W O N DA A
US 20070179369A1
a9y United States

a2y Patent Application Publication (o) Pub. No.: US 2007/0179369 A1l

Baker, JR. 43) Pub. Date: Aug. 2, 2007
(54) SYSTEM AND METHOD FOR DETECTION Publication Classification
OF UNSTABLE OXYGEN SATURATION
(51) Int. Cl
(75) Inventor: Clark R. Baker JR., Castro Valley, CA A61B  5/00 (2006.01)
(US) (52) US.CL .. e 600/323

Correspondence Address:
Nellcor Puritan Bennett LL.C &N ABSTRACT
c/o Fletcher Yoder PC

P.O. BOX 692289
HOUSTON, TX 77269-2289 (US) Methods and systems are described for simplified detection

of unstable oxygen saturation of a patient by analysis of
(73) Assignee: Nellcor Puritan Bennett Incorporated, stati.stical Vaﬁations in blood oxygen. One method for auto-
Pleasanton, CA matic detection of unstable oxygen saturation of a patient
using a pulse oximeter comprises receiving at least a single
(21) Appl. No.: 11/343,147 time series input of oxygen saturation values and computing
at least two metrics based on statistical properties of the

(22) Filed: Jan. 30, 2006 single time series input of the oxygen saturation values.

22

Receive 5,0, Time series

24

Compute Two Statistical Metrics

26

Modify the Statistical Metrics

28

Average the Statistical Metrics

30

Determine a Relationship

32

Provide Output if
Relationship Exceeds Threshold




Patent Application Publication Aug. 2,2007 Sheet 1 of 10 US 2007/0179369 Al

16
Speaker
10 12 A4 | 18
f
O)I?il;:?a?er »  Processor » Output » Display
' 20
2 l_} L
= Printers
22
Receive S0, Time series
24
Compute Two Statistical Metrics
26
Modify the Statistical Metrics
26
Average the Statistical Metrics
30
Determine a Relationship
92
Provide Output if
Relationship Exceeds Threshold

FIG. 1B



US 2007/0179369 Al

Patent Application Publication Aug. 2,2007 Sheet 2 of 10

¢ 'old

vG-€G-vl vS-1G1l bG-6v-vl

(spuodas/sajnuiw/sinoy) awi|

IATAA A

128441

vSEY-vi

128541’

vG:6EY|

VG LEy)

0

0¢

Jes —

o
<

o
o
(%) uonesnjes

AN

o
[ee)

00l

0ci



Patent Application Publication Aug. 2,2007 Sheet 3 of 10 US 2007/0179369 Al

A
|| — Sat
FIG. 35

Time (hours/minutes/seconds)

T va wv

W\M[\ Wi Nm\ﬂ\

«©w
(%) uoneines

Ge.
g 8 2 K& %

120
100



15-second sat changes, stdev

Patent Application Publication Aug. 2,2007 Sheet 4 of 10 US 2007/0179369 Al
7.00
6.00 L 2
36 X
5.00 d
K
34—
4.00 //
* .
X o o U4
3.00 : - *e
' TN
A *»*
o T’ .
> ot
030 040 050 0.60 070  0.80

1-second sat changes, stdev

FIG. 4



US 2007/0179369 Al

Patent Application Publication Aug. 2,2007 Sheet 5 of 10

Be|4 Jes sjqeisun

0

¢0

144

90

80

al

G 'Old

SPU0J3S/S3INUIW/SINOL) BwI |

€0-0L-v) £0-80:v £0:90-v} 0¢-€0-7} 0¢-10-v) 02:65-€l

Bey jes ojqejsun — -
eIXGL P - -~
S — :

0

0¢

oy

09

08

00}

0ct

JujawW Jes sjgejsun (%) uogeinies



US 2007/0179369 Al

Aug. 2,2007 Sheet 6 of 10

Patent Application Publication

beld jes s|qeisun

¢0

144

90

80

A

9 '9ld

(Spu023s/SajnuILL/SINOY) awi|

126 L2:0v6 LT:8E'6 v0:5€'6 bO-EE'6 ¥0:1¢:6 qo”mm%
_ I
-} _\:~
.a:l R ¢- ut- ON
— ::;——u.«oo1-~ou~\:|s .»o . o o 4 " s.—
— :‘::‘\’.\s:l o . e ‘\ 4\4.\ —
A . 4 —_ ‘e’ OV
| ) i
| i
. — 2 09
l Belj"Jes sjgejsun — . |
_ BIXGL Hp ---- _
. je§ — . o8
_ | |
N A AL A NN N
T T T Y I — T — Y ———— —t OOv
ozl

JuBW Jes a|gejsun ‘(%) uonenjes



Patent Application Publication Aug. 2,2007 Sheet 7 of 10 US 2007/0179369 Al

Be|4 jes sjqeisun

©

1.2

©
o

04
0.2

10:06:28

g

X
IS

Sat
=== diff_15xtra

— unstable_sat fla
FIG.7

10:04:28

Time (hours/minutes/seconds)

