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IN THE UNITED ST,
FOR THE DISTFJCQLBRDE,NWHNECOURT

IVY BIOMEDICAL SYSTEMS, INC,,

Defendants.

) JUN 19 2000

MALLINCKRODT, INC. and NELLCOR |

PURITAN BENNETT INC.,, E$NTRAL DISTRICT OF C"\L'['):Qf&’{}

| ) = -7986
Plaintiffs, ) Civil Action No. .. 9_ 9 -1
V. ) '
| ) ") )

MASIMO CORPORATION and ) 00-06506- 6AP@ \Ly
) -
)
)
)

COMPLAINT FOR PATENT INFRINGEMENT

W

Plaintiffs Mallinckrodt, Inc. (“Mallinckrodt”) and Nellcor Puritan Bennett' Inc.
(“Nellcor"), .for their complaint against defendants, Masimo Corporation (“Masimo”) and Ivy
Biomedical Systems, Inc. (“Ivy”) (collectively “Defendants”), aver as follows:

THE PARTIES

1. Plainfiff Mallinckrodt is a corporation organized and existing under the
laws of the State of Delaware, and has a place of business in St. Louis, Missouri.

2. Plaintiff Nellcor is a corporation organized and existing under the laws of
the State of Delaware, and has a place of business in Pleasantoh, California.

3. Upon information and belief, defendant Masimo is a corporation
organiied and existing under the laws of the State of Delaware; with a principal place of business
at 2852 Kelvin Avenue, Irvine, California 92614. Masimo is engaged in the business of making,

using, offering to sell, selling and/or importing OEM circuit boards for pulse oximeters and pulse

oximeter sensors.
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4. Upon information and belief, defendant.Ivy is a corporation organized and
existing under the laws of the State of Delaware with a principal place of business at 11 Business
Park Drive, Branford, Connecticut 06405. Ivy is engaged in the business of making, using,
offering to sell, selling and/or importing pulse oximeter sensors and pulse oximeters, including
pulse oximeters incorporating Masimo OEM circuit boards and pulse oximeter sensors made by
Masimo.

JURISDICTION

5. This is an action for patent infringement under the patent laws of the
United States, Title 35, United States Code. ’fhis Court has subject matter jurisdiction under 28 .
U.S.C. §§ 1331 and 1338(a).

| VENUE

6. Venue is broper in this District under 28 U.S.C. §§ 1391(b) and (c) and.
1400(b).

PLAINTIFFS' PATENTS

7. United States Patent No. 4,653,498, entitled “Pulse Oximeter Monitor”
was duly and legally issued by the United States Patent and Trademark Office on March 31,

1987 and -Reexamination Certificate Bl 4,653,498 therefore was duly and legally issuéd by the

United States Pétent and Trademark Office on April 18, 1989 (collectively, “the ‘498 patent”).
The ‘498 patent i; assigned to Nellcor. |

| 8. United States Patent No. 5,078,136 (“the ‘136 patent”), entitled “Method
and Apparatus For Calculating Arterial Oxygen Saturation Based Plethysmographs Including
Transients,;’ was duly and legally issued by the United States Patent and Trademark Office on

January 7, 1992. The ‘136 patent is assigned to Nellcor.
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9. United States Patent No. Re. 36,000 (“the ‘000 patent”), entitled “Adhesive
Pulse Oximeter Sensor With Reusable Portion,” was duly and legally reissued by the United
States Patent and Trademark Office on December 22, 1998. The ‘000 patent is assigned to
Nellcor.

| 10.  Mallinckrodt is the exclusive sales agent in the United States for Nellcor
brand oximeters and oximeter sensors, including oximeters and oximeter sensors covered by the
‘498 patent, the '136 patent and the ‘000 patent.

11.  Copies of the ‘498 patent, the ‘136 patent and the ‘000 patent are attached
to this Complaint as Exhibits A through C, respectively.

CLAIM FOR PATENT INFRINGEMENT

12. In violation of 35 U.S.C. §§ 271(a); (b) and (¢), Masimo has infringed,;__ ,
induced infringement of, and contributed to infringement of, and is continuing to infringe, induce
infringement of and contributorily infringe, one or more claims of the ‘136 patent and the ‘000
patent by making, using, offering for sale and/or selling in the United States products that
embody or use the inventions claimed in the ‘136 pétent and the '000 patent, including without
limitation Masimo’s MS Boards and the LNOP ® family of sensors.

13. In violation of 35 U.S.C. §§ 271(b) and (c), Masimo also has induced
infringement of, and contributed to infringement of, and is continuing to induce infringement of
and contributorily infringe, one or more claims of the ‘498 patent, by inducing others, includjng
Ivy, to make, use, offer for sa_le an_d/or sell in the United States products that embody or use the
inventions claimed in the ‘498 pétent.

14.  Upon information and belief, Masimo’s infringement, inducement of

infringement and contributory infringement of the ‘136 patent and the ‘000 patent, and Masimo's
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inducement of infringerrient and contributory infringement of the ‘498 patent, has been and
continues to be willful, intentional and deliberate.

15.  Mallinckrodt and Nellcor have been damaged, in an amount not yet fully
determined, by Masimo's infringement, inducement of infringement and/or contributory
infringement and will be irreparably injured unless those activities are enjoined.

16. In violation of 35 U.S.C. §§ 271(a), (b) and (c), Ivy has infringed, induced
infringement of, and contributed to infringement of, and is continuing .to infringe, induce
infringement of and contributorily infringe, one or more claims of the ‘498 patent, the ‘136 patent
and the ‘000 patent by making, using, offering for sale and/or selling in the United States
products that embody or use the inventions claimed in the ‘498 patent, the ‘136 pateht and the
‘000 patent, including without limitation the SAT-GUARD 2000, Vital-GUARD 405CM and
Vital-GUARD 405TM, which incorpbrate Masimo’s OEM circuit boards.

17. Upon information and belief, Ivy's infringement, inducement of
infringement and contributory infringement of the ‘498 patent, the ‘136 patent and the ‘000 patent
ha_s been and continues to be willful, intentional and deliberate.

'18.  Mallinckrodt and Nellcor have been damaged, in an amount not yet fully
determined, by Ivy's infringement, inducement of infringement and/or contributory infringement

and will be irreparably injured unless those activities are enjoined.

&,

WHEREFORE, Plaintiff Mallinckrodt and Nellcor pray for judgment and relief
against Defendants, including: | |

A. Adjudging that Defendants have infringed, induced infringement of and
contributorily inﬁ-inged, and continue to infringe, induce infringement of and contributorily

infringe the ‘498 patent, the ‘136 patent and the ‘000 patent.

-4-
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B. Preliminarily and permanently enjoining Defendants, their officers, agents,
servants, employees, and attorneys, and those persons in active concert or participation with
them who receiv;. notice of the injunction, from continuing acts of infringement, inducement of
infringement and/or contributory infringement of the ‘498 patent, the '136 patent and the ‘000
patent;

C. Awarding to Mallinckrodt and Nellcpr their damages caused by
infringement, inducement of infringement and contributory infringement by each Defendant,
together with pre-judgment and post-judgment interest;

D. Adjudging that each of the Defendants has willfully infringed, and that
damages awarded to Mallinckrodt and Nellcor be trebled pursuant to 35 U.S.C. § 284;

E. Adjudging this to be an exceptional case and awarding Mallinckrodt and ..
Nellcor their costs, expenses and reasonable attorneys’ fees pursuant to 35 U.S.C. § 285; and

F. Granting such other and further relief as this Court may deem just and
proper.

Respectfully submitted,

MORRIS, NICHOLS, ARSHT & TUNNELL

Ver Haen J10

v = _ Jdck B. Blumenfeld (#1014)

201 North Market Street

P.O. Box 1347

Wilmington, DE 19899-1347

302-658-9200
Attorneys for the Plaintiffs
Mallinckrodt, Inc. and
Nellcor Puritan Bennett Inc.
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OF COUNSEL:

Robert C. Morgan

FISH & NEAVE

1251 Avenue of the Americas
New York, New York 10020
212-596-9000

Nicola A. Pisano

Kevin P.B. Johnson

FISH & NEAVE

525 University Avenue
Palo Alto, California 94301
650-617-4000

November 17, 1999

144927
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57 ABSTRACT

A display monitor ia disclosed for a pulse oximeter of
the type wherein light of two different wavelengths is

passed through body tissue, such as a finger, an ear or
the scalp, s0 as to be modulated by the pulsatile compo--
nent of arterial blood therein and thereby indicate oxy-

gen saturation. A tonal signal is emitted having a pitch:
proportional to the ratio of oxygen saturation and a

sequential repetition proportional to pulse. A visual cue

consisting of an array of strobed light emitting diodes is

flashed having a total light output proportional to the

magnitude of the pulse and a sequential flashing rate

proportional. to -pulse rate. A systematic rejection of
extraneous or irregular detected data prevents undue
sounding of alarms.
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tion of optical nduuon through living tissue compris-
REEXAMINATION CERTIFICATE

ing:
ISSUED UNDER 3§ U.S.C. 307

THE PATENT IS HEREBY AMENDED AS
INDICATED BELOW.

Matter enclosed in heavy brackets [] appeared in the ~
patent, but has been deleted and is no longer a part of the 10
patent; matter printed in italics indicates additiona made
to the patent.

AS A RESULT OF REEXAMINATION, IT HAS ;s
BEEN DETERMINED THAT:

Claim 1 is determined to be patentable as.amended.

Claims 2 and 3, dependentonanmendedchm. [

determined to be patentable.

1. An oximeter apparatus for use in measuring pulse
rate and oxygen saturation of blood by means of absorp- 25

30
35

45

s

65

first and second light sources for emitting light at a
first and second wavelength, respectively;

a light sensor;

said light sources and light sensor being adapted to be
addressed to said tissue to define a light path
through said tissue between said light sources and
said light sensor;

means for detecting signals corresponding to light
received by said light sensor at each of said first
and second wavelengths and for deriving from said
signals 4 pulsatile signal ing to a pulsa-
tile characteristic of arterial blood flow and gener-
ating a signal corresponding to oxygen saturation
of the blood; and

means for generating an audible intermittent tone
‘signal, said tone signal generating means further
comprising:

means tesponsive to said pulsatile signal for control-
ling the occurrence of said audible tone signal, and

.. means responsive to said oxygen saturation signal for

confinuously varying the tonal frequency of said
audible tone signal with oxygen saturation,
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1
PULSE OXIMETER MONITOR

This is a continuation of copending application Ser.
No. 417,312, filed Sept. 13, 1982, now abandoned, enti-
tled “PULSE OXIMETER MONITOR", which is a
continuation-in-part of application Ser. No. 414,175,
filed Sept. 2, 1982, now abandoned.

A two fiche microfiche appendix is included herein,
consisting of a total of 67 frames.

This invention relates to pulse oximeters and specifi-

cally to the photoelectric determination of arterial oxy-

gen saturation in humans with techniques for initializing
data, receiving data for processing, setting and trigger-
ing alarms all being set forth.

BACKGROUND OF THE INVENTION

Electronic, non-invasive techniques for determina-
tion of oxygen content are known. U.S. Pat. No.
2,706,927 to Wood disclosed the computation of oxygen
saturation from measurement of light absorption of
body tissue at two wavelengths. A “bloodless” mea-
surement was first taken in which as much blood as
possible was squeezed from the area where measure-
ment was taken. Thereafter, arterial blood was allowed
to flow into the tissue as the condition of normal blood
flow was restored. A comparison of the light absorption
in the two states provided information on the arterial
oxygen saturation of the subject. A series of devices and
procedures have been founded using this technology.

In procedures based on this technology, difficulty has
been experienced in reliably determining the “blood-
less” parameters; due in part to geometrical distortion
due to the compression of the tissue; imperfect measure-
ment of this parameter gave imperfect results.

The transmission of light of each wavelength is a
function of the thickness, color, and structure of skin,
flesh, bone, blood and other material through which the
light passes. This attenuation in transmission has been
asserted to have a logarithmic characteristic, in accor-
dance with the Lambert-Beers Law.

In a pulse oximeter, the primary material of interest is
pulsatile arterial blood. Arterial blood is the only mate-
rial whose quantity in the tissue varies with time in
synchrony with the beating of the heart. Variations in
light transmission therefore indicate variations in blood
flow permitting direct optical recording of the pulsatile
component of arterial blood flow. This ability to sepa-
rate out the light absorption of arterial blood is espe-
cially convenient; since the oxyhemoglobin component
of blood is a substance for which the absorption coeffi-
cients can be determined, the fraction of any oxyhemo-
globin in arterial blood can be determined.

Optical plethysmographs are well known. Such in-
struments measure pulse rate and provide information
on the quantity of blood forced into the tissues on each
heart beat. These instruments generally utilize a light
frequency near or at the isobestic point where measure-
ment of pulsatile flow is made independent of oxygen
saturation. Consequently, they intentionally eliminate
information on oxygen saturation.

Following the Wood U.S. Pat. No. 2,706,927 patent,
numerous attempts have been directed at eliminating
the difficulties connected with arterial saturation mea-
surements using light absorption where the analysis
requires the comparing the “bloodless” measurement
either artificially induced or naturally occuring during
the rest state of the heart cycle with the measurement of
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fresh arterial blood when fresh arterial blood enters the
tissue. For example, the signal received has been di-
vided into its “AC” and “DC" components and passed
through a log amplifier before digital analysis of the
signal occurs. See Koneshi et al, U.S. Pat. No.
3,998,550. Likewise, a generation at both wavelengths
of subtraction outputs has been utilized before digital
analysis. Subtraction outputs have been used to elimi-
nate the DC component and to approximate the loga-
rithmic response of the prior art. See Hamaguri, U.S.
Pat. No. 4,266,554. Simply stated, because the pulsatile
component constitutes a small portion of the total signal
of transmitted light, numerous manipulations based on
logarithms have been attempted to screen out the un-
changing component of the resultant signal before anal-
ysis.

U.S. Pat. No. 3,704,706 to Herczfeld et al disclosed
use of a single coherent red light source, preferably a
laser. Use of a single light source is unable to separate
information dealing with the arterial flow component
from that dealing with the arterial oxygen component.
The output of such a single red light source instrument
can only be an indication of the product of blood flow
and the saturation level present. Neither blood flow
alone or saturation alone can be known.

In all of the above schemes for the measurement of
pulse rate, pulse flow and oxygen saturation, the variant
or AC component is a small portion of the total absorp-
tion occurring. In such circumstances, discrimination of
the signal from other possible sources must occur.
When it is remembered that measurements of uncon-
scious, partially anesthetized and otherwise non-respon-
sive patients must occur, and such patients have random
and irregular movements (and heart beats), the estab-
lishment of thresholds for the reception and analysis of
data is critical.”

SUMMARY OF INVENTION

A display monitor is disclosed for a pulse oximeter of
the type wherein light of two different wavelengths is
passed through: body tissue, such as a finger, an ear or
the scalp, so as to be modulated by the pulsatile compo-
nent of arterial blood therein and thereby indicate oxy-
gen saturation. The disclosed instrument first receives
and compares signal to parameters to check for a pulse
like signal. Assuming that a pulse like signal is detected
a tonal signal is emitted having a pitch proportional the
ratio of oxygen saturation and a sequential repetition
proportional to pulse. A visual cue consiting of an array
of strobed light emitting diodes is flashed having the
number of lights strobed increase with increasing mag-
nitude of the pulses and having a sequential flashing rate
proportional to pulse rate. A systematic rejection of
extraneous or irregular detected data prevents undue
sounding of alarms.

OTHER OBJECTS, FEATURES, AND
ADVANTAGES OF INVENTION

An object of this invention is to disclose an instru-
ment which can simultaneously trace and indicate the
pulse as well as the degree of oxygen saturation of the
individual. According to this aspect of the invention, at
least one of the wavelengths of light, preferably infra-
red, is monitored for slope change. A signal is emitted
proportional to and typically. synchronous with the
slope change rate to indicate heart rate. A second signal
is emitted containing pulse rate and oxygen saturation
information.
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An advantage of this aspect of the invention is that
each pulsatile component is individually analyzed. The
heart beat and- arterial oxygen level of the patient is
continually monitored.

Yet another object of this invention is to disclose a
series of audible signals which convey puise rate and
oxygen saturation. Pulse rate is indicated by emitting
sequential tones at time intervals corresponding to the
rate of negative slope reversals (indicating pulse wave
maximum). Oxygen saturation is indicated by having
pitch decrease proportional to decreasing oxygen satu-
ration.

An advantage of this aspect of the invention is that
the human ear is particularly sensitive to both changes
in frequency of sequential sound signals and tonal varia-
tions in sequential sound signals. A simple beating signal
can make all in the immediate vicinity well aware of
both the pulse rate and oxygen saturation of the patient.

Yet another aspect of this invention is to emit a visual
signal conveying similar information. According to this

10

15

aspect of the invention, a column of light emitting di-

odes flashes in height proportional to pulse magnitude
and flashes in frequency proportional to pulse rate. As
the eye is particularly sensitive to changes in both ﬂash-
ing rate and angular dimension or height of the ﬂashmg
LED array, an indication of pulse quality is given.

Yet another object of this mvention is to disclose a
--plurality of alarms, which alarms can all be individually
set in accordance with the current condition of the
patient. According to this aspect of the invention, high
pulse rate, low pulse rate and oxygen saturation levels
can all be utilized as an alarm limit.

