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[57]

A method and apparatus for improving the calculation of
oxygen saturation and other blood constituents by non-
invasive pulse oximeters. The method and apparatus permit
more accurate determination of blood flow by collecting
time-measures of the absorption signal at two or more
wavelengths and processing the collected time-measure to
obtain composite pulsatile flow data from which artifacts
have been filtered. The processing may occur in the time
domain or in the frequency domain. In the preferred time
domain embodiment, successive portions of periodic infor-
mation are weighted and added together in synchrony to
obtain the composite pulse information. In the preferred
frequency domain embodiment, the time-measure is Fourier
transformed into its spectral components to form the com-
posite information. A new method and apparatus for corre-
lating the heartbeat and optical pulse is provided whereby a
product of the ECG R-wave and optical pulse signals
corresponding to the same heartbeat is obtained, and one
signal is time shifted relative 1o the other until a maximum
waveform product corresponding to the heartbeat is deter-
mined.
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METHOD AND APPARATUS FOR
DETECTING OPTICAL PULSES

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.

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part application of
and commonly assigned U.S. application Ser. No. 742,720,
now U.S. Pat. No. 4,802,486, entitled Improved Method and
Apparatus For Detecting Optical Pulses, filed Jun. 7, 1985 in
the names of James E. Corenman and David E. Goodman,
which is a continuation of U.S. application Ser. No. 718,525,
entitled Improved Method and Apparatus For Detecting
Optical Pulses, filed Apr. 1, 1985 in the names of James E.
Corenman and David E. Goodman, now abandoned.

This invention relates to non-invasive pulse oximetry and
specifically to an improvement on the method and apparatus
for photoelectric determination of blood constituents dis-
closed in U.S. applications Ser. No. 742,720 and 718,525.
This specification is accompanied by software appendices A
and B.

BACKGROUND OF THE INVENTION

Non-invasive photoelectric pulse oximetry has been pre-
viously described in U.S. Pat. Nos. 4,407,290, 4,266,554,
4,086,915, 3,998,550, 3,704,706, European patent applica-
tion No. 102,816 published Mar. 13, 1984, European patent
application No. 104,772 published Apr. 4, 1984, and Euro-
pean patent application No. 104,771 published Apr. 4, 1984,
Pulse oximeters are commercially available from Nellcor
Incorporated, Hayward, Calif., U.S.A., and are known as,
for example, Pulse Oximeter Model N-100 (herein “N-100
oximeter”).

Pulse oximeters typically measure and display various
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 1o 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 photo-
electrically 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 transmitted light passed
through the tissue will vary in accordance with the changing
amount of blood constituent in the tissue and the related light
absorption.

For example, the N-100 oximeter is a microprocessor
controlled device that measures oxygen saturation of hemo-
globin 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 infrared LED and a negative current
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pulse drives the red LED to illuminate alternately the two
LED’s so 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 cycles 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 detector—one channel for processing the red
light waveform 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 converter
(“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 source intensity may be adjusted to accommo-
date 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, par-
ticularly the arterial blood pulse or pulsatile component, and
is referred to as the plethysmograph 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 compenent is
labeled the optical pulse.

The detected digital optical signal is process by the
microprocessor the N-100 oximeter to analyze and identify
arterial pulses and to develop a history as to pulse period-
icity, pulse shape, and determined oxygen saturation. The
N-100 oximeter microprocessor decides whether or not to
accept 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 predeter-
mined criteria, for example, the expected 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 optical 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 (o the maximum and minimum pulse levels as
seen by the infrared wavelength.

Several alternate methods of processing and interpreting
optical signal data have been disclosed in the patents and
references cited above.

A problem with non-invasive pulse oximeters is that the
plethysmograph signal and the optically derived pulse rate
may be subject to irregular variants in the blood flow,
including but not limited to motion artifact, that interfere
with the detection of the blood flow characteristics. Motion
artifact is caused by the patient’s muscle movement proxi-
mate to the oximeter sensor, for example, the patient’s
finger, ear or other body part to which the oximeter sensor
is attached, and may cause spurious pulses that are similar
to pulses caused by arterial blood flow. These spurious
pulses, in turn, may cause the oximeter to process the artifact
waveform and provide erroneous data. This problem is
particularly significant with infants, fetuses, or patients that
do not remain still during monitoring.

A second problem exists in circumstances where the
patient is in poor condition and the pulse strength is very
weak. In continuously processing the optical data, it can be
difficult to separate the true pulsatile component from arti-
fact pulses and noise because of a low signal to noise ratio.
Inability to reliably detect the pulsatile component in the
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optical signal may result in a lack of the information needed
to calculate blood constituents.

It is well known that electrical heart activity occurs
simultaneously with the heartbeat and can be monitored
externally and characterized by the electrocardiogram
(“ECG”) waveform. The ECG waveform, as is known to one
skilled in the art, comprises a complex waveform having
several components that correspond to electrical heart activ-
ity. The QRS component relates to ventricular heart con-
traction. The R wave portion of the QRS component is
typically the steepest wave therein, having the largest ampli-
tude and slope, and may be used for indicating the onset of
cardiovascular activity. The arterial blood pulse flows
mechanically and its appearance in any part of the body
typically follows the R wave of the electrical heart activity
by a determinable period of time that remains essentially
constant for a given patient. See, e.g., Goodlin et al,
“Systolic Time Intervals in the Fetus and Neonate”, Obstet-
rics and Gynecology, Vol. 39, No. 2 February 1972, where
it is shown that the scalp pulse of fetuses lag behind the ECG
“R* wave by 0.03-0.04 second, and U.S. Pat. NO. 3,734,
086.

In prior U.S. application Ser. No. 742,720, copending and
commonly assigned, the disclosure (including the software
appendix, of which is hereby expressly incorporated by
reference, and in corresponding International PCT Applica-
tion publication No. WO 86/05674 published Oct. 9, 1986,
also commonly assigned, there is disclosed an invention for
measuring the patient’s heart activity and correlating it with
the patient’s detected blood flow signal to calculate more
accurately the patient’s oxygen saturation and pulse rate.
The correlation includes auto- and cross correlation tech-
niques to enhance the periodic information contained in each
individual waveform as well as determine that time rela-
tionship of one waveform to another.

Correlating the occurrence of cardiovascular activity with
the detection of arterial pulses occurs by measuring an ECG
signal, detecting the occurrence of the R-wave portion of the
ECG signal, determining the time delay by which an optical
pulse in the detected optical signal follows the R-wave, and
using the determined time delay between an R-wave, and
using the determined time delay between an R-wave and the
following optical pulse so as to evaluate arterial blood flow
only when it is likely to present a true blood pulse for
waveform analysis. The measured time delay is used to
determine a time window when, following the occurrence of
an R-wave, the probability of finding an optical pulse
corresponding to a true arterial pulse is high. The time
widow provides an additional criterion to be used in accept-
ing or rejecting a detected pulse as an optical pulse. Any
spurious pulses caused by motion artifact or noise occurring
outside of that tie window are typically rejected and are not
used to calculate the amount of blood constituent. Correlat-
ing the ECG with the detected optical pulses thereby pro-
vided for more reliable measurement of oxygen saturation.

That application and publication refers to a modified
N-100 oximeter (the “enhanced N-100 oximeter”) whereby
the device is provided with an additional heart activity
parameter in the form of a detected R-wave from the
patient’s ECG waveform, in addition to the N-100 pulse
oximeter functions, and the microprocessor is modified to
include software and memory for controlling and processing
the optical signal and heart activity information.

The additional heart activity parameter is independent of
the detection of peripheral arterial pulses, e.g., ECG signals,
ultrasound, ballistocardiogram, and maybe, accelerometers,
nuclear magnetic resonators, electrical impedance tech-
niques, and the like, and provides an identifiable and detect-
able signal to response to each heartbeat for use by the signal
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processing of the oximeter.

It is an object of this invention to provide for improved
processing of the detected optical signal containing periodic
information corresponding to arterial pulsatile blood flow
and aperiodic information corresponding to noise, spurious
signals, and motion artifact unrelated to the beating heart
and arterial pulsatile blood flow, to improve further the
reliability and accuracy of the determination of blood con-
stituent, particularly oxygen saturation of hemoglobin by a
non-invasive oximeter device.

It is another object of this invention to provide an
improved method and apparatus for collecting successive
portions of detected optical signals encompassing periodic
information for more than one heartbeat and processing the
collected portions to attenuate and filter therefrom aperiodic
signal waveforms to provide enhanced periodic information
from which the patient’s blood constituent can be accurately
determined.

It is another object to maintain the enhanced periodic
information updated by continuing to add new portions of
detected optical signals as they are obtained. It is another
object of this invention to create enhanced periodic infor-
mation by collecting and processing successive portions of
detected optical signals wherein the periodic information
corresponding to the optical pulses have been added together
in phase, synchronized to the occurrence of the patient’s
ECG and preferably the R-wave signal.

It is another object of this invention to add synchronized
periodic information in a weighted fashion so that the most
recent portion of detected optical signal is accorded a greater
weight in the collected sum than any one prior portion of
periodic information data.

It is another object of this invention to create the enhanced
periodic information by adding together a predetermined
number of the most recent successive portions of detected
optical signal, whereby each portion corresponds to 2 heart-
beat event and is given a weight according to its relative age
so as to emphasise the newest information in the resultant
weighted collective sum.

It is another object of this invention to correlate the
periodic information with the ECG R-wave by using a
waveform product technique to identify the occurrence of
the heartbeat and the optical pulse corresponding to that
heartbeat.

It is another object of this invention to evaluate the collect
periodic information for a predetermined number of succes-
sive portions of the detected optical signal corresponding to
a predetermined number of heartbeats in the frequency
domain to obtain enhanced periodic information.

It is another object of this invention to Fourier transform
a lime-measure of detected optical signals including periodic
information for N heartbeats to determine the relative
maxima at the fundamental frequency N and the minima at
the zero frequency for use in determining the light modu-
lation ratio for the amount of blood constituents.

It is another object of this invention to correlate the
Fourier Transform of the time-measure of detected optical
signals with the Fourier Transform of a time-measure of the
ECG signal, and more particularly the R-wave events of the
ECG signal, to determine the maxima at the fundamental
heart frequency.

It is another object of this invention to correlate the
periodic information in a time-measure of the detected
optical signal with a time-measure of the detected heart
activity, preferably in the form of the ECG signal and more
preferably in the form of the R-wave of the ECG signal, to
define a predetermined number of samples in a data set and



Re. 35,122

5

use frequency domain analysis techniques to evaluate the
collected predetermined number of sample data sets to
determine the relative maxima at the fundamental frequency.

