first in the tissue compart-
ment, second in the venous compartment, third in the lung
compartment, and fourth in the arterial compartment.
Whereas, when oxygen is repleted, oxygen appears first in
the lung compartment, second in the arterial compartment,
third in the lung compartment, and fourth in the venous
compartment. It can be seen, therefore, that since pulse
oximetry measurements reflect oxygen stored within the
arterial compartment, if sequential depletion of arterial satu-
ration occurred due to phasic apneas that the initial apneic
episode would result in depletion of the arterial compart-
ment only after the substantial depletion of other compart-
ments has developed.

[0032] Using the above, the inventor of the present inven-
tion realized that he could predict with reasonable certainty
whether or not a desaturation occurring during a continuous
nocturnal oximetry measurement falls within the anticipated
range of parameters which define the slope of arterial
oxygen desaturation of hemoglobin which can physiologi-
cally occur during an apneic episode. In this manner, each
desaturation episode can be defined, as a function of the
characteristics of the waveform of deflection, as either
consistent with an apneic episode or inconsistent with an
apneic episode. Saturations which decrease too rapidly to be
accounted for on the basis of physiologic oxygen depletion
due to apnea would be identified as inconsistent with an
apneic episode and therefore identified as being secondary to
artifact. On the other hand, the desaturation episodes which
decrease too slowly to be accounted for on the basis of
physiologic oxygen depletion and would be identified as
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inconsistent with an apneic episode and therefore secondary
to either hypoventilation, alterations in ventilation perfusion
matching, or to artifact. The means for identifying a desatu-
ration event is preferably a processor; and according to the
first embodiment of this invention, as described above, the
processor compares a calculated slope of the event with a
value of slope which is determined in advance to be indica-
tive of sleep apnea. A diagnosis of sleep apnea is made based
on that comparison.

[0033] More specifically, the preferred embodiment of the
sleep apnea diagnosis system 10 of the present invention is
shown in FIG. 1. It includes a conventional pulse oximeter
(12) with a probe (14) for transillumination or reflection
from a human body part such as a finger (16). The oximeter
is connected to a microprocessor (20) which records oxygen
saturation and pulse as a function of time. A printer (24) is
connected to the microprocessor. The microprocessor ana-
lyzes the oxygen saturation values as a function of time, as
will be discussed in detail herein. In one preferred embodi-
ment, the system is used in the following way:

[0034] The microprocessor is disposed in connection with
the oximeter with a probe and printer for recording the
oxygen saturation as a function of time, and the oximeter
probe is attached to a patient. The oxygen saturation of
hemoglobin is recorded as a function of time while the
patient sleeps.

[0035] A measurement interval of, for example, 10 min-
utes is defined along the sleep recording as shown in step
200 of FIG. 2. Step 202 defines a mean maximum baseline
range of oxygen saturation of hemoglobin (+3% saturation)
is defined over the measurement interval.

[0036] A desaturation event can be defined as at least a 4%
substantially uninterrupted decrement in saturation below
the defined baseline mean of oxygen saturation. A lower
percentage can be used to increase sensitivity. Each desatu-
ration event is identified in step 204, and the desaturation
change of each desaturation event is measured. The desatu-
ration interval is defined as the duration of the uninterrupted
decline in saturation of each desaturation event.

[0037] Then, slopes are calculated. The descending slope
of each desaturation event is calculated as:

A Sp/A Ty
[0038] where:
[0039] A Sp=Desaturation change (in % saturation;
[0040] A Tj=Desaturation interval (in seconds).

[0041] A resaturation event is defined as a substantially
uninterrupted rise in saturation which terminates the declin-
ing slope of the desaturation event. The resaturation change
of each resaturation event is also measured.

[0042] The resaturation interval is measured as the dura-
tion of the uninterrupted rise in saturation of each resatura-
tion event. The ascending slope of each resaturation event is
calculated as:

A Sp/A Tg.
[0043] where:

[0044] A Sy=Resaturation change (in % saturation);

[0045] A Ty=Resaturation interval in seconds.
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[0046] A phasic desaturation event is defined using all
coupled desaturation and resaturation events wherein the
sum of the duration of the desaturation event and the
resaturation event is less than 3.5 minutes and wherein the
descending slope falls within a finite range of between
1.3%/sec and 0.3%/sec.

[0047] The descending to ascending saturation slope ratio
of each phasic desaturation event is calculated as:

(A Sp/A TR)/(A Sp/A Ty).

[0048] The number of probable apneic events within the
measurement interval is defined as the number of phasic
desaturation events falling within the finite range of ascend-
ing to descending slope ratios of between 3.5-10.5.

[0049] Each probable apneic event is marked with the
identity marker, PA, and the above steps are repeated for
each additional 10 min. interval along the recording for the
entire sleep recording,.

[0050] Then, appropriate action is taken: either the pulse
oximetry waveform is printed as a function of time with each
probable apneic event marked PA for identification, or
treatment of sleep apnea is either manually or automatically
administered.

[0051] The probability that a patient has sleep apnea will
be a direct function of the number of phasic desaturations
which meet the above criteria for sleep apnea per hour of
recording and this probability can be calculated and printed.

[0052] Therefore, in the preferred embodiment, each
desaturation event is identified as to whether or not it meets
the criteria for physiologic apnea. The number of events per
hour are then calculated and then printed. Each desaturation
event which has been identified by the microprocessor as
consistent with a physiologic apnea is so marked (such as PA
for probable apnea or PCA for physiologically consistent
with apnea). The pulse oximetry waveform in the preferred
embodiment is then printed to provide a hard copy. This
printed hard copy includes identification of each desatura-
tion event which has been determined by the microprocessor
as consistent with a physiologic apnea. In addition, the
presence of desaturation slope acceleration, as will be dis-
cussed, by comparing closely spaced consecutive desatura-
tion slopes as in FIG. 4 and such identification also provided
on the printed hard copy.

[0053] This invention therefore provides a compact, single
device which is easily suitable for home use and can be
simply taken home by the patient and interfaced with a body
part, such as a finger, to provide both screening and a
mechanism to provide a specific diagnosis of sleep apnea
with a single overnight recording. The hard printed copy
provides graphical data which can be overread by the
physician since the computer specifically identifies the
desaturation events which have been interpreted as consis-
tent with sleep apnea. This provides the physician with the
opportunity to determine whether he or she agrees with the
diagnostic interpretation of the microprocessor.

[0054] The diagnosis can be treated by repeating the sleep
recording during nasal CPAP (Continuous Positive Airway
Pressure) therapy. The identification of multiple desatura-
tions with patterns as defined above which are consistent
with the physiology of apnea and which are eliminated by
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nasal CPAP therapy is diagnostic of apnea and further
establishes the parameters defining effective treatment
requirements.

[0055] The invention includes the system taking addi-
tional action based on the identification of the diagnosis of
sleep apnea based on the above slope comparison. The
action can include, as in FIG. 1, the microprocessor acti-
vating a range of nasal continuous airway pressures through
a pressure controller within defined limits to automatically
and effectively treat a patient’s sleep apnea once the diag-
nosis of sleep apnea has been made by the microprocessor.
Activation of flow is initiated by the microprocessor on
identification of multiple sleep apnea-related desaturations
meeting the criteria as descried above. The pressure can be
titrated upward by, for example 1-2 cm H,O pressure
increments by the microprocessor upon identification of
multiple consecutive desaturations which are not effectively
eliminated by the starting pressure.

[0056] In this way, the invention greatly enhances the
diagnostic sensitivity and specificity of nocturnal oximetry
in the diagnosis of sleep apnea and to further utilize the
identification of oximetry-derived desaturation events to
trigger the storage and/or collection of additional sensory
data concerning each desaturation event and; furthermore,
the system can be utilized to automatically initiate and adjust
therapy to mitigate further after following desaturation
events.

[0057] In addition to a definable descending desaturation
slope, oximetry measurements during apnea periods have
other definable and predictable parameters. Importantly,
apneic episodes have a definable and predictable range of
duration. It is clear that brief apneic episodes, for example
with brief breath holding does not result in significant
arterial oxygen desaturation as measured by pulse oximetry.
However, when apneic periods are prolonged as with
obstructive sleep apnea, oxygen desaturation progressively
declines as a function of factors, as previously discussed.
Unless such an apneic episode is limited in duration, the
patient would die from hypoxemia. Therefore, each desatu-
ration which occurs as a function of apnea will have a phasic
quality with a predictable range of duration. A second aspect
of the invention analyzes the duration of the apneic episode
to determine if it is of a duration likely to indicate sleep
apnea.

[0058] The range of duration generally does not exceed
three minutes. Therefore, for a desaturation event identified
by pulse oximetry to be secondary to an apneic episode, it
should preferably have a duration of less than three minutes.
Oxygen desaturations due to sleep apnea should be termi-
nated with the resaturation of recovery within 3-3.5 minutes
or less. Oxygen desaturation events which occur for greater
than three minutes are identified as either secondary to
hypoventilation, ventilation perfusion mismatching, or arti-
fact.

[0059] Another aspect of the invention is based on the
recognition that an apneic episode which occurs during sleep
is generally reversed by an arousal. At this point, the
patient’s central nervous system increases upper airway tone
and atmospheric gas rapidly enters the lungs and exchanges
with the oxygen depleted gas within the alveoli. This
exchange occurs within a few seconds. Since mixed venous
blood in pulmonary capillaries rapidly equilibrates with the
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partial pressure of oxygen in the alveoli, arterial oxygen-
ation will recover within seconds of the repletion of oxygen
within alveoli. It should be noted that the amount of time
required for blood to pass from the pulmonary capillaries to
the peripheral site of pulse oximetry measurement can be
measured is very brief. Therefore, the ascending slope of
oxygen saturation during recovery from an apneic episode is
extremely rapid. Ascending slopes which are not rapid are
unlikely to be secondary to repletion of oxygen partial
pressure within alveoli associated with arousal from an
apneic episode and rather may be secondary to a crescendo
of increasing respirations following a hypoventilation epi-
sode as in Cheyne-Stokes respirations or may be secondary
to improvement in ventilation perfusion matching. In a
recent study performed by the present inventor the mean
slope of desaturation was 0.8% per second, with all desatu-
ration slopes ranging between 0.3% per second and 1.1% per
second. The mean slope of recovery 7.6% per second, with
recovery slopes ranging from 2.5% per second to 8.3% per
second. The mean recovery to apnea slope ratio was 7.66,
with a range of 3.8 to 10.4. Hence, in yet another aspect of
the invention, the resaturation slope, immediately following
the desaturation, is also determined, and used in the diag-
nosis of sleep apnea.

[0060] Additional ways of comparing the calculated slope
with a value of slope which is determined in advance to be
indicative of sleep apnea include using other parameters to
enhance the specificity of continuous nocturnal oximetry in
the diagnosis of sleep apnea include comparisons of con-
secutive desaturation slope values and the identification of
alterations in desaturation values as a function of events
occurring immediately prior to the desaturation event.

[0061] Since obstructive sleep apnea events occur by
similar physiologic process each time within the same
patient, consecutive desaturation events will commonly
have similar desaturation slopes. The identification of these
consecutive desaturation events having similar desaturation
slopes which have values consistent with physiologic apnea
provides additional evidence supporting these events as
secondary to cyclic obstructive sleep apnea.

[0062] Furthermore, the preceding desaturation event can
effect the shape and the slope of the desaturation event
which immediately follows. That is, preceding desaturation
event may accelerate the initial portion of the slope of the
following desaturation. Although other factors may contrib-
ute to the development of this increase in desaturation slope,
the primary factor appears to be the depletion of body
oxygen stores where insufficient time has developed for
repletion for tissue and venous oxygen stores. In other
words, during rapidly cycling apneic events, recovery time
may be inadequate to replete all body oxygen stores. How-
ever, the pulse oximeter is measuring arteria oxygen satu-
ration. Therefore, after repletion of oxygen stores within the
lung, arterial oxygen saturation rapidly rises before venous
oxygen stores have been repleted. If an apneic event recurs
before the restoration of venous oxygen stores, this apneic
event will be superimposed upon substantially depleted total
body oxygen stores despite the fact that pulse oximetry may
demonstrate normal arterial oxygen saturation. Since at this
time apnea is occurring in the presence of markedly depleted
body oxygen stores (i.e. a much lower mixed venous oxygen
saturation), the initial portion of the slope of the declining
arterial oxygen saturation may be substantially greater than
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the slope of the decline of oxygen saturation which occurred
during the preceding desaturation event. This phenomenon
would not be expected to occur in association with artifact
and would only be expected to occur in the presence of
rapidly cycling changes in body tissue oxygen stores. Con-
secutive closely spaced desaturation events, therefore, inter-
act so that the first desaturation event can affect the wave-
form of the second desaturation event provided the interval
between the two events is short enough and the level of
desaturation occurring in the first event is substantial enough
to result in a sizable depletion of total body oxygen stores.