An advantage of this aspect of the imvention is that
the parameter of the patient’s warning limits can be
tailored by the anesthesiologist or other attending phy-
sicians. Individual adjustment can be made to the partic-
ular physiology present.

Yet another object of this invention is to disclose a
- regimen in combination with the instrument for reject-
-ing extraneous data. Remembering that patients are
often in an unconscious or semi-conscious state when
this instrument is used, it can be realized that the instru-
ment does not operate in a perfect environment. Shak-
ing or moving the sensor head or even local variations
in the patients pulsatile profile could unnecessarily trig-
ger alarms. According to this aspect, incoming pro-
cessed data is compared to confidence factors. If the
data falls within expected levels, confidence factors
remain unchanged or are upgraded to the highest level.
Where data falls without the anticipated confidence
levels, the data itself may be rejected. The confidence
levels are eroded or opened in the range of data that can
be processed. This process occurs until data consistent
with the confidence limits is received. When data con-
sistent with the confidence factor is received, it is com-
pared to the alarm limit.

An advantage of this aspect of the invention is that
small local variations in the received signal do not trig-
ger the alarms.

Yet another aspect of this invention is to disclose a
totality of data utilized for tracking the pulse. Accord-
ing to this aspect of the invention, the points of maxi-
mum light transmission (commencement of inflowing
pulse) and maximum light absorption (end of arterial
pulse) are tracked for at least one wavelength. A maxi-
mum negative slope intermediate the maxima and min-
ima is plotted for avoidance of the dicrotic notch. Fi-
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nally, the percent of oxygen saturation is determined by
comparison of light transmission at both frequencies.

All of these data are analyzed against the confidence
limits for reception. Where three out of the six data .
values are outside the limits, the entirety of the data is
rejected. Where four or more of the data values are
within, the data is received and the confidence limits
under the acceptable catagories upgraded or maintained
at the narrowest limit. Confidence limits of unaccept-
able data are eroded or opened.

An advantage of this aspect of the invention is that
interruption of data often occurs at more than one pa-
rameter. With such interruption, the entire data block
may be averaged to prevent the premature sounding of
alarms.

A further object of this invention is to disclose a
simplified control for adjusting alarm limits. According
to this aspect, adjustment occurs to a shaft encoder
directly.coupled to an alarm limit adjustment knob. The
alarm limit to be set is selected by pressing at least one
selector button. Thereafter, turning of the alarm limit
adjuster knob updates the limit by sign—depending
upon direction of turn—and m limit—depending upon
amount of turns. The current alarm limit being changed
is shown in the visual display. If the alarm limit does not
change for a preset period, that is, the knob is no longer
being turned, the knob to the alarm limit is disconnected
and the knob is again connected to its original connec-
tion and the display returns to its original status.

An advantage of this aspect of the invention. is that
alarm limit control is easily and sunply adjusted. The
complex environment of the operating room and inten-
sive care unit is provided with a useful instrument hav-
ing simplified adjustinent: In particular, the alarms can
be controlled by one hand, important in some aspects of
patient care. It is not necessary to manually reset the
instrument to its original status of displaying saturation
or pulse rate.

Other objects, features and advantages of this inven-
tion will become more apparent after referring to the
following specifications and attached drawings in
which:

DESCRIPTION OF THE DRAWING

FIG. 1 is a perspective view of the instrument of this
invention illustrating the instrument housing and attach-
ment of a sensor to the digit of a patient;

. FIG. 2 is an overall circuit schematic of this inven-
tion;

FIG. 3 is a circuit schematic in the vicinity of the
microprocessor;

FIG. 4. is a circuit schematic in the vicinity of the
read only memory or ROM of this invention;

FIG. § is a circuit schematic in the vicinity of the
random access memory or RAM of this invention;

FIG. 6 is a circuit schematic of the memory select;

FIG. 7 is a circuit schematic of the input/output
select;

FIG. 8 is a circuit schematic of the counter of this
invention;

FIG. 9 is a circuit schematic of the comparator circuit
wherein 12 bit digital to analog conversion occurs;

FIG. 10 is a circuit schematic of the sample-hold
circuitry of this invention;

FIG. 11 is a circuit schematic of the offset amplifier
circuit of this invention;

FIG. 12 is a circuit schematic of the detector of this
invention;
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FIG. 13 is a detail of a clock circuit having an output
for powering the light emitting diodes;

FIG. 14 is a detail of circuitry for powering the light
emitting diodes, the diodes being switched at a point
proximate to the detector;

FIG. 15 is a circuit schematic illustrating the opera-
tion of the optically coupled adjustment knob;

FIG. 16 is a view of the control button circuitry of
this invention;

FIG. 17 is a view-of L.E.D. circuitry outputs;

FIG. 18 is a view of the audio output circuitry; and

FIG. 19 is a block logic diagram of the numerical
process steps which result in the instrument output.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1, the instrument housing 26 of this
invention is illustrated. Outwardly, the housing includes
a digit display 1, circuitry select button array 2 through
S, alarm status lights 6 through 9, an optically coupled

adjustment -knob 10, sync status light 11, LED digital -

viewmeter 12, and power switch 13. A speaker 15 is
placed under and in the instrument housing,

From a connector (not shown) in housing 26 there
extend leader wires 27. Wires 27 extend to a detector
probe 29. Detector 29 is placed upon the finger 14 of a
patient 28, Utilizing the placement of the detector 29 at
the finger 14, all of the readings in this invention are
made possible.

Oximeter Operation .

A broader view of the operation of this invention can
be made by considering carefully the circuit schematic
of FIG. 2.

Referring to FIG. 2, conventional microprocessor 16
has a bus 17 extending therefrom. Bus 17 has connected
thereto conventional ROM 18 and RAM 19. An LED
display 20 is schematically illustrated having a select
latch 21 and a digit designation latch 22. The circuit
select button array 2-5 and optically coupled control
knob 10 previously illustrated are gated through con-
trols generally denominated 24,

Having set forth the more or less conventional por-
tions of the microprocessor, attention.will now be di-
rected to the analog portions of the circuitry.

Finger 14 of patient 28 is illustrated with detector 29
having schematic detection circuitry. First light emit-
ting diode 32 in the red range and a second light emit-
ting diode 30 in the infrared range are sequentially
pulsed to emit light in their respective frequencies by
amplifiers 31,33. Typically, LED 32 is in the 660 nano-
meter range with LED 30 being in the 940 nanometer
range.

It is necessary that all the light from the active light
emitting diode go through the flesh in finger 14. There-
fore, a light impervious barrier 36 is placed. between
photosensor 38 and finger 14. Barrier 36, terminating in
contact with the flesh of finger 14, makes the path be-
tween the respective light emitting diodes 30, 32 and the
light receiving diode 38 occur only through the flesh of
finger 14.

In the instrument herein we utilize two discrete
wavelengths. These wavelengths are 660 nanometers
(red) and 940 nanometers (infrared). A small amount of
discussion related to these parameters is in order.

First, the wavelengths are chosen so that they are far
enough apart so that the transmission of light apprecia-
bly varies with changes in oxygen saturation.
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Secondly, the wavelength are chosen so that the same
tissue is sampled. For example, a wavelength in the
ultraviolet would not sample the same tissue due to
scattering.

While wavelengths extremely close could be used,
we have chosen not to do so. We find that drifting of
light source wavelengths can occur with accompanying
problems.

Signal received from the respective light emitting
diodes first passes through a pre-amplifier 40. This sig-
nal is thereafter amplified in parallel at amplifiers 41, 42.
As amplified, the signal is passed in parallel from each
amplifier through respective phase detectors 43, 44.
Passage through respective low pass filters 45, 46 there-
after occurs. Amplification at offset amplifiers 47, 48
then takes place. The pulsatile component is passed to
multiplexer 50.

Multiplexer 50 has output to a comparator 52. Com-
parator 52 is ramped in half steps by a 12 bit digital to
analog converter (hereinafter DAC) 54. DAC 54 places
a comparison signal divided in one part from 4096 parts
with the comparator outputting to bus 17.

The reader will recognize that not all human fingers
and appendages are the same. Specifically, the differ-
ence between the races, skin pigment, weight, age, ma-
turity and other factors all can lead to different signals
being sensed at photosensor 38, even though the wave-
length and intensity of the light signal output at each of
the diodes 30, 32 is the same.

Accordingly, microprocessor 16 is programmed to
receive a signal from photosensor 38 within an optimum
range. Utilizing a second operating phase of DAC 54,
and communicating signal to a sample hold 57, the indi-
vidual LED’s 30, 32 are given voltage outputs 60, 61.
These voltage outputs 60, 61 are adjusted so that in each
case photosensor 38 looks at a signal well withing the
range of the DAC. )

Clock 70 controls the sequeatial output of light from
the light emitting diodes 30, 32 to a duty cycle of at least
1 in 4. This is schematically illustrated- by signals ¢1
through ¢4. Reception of signal at detector 43 occurs
during time periods ¢1 and ¢2 and reception of signal
occlurs at detector 44 during time periods ¢3 and ¢4.

It can be immediately realized that during respective
time periods ¢1, ¢3 active signal from the light emitting
diodes 30, 32 is being received. During the time periods
¢$2 and ¢4 no signal and only noise is being received. As
will hereinafter become apparent, by amplifying the
negative signal before passage through the low pass
filter, noise can be subtracted out utilizing the illustrated
1 in 4 duty cycle.

Having given the reader an overview of the circuitry

" utilized with this invention, the invention will now be

discussed in detail. )

Referring to FIG. 3, the microprocessor 100 is illus-
trated having an attached crystal 104. This crystal, in
combination with clock circuitry incorporated within
the microprocessor 100, generates the clock signals
required by the microprocessor chip itself as well as
providing clock pulses to the rest of the oximeter cir-
cuitry through output 102.

Microprocessor 100 is an 8085A CPU integrated
circuit chip available from Intel Corporation of Santa
Clara, Calif. The family identification suffixes of the
remaining IC components are listed on the drawing and
the components are readily available from various man-
ufacturers.
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An address bus 103 includes address lines A0 through
A1S. To accommodate the eight bit processor, lines A0
through A7 on the address bus are latched from micro-
processor pins ADO through AD7 so that during the
address time state these lines may be read. During an
alternate time state, lines ADO through AD7 become
output data lines 104, OD0 through OD?7, which lines as
here configured are only capable of outputting data.

Referring to FIG. 4, the ROM configuration is seen
to be standard. The ROM is addressed with a conven-
tional address bus including lines A0 to A10 addressing
in parallel ROMs 106, 107 and 108. These respective
ROMs are enabled by three decoded address bits from
lines A11-A13 (see FIG. 6). As will hereinafter be set
forth with respect to FIG. 6, enabling outputs.for read-
ing of the ROMs include read enable 110 (see FIGS. 3,
4) and specific ROM addresses including ROM 0. ad-
dress 111, ROM 1 address 112, and ROM 2 address 114,
The particular ROMs here utilized are of the optically

- erasable progranmable read only memory variety and

include an output data bus 115.

Referring to FIG. 5, two conventional RAMs 120,
121 are shown addressed in parallel at address bits A0
through A9 at bussing 125. These RAMSs write and read
over eight bits with four bus lines ADO to AD3 at bus
127 addressing RAM 120 and AD4-AD7 addressing
RAM 121 at bussing 128. RAMs 120, 121 are read when

~-enabled through enable ports 129 in the absence of a

write signal on port 130. These RAMs are written when
enabled by port 129 in the presence of a write signal
through write ports 130. As each of the RAMSs connect
to four separate data bits, imdividual enabling of each of
the RAMSs is not required.

Referring to FIG. 6, the memory select circuit of this
invention is illustrated. The memory seiect has a three
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bit input 140 at lines A11-A13. Output occurs when -

memory is selected at ROM 0 enable 111, ROM 1 en-

~able 112, ROM 2 enable 114. A RAM enable 141 passes
- ~through an inverter and NAND gate to enable reading
~-of RAMs 120, 121 for either reading or writing.

40

Referring to FIG. 8, a counter used as a divider is

illustrated. Referring briefly back to FIG. 3, it will be
secn that the microprocessor 100 is provided with a
clock running at 2.5 MHz generally denominated 102.
The CPU clock outputs at 102 to a counter 172 ‘(see
FIG. 8.) Counter 172 divides signal 102 by the number
171 and outputs to binary counter 173 in order to gener-
ate an LED clock frequency of 1.827 kHz, which is
unrelated to room light frequencies. Counter 173 out-
puts signals LED A 191, LED B 192, LED CLK 190
and DCLK 189. This circuit in cooperation with the
circuit of FIG. 13, effects light and detector switching
to enable signal phasing. :

Having set forth in generality the microprocessor, it
will be realized that much of that disclosed is already
known in the art. Specifically, complete descriptions of
the wiring of this' microprocessor can be found in the
MCS-8085 Family Users Manual, published October
1979 by Intel Corporation. Those having skill in the art
are referred to this publication should question arise
about the circuitry thus far described.

Referring briefly back to FIG. 8, LED clock outputs
190, 191, 192 are inputed to the clock divider 194 of
FIG. 13. Divider 194 outputs four sequential duty cycle
states denominated ¢1’ through ¢4'. Complements of
signals ¢1’ and $3' are outputed directly at clock driver
outputs 196. It will be noted that all four signals ¢p1'-p4’
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are outputed at 198 for timing purposes hereinafter
discussed.

Having set forth the timer, the remainder of this dis-
closure will be broken down into five discrete parts.
First, timing for the light emission of the LED’s will be
discussed.. Emphasis will be placed on the fact that the
diodes are switched locally.

Second, light reception will be set forth. With respect
to the reception, emphasis will be made to the fact that
the signal is digitally extracted without any analog
treatment whatsoever. The pure digital signal is thereaf-
ter processed and utilized to create the light curves
herein. Effort is made to elimmate all variables present,
including those in the flesh analyzed as well as ambient
light noise.

Thirdly, and in view of variant light transmission
qualities of human flesh, the light level adjustment cir-
cuit of this invention will be traced. It will be poimted
out that the adjustinent of the emitted light occurs so
that the sensor receives an amount appropriate for the
amplification circuitry.

Fourth, setting of the alarm limits will be analyzed.
Illustration will be made.

Fifth, and finally, the program alarm will be dis-
cussed. Specifically, the utilization of “confidence lim-
its” and a totality of data received m the monitoring
program will be disclosed as screening extraneous data
yet permitting a timely alarm to ward off catastrophe.

Referring to FIG. 14, and assuming that sufficient
voltage is present across leads 301, 302, current of an
appropriate level will be emitted to each of the light
emitting diodes- 30, 32. The diodes hete are illustrated
schematically across a connector- 305 and are shown
being switched by respective transistors 307, 309. Spe-
cifically, when a negation pulse is received at each of
the transistors, the transistors open, voltage appears
across the respective diodes 30, 32, and light is emitted.

Assuming light is transmitted, it is passed to the flesh
of the digit 14 and is thereafter received at the receiving
photosensor 38.

Referring to FIG. 12, photosensor 38 is illustrated. It
is coupled across a connector 305. Connector 305 in
turn passes its signal through amplifier 40. The signal is
then split and passed to voltage amplifiers 41, 42, the
amplification here occurring in parallel, allowing differ-
ences in gain between red and infrared signal process-
ing. Respective phase detectors 43, 44 are clocked at
inputs ¢1'-¢4’ from the clock circnit of FIG. 13. Re-
membering that a 1 in 4 duty cycle is here utilized with
each of the signals ¢1', $2’, ¢3', ¢4’ being clock peri-
ods, it is seen that the signal is gated. Specifically, and
during the ¢1' time period, negative amplification of the
total light signal, including pulsatile component and
noise, occurs at amplifier 201 with passage of the resul-
tant signal through the low pass filter 45.

Referring to FIG. 14, in the next sequential time
period, and due to the signal ¢1’ no longer appearing to
close transistor ‘309, transistor 309 will be shunted to
ground. At the same time, during time period 02' gate
43 will open to amplify the positive component re-
ceived. This component received, however, will have
no light emission whatsoever; it instead will represent
pure electronic or optical noise. The timing of this cir-.
cuit will therefore yield on equal bases first light con-
taining the pulsatile component and noise and thereafter
just noise. Amplifier 201 amplifies one signal positively
and the other signal negatively in equal amounts. It will

be seen that integrated over the full four periods of the
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clock, through amplifier 201 the instrument sees equal
components of noise which cancel and unequal compo-
nents of signal which do not cancel. By the expedient of
taking the respective intermittent pulses and passing
them through the low pass filter 48, there results a sig-
nal out containing valid signal only; noise cancels.

The remaining channel is analogous. Specifically,
during time period ¢3', noise and light signal are ampli-
fied negatively and passed through low pass filter 46.
During time period ¢4', noise only is positively ampli-
fied and cancelled in passage through the low pass filter
46

:l'he emitted signal V4 and Vp can be described as -

having two components. The first component is con-
stant. It is that element of light which remains essen-
tially invariant. This signal includes an absorption com-
ponent because of skin pigment, bone, flesh and venous
blood. The second component represents the pulsatile
inflow of arterial blood.