SUMMARY OF THE INVENTION

This invention provides enhanced periodic information
with improved rejection of noise, spurious pulses, motion
artifact, and other undesired aperiodic waveforms and
thereby improves the ability of oximeters to accurately
determine amounts of blood constituents.

The present invention provides methods and apparatus for
coliecting a time-measure of the detected optical signal
waveform containing a plurality of periodic information
corresponding 1o arterial pulses caused by the patient’s
heartbeat and aperiodic information unrelated to pulsatile
flow, and processing the collected time-measure of infor-
mation (0 obtain enhanced periodic information that is
closely related to the most recent arterial pulsatile blood
flow. The time-measure may comprise a continuous portion
of detected optical signals including a plurality of periodic
information from successive heartbeats, or a plurality of
discrete portions of detected optical signals including a
corresponding plurality of periodic information.

By updating the time-measure of information to include
the most recently detected periodic information, and pro-
cessing the updated measure collectively, an updated
enhanced periodic information is obtained (including the
new and historical data) from which aperiodic information
(including any new aperiodic information is attenuated. In
some embodiments, the updating process includes subtract-
ing detected signals older than a certain relative time from
the collected time-measure. Applicants have discovered that
by collectively processing a time-measure including succes-
sive periodic information to obtain the enhanced periodic
information, and using the enhanced periodic information as
the basis for making oxygen saturation calculations, the
accuracy and reliability of oxygen saturation determinations
can be significantly increased. Applicants also have discov-
ered that the time-measures may be collectively processed in
either the time domain or the frequency domain.

The amount of a blood constituent, for example, oxygen
saturation, can be then determined from this enhanced
periodic information (also referred to as composite signal
information) by determining the relative maxima and
minima in the enhanced periodic information for the respec-
tive wavelengths for use in determining the modulation
ratios of the known Lambert-Beers equations.

In the preferred embodiment, the detected optical signals
are conventionally obtained by passing red (660 nanom-
eters) and infrared (910 nanometers) light through a
patient’s blood perfused tissue, detecting the transmitted
light which is modulated by the blood flow, and providing
red and infrared detected optical signals that are preferably
separately processed and optionally converted from analog
to digital signals, for example, as described above for the
Nellcor N-100 oximeter. Portions of the corresponding red
and infrared digital signals are then collectively processed in
accordance with the present invention and the light modu-
lation ratios are determined based on the resulting enhanced
periodic information and used to calculate oxygen satura-
tion.

In the time domain analysis embodiment, the invention
provides a method and apparatus for adding together a
plurality of successive portions of the detected optical signal
waveform whereby one portion of the detected optical signal
waveform is added to the following selected portion so that
their respective periodic information is added in synchrony,
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i.e., in phase. The synchronized sum thus forms a composite
portion of detected optical signal information having
enhanced periodic information. The following portion is
then added to the composite portion so that the new periodic
information is added to the prior composite periodic infor-
mation in synchrony, forming an updated composite portion
with update enhanced periodic information. Thereafier, sub-
sequent successive portions of detected optical signal are
added to the prior updated composite portion, one at a time,
80 that the composite and enhanced periodic information are
update with each new portion and corresponding heartbeat
event.

Weighting functions are applied to the two portions before
they are added each other. This provides a scaled or
weighted sum that can be adjusied, by selection of the
respective weighting functions, to more closely reflect the
patient’s current condition, rather than the historical condi-
tion. In the preferred embodiment, the weighting functions
are fractional muitipliers which sum to one to provide a
stable flter, and are discussed in greater detail below.

The periodic information (optical pulse) generally has the
same pulse shape, height, and duration from heartbeat to
heartbeat and, as is described in U.S. Ser. No. 742,720,
follows heart activity by a determinable period of time.

Applicants have discovered that by synchronizing the
occurrence of successive R-waves, it becomes possible to
add the corresponding successive portions of the detected
optical signal together so that the periodic information
(optical pulses) corresponding to the arterial pulse in each
portion will add in phase. The weighted magnitude of the
new periodic information is reinforced by the existence of
the weighted enhanced periodic information at the same
time location in accordance with the degree of synchrony. If
the new optical pulse is identical to the composite pulse,
then the updated result is a composite optical pulse having
the same magnitude. If the magnitudes differ, the additive
result will differ according to the relative weights.

As a result of the collected, synchronized additive pro-
cess, any aperiodic information that may be present in the
portions of the detected optical signals also are weighted and
added to the weighted composite portion waveform. How-
ever, because aperiodic signals differ in pulse shape, dura-
tion, height-, and relative time of occurrence within each
portion, and are not synchronous with heart activity, they do
not add in phase. Rather, they add in a cancelling manner
whereby their weighted sum is spread across the relative
time frame of the composite portion.

Applicants have discovered that by processing portions
including the periodic information collectively, aperiodic
information is attenuated by the absence of any comrespond-
ing historical aperiodic signal in the prior composite portion
or any subsequent aperiodic at that relative time following
heart activity. Further, because the new information can be
given a small weight when compared to the absolute weight
given the prior composite (as distinguished from the effec-
tive lesser weight given to any single prior portion of optical
signals as explained below) new aperiodic information is
quickly and effectively attenuated, and thus filtered out of
the resultant additive portions.

To the extent that any aperiodic information would over-
lap and thereby obscure some periodic information in a
portion, then that aperiodic information would be reinforced
by the existing periodic information in the prior composite
portion; but only to the extent there was overlap. Thus, the
collective processing does not lose optical pulse information
hidden by an artifact. Subsequent periodic information lack-
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ing “identical” aperiodic information would attentuate any
overlapping aperiodic pulse over time.

The collective additive sum having synchronized periodic
information waveform thus presents enhanced periodic
information that is a composite data set that corresponds to
a composite optical pulse from which noise, spurious sig-
nals, and motion artifact, have been filtered out. By weight-
ing the collective additive process to favor the most recent
information and processing this weighted composite portion
as it is update, an accurate estimated optical pulse (enhanced
periodic information) that closely reflects the actual condi-
tions is maimained. Basing oxygen saturation determina-
tions on this enhanced optical pulse as it is updated thus
provides a more accurate measure than was available by
conventional and prior processing techniques.

As discussed in application Ser. No. 742,720, the deter-
minable time period between the R-wave and the optical
pulse makes it possible to determine a time window whose
time length is long enough to include any likely periodic
information, and short enough to exclude detected optical
signals that are not of any significant or clinical use in
making the determination of the selected blood constituent.
A time window can be used in the present invention,
following the occurrence of heart activity, to select a portion
of detected optical signals for processing in accordance with
this invention to reduce the amount of detected optical signal
information that must be processed, to improve the rejection
of aperiodic signals not proximate to the optical pulse, and
to improve the resolution of the oximeter. The timing of the
portion can be selected empirically, by considering the time
length of the heartbeat pulse and how long it takes for the
pulse to travel to the optiCal detection site so that the
window is opened before the optiCal pulse maximum occurs
at the optical detection site. In the preferred embodiment, the
portion of signal is portion that begins 40 ms after the
detection of an R-wave event, based on experimentation,
and ends afier the relative minimum of the optical pulse is
detecied, which ending time can vary from portion to
portion, and may be, for example, about 230 ms after the
R-wave event.

The time domain processing of collective weighted por-
tions of the detected optical signal waveforms synchronized
by the R-wave of the ECG waveform provides the equiva-
lent of an optimal filter in the frequency domain, whose
band-pass elements are those of an ideal heartbeat for the
patient under examination. All frequencies which are found
in a normal heartbeat are passed with weights of one, and all
nonsynchronous frequencies are rejected with attenuation
depending on the degree of asynchrony, and the time length
of the filter (the effective number of portions processed
collectively). As the weight of the periodic information
corresponding to the current heartbeat is decreased, greater
rejection of the low-frequency aperiodic artifacts occurs, but
the delay in reporting the most accurate arterial pulsatile
flow increases.

The weighting functions also assure that the new periodic
information is not absorbed into the time and amplitude
average of the old data. Using fractional weights provides
scaling of the new and old composite information sum, and
when the fractional weights add to one, stable performance
of the filter is assured. Repeated multiplication of the old
data by weights less than one accomplish the effective
removal of older data, thus limiting in effect the number of
periods processed collectively.
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In the preferred embodiment, the detected optical signal
information is processed in digitized form. Because the
successive digitized information is weighted and added, the
amount of digital computer memory required to contain the
historical and updated composite periodic information only
need be as long as the time period for a relative typical
heartbeat, so that it can contain the entire time for a selected
portion including an optical pulse. This simplified oximeter
operation.

In the preferred embodiment, applicants have found that
optimal performance occurs when the most recent informa-
tion is accorded a weight of ¥ and the historical weight-
averaged composite information is accorded a weight of %.
Weights which are in powers of 2, e.g., ¥2, %, %, etc., are
attractive to use with binary digital computers because they
require simpler mathmatical operations, however, they do
not necessarily provide the optimal time and noise attenu-
ation tradeoff in selecting weighting functions.

The resultant enhanced periodic information is a weighted
composite optiCal pulse that is evaluaied in the same
manner that prior oximeters evaluated individual pulses they
determined were appropriate optical pulses for determining
blood constituents, whether or not the criteria included use
of a time window. The relative maxima and minima for each
of the red and infrared composite optical pulses arec sepa-
rately determined and used in the modulations ratios for
determining amounts of blood constituents, e.g., in the
modulation ratio R of the Lambert-Beers equations that are
commonly used to determine oxygen saturation of arterial
hemoglobins as described below. As additional data sets are
taken, the collective set of periodic information is updated.
Consequently, the most recent waveform data representing
the actual amount of blood constituent is included in the
updated composite optical pulse form which the updated
oxygen saturation can be determined and displayed.
Although the foregoing and following discussions generally
discuss only a detected optical signal, if should be under-
stood that both the red and infrared signal are separately
obtained and processed by these techniques, except as
indicated.

In another embodiment of the time domain embodiment,
the time-measure of the detected optical signal is collected
in a different manner. The digitized portions of information
that are to be weighted, synchronously added together, and
processed collectively are accumulated in a memory device
having sufficient memory locations for storing separately the
raw data for a predetermined number of portions of the
detected optical signal. The time of occurrence of the
R-wave also may be stored in memory as a pointer for the
raw data. This filter embodiment permits assigning a differ-
ent weighting function to each raw data set corresponding 10
a different heartbeat in the memory, to improve the attenu-
ation of artifacts and reduce the time needed to estimate the
actual arterial pulsatile flow in the detected optical signal.