[0063] The greatest portion of oxygen storage is within the
venous compartment. At any given time, therefore, the
amount of global oxygen stored is, in large part, a function
of the extent of excess of oxygen delivered to the tissues
which is stored within the venous pool. In the absence of
arterial hypoxemia or profoundly compromised cardiovas-
cular function, oxygen delivery substantially exceeds oxy-
gen demand; resulting in considerable oxygen stores within
the mixed venous pool. The amount of oxygen stored within
the mixed venous pool can, therefore, be seen as a dynami-
cally-stored, hidden buffer which mitigates the decline in
saturation attendant any change in alveolar ventilation.
Although patients with profoundly decreased mixed venous
oxygen saturations would be expected to have a more rapid
and greater fall in arterial oxygen saturation for any given
level of change in alveolar ventilation, this still falls within
a definable range.

[0064] During very rapidly cycling apneas (i.e. apneas
occurring within less than 10-20 seconds of each other),
body oxygen stores can be seen therefore as a moving wave
through consecutive body compartments wherein the first
wave affects the configuration of the second wave. The
identification of this effect should be virtually diagnostic of
rapidly cycling sleep apnea and this phenomenon can be
exploited to assist in the specific diagnosis of sleep apnea
utilizing the recording of nocturnal oximetry alone.

[0065] Desaturation slope acceleration may occur when
cyclic apneic events occur within less than 10 seconds of
each other and when the depth of arterial saturation associ-
ated with the first cyclic event is greater than 15%. The
inter-desaturation event intervals can be defined specifically
as that point wherein the first desaturation event recovers
substantially to baseline to the point in time when the second
desaturation event begins to decline from the baseline.

[0066] Itcan be seen, therefore, that a declining waveform
of arterial oxygen desaturation in severe sleep apnea can be
expected to have two major physiologically-derived com-
ponents: 1) the slope of the initial declining limb which is
primarily a function of the level of mixed venous oxygen
saturation at the onset of apnea and the amount of exchange-
able oxygen in the lung remaining after the onset of apnea.
2) the second component or terminal limb is primarily a
function of global oxygen consumption relative to body
oxygen stores. (The terminal limb may not be present if
apnea is brief.) The slope of the initial and terminal limb are
generally similar in patients with normal mixed venous
oxygen saturations. However, in patients with significantly
low mixed venous oxygen saturation, the initial limb may
have a much greater slope than the terminal limb, producing
an angled appearance suggesting antecedent depletion of
mixed venous oxygen stores.
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[0067] The magnitude of the oxygen deficit which is
derived from the preceding apneic event less the intervening
excess oxygen uptake which attenuates this deficit between
the apneas defines the magnitude of the slope acceleration of
the initial limb of the after-following desaturation event.
Therefore, an interval of oxygen deficit is present following
a sustained apnea but it is hidden since arterial oxygen
saturation is normal.

[0068] FIG. 3 illustrates a desaturation event and many of
the parameters as discussed supra which define the event.
The parameters shown include:

[0069] A Sy, Fall in saturation (in % sat.)
[0070] A Sy Rise in saturation (in % sat.)

[0071] A Ty Duration of the fall in Saturation/desatu-
ration (in seconds)

[0072] A T Duration of the rise in saturation/resatu-
ration (in seconds)

[0073] Mp=AS/A Ty=Mean Slope of Desaturation
[0074] Mgx=A Sy/A Tgx=Mean Slope of Resaturation.
[0075] We also define the following terms:

[0076] AI The apnea interval—(the actual time
wherein the patient experiences cessation of airflow
which precipitates oxygen desaturation.)

[0077] OAI The occult apnea interval—(the interval
wherein apnea has occurred; however, arterial oxy-
gen stores are maintained by a shift of oxygen stores
form the lung and venous compartment into the
arterial compartment hiding the fall in body oxygen
stores with respect to the oximetry measurement.)

[0078] OODI The occult oxygen deficit interval—
(the interval immediately following return of oxygen
saturation to near baseline after a desaturation event
and wherein mixed venous oxygen desaturation per-
sists. If a second apnea occurs within this interval,
the slope of desaturation may be increased).

[0079] Using these parameters and realizations discussed
supra, the inventor of the present invention made a system
and technique which automatically analyzed the waveform
pattern of continuous nocturnal oximetry, to specifically
identify the presence or absence of moderate to severe
obstructive sleep apnea-induced arterial oxygen desatura-
tion. Such a system and technique makes it possible to
diagnose moderate to severe obstructive sleep apnea with
confidence with a single channel recording of nocturnal
oximetry alone avoiding the need for complex and expen-
sive polysomnography in the diagnosis of this disorder. The
system and technique includes a mechanism to achieve the
measurement of a compendium of parameters which are
repetitively measured and analyzed, each improving the
specificity of the diagnosis.

[0080] A summary of one such technique is as follows:

[0081] 1. Dispose a microprocessor in connection
with the oximeter with a probe and printer for
recording the oxygen saturation of hemoglobin as a
function of time.

[0082] 2. Attach the oximeter probe to a patient.
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[0083] 3. Define a measurement interval.

[0084] 4. Define the mean maximum baseline range
of oxygen saturation of hemoglobin over the mea-
surement interval.

[0085] 5. Define a desaturation event as at a specific
uninterrupted decrement in saturation below the
defined baseline range of oxygen saturation.

[0086] 6. Measure the duration of the uninterrupted
decline in saturation of each desaturation event.

[0087] 7. Calculate the descending slope of each
desaturation event.

[0088] 8. Define a resaturation event as an uninter-
rupted rise in saturation which terminates the declin-
ing slope of the desaturation event.

[0089] 9. Calculate the ascending slope of each
resaturation event.

[0090] 10. Define a phasic desaturation event as all
coupled desaturation and resaturation events wherein
the sum of the duration of the desaturation event and
the resaturation event is less than a specified value
and wherein the descending slope falls within a finite
range.

[0091] 11. Calculate the descending to ascending
saturation slope ratio of each phasic desaturation
event.

[0092] 12. Define the number of probable apneic
events within the measurement interval by compar-
ing said calculated slope with a value of slope which
is determined in advance to be indicative of sleep
apnea, using any of the above techniques.

[0093] 13. Identify each probable apneic event with
an identity marker, or alternatively mark each event
by its descending slope or by the slope ratio.

[0094] 14. Treat the sleep apnea, either automatically,
or manually, based on a diagnosis.

[0095] 15.Repeat steps 1-14 to confirm the diagnosis
and efficacy of treatment.

[0096] The above system represents the general concepts
of one embodiment of the present invention. Other com-
parisons which incorporate the desaturation slope and the
resaturation slope are also included within this teaching.

[0097] For example FIG. 5 shows how a comparison can
use the calculation of the area above each desaturation event
compared to area above each coupled resaturation event.
With this system, an x-axis is projected from a point of
initial desaturation. A second y-axis is projected upward
from the initial point of rise of saturation which signifies the
onset of a resaturation event. The areas above the sloping
lines, defined as D and R in the above figure, are then
compared in a similar manner to that described in the
previous embodiment.

[0098] In addition, the specificity and sensitivity of oxim-
etry with respect to the diagnosis of sleep apnea is greatly
enhanced by another embodiment of the invention which
includes all of the multiple slope comparisons as described
above. In such a system, in combinations the desaturation
slope is compared to a desaturation slope which is consistent
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with a diagnosis of sleep apnea; second, the resaturation
slope is compared with resaturation slopes known to be
consistent with sleep apnea; third, desaturation slopes are
compared with coupled resaturation slopes to define a slope
index which is known to be consistent with sleep apnea;
fourth, desaturation slopes and resaturation slopes are com-
pared with other such slopes within the same record to
identify slope similarity of the desaturation slopes and slope
similarity of the resaturation slopes, respectively; further-
more, the similarity of the desaturation-resaturation slope
index of the identified events can be compared; furthermore,
as previously discussed; consecutive slopes can be com-
pared in relationship to the interval between desaturation
events to determine whether a preceding desaturation event
affects the slope of a closely after following desaturation
event, and; finally, the mean of all desaturation slopes can be
compared to the mean of all resaturation slopes to define an
aggregate index.

[0099] In another embodiment, the present invention iden-
tifies a phasic desaturation event to trigger storage or col-
lection of at least one additional parameter of the patient.
These additional parameters can be, for example, a record-
ing of sound or video. When the microprocessor identifies
specific coupled desaturation-resaturation parameters which
are physiologically consistent with sleep apnea, the micro-
processor initiates the storage of selected data collected by
at least one additional sensor.

[0100] Sound has been shown to be an important indicator
of airway obstruction, however, many patients spend the
majority of their night without major obstructive apneas.
Therefore, if the entire night of sound were recorded, it
would include a large amount of unnecessary sound record-
ing, for only a small amount of useful data surrounding
obstructive apneas. In the preferred embodiment shown in
FIG. 1, the additional sensor includes a microphone 30
which can be integral with or carried by the probe 13 of the
pulse oximeter 12 or which can be positioned in other
regions near the patient during sleep. With this preferred
embodiment, the microphone 30 is connected to an audio
processor 32 of any known type, such as a Sound Blast-
er(TM) 16-bit processor. The sound is recorded digitally as
a function of time. Alternately, the sound may be Fast
Fourier transformed (“FFT”), and the transform information
may be stored. Alternatively, other means of sound or other
recording can be utilized.

[0101] Preferably, the sound is continuously recorded
throughout the night and the most recent recording always
maintained in short-term memory. If, after a finite period of
time (for example, 4 minutes), no coupled desaturation-
resaturation event occurs which is specific for sleep apnea,
the oldest part of the recorded sound will be erased or
otherwise not marked for retrieval. If, however, a coupled
desaturation-resaturation event occurs which is consistent
with sleep apnea, the identification of this event will trigger
the marking and storage of the collected sound data during
an interval preceding, during, and immediately after the
event.

[0102] In the preferred embodiment, the total sound inter-
val retained for each desaturation event includes the interval
of the coupled desaturation-resaturation event, as well as one
minute preceding and one minute following each such event;
although this recording time can be further reduced for
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greater efficiency of memory utilization. In this way, the
entire night will be monitored by oxygen saturation while
sound is stored, but the information can be rejected to save
memory unless a sleep apnea event is identified by pulse
oximetry. If a sleep apnea event is identified, this will trigger
the long-term storage of sound information surrounding that
event. In this way, the efficiency sampling of sound that can
be greatly enhanced since only small portions of sound need
be collected in relationship to each apnea event.

[0103] Continuous recording of oxygen saturation and
sound when indicated as a function of time can be digitally
stored on any commercially availible removable computer
memory media, for example, a high-capacity floppy disc, or
a removable Bernoulli disc, and then transported to a second
microprocessor for evaluation by the physician and for
printing. The entire record can be printed with a continuous
graphical representation of oxygen saturation as a function
of time. The sound can be graphically represented as a
function of time by (for example, showing the volume as the
width of the line and the frequency as its position along the
y-axis). As discussed previously, such graphical representa-
tion of oxygen saturation can include specific markers
indicating coupled desaturation and resaturation events
which are physiologically consistent with sleep apnea.

[0104] Preferably, staccato or interrupted low frequency
sounds may also be graphically represented preceding an
oxygen desaturation event. Subsequently, variable high fre-
quency sounds of low volume may be identified immedi-
ately preceding the recovery of oxygen saturation, indicating
the presence of post-apnea hyperventilation. The physician
can easily, therefore, determine whether these oxygen
desaturation events are due to obstructive sleep apnea by
identifying the sound parameters with which these coupled
desaturation-resaturation events are temporally associated.
Of course, all coupled desatruation events might not neces-
sarily be associated with a typical sound pattern. However,
throughout the night recording, patients with obstructive
sleep apnea would be expected to have typical snoring
sounds; whereas, patients with central sleep apnea from a
periodic breathing or alterations in ventilation-perfusion
mismatch would not be expected to demonstrate such sound
parameters in relationship to such coupled desaturation-
resaturation events.

[0105] The system is further advantageous in that it allows
the physician to efficiently focus on portions of the night
which are of the greatest interest. For example, the physician
can specify a desaturation event identified by the micropro-
cessor as an apnea, then either look graphically at the sound
surrounding that event or, alternatively, listen to digitally-
recorded sound which surrounds a specific desaturation-
resaturation event. It should also be clear that a video
recorder could be activated in a similar manner, along with
a sound recorder, to obtain critical bytes of a night’s sleep
for efficient evaluation. In this way, the diagnosis of airway
obstruction can be confirmed, along with the diagnosis of
sleep apnea, by utilizing a greatly simplified and less expen-
sive system than conventional home polysomnography.