10:02:28

10:00:28

L.
-~ -
-

— " emy s e 0 e ajemm e e s e e s e e ¢ o e -
P

(] [ (o)
[ee) ({] s o

20
0:58:28

120
100

o1}8W Es s|qelsun ‘(%) uoneinjes



Patent Application Publication Aug. 2,2007 Sheet 8 of 10 US 2007/0179369 Al

Be)4 jes eiqeisun
o~ © © < o~
~ ~ O o o o o
I :
I3
.
1 ,
’
A}
|
,
~\
]
[
4 o
] . =
. ©
' S D
e (=}
L v ~
'] -
Y O
‘. (@)
.. g —
. = .
9 *. ©
. © [72)
] N S
. =z Q@
'.‘ n Qa
- MR 2
—
SIS E S o &
.‘- w o =S -0 .g
“ [
J . | e &
, . o
. . . [¢5)
¢ (2]
’ —
’ w
. EC)
‘. =3
4 B =
| s £
',' [
) (s 2] £
1 ~. ¥ o
* - <t
L .~ o
] T -
-
1
’
L ]
L .\~
’l
l§
~\
.| e
Yoo Q
| S
- — h— [ — e BRI — e I3
e ek
=
L
o
<
S
o o ) o o o o2
I S o @ < ISV =
~ ~—

oUW Jes a|gejsun ‘(%) uoneines



Patent Application Publication Aug. 2,2007 Sheet 9 of 10 US 2007/0179369 Al

Beld Jes ajgeisun

1.2

puac « =
-— o o o

0.2
0

FIG. 9

_ag

¢ -— uns&ab|e sat_fla

-« -- diff_15xtra

— Sat

Time (hours/minutes/seconds)

120
100
8
6
4

JLnewW 1es s|qeisun ‘(9;,) uoneinies



US 2007/0179369 Al

Aug. 2,2007 Sheet 10 of 10

Patent Application Publication

Be|4 jes s|geisun

baeayl

ol '9old

vG LGyl

vG:6v-vl

(Spuooas/sajnulw/sinoy) awi}

ba vyl va:av-vl vSEv-yl

1203447

vG:6E-vl

vGLE vl
0

LIPS

<2

0¢

¢0+

=
o
1

[ Deyj 1es o|qesun — -

0y

RIXGL TP -- -+
Jes —

09

08

90

* wan ul omm ¢ smm &

004

©
o
1

a

4

' en®

l1-|ul.'-~~|5|.|u|.|-|ll.

7 . - 1

.

5. .

sl -.~
i

ovl

]
..

091

A

ouyaw jes ajgeisun ‘(%) uoneinjes



US 2007/0179369 Al

SYSTEM AND METHOD FOR DETECTION OF
UNSTABLE OXYGEN SATURATION

BACKGROUND OF THE INVENTION

[0001] The present invention generally relates to medical
methods and systems, particularly for the detection of
unstable oxygen saturation of a patient.

[0002] Obstructive sleep apnea is recognized as one of the
most common disorders in the United States. The lower
oxygen levels associated with obstructive sleep apnea play
a major role in cardiovascular morbidity including cardiac
arrest and stroke. Obstructive sleep apnea causes character-
istic patterns of gradual oxygen de-saturation, followed by
rapid re-saturation when a sleeping patient’s body manages
to briefly increase muscle tone in the upper airway to
sufficiently resume respiration. This pattern tends to repeat
cyclically at roughly similar periods and saturation ampli-
tudes. Millions of patients experience such characteristics of
sleep apnea for years at a time without being diagnosed or
treated as acute health consequences do not readily arise.
Despite the fact that obstructive sleep apnea is easily treated,
both the patient and the family are often completely unaware
of the presence of this dangerous condition as anything more
than heavy snoring.

[0003] Obstructive sleep apnea often develops as patients
enter middle age and begin to snore. The major cause is an
increase in fat deposition in the neck which results in
narrowing of the airway. When the muscle tone of the upper
airway diminishes during sleep, negative pressure associated
with inspiration through this narrow airway results in col-
lapse of the upper airway which effectively chokes off all air
movement and a fall in oxygen. The fall in oxygen produces
central nervous system stimulation contributing to hyper-
tension, potential heart and blood vessel injury, and finally
results in arousal of the patient. Upon arousal, increase in
airway muscle tone opens the upper airway 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.

[0004] Undiagnosed obstructive sleep apnea can lead to
serious consequences, including progressive decline in heart
muscle function, blood vessel damage, and even death by
stroke or cardiac arrest.

[0005] Detection of such profound physiologic instability
may be accomplished by conventional polysomnography.
However, this approach is expensive and difficult to imple-
ment on a sufficient scale. Further diagnosis approaches for
detecting obstructive sleep apnea with the use of oximetry
systems are described by the following U.S. Pat. Nos.
5,398,682; 5,605,151; 5,891,023; 6,223,064; 6,342,039;
6,609,016; 6,748,252; 6,760,608 and U.S. Patent Publica-
tion Nos. 2002/0190863; 2003/0000522; 2003/0158466, the
full disclosures of which are incorporated herein by refer-
ence. A number of these references are directed to analyzing
waveshapes of various signals.