The ratio of that second component to the first com-
ponent is what is sought by the instrument. What is
sought is the ratio of the arterial and pulsatile compo-
nent of the blood to that of the total absorbing tissue.
The color of the arterial component of the blood pro-
duces the differential light absorption that is dependant
upon the oxygen saturation of the hemoglobin. The
instrument must isolate this component.

Referrimg to FIG. 11, amplification of the signal to an
idealized .state is illustrated. Specifically, in taking re-
spective signals VA', VB', an offset voltage VOFF
introduced. This signal is a constant voltage which
subtracts out part of the constant portion of the re-
ceived light signal which relates to passage through the
nonvariant portions of the flesh. Since it.is known that
the pulsatile component is always very small with re-

spect to the total signal, an improvement on the accu-:

racy of digital conversion can be obtained by this sub-
traction. It is necessary, however, for the microproces-
sor program to mathematically reinsert this subtracted
voltage prior to processing the signal. This subtraction
and amplification occurs at the respective amplifiers
330, 331 with passage of the signals VA’ and VB’ from
the network.

With digital to analog conversion of these signals, a
combination of the pulsatile component and the remain-
der of the constant component is then required. This
can best be seen through the circuitry of FIG. 9.

Referring to FIG. 9, a multiplexor 50 is illustrated.
During the analytical operation here shown, this muiti-
plexor samples signals VA’ and VB'. Signal is passed to
the negative side of comparator 52. Signal for driving
the multiplexor passes through lines OD4-ODG6 in the
DAC high latch 360. The DAC low latch 362 is thereaf-
ter actuated in sequence responsive to enabling signals
on enabling line 363. Output occurs to a digital to ana-
log converter 54 on a twelve bit basis. Division to one
part in 4096 occurs.

Typically, the signal is compared in halves. Output of

DAC 54 occurs over lead 365 to comparator 52. The
comparator output 366 is passed to the microprocessor.
Depending upon whether a high or low signal is re-
ceived, stepping of the twelve bit DAC 54 occurs in
halves, enabling the twelve bit division to occur rapidly.
Consequently, the output level of the voltage of the
receiving photosensor is rapidly determined with the
result that the pulsatile component can be rapidly fol-
lowed. This process is repeated for both signals VA’
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and VB’ at a rate that allows the microprocessor to
faithfully track both signals.

Having set forth the light reception circuitry of this
invention, attention will now be directed to the level of
light adjustment.

It will be remembered that each of the patients, due to
flesh, skin pigment, skin thickness, bone, venous blood
present and other invariants, will present his own factor
of constant light absorption at both wavelengths. This
being the case, it is necessary to adjust the level of cur-
rent applied. This is done through the DAC circuit of
FIG. 9 and the sample hold circuit of FIG. 10.

The sampling of the light signals by the microproces-
sor was described above. In the case where the signals
are not within the useful range of the conversion cir-
cuitry, the light level must be adjusted up or down as
required to restore the signal level to the voltage range
acceptable to the analog to digital conversion. Refer-
ring to FIG. 9, the program will output a code corre-
sponding to the desired voltage level through its data
bus into latches 362 and 360, setting the DAC 54 output
to a voltage corresponding to desired LED current.
Note that this is only done during a time period when
the DAC is not used for input conversion. The program
will then output using the same bus a bit corresponding
to the selected LED into latch 370 of FIG. 10. This bit,
or selection signal, is converted to a compatible voltage
by voltage converter 371 and applied to one of eight
analog switches 372 and 374. These have the.effect of
applying the voltage from the DAC, corresponding to
the desired LED current level, to a storage capacitor
which will latch this voltage after the input has been
removed. This voltage is buffered by amplifiers 375 and
376 and applied to the LED circuitry. Thus, dependant
upon the intensity of the signal received by the photo-
sensor, the respective light emitting diodes can be
driven with greater or lesser voltage to produce the
optimum voltage output.

It is noted that only two of the available eight chan-
nels of this sample hold circuitry are required to adjust
the LED intensities. The remaining channels provide a
general purpose analog output from the microprocessor
for a variety of unrelated functions. The output of amn-
plifier 377 provides the fixed offset for the offset ampli-
fiers described above; VVOL, the output of amplifier
378, provides a volume control for the alarm; outputs of
amplifiers 601, 602, and 603 provide external outputs for
an optional chart recorder; and the output of amplifier
604 provides a control for the pitch of the alarm.

Monitor Operation

The manner in which the signal information derived
by the oximeter apparatus is presented to the attendant
physician through the oximeter monitor of this inven-
tion will now be discussed.

Referring to FIG. 1, when the instrument power is
turned on via power switch 13, digit display 1 and LED
digital viewmeter 12 both flash momentarily until mi-
croprocessor 16 begins its operation. Speaker 15 also
emits a beep. As soon as the microprocessor 16 takes
control of the instrument, which is on the order of a
millisecond, the digit display 1 is cleared, with zeros
flashing on digits 794-796. On power up, the oximeter
default is for the audio alarm to be inhibited so that
LED alarm inhibit light 9 begins flashing. Synchroniza-
tion of the pulse rate of patient 28 through detector
probe 29 is not yet established. Therefore, the sync
status light 11 flashes, indicating no sync. Microproces-
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sor 16 begins to sample the signals from photosensor 38
until it determines that valid pulses are being received,
at which point digits 794-796 of digit display 1 indicate
in decimal numbers the percentage of oxygen saturation
in the patient’s 28 blood. Digits 797-799 numerically
indicate the pulse rate. The LED digital viewmeter 12
begins to flash synchronously with the pulse rate with
the vertical height of each flash being proportional to
the strength of the received pulse. After about 4 or 5
valid pulses have been received no-sync LED light 11is
disabled and switches off. The alarm, which operates
when triggered through speaker 15, may be manually
enabled by the user at this point, through alarm button
§. When button 5 is pressed, alarm inhibit light 9 ceases
to flash. The alarm will sound when the alarm limits are
exceeded as discussed in detail below.

When pulse synchronization is achieved, speaker 15
begins emitting beep tones at a frequency synchronous
with that of the perceived pulse rate and at a pitch

i0

proportional to oxygen saturation. Defaults provide an 20

initial volume and pitch to these signals.

The information is updated from the microprocessor
16 on a continual and regular basis, modified ouly by a
digital filter which serves the. purpose of averaging

recent pulse history with present inforiation. This 25

simply serves to smooth out transient small deviations in
pulse rate and oxygen saturation due to physiologic and
artifactual noise variations.

The microprocessor 16 continues to sample data and
compare it to the current alarm limits in the instrument.
Upon power up, in the presently preferred embodiment
the alarm limits are defaulted to an 85% lower oxygen
saturation limit, a lower pulse rate limit of 55 and an
upper pulse rate limit of 140.

The alarm limit defaults and the audio signal from
speaker 15 may be changed in the following manner.
The volume of the beep tone from speaker 1S5 can be set
by the user by turning optically coupled control knob
10 (FIG. 1). Turning control knob 10 clockwise will

30

35

enable volume to be maximized; turning knob 10 coun- 40

ter-clockwise can enable the audio output of speaker 15
to be totally inhibited.

To alter an alarm limit parameter, one of buttons 2-4
is pressed. For example, when saturation limit button 2

is pushed, the current saturation level alarm limit is 45

displayed on digit 794-796. Initially, that will be the
defaulted limit of 85. Optical knob 10 is then enabled for
adjustment of oxygen saturation limit. By turning knob
10 in either direction, that limit may be changed any-
where from O to 100%, depending on what the clinician
decides is an appropriate saturation alarm. for the pa-
tient’s situation. After about two seconds of inactivity
on knob 10, knob 10 will automatically be disabled for
saturation limit adjustment and will return to the vol-
.ume adjustment mode. Concurrently, the display 1 is
switched back to show the current oxygen saturation
level and the current pulse rate. High pulse rate limit

50

55

button 3 and low pulse rate limit button 4 work in an

analogous fashion. Alarm status indicator lights 6, 7 and .
8 flash when their respectlve alarm limits are exceeded.
Lights 6-8 flash irrespective of whether the audio alarm
is enabled or disabled by alarm inhibit button 5.
Recall that in the absence of parameters exceeding
alarm limits, speaker 15 is emitting a pulsed tone whose
frequency of repetition equals the patient’s pulse rate
and whose pitch is proportional to oxygen saturation.
When the alarm is enabled by button 5, -should any

60

12
emits a continuous tone of constant pitch until either the
alarm is disabled or the parameter comes back within
the set boundary. Again, when the alarm is inhibited
LED 9 flashes to indicate to the user that audio alarms
will not sound.

A more detailed understanding of the oximeter moni-
tor operation discussed so far can be had by reference to
the circuitry of FIGS. 15-18. Further understanding
may be had by reference to the program listing con-
tained in the microfiche appendix.

FIG. 15 is a circuit schematic illustrating operation of
the optically coupled control knob 10. Shaft of knob 10
is connected to a shaft encoder 793. Shaft encoder 793
is pierced at regular intervals by windows 790. LED-
photosensor pairs are placed in proximity to each other
on opposite sides of encoder 793. Pair 792 is shown
optically coupled through a window 790 while pair 791
is blocked by encoder 793. The width of each slot is half
of the interval béetween them. Each pair is also equipped
with a narrow slit to improve resolutions. The reiation-
ship between LED-photosensor pair 791 and 792 is such
that they are separated by an angle representing 25% of
the slot-to-slot angle, a reiationship known as quadra-
ture.

Were encoder 793 to be rotated in a clockwnse direc-
tion, pair 791 would remain occluded at the point in
time when 792 became occluded, whereas if rotated
counter clockwise the opposite would be true, that is
791 would be non-occluded when 792 became oc-
cluded. A similar unambiguous relationship exists be-
tween- the two pairs of LED-photosensors for each
edge of each window. In such manner, signals may be
sent to microprocessor 16 which indicate the direction
of rotation and step of knob 10.

Signals from optically coupled pairs, such as pair 791,
are presented to comparators 720 and 721. Through
control logic 722, both the direction of turn and the step
of knob 10 is presented to the microprocessor. Signal on
output DIR 724 enables the microprocessor 16 to calcu-
late direction of turn and signal on output STEP 72§
enables determination of step. The advantage of this
particular arrangement is that the absolute position of
the knob 10 becomes immaterial. Only when the micro-
processor 16 is reeewmg s:gmls from a changing knob
position does the position of the knob 10 have any im-
port.

Referring-to FIG. 16, direction signal 724 and step
signal 725 are. passed to mput gate 732. Chip 732 is
enabled through control logic 734. Inputs from buttons
2-5, in combination with direction signal 724 and step
signal 725, output through bus AD0-AD7 to give, in
turn, direction and amount of alarm-limit correction in
RAM memory.

Referring to FIG. 17, the LED display circuitry is
therein illustrated. Digit selection data presented on
data lines OD0-OD?7 enters latch 701 enabled by dis-
play select DSPSEL 717. The data is outputed to driver
702 and driver 711 to derive numerical digit select sig-
nals SEL 0 through SEL 7, 705-710. SEL 0 through
SEL 5 enable 7 segment LED decimal numerical dis-

- plays 794-799.

65

Data representing the numerical values to be dis-
played on digits 794-799 eaters latch 703, enabled by a
display digit DSPDIG 718. The outputs of latch 703 are
inputed to drivers 704 and 714. The output of drivers
704 and 714, bit 0 through bit 7, switch on segments of
the individually selected standard 7 segment LED dis-

parameter exceed its respective alarm limit, speaker 15  play, presenting 1 decimal digit of the current oxygen

e 28 of 63 Page ID #:401
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saturation level or limit, or the current pulse rate level
or limit. The other digits are displayed, in turn, in simi-
lar fashion.

SEL 7 715 and SEL 6 716 each operate 8 LEDs per
chip of LED chips 712, 713. The number of LEDs per
chip lit is determined by bit 0 through bit 7. The number
of LED:s lit will be proportional to the pulse strength
and the rate of flashing of displays 712, 713 is synchro-
nous to heart rate, as discussed above.

Finally, FIG. 18 illustrates control of the audio out-
put of speaker 15. Voltage levels VVOL 378 and
VBEEP 604 (see FIG. 10) correspond to desired vol-
ume and desired pitch, respectively. Passing VBEEP
604 to timer 740 and transistor 743 to speaker 15 via
connector 741, results in a modulated pitch and tone
repetition rate. Passing VVOL 378 to transistor 742 and
connector 741 to speaker 15 modulates the volume of
the tone.

THEORY OF OPERATION

The. method of operations involves taking measure-
ments of light transmission in tissue at two distinct
wavelengths (red and infrared) at two arbitrary points
in time, these points in time being but a small fraction of
the time for a complete pulse. The wave form of a pulse
of blood in the huinan flesh is digitally plotted. By con-
sidering the change im the transmission of light due to
inflowing arterial blood, a measurement is made.

Regarding this transmission, as blood flows in, light is
absorbed. Consequently the resident detector of light,
photosensor 38, sees less light. Thus, it is the drop in
light received at the photosensor that indicates the pul-

" satile component.

Assuming that the ambient transmission (approxi-
mately 99% of the signal) is represented by the letter 1

" and the change in transmission during the pulse is de-

fined by the letter AI then the equation for representing
the change in transmission relative to the unchanging

matter in the flesh to be integrated is represented by the 49

equation:

AL aam : . ™

where AM is the change in material in the flesh during
the pulse.

Interposing a constant to produce an equation yields
the form: .

4 - ran . @
where K is a constant of proportionality in the resultant
equation.

Realizing that the change in mass is composed of
blood whose optical absorption is larger than the tissue
and that this blood includes two forms of hemoglobin:
oxy-hemoglobin (hemoglobin with appended oxygen)

and reduced hemoglobin (hemoglobin without oxygen), 60

this equation can be expanded for two variants of matter
thus:

AL = Kby + KpaMp ® 6

where K(s a constant for oxy-hemoglobin AMy is the
amount of matter due to the influx of oxy-hemoglobin;

5

15

25

35

45

50

55

14
Kpis a constant for reduced hemoglobin and AM gis the
change in reduced hemoglobin.

It will be remembered, that we are conducting our
examination at two discrete wavelengths. This being
the case, the above relation can be expanded to include
the applicable constants at each wavelength thus:

(4a)

AII
5|, = KndM4 + KpiAM
T | AMAM4 + RpaMp

Al b)
- |M = KpAM4 + K;AMp

where K and Kp) are the respective oxy-hemoglobin
and reduced hemoglobin constants at a first wavelength
Al (say the red wavelength) and K43 and K 5; and are
the constants at a second wavelength A2.

It will be appreciated that each of the constants hav-
ing the form Kyis a constant that relates the relation of
the change of absorption to.the total light absorption for
a particular color and change of matter due to pulsatile
flow.

Realizing that we are after the fraction S (saturation)
of oxy-hemoglobin to total hemoglobin then we know
that:

AM =S AM (5a)

AMp=(1-5)AM (5b)
where

AM=AM +AMp ©)

where S equals the saturation and (1—S) equals the
fractional presence of the reduced hemoglobim. Placing
this into the previous equation yields the results:

(6a)
AL = K41SAM + K, — S)AM
7 |M Al + Kpi(1 ~ S)
(6b)
= K - .
T IA2 KpSAM + Kpy(1 — SHIAM

It can be seen from the above equations that once
saturation is determined, solution for blood perfusion
(AM) is trivial.

At this juncture, we surprisingly define a ratio related
to the light transmission at two different wavelengths.
In defining this ratio, the reader will realize that we
avoid manipulation in accordance with logarithmic
proportionality. Specifically, we define the ratio be-
tween light transmitted and received at the wavelength
Al and at the wavelength A2 as follows:

u.
v 1Y
al_ |\
]

R=

Substituting the values of change of light absorption
over total light transmission yields: '



Case 2:00-cv-06506-MRP Document 1 Filed 11/17/99 .e 30 of 63 Page ID #:403

e (Ca2+ACXSR)+(Cr+ACRIRi—-SR)=-

15
R= KnS + Kpi— SKm 8

KpnS+Kn-SKp
Likewise, substituting for S yields:

Kz — RKp 9

S = RKu = K - a1 = Kan

Thus, it can be seen that a relationship exists for both
the ratio R and the saturation S.

_Those in the medical arts will realize that the num-
bers sought to be determined electronically by the ab-
sorption of light, are also capable of laboratory tests.
Specifically, there are a number of laboratory protocols
and tests whose accepted results yields saturation. This
being the case, a procedure for the calibration of all
instruments becomes immediately apparent.

Specifically, by taking laboratory arterial oxygen
saturations from individuals at differing saturations S,
Sy, S3, and S4, we can measure specific transmission
ratios R, R2, R3, and R4. To reliably obtain these ratios
R, the present instrument itself is used, in particular the
portion of the device related to obtaining reliable mea-
surcments at hand herein. We thereafter can make an
initial guess as to coefficients for both oxy-hemoglobin

and reduced hemoglobin.

Taking one of the aforementioned constants K 41, this

‘-constant can be broken down into two discrete compo-
-- nents. First, one component can come from a previ-

ously determined value and be denominated C4;. Se-
condly, and for each instrument, this constant will of
necessity change. This change will be due to the condi-
tions of observation, individual instrument electronics
and the like. This value can be express AC4;. Each of
the four constants in the above equation can likewise be

_expanded in the same way.

(Ca1+ACH)(S)+(Cpi+ACHN1-S)

-where i is an index related to at least four measured

saturations and transmission ratios.