In this embodiment, for N predetermined heartbeats, the
average value of the detected optical signal for those N
heartbeats is computed by assigning a weight to each data set
and adding the weighted data for each heartbeat synchro-
nously into a buffer with a weight of 1, then dividing by N.
After each computation, the data set from the oldest stored
heartbeat is subtracted from the buffer. As a new R-wave is
detected, the incoming data is added to the buffer, and the
result is divided by N for computation of relative amplitudes
of the two wavelength (red and infrared) periodic informa-
tion. Thus, the equivalent delay in determining the arterial
oxygen saturaton is N/2 times the heartbeat interval. The
stored R-wave pointer may be used to correlate the weight-
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ing function with the raw data so that the oldest data is given
the smallest weight and the most recent data is given the
greatest weight, and after each composite heartbeat compu-
tation, the oldest data set can be subtracted from the buffer
before the following newest data is added.

In an alternate embodiment of the time domain analysis
techniques, the ECG and periodic information can be cor-
related by using a waveform product of the ECG signal and
the detected optical signal to determine the location of the
optical pulse from which oxygen saturation and heart rate
values may be computed. The R-wave of the ECG has the
largest slope component within the ECG waveform. In the
optical pulse waveform in the portion of detected optical
signal, the largest slope is created when the heart contacts to
expell blood and thereby produce the arterial pulse. Thus,
because of the determinable time interval between the ECG
R-wave and the appearance of the optical pulse at the
detection sile, the detected optical signal can be moved
backwards in time, relative to the ECG waveform, an
amount equal to the determined time interval so that the
portions of maximum slope in the two signals will be
aligned, and their product will be at a maximum.

A periodic signals, such as motion artifact, having high
slopes will not occur synchronously on the ECG and the
detected optical signals. Therefore, once the two periodic
waveforms are aligned, the largest slope product of the two
will occur at the heart rate interval. Detection of the maxi-
mum slope product can be used to pinpoint the occurrence
of a heartbeat, and the portion of the detected optical signal
that is associated with that maximum slope product can be
sued for calculating oxygen saturation.

In this embodiment, the time interval between the R-wave
and the optical pulse can be determined by collecting a
predetermined time measure history of optical and ECG
waveform data comprising n seconds. The time interval
must be long enough for the samples to include at least one
R-wave and one pule respectively, given that the heartbeat
may vary from 20-30 beats per minute at the slowest rates.
A measure of six seconds is acceptable. The samples are
conventionally digitized and stored in memory. An array of
sample-to-sample slopes is obtained for each n second
sample of the ECG waveform and for the second half of each
optical pulse waveform sample. The first half of the optical
pulse sample is discarded so that when the first optical pulse
in the second half is slid backwards, the first R-wave peak
it will come upon will be its corresponding R-wave, and also
so that the most recent heartbeat data is detected. An optical
pulse in the first half of the sample could miss its R-wave.

The number of slope values in the second half of the
optical waveform, i.e. the number of data points minus 1 at
the given sampling rate of 57 samples per second (every
17.5 msec), is taken as m, which corresponds to n/2 seconds
of data.

A slope product is obtained by multiplying each element
of the optical slope array by its corresponding three and
one-half points in the ECG slope array (the ECG signal is
sampled every 5 msec) and summing the products. This
process is repeated for each of the m optical sample points
as the optical waveform slope array is moved backwards
relative to the ECG slope array, one optical waveform
sample at a time. The backwards slide terminates when the
first sample of the ECG waveform is aligned with the first
sample of the second half of the optical waveform.

The maximum slope product is found to occur after the
optical waveform slop array has been slid x optical sample
points backwards. This establishes the time interval t
between the detection of the ECG R-wave and the detection
of the optical pulse produced by the same heart contraction.
This time interval t is expressed in terms of a number of
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waveform samples, and is used in the determination of
heartbeat occurrence.

Computation of the aligned waveform slope product will
yield a slope product value for each optical waveform
sample. A percentage of the maximum slope product pro-
duced during the establishment of the time interval compo-
nent can be used to compute a maximum product threshold.
For example, a percentage of 75% of the maximum slope
product may be used. Thus, when the ECG and optical signal
waveform slope product exceeds the maximum product
threshold, it is likely that a true pulse has been located.

The “true” puise, as it appears the detected optical signal,
can then be validated and processed using known techniques
for calculating oxygen saturation from detected optical
signals. For example, the slope product could be used to
synchronize the R-wave events so that the corresponding
periodic information can be added in phase in accordance
with the preferred embodiment of this invention, or the slope
product could be used as an additional criterion for accept-
ing the corresponding optical pulse as valid, and the oxygen
saturation determination could be based only on the corre-
sponding optical pulse. Alternately, the waveform product
for the maximum and minimum values for the red and
infrared waveforms could be used as the maximum and
minimum values in calculating saturation. Also, one could
integrate some portion of the selected waveform product
waveform and compare the area of the change to the arca of
the total signal to obtain the relative transmittance for use in
determining saturation. For example one could integrate the
portion above a selected threshold and compare that area to
the integral of the entire pulse.

Qualified “true” pulses are then used to update the slope
product threshold value so that it will change as the patient’s
condition changes or as the quality of the received signals
changes.

Applicants also have discovered that a time-measure of
detected optical signals containing a plurality of periodic
information corresponding to successive heartbeats can be
collectively processed and analyzed using frequency domain
techniques. These frequency domain techniques utilize the
synchronous nature of the heartbeat and the asynchronous
characteristics of noise, spurious signals, and motion arti-
facts.

In the frequency domain, the optical signals for a given
wavelength corresponding 10 the pulsatile arterial blood flow
have spectral components including a zero frequency at the
background 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 in the average back-
ground intensity level have frequencies that appear spread
out between the zero frequency and the fundamental fre-
quency.

The frequency domain embodiment of the present inven-
tion provides a method and apparatus for collecting a
time-measure of detected optical signals including a prede-
termined number of optical pulses, converting the collected
detected optical signals into the frequency domain, and
analyzing the spectral components of the frequency spec-
trum thereby to determine the red and infrared relative
maxima intensity at the fundamental frequency, and relative
minima at the background intensity zero frequency, for use
as maxima and minima in the percentage modulation ratio
for calculating oxygen saturation.
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Applicants have discovered that if the digitized values of
the time domain detected optical signals are stored in
memory for a period of N heartbeats, and the stored data set
is transformed into the frequency domain using Fourier
Transforms, the amplitude of the fundamental hearirate is
summed for the N heartbeats and appears in the frequency
spectrum at a location of N cycles. In contrast, the amplitude
of asynchronous signals is 1/m where m is the number of
data pints in the digitized stored data set, and appear spread
across the frequency domain spectrum. The average inten-
sity of the detected optical signal background intensity
appears at the spectral line corresponding to zero cycles and
corresponds to the average background intensity for that
wavelength.

If the detected optical signal for the red and infrared
signals is considered as a single complex data set, ie.,
having real and imaginary components, only a single Fourier
transform is required to analyze the spectral contents of the
collective time-measure of the two signals. If F(s) represents
the Fourier Transform of the complex data set f(t}=Red(t)+
jIR(t)(for Red(1) being the red detected optical signal and
IR(1) being the infrared detected optical signal), the Fourier
Transform of the real component of f{t) is found by

F{Re(f(t)| }=¥4{ F(s+F*(-5)}.

Similarly, the Fourier transform of the imaginary component
of f(t) is found by

F{(Im{f(0)] }=%{ F(s}-F*(-s)}.

F*(—s) is the complex conjugate of F(s) with the indexes
reversed.

The relative amplitudes of the red and infrared funda-
mentals at the heartrate has been found to be equivalent to
the foregoing time domain techniques for computation of
arterial oxygen saturation. The amplitude data may be found
by searching the frequency spectrum in the region of
expected heart rates for a relative maximum and insuring
that this is the fundamental by determining the existence of
another relative maximum at twice this rate. This provides a
technigue for obtaining relative modulation data to calculate
arterial oxygen saturation without the need to identify the
heart rate independently, ¢.g., by detecting the ECG. Alter-
nately, the amplitude data at the fundamental may be found
by the use of independent heart rate determining mechanism
such as ECG or phonoplethysmography or the like to
determine a heart rate. However, unlike the time domain
technigues, the precise time of occurrence of each heartbeat
need not be determined and the optical signal and a heart rate
parameter need no be correlated to obtain accurate saturation
values. Rather, it is sufficient to obtain an approximate
indicator of heart rate, which will facilitate identification of
the fundamental frequency and improve saturation reliabil-
ity.

The number of spectral lines computed is preferably
optimized to include the expected range of clinically appli-
cable heartbeats (from 20-250 beats per minute), while the
length of the data set is selected by the allowable equivalent
delay in displaying measured arterial oxygen saturaton. A
time-measure of data of, for example, 9-10 seconds repre-
sent delays of only 4-5 seconds in the display of computed
saturations, and, depending upon the computational speed of
the oximeter microprocessor, the time-measure can be
updated in a timely fashion every 1 to 2 seconds.
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In the preferred embodiment, the optical signal is digi-
tized at 57 samples per second for each red and infrared
signal. When 512 data points are accumulated, the data is
Fourier transformed, and the red and infrared fundamental
maxima are located. The percentage modulation ratio (red/
infrared) is computed by dividing the energy at each maxima
by the zero cycle background intensity for that wavelength,
then dividing the red modulation by the infrared modulation.
The resuliant ratio, R, is the used in the manner set forth in
the Lamber-Beers equations for calculating arterial satura-
tion of hemoglobin. The collective data can be updated so
that new data points replace the oldest data points by using
a push down stack memory or equivalent so that the trans-
form, evaluation and saturation calculation could be made
after each new data set was obtained.

An alternative embodiment of the frequency domain
analysis technique includes sampling the real tim ECG
waveform and the real time detected optical signal at high
rates, e.g., 1000 samples per second. By examining the ECG
wave, the time of occurrence for each heartbeat and the
appropriate sample rate to obtain m samples during that
heartbeat could be determined. Thus, the data set for each
heartbeat can be selected to contain the same number of m
samples, where each sample is a fraction of the heartbeat
period and N heartbeats contains mxN samples. Taking the
Fourier transform of this mxN data set and processing the
spectral components of the transform in the same manner as
described previously, results in a spectral analysis having
several additional advantages. First, the fundamental maxi-
mum would always occur at the spectral line for N cycles in
“heartbeat” space. Second, any signal present in the data set
which did not remain synchronous with the heart, including
noise, artifact and transient background intensity changes,
would be spread over the heartbeat spectrum. Third, the
enhancement in signal-to-noise would be the same for all
heart rates. Fourth, because only two spectral lines are of
interest, the zero spectral line corresponding to the zero
frequency background intensity and the N spectral line
corresponding to the number of heartbeats for the data set,
the Fourier Transform need only be made at the two fre-
guency components and not of the entire spectrum, and the
computation efforts required by the microprocessor are
significantly diminished.