[0106] Tt is clear that, because of overlap with other
disorders, the diagnosis of mild sleep apnea cannot be
achieved by identifying a single coupled desaturation-re-
saturation event even when the event and all the associated
slopes are physiologically consistent with sleep apnea. For
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this reason, the identification of a desaturation slope and a
resaturation slope and a comparison of these slopes, even
wherein all meet the criteria for sleep apnea, can only be said
to identify an event that is physiologically consistent with
apnea from the perspective of oxygen desaturation and
resaturation waveform. It is the comparison of multiple
desaturation events which is specific for sleep apnea as in the
present invention.

[0107] Although, as per the previous embodiment, the
analysis of slope parameters when multiple events are
identified and counted is specific with respect to moderate to
severe apnea, it is critical to achieve specificity for the large
patient population that has only mild sleep apnea. Unfortu-
nately, many disorders can produce oximetry waveform
deflections which are repetitive and/or cyclical and of
equivalent magnitude to those of mild sleep apnea.

[0108] Enhanced sensitivity must be achieved for patents
with mild oximetry deflections due to sleep apnea. In
addition to providing enhanced sensitivity it is important for
a system to make a rapid diagnosis of the presence of instant
sleep apnea for CPAP titration. The microprocessor must
make a definitive and reliable assessment of the presence or
absence of sleep apnea within a short interval to allow a
higher number of upward CPAP titrations throughout the
night to assure that the minimum opening therapeutic pres-
sure has been identified as will be discussed.

[0109] One preferred embodiment utilizes the continuous
calculation and comparison of saturation slopes to identify
sleep apnea to thereby enhance sensitivity for mild apnea
and achieve rapid diagnosis of instant sleep apnea. In this
embodiment, as is conventional, oxygen saturation is mea-
sured as a function of time and each saturation data point is
stored as a function of the sampling frequency. The present
invention then utilizes each new data point with a preset
number of preceding data points (for example, four data
points wherein the sampling frequency is 20/min to derive a
continuous instantaneous slope. The instantaneous slope is
recorded as a function of time and can be plotted with
saturation as a function of time on the same graph. In this
preferred embodiment, the instantaneous slope is calculated
as the slope of the line of best fit (as by conventional
formulas) drawn through the specified number of saturation
points, such as 3-5 data points. As each data point is added,
the new slope is recorded as a function of this new data point
with the first data point of the group deleted. This derives a
continuous moving waveform of the calculated slope of
oxygen saturation/second, which is shown graphically in
FIG. 6. In the preferred embodiment, multiple consecutive
slopes in the same direction are considered aggregate slopes
and are averaged to produce a mean negative or positive
aggregate slope. The continuous calculation and analysis of
this slope waveform provides an enhanced specificity in the
diagnosis of sleep apnea with minimal compromise in
sensitivity since it is not dependent on a specific threshold
deflection for the identification of apnea.

[0110] Since sampling frequency will determine the con-
figuration of any oximetry waveform. The greater the sam-
pling frequency, the more reliable will be the slopes in the
presence of very mild sleep apnea. For mild sleep apnea, a
sample recording interval of 3 seconds (wherein the lowest
recorded saturation with this interval is recorded) is
adequate, although a continuous sampling for each pulse is
optimal for this diagnostic system.
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[0111] In sleep apnea, oxygen desaturations generally
occur within clusters. For the purpose of the present inven-
tion, a cluster is said to be present when at least three
consecutive negative slopes interrupted by positive slopes
have occurred wherein the intervening interval between each
consecutive negative slope is less than two minutes. The
present inventor has discovered that the presence of a cluster
of at least three negative slopes meeting these criteria and
wherein the consecutive negative slopes are similar (for
example, falling within a range of the initial slope +60%)
and wherein the negative-positive slope ratios are within
3.5-10.5 is clearly diagnostic of a sleep apnea cluster and can
be said to comprise a sleep apnea slope cluster complex,
referred to hereinafter as a “slope cluster complex.” Such a
slope cluster complex 50 is graphically shown in FIG. 6.

[0112] 1In the presently preferred embodiment, the identi-
fication of slope cluster complexes is used to facilitate CPAP
titration. With this system, the microprocessor can initiate
nasal positive pressure at, for example, a pressure of 4 cm of
H,O upon identification of a slope complex. As is known in
the art, this pressure can be incremented from an initial O
pressure up to 4 cm of H,O pressure over a period of two to
five minutes or longer to minimize the potential for arousal
with initiation of therapy. Throughout this time, the pulse
oximetry waveform is monitored for any evidence of further
slope cluster complexes. If an additional slope cluster com-
plex occurs after the CPAP has reached 4 cm of pressure, the
microprocessor again increases the CPAP level by an addi-
tional 1 em during the final negative slope of this new
complex. If an additional after-following slope cluster com-
plex again occurs the microprocessor again increments, the
nasal CPAP pressure by an additional 1 cm during the final
negative slope of this complex. The microprocessor will
continue to monitor for further complexes and similarly,
increment the nasal CPAP by 1 cm upon each recurrence up
to a present pressure limit of, for example, 15 cm. When no
further such complexes occur subsequent to an increment in
CPAP, this level is maintained for a sustained period, which
should preferably be equal to or exceed 15 minutes. If any
further slope cluster complexes occur within this interval,
the microprocessor will increment CPAP by 1 cm of H,O
pressure and this pressure will be maintained until no further
complexes are identified for 15 minutes. Once the baseline
oxygen saturation has been without further slope cluster
complexes for 15 minutes, the CPAP is eliminated by the
microprocessor. This can occur slowly over a period of, for
example 2 minutes, to minimize the potential for arousal to
be induced by sudden reduction of nasal CPAP. The patient
is then monitored again for evidence of recurrent slope
cluster complexes, as previously described. If a slope cluster
complex is again identified, the CPAP is incremented in a
similar fashion to that previously described; however, to
allow more rapid titration, the starting level of CPAP is set
at a minimum of 2 cm H,O below the final therapeutic level,
which level was achieved during the preceding titration. For
example, if the preceding titration achieved a therapeutic
CPAP of 10, the starting titration level for the titration would
not be less than 8. (However, the CPAP unit can be ramped
slowly up to 8 over a period of 30 seconds, rather than
suddenly initiating this pressure.) Again, incremental CPAP
titration is utilized for each consecutive slope cluster com-
plex, as for the initial titration, until no further slope cluster
complexes occur for the specified time interval of 15 min-
utes. After the interval of 15 minutes without a slope cluster
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complex has concluded, the CPAP will again be withdrawn,
as previously described. The patient will be monitored and,
if another slope cluster complex occurs, a new titration will
be initiated. In this way, as many as 12 or more separate
complete CPAP titrations can occur throughout the night.
Actually, however, less CPAP titrations generally will occur
in a majority of patients since often there are no more than
4-5 separate clusters of desaturation events in any single
night. To increase the number of titrations, CPAP may be
withdrawn after a shorter specified interval of absent slope
cluster complexes, such as five minutes or upward titration
may be more rapid, for example with each consecutive
negative slope within a slope cluster complex after an initial
3 negative slopes have occurred. In this way, three or four
CPARP titrations may occur within a single 30 minute desatu-
ration cluster.

[0113] The comparison of consecutive slopes within a
cluster allows increased specificity with less loss of sensi-
tivity by accepting the diagnosis of sleep apnea without
requiring a specific magnitude of desaturation from the
baseline. This is particularly true when the slope cluster
complexes are obliterated by initiation or incrementation of
the CPAP levels. There is, of course, a time delay between
the development of apnea and the onset of oxygen desatu-
ration identified by the pulse oximeter. Due to this delay, it
is not generally possible to arrest a specific negative slope by
the initiation or upward titration of nasal CPAP during said
negative slope unless the initiation occurs within a very
short interval after the negative slope has started. Even when
initiated early, substantial desaturation will continue, even if
complete elimination of the obstruction immediately occurs
upon initiation. The initiation of nasal CPAP during a slope
cluster complex, therefore, may effectively treat and prevent
the next negative slope, but unless the slope is quite pro-
longed the initiation or upward titration of CPAP may not
interrupt the negative slope which is already in progress
since, indeed, the physiological mechanisms causing the
negative slope may have already have been completed.
Aanticipating this delay (which may be 20 seconds or more)
the CPAP can be initiated or titrated upward immediately
upon identification of the third negative slope or at the end
of the second negative slope. Arrest of the third negative
slope after (he expected delay can provide diagnostic value.

[0114] The purpose of this repetitive cyclic titration is to
identify a breakpoint range of CPAP which provides
adequate pressure to break a cycle of desaturations by
preventing further apnea episodes. The effect is diagnostic
and further identifies the level of CPAP required for long-
term therapy. The presence of even very small desaturations,
which occur with slope cluster complexes and which are
consistently eliminated by a finite range of nasal CPAP
pressures, is clearly diagnostic of sleep apnea and specifies
the level of CPAP that is required for effective therapy. The
recording of continuous CPAP pressure (as is known in the
art), may be simultancously performed and, the recurrent
titration of the breakpoint can be identified by plotting the
slope waveform simultaneously with CPAP to verify that
actual breakpoints are occurring as a function of CPAP
titration, rather than by chance. It is clear that with any
single episode of titration, spontaneous cessation of sleep
apnea cycles may occur at any time during the titration,
providing an initial “breakpoint” which may actually not be
truly a function of adequate therapy. However, the consistent
identification of a single breakpoint range (for example,
8-10 cm) at which point, for example, four separate slope
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cluster complexes were terminated and wherein no further
slope cluster complexes occurred when this level was main-
tained would clearly identify adequate therapy and would
identify the lowest adequate therapeutic pressure.

[0115] Ideally, the entire titration process occurs over two
nights. The initial titration process involves recurrent initia-
tion and withdrawal of nasal CPAP, as previously described,
over cycles of 15-30 minutes throughout the night. The
microprocessor identifies the breakpoint pressure which is
adequate to break all slope cluster complexes throughout the
entire night’s study. This pressure level is designated “the
therapeutic breakpoint CPAP” level and is recorded and
stored for the second night’s study without requiring a
second home visit or modem control for adjustment of the
CPAP. Upon initiation of the second night’s study the
microprocessor automatically ramps the CPAP unit up to the
therapeutic breakpoint CPAP value over a specified interval
of, for example 5-30 minutes. The patient is then maintained
on this pressure level throughout the night to assure the
pressure is adequate.

[0116] Importantly, for the sleep apnea diagnostic system
to be utilized in clinical medicine, a hard copy must be
produced so that the physician can overread the interpreta-
tion of the computer because many cardiac and pulmonary
disorders, as well as artifact, can produce deflections with
similar magnitude and configuration with that of mild sleep
apnea. It is well known that differentiation of mild sleep
apnea by visualizing the patterns of conventional oximetry
waveform plots of oxygen saturation versus time is non-
specific. The present invention describes a system which
derives and analyzes continuously the multiple slope pat-
terns to make a definitive diagnosis of sleep apnea quickly,
however, for this to be accepted by the medical community,
the physician must have a new way to interpret the oximetry
tracing waveform and thereby overread the interpretation of
the computer. The present inventor has discovered that the
slope cluster complexes are easily visualized even in the
presence of only mild apnea by graphically representing the
continuous, instantaneous slope of oxygen saturation [as A
Saturation (%)/A Time (seconds)] as a function of time,
where slope is placed on the y-axis and time is placed on the
x-axis. Utilizing this representation, the effect of the limited
magnitude of the deflection is greatly minimized, and the
effect of the particular slope characteristics are maximized
graphically and visually. The effect of visually and graphi-
cally representing continuous slope as a function of time is
shown in FIG. 6. This graphical representation allows the
physician to overread the interpretation of the computer by
identifying visually the presence of slope cluster complexes.
As noted, this graph demonstrates the slope of the oxygen
saturation as a function of time where:

slope=change in saturation AS (%)/AT (seconds), and
where time is in minutes.

[0117] The y-axis includes marked regions which identify
slopes that are physiologically consistent with sleep apnea.
For example, with respect to negative slopes, the physiologi-
cally consistent region is marked as —0.3 to —1.1 and with
respect to positive slopes, the physiologically consistent
region is marked as 2.5 to 8.3. As oxygen saturation data
points are measured and stored, continuous slope calcula-
tions are made. Alternatively, consecutive negative or posi-
tive slopes may be defined as a single aggregate positive or
negative slope and may be average for the purposes of
graphical representation and interpretation.
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[0118] The previously-described apparatus is both a diag-
nostic tool for sleep apnea and a fixed therapeutic pressure
identifier. Specifically, it identifies the minimum fixed thera-
peutic pressure than can reliably prevent substantially all
future apnea episodes in a given patient. This pressure is
printed and identified as the minimum therapeutic break
pressure or optimal nasal CPAP pressure. In the preferred
embodiment, the microprocessor may set the nasal CPAP
pressure on the nasal CPAP unit for long term therapy so that
this pressure is subsequently maintained for this patient
without further adjustment by patient, physician, or home
health personnel. This therapeutic pressure which had been
previously identified is, therefore, fixed and will be utilized,
for example over the next 6-12 months, until a repeat study
is performed at this pressure to confirm that further apneas
have not redeveloped or that a lower pressure might be
therapeutic (such as after loss).