Those skilled in math and instrument calculation can
now see that the AC quantities in all states and wave-
lengths can be simultaneously solved provided that four
independent saturations are utilized. Therefore, a set of
constants is attained, which constants can be utilized for
programming individually produced instruments at all
values of S. .

The aforegoing relations can be alternatively stated.
We have found that the relation of R (the ratio of trans-
mission) to S (saturation of the hemoglobin with oxy-
gen)-is capable of simple curve fitting. Specifically, for
at least human beings a constant and predictable curve

" of S with respect to R results. By utilizing this relation-

ship in a look-up table, one may quickly compute the
saturation of a patient.

Note that in our device, unlike in the prior art, a light
source of isobestic wavelength is not used, nor is appa-
ratus for taking logarithms necessary (see equation 7).

The reader will realize that the disclosed pulse oxime- -

ter or plethysmograph is targeted for use typically on a
human digit. It should be realized that the disclosed
pulse oximeter works equally well on any number of

cutaneous locations. Idealized and a preferred use of the

extremely small and local sensor of this invention is on
the scalp of children being born. Avoidance of oxygen

4,653,498

10

15

25

35

(10) 40

45

50

55

16
poor conditions during birth resulting in cerebral palsy
is contemplated. Likewise, any other cutaneous location
will suffice, e.g. the nasal septum.

THEORY OF MONITOR CONFIDENCE LIMITS

In order to provide an “intelligent” separation of the
patient’s pulses from  noise and motion artifacts, a
method of storing expected pulse characteristics and
comparison to potential pulse wave forms is employed.
This method requires five “vectors™ or lists of parame-
ters. These parameters are Alj, In1, Alx2, In2, and the
pulse rate and are shown schematically in memory 400
of FIG. 19. It should be noted that these parameters are
the same as the transmission parameters described
above with scaling appropriate to 16-bit binary arithme-
tic.

A set of historical values for each parameter is stored
in RAM, the history.list. Each of these lists is five ele-
ments long in the present application, but could be
shortened or expanded as required. The history lists are
used as references for the current parameters being
tested, also stored in RAM. This comparison yields a set
of differences, which are similarly stored in coded form
as difference codes. Associated with each parameter is
also a “confidence” code which is, in essence, a toler-
ance level for each current parameter, as will be de-
scribed below.

The first step in the confidence checking is to store
the current parameters and then to compare the value of
these parameters with the values stored in the history
list. Note that the contents of the history list presumably
contain the previous good pulse parameters. In the start
up condition these pulse parameters are loaded with
arbitrary initial values, and associated with a low confi-
dence code admitting wide variations of data. Here, the
parameter of total light transmission Iyj is illustrated
stored in memory 402.

Once the difference codes have been computed and
placed in memory 403, they are compared with the
corresponding stored confidence codes in memory 404.
These confidence codes, which have the same range as
the difference codes, are a description of how close the
current parameter must be to the historical value to be
considered acceptable. Both the difference codes and
the confidence codes are coded in such a way that a
code of O represents a difference or tolerance of 0-12%,
1 represents-13-25%, 2 represents 26-37%, and so forth,
to the code of 8 which represents a 100% mismatch.

The meaning of this code with respect to this differ-
ence is that simply the ratio of the current parameter to
the historical parameter, and with respect to the confi-
dence codes, represents the tolerance for the parameter.

Once the confidence codes have been computed for
each parameter, they are then summed at register 405 to
generate a confidence score for the set of parameters.
This total score is then compared to a threshold or a
maximum acceptable score. It shonld be noted that a
low score represents a close match to the expected
value, and activates an enable 407 which allows data
reception.

If the total confidence score is below the threshold,
then the program assumes that the pulse is indeéd a
good pulse and takes a branch to update the confidence
codes and exits to process the pulse. If the confidence
code is above the threshold all data is rejected.

The confidence codes are individually adjusted by
comparing the confidence code with the difference
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code for each parameter. If the difference code is
smaller, then the confidence code is decremented by
one count, expressing a higher level of confidence for
the next text. If the difference code is larger, reflecting

a parameter that was not within tolerance, although the 5
total was satisfactory as a set, then that individual confi-
dence code is incremented, representing an eroded con-
fidence level. This process of incrementing or decre-
menting is repeated twice if the pulse was successful so
that the confidence codes quickly converge on good
pulses.

In the event that the score was not acceptable, the
program retests all of the parameters except for the
pulse period, this being the parameter most likely to go
out of bounds from motion induced artifact. Assuming
that it still fails, the confidence codes are re-adjusted
once as described above in order to erode the confi-
dence levels somewhat in preparation for the next trial.

The program then makes one last check with these
updated confidence codes before exiting and rejecting 20
the pulse. The reason for this last check is that the confi-
dence codes which will be applied to the next pulse
might as well be applied to the current puise as well, in
the event that the pulse is only slightly outside the ac-
ceptable window. This technique provides a good re- 25
sponse to changing pulse conditions.

The above description outlines in a general way the
confidence code processing used in the oximeter to
provide an intelligent processor for physiologically
based signals. A more detailed description is contained 30
within the comments of the program listing contalned in
the microfiche appendix.

The reader will appreciate that the disclosed process
is an intermediate step in the indication of the measure-
ment.

In addition, the reader will appreciate that for the
purposes of determining the calibration of the instru-
ment in human subjects, the technique of determining
measurements of R; with high levels of confidence use
the instrument itself to determine the calibration param-
eters as outlined herein.

In-summary, it can be seen that the pulse oximeter
monitor of the present invention provides a wide vari- -
ety-of essential information to attending physicians and
in a variety of visual and audio forms. While the above
provides a full and complete disclosure of the preferred
embodiments of the invention, various modifications,
alternate constructions, and equivalents may be em-
ployed without departing from the true spirit and scope
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of the invention. For example, high oxygen saturation
limits are needed on applications involving newborn
infants to prevent bronchopulmonary dysplasia and
retrolental fibroplasia. Provision of an additional alarm
limit for high oxygen saturation is well within the scope
of this invention. Therefore, the above description and
illustrations should not be construed as limiting the
scope of the invention which is defined by the appended
claims.

What is claimed:

1. An oximeter apparatus for use in measuring pulse
rate and oxygen saturation of blood by means of absorp-
tion of optical radiation through living tissue compris-
ing:

first and second light sources for emitting light at a

first and second wavelength, respectively;

a light sensor;

said light sources and light sensor being adapted to be

addressed to said tissue to define a light path
through said tissue between said light sources and
said light sensor;

means for detecting signals corresponding to light

received by said light sensor at each of said first
and second wavelengths and for deriving from said
signals a pulsatile signal corresponding to a pulsa-
tile characteristic of arterial blood flow and gener-
ating a signal corresponding to oxygen saturation
of the blood; and

means for generating an audible intermittent tone

signal, said tone signal generating means further
comprising
means responsive to said pulsatile signal for control-
ling the occurrence of said audible tone signal, and

means responsive to said oxygen saturation signal for
varying the tonal frequency of said audible tone
signal with oxygen saturation.

2. The apparatus of claim 1 wherein said means for
varying the tonal frequency of sald audible signal com-
prises means for decreasing sald tonal frequency with
decreasing oxygen saturation.

3. The apparatus of claim 1 further comprising:

an array of lights;

circuit means coupled to receive said pulsatile signal

from said detecting means for flashing said lights;
and

circuit means for varying the number of said lights

which are flashed in relation to the intensity of said
pulsatile signal.
.
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METHOD AND APPARATUS FOR CALCULATING
ARTERIAL OXYGEN SATURATION BASED
PLETHYSMOGRAPHS INCLUDING TRANSIENTS

This is a division of application Ser. No. 07/175,115,
filed Mar. 30, 1988, now U.S. Pat. No. 4,869,254.

This invention relates to non-invasive pulse oximetry
and specifically to an improved method and apparatus
for calculating arterial saturation during transient con-
ditions based upon photoelectric determination of a

patient’s plethysmograph. This specification is accom--

panied by a software appendix.

BACKGROUND OF THE INVENTION

Non-invasive photoelectric pulse oximetry has been
previously described in U.S. Pat. No. 4,407,290, U.S.
Pat. No. 4,266,554, U.S. Pat. No. 4,086,915, U.S. Pat.
No. 3,998,550, U.S. Pat. No. 3,704,706, European Patent
Application No. 102,816 published Mar. 13, 1984, Euro-
pean Patent Application No. 104,772 published Apr. 4,
1984, European Patent Application No. 104,771 pub-
lished Apr. 4, 1984, and PCT International Publication
WO 86/05674 published Oct. 8, 1986. Pulse oximeters
are commercially available from Nellcor Incorporated,
Hayward, Calif., U.S.A., and are known as, for exam-
ple, Pulse Oximeter Model N-100 (herein “N-100 oxim-
eter”) and Model N-200 (herein *“N-200 oximeter™).

Pulse oximeters typically measure and display vari-
ous blood flow characteristics including but not limited
to blood oxygen saturation of hemoglobin in arterial
blood, volume of individual blood pulsations supplying
the flesh, and the rate of blood pulsations corresponding
to each heartbeat of the patient. The oximeters pass
light through human or animal body tissue where blood
perfuses the tissue such as a finger, an ear, the nasal
septum or the scalp, and photoelectrically sense the
absorption of light in the tissue. The amount of light
absorbed is then used to calculate the amount of blood
constituent being measured.

The light passed through the tissue is selected to be of
one or more wavelengths that is absorbed by the blood
in an amount representative of the amount of the blood
constituent present in the blood. The amount of trans-
mitted light passed through the tissue will vary in ac-
cordance with the changing amount of blood constitu-
ent in the tissue and the related light absorption.

. For example, the N-100 oximeter is a microprocessor
controlled device that measures oxygen saturation of
hemoglobin using light from two light emitting diodes
(“LED's"), one having a discrete frequency of about
660 nanometers in the red light range and the other
having a discrete frequency of about 925 nanometers in
the infrared range. The N-100 oximeter microprocessor
uses a four-state clock to provide a bipolar drive current
for the two LED’s so that a positive current pulse
drives the imfrared LED and a negative current pulse
drives the red LED to illuminate alternately the two
LED's 5o that the incident light will pass through, e.g.,
a fingertip, and the detected or transmitted light will be
detected by a single photodetector. The clock uses a
high strobing rate, e.g., one thousand five hundred cy-
cles per second, to be easily distinguished from other
light sources. The photodetector current changes in
response to the red and infrared light transmitted in
sequence and is converted to a voltage signal, amplified,
and separated by a two-channel synchronous detec-
tor—one channel for processing the red light waveform
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and the other channel for processing the infrared light
waveform. The separated signals are filtered to remove
the strobing frequency, electrical noise, and ambient
noise and then digitized by an analog to digital con-
verter (“ADC"). As used herein, incident light and
transmitted light refers to light generated by the LED
or other light source, as distinguished from ambient or
environmental light.

The light souice intensity may be adjusted to ac-
comodate variations among patients’ skin color, flesh
thickness, hair, blood, and other variants. The light
transmitted is thus modulated by the absorption of light
in the variants, particularly the arterial blood pulse or
pulsatile .component, and is referred to as the plethys-
mograph waveform, or the optical signal. The digital
representation of the optical signal is referred to as the
digital optical signal. The portion of the digital optical
signal that refers to the pulsatile component is labeled
the optical pulse. :

The detected digital optical signal is processed by the
microprocessor of the N-100 oximeter to analyze and
identify optical pulses corresponding to arterial pulses
and to develop a history as to pulse periodicity, pulse
shape, and determined oxygen saturation. The N-100
oximeter microprocessor decides whether or not to
sccept a detected pulse as corresponding to an arterial
pulse by comparing the detected pulse against the pulse
history. To be accepted, a detected pulse must meet
certain predetermined criteria, for example, the ex-
pected size of the pulse, when the pulse is expected to
occur, and the expected ratio of the red light to infrared
light of the detected optical pulse in accordance with a
desired degree of confidence. Identified individual opti-
cal pulses accepted for processing are used to compute
the oxygen saturation from the ratio of maximum and
minimum pulse levels as seen by the red wavelength
compared to the maximum and minimum pulse levels as
seen by the infrared wavelength, in accordance with the
following equation:

- BR2 — R(BRI
Sawration = 100% X FE5T— BR1) + BR2 — BOZ

wherein

BOI1 is the extinction coefficient for oxygenated he-
moglobin at light wavelength 1 (Infrared)

BO2 is the extinction coefficient for oxygenated he-
moglobin at light wavelength 2 (red)

BR1 is the extinction coefficient for reduced hemo-
globin at light wavelength 1

BR2 is the extinction coeflicient for reduced hemo-
globin at light wavelength 2 light wavelength 1 is
infrared light light wavelength 2 is red light and

R is the ratio of the optical density of wavelength 2 to
wavelength 1 and is calculated as:

In{/max2/Imin2]

R= {Tmax1/ Imin1]

wherein

Imax2 is the maximum light transmitted at light wave-
length 2

Imin2 is the minimum light transmitted at light wave-
length 2

Imaxi is the maximum light transmitted at light wave-
length 1
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Iminy is the minimum light transmitted at light wave-
length 1

The various extinction coefficients are determinable by
empirical study as are well known to those of skill in the
art. For convenience of calculation, the natural log of §
the ratios may be calculated by use of the Taylor expan-
sion series for the natural log.

Several alternate methods of processing and inter-
preting optical signal data have been disclosed in the

patents and references cited above. 10

Normally, the relative oxygen content of the patient’s
arterial pulses remains about the same from pulsc to
pulse and the average background absorption between
pulses remains about the same. Consequently, the red

and infrared light that is transmitted through the pulsa- 15

tile flow produces a regularly modulated pletheysmo-
graph waveform having periodic optical pulses of com- -
parable shape and amplitude and a steady state back-
ground transmittance. This regular pulse provides for

an accurate determination of the oxygen saturation of 20

the blood based on the detected relative maximum and

minimum transmittance of the red and infrared light.
Changes in the patient’s local blood volume at the

optical detection site affect the absorption of light.

These localized changes often result from motion arti- 25

fact or respiratory artifact which introduce artificial
pulses into the blood flow. For example, on each inhala-
tion, the venus return is occluded slightly, which results
in the background intensity component of transmittance

being decreased due to the relatively larger volume of 30

blood at the optical detection site. Exhalation allows the
venus return to expand, thereby decreasing the volume
of blood and increasing the background intensity com-
ponent of transmittance. Consequently, the periodic

optical pulses ride on a background intensity compo- 35

nent of transmittance that rises and falls with blood
volume change. This background intensity component
variation, which is not necessarily related to changes in
saturation, affects the pulse to pulse uniformity of shape,

. amplitude and expected ratio of the maximum to mini- 40

mum transmittance, and can affect the reliability and
accuracy of the saturation determination.

In addition, there are times when the patient’s back-
ground level of oxygen saturation undergoes transient

changes, for example, when the patient loses or reac- 45

quires oxygen exchange in the lungs while under gase-
ous anethesia. Consequently, the detected red and infra-
red light transmittance changes and the detected ple-
thysmograph waveform rises or falls over time with

changes in the average oxygen saturation level in the 50

patient’s blood. The transient waveform distorts the
pulse shape, amplitude, and the expected ratio of the
pulses, which in turn affects the reliability and accuracy
of the saturation determination.

Heretofore, with the foregoing known techmiques for 55

calculating arterial oxygen saturation, it was known
that, during changes in the background intensity ab-
sorption component due to artifacts from changes in the
patient’s blood volume or transient saturation changes,

the determined saturation value was not accurate and 60

that it would not become accurate again until the aver-
age absorption (or transmittance) level stabilized at the
end of the artifact or the saturation transient.

- It also was known that saturation calculations based

upon transient optical signals provided an over-estima- 65

tion or under-estimation of the actual saturation value,
depending upon the trend. The transmittance of red
light near the 660 nanometer wavelength increases as

4

oxygen saturation increases. This results in the detected
optical signal value having a smaller pulsatile ampli-
tude, i.e., a smaller relative difference between the max-
imum and mimmum of the pulse. In contrast, the trans-
mittance of the infrared light near the 910 nanometer
wavelength decreases as saturation increases, which
causes the infrared pulsatile amplitude—relative maxi-
mum to minimum—to increase. For both wavelengths,
the transmittance changes with changing saturation are
substantially linear and continuous in the range of clini-
cal interest, i.e., oxygen saturations between 50% and
100%.

The accuracy of the estimation is of particular con-
cern during rapid desaturation, where average oxygen
saturation drops rapidly, but the saturation determina-
tion based on the detected optical signals indicates a
greater drop than has actually occurred. The deter-
mined saturation thus may actuate low limit saturation
alarms on an oximeter device that can result in unneces-
sary and wasteful efforts to rescusitate a patient not in
danger.

Applicants believe that the change in transmittance
that occurs between the maximum transmittance time
and minimum transmittance time is due to the difference
in arterial pulsatile length of pulse that has the same
oxygen saturation. Because the pulsatile amplitude is
quite small, typically less than 5% of the overall inten-
sity change, any small change in overall or background
transmittance, such as slight changes in average blood
saturation, can have a relatively large effect in the dif-
ference in maximum and minimum intensity of the light
levels. Because the transmittance effect of changing
oxygen saturation is opposite in direction for the red
light at 660 nanometers than for infrared light at 910
nanometers, this can result in over-estimation of the
pulsatile ratio during periods when saturation is de-
creasing, and under-estimation during periods when
saturation is increasing.