The apparatus of the present invention can be used for
either time domain or frequency domain analyses, and
includes inputs for the plethysmographic detected optical
signals and ECG signals of a patient, an analog to digital
converter for converting the analog plethysmographic signal
to the digital optical signals and for converting the analog
ECG signals into digital ECG signals (unless the plethys-
mographic or ECG signals are provided in digital form), and
a digital signal processing section for receiving the digital
signals and processing the digital detected optical signal in
accordance with one of the foregoing analysis techniques of
the present invention, including a microprocessor, memory
devices, buffers, software for controlling the microproces-
sor, 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, and receive at ECG
signal from the patient. In the preferred embodiment, the
apparatus of this invention is a part of the Nellcor N-200
Pulse Oximeter (herein the “N-200 oximeter’"), a commer-
cially available noninvasive pulse oximeter device manu-
factured and sold by Nellcor, Incorporated, Hayward, Calif.
US.A.
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The N-200 oximeter is an improved version of the
enhanced N-100 oximeter described above and in the prior
application Ser. No. 742,720. The N-200 includes circuits
that perform many of the same functions as in the N-100
device, but includes some changes, for example, to expand
the dynamic range of the device over the N-100 device and
to include a 16 bit microprocessor manufactured by Intel
Corporation, Model No. 8088. The N-100 oximeter uses an
8 bit microprocessor manufactured by Intel Corporation,
Model 8085. The N-200 oximeter includes software for
controlling the microprocessor to perform the operations of
the preferred embodiment of the time domain analysis
techniques of present invention in addition to the conven-
tional oximeter functions, and has some structure and pro-
cessing methods that are unrelated to the present invention,
and therefore are not discussed herein. The software could
be modified to perform any of the other time domain or
frequency domain analysis techniques of the present inven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are a block diagram of the apparatus of
this invention and the apparatus associated with the present
invention.

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

FIG. 2B is a detailed circuit schematic of the ECG
preamplifier and input protection circuit in the patient mod-
ule of FIG. 1.

FIGS. 3A and 3B 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.

FIG. § is a detailed circuit schematic of the ECG analog
front end circuit of FIG. 1.

FIGS. 6A and 6B are a detailed circuit schematic of the
analog to digital converter section of FIG. 1.

FIGS. 7A, 7B, and 7C are a detailed circuit schematic of
the digital signal processing section of FIG. 1.

FIG. 8 is a detailed circuit schematic of the external ECG
circuitry of FIG. 1.

FIGS. 9A, 9B, 9C, 9D, 9E and 9F are flow charts for the
time domain ECG and optical signal processing of this
invention.

FIG. 10 is a fiow chart for the frequency domain optical
pulse processing of this invention.

FIGS. 10A, 10B, 10C, 10D and 10E are a series of
waveforms corresponding to the flow chart of FIG. 10.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring to FIGS. 1A and 1B, the preferred embodiment
of the present invention relates to the apparatus for process-
ing the detected analog optical signal and the analog ECG
signal and comprises portions of analog to digital conversion
section (“ADC converter””) 1000 and digital signal process-
ing section (“DSP”) 2000, including the software for driving
microprocessor 2040, which processes the digitized optical
signals and ECG signals to determine the oxygen saturation
of hemoglobin in arterial biood. Associated with the inven-
tion, but not forming a part of the invention, is the apparatus
for obtaining the detected analog optical signals and the
analog ECG signals from the patient that is part of or is
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associated with the commercially available Nellcor N-200
Pulse Oximeter. Such apparatus include plethysmograph
sensor 100 for detecting optical signals including periodic
optical pulses, patient module 200 for interfacing plethys-
mograph sensor 100 and the conventional ECG electrodes
with saturation analog front end circuit 300 and ECG analog
front end circuit 400 respectively, saturation analog circuit
300 for processing the detected optical signals into separate
red and infrared channels that can be digitized, and ECG
analog front end circuit 400 for processing the ECG signal
so that it can be digitized. The N-200 oximeter also includes
external ECG input circuit 500 for receiving an external
ECG signal and processing the signal so that it is compatible
with the N-200 processing techniques (as explained below),
LED drive circuit 600 for strobing the red and infrared LEDs
in plethysmograph sensor 100 at the proper intensity to
obtain a detected optical signal that is acceptable for pro-
cessing, and various regulated power supplies (not shown)
for driving or biasing the associated circuits, as well as ADC
1000 and DSP 2004, from line current or storage batteries.

The associated elements are straightforward circuits pro-
viding specified functions which are within the skill of the
ordinary engineer to design and build. The associated ele-
ments are briefly described here, and reference is made to
the corresponding detailed schematics in the Figures and
circuit element tables set forth below, to place the apparatus
for using the present invention in its operating context in the
preferred embodiment.

In the preferred embodiment, the invention requires three
input signals, the two plethysmograph or detected optical
signals (e.g., red and infrared) and the ECG signal of the
patient. 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 circumstances where
the signals have been digitized already, they must be bit
compatible with the digital signal processing devices, DSP.

The plethysmograph signal is obtained in a conventional
manner for a non-invasive oximeter, typically by illuminat-
ing the patients tissue with red and infrared light in an
alternating fashion, in the manner described above for the
N-100 oximeter. Referring to FIGS. 1A and 1B, sensor
circuit 100 has red LED 110 and infrared LED 120 con-
nected in parallel, anode to cathode, so that the LED drive
current alternately illuminates one LED and then the other
LED. Circuit 100 also includes photodetector 130, prefer-
ably a photodiode, which detects the level of light transmit-
ted through the patient’s tissue, e.g., finger 140, as a single,
analog optical signal containing both the red and infrared
light plethysmographic, detected optical signal waveforms.

Referring to FIGS. 1A, 1B, 2A, and 2B, patient module
200 includes preamplifier 210 for preamplifying the analog
detected optical signal of photodetector 130, ECG pream-
plifer 220 for preamplifying the analog ECG signal detected
from the ECG electrodes that would be aitached to the
patient in a conventional manner, and protection circuitry
250 interposed between instrumentation amplifier 220 and
inverler 230 and the three ECG signal leads, to prevent high
voliage transients from damaging the ECG preamplifier
electronics.

Preamplifier 210 may be an operational amplifier config-
ured as a current to voltage converter, biased by a positive
voltage to extend the dynamic range of the system, thereby
converting the photocurrent of photo-diode 130 into a usable
voltage signal. ECG preamplifer 220 is preferably a high
quality instrumentation amplifier which amplifies the differ-
ential signal present on the two ECG signal electrodes. The
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common-mode signal present on the two signal electrodes is
inverted by inverter 230 and returned to the patient by the
third ECG lead, effectively nulling the common-mode sig-
nals. A biasing network on tee two ECG signal leads is
provided to aid in the detection of when an ECG electrode
lead becomes disconnected from patient module 200 or the
patient. Patient module 200 also includes leads for passing
the LED drive voltages to LEDs 110 and 120.

Referring to FIGS. 1A, 1B, 3A and 3B, saturation analog
front end circuit 300 receives the analog optical signal from
patient module 200 and filters and processes the detected
signal to provide separate red and infrared analog voltage
signals corresponding to the detected red add infrared opti-
cal 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 10 remove the DC component, passed through high pass
filter 320 to remove any unwanted low frequencies below,
for example, 20 hertz, and passed through programmable
gain stage 330 to amplify and optimize the signal level
presented to synchronous detector 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 infrared 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 information corresponding to the red and
infrared detected optical signals. Additionally, circuits for
use in preventing overdriving the amplifiers in saturation
circuit 300 may be applied, for example, level-sensing
circuits 312 and 314 (located after low pass filter 310) for
indicating unacceptable LED drive current, and level sens-
ing circuit 315 (located after programmable gain amplifier
330) for indicating unacceptable input amplifier gain setting.

Referring to FIGS. 1A, 1B, and 8, ECG analog front end
circuit 4000 receives the preamplified ECG signal from
patient module 200 and processes it for use with the present
invention. The analog ECG signal is passed through 2-pole
40 hertz low pass filter 410 for removing unwanted frequen-
cies above 40 hertz, and programmable notch filter 420 for
removing unwanted line frequency components. Optionally,
circuitry may be provided to measure the line frequency and
to select an appropriate clock frequency for the notch filter.
The ECG signal is then passed through low pass filier 430,
preferably configured to remove further unwanted compo-
nents above about 40 hertz, and in particular any frequency
components that may have been generated by notch filter
420. Thereafter, the ECG signal is passed through 2-pole 0.5
hertz high pass filter 440 to remove any low-frequency
baseline shifts present in tee original ECG signal, and then
passed through offset amplifier 450 to add an offset voltage
that the voltage is within the input signal specifications of
the analog to digital converter device and the complete
waveform will be properly digitized.

It also is desirable to pass the signal output from low pass
filter 410 into a circuit that detects whether or not the ECG
signal is being detected to identify a “leads-off” condition.
The signal voltage is passed through absolute value circuit
480 1o take the absolute value of the low pass filter output
voltage and sends the value to comparator 490. Comparator
490 compares the absolute value voltage to a reference
threshold or range and, when the absolute value voltage is
not within the acceptable range, comparator 490 changes
state which change is input to latch 495, to indicate this
condition to, for example, the microprocessor.
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Referring to FIGS. 1A, 1B and 8, the Nellcor N-200
device also is equipped with external ECG circuit 500 for
receiving the ECG signal of a stand alone ECG detector
device and processing the ECG signal so that it can be used
with the N-200 oximeter and the present invention. Circuit
500 receives the external analog ECG signal, passes it across
capacitor 510 to remove any DC offset voltage and then
passes the signal through peak detection circuit 530. A
portion of the AC coupled signal also is passed through
buffer amplifier 520 and input to comparator 570. The held
peak voltage is used as the reference threshold voltage that
is fed to the other input of comparator 570 so that subsequent
QRS complexes in the ECG signal that rise above the
threshold generate a trigger signal that is transferred to DPS
2000 by an electrically isolated optical serial communication
link comprising serial driving opto-isolator 580, electrically
isolated optical link 590, and corresponding serial driving
opto-isolator 2590 in DSP 2000.