[0006] Alternative diagnostic methods and systems for
identifying sleep apnea that do not require evaluation of a
patient by polysomnography or the analysis of a succession
of specific events could be advantageous.

BRIEF SUMMARY OF THE INVENTION

[0007] A method for automatic detection of unstable satu-
ration of a patient using a pulse oximeter is provided. At
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least a single time series input of oxygen saturation values
(e.g., SpO,) is received and at least two metrics are com-
puted based on statistical properties of the single time series
input of oxygen saturation values. In one embodiment, the
statistical metrics are then averaged and a relationship
determined between the statistical metrics. An output is
provided if the relationship exceeds a threshold value,
wherein the threshold value is indicative of cyclic saturation
variations. In one embodiment, the ratio of the average
saturation changes over fifteen second intervals to the aver-
age saturation changes over one second intervals is calcu-
lated. Small changes are disregarded, and remaining ones
with a ratio above a threshold slope indicate possible sleep
apnea or hypopnea. Generally, cyclic saturation variations
may be detected with a period in the range from one minute
to five minutes. Some cyclic saturation variations may be
detected in periods as short as 35 to 50 seconds.

[0008] Methods and systems of the present invention
provide for simplified detection of unstable oxygen satura-
tion of a patient by analysis of statistical variations in blood
oxygen. In particular, the present invention provides physi-
ologic signal processing systems and oximetry software
algorithms that allow for the detection of obstructive sleep
apnea, ventilation instability, airway instability, breathing
arrhythmia, hypopnea, and like conditions.

[0009] The output from the methods and systems of the
present invention may comprise a report, record data, or
alarm generation. Alarm management may also comprise
various outputs, including an audio alarm, a visual alert, or
a print-out so as to inform the patient, nurse, physician, etc.
of the detected unstable saturation variations and this poten-
tially risky physiologic condition. It will further be appre-
ciated that the metrics of the statistical properties of the
single SpO, time series may additionally be modified based
on one or more signal quality metrics internal to a oximetry
algorithm so that the simplified detection methods of the
present invention are not easily fooled by non-physiologic
artifacts. For example, challenging conditions such as
patient motion, low perfusion, or interference from other
electronic devices may be screened out so as not to trigger
a false alarm.

[0010] The statistical metrics may comprise a magnitude
of oxygen saturation changes over half second to thirty
second intervals. A first metric comprises a magnitude of
saturation changes over one second intervals or five second
intervals. A second metric comprises a magnitude of satu-
ration changes over ten second intervals or fifteen second
intervals. Still further the statistical metrics may comprise a
skewness of the single time series input of oxygen saturation
values and a kurtosis of the single time series input of
oxygen saturation values. The skewness of a distribution is
a measure of its asymmetry in relation to a normal distri-
bution. The kurtosis of a distribution is a measure of the
shape of the distribution around the mean. The statistical
metrics may be associated with ventilation or airway insta-
bility, particularly obstructive sleep apnea. It will be appre-
ciated that the receiving, computing, modifying, averaging,
determining, and providing steps of the oximetry software
algorithm are carried out by a processor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The following drawings should be read with refer-
ence to the detailed description. Like numbers in different
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drawings refer to like elements. The drawings, which are not
necessarily to scale, illustratively depict embodiments of the
present invention and are not intended to limit the scope of
the invention.

[0012] FIG. 1A s a simplified block diagram illustrating a
patient monitoring apparatus in accordance with the prin-
ciples of the present invention.

[0013] FIG. 1B is a simplified flow chart illustrating a
method for automatically detecting unstable oxygen satura-
tion of a patient in accordance with the principles of the
present invention.

[0014] FIG. 2 graphically illustrates cyclic saturation
variations characteristic of obstructive sleep apnea.

[0015] FIG. 3 graphically illustrates saturation variations
due to artificial artifacts such as motion, low perfusion, or
other interference.

[0016] FIG. 4 is a graph showing a relationship between
two metrics computed from statistical properties of SpO,
time series in accordance with an exemplary embodiment of
the present invention; and

[0017] FIGS. 5 though 10 are graphical representations
showing exemplary data output in accordance with an
embodiment of the present invention.

DETAILED DESCRIPTION OF THE

[0018] Exemplary embodiments of the present invention
may provide patient monitoring systems and methods for
automatic detection of unstable oxygen saturation of a
patient using a pulse oximeter so as to diagnose obstructive
sleep apnea. Exemplary embodiments of the present inven-
tion may be adapted to use single time series inputs of
oxygen saturation values from non-invasive pulse oximeters
(e.g., SpO,) or data taken from invasive measurements such
as measurements of arterial oxygenation saturation values
(e.g., Sa0,). Moreover, data obtained by either technique
allows analysis of statistical variations in blood oxygenation
so as to detect unstable oxygen saturation. Pulse oximeters
that may be used with exemplary systems and methods of
the present invention include pulse oximeters commercially
available from Nellcor Puritan Bennett Incorporated of
Pleasanton, Calif., the assignee of the present application.