It is therefore an object of this invention to provide a
method and apparatus for compensating for the effects
of transient conditions in the actual -optically detected
signal, thereby providing a more accurate estimation of
the actual oxygen saturation value.

It is another object of this invention to compensate
for the effects of distortion in the detected oxygen satu-
ration signal caused by artifacts due to localized blood
volume changes.

It is another object of this invention to compensate
for the effects of distortion in the detected oxygen satu-
ration signal caused by transient saturation or blood
volume artifact by using a determined rate of change
from pulse to pulse, including using interpolation tech-
niques.

It is another object of this invention to compensate
for the effects of distortion in the detected oxygen satu-
ration signal caused by transient saturation or blood

- volume artifact by using the low frequency characteris-

tics of the detected signal values.

SUMMARY OF THE INVENTION

This invention provides a method and apparatus for
compensating for the artifactual errors in light transmit-
tance during blood volume changes or transient satura-
tion changes (hereinafter collectively referred to as
“transient conditions”), thereby providing for im-
proved accuracy of oxygen saturation calculations dur-
ing transient conditions. The invention provides appara-
tus for processing the detected optical signals during
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tance caused by the transient can be compensated. In
one embodiment, the compensation is made by convert-
ing a transient plethysmograph waveform into a steady
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tion. Thus, using the adjusted pulse values in place of
the detected pulse values in the modulation ratio for
calculating oxygen saturation provides a more accurate
measure of oxygen saturation than would otherwise be

state waveform v_vhereby the ratio of the maximum and S obtained during transient operation.
minimum transmittance can be determined based on the In the preferred embodiment, the transient error is
§°“"°"_°d waveform and used in making the saturation  corrected by linear interpolation whereby the deter-

etermur ut_lon..:ln ;n ;!:’ei:_me dem:odlmem. the com-  pined maxima and minima for a first and second optical
p:ln’;m’.':s‘s] m fe y dividing the detected °'l’;'°‘lb:'§' pulses are obtained, the second pulse following the first
n ouny::lla dot:vm:.e?:tle;ncy con!porl:;ns. 'tf" h € b‘e:a- 10 and preferably immediately following the first pulse,
F " lent frequencies below the heart beat .4 p,p respective rates of change in the transmittance
requency, frt:lm which quotient signal the compensated of that wavelength is determined from the minimum
:'e‘t:lcmmm‘: u:: i:' .::kitr:;nts;: tsautnui:t;:u::t e?n':inb: transmittance point of the first detected pulse to the
tion. Througho:t t(lll_is application, the words compen- 5 :ltn;mc:lfmc::;:: s::eor::e:e':::dl:“cl:;:::gz':lxs
::m:‘l;ctm.u: u:eJ:::u:lnd:lt::':g;dv:‘l’u?i:ecg:v:.nT; distortion in the detected minimum transmittance of the
to an artificial value that results in a more accurate  3ccOnd detected pulse introduced by the transient in
estimation of the actual oxygen ssturation of the patient.  3ccordance with the following algorithm:

In the preferred embodiment, the detected optical 4

signals are obtained conventionally by passing red and Vmin(n)* = Vmin(n ~ 1) + [Vmin(n) —
infrared light through a patient’s blood perfused tissue, .
detecting the transmitted light which is modulated by Vmin(n — 1)] X {rmax(n) — mmin(n — 1)]
the blood flow, and providing red and infrared detected (pmin(n) = smin(n — 1]
optical signals that are preferably separately processed ¢

and optionally converted from analog to digital signals.
The corresponding red and infrared digital optical sig-
nals are then processed in accordance with the present
invention and the light modulation ratios are deter-
mined based on the resulting corrected transmittumce
pulse and used to calculate oxygen saturation.

In one embodiment, the transient error is corrected
by linear interpolation whereby the determined maxima
and minima for a first and second optical pulses are
obtained, the second pulse following the first and pref-
erably immediately following the first pulse, and the
respective rates of change in the transmittance of that
wavelength is determined from the maximum transmit-

tance point of the first detected pulse to the second -

detected pulse. The determined rates of change are then
used to compensate any distortion in the detected trans-
mittance of the first detected pulse introduced by the
transient in accordance with the following algorithm:

Vmax(n)® = Vmaz(n) — [Vmax(n) —

[rmax(n) — mnin(n}))
Veax(n + D) oaste % 1) = mmaxtn]

where tmax(n) is the time of occurence of the detected
maximum transmittance at the n maximum; tmmin(n) is
the time of occurrence of the detected minimum trans-
mittance of the wavelength at the n minimum; Vmax(n)
is the detected optical signal maximum value at the
maximum transmittance of the wavelength at the n
maximum; Vimnax(n)® is the corrected value, for n being
the first optical pulse, and n-+ 1 being the second optical
pulse of that wavelength.

By application of the foregoing linear interpolation

45

routine, the detected maximum transmittance value at -

t=n can be corrected, using the detected values de- 60

tected at the next coming pulse t=n+1, to correspond
to the transmittance value that would be detected as if
the pulse were detected at steady state conditions. The
corrected maximum value and the detected (uncor-
rected) minimum value thus provide an adjusted optical
pulse maximum and minimum that correspond more
closely to the actual oxygen saturation in the patient’s
blood at that time, notwithstanding the transient condi-

where tmax(n) is the time of occurrence of the detected
maximum transmittance at the n maximum; tmin(n) is
the time of occurrence of the detected mmimum trans-
mittance of the wavelength at the n minimum; Vmin(n)
is the detected optical signal minimum value at the
minimum transmittance of the wavelength at the n mini-
mum; Vmin(n)*® is the corrected value, for n being the
second optical pulse, and n-1 being the first optical pulse
of that wavelength.

By application of the foregoing linear interpolation
routine, the detected minimum transmittance value at
t=n can be compensated, using the detected values
detected at the preceding pulse t=n-1, to correspond to
the transmittance value that would be detected as if the
pulse were detected at steady state conditions. The
compensated minimum value and the detected (uncom-
pensated) maximum value thus provide an adjusted
optical pulse maximum and minimum that correspond
more closely to the actual oxygen saturation in the
patient’s blood at that time, notwithstanding the tran-
sient condition. Thus, using the adjusted pulse values in
place of the detected pulse values in the modulation
ratio for calculating oxygen saturation provides a-more
accurate measure of oxygen saturation than would oth-
erwise be obtained during transient operation.

As is apparent from the algorithms, during steady
state conditions the compensated value is equal to the
detected value. Therefore, the linear interpolation rou-
tine may be applied to the detected signal at all times,
rather than only when transient conditions are detected.
Also, the slgorithin may be applied to compensate the
detected other minimum or maximum transmittance
values by appropriate adjustinent of the algorithm
terms.

The amount of oxygen saturation can be then deter-
mined from this adjusted optical pulse signal by deter-
mining the relative maxima and minima as compensated
for the respective wavelengths and using that informa-
tion in determining the modulation ratios of the known
Lambert-Beers equations. Indeed, the present invention
may be applied to any pulsatile flow detected by light
absorption or transmittance corresponding to the flow
having transient changes or conditions, whether based
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on the occurrence of individual pulses or averaged
pulses.

Applicants also have discovered that the detected
optical signals can be processed and corrected in accor-
dance with the present invention by using the frequency
characteristics of the detected optical signal. The opti-
cal signals for a given wavelength corresponding to the
pulsatile arterial blood flow have spectral components
including a zero frequency at the background transmit-
tance intensity level, a fundamental frequency at the
frequency of the beating heart, and additional harmonic
frequencies at multiples of the fundamental frequency.
Noise, spurious signals, and motion artifact that appear
in the detected optical signal have frequencies that
spread across the spectrum. Transient changes to the
background transmittance intensity appear as low fre-
quency signals that are below the heart rate frequency.

In accordance with an alternate embodiment of the
invention, for each of the wavelengths of the light trans-
mitted, the detected optical signal is split into two por-
tions. For one of the portions, the frequency domain
corresponding to the frequency components below the
range of the measured heart rate, including the back-
ground and any transient frequency components, is
separated from the higher frequency components. Ap-
plicants have discovered that if the first domain is sepa-
rated so that no phase shifting occurs relative to the
other portion of the unfiltered detected signal, the first
domain signal can be divided into the unfiltered signal,
thereby to correct for changes in the pulsatile amplitude
in the unfiltered signal portion on a continuous basis, for
the background transmittance during steady state con-
ditions, during artifactual blood volume changes and
transient saturation transmittance changes. It may be
appropriate to amplify the separated or filtered signal,
the unfiltered signal, or the resulting quotient signal to
obtain an adjusted signal having an appropriate ampli-
tude and resolution for making the saturation determi-
nation.

Separation of the low frequency components may be
realized in either the time domain or the frequency
domain. In the time domain, the separation may occur
by passing one portion of the analog detected optical
signal through conventional electronic circuits such as
low pass filters configured to avoid any phase shifting
to obtain a filtered signal having only the background
and low frequency components, and then passing the
filtered signal and a portion of the unfiltered analog
detected signal into dividing amplifiers to divide the
low passed signal into the unfiltered signal in phase.
This process results in a compensated opticai signal that
can be processed as if it were the actual detected optical
signal to determine the relative maxima and minima of
the detected pulses for the satuation calculations. Alter-
nately, the detected optical signal may be digitized and
processed using digital signal processing techniques to
filter the detected signal and divide the filtered signal
into the unfiltered detected signal.

Digital processing techniques also may be applied to
process the detected optical signal in the frequency
domain by the application of well-known Fourier
Transforms. In this embodiment, a time-measure of the
detected optical signal for a predetermined number of
heartbeats is collected and transformed into its spectral
components. The frequency components are then sepa-
rated into two domains, the first domain including spec-
trai components below the measured heart rate so that
it includes the zero frequency spectral components of
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the background intensity and any gradual changes in
the background intensity corresponding to the transient
condition, and the second domain being above the first
so that it includes the spectral components of the funda-
mental and higher order harmonics of the fundamental
for the number of heartbeats in the sample. The separa-
tion must occur so that no phase shifting occurs in the
first domain. Then, the filtered first domain spectral
components can be transformed back into the time do-
main, into the background and changing background
intensity, and divided into the unfiltered detected pulsa-
tile waveform in phase thereby compensating for tran-
sient conditions in the mfiltered waveform. As the
time-measure is updated to include the patient’s current
condition, the divison of the unfiltered waveform by its
low frequency components thus corrects the pulsatile
amplitude for changes in the background transmittance
on a continuous basis. Thereafter, the oxygen saturation
calculation can be based upon the compensated quotient
waveform. _

Similar to the preferred embodiment, this frequency
compensation embodiment may be used all the time.

The apparatus of the preferred embodiment present
invention can be used for either time domain or fre-
quency domain transient correction, and includes inputs
for the detected opticai signals, an analog to digital
converter for converting the analog plethysmograph
signal to the digital optical signals (unless the plethys-
mograph signals are provided in digital form), and a
digitial signal processing section for receiving the digi-
tal signals and processing the digital detected optical
signal in accordance with one of the foregoing analysis
techniques of the present invention, including a micro-
processor, memory devices, buffers, software for con-
trolling the microprocessor, and display devices.

In its context, the apparatus of the present invention
is a part of an oximeter device which has the capability
to detect the red and infrared light absorption. In the
preferred embodiment, the apparatus of this invention is
a part of the Nellcor N-200 oximeter which includes a
16 bit microprocessor manufactured by Intel Corpora-
tion, Model No. 8088, software for controlling the mi-
croprocessor to perform the operations of the preferred
embodiment of the time domaln analysis techniques of
present invention (in addition to the conventional oxim-
eter functions), and has structure and processing meth-
ods that are unrelated to the present invention, and
therefore are not discussed herein. The software could
be modified to perform the frequency domain analysis
techniques of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of the apparatus of this
invention and the apparatus associated with the present
invention.

FIG. 2 is a detailed circuit schematic of the saturation
preamplifier in the patient module of FIG. 1.

FIGS. 3a-b are a detailed circuit schematic of the
saturation analog front end circuit of FIG. 1.

FIG. 4 is a detailed circuit schematic of the LED
drive circuit of FIG. 1.

FIGS. Sa-b are a detailed circuit schematic of the
analog to digital converter section of FIG. 1.

FIGS. 6a-b are a detailed circuit schematic of the
digital signal processing section of FIG. 1.

FIGS. 7a, 7b, 7c, 7d, e, and 7f are graphical represen-
tations of detected optical signals during steady state
and transient conditions.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring to FIG. 1, the preferred embodiment of the
present invention relates to the apparatus for processing
the detected analog optical plethysmograph signal and
comprises portions of analog to digital conversion sec-
tion (“ADC converter™) 1000 and digital signal process-
ing section (“DSP") 2000, including the software for
driving microprocessor 2040, which processes the digi-
tized optical signals in accordance with the present
invention to determine the oxygen saturation of hemo-
globin in arterial blood. Associated with the invention,
but not forming a part of the invention, is the apparatus
for obtaining the detected analog optical signals from
the patient that is part of or is associated with the com-
mercially available Nellcor N-200 Pulse Oximeter. Such
apparatus include plethysmograph sensor 100 for de-
tecting optical signals including periodic optical pulses,
patient module 200 for interfacing plethysmograph sen-
sor 100 with saturation analog front end circuit 300, and
saturation analog circuit 300 for processing the detected
optical signals into separate red and infrared channels
that can be digitized. The N-200 oximeter also includes
LED drive circuit 600 for strobing the red and infrared
LED:s in plethysmograph sensor 100 at the proper in-
tensity to obtain a detected optical signal that is accept-
able for processing, and various regulated power
supplies (not shown) for driving or biasing the associ-
ated circuits, as well as ADC 1000 and DSP 2000, from
line current or storage batteries.

The associated elements are straightforward circuits
providing specified functions which are within the skill
of the ordinary engineer to design and build. The associ-
ated elements are briefly described here, and reference
is made to the corresponding detalled schematics in the
Figures and circuit element tables set forth below, to
place the apparatus of the present invention in its oper-
ating context in the preferred embodiment.

In the preferred embodiment, the invention requires
two input signals, the two plethysmograph or detected
optical signals at the first and second wavelengths (e.g.,
red and infrared). More than two wavelengths may be
used. If analog signals are provided, they must be within
or be adjusted by, for example, offset amplifiers to be
within the voltage input range for the ADC. In circum-
stances where the signals have been digitized already,
they must be bit compatible with the digital signal pro-
cessing devices, DSP.

The plethysmograph signal is obtained in a conven-
tional manner for a non-invasive oximeter, typically by
illuminating the patient’s tissue with red and infrared
light in an alternating fashion, for.example, in the man-
ner described above for the N-100 oximeter. Referring
to FIG. 1, sensor circuit 100 has red LED 110 and
infrared LED 120 connected in parallel, anode to cath-
ode, so that the LED drive current alternately illumi-
nates one LED and then the other LED. Circuit 100
also includes photodetector 130, preferably a photodi-
ode, which detects the level of light transmitted
through the patient's tissue, e.g., finger 140, as a single,
analog optical signal containing both the red and infra-
red light plethysmographic, detected optical signal
waveforms. . :

Referring to FIGS. 1, and 2, patient module 200 in-
cludes preamplifier 210 for preamplifying the analog
detected optical signal of photodetector 130. Preampli-
fier 210 may be an operational amplifier configured as a
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current to voltage converter, biased by a positive volt-
age to extend the dynamic range of the system, thereby
converting the photocurrent of photodiode 130 into a
usable voltage signal. Patient module 200 also includes
leads for passing the LED drive voltages to LEDs 110
and 120.

Referring to FIGS. 1 and 3, saturation analog front
end circuit 300 receives the analog optical signal from
patient module 200 and filters and processes the de-
tected signal to provide separate red and infrared ana-
log voltage signals corresponding to the detected red
and infrared optical pulses. The voltage signal is passed
through low pass filter 310 to remove unwanted high
frequency components above, for example, 100 khz, AC
coupled through capacitor 325 to remove the DC com-
ponent, passed through high pass filter 320 to remove
any unwanted low frequencies below, for example, 20
hertz, and passed through buffer 320 and passed
through programmable gain stage 330 to amplify and
optimize the signal level presented to synchronous de-
tector 340.

Synchronous detector 340 removes any common
mode signals present and splits the time multiplexed
optical signal into two channels, one representing the
red voltage signals and the other representing the infra-
red voltage signals. Each signal is then passed through
respective filter chains having two 2-pole 20 hertz low
pass filters 350 and 360, and offset amplifier 370 and 380.
The filtered voltage signals now contain the signal in-
formation corresponding to the red and infrared de-
tected optical signals. Additionally, circuits for use in
preventing overdriving the amplifiers in saturation cir-
cuit 300 may be applied, for example, level-sensing
circuits 312 and 314 (located before and after low pass
filter 310 respectively) for indicating unacceptable
LED drive current, and level sensing circuit 315 (lo-
cated after programmable gain amplifier 330) for indi-
cating unacceptable input amplifier gain setting.