Referring to FIGS. 1A, 1B, 6A and 6B, ADC 1000
provides the analog to digital conversions required by the
N-200 oximeter. The aforementioned three voltage signals,
the red detected optical signal, the infrared detected optical
signal, and the ECG signal (preferably the ECG signal from
patient module 200), are input to ADC 1000. These three
signals arc conventionally multiplexed and digitized by an
expanded range 12-bit analog to digital conversion tech-
nique, yielding 16-bit resolution. The input signals are
passed through multiplexor 1010 and buffer amplifier 1020.
The converter stage includes offset amplifier 1030, program-
mable gain circuitry 1040 which allows a portion of the
signal to be removed and the remainder 10 be further
amplified for greater resolution, sample and hold circuit
1050, comparator 1060, and 12-bit digital to analog con-
verter 1080. The buffered signal is passed through offset
amplifier 1030 to add a DC bias to the signal wherein a
portion 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 com-
parator 1060 are the same, the analog voltage at the sample
and hold circuit is given the corresponding 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 bold circuit 1050 1o be
digitized.

Referring to FIGS. 1A, 1B, 4, 6A, 6B, 7A, 7B, and 7C,
DAC 1080 also generates the sensor LED drive voltages,
under the control of microprocessor 2040, using analog
multiplexor 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 signal 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, 7A, 7B and 7C, 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 asso-
ciated support circuitry including data bus 10, random
access memory (RAM) 2020, read only memory (ROM)
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2030, a conventional LED display- device 2010 (not shown
in detail), system timing circuit 2050 for providing the
necessary clock synchronizing and notch filter frequency
signals. In the preferred embodiment, microprocessor 2040
is a model 8088 microprocessor, manufactured by Intel
Corporation, Santa Clara, Calif. Alternate microprocessors
may be used, such as any of model nos. 8086, 80186, and
80286, also made by Intel Corporation.

Referring to FIGS. 9A, 9B, 9C, 9D, 9E, and 9F and
software Appendix A, the flowcharts for the software opera-
tion of the preferred embodiment are shown and described.
Software appendix A is written in the standard programming
language for Inte] Model 8088 microprocessor devices.

Similar to the enthanced N-100 oximeter described in U.S.
application Ser. No. 742,720, the N-200 oximeter incorpo-
rating the present invention 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 determined to be optical pulses in accordance with
conventional pulse detection techniques, and in an ECG
synchronization mode wherein the determination is based on
the synchronized additive, composite optical signal infor-
mation is accordance with the preferred embodiment of the
present invention. In an alternate embodiment of the present
invention, the determination of saturation in the unintegrated
mode may be based on the frequency domain analysis
techniques in accordance with this invention with or without
the ECG synchronization feature of the time domain analy-
sis techniques,

Referring to FIG. 9F, interrupt programs control the
collection and digitization of incoming optical and ECG
data. As particular events occur, various software flags are
raised which transfer operation to various routines that are
called from the Main Loop Processing routine. For example,
Main Loop Processing calls the ECG routine at 3600, calls
a routine that checks the LED levels at 3610 to make sure
that there is enough and not too much light being transmit-
ted, looks for the presence of new data at 3615, and if there
is new data, calls the MUNCH routine at 3620, looks for
processed pulse data at 3635 and passes such data to the
Level3 routine that calculates saturation at 3640, and also
funs various maintenance routines related to the oximeter
functions which are not pertinant to the present invention,
e.g., at 3625, 3630, 3645, 3650, 3655, and 3660 and are not
discussed herein. The routines pertinent to the present inven-
tion are discussed here, Examples of similar and peripheral
other routines may be found in the software appendix to
application Ser. No. 742,720.

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 at 3615. This set flag calls a routine referred to as
MUNCH as 3620, which processes each new digitized
optical signal waveform sample. The MUNCH routine is
called once per data point and determines pairs of maximum
and minimum amplitudes in the detected signal data and
presents the pairs to the Level3 routine. The Level3 routine
evaluates the pair of maximum and minimum amplitudes
determined by MUNCH, preferably utilizing conventional
techniques for evaluating whether a detected pulse is accept-
able for processing as an arterial pulse and performs the
saturation calculation based on accepted pulses. The
MUNCH routine first queries whether or not therc is ECG
synchronization. If there is ECG synchronization, then the
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MUNCH routine obtains from the SLIDER routine the
enhanced pulse data on which the ECG synchronized satu-
ration calculation will be mad. If there is not synchroniza-
tion, MUNCH obtains the sampie stored in DATBUF on
which the unintegrated saturation calculation will be made.

Referring to FIG. 9A, the SLIDER routine processes each
new digitized sample portion of detected optical signal
containing the optical pulse to create and maintain the
enhanced composite red and infrared optical pulse wave-
forms, synchronized with the occurrence of successive ECG
R-wave events.

The SLIDER routine first inquires whether there is an
ECG signal at 3100. If there is not, then the routine aborts
1o exit at 3160 to main line operation. If there is an ECG
signal, then the SLIDER routine continues and checks the
validity of the optical signal at 3110. If the digitized sample
in the buffer DATBUF for either of the red or infrared
channels contains an invalid datapoint, the full content of the
slider buffer (SLIDEBUF) is erased and the routine exited.
The validity of the data is checked by looking for zeros
placed in the buffer. Zeros are placed in the buffer when the
signal level of the LEDs changes to permit the 20Hz filters
to settle, or if the signal exceeds the voltage limits of the
processing electronics. This prevents processing of data
known to be bad.

If the data are determined to be valid, then the SLIDER
routine queries whether or not the data should be skipped at
3120. The optical signal sampling and data collection and
processing of the sampled data are asynchronous processes.
On occasion, the data buffer will have several unprocessed
samples of data by the time the ECG R-wave event trigger
occurs {described below). The R-wave event resets the slider
buffer pointer to the beginning of the slider buffer and marks
the R-wave data sample in DATBUF SLIDER will not
process a data point if the slider buffer pointer is reset
already to the beginning of the slider buffer and if the
incoming data point was digitized in DATBUF before the
data point marked by the R-wave event. Data in the DAT-
BUF buffer prior to the R-wave event are to be skipped. If
the data are to be skipped, SLIDER is exited.

If the data are to be processed, SLIDER calculates the
updated value for the composite portion waveform sample
as “slider data” using the following formula:

stider_data= VEIGHT-1) ier data s

WEIGHT

1
WEIGHT

X new-data
wherein  “WEIGHT” is the aforementioned fractional
weighting fraction; “new data” is the data point taken from
the incoming sample in DATBUF, and “slider data” is the
pre-existing data point in the composite waveform in the
slider buffer (SLIDEBUF) before the new data point is
added and becomes the updated data point after the com-
putation.

The computation is performed for each data point in
DATBUF and any corresponding pre-existing data in the
slider buffer. The occurrence of an R-wave event indicates
the beginning of the heartbeat sample.

Before making the computation, SLIDER checks the
slider buffer to see if there is any existing data at 3130. If
there are data, then at 3150 SLIDER calculates the new
value for the composite optical signal. If, however, the slider
buffer is empty, then the WEIGHT value is assigned a
numerial value of 1 at 3140, and subsequent new data points
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will be weighted 100% and the routine continues to calculate
a new value for the composite optical signal at 3150 until the
occurrence of the next R-wave event corresponding to the
following hcartbeat and portion of detected optical signal.

The SLIDER routine also performs other housekeeping
chores for the processing associated with the slider buffer.
First, in the preferred embodiment, the slider buffer is given
a specific length and is able to store about three seconds
worth of data. If, for whatever reason, the microprocessor
does not receive or recognize an R-wave for more than three
seconds, the pointer of the slider buffer is set to point to the
last location and does mot get incremented beyond that
location. Subsequently processed samples are each placed in
the last location of the buffer until the next accepted R-wave
occurs or a time-out condition occurs. Time-out occurs when
no further R-wave events are accepted for a predetermined
time of, e.g., five seconds. After time out has occurred,
MUNCH is notified that ECG synchronization is lost so that
saturation calculations will be based only on the optical
signals in DATBUF in the unintegrated mode.

Second, SLIDER continuously compares the updated
composite waveform in the slider buffer to the previous
composite waveform. If there is a large discrepancy, for
example, during eleciromechanical disassociation, SLIDER
takes immediate action to disregard the slider buffer data.

Third, to avoid corrupting the integrity of the waveform
data in the slider buffer whenever the apparatus hardware or
software triggers a change that influences the signal level of
the detected optical signal or the optical pulse waveform, the
content of the slider buffer is erased.

Referring to FIG. 9B, the ECG BOX routine processes the
ECG signal obtained through patient module 200 and analog
ECG front end circuit to detect ECG R-wave events. The
ECG signal is digitized every 5 msec and the digitized
values are maintained in a circular buffer. The R-wave event
is detected by observing the derivative of the ECG signal.
The derivative is obtained at 3200 by application of the
following algorithm:

derivative__ecg_ data[n| = abs{—0.5%ecg__data(n — 3+

0.5%ecg_datajn — 2} + 0.5%ecg_data(n - 1] — 0.5*ecg_ data[n]]

where “ecg data[n]” is the digitized value for the ECG signal
at sample location n and “ab [|” is the absolute value of the
bracketed quantity.

The largest magnitude spike in the derivative buffer marks
the R-wave. Because the algorithm generates the absolute
value of the derivative, the derivative buffer contains two
spikes very close to each other, one for the positive-going
portion and the other for the negative-going portion of the
R-wave. After the first spike is recognized, a timer ecg block
is set at 3250 to case ECG BOX to ignore the second spike.

Once the derivative value is obtained, and if the ecg block
timer is not active, then the derivative value is compared to
the ECG threshold at 3240. The ECG threshold is a value
that is set at about 75% of the previous maximum derivative
value. If the derivative is greater than the threshold, ECG
BOX starts the ecg block timer by setting ecg block equal to
true at 3250, and it replaces the maximum derivative value
with the current derivative value at 3260, and calls the
R-WAVE CHECKING routine at 3270. After the R-WAVE
CHECKING routine is completed (as discussed below),
ECG BOX is exited at 3280.
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If the derivative is not greater than the threshold, then
ECG BOX is exited at 3280. Once the ecg bock timer is
activated, ECG BOX will continue to calculate the deriva-
tive and compare the derivative to the prior maximum
derivative value ay 3220. If the calculated derivative is
greater, then the maximum derivative value is set equal to
the current derivative ecg data[n]at 3230 and the routine is
exited. Otherwise the routine is exited.