[0019] Referring now to FIG. 1A, a simplified block
diagram illustrates a patient monitoring system 2. FIG. 1B
illustrates a method for automatically detecting unstable
oxygen saturation of a patient in accordance with the prin-
ciples of the present invention. The system 2 includes an
input device, namely a pulse oximeter 10, a processor 12
electronically coupled to the pulse oximeter 10, and output
buffer 14 electronically coupled to the processor The output
buffer 14 is adapted to deliver data to at least one of a
plurality of output 12. devices, such as a speaker 16, a
display screen 18, or a printer 20.

[0020] The oximetry software algorithm for automatic
detection of unstable saturation of a patient using a pulse
oximeter is carried out by the processor 12. As shown at
block 22 (FIG. 1B), at least a single time series input of
oxygen saturation values is received. Examples of sources of
the oxygen saturation values include the pulse oximeter 10
(FIG. 1A), as during a real-time monitoring of a patient, or
from a data file created at an earlier time. As shown by block
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24 (FIG. 1B), at least two metrics are computed based on
statistical properties of the single time series input of oxygen
saturation values. The statistical metrics are modified based
on one or more signal quality metrics as indicated by block
26, averaged as indicated by block 28, and a relationship
determined between the statistical metrics as indicated by
block 30. For example, the relationship may be the ratio of
one of the statistical metrics to another of the statistical
metrics. The relationship may be defined to correspond to a
known condition, such as a disordered breathing condition
like obstructive sleep apnea. An output is provided if a
numerical representation of the relationship exceeds a
threshold value as indicated by block 32. The threshold
value may be an arbitrarily chosen value indicative of a
predetermined level of cyclic saturation variations. Exem-
plary embodiments of the present invention do not require
detection of one or more specific SpO, events, measurement
of the amplitude or period of such events, or the use of any
additional physiologic monitors or parameters.

[0021] Generally, cyclic saturation variations may be
detected with a period in the range from one minute to five
minutes. Some cyclic saturation variations may be detected
in periods as short as 35 to 50 seconds or even shorter,
depending on lung capacity of the patient, for example, or
other factors. Alarm management may comprise various
outputs, including sounding an audio alarm through the
speaker 16, displaying a visual alert on the display screen 18,
or providing a print-out from the printer 20 so as to inform
the patient, nurse, physician or the like of the detected
unstable saturation variations.

[0022] Examples of statistical metrics that may be
employed in conjunction with exemplary embodiments of
the present invention include a magnitude of saturation
changes over one second intervals, a magnitude of saturation
changes over five second intervals, a magnitude of satura-
tion changes over ten second intervals, or a magnitude of
saturation changes over fifteen second intervals. Generally,
combinations of the statistical metrics may be chosen to take
into account both magnitude and frequency range of varia-
tions in a physiologic parameter of interest (i.e., oxygen
saturation) to evaluate the overall repetitiveness of changes.
For example, the obstructive sleep apnea may be effectively
identified by taking into account the combination of a
relatively short change (e.g., one second) and a relatively
longer change (e.g., five, ten, or fifteen seconds). It will be
appreciated however that several other statistical metrics
may also be used with the to identify cyclic saturation
variations characteristic of airway instability, particularly
obstructive sleep apnea. Examples of other statistical met-
rics include processing the frequency content of the single
time series input of oxygen saturation values using a Fast
Fourier Transform, autocorrelation of the saturation values,
or derivatives. Because re-saturation is characteristically
much faster than de-saturation, the derivative of the reported
saturation should have a positive skewness when measured
over a period of several minutes. To the extent that these
cyclic saturation variations exhibit a relatively repetitive
magnitude, both the saturations and their derivatives should
have a more negative kurtosis than for non-cyclic saturation
variations.

[0023] The processor 12 (FIG. 1A) may include or be
coupled to a memory device that contains exemplary code
for an oximetry software algorithm, exemplary code for
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audio alarms, exemplary code for visual alerts, or the like.
The processor 12 and output devices (e.g., speaker 16,
display 18, printer 20) may be disposed in a common
housing with the pulse oximeter 10 to form a single inte-
grated system. Alternatively, pulse oximeter 10, the proces-
sor 12, the output buffer 14 and various output devices 16,
18, 20 may all comprise separate independent components
operatively coupled to one another. An alternative embodi-
ment may include a subset of the pulse oximeter 10, the
processor 12, the output buffer 14 and one or more of the
output devices 16, 18, 20 disposed in a single housing with
one or more of the remaining devices disposed externally
thereto.