[0119] While this language herein refers to oxygen satu-
ration, it should be understood that gas exchange parameters
could be determined in ways other than those specifically
disclosed herein, but are included within the scope of this
teaching. For example, sequential and cyclic time-dependent
storage of carbon dioxide in body compartments during
sleep apnea can be similarly used to diagnose sleep apnea
using, for example, the comparison of consecutive slopes of
maximum exhaled pCO,. Also, inspiration-triggered vari-
able pressures, such as BIPAP, may also be titrated in a
similar manner to that described herein for CPAP.

[0120] As previously described, obstructive sleep apnea
produces a unique pattern of oscillation of oxygen saturation
which generally occurs within clusters. The physiology of
factors inducing upper airway instability is pivotal toward
the derivation of the clusters which are identified on the
timed oxygen saturation wave form. Since sleep apnea itself
can be considered a normal event, it is less important to
identify the presence of an episode of sleep apnea than to
identify the of presence of upper airway instability. In the
presence of upper airway instability clusters of coupled
desaturation-resaturation events will occur. The presence of
such clusters meeting specific criteria is more than diagnos-
tic of sleep apnea. It is diagnostic of a severity of upper
airway instability sufficient to produce an oscillatory aber-
ration in the normally homeostatic and stable interaction
between respiratory drive, upper airway tone, the arterial
oxygen saturation.
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[0121] Oscillatory Respiratory Drive During Sleep in the
Presence of Normal Upper Airway Stability:

[0122] Decreased Drive - Hypoventilation - Increased
Drive - Hyperventilation - Minimal Decreased Drive -
Minimal Hypoventilation - Minimal Increased Drive - Nor-
mal wventilation reestablished - (Drive Oscillation Extin-
guished)

[0123] Oscillatory Respiratory Drive during sleep in the
presence of superimposed upper airway instability (Note:
Airway closure (Apnea) produces a block between a pro-
gressive increase in respiratory drive and its normal effect to
increase arterial oxygenation. From the perspective of res-
piratory drive oscillation during sleep, each apnea functions
like a potential energy store which is precipitously released
upon the termination of the apnea. The stored energy for
increased drive is a direct function of the magnitude of
oxygen desaturated hemoglobin. When this energy is pre-
cipitously released, it function as a sudden new force
impacting the oscillating system thereby preventing extin-
guishment. This repetitive force loading thereby induces
pronounced and sustained oscillations which are manifested
by the oximetry wave form as a cluster of coupled desatu-
ration-resaturation events. For this reason a sustained clus-
ter, (wherein the precipitous release in transmission of
heightened respiratory drive is manifested by a rapid
increased in oxygen saturation after each fall) is diagnostic
of sleep apnea and more important diagnostic of upper
airway instability during sleep (i.e. obstructive sleep apnea).

Oscillation Overshoot Mechanism of a Sustained Cluster

decreased drive - hypoventilation - upper airway collapse -

APNEA - evolving increased drive - airway opening - precipitous ——s
hyperventilation - (Overshoot) - decreased drive - hypoventilation

- upper airway collapse - APNEA - evolving increased drive -

Airway opening - precipitous hyperventilation - (Overshoot)

Drive Oscillation
Perpetuated

[0124] Therefore, in the presence of sufficient upper air-
way instability, from the perspective of gas exchange, and in
particular as measured by the arterial pulse oximeter, the
oscillatory sequence is substantially always a cluster:

Oxygen Saturation/Time waveform
Characteristic Cluster in the Presence Of a Moderately Unstable Upper Airway

APNEA —» hypervent —s hypovent —» APNEA —= hypervent — hypovent —» APNEA.

Spo2 100%

Spo2 70%

Increased instability

Increased instability
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[0125] of coupled desaturation-resaturation events. For
this reason a sustained cluster, (wherein the precipitous
release in transmission of heightened respiratory drive is
manifested by a rapid increased in oxygen saturation after
each fall) is diagnostic of sleep apnea and more important
diagnostic of upper airway instability during sleep (i.c.
obstructive sleep apnea).
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a highly unstable upper airway, the oximetry wave form will
appear as if a oxygen flow switch was turned off for a
specific time interval to a system having a relatively finite
oxygen runoff and then turned back on precipitously releas-
ing a high rate of flow rate of oxygen back into the system
only to again be promptly turned off again. Although the
nadir of this wave form may appear similar to that associated

decreased drive-hyperventilation-upper airway collapse-APNEA-evolving increased drive-airway opening-

preciptious hyperventilation- (Overshoot)-decreased drive-hypoventilation-upper airway collapse-APNEA-

e Drive Oscillation Perpetuated

evolving increased drive-Airway opening-preciptious hyperventilation-(Overshoot)

[0126] Therefore, in the presence of sufficient upper air-
way instability, from the perspective of gas exchange, and in
particular as measured by the arterial pulse oximeter, the
oscillatory sequence is substantially always a cluster:

Oxygen Saturation/Time waveform

with a less unstable upper airway, the inter-event peaks often
present a sharper angle reflecting the substantially absolute
“on or off” mechanism of gas flow to the patient especially
if each arousal is brief.

Characteristic Cluster in the Presence Of a Moderately Unstable Upper Airway

APNEA — hypervent —= hypovent ——=» APNEA —= hypervent —= hypovent —= APNEA.

Spo2 100%

Increased instability

Spo2 70%

[0127] The above system may be modified in the presence
of very severe upper airway instability. In this condition
hypoventilation may not be a necessary antecedent to apnea
and indeed upper airway patency may become completely
arousal dependent in certain sleep stages (e.g. during REM)
or with a particular body or head position. In this highly
unstable system the oscillatory frequency is a function of the
arousal threshold (which determines the length of the apnea)
and the duration of each arousal (which determines the time
interval between recovery and the next desaturation). These
are variable as a function, for example of sleep stage, and the
magnitude of sleep deprivation. For this reason, in the
presence of a potentially highly unstable airway the intrac-
luster desaturation/resaturation frequency may be variable.
Since, in the absence of arousal, the highly unstable airway
will promptly occlude, rather than being driven by more
complex oscillation of respiratory drive as defined above,
such a highly unstable system is defined by a more simple
on and off alternation of airway patency (as a function of the
presence or absence of the arousal state). In the presence of

Increased instability

Oxygen Saturation/Time waveform
Characteristic Cluster in the Presence Of a Highly Unstable Upper Airway

Simple "on-off" cycles in the presence of a highly unstable airway
("Arousal Dependent Upper Airway Patency"). The presence or absence
of this condition may vary during the night-as when tone is eliminated
during REM sleep.

Sleep — Arousal —» Sleep —— Arousal —= Sleep —

100% SpO2

80% SpO2

Time ————

[0128] Since the variations in arterial oxygenation which
comprise a cluster are derived from an oscillating respiratory
drive system, within each cluster, the desaturation/resatura-
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tion events occur at relatively regular intervals as a function
of the temporal relationship between overshoot ventilation,
hypoventilation, and upper airway collapse or as a function
of the existence of a threshold range of oxygen desaturation
which will “turn on” arousal. Within a cluster, each desatu-
ration/resaturation event has a similar shape. In some cases,
the desaturation/resaturation events within a given cluster
start out with fairly small desaturation magnitude (change
from baseline), increase in absolute magnitude and then
decrease in magnitude before end of the cluster. In other
words, the magnitude of the desaturation/resaturation events
waxes and wanes once during a cluster. The clusters, them-
selves, typically do not occur at regular intervals and the
clusters also do not have the same time length. The signal
interval between clusters generally has no particular inter-
esting characteristics and might be thought of as being a
signal with some noise and/or artifact. Patients who do not
have OSA, on the other hand, may have desaturation/
resaturation events but they do not have the same periodicity
that is apparent with OSA patients and these desaturation/
resaturation events often do not have any particular charac-
teristic shape.

[0129] There are several methods for transforming a time
domain signal, i.e. a signal which varies in amplitude as a
function of time, into the frequency domain to determine its
frequency content. Fast Fourier transform (FFT) analysis, a
well-understood and well-utilized analysis tool, is one such
method. Many efficient hardware and software algorithms
have been developed and implemented which can perform
FFT analysis on a time-domain signal segment. An FET
algorithm approximates a time domain signal segment with
a series of sinusoidal functions. Each function in the series
has a certain amplitude, frequency and phase. If these
functions are summed in the series point-for-point over time,
the resultant time-varying signal will resemble the original
time domain signal segment analyzed. The more sinusoidal
functions used to approximate the signal, the better the
resemblance. The time domain signal is represented in the
frequency domain by plotting the amplitude versus fre-
quency of the sinusoids in the series. This gives a visual-
ization of the frequency content or frequency spectrum of
the original signal. It allows for visually identifying the
dominant frequencies that make up the original time domain
signal. Another common visualization of the original time-
domain signal segment is the power spectrum which is
constructed by plotting the square of the amplitudes of the
sinusoids resulting from FFT analysis versus the frequency
of the sinusoids in the series.

[0130] Frequency domain analysis of the SpO, signal, as
performed with an FFT algorithm, reveals several qualita-
tive and quantitative characteristics which provide a unique
signature for OSA. In the frequency domain, signals
recorded from OSA patients will have at least one and
possibly two specific dominant (high amplitude) frequency
intervals in the frequency spectrum, depending on the par-
ticular characteristics of the signal and time length of the
signal segment analyzed. The primary frequency interval
will result from the individual desaturation/resaturation
events. This interval will have a fairly sharp peak because
the events are somewhat sinusoidal in shape and are fairly
equally spaced in time. Only a few frequency components
will be needed to reconstruct this part of the signal. The
frequency of the peak power (FP) will range between
approximately 0.01 Hz to 0.08 Hz. The second dominant
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frequency interval will result from the fact that the desatu-
ration/resaturation events often occur in clusters. If the
signal segment being analyzed includes several clusters, the
result will reveal a second dominant frequency interval
which will correspond to the periodicity of the clusters in
time. It has been shown that the desaturation and resatura-
tion slopes along with the time between desaturation/resatu-
ration events, in the time domain, fall within a narrow range
for OSA patients. Therefore, the inter-patient variability of
the first described dominant frequency will be relatively
small. It has been found that when definable clusters appear
in the SpO, signal of OSA patients, the clusters do not often
occur at regular intervals and are not of the same time length.
At times the entire nights tracing is comprised of a single
continues cluster. Therefore, the second described frequency
interval, if observed, will display a large inter-patient vari-
ability. Signal intervals between clusters will generally have
a flat spectrum because these signal intervals are composed
mainly of broad-banded noise and random artifact or defec-
tions derived from physiologic mechanism which are not
inherently oscillatory. The majority of SpO, signals from
patients who do not have OSA have no particular outstand-
ing features but appear rather as random noise, non periodic
deflections and/or artifact, the frequency spectrum of these
signals will generally be broadbanded, flat, and may lack
any dominant high-amplitude frequency intervals. There are
several quantitative parameters that can be extracted from
the power spectrum of the SpO, signal which provide a
signature for OSA. Of particular note is the ratio peak power
(PP)/bandwidth (BW). Peak power is defined, for a given
time-domain signal segment, as the highest power in the
power spectrum. The BW, of the same signal segment, is
defined as the difference between the highest frequency
below which resides a given percentage of the total power
minus the lowest frequency above which resides the same
percentage of total power. FIGS. 7-11 demonstrate the utility
of this parameter in identifying OSA. FIG. 1 shows a
segment of the time-domain SpO, signal recorded from a
patient with OSA and illustrates the characteristic repetitive
oxygen desaturation/resaturation events seen with this dis-
ease. FIG. 8 shows the power spectrum of this signal
segment, which resulted from FFT analysis following appro-
priate filtering and windowing. Because the time-domain
signal is somewhat sinusoidal in shape and periodic with
near constant period, the power spectrum shows a narrow
frequency interval around the PP which is located in the
spectrum at the frequency of the desaturation/resaturation
repetition rate. The narrow BW enhances the high PP to
yield a large PP/BW ratio value. In contrast, FIG. 9 shows
a time-domain signal segment from a OSA disease-free
patient. In this patient, the saturation tends to rise and fall
during the segment but show less periodicity and more
noise. The resulting power spectrum (FIG. 4) shows a
broadband signal with peaks that have much less power than
in FIG. 8. As a result, the PP/BW ratio is several orders of
magnitude smaller than in the OSA patient.