Referring to FIG. 9E, the R-WAVE CHECKING routine
receives the detected R-wave event at 3500 and checks the
elapsed time since the last R-wave at 3510. If the elapsed
time is less than the minimum internal time limit, preferably
set at about 200 msec, the R-wave event is marked as a false
R-wave event at 3520. If the elapsed time is greater than the
minimum limit, then the routine starts a phasedelay timer/
counter at 3530, The purpose of the phase-delay counter is
to ensure that the optical data is placed into the beginning of
the slider buffer after the optical signal minimum from the
preceding pulse, but before the signal maximum of the next
pulse. The preferred phase-delay period is 40 msec, based on
the results of experimentation, and corresponds to the open-
ing of the time window. It may be desirable to have a phase
delay period that can be adjusted to accommodate varying
optical signal detection conditions for different patients.

The Nellcor N-200 device is equipped with an external
ECG input circuit as described above. The main line oper-
ating system controlling the operation of the N-200 device
receives an interrupt when the external circuit 500 detects an
R-wave. On receipt of the interrupt, a message is sent across
isolated optical data transmission path 580-590-2590 (FIGS.
1A and 1B) to microprocessor 2040. The microprocessor
then indicates to the ECG processing routines that an
externally detected R-wave event has occurred, and the
R-wave event is passed 10 the R-WAVE CHECKING rou-
tine. The external ECG analog circuit 500 thus performs the
same function as the ECG BOX routine, i.c., determination
of an R-wave event followed by the R-WAVE CHECKING
routine. The ECG BOX routine is given priority over
external ECG circuit 500 in passing signals to R-WAVE
CHECKING.

Referring to FIG. 9C, the ECG routine provides for ECG
synchronization, the initialization for slider buffer use, and
various other tasks associated with ECG enhancement of the
detected optical signal. The ECG routine is entered from the
Main Loop Processing system (FIG. 9F, at 3600). Its first
task is to maintain the ECG related counters/timers, such as
ecg block and phase-delay, at 3300. Next, at 3310, it checks
whether or not the ECG leads from patient module 200 are
present, and if not, it checks at 3320 for the presence of an
external R-wave event trigger from external ECG circuit
500. If no R-wave event is detected, then the ECG routine
is exited at 3370.

At this point in the processing, the main line processing
system is receiving R-wave events, either from external
circuits 500 or from patient module 200 and ECG BOX.
Regardless of the source of the R-wave event, the subse-
guent processing of the R-wave event is the same.

When an external R-wave event is detected or the ECG
leads are present, the ECG routine calls the ECG LV3
routine, shown in FIG. 9D. ECG LV3 runs through a similar
patient module 200 lead checking at 3410 or external circuit
500 trigger at 3420 at the ECG routine and if no R-wave
event has occurred the routine is exited at 3480. If an
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R-wave event is detecied, it is first checked at 3425 to
determine whether or not it is a new R-wave event, and if it
is not, the ECG LV3 routine is exited. If it is a new R-wave
event, 3430 uses the false R-wave flag (set by the R-WAVE
CHECKING routine) to determine whether or not it was a
true or false R-wave event. False R-waves will cause the
routine to be exited at this point.

If the R-wave event is determined not to be a false
R-wave, then the ECG-LV3 routine builds up a history of
R-wave events based on the R-wave to R-wave interval at
3435. The criteria for accepting an R-wave includes the R-R
period and the amplitude of the R-wave. For external ECG
circuit 500 triggers, the R-wave even is a uniform pulse
resulting from a comparison of the R-wave amplitude to a
determined threshold signal.

After computing the R-R interval (or R-R delta) and
history, the ECG LV3 routine checks to see if the ECG is
synchronized at 3440. The ECG is synchronized after
receiving the predetermined number, preferably five, accept-
able R-wave triggers. For example, the ECG synch counter
is initialized at five. The routine tests the ECG synch counter
3440 so that if it is greater than zero, the ECG is determined
to be not synched, and then the ECG synch counter is
decreased by one at 3455. Thus, when the ECG synch
counter is at zero at 3440, indicating that the required prior
five acceptable R-wave event have successively occurred,
then it is determined that there is ECG synchronization and
the device will proceed through MUNCH to calculate oxy-
gen saturation based on the enhanced composite slider buffer
calculations, Whether or not there is EC synchronization,
any R-wave event is checked again at 3450 against the
history and R-R interval, if any, to determine whether there
is an error in synchronization. If there is an error, the ECG
LV3 routine is exited. If there is no synchronization error, a
routine is called at 3460 to compute the maximum length of
time after which data in the slider buffer (SLIDEBUF) is
disregarded. For example, if there is no prior R-R interval or
history, then there will be no error for the first R-wave event.
Subsequent true R-wave events will be compared to the
prior R-R interval and history and if it appears to be a valid
true pulse, then a routine is called to reset slider buffer
pointers. However, the saturation calculation will be based
upon the slider buffer data only after five R-waves have
passed in synch and the synchronization flag is raised. Loss
of synchronization resets the ECG synch counter to five.

The ECG LV3 routine also calculates the maximum
length of the slider buffer based on the heart rate, which
length is preferably 3 seconds or 2.5 times the determined
R-R interval, whichever is the smaller. The ECG LV3
routine also maintains the slider pointers and counters,
reselting them or clearing them as necessary, resets the ecg
timeout and bad R-wave counter, computes and displays
heart rate based on the R-R interval at 3465, updates the
history buffers and sets the trigger for the MUNCH routine
to calculate pulse data for determining oxygen saturation
based on the updated slider buffer data at 3470, sets and
computes windows for selecting the portion of detected
optical signal to be processed for each heartbeat, based on
the history and the most recent data at 3475. In the preferred
embodiment, the windows are set to open by the R-WAVE
CHECKING routine phase-dclay counter/timer 40 ms after
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the R-wave occurs and before the maximum optical pulse
wave has occurred at the detection site, and set to close by
the MUNCH routine after a maximum and minimum pair
has been found.

Upon exiting ECG LV3, the program returns to the ECG
routine and checks the threshold of the derivative buffer of
the ECG BOX. If the maximum derivative value is changes
substantially, which indicates that the R-wave slope is
changing, then the threshold is adjusted.

Referring to FIGS. 10, 10A, 10B, 10C, 10D, 10E and the
sofiware appendix B, the flow chart for the software opera-
ton of the frequency domain embodiment of the present
invention are shown. Sofiware appendix B is written is the
Asyst computer language which is a commercially available
language.

The routine begins at 4000 with the acquisition of 512
data points for each of the digitized red and infrared optical
signals, which are shown graphically at FIG. 10A. At 4010,
the complex data set, f(t)=Red())+IR(1), is formed. At 4020,
the “D.C.” component is formed by summing all of the data
points, and the “D.C.” component is then removed from the
complex data set by subtraction at 4030, which is graphi-
cally shown at FIG. 10B. The resulting data is then deci-
mated in time to 64 samples at 4040, which is illustrated in
FIG. 10C, and the time decimated data is then processed by
the Hamming Window function at 4050, which result is
illustrated in FIG. 10D. Thereafter, the Fourier Transform is
taken at 4060. The spectral components of the transform are
shown in FIG. 10E. The Fourier Transforms of the red and
infrared components are then calculated at 4070 in accor-
dance with the aforementioned equations, and at 4080 the
maximum valuc at the fundamental heart rate and the
minimum value at the zero frequency are determined for
each of the red and infrared transforms. The saturation ratio
R is calculated as:

peak at heartrate for red
Re("'D.C.")

for infrared
peak at heartrate W

R=

The minimum values for the red and infrared waveforms are
taken from the respective real and imaginary components of
the “D.C.” component. Thereafter, the pulse data is declared
ready and saturation is calculated in accordance with the
foregoing saturation formula, With each occurrence of the
heartbeat, new data is acquired, the 512 data point set is
updated and the routine operates to determine the saturation
ratio R.

In the preferred embodiment, the blood constituent mea-
sured is the oxygen saturaton of the blood of a patient. The
calculation of the oxygen saturation is made based on the
ratio of the puise seen by the red light compared to the pulse
seen by the infrared light in accordance with the following
equation:

BR2 - R(BR1)
R(BOI ~ BR1) - BRZ - BO2

Saturation = 100% X

wherein

BO1 is the extinction coefficient for oxygenated hemo-
globin at light wavelength 1 (Infrared)
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BO2 is the extinction efficient for oxygenated hemoglobin
at light wavelengths 2 (red)

BR1 is the extinction coefficient for reduced hemoglobin
at light wavelength 1

BR2 is the extinction coefficient for reduced hemoglobin
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 [[nax2/Tmin2)
7 1n [Inax1Tmint]

10

15

24

wherein

1,20 is the maximum light transmitted at light wave-
length 2
minz is the minimum light transmitted at light wavelength
2
1.2 is the maximum light transmitted at light wave-
length 1
iy 18 the minimum light transmitted at light waveguide
1
The various extinction coefficients are determinable by
empirical study as is 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 expansion series for
the natural log.

I

I
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DESCRIPTION OF CHIP

FIG. 2
210 U2 LF442

220 Ul INA1O1HP
230 u2 LF&442

FIG. 3.
312 U27 LF&444

312 U28  LP363N
310 U027  LF44d

NATIONAL
SEMICONDUCTOR
BURR BROWN
NATIONAL
SEMICONDUCTOR

NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR

DUAL LOW POWER 0P AMP
INSTRUMENTATION AP
DUAL LOW POWER OP AMP
QUAD JFET OP AMP

QUAD VOLTAGE COMPARATOR
QUAD JFET OP AMP




320

330
330

330
315
340
340
340
340
350
360
370
380

340

FIG.