[0024] FIG. 2 is representative of unstable oxygen satu-
ration behavior where the saturation changes smoothly
within a period of approximately more than a minute. It will
be appreciated that challenging oximetry conditions were
also identified in all age groups from newborn infants to
adults. Examples of such artificial artifacts include motion,
low perfusion, arrhythmia, dicrotic notches, interference
from other electronic devices and the like. FIG. 3 is repre-
sentative of saturation variations that are primarily due to
motion artifacts where the SpO, variations are quite irregu-
lar and often shorter in duration.

[0025] FIG. 4 is a graph that shows a plot of a plurality of
datasets that have been analyzed in accordance with an
exemplary embodiment of the present invention. To create
the plot shown in FIG. 4, an empirical analysis was per-
formed by post-processing a set of sample oximetry data.
The sample data, which comprised empirically obtained
oximetry data obtained from 113 patients over a wide range
of conditions, was post-processed using an oximetry algo-
rithm known as 05CI, which was implemented in a model
N595 pulse oximeter. Each post-processed saturation output
was manually examined by a skilled individual to identify
datasets of patients whose oxygen saturation data exhibited
cyclic de-saturations. In particular, six patients whose
datasets were included in the sample database were identi-
fied as indicative of cyclic de-saturations characteristic of
obstructive sleep apnea.

[0026] Referring now to FIG. 4, a relationship between
two metrics computed from statistical properties of time
series input of oxygenation saturation values for all 113
patients represented in the sample database is plotted. In
particular, statistical metrics of saturation variations that
relate both to overall magnitude and frequency were utilized.
On the x-axis, the magnitude of saturation changes over one
second intervals is plotted. On the y-axis, the magnitude of
saturation changes over fifteen second intervals is plotted.
For these metrics, magnitude may be represented by a
number of methods, including either the absolute difference
between two saturation values (e.g., |S;-S,|) or the by the
square root of the square of the differences (e.g., V(S,-S,)?).
These two metrics and a standard deviation (i.e., the root
mean square of the differences) were calculated, averaged,
and plotted for each of the separate one hundred thirteen
cases, as illustrated in FIG. 4.

[0027] Significantly, as shown in FIG. 4, the results of this
investigation indicate that the six datasets that were deter-
mined by empirical manual analysis to represent a cyclic
pattern of unstable oxygen saturation are clearly identifiable
in FIG. 4. Each of these six datasets is identified by an ‘x’
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in FIG. 4. Moreover, all six ‘x’ datasets are above a diagonal
threshold line 34 in FIG. 4. The diagonal threshold 34 is an
arbitrary line that is intended to correspond to a predeter-
mined level of cyclic physiologic activity represented by a
dataset under consideration. As steeper slopes are chosen for
the diagonal threshold 34, fewer datasets are identified as
exceeding the threshold (i.e. being above the threshold). As
shallower slopes are chosen for the diagonal threshold, more
datasets are identified as exceeding the threshold. For the
selected set of time intervals illustrated in FIG. 4, the slope
of the diagonal threshold line 34 was empirically determined
to be about 9. As seen in FIG. 4, this choice of threshold
values results in identification of the datasets empirically
determined to represent cyclically unstable oxygen satura-
tion. This threshold could be employed with new databases
of datasets that have not been empirically evaluated, with the
result that datasets having the same level of cyclic physi-
ologic activity would be identified without the need of
empirical analysis of the new data.

[0028] If the y-axis plotted magnitude of saturation
changes over five or ten second intervals, the slope of the
diagonal threshold line 34 will be about 4.5 to 9. Hence, a
slope of the diagonal threshold line 34 will be in a range
from about 60% (e.g., 9/15) to about 90% (e.g., 4.5/5) of the
ratio of time intervals used for quantifying saturation
changes. The diagonal threshold line indicates a preponder-
ance of longer-term saturation variation indicative of physi-
ologic instability.

[0029] An arbitrary vertical threshold 36 may also be
employed to avoid identifying datasets that exceed the
threshold line 34, but that nonetheless comprise statistical
variations that are sufficiently small as to be categorized as
minimal and not of interest. In FIG. 4, the vertical threshold
36 was selected so that the six datasets empirically deter-
mined to correspond to cyclic unstable variations in oxygen
saturation are to the right of the vertical threshold 36 and
above the threshold line 34. Thus, the results illustrated in
FIG. 4 indicate a clear metric separation of the six cases
empirically determined to correspond to cyclic variations
indicative of obstructive sleep apnea from the other 107
datasets. This illustrates the effectiveness of the statistical
metric analysis of FIG. 1B to adequately detect unstable
oxygen saturation. FIG. 4 thus represents the construction of
a framework of threshold values that may be employed to
evaluate other datasets to identify datasets indicative of a
cyclic pattern of unstable oxygen saturation. Such cyclic
patterns of unstable oxygen saturation may correspond to
sleep disordered breathing such as obstructive sleep apnea.