[0131] Another important frequency parameter which can
be used, in combination with other parameters, to identify
patients with OSA is the peak power frequency (FP), defined
as the frequency containing the peak power, PP. It has been
shown that the rate at which desaturation/resaturation events
occur falls within a specific range and is mostly independent
of a patient’s physiology and habitus. Therefore, the FP for
OSA patients fall within a definable range of frequencies.
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This range is approximately 0.01 Hz to 0.08 Hz. The value
of the PP/BW ratio and FP as diagnostic parameters for OSA
is illustrated in FIG. 11. The median (+25 percentile) of
PP/BW, in the range 0.01 Hz to 0.08 Hz, is plotted for both
disease-free and OSA patients. The PP/BW is significantly
greater for the OSA patients than for the disease-free
patients. This occurs because the PP is higher and the
associated BW is narrower for the OSA patients than for the
disease-free patients. FIG. 11a illustrates another use of the
PP/BW ratio for diagnosing. This data was generated in a
similar manner as in FIG. 11 except that the total of all
PP/BW values over the sleep session for each patient, rather
than the average, was used as the diagnostic parameter. All
other aspects of the analysis were the same as in FIG. 11.
This summation parameter represents the area under the
PP/BW vs time curve over the sleep session. As in FIG. 11,
the median (+25 percentile) of the PP/BW summation values
was plotted for both disease and OSA patients. The PP/BW
summation is significantly greater for the OSA patients than
for the disease-free patients. In this patient sample, the
PP/BW summation achieved an 89% sensitivity with an
82% specificity as a diagnostic parameter for OSA, when the
threshold for diagnosis was set at 175%%/Hz.

[0132] Since OSA patients often experience multiple clus-
ters of desaturation/resaturation events during a sleep ses-
sion, the PP and PP/BW during these clusters is virtually
always larger than during periods of normal, non-apneic
sleep. For this reason, a patient may be diagnosed as having
OSA if, for instance, either PP or PP/BW or both PP and
PP/BW exceed a specific threshold—for example,
PP>5%%/Hz and/or PP/BW>175%%/Hz—a specific num-
ber of times during a sleep session or for a specific cumu-
lative duration (e.g. 3 times or for a total cumulative duration
of 15 minutes. These thresholds would be exceeded during
a time interval when the patient is experiencing a cluster of
desaturation/resaturation events.

[0133] A block diagram for one presently preferred
embodiment for screening for patients with OSA utilizing a
frequency-domain algorithm to achieve a high sensitivity is
shown in FIG. 12. The consecutive epochs of the nocturnal
SpO, wave form are transformed into the frequency domain
via FFT analysis 1. The time-length of each epoch tp is
identical and in the range 5-10 min. The sampling frequency
fs of the wave form is >1 Hz. The power spectrum of each
resulting frequency spectrum is then evaluated by squaring
the amplitude of each component of each frequency spec-
trum 2. The peak power PP and peak power frequency FP,
in the frequency range 0.01-0.08 Hz, and the power spec-
trum bandwidth BW are then extracted from each power
spectrum 3. The peak power/bandwidth ratio PP/BW is then
evaluated for each power spectrum 4 and the median PP/BW
is calculated for the entire sleep session 5. This median
PP/BW is compared with the OSA threshold PP/BW 6 and
if it is greater than the threshold then probability that OSA
is present is considered very high 7 (positive screening test).
Otherwise, clinically significant OSA is virtually ruled out 8.

[0134] A block diagram for the presently preferred
embodiment for diagnosing patients with OSA is shown in
FIG. 13. This embodiment incorporates a combined time
and frequency-domain algorithm to achieve both high sen-
sitivity and specificity for clinically significant OSA. The
combined time-frequency algorithm has the advantage of
providing differentiation between other sleep disordered
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breathing disorders associated with enhanced respiratory
drive oscillations (e.g. Cheyne-Stokes Respiration) which
may exhibit frequency parameters which are similar to
obstructive sleep apnea and therefore less subject to differ-
entiation when a frequency algorithm is applied in isolation.
The nocturnal SpO, wave form is first searched to identify
all desaturation/resaturation events 1. A valid desaturation/
resaturation event is defined as consisting of a desaturation
Sd of >=2% (>=3% can be used also) from baseline with a
desaturation rate Md in the range 0.2-1.2 %ys. This is
followed by a resaturation back to baseline with a resatura-
tion rate Mr such that Md<=Mr. Because a desaturation/
resaturation event has a characteristic shape, a range of
spatial image templates can be constructed and cross-corre-
lated along the wave form in order to find actions of the
wave form which are highly correlated with the template
either to locate a desaturation/resaturation event or to iden-
tify the cluster pattern. All of the desaturation resaturation
events are then grouped into clusters 2. A cluster is defined
as a group of at least three coupled desaturation/resaturation
events where the time between each consecutive coupled
event is <30 s, the dominant event frequency falls in the
range 0.01-0.08 Hz, Md<Mr when Sd>=4%. Then, OSA is
diagnosed § if at least three clusters occurred during the
sleep session 3 or if at least one clustered had at least nine
coupled desaturation/resaturation events 4. Otherwise, clini-
cally significant OSA is virtually ruled out 6. In conjunction
with that previously discussed the present inventor has
discovered an apparatus and method of waveform analysis
for the diagnosis of sleep apnea which can be used to
evaluate a range of waveform including oximetry and
exhaled carbon dioxide. For reasons noted supra, with
respect to the diagnosis of sleep apnea, the oximetry wave-
form (with or without combination with digital sound) is
preferred. The presently preferred embodiment includes a
computer program for recognizing the basic cluster pattern
(which pattern has been previously described) through the
use of object designation to identify each component of the
pattern and then though pattern reconstruction within the
program. The present inventor has discovered that the iden-
tification of this pattern, even in isolation, wherein sequen-
tial oscillations are sufficiently perpetuated to produce rec-
ognizable clusters is indicative of significant sleep apnea
since the recognizable cluster is in fact a sentinel event
which indicates the presence of much more frequent, less
severe events which do not result in sufficient desaturation
for recognition. Specificity is derived by requiring a specific
pattern or sequence of events meeting predetermined criteria
or characteristics within this sentinel cluster, which pattern
or events are the product of a combination of ventilation
control instability and upper airway instability. Whereas,
sensitivity is derived by eliminating the requirements of a
certain number of events per hour such that the recognition
of a specific sentinel cluster pattern is sufficient to make the
diagnosis. One presently preferred method includes the
identification of a specific waveform objects and the com-
parison of the characteristics (for example the slope) of these
objects in a manner similar to that previously discussed. The
waveform is segmented into a specific sequential basic
object (the saturation Dipole) having the characteristics of
polarity, duration, and slope and from which all additional
objects are derived. The system includes a microprocessor
which divides the basic timed oxygen saturation waveform
into said slope defined dipoles and then further classifies
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sequential components of the waveform as slope and inter-
val derived basic objects for microprocessor analysis. The
microprocessor then performs an analysis of the objects to
further derive more complex objects of the oxygen satura-
tion wave form called bipolar oscillations and slope clusters
(which comprise multiple bipolar oscillations). These com-
plex objects are built by the microprocessor by first identi-
fying the basic object and then by adding each new sequen-
tial basic object to the preceding objects when said
identification indicates that an appropriate basic object has
occurred within an acceptable order and within an accept-
able time interval. The building of complex objects from the
repetitive derivation of basic objects along a timed wave-
form exploits the unique self perpetuating physiological
events which occur during obstructive sleep apnea and
which produces clustering of similar oxygen saturation
slopes and intervals within predictable intervals of each
other and in a predictable order sequence.

[0135] One embodiment of the system is configured and
operates as follows:

[0136] 1. A microprocessor based sleep apnea diag-
nostic system being constructed to:

[0137] 2. Measure oxygen saturation.

[0138] 3. Store oxygen saturation as a function of
time to derive a saturation to time waveform.

[0139] 4. Identification of two consecutive data
points along said waveform said data points com-
prising, for the purpose of microprocessor analysis,
a basic object specified as a saturation dipole or
“Dipole” and then to;

[0140] Define the Dipole as positive when the second
data point is higher then the first point.

[0141] Define the Dipole as negative when the sec-
ond data point is lower then the first point.

[0142] Define the Dipole as neutral when the second
data point is the same as the first point.

[0143] (A threshold magnitude of increase or
decrease may be used to define when the second data
point is specified as higher or lower than the first data
point.)

[0144] 5. Calculate the slope of the Dipole as, for
example, (Y,-Y,)/X

[0145] Where,
[0146] Y1=first saturation in percent
[0147] Y2=sccond saturation in percent

[0148] X=the measurement interval of the Dipole in
seconds

[0149] 6. Identify the next consecutive data point
along said waveform said next data point with the
immediately preceding data point (i.e. the second
data point of the first dipole) comprising the next
Dipole and then;

[0150] a. Define the next Dipole as positive when
the next data point is higher then said preceding
data point.
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[0151] b. Define the next Dipole as negative when
the second data point is lower then said preceding
data point.

[0152] c. Define the next Dipole as neutral when
the second data point is the same as said preceding
data point.

[0153] 7. Calculate the slope of the next Dipole.

[0154] 8. Repeat steps 6 and 7 along said entire
waveform (for example specifying each consecutive
Dipole as Dipole, , 7, where Z is equal to the number
of preceding measured data points.)

[0155] 9. Compare the polarity of each consecutive
Dipole.

[0156] 10. Define an Aggregate Dipole as two or
more consecutive Dipoles of the same polarity

[0157] 11. Calculate the slopes of all Aggregate
Dipoles.

[0158] 12. Define an Event as an Aggregate Dipole
which includes the maximum number of Dipoles
occurring consecutively with the same polarity. (A
threshold number of dipoles or a threshold duration
may be used to further define an event)

[0159] a. Define the Event as a “Resaturation”
when the slope of said Event is positive and the
duration of said Event is greater than 5 seconds
and less than 60 seconds.

[0160] b. Define the Event as a “Desaturation”
when the when the slope of said Event is negative
and the duration of said Event is greater than 9
seconds and less than 160 seconds.

[0161] c. Define the Event as a “Plateau” when the
slope of said Event is zero.

[0162] (A threshold magnitude of increase or
decrease in slope (e.g. greater than 0.2 %/sec. or
less than —0.2%/sec.) may be used to define when
said slope is above or below a plateau range)

[0163] 13. Calculate the mean slopes of all Events.

[0164] 14. Define a negative oscillation as a Desatu-
ration followed by a Resaturation within a specific
interval of less than 15 seconds and calculate the
duration of said oscillation defined by the beginning
of said Desaturation to the end of said Resaturation.

[0165] 15. Define a positive oscillation as a Resatu-
ration followed by a Desaturation within a specific
interval of less than 60 seconds and calculate the
duration of said oscillation defined by the beginning
of said Resaturation to the end of said Desaturation.

[0166] 16. Define a Bipolar Oscillation as a Negative
Oscillation followed by a Positive Oscillation
wherein the desaturation of said Positive Oscillation
occurs within 60 seconds of said Negative Oscilla-
tion.

[0167] 17. Define a Coupled Oscillation as two con-
secutive Negative Oscillations wherein the desatu-
ration of the second Negative Oscillation occurs



US 2001/0018557 Al

within 60 seconds of the end of the Resaturation of
the first Negative Oscillation.

[0168] 18. Compare the slopes of each consecutive
Desaturation with a first range of slopes consistent
with sleep apnea with a range of slopes consistent
with sleep apnea.

[0169] 19. Compare the slopes of each consecutive
Resaturation with a second range of slopes consistent
with sleep apnea.

[0170] 20. Define a cluster as at least 3 consecutive
coupled oscillations wherein at least 75% of said
slopes fall within said specific respective ranges.

[0171] 21. Diagnose Sleep Apnea if a cluster is
identified having at least 4 said consecutive coupled
oscillations or if at least two clusters are identified.

[0172] FIG. 14 illustrates mapping of an object oriented
analysis system using a sequentially building process
through the identification (by comparison with predeter-
mined ranges of slopes and intervals) of each basic object
and then by the addition of this basic object to the preceding
object if said identified basic object occurs within a prede-
termined interval and in a predetermined order of sequence.
In this one preferred embodiment the property types of
specific components of the oxygen saturation/time wave-
form are defined such that the specific components are
treated each as an individual object for both the purpose of
identification and comparison. FIGS. 15a and 15b provides
an illustrative procedural embodiment written in visual basic
version 5 which iterates through a set of consecutive satu-
ration points and identifies and creates objects including
dipoles, events, oscillations and coupled oscillations as a
function of the specific parameters discussed supra. As
illustrated in FIG. 14, each object is defined by a one or
more parameters which may have a specific range. For
example, the first apnea related desaturation of the first
cluster (which is designated DESAT 1.1) must fall within a
specific range of slopes and duration to receive that desig-
nation, (these ranges have been discussed earlier) and can be
defined as having a beginning and an end (for example as a
function a maximum duration and of said slope range). In
another example, the first nadir interval (NI 1.1)—defined as
the interval from the end of DESAT 1.1 and the onset of the
first recovery (REC 1.1), is defined as falling within a
specific maximum duration (such as within 15 seconds).
While the first peak interval (PI 1.1)—the interval between
the end of REC 1.1 and the beginning of the second
desaturation (DESAT 2.1) can also be defined as falling
within a specific maximum (such as within 90 seconds). The
basic objects must occur within a limited falling within a
specific maximum duration (such as within 15 seconds).
While the first peak interval (PI 1.1)—the interval between
the end of REC 1.1 and the beginning of the second
desaturation (DESAT 2.1) can also be defined as falling
within a specific maximum (such as within 90 seconds). The
basic objects must occur within a limited time interval of
each other and must occur in a specific order to function as
the appropriate basic objects (building blocks) for the deri-
vation of more complex objects.