640

240

027

Uss
u32

U32
20
U3z
ui4

U13
U7

U113

U132

U19

U19

U32

U1z
ué
U012
U1z
Ulsg
U12
Us
U4
U10

U3
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LF444

MP7524LN
JAYA

LF444
LP365N
LF444
DG243CT
LF444
LF 444
LF444
LF444
LF4h4
LF444

DG211CJ

DG211CJ
LF4L4

LF444
LTC1059CN
LF444
LF444
DG211cs
LFb444
LF444
LM393N
74HCOO

74HC74
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NATIONAL
SEMICONDUCTOR
MICROPOWER
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
SILICONIX

" INCORPORATED

NATIONAL
SEMICORDUCTOR
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTCR
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
SILICONIX
INCORPORATED

SILICONIX
INCORPORATED
NATIONAL
SEMICONDUCTCR

NATIONAL
SEMICONDUCTOR
LINEAR
TECHNOLOGY
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
SILICONIX
INCORPORATED
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
TEXAS
INSTRUMENTS
TEXAS
INSTRUMENTS
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QUAD JFET OP AMP

8-BIT DAC
QUAD JFET OP AMP

QUAD JFET OP AMP

QUAD VOLTAGE COMPARATOR
QUAD JFET OP AMP
ANALOG SWITCH

QUAD JFET OP AMP

QUAD JFET OP AMP

QUAD JFET 0P AMP

QUAD JFET OP" AMP

QUAD JFET OP AMP

QUAD JFET OP AMP

CMOS ANALOG SWITCH

CMOS ANALOG SWITCH

QUAD JFET OP AMP

QUAD JFET OP AMP

SWITCHED CAPACITOR FILTER
QUAD JFET OP AMP

QUAD JFET OP aMP

CMOS ANALGG SWITCH

QUAD JFET OP AMP

QUAD JEET OP AMP

VOLTAGE COMPARATOR

HIGHE SPEED CMOS

HIGH SPEED CMCS



FIG. ¢
1010

1020
1030

1040
1040

1040
1050
1060

1080
1080

1080
610
620

630

tay

1G. 7

2040

2030
2020

U24
y2s
u2s

u3s
U42

037
U036
U29

U43

TU3t

uz2s
U18
Ull
1l

v2
Ul

Ul

U8
U3

033
U9
us
032]
U19
ug

U21
U15

Uz23

29

DG528CKR
LF444
LF444

AD7524LN
74HC374

LF4428
LF398N
M211P

AD7S48KN
LF411ACN

LF4bi
DGS28CK
LF444

LF644

B2C84A-2
T4HCT4

T4HCT4

MSMB0CB8RS~2
J4HCT4

74RC374
74HCO4
74HCT4
74HCO4
74HC00
74HCO4

MBM27C512-25
DS1242

74HC138
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SILICONIX
INCORPORATED
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
ANALOG DEVICES
TEXAS
INSTRUMENTS
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
TEXAS :

INSTRUMENTS
ANALOG DEVICES
NATIONAL
SEMICONDUCTOR
NATIONAL
SEMICONDUCTOR
SILICONIX
INCORPORATED
NATIONAL
SEMICONDUCTOR
NATIONAL

- .— SEMICONDUCTOR

NEC

TEXAS
INSTRUMENTS
TEXAS
INSTRUMENTS
OKI ELECTRIC
TEXAS

INSTRUMENTS
TEXAS
INSTRUMENTS
TEXAS
INSTRUMENTS
TEXAS
INSTRUMENTS
TEXAS
INSTRUMENTS
TEXAS
INSTRUMENTS
TEXAS
INSTRUMENTS
FUJITSU LIMITED
DALLAS
SEMICONDUCTOR
TEXAS

30

OCTAL ANALOG SWITCH
QUAD JFET OP AMP
QUAD JFET OP aMP

DAC
HIGH SPEED CMOS

LOW POWER OF AMP
SAMPLE & HOLD OP aMP
LOW OFFSET VOLTAGE COMPARATOR

CMOS 12-BIT DAC
LOW OFFSET QP aMp

QUAD JFET OP AMP
OCTAL ANALOG SWITCH
QUAD JFET OP AMP
QUAD JFET OP AMP

CMOS 8 MHZ CLOCX GENERATOR
HIGH SPEED CMOS

HIGH SPEED CMOS

CPU 8MHZ, 125ns
HIGH SPEED CMOS

HIGH SPEED CMOS

HIGH SPEED CMOS

HIGH SPEED CMOS

HIGH SPEED CMOS

HIGH SPEED CMOS

HIGH SPEED CMOS
M0os

CMOS

64K X
32K X

8 ROM
8 RAM
HIGH

SPEED CMOS
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INSTRUMENTS

Ul7  74HC138 TEXAS HIGH SPEED CMOS
INSTRIMENTS

Ul9  74HC00 TEXAS ~ HIGH SPEED CMOS
INSTRUMENTS

Ul9  74HCOO TEXAS HIGH SPEED CMOS
INSTRUMENTS

U16 82C051A OKI ELECTRIC CMOS UART

U022  MSM82CS9A-2RS OKI ELECTRIC CMOS INTERRUPT CONTROLLER

2050 U34  MSM82C53-2 OK1 ELECTRIC CMOS TRIPLE TIMER
2050 U38  MSM82CS53-2 OKI ELECTRIC CMOS TRIPLE TIMER

2050 U9 745HCO4 TEXAS HIGH SPEED CMOS
INSTRUMENTS

2050 U39  74HC393 TEXAS HIGH SPEED CMOS
INSTRUMENTS

2050 U35 D2732a INTEL 4096 X 8 ROM
CORPORATION

2050 U40 J4HC374 TEXAS HIGH SPEED CMOS
INSTRUMENTS

2050 U28  74RC374 TEXAS . HIGH SPEED CMOS
INSTRUMENTS

FIG. 8

520 U3 LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR ’

530 U2 LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR

530 U3 LF444 NATIONAL QUAD JFET OP AMP
SEMICONDUCTCR

370 o7 LM31IN NATIONAL VOLTAGE COMPARATCR W/STROBE
SEMICONDUCTOR

ECG:

PECL MALN L Guir e

Q@Cq_aA:

:::av ::::ﬁg_s» scheclhh 2 f to oo any ECG

P short ecgl

call m. clock . -

CALL 0s Ll»r ican't do anythinyg 1f leads of¥
JNEC SHOR “EC
1ES5T ECH HODE th _TRIG
INZ SHORT ECA1 VUSING EXTERNAL TRIGGER [F SEI
Cup ecgtmaflg, |
e short ecqv
cmp scgadly
ne shoet acg®
AlLL ECG
may ecgfwadlg. !
aC g
REY
ELGS
CALL ecg_Llv3
Cail agt _thresh iiniti1al thresnhold ad)ustmant
3 call chh _thraesh ichech ano agjust threshola
[ AW e
MOV Ak 6:001&
ALD AX
"AND AK. ELG _B_MSx
MOV ecdo1di. AX
RET
ecni:
cop acg_sync. i
e anhort wCc9S
call acy_init
aUgL:
ret
t SUBTTL ECG LEVEL 3
EL‘.G LV3:
1COMFUTE HEART RATE FROM ECG R WAVE THIS ROUTINE FIGURES NI WHETHER EKG
:MDIO'( OAIMETER ARE SYNCED. IF EXG OML THEN DO CONFIDENCE CHELCK ING

Y, ON
tPERIOD AND DISPLAY AND ALARM CHECK FIR THE HEART RATELLF NXIMETER IS SYNCED.
I THEN DETERMINE Heart Rate BY THE R-NAVE PERIOU, JF THE CONFIDENCE 1S GOOO,
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I DEGIN u-ists:um R—WAVE

Py
TEST
INZ

Jre
ECEL.VIL:

TEST

INZ

, arr

ELELVIZ:
[ o
Jo

“wey

acgex: (mp
ecglvi2z:
CALL

‘dab 77/
nov
mov
»Ov
»ov

tdab 7/
mav
sSub
mov

@cglvila
cmp
Je
jap
ecy_ts_sync:
Cp
X4

dec
acgeynsd?

Moy
auy
v
CALL
nov
CALL
call
nc

ecgsynB:
o
nchyg
mov

call’

calil

LV3_RET!
ivd r't?.

D
RET

ECG_nat_sync:
acgneynd:
xor
xchyg
cap

e
nov

ECG vaEADS OFF

ECH._MODE.EXT TRIG
SHORT ECGLVIT
LV3_RET

ECG_MUNE.ECG_FLAG
SHORT ECGLVIZ
LV3I_RET

lals_rwv. &
wglvile

fals_rwv. @
b ymidly
al.d

ncg-a

als

ncgo
ecgnl
vi_re

HST_ECG

an. diyavgl
dlyavglepy., ax
au, dlyavg2
dlyavglecpy, ax

an: ecCgman
an: ecgain
init_max_min, !
ecg_delt3. ax

ecgndly. &
aCyg_ L8 _sync
- nol" _sync

acg_syndly. ¢
ecgsynd
ecyg_syndly

AL, Al
wcg SYNC
Ecgt'noc lg. al

» E

®CY_SyNc_an 1 _Ch
scgsynt
8CH_Sync _wer

Ake AX
eCgPeriocd. axs
reper . ax

calc _slice_tmo
do_sTicer _Stufé
ECH_TMR.ECGTMO
MDEI:G 4

CXsrra

AX» ECGR TEFACTOR
COMRAT®

SEND_SAT

AL. AT

SYNFLG. AL

smm’ oH‘?ny nip

EC&ALH:HK
e*cgsyni}

ECGALMC!

cu_m:u_,.; OR ECETMOF OK FLSTHOF :

ALMCHK
ECGAannu

FOR AR
::11&\5
Clmar wi-
a0 _wilNAOws
1

lbthf

adX+s aU
*CYPEr 1od. a:
firat _rwv_sesen. 1

sconsynda
rrper. ax

'HOEE + NOT(ECG_FLAG)
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1f¥ leads are on

3
i yam
I Or extarnal trigger in use
i yes, continue

telse gut aut

i1¢ it's ok to do the rest af scg_lv3
t  continue
islse gul out

1f fuluwe rwave

i na, continue

Pl ne

I reeut fAlB® ' wave COunter

14 Blacgudly (4 Lhe wcysdlyvs

LR T P

gat out
tCOMPUTE HISTORY PARAMETERS -
tjump to ieveld's hstcwp routine

fcopy average r-ma. r-slope
1t visibie location
i

¥
1note u\t-rrupt issue: don't raise

/
télag until rou'v. calculates deita ~
Ir.qu-lt next max_uin pair /

/

. lara wa synced?