[0030] FIGS. 5-10 are graphical representations of exem-
plary patient data indicative of cyclically unstable oxygen
saturation. One hundred thirteen sets of patient data were
manually evaluated for the presence of an indication of a
cyclic desaturation pattern. Of those 113 datasets, six were
determined to comprise cyclic variations. Each of the graphs
shown in FIGS. 5-10 each correspond to one of those six
datasets. The same six datasets were subsequently identified
by a computer program comprising an exemplary embodi-
ment of the present invention. Hence, these results show the
effectiveness of the statistical metric analysis set forth in
FIG. 1B to effectively predict unstable oxygen saturation.

[0031] In an exemplary embodiment of the present inven-
tion, the data is identified as indicative of an instability
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during all periods in which a predetermined threshold value
is exceeded. This indication may comprise setting a variable
to a value indicative of instability when data exceeding the
threshold value is being evaluated. The variable may be set
to a value indicative of no instability at other times.

[0032] As set forth above, FIGS. 5-10 each correspond to
a dataset representative of cyclic saturation variations. In
particular, a saturation trace from a pulse oximeter and the
value of a variable (unstable_sat_flag) indicative the pres-
ence of an unstable saturation condition are shown in each
of FIGS. 5-10. FIG. 5 shows cyclic variations of approxi-
mately 4% that are identified after about two and a half
minutes, at which time the value of the variable unstable-
_sat_{flag transitions from a value of zero to a value of one.
FIG. 6 shows cyclic variations of approximately 5% that are
identified in about one and a half minutes. FIG. 7 shows
cyclic variations of approximately 2% to 6% that are iden-
tified in about one and a half minutes. FIG. 8 shows cyclic
variations of approximately 6% that are identified in about
two minutes. In FIG. 9, variations occur in the middle third
of the dataset. These variations are believed to be attribut-
able to a change in the oximeter sensor or sensor site.
Although cyclic saturation variations are not as regular as in
the other cases, cyclic variations of approximately 4% to 5%
are identified after about five minutes. The dataset repre-
sented in FIG. 10 shows cyclic variations of approximately
15% that are identified in about one minute.

[0033] In simulations with synthetic data, an exemplary
embodiment of the present invention detected cyclic satu-
ration variations of approximately 2% to 3% with a period
in the range from one minute to five minutes. Cyclic
variations of approximately 10% were detected in periods as
short as 35 to 50 seconds. An exemplary embodiment of the
present invention may be adapted to detect shorter saturation
cycles that may occur in the case of infants. For example,
metrics for one and ten second interval saturation changes
may be evaluated. The averaging response time and thresh-
olds may also be modified to achieve more (e.g., shorter
interval) or less (e.g., longer interval) sensitive detection of
unstable saturation behavior depending on the desired phe-
nomena to be detected.

[0034] The following is a listing of exemplary program-
ming code in accordance with one embodiment of the
present invention:

#AWK script to evaluate unstable saturation behaviour characteristic of
#obstructive sleep apnea, based on saturation and quality metrics internal
# to the oximetry algorithm.

# initialize variables

BEGIN

{

for (i=0;1 <= 15; i++)

sat__hist[i] = 0.0;
sat_age_ hist[i] = 0.0;
mot__hist[i] = 0;

mean_ diff 15 = 0.30;

mean_ diff 1 = 0.10;

nz_sat_cnt = 0;

diff 15 xtra = 0.0;

diff 15 xtra_ exceeds_10_cnt = 0;
unstable__sat_flag = 0;
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-continued

# The following section is invoked for each ASCII input line
# which is assumed to occur once per second

#read saturation, saturation age, and motion flag (columns 3, 21, 25).
sat__hist[0] = $3 * 1.0;

sat__age_ hist[0] = $21 * 1.0;

mot__hist[0] = $25 * 1;

#reinitialize variables when saturation is zero

if (sat__hist[0] == 0.0)

for (i =0;i <= 15; i++)

sat__hist[i] = 0.0;
sat_age_ hist[i] = 0.0;
mot__hist[i] = 0;

mean__diff_15 = 0.30;
mean__diff_1 = 0.10;

nz_sat_cnt = 0;

diff 15 xtra = 0.0;

diff 15 xtra_exceeds__10_cnt = 0;
unstable_sat_flag = 0;

}

else

{

nz_ sat_ cnt++;
}
#update metrics when saturation has been non-zero for 15 seconds
if ((sat_hist[0] > 0.0) && (sat_hist[15] > 0.0))
{

#update averaging response time (60 sec --> 5 minutes)
fwt = 1.0 / nz_sat_ cnt;
if (nz_sat_cnt < 60)
fwt = 1.0/ 60.0
if (nz_sat_cnt > 300)
fwt = 1.0 / 300.0;
#compute and average 1-sec (short-term) saturation changes
sat_diff 1 =0.0;
for (i=0;1<15; i++)

tmp = sat_hist[i] — sat_hist[i+1];
if (tmp < 0.0)

tmp = 0.0 — tmp;
sat_diff 1 +=tmp / 15.0;

mean_ diff_ 1 += fwt * (sat_diff. 1 — mean_diff 1)
#compute 15-sec saturation change
if (sat_age hist[15] < sat_age_hist[0] + 5.0)

sat_diff 15 = sat_ hist[0] — sat__hist[15];