Referring to FIGS. 1 and 5, ADC 1000 provides the
analog to digital conversions required by the N-200
oximeter. The aforementioned two voltage signals, the
red detected optical signal and the infrared detected
optical signal from patient module 200, are input to

" ADC 1000. These signals are conventionally multi-
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plexed and digitized by an expanded range 12-bit ana-
log-to-digital conversion technique, yielding 16-bit res-
olution. The input signals are passed through multi-
plexor 1010 and buffer amplifier 1020. The converter
stage includes offset amplifier 1030 and programmable
gain circuitry 1040 which allows a portion of the signal
to be removed and the remainder to be further amplified
for greater resolution, sample and hold circuit 1050,
comparator 1060, and 12-bit digital to analog converter
1080. The buffered signal is passed through offset ampli-
fier 1030 to add a DC bias to the signal wherein a por-
tion of the signal is removed and the balance is amplified
by being passed through programmable gain circuitry
1040 to improve the resolution. The amplified signal is
then passed through sample and hold circuit 1050, the
output of which is fed to one input of comparator 1060.
The other input of comparator 1060 is the output of
digital to analog (*“DAC") converter 1080 so that when
the inputs to comparator 1060 are the same, the analog
voltage at the sample and hold circult is given the corre-
sponding digital word in DAC converter 1080 which is
then stored in an appropriate memory device as the
digitized data for the sample and the next sample is sent
to sample and hold circuit 1050 to be digitized.
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Referring to FIGS. 1, 4, §, and 6, DAC 1080 also
generates the sensor LED drive voltages, under the
control of microprocessor 2040, using analog multi-
plexor 610, which separates the incoming analog signal
into one of two channels for respectively driving the
red and infrared LEDs, having respective sample and
hold circuits 620 and 630, and LED driver circuit 640
for converting the respective analog voltage signals into
the respective positive and negative bipolar current
signals for driving LEDs 110 and 120.

Alternate techniques of converting the analog signals
to digital signals could be used, for example, a 16-bit
analog to digital converter.

Referring to FIGS. 1 and 6, DSP 2000 controls all
aspects of the signal processing operation including the
signal input and output and intermediate processing.
The apparatus includes 16-bit microprocessor 2040 and
its associated support circuitry including data bus 10,
random access memory (RAM) 2020, read only mem-
ory (ROM) 2030, a conventional LED display device
2010 (not described in detail), system timing circuit 2050
for providing the necessary clock synchronizing sig-
nals. In the preferred embodiment, microprocessor 2040
is a model 8088 microprocessor, manufactured by Intel
Corporation, Santa Clara, Calif. Alternate microproces-
sors processors may be used, such as any of model nos.
8086, 80186, and 80286, also made by Intel Corporation.

The N-200 oximeter incorporating the present inven-
tion is designed to determine the oxygen saturation in
one of two modes, an unintegrated mode wherein the
oxygen saturation determination is made on the basis of
pulses detected in the optical pulse signal that are deter-
mined to be optical pulses in accordance with conven-
tional pulse detection techniques, and in an ECG syn-
chronization mode wherein the determination is based
on enhanced periodic data obtained by processing the

" detected optical signal and the ECG waveform of the

patient in accordance with an invention that is not a part
of the present invention.

The present invention applies to the calculation of
saturation based on detecting maximum and minimum
transmittance of two or more wavelengths, whether the
determination is made pulse by pulse (the umntegrated
mode) or based on an averaged or composite pulse that
is updated with the occurrence of additional pulses to
reflect the patient’s actual condition (the ECG synchro-
nized mode).

Interrupt programs control the collection and digiti-
zation of incoming optical signal data. As particular
events occur, various software flags are raised which
transfer operation to various routines that are called
from a main loop processing routine.

The detected optical signal waveform is sampled at a
rate of 57 samples per second. When the digitized red
and infrared signals for a given portion of detected
optical signals are obtained, they are stored in a buffer
called DATBUF and a software flag indicating the
presence of data is set. This set flag calls a routine re-
ferred to as MUNCH, which processes each new digi-
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tized optical signal waveform sample to identify pairs of 60

maximum and minimum amplitudes corresponding to a
pulse. The MUNCH routine first queries whether or not
there is ECG synchronization. If there is ECG synchro-
nization, then the MUNCH routine obtains the en-
hanced composite pulse data in the ECG synchroniza-
tion mode. Otherwise, MUNCH obtains the red and
infrared optical signal sample stored in DATBUF, in
the unintegrated mode. The determined maximum and
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minimum pairs are then sent to a processing routine for
processing the pairs. Preferably, conventional tech-
niques are used for evaluating whether a detected pulse
pair is acceptable for processing as an arterial puise and
performing the saturation calculation, whether the
pulse pair is obtained from DATBUF or from the en-
chanced composite pulse data.

The MUNCH routine takes the first coming pulse
data and determines the maximum and minimum trans-
mittance for each of the red and infrared detected opti-
cal signals, takes the second coming pulse data, and
determines the relative maximum and minimum trans-
mittance. The routine for processing the pairs applies
the aforementioned algorithm to the first and second
pulse data of each wavelength and determines the cor-
rected minimum transmittance for the second pulse
each wavelength. Then the oxygen saturation can be
determined using the corrected minimum and detected
maximum transmittance for the second pulses of the red
and infrared optical signals. '

The application of the present invention and the pair
processing routine correction is demonstrated by the
following comparative examples, with reference to
FIGS. 7a, 7b, ¢, 7d, 7e and 7f and the software appen-
dix.

EXAMPLE 1

FIGS. 7a and 7b show representative plethysmo-
graph waveforms for a patient’s steady state condition
for the red and infrared detected  optical signals.
Vmaxr(n) equals 1.01 volts, and Vminr(n) equals 1.00
volts, for n=1,2, and 3 pulses. Vmin(n) is the detected
optical signal minimum value at the minimum transmit-
tance at the n pulse minimum. The modulation ratio for
the maxima and minima red signal is

Vmaxn(n) 1.01v
Vminr(n) = 71.00v

= 1.0

For the infrared wavelength, Vmaxi(n)=1.01 v and

Vmini(n)=1.00 v and the determined modulation ratio

also is 1.01. . .
Using these determined modulation ratios in the for-

mula for calculating the ratio R provides:

In|VmaxA(n)/ Vminr(m)) 01

R = L vmaxiny Vemiol] — = 01

= 1.00

A determined R=1 corresponds to an actual saturation

value of about 81% when incorporated into the afore-

mentioned saturation equation. A saturation of 81%

corresponds to a healthy patient experiencing a degree

of hypoxia for which some corrective action would be’
taken.

EXAMPLE II

FIGS. 7c and 7d correspond to representative ple-
thysmographic waveforms for a patient during desatu-
ration or decreasing saturation transient conditions for
the red and infrared detected optical signals having
optical pulses n=1, 2, and 3. However, in this transient
example it is known that at n= 1, the actual saturation of
the patient is very close to that during the steady state
conditions in the Example 1. In this transient example,
the detected values are as follows:

For both the red and infrared signals:
tmax(1)=1.0 secs.
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tmin(1)=1.2 secs.
:::((zz)) :22 ;) :::: i R = In{Vmaxr(1)*/¥Vminr(1)}/In|Vmaxi(1)*/ Vmini(1)}
tmu(3)=3'.o secs. = In[1.010/1.00)/1n{1.010/1.00)
tmin(3)=3.2 secs. 5 = 01701
= 10

For the red optical signals:
Vmaxr(1)=1.012 v
Vmiinr(1)=1.000 v
Vmaxr(2)=1.002 v
Vminr(2)=0.990 v
Vmaxr(3)=0.992 v
Vminr(3)=0.980 v
For the infrared optical signals:
Vmaxi(1)=1.008 v
Vmini(1)=1.000 v
Vmaxi(2)=1.018 v
Vmini(2)=1.010 v
Vmaxi(3)=1.028 v
Vmini(3)=1.020 v.
Calculating the oxygen saturation ratio R at n=1,
using the detected optical signals provides the follow-
ing:

In[Vmax~(1)/ Vinx(1)]/1n] Vmaxi 1)/ Vmini{1))
In[1.012/1.000)/1n[1.008/1.000]
" 1n[1.012)/1n{1.008)
.012/.008
1.5

Thus, the determined saturation ratio R of 1.5 based on
the detected transmittance corresponds to a calculated
oxygen saturation of about 65% for the patient, which
corresponds to severe hypoxia in an otherwise healthy
patient. This contrasts with the known saturation of
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Thus, basing the saturation calculations on the cor-
rected maximum transmittance values and the detected
minimum transmittance values, the corrected R value
corresponds to the same R for the steady state condi-
tions and the actual oxygen saturation of the patient.

EXAMPLE Il

FIGS. 7e and 7f correspond to representative plethys-
mographic waveforms for a patient during increasing
saturation transient conditions for the red and infrared
detected optical signals having optical pulses n=1, 2,
and 3. However, in this transient example it is known
that at n=1, the actual saturation of the patient is very
close to that during the conditions in the steady state
Example 1. In this transient example, the detected val-
ues are as follows:

For both the red and infrared signals:
tmax(1)=1.0 secs. .
tmin(1)=1.2 secs.
tmax(2)=2.0 secs.
tmin(2)=2.2 secs.
tmax(3)=13.0 secs.
tmin(3)=3.2 secs.

For the red optical signals:

Vmaxr(1)=1.008 v
Vminr(1)=1.000 v

35 Vmaxr(2)=1018 v

about 81% and demonstrates the magnitude of the un- 4

der-estimation of the oxygen saturation (over-estima-
tion of desaturation) due to the distortion in transmit-
tance of the red and infrared light caused by transient
conditions. .

Applying the present invention to correct the dis-
torted maximum transmittance point of the detected red
optical signal during the transient condition, we find the
following:

Vmax(1)®* =

Vmax(1) = {Vmax(1) —
{rmax(3) — mmin(1)]
Veax(2)] X 3y = amax()
1012 — [1.012 — 1.002) x 1.0 — 1.2]/]1.0 — 2.0)
1.010

and correspondingly for the maximum transmittance of
the detected infrared optical signal we find:

Vmax{1)® =

1.008 — [1.008 — 1.018] x [1.0 — 1.2)/]1.0 — 2.0)
1.010

Thus, by replacing Vmaxr(n) with Vmaxr(n)® and re-
placing Vmaxi(n) with Vmaxi(n)® in the calculations for
determining oxygen saturation ratio R we find:

45
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Vminr(2)=1.010 v
Vmaxr(3)=1.028 v
Vminr(3)=1.020 v
For the infrared optical signals:
Vmaxi(1)=1.012 v
Vmini(1)=1.000 v
Vmaxi(2)=1.002 v
Vmini(2)=0.990 v
Vmaxi(3)=0.992 v
Vmini(3)=0.980 v.
Calculating the oxygen saturation ratio R at n=1,
using the detected optical signals provides the follow-
ing:

In{ VmaxA1)/ Vaina(1))/In[ Vmaxi(1)/Vmini(1)]
1n{1.008/1.000}/1n[1.012/1.000)

= In[1.008}/1n[1.012)

.008/.012

667

" Thus, the determined saturation R of 0.667 corresponds

to a calculated oxygen saturation of about 95% for the
patient which corresponds to a satisfactorily oxygen-
ated patient breathing room air. This contrasts with the
known saturation of about 81% and demonstrates the
magnitude of the over-estimation of saturation due to
the distortion in transmittance of the red and infrared

65 light caused by transient conditions.

Applying the present invention to correct the dis-
torted maximum transmittance point of the detected red
optical signal during the transient condition we find:
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Vmaxr(1)®* = Vmax(l) — [Vmax(]) — R = In[FmaxA2)/VminA2))/1n] Vmaxi(2)/ Fmini(2)}
{rmax(1) — min(1)] = In[1.012/.998)/1n(1.012/1.002]
D * Ty = max()] 5 = .01393/.0099
= 1.008 — [1.008 — 1.018) x (1.0 — 1.2)/1.0 — 2.0) - 14

1.010

and correspondingly for the detected infrared optical
signal:

Vmaxi(1)®

1.012 = [1.012 — 1.002] X [1.0 — 1.2)/(1.0 — 2.0}
1.010

Thus, by replacing Vmaxr(n) with Vmaxr(n)* and re-
placing Vmaxi(n) with Vmaxi(n)® in the calculations for
determining oxygen saturation ratio R we find:

R

Inf Vmaxr(1)*/Vmin(1))/In] Vmaxi(1)*/Vmini1))
In[1.010/1.00)/1n[1.010/1.00)

10
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Thus, the determined saturation ratio R of 1.4 based on
the detected transmittance corresponds to a calculated
oxygen saturation of about 519 for the patient, which
corresponds to severe hypoxia in an otherwise healthy
patient. This contrasts with the known saturation of
about 81% and demonstrates the magnitude of the un-
der-estimation of the oxygen saturation (over-estima-
tion of desaturation) due to the distortion in transmit-
tance of the red and infrared light caused by transient
conditions. '

Applying the preferred embodiment of the present
invention to correct thé distorted minimum transmit-
tance point of the detected red optical signal during the
transient condition, we find the foliowing:

= o0 - VminA2)* = WFnin(2) + [Vmin(2) -
= 10 25 [rmax(2) — min(1)]
Thus. basing th on calculati B Vmin(1)] X Ty =m0
us, basing the saturation calculations on the cor-
N . = 1.008 + [.998 — 1.008) x (2.0 — 1.2)/[22 - 1.
rected maximum transmittance values and the detected +I 1x 1 12122 - 1.7]
minimum transmittance values, the corrected R value ” = 10

corresponds to the same R for the steady state condi-
tions and the actual oxygen saturation of the patient.

EXAMPLE IV

FIGS. 7c and 7d also correspond to representative
plethysmographic waveforms for a patient during de-
saturation or decreasing saturation transient conditions
for the red and infrared detected optical signals having
optical pulses n=1, 2, and 3. However, in this transient

35

example it is known that at n=2, the actual saturation of 4,

the patient is very close to that during the steady state
conditions in the Example 1. In this transient example,
the detected values are as follows: '
For both the red and infrared signals:

tmax(1)=1.0 secs.

tmin(1)=1.2 secs.

tmax(2)=2.0 secs.

tmin(2)=2.2 secs.

tmax(3)=3.0 secs.

45

and correspondingly for the minimum transmittance of
the detected infrared optical signal we find:

VminA2)*

992 + [1.002 — 992] x .8
= 10

Thus, by replacing Vminr(n) with Vminr(n)* and re-

placing Vmini(n) with Vmini(n)® in the calculations for
determining oxygen saturation ratio R we find:

R

In[ Vmaxr(2)/ VminK2)*)/In[ Vnaxi2)/ Vmini(2)*]
1n[1.012/1.0}/1n[1.012/1.0)
1.0.

Thus, basing the saturation calculations on the cor-
rected minimum transmittance values and the detected
maximum transmittance values, the corrected R value

tmin(3)=3.2 secs. : S0 corresponds to the same R for the steady state condi-
. For the red optical signals: tions and the actual oxygen saturation of the patient.
Vmaxr(1)=1.022 v EXAMPLE V

Vminr(1)=1.008 v
Vmaxr(2)=1.012 v
Vminr(2)=0.998 v
Vmaxr(3)=1.002 v
Vminr(3)=0.988 v
For the infrared optical signals:
Vmazxi(1)=1.002 v
Vmini(1)=0.992 v
Vmaxi(2)=1.012 v
Vmini(2)=1.002 v
Vmaxi(3)=1.022 v
Vmini(3)=1.012 v’
Calculating the oxygen saturation ratio R at n=2,
using the detected optical signals provides the follow-
ing:

55

65

FIGS. 7e and 7/ also correspond to representative
plethysmographic waveforms for a patient during in-
creasing saturation transient conditions for the red and
infrared detected optical signals having optical pulses
n=1, 2, and 3. However, in this transient example it is
known that at n=2, the actual saturation of the patient
is identical to that during the conditions in the steady
state example. In this transient example, the detected
values are as follows:

For both the red and infrared signals:
tmax(1)=1.0 secs.
tmin(1)=1.2 secs.
tmax(2)=2.0 secs.
tmin(2)=2.2 secs.
tmax(3)=3.0 secs.
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tmin(3)=13.2 secs.
For the red optical signals:
Vmaxr(1)=1.002 v .
Vminr(1)=0.992 v
Vmaxr(2)=1.012 v
Vminr(2)=1.002 v
Vmaxr(3)=1.022 v
Vminr(3)=1.012 v
For the infrared optical signals:
Vmaxi(1)=1.022 v
Vmin(1)=1.008 v
Vmaxi(2)=1.012 v
Vmini(2)=0.998 v
Vmaxi(3)=1.002 v
Vmini(3)=0.988 v -
Calculating the oxygen saturation ratio R at n=2,
using the detected optical signals provides the follow-
ing:

R = In[VmsxA2)/Vmina(2))/In[Vinaxi2)/ VminK2)}
= In{1.012/1.002)/1n1.012/.988)
= M3

Thus, the determined saturation R of 0.713 corresponds
to a calculated oxygen saturation of about 92% for the
patient which corresponds to a mildly hypoxic patient
breathing room air. This contrasts with the known satu-
ration of about 819% and demonstrates the magnitude of
the over-estimation of saturation due to the distortion in
transmittance of the red and infrared light caused by
transient conditions.
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Applying the preferred embodiment of the present

" invention to correct the distorted minimum transmit-

tance point of the detected red optical signal during the
transient condition we find:

5
VminA2)* = Vmin(1) + [Vmin(2) —
) {rmax(2) — min(D)

Vmin(] X~y = mmmh)]

10 = 992 + [1.002 — .992) x [2.0 ~ 1.2)/]2.2 ~ 1.2]}
= 10
and correspondingly for the detected infrared optical

15 signal:

25

Vmink2)* = 1.008 + [.998 — 1.008) x [.8]
= 1010

20 Thus, by replacing Vminr(n) with Vminr(n)* and re-

placing Vmini(n) with Vmini(n)® in the calculations for
determining oxygen saturation ratio R we find:

R In[ F'max(2)/ ¥min/(2)*)/In[ Vmaxi2)/ Vmini(2)*)
In[1.012/1.00)/1n{1.012/1.00]
= 1.0.