[0173] In this analytic embodiment each frequency mea-
surement derived from each object (which can be designated
as f Object x.x) is said to represent a parallel object. (e g f
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NOS 1.1 is an object having a parallel relationship to the
object NOS 1.1 and can for example be compared and
should be similar to object f NOS 1.2). In the analysis, the
complex objects are built from the basic objects and entire
waveform may be scanned for each basic and complex
object and then the objects compared. In this way both the
identification of each object and the comparison of each
object with other objects contributes to increased specificity
in the diagnosis of sleep apnea.

[0174] When a microphone and audioprocessor are
included, as shown in FIG. 1, each dipole can be coupled for
analysis and comparison with other dipoles to the digital
sound occurring within the dipole time interval. In this
situation the each specific dipole object or a each more
complex object (such as a negative oscillation) will have the
additional property attributes of digital sound such as the
presence of sound, the absence of sound, frequency, volume,
and quality. Both absolute (presence or absence of sound
over background) timing and frequency timing is an impor-
tant feature which can be linked to more complex time
interval of each other and must occur in a specific order to
function as the appropriate basic objects (building blocks)
for the derivation of more complex objects.

[0175] In this analytic embodiment each frequency mea-
surement derived from each object (which can be designated
as f Object x.x ) is said to represent a parallel object. (e.g.
S NOS 1.1 is an object having a parallel relationship to the
object NOS 1.1 and can for example be compared and
should be similar to object f NOS 1.2). In the analysis, the
complex objects are built from the basic objects and entire
waveform may be scanned for each basic and complex
object and then the objects compared. In this way both the
identification of each object and the comparison of each
object with other objects contributes to increased specificity
in the diagnosis of sleep apnea.

[0176] When a microphone and audioprocessor are
included, as shown in FIG. 1, each dipole can be coupled for
analysis and comparison with other dipoles to the digital
sound occurring within the dipole time interval. In this
situation the each specific dipole object or a each more
complex object (such as a negative oscillation) will have the
additional property attributes of digital sound such as the
presence of sound, the absence of sound, frequency, volume,
and quality. Both absolute (presence or absence of sound
over background) timing and frequency timing is an impor-
tant feature which can be linked to more complex objects of
longer duration. As previously discussed, the frequency of
sound is different with different portions of the sleep apnea
cycle. After adjusting for the delay (as will be discussed), the
first portion of a positive oscillation is associated with the
high frequency sounds of recovery related hyperventilation
through a widely open airway, the second portion (including
a portion of the peak interval) is associated with the low
frequency sounds of vibrations generated by partially
occluded upper airway, and the terminal portion is associ-
ated with the absolute absence of sound (over background
noise). Each timed saturation event object can be evaluated
with its coupled sound (which sound can be initially trans-
formed into the frequency domain).

[0177] A delay (as is known in the art) is associated with
the response of the pulse oximeter and since this delay is in
part a function of the body part chosen for probe placement
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(e.g. the delay is longer for the toe than the finger). This
delay can be factored into the matching of specific timed
oxygen saturation objects so that each object is matched
more accurately with the sound occurring in association with
the specific event or object. For example a patient can
demonstrate a “desaturation delay” with a Ohmeda 3760
oximeter of 75 seconds from the onset of apnea (cessation of
sound) to the beginning of the desaturation event whereas
the “resaturation delay” from onset of airway opening and
hyperventilation (initial high frequency sound) to the onset
of the resaturation event in the same patient can be 50
seconds. The difference between these two delays is a
function of the presence of oxygen storage in the lungs and
the venous blood as previously discussed and the loss of
difference between the desaturation delay and the resatura-
tion delay is evidence of low oxygen stores at apnea onset.
For example the desaturation delay interval may fall during
a cluster of severe apneas.

[0178] In this way the time of onset of apnea can be
determined by the identification of the point at which
cessation of low frequency sound occurred wherein said
cessation was followed within an acceptable desaturation
delay interval (for example between 40-90 seconds) by a
desaturation event meeting the characteristics of a sleep
apnea related desaturation. The time point of recovery can
be identified by the point of onset of high frequency sound
wherein said point follows said cessation of low frequency
sound within a finite period (for example less than 3.5
minutes) and wherein said point of onset is followed within
an acceptable resaturation delay interval (for example
between 30-60 seconds) by a saturation event meeting the
characteristics of a sleep apnea related resaturation. Apnea
duration by sound index may then be calculated as the time
point of low frequency cessation less the time point of high
frequency onset. As described above the combination of
sound characteristics coupled with specific identified, slope
defined, objects along the oxygen saturation waveform
provides enhanced sleep apnea diagnostic capability with
only a single connection to the patient during sleep.

[0179] In another preferred embodiment the identification
of desaturation regularity and frequency is used to identify
the presence of a cluster. The waveform is scanned by a
method for identifying a desaturation event (as by one of the
previously described methods). The presence of a cluster of
desaturations is identified wherein the interval between
consecutive desaturations is regular and falls within a maxi-
mum range (such as 210 seconds). The mean interval
between desaturations and the desaturation event frequency
for each clustering of desaturations is identified. The pres-
ence of irregular occurring clusters of regular desaturations
has similar diagnostic relevance to the identification of
irregular clusters of regular oscillations but with less speci-
ficity. In one preferred embodiment, the sleep diagnostic
system described above can be designed so that it can be
coupled with a conventional airflow measurement device
(such as a spirometer) to enhance the value to the primary
care physician or lung specialist in sleep diagnosis. It is
useful to know the minute ventilation (liters of air inhaled
and exhaled by the lungs per minute) which relates to a
given patient’s arterial oxygen saturation. In addition, and
perhaps more importantly, it is useful to know the magnitude
and rate of change in oxygen saturation induced by a given
change in minute ventilation or, alternatively, the magnitude
of change in minute ventilation required to achieve a given
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change in oxygen saturation. Furthermore, a patients toler-
ance during the awake state for a given fall in level of
ventilation or oxygen saturation can provide evidence in
support of the presence of sleep disordered breathing. For
these purposes the sleep apnea diagnostic system described
above can be enhanced for use in the physicians office by
providing with the microprocessor a connection to a the
output of a conventional spirometer having a pnuemotach
for measuring minute ventilation. The microprocessor
includes an algorithm to integrate the oximetry output with
the spirometry output to generate the timed oxygen satura-
tion waveform coupled to a timed minute ventilation wave-
form for comparisons between the absolute values and
slopes of the oxygen saturation with the minute ventilation.

[0180] Patients with hypoventilation syndromes often
have modestly increased arterial partial pressures of carbon
dioxide during the day. In such patients arterial oxygen
saturation may be normal (e.g. 91-93%) but because the
carbon dioxide related drive to breathe is reduced in these
patients it is often easy for these patients to volitionally
hypoventilate while awake. Since these patients often have
normal dead space ventilation and live near the steeper
portion of the oxyhemoglobin dissociation curve, a reduc-
tion in minute ventilation by 50% results in a characteristic
fall in oxygen saturation which is not easily achieved by a
patient with a normal drive to ventilate. Furthermore
patients with intrinsic lung disease may have high dead
space ventilation such that marked changes in ventilation
have little effect on oxygen saturation. Using the combined
device, the a timed fall can be induced in several ways:

[0181] The patient is allowed to lie in a recumbent posi-
tion for 5 minutes. An oximeter is attached to the patient, a
pneumotachometer is placed in the patients mouth (a nose
clip is applied) and the patient is told to breathe normally
through the pneumotachometer until a stable baseline
minute ventilation is identified (this can be automatically
identified by the microprocessor). Once this has been com-
pleted one of the following maneuvers can be utilized.

[0182] 1. The patient is instructed to hyperventilate (as to
a certain minute ventilation threshold which may for
example be 5 times the baseline level) for 20-30 seconds and
then the patient is told to rest (with the pnuemotach in place).
Patients with a reduced drive to ventilate will often demon-
strate marked overshoot in the post hyperventilatory period
with a marked fall in minute ventilation and a brisk fall in
oxygen saturation to levels below the pre hyperventilation
baseline whereas normal patients generally do not demon-
strate significant overshoot in the awake state. A coupled,
timed arterial oxygen saturation and minute ventilation
waveform is recorded and plotted for the entire maneuver
and the slope of the post hyperventilatory fall in saturation
is calculated. A fall of more than 3% below prehyperventi-
lation baseline is indicative of reduced ventilatory drive and
suggestive of a high risk of sleep disordered breathing.

[0183] 2. The patient is instructed to slow breathing down
to a threshold level (e.g. 50% of the baseline level). Patients
with reduced drive will tolerate lower minute ventilation
during wakefulness thereby resulting in oxygen desaturation
generally below 90%. A fall in oxygen saturation to levels
below 90% without an extreme sense of shortness of breath
is suggestive of reduced ventilatory drive and suggestive of
a high risk of sleep disordered breathing.



US 2001/0018557 Al

[0184] 3. The patient is instructed to hyperventilate (as to
a certain minute ventilation threshold which may for
example be 5 times the baseline level) for 5 seconds and then
the patient is told to rest (with the pnuemotach in place) for
15-25 seconds and then the cycle is repeated up to 5 times.
In a manner similar to the single prolonged hyperventilation
described above, patients with a reduced drive to ventilate
will often demonstrate marked overshoot in each post hyper-
ventilatory period with a marked fall in minute ventilation
and a brisk fall in oxygen saturation to levels below the pre
hyperventilation baseline (greater than 3% below baseline)
whereas normal patients generally do not demonstrate sig-
nificant overshoot in the awake state. A coupled, timed
arterial oxygen saturation and minute ventilation waveform
is recorded and plotted for the entire maneuver and the slope
of the post hyperventilatory fall in saturation is calculated.
An abnormal arterial saturation curve indicative of reduced
ventilatory drive will demonstrate a cyclic pattern with
slopes similar in desaturation and resaturation to that
described above in sleep apnea, this is suggestive of a high
risk of sleep disordered breathing.

[0185] 4. The patient is instructed to exhale completely
and hold his or her breath as long as possible, then take 4
deep breaths quickly and repeat the exhale—breath hold-
ing—hyperventilation cycle for 4-5 times. A pattern of
cyclic desaturation similar to that occurring in sleep apnea
can occur in normal individuals with a highly motivated
breath-holder but rapid desaturation slopes and tolerance to
marked falls in oxygen saturation are suggestive of a high
risk of sleep disordered breathing. Patients with an early and
brisk fall in oxygen saturation with breath holding have
either a low residual volume and/or a low mixed venous
oxygen saturation. Especially in the non-obese, this simple,
inexpensive, and noninvasive maneuver can provide a clue
to the presence of cardiac disease especially if a biphasic
(initial rapid desaturation slope and later slower desaturation
slope) fall in oxygen saturation is noted (as discussed earlier
for sleep apnea).

[0186] The following are examples of clinically useful
indices which can be calculated by the described embodi-
ment (the corresponding time interval for each of these
indices is adjusted for the delay in oxygen uptake and
transmission into oxygen saturation data by the pulse oxime-
ter as is known in the art):

[0187] 1. The saturation to ventilation index
(Sa02,,-84)/ Ve,
[0188] Where;
[0189] Vet=the average minute ventilation during a
time interval and,
[0190] Sao2t=the average arterial saturation during
the corresponding time interval

[0191] The higher this index the greater the probability of
a hypoventilation disorder and attendant sleep disordered
breathing (As shown, this index is only for saturations of 85
or above)

[0192] 2. The delta saturation to delta ventilation index

d Sa02,,/d Ve, (change in % saturation/change in
minute ventilation)

[0193] Where;
[0194] Ve,=the average change in minute ventilation
during a time interval (either increase or decrease)
and,
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[0195] SaO2, =the average change in arterial satura-
tion during the corresponding time interval

[0196] Patients with intrinsic lung disease have a lower
index than normal. This index helps differentiate whether a
low baseline saturation is due to hypoventilation or intrinsic
lung disease.