#if saturation age has been getting younger due to

#the cessation of artifact, then compute saturation change
#over a slightly shorter interval

else

{

sat_diff 15 = sat_ hist[0] — sat_ hist[14];
}
if (sat_diff. 15 < 0.0)

sat_diff 15 = 0.0 — sat_ diff’ 15;

#downweight saturation-change metric for very high
#saturations.
if (sat__hist[0] > 99.0)

sat_diff 15 —= 0.5 * (sat_ hist[0] — 99.0);

#downweight saturation-change metric if motion artifact
#was detected during the interval
if ((mot__hist[0] > 0) || (mot_hist[7] > 0) ||
(mot__hist[15] > 0))
sat_ diff_15 /= 2;
#average 15-second saturation-change metric
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-continued

mean__diff_15 += fwt * (sat_diff_15 — mean_diff_15)

#combine the averaged 1-second and 15-second change metrics
diff _15_xtra = 100.0 * (mean_ diff 15 — 8.0 * mean_ diff 1);
if (diff _15_ xtra < 0.0)

diff _15_ xtra = 0.0;
if (diff_15_ xtra > 10.0)

diff_15_ xtra_ exceeds__10__cnt++;

}

else
diff 15_ xtra_exceeds_10_cnt = 0;

#update unstable saturation condition
if ((unstable_sat_flag == 1) && (diff_15_ xtra < 15.0))

unstable_sat_ flag = 0;

if ((unstable_sat_flag == 0) && (diff_15_xtra > 20.0) &&
(diff_15_ xtra_exceeds__10_cnt > 15))

unstable_sat_flag = 1;

#move old data back in the buffers. Location [1] denotes 1 second
#ago, location [15] denotes 15 seconds ago, etc.
for (i=15;i> 0; i—-)

sat__hist[i] = sat__ hist[i-1];
sat_age_ hist[i] = sat_age_ hist[i-1];
mot__hist[i] = mot_ hist[i-1];

#print header line
if (FNR ==1)
printf(“%s\t%s\t%s\t%s\tunstable_sat_ flaghtdiff 15_ xtra\n”,
$1, 83, $21, $25)
#print output for each one-second ASCII input line, after line 1
else
printf(“%s\t%s\t%s\t%s\t %ou't%0.2f\n”,
$1, $3, $21, $25, unstable_sat_ flag, diff 15_ xtra);

# End of AWK script

[0035] The exemplary programming code may be imple-
mented in a pulse oximetry software algorithm that allows
analysis of large quantities of data in order to detect unstable
oxygen saturation of a patient. Those of ordinary skill in the
art will appreciate that many other programming scripts can
be used and yet still perform an analysis of statistical
variations in blood oxygenation so as to detect unstable
oxygen saturation in accordance with embodiments of the
present invention. The exemplary program code above
includes artifact dectection and saturation age quality met-
rics to reduce undesirable effects of non-physiologic arti-
facts of the type illustrated in FIG. 3.

[0036] An exemplary embodiment of the programming
script listed above has been used to post-process oximetry
data from each of the 113 cases in the sample database
referred to above to evaluate unstable oxygen saturation
behavior characteristic of obstructive sleep apnea. The goal
of this analysis was to determine whether the manual
analysis that distinguished cyclic saturation variations from
other artifactual variations could be confirmed using soft-
ware with an acceptable degree of reliability and response
time (e.g., response time sufficiently fast to permit real-time
analysis of patient data).

[0037] The outputs of the programming script listed above
include the time series SpO, input denoted by the unbroken
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saturation “Sat” trace (FIGS. 5-10), the diff 15_extra vari-
able referred to in the exemplary program code, which
quantifies the degree to which the data is above the diagonal
threshold line 34 (FIG. 4). The unstable_sat_flag referred to
in the example program code is set to one when the specified
thresholds for the diff 15 extra variable are exceeded.
Moreover, the detection of a cyclic pattern of unstable
oxygen saturation may be conditioned upon exceeding a
single threshold or multiple thresholds. Additionally, statis-
tical metrics may be modified depending on a magnitude of
oxygen saturation being evaluated. In the exemplary pro-
gram code set forth above, the diff 15_extra variable com-
putes and averages the absolute values of the one and fifteen
second interval saturation changes, where the averaging has
a response time that starts at one minute and gradually
lengthens to five minutes, and determines if the threshold is
exceeded.

[0038] Although certain exemplary embodiments and
methods have been described in some detail, for clarity of
understanding and by way of example, it will be apparent
from the foregoing disclosure to those skilled in the art that
variations, modifications, changes, and adaptations of such
embodiments and methods may be made without departing
from the true spirit and scope of the invention. For example,
“exceeding a threshold” can mean being either above or
below the threshold, depending on the circumstances and the
parameter being measured. Therefore, the above description
should not be taken as limiting the scope of the invention
which is defined by the appended claims.