Thus, basing the saturation calculations on the cor-
rected minimum transmittance values and the detected
maximum transmittance values, the corrected R value
corresponds to the same R for the steady state condi-
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tions and the actual oxygen saturation of the patient.

—Circuit Tables
REF # CHIP MFR PART # Manufacturer DESCRIPTION OF CHIP
FiG.2
210 U2 LF442 NATIONAL DUAL LOW POWER OP AMP
SEMICONDUCTOR
FG.3
312 U LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR .
312 U2 LP365SN NATIONAL QUAD VOLTAGE COMPARATOR
SEMICONDUCTOR
30 U LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
320 U LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
330 Us MP7524LN MICROPOWER 8-BIT DAC
33 U LFa44 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
330 Un LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
31s L0 LP365SN NATIONAL QUAD VOLTAGE COMPARATOR
SEMICONDUCTOR
0 Un LF4a4 NATIONAL QUAD JFET OP AMP
. SEMICONDUCTOR
40 Ui DG243CJ SILICONIX ANALOG SWITCH
INCORPORATED
M0 U7 LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
M0 U LF44 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
s U LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
30 U3 LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
310 U7 LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
330 U3 LFa44 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
340 U9 DG21IC) SILICONIX CMOS ANALOG SWITCH

INCORPORATED
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~continued
_Circuit Tables
REF # CHIP MFR PART # Manufacturer DESCRIPTION OF CHIP
FIG. 4
640 ul19 DG211C) SILICONIX CMOS ANALOG SWITCH
INCORPORATED
640 U2 LFau NATIONAL QUAD JFET OP AMP
A SEMICONDUCTOR
FIG. §
1010 U24 DGS28CK SILICONIX OCTAL ANALOG SWITCH
INCORPORATED
1020 U25  LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
1030 U2s LFe44 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
1040 U8  AD7524LN ANALOG DEVICES DAC
1040 ve 74HC374 TEXAS HIGH SPEED CMOS
INSTRUMENTS
140 U337 LFsN NATIONAL LOW POWER OP AMP
SEMICONDUCTOR .
1050 U3  LFIN NATIONAL SAMPLE & HOLD OP AMP
SEMICONDUCTOR
1060 u29 LM211P TEXAS LOW OFFSET VOLTAGE COMPARATOR
INSTRUMENTS
1080 U4l AD7S48KN ANALOG DEVICES CMOS 12-BIT DAC
1080 U3l  LF411ACN NATIONAL LOW OFFSET OP AMP
SEMICONDUCTOR
1080 U2s LFa44 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
610 uis DGS28CK SILICONIX OCTAL ANALOG SWITCH
INCORPORATED
620 un LF4s4 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
630 un LFa44 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
FIG.6__ . :
u2 82C84A-2 NEC CMOS 8 MHZ CLOCK GENERATOR
(1)} 74HC74 TEXAS HIGH SPEED CMOS
INSTRUMENTS
Ul 74HC74 TEXAS HIGH SPEED CMOS
INSTRUMENTS
2040 us MSMBOCSSRS-2 OKI ELECTRIC CPU S MHZ, 125 ns
u3 T4HC4 TEXAS HIGH SPEED CMOS
INSTRUMENTS
U3l 74HCI74 TEXAS HIGH SPEED CMOS
INSTRUMENTS
U9 T4HCO4 TEXAS HIGH SPEED CMOS
INSTRUMENTS
Ul T4HC4 TEXAS HIGH SPEED CMOS
INSTRUMENTS
U9 T4HCO4 TEXAS HIGH SPEED CMOS
INSTRUMENTS
U19 74HCO00 TEXAS HIGH SPEED CMOS
INSTRUMENTS
U9 T4HO04 TEXAS HIGH SPEED CMOS
INSTRUMENTS
2030 U2l MBM2ICS12-28 FUJITSU LIMITED CMOS 64K x 8 ROM
2020 u1s DS1242 DALLAS CMOS 32K x 8 RAM
SEMICONDUCTOR
U23  74HC138 TEXAS HIGH SPEED CMOS
INSTRUMENTS
u1? 74HC138 TEXAS HIGH SPEED CMOS
INSTRUMENTS
U9 T4HCO00 TEXAS HIGH SPEED CMOS
INSTRUMENTS
ul9e 74HC00 TEXAS HIGH SPEED CMOS
INSTRUMENTS
uUlé 82CS1A OKI ELECTRIC CMOS UART
v22 MSMB82CS9A-2RS OKI ELECTRIC CMOS INTERRUPT CONTROLLER
2050 U4 MSM82C53-2 OKI ELECTRIC CMOS TRIPLE TIMER
2050 Uas MSM82Cs3-2 OKI ELECTRIC CMOS TRIPLE TIMER
2050 U9 T4HCO4 TEXAS HIGH SPEED CMOS
INSTRUMENTS
2050 U39  74HC393 TEXAS HIGH SPEED CMOS
INSTRUMENTS
200 U3s D2132A INTEL 4096 x 8 ROM
CORPORATION
2050 U4  74HCIT4 TEXAS HIGH SPEED CMOS
INSTRUMENTS
2050 U2s 74HC374 HIGH SPEED CMOS

TEXAS
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-continued

Manufacturer DESCRIPTION OF CHIP

INSTRUMENTS

REF # CHIP MFR PART #

CRMIN - CORRECT MINIMUM ~ ASSUMES BX CONTAINS Ymin(n)

CRIMIN:
PUSH
PUSH
MoV
JMP
CR2MIN:
PUSH
PUSH
MoV
CRMIN4:

CRMIN2:

CORR:

AX

DX

AX.PVMINI
SHORT CRMIN4

AX
DX
AX.PVMIN2

AX.BX

SHORT CRMIN2
CORRSW.0
SHORT CRMIN2
BPCTR,3
SHORT CRMIN2
PERIOD.0
SHORT CRMIN2
AX.AX

SHORT CRMIN2
CORR

DX
AX

GET Ymin(n-1)

:GET Ymin(n-1)

;IF Ymin(n-1) = Ymin(n) RETURN

:IF BAD PULSE COUNTER <3, THEN A BAD PULSE
:DONT CORRECT

;CORRECT MINIMUM -~ ASSUMES BX = Ymin(n) AND AX = Ymin(n-1)
H CORRECTED Ymin(n) = Ymintn-1) + (t/T)*(Ymin(n) - Ymin(n-1))
: WHERE t = PERIOD OF MIN TO MAX, AND T = PERIOD -

CMP
PUSH
PUSHF
MOV
Jc
DEC
CORR4:
CMP
MOV
JE
POPF
POP
JMP
CORRS:
SUB
PUSH
JNF
NEG
CORRG6:
PUSH
MOV
MOV
MOV
SUB
JNS

CORR9:

CORRI0:

AX.BX
BX

CL.1
SHORT CORR4
CL

DIRMIN.CL
DIRMIN.CL
SHORT CORRS

BX

SHORT CORR2
BX.AX

AX

SHORT CORRé
BX

BX

AX,MAXMINPCTR

CX,PERIOD
BX.CX

CX.AX

SHORT CORRY
BX

AX

BX
SHORT CORR2

CX.PERIOD
SHORT CORRI10
BX

AX

BX .
SHORT CORR2

DX.CX
bx.bx
crifa
bx,dx
crifa

:Ymin(n-1) < = Ymin(n)?
SAVE Ymin(n)

:SET DIRECTION FLAG ACCORDINGLY

:DIRECTION THE SAME?
SAVE ANYWAY
:SAME, CONTINUE

iNOT SAME. ABANDON SHIP

:Ymin(n) - Ymin(n-1)
SAVE Ymin(n-1)

:{SAVE :DELTA:
:PERIOD - MAXMINPCTR
;RESULT SHOULD BE POSITIVE

;RESTORE ORIGINAL Ymin(n)

;MUST BE LESS THAN PERIOD

;RESTORE ORIGINAL Ymin(n)

:CX = PERIOD - MAXMINPCTR
no zero divisor

;dx must be ( bx
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-continued
;:;‘r ;:u :CX = (PERIOD - MAXMINPCTR)/PERIOD

mov CX.ax save result in cx
jmp short criOb

criOa:
mov cx,0f ffTh

cri0b:
POP AX ‘GET :DELTA:
XOR DX.DX
MUL CcX
OR AH.AH
INS SHORT CORRS
INC DL

CORRS:
;DX = (/T)*: DELTA:
POP AX ;GET ORIGINAL Ymin(n-1)
POPF
JC SHORT CORR?7
NEG DX

CORRY7:
ADD AX.DX ;Ymin(n-1) + [(t/T)*(Ymin(n) - Ymin(N-1))]
POP BX :DISGARD ORIGINAL Ymin(n)
MOV BX.AX

CORR2:
RET

We claim:

1. Apparatus for compensating distortion in transmit-
tance caused by transient conditions in a patient’s ple-
thysmograph waveform having periodic changes re-
lated to the patient's beating heart, aperiodic changes
unrelated to the beating heart, background transmit-

25

unrelated to the beating heart, background transmit-
tance, and transient background transmittance changes
at frequencies below the heart rate for use in an oxime-
ter device, comprising:

means for receiving first and second optical signals

tance, and transient background transmittance changes 30 corresponding to the transmittance of first and
at frequencies below the heart rate for use in an oxime- second light frequencies passing through the pa-
ter device, comprising: tient's tissue;
means for receiving a detected optical signal corre- first filter means for eliminating the frequency com-
sponding to the transmittance of a first and second ponents of the first optical signal other than those
light frequency passing through the patient’s tissue; 35 that are below the fundamental heart rate, thereby
filter means for eliminating frequency components of providing a first filtered signal;
the detected optical signal other than those that second filter means for eliminating the frequency
have a frequency below the frequency of the fun- components of the second optical signal other than
damental heart rate, thereby providing a filtered those that are below the fundamental heart rate,
signal; and . 40 thereby providing a second filtered signal;
dividing means for dividing the detected optical sig- a first dividing means for dividing the first optical
nal by the filtered signal in phase, thereby provid- signal by the first filtered signal in phase, thereby
ing a compensated optical signal. providing a compensated first optical signal; and
2. The apparatus of claim 1 further comprising means a second dividing means for dividing the second opti-
for calculating oxygen saturation using the compen- 45 cal signal by the second filtered signal in phase,

sated optical signal.

3. The apparatus of claim 1 wherein the filter means
passes all frequencies below the fundamental heart rate
in phase with the detected optical signal.

4. The apparatus of claim 1 wherein the filter means
includes:

means for transforming the optical signal into the

frequency domain;

spectral filter means for separating the spectral com-

ponents below the fundamental heart rate into a
filtered spectrum; and

means for transforming the filtered spectrum back

into the time domain, thereby forming the filtered
signal. ’

50
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thereby providing a compensated second optical
signal.

7. The apparatus of claim 6 further comprising means
for calculating oxygen saturation using the first com-
pensated optical signal and the second compensated
optical signal. .

8. The apparatus of claim 6 wherein the first and
second filter means pass all frequencies below the fun-

- damental heart rate in phase with the unfiltered signal.

9. The apparatus of claim 6 wherein the first and
second filter means include:
first means for transforming the first optical signal
into the frequency domain;
first spectral filter means for eliminating the spectral

S. The apparatus of claim 1 wherein the filter means 60 components other than those below the fundamen-
and dividing means include a digital iicroprocessor tal heart rate into a first filtered spectrum;
device and said apparatus further comprises means for means for transforming the filtered spectrum back
digitizing the detected optical signal into data accept- into the time domain, thereby forming the first
able for processing by the microprocessor device. filtered signal;

6. Apparatus for compensating distortion in transmit- 65 second means for transforming the second optical

tance caused by transient conditions in a patient’s ple-
thysmograph waveform having periodic changes re-
lated to the patient’s beating heart, aperiodic changes

signal into the frequency domain;
second spectral filter means for eliminating the spec-
tral components other than those below the funda-
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mental heart rate into a second fiitered spectrum;
and

means for transforming the second filtered spectrum
back into the time domain, thereby forming the
second filtered signal. 5

10. The apparatus of claim 6 wherein the first and

second filter means and dividing means further com-

prise a digital microprocessor device and said apparatus

further comprises means for digitizing the first and

second optical signals into data acceptable for process- 10

ing by the microprocessor device.

11. A method for detecting and processing arterial

pulses of a patient during transient conditions compris-

g:

passing a first light frequency through the patient’s 15
tissue and detecting a first optical signal corre-
sponding to changes in the transmittance of the
first frequency including periodic transmittance
changes related to the patient’s beating heart, aperi-
odic transmittance changes unrelated to the beating 20
heart, background transmittance, and transient
background transmittance changes at frequencies
below the heart rate;

passing a second light frequency through the patient’s
tissue and detecting a second optical signal corre-
sponding to changes in the transmittance of a sec-
ond frequency including periodic transmittance
changes related to the patient’s beating heart, aperi-
odic transmittance changes unrelated to the beating
heart, background transmittance, and transient
background transmittance changes at frequencies
below the heart rate; and, for each of the first and
second detected optical signals; .
processing the first and second detected optical

signals to obtain first and second filtered signals
substantially comprising the background trans-

25

35

45

55

65

5,078,136

26

mittance and transient background transmittance
components of the first and second detected
optical signals below the heart rate frequency;
and

adjusting the first and second detected optical sig-
nals by dividing the first and second detected
optical signals by the first and second filtered
signals, respectively, in phase, thereby providing
compensated first and second optical signals.

12. The method of claim 11 further comprising calcu-
lating oxygen saturation of the patient’s arterial blood
flow by processing the compensated first optical signal
and the compensated second optical signal to detect the
maximum or minimum transmittances in the compen-
sated signals for use in calculating saturation.

13. The method of claim 12 wherein said processing
step further comprises passing the first and second opti-
cal signals through a low pass filter to remove substan-
tially all of the frequency components above the back-
ground transmittance and transient background trans-
mittance frequency components so that the first and
second filtered optical signals remain in phase with the
first and second detected optical signals.

14. The method of claim 12 wherein said processing
step further comprises transforming the first and second
detected optical signals into the frequency domain,
eliminating frequency spectral components other than
low frequencies spectral components below the heart
rate of the first and second light frequencies corre-
sponding to the background transmittance and the tran-
sient background transmittance changes to provide a
filtered low frequency spectrum, and transforming the
filtered low frequency spectrum back into the time

domain as the filtered signal.
s & & s 8
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1

ADHESIVE PULSE OXIMETER SENSOR
WITH REUSABLE PORTION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

This is a continuation-in-part of patent application Ser.
No. 07/600,541, filed Oct. 19, 1990, now abandoned.

This invention relates to sensots for use with noninvasive
pulse monitors such as plethysmographs or pulse oximeters.

A plethysmograph is a pulse momitor The plethysmograph
sensor shines light into the patient’s tissue, and the light
transmitted through the tissue is received by a photodetector.
The photodetector generates electrical signals corresponding
to the transmitted light levels and transmits the signals to a
monitor for proccssing. Artcrial blood will absorb some of
the light, with more light being absorbed when there is more
blood. Thus, changes in the amount of transmitted light are
related to pulses of arterial blood in the illuminated tissue.

A pulse oximeter is a device for nonminvasively determin-
ing the oxygen saturation of arterial blood. The pulse
oximeter sensor shines light at two different wavelengths
(one in the red range, the other in the infrared range) through
a portion of the patient’s blood-perfused tissue. The red and
infrared light transmitted through the tissue is detected by a
photodetector. The amount of light absorbed varies with the
amount of oxygen in the blood, and varies differently for red
and infrared light. The pulse oximeter monitor computes
blood oxygen saturation based on the changes in the two
detected light levels between two points in time.

There are several types of sensors for plethysmographs
and pulse oximeters. One is a surface sensor in which the
light emitter and the photodetector are mounted on the same
sensor face. The scnsor is attached to the patient with both
the light emitter and the detector on the same side of the
patient’s appendage (e.g., on the patient’s forehead). This
type of sensor detects light reflected back from the tissue,
rather than light transmitted through an appendage. The
signal detected will thus be weaker in most cases. The sensor
is typically attached with a strap, headband or tape over the
sensor, or an adhesive pad between the sensor and the skin.