[0197] Although the presently preferred embodiments of
this invention have been described, it will be obvious to
those skilled in the art that various changes and modifica-
tions may be made, in particular for the microprocessor
based recognition of the cluster, without departing from the
invention. Therefore the claims are intended to include all
such changes and modifications which may be made therein
without departing from the invention. Therefore the claims
are intended to include all such changes and modifications
that fall within the true spirit and scope of the invention.

[0198] 1. The saturation to ventilation index
(Sa02,,-84)/ Ve,
[0199] Where;

[0200] Vet=the average minute ventilation during a
time interval and,

[0201] Sao2t=the average arterial saturation during
the corresponding time interval

[0202] The higher this index the greater the probability of
a hypoventilation disorder and attendant sleep disordered
breathing (As shown, this index is only for saturations of 85
or above)

[0203] 2. The delta saturation to delta ventilation index

d Sa02,,/d Ve, (change in % saturation/change in
minute ventilation)

[0204] Where;

[0205] Ve,=the average change in minute ventilation
during a time interval (either increase or decrease)
and,

[0206] SaO2, =the average change in arterial satura-
tion during the corresponding time interval

[0207] Patients with intrinsic lung disease have a lower
index than normal. This index helps differentiate whether a
low baseline saturation is due to hypoventilation or intrinsic
Iung disease.

[0208] FIG. 16 illustrates a preferred compact single unit
configuration which the inventor calls “portable flowoxime-
tery” which allows portable determination of the above
parameters. This configuration is achieved by:

[0209] 1. Combining an oximeter and spirometer into
a single compact casing which can be easily carried
to the bedside.

[0210] 2. Attaching a pulse oximeter probe and a flow
sensor to the integrated pulse oximeter.

[0211] 3. Using the microprocessor, integrating the
timed oximetry signal and timed exhaled (or inhaled)
gas flow (an adjustment may be made for the oxim-
etry signal delay as described supra.)

[0212] 4. providing output of oxygen saturation
indexed for the timed or averaged exhaled volume
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[0213] FIG. 17 illustrates an embodiment for office use.
The configeration and operation is acheived by:

[0214] 1. providing an oximetry signal input receiver
as part of an office spirometer and then,

[0215] 2. using the microprossor, integrating the
timed oximetry and timed flow (an adjustment may
be made for the oximetry signal delay as described
supra.)

[0216] 3. providing output of oxygen saturation
indexed for the timed or averaged exhaled volume.

[0217] FIG. 18 illustrates an embodiment for use with
existing oximeters and spirometers having output jacks
which can be accessed for connection to a central micro-
processor. The configuration and operation is achieved by:

[0218] 1. connecting the output of an oximeter and
the output of a spirometer to a microprocessor,

[0219] 2. Using the microprocessor, integrating the
timed oximetry flow (an adjustment may be made for
the oximetry signal delay as described supra.)

[0220] 3. Providing output of oxygen saturation
indexed for the timed or averaged exhaled volume.

[0221] The previously described sleep apnea diagnostic
system of the present inventor can be used to determine the
severity of sleep apnea. Studies have demonstrated that the
standard “apnea hypopnea index” which is calculated by
counting the number of apneas and hypopneas and dividing
by the number of hours of sleep is a poor indicator of disease
severity. There has long been a critical need for a new
method to assess severity and indeed ongoing studies spon-
sored by the National Institute of Health are attempting to
identify the validity of the apnea hypopnea index and to
identify a valid signal of disease severity. As discussed supra
the cluster characteristics can be used to define severity. The
present inventor has discovered a system and method, which
can be used to enhance the determination of disease severity.
In the presently preferred embodiment, this system and
method determines a value indicative of the sufficiency of
recovery associated with sequential apneas and uses at least
this value to define the disease severity in sleep apnea.

[0222] It has been long believed that the number and
duration of apneas determined the severity of disease. This
basic concept seems intuitive. (i.e. If apnea are the detri-
mental events then it seems rational that the number and
duration of the apneas would define severity). Perhaps
because the severity issue seems so straightforward, the
concept of severity as a function of enumeration of apneas
has been promulgated for decades and represents the stan-
dard of severity assessment in modern sleep medicine.
However, the present inventor noted that with respect to
breath holding that severity cannot be determined by the
number and longevity of the breath holdings or by the
magnitude of arousals or oxygen desaturation associated
with the breath holdings, but rather is uniquely dependent on
the sufficiency of the recovery interval between breathholds.
This is due to the fact that mammals (including humans)
have an oxygen storage mechanism to protect against the
stress of breatholding but this storage mechanism is readily
depleted and must be repleted before the next breathhold.
This means that, with respect to apnea, there is a unique and
critical relationship between cardiovascular stress associated
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with the sequential breathholds which naturally occur as a
part of a self propagating apnea cluster and the recovery
interval between breathholds. Indeed, this “sufficiency of
recovery” between apneas is defined by a critical interaction
between the number of breathholds occurring in sequence,
the longevity of the breatholds, and the recovery time
between the breatholds. As discussed supra these relation-
ships are provided by analyzing the apnea cluster waveform.
The present inventor has proposed that the diving seal
provides a reasonable analogy. The seal can dive very often
and long without cardiovascular compromise as long as the
animal has sufficient free breathing recovery intervals above
water between dives. When this interval is limited the seal
faces a serious cardiovascular threat if the dives are frequent
and prolonged. Indeed, in the wild, the need for sufficient
recovery interval is exploited in the interest of predation. It
is this unique relationship between severity and the suffi-
ciency of recovery between sequential apneas which the
present inventor has utilized to provide a new system and
method to determine the severity of sleep apnea.

[0223] Upon this discovery the present inventor designed
a system and method of evaluating a patient with sleep
apnea. The method includes identifying a plurality of
sequential apneas, determining a value indicative of the
sufficiency of recovery between the apneas, and determining
the severity of sleep apnea based at least on said value. The
value can be measurement such as the time interval or
another measurement such as the relative amount of gas
exhaled or inhaled from the mouth or nose between apneas.
Both the interval time and the relative amount of gas exhaled
can be used in combination and another value indicative of
the sufficiency of recovery can be calculated using this
combination as for example the product of the time and a
measurement of the relative gas exhaled. The exhaled gas
can be measured directly or inferred relative to a baseline
using a flow sensor (as is known in the art). Another value
indicative of the sufficiency of recovery is a measurement
indicative of an oxygen saturation between apneas which
can for example be expressed as the average oxygen satu-
ration of the recovery interval. A presently preferred
embodiment can include the steps of monitoring a patient to
produce at least one timed waveform of at least one physi-
ologic parameter. The physiologic parameters can include
for example arterial oxygen saturation, the flow of gas at the
nose and or mouth, (as can be measured by a thermister or
a carbondioxide monitor as is known in the art), or chest wall
movement. Then, the step of identifying along said wave-
form a first waveform variation indicative of an apnea, then
identifying along said waveform a second waveform varia-
tion indicative of another apnea, then determining (as for
example by measuring or calculating) the interval interme-
diate at least one portion of said first waveform variation and
at least one portion of said second waveform, and finally
assessing the severity of sleep apnea based on at least said
determining.

[0224] An example of a waveform variation indicative of
apnea is described supra for the oximetry waveform and can
comprise a coupled desaturation and resaturation having
characteristic slopes and occurring within a desaturation
cluster as previously described. Preferably one portion of the
first waveform variation corresponds to said one portion of
the second waveform variation and it is further preferable
that said one portion of the first waveform variation is
substantially the last portion of said first waveform variation
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but the interval can extend into each waveform variation as
is described below for the interval termed the oxygen
repletion interval where a portion of the second waveform
variation is incorporated into the intervening interval. One
portion of the second waveform variation can be substan-
tially the first portion of the second waveform variation.

[0225] The method can include identifying at least one
cluster of waveform variations indicative of a corresponding
cluster of apneas wherein said severity assessment or deter-
mining is based on the position of said waveform variations
within said cluster relative to other waveform variations
within said cluster. Alternatively or in combination a spatial
cluster waveform pattern indicative of a spatial pattern of a
corresponding cluster of apneas can be used to determine the
spatial relationships of said waveform variations within said
cluster waveform pattern to determine the severity of sleep
apnea.

[0226] The device for determining the severity of sleep
apnea can comprise a monitor such as an oximeter or flow
sensor capable of generating a signal indicative of at least
one physiologic parameter and a processor (such as an
integrated computer or a separate lap top computer) capable
of processing said signal, said processor can operate to
generate a timed waveform of said parameter and to identify
a plurality of sequential waveform variations indicative of a
corresponding plurality of sequential apneas, the sequential
waveform variations have temporal and spatial relationships
between said waveform variations and along the wavefor-
m(as was discussed at length supra). The processor further
can operate to determine at least one of said temporal and
said spatial relationships and to display said result or deter-
mining so that said determining can be used to assess the
severity of sleep apnea.

[0227] Importantly the method of determining the severity
of sleep apnea can comprise the steps of identifying a
plurality of sequential apneas having a spatial relationship to
each other, determining said spatial relationship, and defin-
ing the severity of sleep apnea based on at least said
determining. The spatial relationship can be defined by an
object oriented method as discussed supra or by other known
graphical methods which include pattern recognition or
graphical event recognition.

[0228] Alternatively or in combination with the methods
noted above, a method of determining the severity of sleep
apnea can comprise steps of identifying a plurality of
sequential apneas having a temporal relationship to each
other, determining said temporal relationship, and defining
the severity of sleep apnea based on at least said determin-
ing. The temporal relationship can be defined by an object
oriented method as discussed supra or by other known
methods such as frequency analysis or graphical event
recognition.

[0229] One preferred embodiment of a method to define
the severity of sleep apnea is as follows:

[0230] Define a Desaturation Object as including two
component objects:

[0231] 1. An Initial Limb defined as that portion of

the desaturation above a specific threshold saturation

(e.g. to a sat. of 80%) or as a percentage of the total

fall in saturation (e.g. Forty percent of the total fall).

[0232] 2. A Terminal Limb defined as that portion of
the desaturation remaining after the Initial Limb
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[0233] Define a Positive Oscillation as a Resaturation
followed by a Desaturation within a specific interval of less
than 60 seconds.

[0234] Within each cluster, define a Repletion Interval as
an object including a Resaturation, a Plateau (the plateau
may be absent) and a Initial Limb within a Positive Oscil-
lation

[0235] Note: By extending this calculation through the
initial limb this calculation takes into account the effect of an
increased initial portion of the subsequent desaturation slope
on the oxygen availability during the recovery interval.

[0236] Calculate the average oxygen saturation during
each Object as:

1 &
Sa02 = = Sa02(iAr
a n;a (iAn)

[0237] Where: i=1 is the initial sample of the object, and
i=1 is the final sample, and At is the time interval between
samples

[0238] With the object oriented program previously
described the average oxygen saturation can comprise a
characteristic of an object and as such can be easily com-
pared and plotted (for example, against duration of each
object). This can for example, be applied to the repletion
intervals within a given cluster. When plotted in this manner
with saturation on the y-axis and time on the x-axis a
grouping of repletion intervals within the left lower quadrant
of the plot is indicative of cluster with a low mean or median
recovery interval in association with a low mean or median
oxygen saturation during the recovery interval. This is
generally indicative of more severe sleep apnea but the
indicator of severity is further enhanced and improved by
incorporating the duration of the adjacent apneas such as the
immediately bracketing apneas into the plot or calculation.
The microprocessor system described supra can be used to
assess and graphically present a severity analysis and to
calculate a severity index, which can be, derived as follows
in a presently preferred embodiment.

[0239] 1. PROGRAM—identifies the object cluster
as defined above

[0240] 2. PROGRAM—-<calculates the following for
each cluster object:

[0241] 1. Mean and median saturation (iterates
through oxygen saturation values)

[0242] 2. Mean and median apnea and cluster
duration

[0243] 3. Mean and median recovery interval (cal-
culated as end of the nadir to onset of next
desaturation.) and calculate avg. sat for each
recovery interval and mean and median avg. satu-
rations for said recovery intervals

[0244] 4. Mean and median maximum oXxygen
repletion interval (as mean recovery interval+40
percent of the next desaturation event) and calcu-
late the avg. saturation and mean and median avg.
saturations for this interval.
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[0245] 5. Plot the distribution of the duration for
each repletion interval (x-axis) with either the
average saturation for each repletion interval
(y-axis) or the average duration of the apneas
before and after each repletion interval (y-axis)
(For example the durations of the two apneas
immediately before and two apneas immediately
after the repletion interval divided by 4). This plot
is performed for each cluster object and also
performed as one plot in aggregate for all clusters.

[0246] 6. Calculate the mean and median satura-
tion of non clustered recording.