What is claimed is:

1. A method for automatic detection of unstable oxygen
saturation of a patient using a pulse oximeter, the method
comprising:

receiving at least a single time series input of oxygen
saturation values; and

computing at least two metrics based on statistical prop-
erties of the single time series input of oxygen satura-
tion values.

2. The method as in claim 1, further comprising averaging
the statistical metrics.

3. The method as in claim 2, further comprising deter-
mining a relationship between the statistical metrics.

4. The method as in claim 3, further comprising providing
an output if the relationship exceeds a threshold value.

5. The method as in claim 4, wherein exceeding the
threshold value is indicative of cyclic saturation variations.

6. The method as in claim 4, wherein the output comprises
sounding an audio alarm.

7. The method as in claim 4, wherein the output comprises
displaying a visual alert.

8. The method as in claim 4, wherein the threshold value
slope is in a range from about 60% to about 90% of a ratio
of time intervals used for quantifying saturation changes.

9. The method as in claim 1, wherein the statistical
metrics are associated with ventilation or airway instability.

10. The method as in claim 1, wherein the statistical
metrics are associated with sleep apnea.

11. The method as in claim 1, wherein the statistical
metrics in combination are sensitive to both magnitude and
frequency range of oxygen saturation variations.
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12. The method as in claim 1, wherein at least one
statistical metric comprises a magnitude of saturation
changes over 0.5 to 5 second intervals.

13. The method as in claim 12, wherein a second statis-
tical metric comprises a magnitude of saturation changes
over 10 to 30 second intervals.

14. The method as in claim 1, wherein at least one
statistical metric comprises a skewness of the single time
series input of oxygen saturation values.

15. The method as in claim 1, wherein at least one
statistical metric comprises a kurtosis of the single time
series input of oxygen saturation values.

16. The method as in claim 1, wherein cyclic saturation
variations may be detected with a period of at least 35
seconds to 5 minutes.

17. The method as in claim 1, wherein receiving, com-
puting, averaging, determining, and providing steps are
carried out by a processor.

18. The method as in claim 1, further comprising modi-
fying the statistical metrics based on one or more signal
quality metrics.

19. The method as in claim 1, further comprising modi-
fying the statistical metrics depending on a magnitude of the
oxygen saturation values.

20. The method as in claim 1, further comprising deter-
mining whether the oxygen saturation values correspond to
unstable oxygen saturation by comparing the oxygen satu-
ration values to multiple thresholds.

21. A method for automatic detection of unstable oxygen
saturation of a patient using a pulse oximeter, the method
comprising:

receiving at least a single time series input of oxygen
saturation values;

computing at least two metrics based on statistical prop-
erties of the single time series input of the oxygen
saturation values;

modifying the statistical metrics based on one or more
signal quality metrics;

averaging the statistical metrics;

determining a relationship between the statistical metrics;
and

providing an output if the relationship exceeds a threshold
value.

22. A patient monitoring system for automatically detect-

ing unstable oxygen saturation of a patient, the system
comprising:
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a pulse oximeter for measuring at least a single time series
input of oxygen saturation values; and

a processor programmed to compute at least two metrics
based on statistical properties of the single time series
input of oxygen saturation values.

23. The system as in claim 22, wherein the processor is

further programmed to average the statistical metrics.

24. The system as in claim 22, wherein the processor is
further programmed to determine a relationship between the
statistical metrics.

25. The system as in claim 24, wherein the processor is
further programmed to provide an output if the relationship
exceeds a threshold value.

26. The system as in claim 25, wherein the statistical
metrics are associated with one of cyclic saturation varia-
tions, ventilation or airway instability, and sleep apnea.

27. The system as in claim 22, wherein the at least two
statistical metrics in combination are sensitive to both mag-
nitude and frequency range of oxygen saturation variations.

28. The system as in claim 22, wherein at least one
statistical metric comprises a skewness of the single time
series input of oxygen saturation values.

29. The system as in claim 22, wherein at least one
statistical metric comprises a kurtosis of the single time
series input of oxygen saturation values.

30. The system as in claim 22, wherein the statistical
metrics are modified depending on a magnitude of the
oxygen saturation values.

31. The system as in claim 22, wherein the oxygen
saturation values are determined to correspond to unstable
oxygen saturation by comparing the oxygen saturation val-
ues to multiple thresholds.

32. A computer-readable storage medium having a com-
puter-readable program embodied therein for directing
operation of a computer system, the computer system
including a communications system, a processor, and a
memory device, wherein the computer-readable program
includes instructions for operating the computer to automati-
cally detect unstable oxygen saturation of a patient in
accordance with the following:

receiving at least a single time series input of oxygen
saturation values; and

computing at least two metrics based on statistical prop-
erties of the single time series input of the oxygen
saturation values.
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