Another type of sensor is a clamp design, such as that
described in U.S. Pat. No. 4,685,464, The durable sensor
described in that patent has deformable pads creating con-
forming tissue contacting surfaces to which the emitters and
photodetector are secured. The deformable pads are dis-
posed in a hinged rigid housing that clips on the patient like
a clothes pin. This relies on a clamping force to secure the
sensor to the patient. The force of the sensor against the
patient’s tissue could reduce the flow of blood to that region.
This exsanguination of the tissue beneath the sensor
adversely affects pulse detection and analysis by suppressing
the pulse in that portion of the tissue. As a result, the sensor
site must typically be checked or moved every four hours to
insure adequate perfusion. Because of its relatively large
mass, however, the clamp design is more susceptible to
signal-distorting motion artifact, i.c., differential motion
between the sensor and the patient.

A third sensor design is described in U.S. Pat. No.
4,830,014. The conformable sensor described in that patent
has emitters and a photodetector mounted in the same side
of a flexible web. The web wraps around a portion of the
patient’s tissue (such as a finger) so that the light from the
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emitters must travel through the tissue before reaching the
detector. The web attaches to the skin with an adhesive
surface on the emitter and detector side of the web. Because
of its relatively low mass and the adhesive, this sensor
adheres closely to the patient’s skin and minimizes the
effects of motion artifact. In addition, its flexibility and use
of adhesive to secure it minimizes the exsanguination caused
by rigid sensors. Thus the sensor site typically only needs to
be checked every eight hours. Conformable sensors,
however, are typically restricted to one application due in
part to a decrease in adhesive effectiveness with each
application and in part to difficulties in cleaning and steril-
ization for reuse. Replacement of the sensor after only one
use can make pulse oximetry expensive.

SUMMARY OF THE INVENTION

The present invention provides a pulse oximeter sensor
that is designed to surround an appendage of the patient,
such as a finger, toe or foot. The sensor has a reusable
member which preferably includes a photodetector. A
disposable, flexible member preferably contains the photo-
emitter and can be wrapped around the patient’s appendage
to secure it to the appendage and the reusable member. When
secured, the photoemitter and photodetector end up on
opposite sides of the appendage. The disposable member
connects to the reusable member to establish electrical
contact. The reusable member is connected to a cable which
can be plugged into a sensor monitoring system.

" In the preferred embodiment, the flexible member is a
flexible adhesive web with arms extending laterally from a
central portion. The reusable member is preferably a rigid
housing with a deformable pad for contacting the append-
age.

To attach the sensor to the patient, the flexible web is
adhesively attached to one side of the patient’s appendage,
and the rigid housing is placed on the other side directly
opposite the flexible web. The arms extend around the
appendage to adhesively hold the conformable pad of the
rigid housing against the appendage. By reducing the mass
of the sensor and by adhesively attaching the emitters to the
skin, this configuration mimmizes motion artifact by reduc-
ing the relative movement between the semsor and the
patient’s skin experienced by previous clamp-type sensors.
In addition, the flexible web and conformable surface of the
rigid housing minimize exsanguination of the tissue beneath
the sensor. Since the sensor relies on adhesion to secure it to
the patient, the sensor site should not need to be checked as
often as for a clamping-type sensor.

After use, the flexible web may be separated from the
rigid housing, the rigid housing cleaned, and a new flexible
web attached to the rigid housing. The fresh adhesive on the
new flexible web provides a more reliable bond between the
sensor and the patient than the adhesive on the previously-
used web. In addition, since the flexible web covers four out
of the five surfaces of the patient’s appendage (including,
when worn on the finger, the cuticle and subungual region),
one time use of the flexible portion of the sensor minimizes
cross-contamination between patients when the sensor is
reused. Furthermore, because a portion of the sensor may be
cleaned and reused, this new sensor design reduces the cost
of using flexible sensors.

The electrical connection between the flexible web and -
the rigid housing is preferably made with a tab extending

‘from the flexible web having conductive traces printed on it

which connect to the photoemitter. The conductive traces are
inserted into a channel in the back of the housing which is
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covered by a bridge. Underneath the bridge are a series of
electrical contacts for making connection with the conduc-
tive traces. The tab contains an internal resilient foam which
is compressed as it is inserted between the housing and the
bridge, and exerts an outward force to maintain the tab in
place and create an electrical connection between the con-
ductive traces and the contacts.

For a fuller understanding of the nature and advantages of
the invention, reference should be made to the ensuing
detailed description taken in conjunction with the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of a sensor according to the
present invention;

FIG. 2 is a perspective view of the sensor of FIG. 1
showing the flexible web being wrapped around a finger;
and .

FIG. 3 is a perspective view of the separated disposable
and reusable members of FIG. 1 illustrating how the con-
nection is made.

DETAII. OF THE PREFERRED EMBODIMENT

FIG. 1 shows a senmsor 10 according to the present
invention. Sensor 10 consists of a flexible, disposable web-
bing 12 and a reusable housing 14. Housing 14 includes a
rigid portion 16 and a deformable pad 18. A patient’s finger
20, shown in phantom, is shown placed on top of deformable
pad 18.

Flexible web 12 includes a photoemitter 22, which pref-
-erably includes two photoemitters, one for red light and one
for infrared light. A photodetector 24 is included in deform-
able pad 18. A copper grid 23 is disposed over photodetector
24. A transparent window 25 covers photodetector 24. All or
substantially all of the portion of window 25 extending
beyond photodetector 24 is colored black. In addition, a
black area 29 is printed on the underside of foam layer 28.
Grid 23, photodetector 24 and photoemitter 22 are electri-
cally connected to a sensor monitoring system through
conductors in a cable 26 connected to housing 14.

Grid 23 is a Faraday shield (electrostatic screen) con-
nected to ground for reducing interference. The thin window
25 extends over the copper grid so that the grid will not
bulge out pad 18. Before the black coating was added, shift
errors in the data values were noticed. The black coating
eliminated these errors. The reason is not certain, but the
coating over the window may prevent reflections from most
of the copper, while the black coating on the foam layer 28
may prevent light from being shunted through the foam
layer to the detector, bypassing the finger.

Webbing 12 has a top foam layer 28 with an adhesive
surface. Before use, this adhesive layer is covered with
protective plastic (not shown), which is peeled off for use.

FIG. 2 illustrates how the flexible webbing 12 is bent over
and attached to finger 20. A first arm 30 of the flexible web
is wrapped around the side of bousing 14 and will continue
to be wrapped around its bottom in the direction of arrow 32.
Similarly, the other arm 34 will be wrapped around finger 20
and housing 14. As can be seen, photoemitters 22, shown in
phantom, are now on top of the finger, directly opposite
photodetector 24, which is not visible in this view. As can be
seen, only the bottom of finger 20 contacts deformable pad
18. At least the top of the finger will be adhered to by web
12. The sides and front may also be adhered to, depending
on the shape of the finger and how the sensor is attached.
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The top is the portion which is most important to be
adhering, since it contains the photoemitter which should
not move relative to the finger. This provides a secure
connection which reduces motion artifacts and puts the
disposable, flexible portion in contact with most of the
surfaces of the finger so that it is exposed to more contami-
nation than the reusable portion.

FIG. 3 illustrates the electrical connection between flex-
ible web 12 and rigid housing 14. FIG. 3 shows adhesive
layer 28 partially peeled back from a web base 36. In
between web base 36 and adhesive layer 28, an elongate
plastic substrate 38 is placed, with a series of conductive
traces 40 on its top surface. Two conductive traces connect
to photoemitters 22, and two connect 1o a calibration resistor
55, described below. Elongate plastic substrate 38 forms a
tail 42. Web base 36 can be just large enough to hold tail 42
to adhesive layer 28, as shown, or could conform to the
shape of adhesive layer 28. Web base 36 has an adhesive
surface for holding tail 42 to layer 28.

A compressible foam member 44 is placed between the
halves of tail 42. In the preferred embodiment, the foam is
made of Poron foam from Roger’s Corp. A pair of tabs 46
extend from the top half of the tail having the conductive
traces. The tabs and the foam member provide part of the
attachment mechanism as explained below.

A channel 48 is formed on the bottom side of the rigid
housing 16, opposite deformable pad 18. A series of elec-
trical contacts 50 (shown in phantom) are located in the
channel. The contacts are covered by a bridge 52 extending
across the housing. A pair of grooves 54 are formed in the
channel. The grooves are slightly larger than the tabs 46 on
the flexible web.

To connect the flexible web to the rigid housing, the tail
42 of the flexible circuit is inserted into the space beneath
bridge 52. As the tail moves forward, the plastic foam 44
compresses. As the tail’s tabs 46 move over the channel’s
grooves 54, the spring action of the foam pushes the tabs into
the grooves. The tabs and grooves ensure that the flexible
circuit is not inserted too far and prevent inadvertent
removal of the flexible circuit. The spring action of the foam
also pushes one set of contacts against the other to enhance
the electrical connection. In addition, the scraping action of
one set of contacts against the other during insertion and
withdrawal of the flexible circuit will help remove any
oxidation or debris on the contacts. To remove, the tabs are
lifted out of the grooves by pulling the flexible web away
from the housing and the tall is withdrawn from the space
beneath the bridge.

Cable 26 contains 6 wires. Two are connected to calibra-
tion resistor 55 through two of contacts 50 and conductive
traces 40. Two are connected to photoemitters 22 through
the other two of contacts 50 and conductive traces 40. The
remaining two wires are connected to photodetector 24.

In the preferred embodiment, the plastic substrate is
formed from white, substantially opaque polyester. White
nylon may also be used, or a clear plastic. The adhesive may
be white, with a clear window for the photoemitters.

The preferred embodiment of the sensor according to this
invention includes an encoding/decoding system such as that
described in U.S. Pat. No. 4,621,643. The flexible web
supports an encoding resistor 55 in electrical communication
with the monitor. As explained in that patent, the value of the
resistor is selected to match the wavelengths of the red and
infrared LED’s. That patent also describes the necessary
sensor monitoring electronics.

In an alternative embodiment, the sensor’s photodetector
may be mounted in the flexible web with the emitters and the
encoding resistor mounted in the rigid housing.
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In the preferred embodiment, the rigid housing is made
from injection molded polycarbonate. Alternatively, injec-
tion molded ABS plastic may be used. U.S. Pat. No. 4,685,
464 contains additional details on construction of a rigid
housing and deformable pad including the placement of the
photodetector.

As will be understood by those familiar with the art, the
present invention may be embodied in other specific forms
without departing from the spirit or essential characteristics
thereof. For example, the compression effect of foam 44
could be obtained instead by making bridge 52 a spring-
action clip, which is opened by holding one end down during
insertion and then released, with a spring on the clip holding
the tab in place. Other variations in the way electrical
contact is made are also possible. Instead of the adhesive
layer, the flexible portion could be attached to the finger and
rigid housing using velcro or other securing mechanisms.
The flexible web could be made of foil or other color
materials than white or clear. The sensor could be a surface
sensor, with adhesive for reducing motion artifact on the
disposable portion. Accordingly, the disclosure of a pre-
ferred embodiment of the invention is intended to be
illustrative, but not limiting, of the scope of the invention
which is set forth in the following claims.

What is claimed is:

1. A sensor for attaching to a patient for electrooptical
measurement of blood characteristics, comprising;

a reusable member including a first electronic means for
emitting or detecting electromagnetic radiation;

conducting means, connected to said reusable member,
for electrically connecting said first electronic means to
an external sensor monitoring system; .

a disposable, flexible member including a second elec-
tronic means for detecting electromagnetic radiation
emitted by said first electronic means or emitting
electromagnetic radiation to be detected by said first
electronic means;

means for removably coupling said flexible member to
said reusable member to provide a connection between
said second electronic means and said conducting
means; and

means for securing said disposable, flexible member and
reusable member to said patient.

2. The sensor of claim 1 wherein said means for securing

comprises an adhesive on said disposable, flexible member.

3. The sensor of claim 1 wherein said second clectronic
means is at least onc photoemitter.

4. The sensor of claim 1 wherein said means for remov-
ably coupling comprises a tail extending from said
disposable, flexible member having at least one exposed first
electrical conductor, at least one exposed second electrical
conductor extending from said reusable member, and a
bridge means connected to said reusable member and
extending across said second electrical conductor for allow-
ing said tail to be inserted between said bridge means and
said second conductor.

5. The sensor of claim 4 wherein said tail includes
resilient means for applying force between said second
conductor and said bridge means to hold said tail in place.

6. The sensor of claim 1 wherein said reusable member
comprises a rigid housing and a deformable means, attached
to said housing, for securely gripping and complying to an
appendage of said patient.

7. The sensor of claim 1 wherein said second electronic
means comprises a red light photoemitter and an infrared
photoemitter.
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8. The sensor of claim 7 wherein said first electronic
means comprises a photodetector.

9. The sensor of claim 1 wherein said means for securing
attaches said sensor to an appendage of said patient so that
said first electronic means is on an opposite side of said
appendage from said second electronic means.

10. The senor of claim 1 further comprising a black
coating on said flexible member around said second elec-
tronic means.

11. The sensor of claim 1 further comprising:

an electrostatic screen adjacent said first electronic means;
and

a thin film covering said first electronic means and at least
a portion of said electrostatic screen, said film being
transparcnt over said first electronic means and opaque
over said portion of said electrostatic screen.

12. A sensor for attaching to an appendage of a patient for
electrooptical measurement of blood characteristics, com-
prising:

a reusable member including a first electronic device for

emitting or detecting light;

conducting means for electrically connecting said first
electronic device to an external sensor monitoring
system;

a disposable, flexible member including a second elec-
tronic device for detecting light emitted by said first
electronic device or emitting light to be detected by
said first electronic device;

a tail extending from said disposable, flexible member
having at least one exposed first clectrical conductor, at
least one exposed second electrical conductor extend-
ing from said reusable member, and a bridge connected
to said reusable member and extending across said
second electrical conductor to allow said tail to be
inserted between said bridge and said second conduc-
tor;

means for securing said disposable, flexible member to
said appendage and said reusable member so that said
first electronic device is on an opposite side of said
appendage from said second electronic device.

13. The sensor of claim 12 wherein said means for
securing comprises an adhesive on said disposable, flexible
member.

14. The sensor of claim 12 wherein said second electronic
device is a photoemitter.

15. The sensor of claim 12 wherein said tail includes
resilient means for applying force between said second
conductor and said bridge to hold said tail in place.

16. A sensor for attaching to an appendage of a patient for
electrooptical measurement of blood characteristics, com-
prising:

a reusable member including a photodetector;

conducting means, connected to said reusable member,
for electrically connecting said photodetector to an
external sensor monitoring system;

a disposable, flexible member including at least one
photoemitter for emitting light to be detected by said
photodetector;

means for removably coupling said flexible member to
said reusable member to provide a connection between
said photoemitter and said conducting means; and

an adhesive coating on said disposable, flexible member
for securing said disposable, flexible member to said
appendage and said reusable member so that said
photodetector is on an opposite side of said appendage
from said photoemitter.
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17. A sensor for attaching to an appendage of a patient for
electrooptical measurement of blood characteristics, com-
prising:

a reusable member including at least one photodetector,
said reusable member including a rigid housing and a
deformable means, attached to said housing, for
securely gripping and complying to said patient’s
appendage;

conducting means, connected to said reusable member,
for clectrically connccting said photodctector to an
external sensor monitoring system;

a disposable, flexible member including a red light pho-
toemitter and an infrared photoemitter for emitting ligh
to be detected by said photodetector; :

a tail extending from said disposable, flexible member
having at least one exposed first electrical conductor;

at least one exposed second electrical conductor extend-
ing from said rigid housing;

a bridge connected to said rigid housing and extending
across said second electrical conductor to allow said
tail to be inserted between said bridge and said second
conductor;

resilient means, coupled to said tail, for applying force
between said second conductor and said bridge to hold
said tail in place; and

an adhesive coating on said disposable, flexible member
for securing said disposable, flexible member to said
appendage and said reusable member so that said
photoemitters are on an opposite side of said appendage
from said photodetector.

18. A sensor for attaching to a patient for electrooptical

measurement of blood characteristics, comprising:

a disposable, flexible member having a plurality of con-
ductors disposed on a substrate and including at least
one electronic means for emitting or detecting electro-

magnetic radiation, said at least one electronic means
being connected to at least one of said conductors
disposed on said substrate;

conducting cable means for electrically connecting said
electronic means to an external sensor monitoring
system;
means for releasably connecting said flexible member
conductors to said conducting cable means to provide
a connection between said electronic means and said
conducting cable means; and
means for securing said flexible member to said patient.
19. The sensor of claim 18, wherein said means for
securing comprises an adhesive connected to said substrate.
15 20. The sensor of claim 18, wherein said at least one
electronic means is a photoemitter.

21. The sensor of claim 18, wherein said at least one
electronic means is a photodetector.

22. The sensor of claim 18, wherein an end of said

20 conducting cable means opposite said releasably connecting
means is adapted 1o be connected to an oximeter monitor.

23. The sensor of claim 18, wherein said blood charac-
teristics include arterial oxygen saturation.

24. The sensor of claim 18, wherein said substrate is

25 elongated and flexible.

25. The sensor of claim 18, wherein said plurality of
conductors, include a plurality of contacts on a surface of
said substrate which can be connected 10 said releasably
connecting means for electrically connecting said conduct-

39 ing cable means to said at least one electronic means.

26. The sensor of claim 18, wherein said plurality of
conductors comprise a plurality of conductive traces dis-
posed on said substrate.

27. The sensor of claim 26, wherein said traces comprise

35 printed traces.
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