[0247] 7. Calculate the time in minutes below
90%, 85%, 80%, and 70% during cluster objects
and during recording time wherein said objects are
not present. Plot this as a comparison bar graph
side by side (non clustered bar for 90% adjacent
clustered bar for 90% etc.) where the y axis is
percent of total recording total recording time and
again on another graph where the y axis is time in
minutes (the length of the y axis is equal to the
total recording time)

[0248] 8. Plot total cluster time and total non
cluster time on a separate graph.

[0249] 9. Calculate a value of the sufficiency of
recovery as a sleep apnea severity index termed
the “Oxygen Repletion Index™ (ORI) as the prod-
uct of Oxygen Saturation minus 80 and the reple-
tion interval. The ORI is given in “Saturation
Seconds”. This can be calculated for each recov-
ery interval and as a mean or median value for
each cluster or portion of a cluster (such as a
portion of a cluster having a greater apnea dura-
tion or a greater magnitude of desaturation) or for
the entire night.

[0250] 10. Calculated another value of the suffi-
ciency of recovery as another sleep apnea severity
index “Apnea Recovery Index” (ARI) as the quo-
tient of the ORI and the mean duration of the
apneas immediately bracketing each recovery
interval. The ARI is given in “Saturation Seconds
per Minute of Apnea”. This also can be calculated
for each recovery interval and/or as a mean or
median value for each cluster or portion of a
cluster (such as a portion of a cluster having a
greater apnea duration or a grater magnitude of
desaturation) or for the entire night.

[0251] As noted these sleep apnea severity indices can be
calculated for the entire night as with the average index but
is preferably visually presented to provide a more compre-
hensive picture of the heterogeneity of severity during a
nights study. For this purpose the indices can be plotted for
each cluster with each cluster as a new bar graph along a
timed x-axis. The bar vertically presents the ORI with a zero
line through the center. (Preferably the entire study time is
plotted along the x-axis so that the width of the bar repre-
sents the duration of each consecutive cluster and the
relative portion of the night spent without clustering is
readily visible between the bars thereby allowing a straight-
forward visual presentation of the multiple parameters defin-
ing severity as discussed supra.)

20

Aug. 30, 2001

[0252] Tlustrative Examples of ORI and ARI calculations:

[0253] A mean repletion interal saturation of 90% and a
Repletion interval of 20 seconds generates an ORI of 200
saturation seconds. If the bracketing apneas have a mean
duration of two minutes this generates an ARI of 100
saturation seconds per minute of apnea indicating mild
severity.

[0254] A mean repletion interval saturation of 85% and a
Repletion interval of 20 seconds and a mean bracketing
apnea duration of two minutes generates an ARI of 50
saturation seconds per minute of apnea indicating a greater
degree of severity.

[0255] A mean repletion interval saturation of 82% and a
Repletion interval of 20 seconds and a mean bracketing
apnea duration of two minutes generates an ARI of 20
saturation seconds per minute of apnea indicating very
severe disease.

[0256] A mean saturation of the repletion interval satura-
tion of 78% and a Repletion interval of 20 seconds and a
mean bracketing apnea duration of two minutes generates an
ARI of —80 saturation seconds per minute of apnea. (note
here that in the event that the ORI is a negative number the
mean duration of the bracketing apneas is multiplied times
the ORI to generate the ARI). This level of ARI is indicative
of profound, life threatening severity.

[0257] (Note that saturations below 80% will generate a
negative ORI. A lower negative ORI associated with
increasing repletion times accounts for the fact that a long
repletion time is actually reflects greater severity when the
mean saturation of the repletion interval is profoundly
decreased since this indicates profound disease.)

[0258] Alternatively the index can be based on the recov-
ery interval time and the duration of the bracketing apneas
without consideration of the oxygen saturation. These basic
severity indices would be given in seconds per minute of
apnea. Such severity indices are easy for physicians to
understand. For the purpose of defining the relative potential
for reduced oxygen delivery in the presence of critical
vascular stenosis these indices can be weighted to maximize
the effect of lower saturation on oxygen delivery during the
repletion interval. Additional weighting can be provided to
incorporate the average duration of the clusters in combi-
nation with the mean recovery interval within clusters which
is another important value indicating sleep apnea severity.

[0259] 1t is clear that alternative severity indices can be
provided within the scope of the present invention. For
example the number of breaths exhaled or inhaled between
apneas can be used and indexed in combination with the
mean duration of the bracketing apneas. Also, a wide range
of alternative aggregate severity indices of obstructive sleep
apnea can be provided utilizing the system and method of
the present invention which incorporate measurements or
identification of events or deflections along the waveform
which correlate with the sufficiency of the recovery inter-
vals. Such severity indices can include in combination with
the repletion intervals, or recovery intervals, the enumera-
tion or frequency evaluation of identified events or mea-
surements indicative of apnea along the waveform or can
include waveform pattern identification which provides for
the identification of grouped or closely spaced waveform
deflections which correlate with grouped or closely spaced
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apneas or apnea clusters having limited recovery intervals.
As has been shown by this teaching, with such a grouping,
the limitation of the recovery interval may be inferred, for
example, by a particular waveform pattern of tightly
grouped waveforms of high amplitude deflections.

[0260] In the preferred embodiment, severity is defined as
inversely proportional to the duration of the repletion inter-
vals and the oxygen saturation of the repletion interval
within the clusters and directly proportional to the duration
of the apneas within the cluster. In addition, the number of
breaths, the relative magnitude of the breaths, the slope of
the initial 50% of the descending limbs of the desaturations
within the cluster, and the duration of the clusters may be all
be incorporated to produce an aggregate index. Within the
scope of this teaching, alternative intervals can be used in
place of the illustrative repletion intervals and recovery
intervals described herein and further additional intervals
may be learned during the application of this teaching to
clinical practice.

[0261] Although the presently preferred system and
method for identifying the presence of sleep apnea and for
determining the severity of sleep apnea have been described,
it will be obvious to those skilled in the art that various
modifications and changes may be made without departing
from the scope of the invention. Therefore the claims are
intended to include all such changes and modifications that
fall within the true spirit and scope of the invention.

What is claimed is:
1. A method of evaluating a patient with sleep apnea
comprising steps of:

a. monitoring a patient to produce at least one timed
waveform of at least one physiologic parameter,

b. identifying along said waveform a first waveform
variation indicative of an apnea,

c. identifying along said waveform a second waveform
variation indicative of another apnea,

d. determining the interval intermediate at least one
portion of said first waveform variation and at least one
portion of said second waveform,

e. assessing the severity of sleep apnea based on at least

said determining.

2. The method of claim 1 wherein said interval is a value
indicative of the sufficiency of recovery between said apnea
and said another apnea.

3. The method of claim 1 wherein said one portion of the
first waveform variation corresponds to said one portion of
the second waveform variation.

4. The method of claim 3 wherein said one portion of the
first waveform variation is substantially the last portion of
said first waveform variation.

5. The method of claim 4 wherein said one portion of the
second waveform variation is the substantially the first
portion of the second waveform variation.

6. The method of claim 5 wherein said first waveform
variation is adjacent said second waveform variation.

7. The method of claim 5 wherein said first waveform
variation proceeds said second waveform variation.

8. The method of claim 1 wherein said parameter is a
respiratory parameter.
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9. The method of claim 1 wherein said parameter is an
oximetry parameter.

10. The method of claim 1 wherein said method includes
using a microprocessor to perform at least steps b through d.

11. The method of claim 1 wherein said method includes
using a microprocessor to perform at least steps b through e.

12. The method of claim 1 wherein said waveform is a
waveform indicative of the flow of gas though at least one
of a patients nose and mouth.

13. The method of claim S wherein said first waveform
variation immediately proceeds said second waveform
variation.

14. A method of evaluating a patient with sleep apnea
comprising steps of

a. monitoring a patient to produce at least one timed
waveform of at least one physiologic parameter,

b. identifying along said waveform a first waveform
variation indicative of an apnea,

c. identifying along said waveform at least a second
waveform variation indicative of another apnea,

d. determining the severity of sleep apnea based at least
on the position of said second waveform variation
relative to at least said first waveform variation.

15. The method of claim 14 further including the step of
identifying at least a third waveform variation indicative of
another apnea and wherein said determining is based on at
least the position of said third waveform variation relative to
at least one of said first and second waveform variations.

16. The method of claim 14 further including the step of
identifying at least one cluster of waveform variations
indicative of a corresponding cluster of apneas, and wherein
said determining is based on the position of said waveform
variations within said cluster relative to other waveform
variations within said cluster.

17. The method of claim 14 further including the step of
identifying at least one cluster of waveform wvariations
indicative of a corresponding cluster of apneas said cluster
producing a spatial cluster waveform pattern indicative of a
spatial pattern of a corresponding cluster of apneas and
further determining the spatial relationships of said wave-
form wvariations within said cluster waveform pattern and
using at least said determining to determine the severity of
sleep apnea.

18. A device for determining the severity of sleep apnea
comprising a monitor capable of generating a signal indica-
tive of at least one physiologic parameter and a processor
capable of processing said signal, said processor operating
to generate a timed waveform of said parameter and to
identify a plurality of sequential waveform variations indica-
tive of a corresponding plurality of sequential apneas, said
sequential waveform variations having temporal and spatial
relationships between said waveform variations and along
said waveform, said processor further operating to deter-
mine at least one of said temporal and said spatial relation-
ships and displaying said determining so that said determin-
ing can be used to assess the severity of sleep apnea.

19. The device of claim 18 wherein said waveform
variations occur in a sequential order with at least one
interval intermediate said variations and wherein said deter-
mining comprises said processor measuring said at least one
interval intermediate said variations.



US 2001/0018557 Al

20. The device of claim 19 wherein said plurality of
sequential waveform variations is indicative of a number of
sequential apneas equal to the number of said sequential
waveform variations.

21. A method for determining the severity of sleep apnea
including steps of:

a. identifying a plurality of sequential apneas, said apneas
being separated by sequential intervening intervals,

b. determining a magnitude value of at least a portion of
said intervening intervals,

c. determining the severity of sleep apnea based on the

magnitude value of at least a portion of said intervals.

22. The method of claim 21 wherein said intervening
intervals are time intervals.

23. The method of claim 22 wherein said magnitude value
is the average intervening time interval.

24. The method of claim 21 wherein said sequential
apneas are separated by recovery intervals said intervening
intervals comprising said recovery intervals.

25. The method of claim 21 wherein each said apnea has
an associated duration and further including the step of
measuring at least a portion of said associated duration to
determine a duration result and further using at least said
duration result to determine the severity of sleep apnea.

26. The method of claim 25 wherein said apnea induces
a decrease in oxygen saturation and wherein said associated
duration is the duration of decreased oxygen saturation
associated with said apnea.

27. The method of claim 26 wherein said duration result
is the average duration of decreased oxygen saturation.

28. The method of claim 25 wherein said duration result
is the average apnea duration.

29. The method of claim 24 wherein said recovery inter-
val is associated with a value of arterial oxygen saturation
during said recovery interval, and further including the step
of determining said value of said oxygen saturation during
said recovery interval and using said value to determine the
severity of sleep apnea.

30. The method of claim 26 wherein said decrease in
oxygen saturation defines a value of slope of decrease and
further including the step of determining said value of slope
and using said value of slope to determine the severity of
apnea.

31. The method of claim 30 wherein the value of slope is
the average slope.

32. The method of claim 30 wherein said slope includes
an initial portion and a terminal portion, and further includ-
ing the step of determining a value of the initial portion and
using said value of said initial portion to determine the
severity of sleep apnea.
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33. The method of claim 32 wherein the value of the
initial portion slope is the average slope of the initial portion.

34. A method of determining the severity of sleep apnea
comprising steps of:

a. identifying a plurality of sequential apneas having a
spatial relationship to each other,

b. determining said spatial relationship,

c. defining the severity of sleep apnea based on at least
said determining.
35. A method of determining the severity of sleep apnea
comprising steps of:

a. identifying a plurality of sequential apneas having a
temporal relationship to each other,

b. determining said temporal relationship,

c. defining the severity of sleep apnea based on at least

said determining.

36. The method of claim 34 wherein said plurality of
sequential apneas comprises a cluster of closely spaced
apneas.

37. The method of claim 35 wherein said plurality of
sequential apneas comprises a cluster of closely spaced
apneas.

38. A method of defining the severity of sleep apnea
comprising:

a. identifying a plurality of sequential apneas,

b. determining a value indicative of the sufficiency of the
recovery between said apneas,

c. defining the severity of sleep apnea based at least on

said determining.

39. The method of claim 38 wherein said value is the time
interval between said apneas.

40. The method of claim 38 wherein said value is the
number of breaths between said apneas.

41. The method of claim 38 wherein said value is the
quotient of said time interval and an indicator of the duration
of at least one apnea adjacent said time interval.

42. The method of claim 41 wherein said indicator of the
duration is the lowest oxygen saturation associated with said
at least one apnea.

43. The method of claim 41 wherein said indicator of the
duration is a measure of the time duration of said at least one
apnea.
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