I yes, continue
t nho, get out

-

WE'RE_SYNC'D i
SHOM ECG'S BEEN uSCD

show On the display
that ocg is on
again

1d1d sync error ocCu
i no. continue
T yms. gat out

- aa o - -

1 got -c? zount

I and clear it at the ssme time
jupdate r-r pariod

Icalculate 4t sllide_tmo should =e ///

E deal with slicder and metermode junkh ///
{PERIOD IS GOOD...RESET TIMEOUT

tRESET DAD ECG_TICKET BOOK

$CALC HEART RATE dab ~ use rravyg not ' cper

1CHECK OYIMETER SYNC FOR ALARM CHECK I MG
{IF E » SYNC'D...D0 WHOLE THING

tset samaphors to tell aimchh

i ecg is calling it

3 then clear the ssmaphore

1

iecg not szm:-d

sl semaphore® algaits O alwctinh
SK OFF tiwart Ratw ALAKM
check 1§ alarm should ba2 oo
then clear the semaphoro

THISTORY (FIRTFE s FEG
SET winaow b FLAG TO TRIGHEA N

o

Accoptad r-wave while synced.

lreen “ble munch
tdisailow ecg_Iv3 to bes entered

Iread lt? :omttr ang reset
1 It at the same time

118 this the first rwave seen
1since power up/ timedut?

iyes, mcgperiod is not yet valia
tno. save ecgperind in r-r period

r1F



ecogneyna:
aov first _rwv_sesn. 9
call SCY_NBYNC_arr_ck
je acg_not _sync_ex
dec acge
(3 syn#l ' ]
- ecg NOt _sync_ex
‘IOU mﬂ » 4
MOV CXe»
nov AX, ECGRATEFACTOR
CALL
mcg_nut _sync_ex:
test SCGNOtSYyNCarer, ecg_amp_err
jnz ocg_NGt _sync_ex)
lcg‘hup
ecg_nat lmc il
LVI_RET
ecg_sync_err!
fMov AL » BADECG
DEC AL
Jns scgserrl
nor an. an
uchgqg ecgperiod. ax
aov rrp.r X1
call ecg_h
short ecgserr2
scgserer|.;
BADECG, AL
»ov an, rrav
ada am:s ditliem + 1D
Cmp ane Enrlon
) aw scgserr
nov scgperiod. &
ecgsarrl: -
1. lvd _ret H
2CY_SYyNC_@rr_ch
nav bl. &
test ecy_| lnooa-m.t trig
jnz ecgierrki
[ ax. &Cg_odelta
cnp Axemin_pp
él :{ss-rr 1
" + @C o
scgserrklil 9.ame
ush b
AL rG D_CrHx
gEET CURDIF,b1t3
Ji ECGuarrk2
or bls rr_per _err
ACgserrhl]
nov scgsyncerr, bl
cap scgsyncarr. B
im ecgserrkd
ste
rCgeerrkl?
rat
Cg_neync_err_ck:
nav ol. @
test ecg_modw, ext_trig
jnz scgaerrkl
nov ax, ecCg_OCelta
cmp a:-ltn_pc
ja scgnserrkl
or ol, ecg_amp_err
ecgneerrkl:
c e4udly., !
ine chncnrrk2
ush
alt ECG v_CHK
gE T CURvnr-btts
Jt ECGnserrk2
or bl. rr_per_err
ecgneerrs:
mov scgnotsyncerr. bl
cmp erCcgnotsyncerr. @
j® mcgnserrkl
ste
acgnserrkl:
ret
do_slider _studé:
1¢% note - oetween here and the naxt zeat of stars.
mav 4l slice -od.
nov elapse_hby
mowv slapse_sec, D
mOv pl. daFtrig
cmp dopidu. bl
e ocoalj®
. al. shld_skip
daslj)d:
sst ale. skip_newt _rwv
z short do®ljl
and al, not (akip naut_swv)
nOv slioe -ou.- a -=
1 mp short doslj 4
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l and :?.ar lt at the same time
tupdate r—r period
lout af coupona.

1clear ec

eriod i{ it's too large
1laat wor

in ditlim fe the
1dl fference limit for r-p
1
irravg + e difF lam )
'

peri10d

bl contains arcror (odes

1§ axternal triggm oo no! check
aln amplitude

check min amplitude requirement
+

I passed

\
1
1
|
t
14all through
]

ICHECK OIF CODES

telapwlT. . CHELR 1P FAlLED PEnnoo
1IF N2. FAILED...DON? ALC
10UT OF BOUNDARY JLI" SOLVED

-

1§ ecgsyncerr =
s @

13 ump
lg'oturn carry =) bl

‘bl contains error codes

11§ external trigger 00 not check
:-ln ampl itude

tcheck min
1§

litude rnaulrment
all thro

if¥ passs

1 scg_v_chk just before

DiF CODES

IT...CHECK IF FQILED PERIOD
NZ, FAILED...DON'T CALC
$0UT OF BOUNDARY JLHP SOLVED

ijump 1§ ecgnotsyncerr > @

ireturn Carry -) bl ‘= @

al contains slida_mode

1for alider — (§f passad all checks.

iskip the next few sasples 1|f

{ dop i ox 1: laggtng whar's diplox
iwas when the rwave occuwrred

iset shld sklp ang use_ecg to true.

:slup this r wave?

3
zy-s

1don’t update history if failad

sat =) llrocdy displaying a pulse //
T MR FILTER LOW & CN.C BABEL INE R

store it and get out

ecgP®~ 100 - Ok

NN N
NN
NN

~

N ~
NN
~~
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doslji:
or al. use_ec t
teat als #irse ?xn. B G
1z short ao-r{z 3 iz
and aly not (first_time) ' irs
nov slioe _mods. al ifiret time:. have clr_newué clear
nov an. B ientire newbuf
jmp short gowljl H
coslj2:
mOv slioge_soce: al Inot the #irst tiee. have Cir nawnf
- mOv AXs NEWELOdx treset 18t & 2nd newbuf ptrs
v Newiionl.an icopy newbuf position of ntr) to ptrl
1 NEw IO 1reasat ptr? tp start
mov newiidnl _on.j iturn on ptr2
jup 1448 land done
doslj 3:
1o
cal} clr_newh{ ] s
mov nawlidx«. @ 3 - 1y
nov newiidux2 _on.d 1turn of4 newbuf ptrl axp/ss
doslje:
ret ]
RWAVE CHM :
1 R-NAVE 'INTENI\.I;I" ~— CALLED BY THE ACTUAL !.S.R. (RBOVE) OR BY 2.% mS ROUTINE
»ov alrecg_uw icheckh 14 ok to continue
or al,
in2 short intr_ret .
RWvi:
test flrat _rwv_flg.S4éh
12 rev] llu-p 1€ it iw not the firat r-wave
b §irst_rww _§ig.s tthis is the first aone so reset flag
inc find_sax_ife 1g0 and search fOr max deriv value
- unu_:m.“npzzcn 1set 2 mac timer
j mp intr_ret
rwvi2
tng block _flg ir-wave block is active
e EcaiBens F »3 TIMER IS IERD
- AL 1GECK IF 209
JE ruv]é 1IF Z. Y200 M8 SINCE LAST R~WAVE., CONTINUE
$ELBE, RATE I8 TOO FABY AND/OR TRIGGERED ON
1BOMETHING OTHER THAN AN R-WAVE
inc fals rwv tfalse R-wave counter
4 jmp ahor intr_ret
v H
MOV ECG200M5, TIME200 1 SET 28@ MS COUNTER
nov phase_dly.YIME4AS iatart 43 meec delay having snough .
ttime to put Min in slider Dufiem:
INTR_RET:
:g; ;:v_tt-u_out.TIHESOGo fatart 5 sec r-wave watch dog
RET
Cx( _TRIG:
!CAQ.ED FROM 2.3 mS INTERRUPT TO CHECK STATUS OF EXIERNAL. TRIGGER FLAG
[ front _ecg tmout .
J snom‘cn?‘rma X7 1 IF_LEADS ARE ON
ggv &.E:T_Ecﬁ_mm 1GET BTATUE OF TRIGGER
*
It SHORT CHKTRIG _XIT 1NOT BET
Rav eXt Eca_rric
CO_TRIG. AL
cmp st -wcg bik:@ tchech ext. rwave-block countsr
1ne chkBrigxit iprobably a false trigger so jump
sov -xt u:a?m.nnosa-z tin1t for 198 meec
o EC?Z?O‘ 'E!T‘YRIE t Dack panel timeout
nov - r = ext_tr T Mo irmee - »e0ou
CALL nmve_cﬂr —trre-
CHKTRIG_X1T:
“RET
TITLE: ELCGATOD
FUNCTION: store the ecg signal value In the ecq ring buffer. 1f front
slunol Qc? input flag is set. seng ®Cg data tOo the powarbase.
nCranen

the acgepm 100 and five_ms counters. Also sets (e
in ecg mode 1§ the scg value 18n't within allowebie J:imits.

AEES CMANGED.
CALLS! Axibe i dx

adcvt, sEnNc_ecq, @cghox. chutmrs

3

i

1

Porwavwe flag
1

i

1

3

1
ECGATOD!:

atood:
ATOD_1:

cmp
&

neg;riau
BX.OFFSET DGROUP
ADCVY

BX . ECDI I1DX

Dx

DX+ BFFFH
atood

dxs OX

short atod_!

DX, DX
SHORT ATOD 1
DX. GNDV

DFFSET DSROUP: ECG_BUF [BX3,DX

Nt _max_m-n, 1
atod_la

i ghige e

: ECGTBL 1

iget 12 bit dc voltage in dx

ISave incex into acg_buf

ttor later

Irailmg voltage ?

i no, continue to adjust voltage offust
I  yes. no offast to adjust
I 90 on

Iia dc voltage = 8 7
lyes. oG nothing
1No: ceal with p~gain of fswt

1load dc voltage
3 into the ecg buffer

‘time-to inittialize ecg max and min
iy®s. go do it
inD: sem 1f we Nave Naw SCE Sxtremses
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cmp dx. mComax 114 a new dc max (s found
jbe atod_lb i
nov acCgman. O t update ecgmax
lmp atod_lc '
atod_1nb:
Cop axs ecComin 'lalse 1f a naw oc min is found
j am atod_lc 1
nov ecgesin. ax 1 upocate ecgmin
Imp atod_lc 1
atod_la: 1if wa are in a initializing mooe
BOV sComaN., dx ¥ load the new max
»ov o:ﬁ.ln. dx t  and min
tod 1 ROV tnlt_max_min:2 ! L clear the request tO initialize
ato €
1 BX lpoint ecdlidx
AND BX.ECG_B MSK | 1n the ecabob ot
] n the ec u
nov ECDIIDY.BX I ring But $oF
1NC FIVE_NS icount one more tise runnln? this routine
Qv ll-tcgsv lget the absolute -c, signa
add an-s‘l t {.8. Vecg = acg NOine gGats + ground voltage
|ub ans du ] owita is Vecg - Vecgrero
jne atodll [}
eg an t
atoail:
cmp an, 41 tis the ecg signal less than 90 mv
jb atodll tyes. then it's inside noise range
mov tront _ecqg_tmsout . TMISSEC InD: re—trig ¢ront :anol eCg timsout
] mp short arodll 1 and §0 sand out the data
atod12: lecg signal inside noise
cmep front _ecg_tmout.d tany éront panel ecg input ?
L4 atod 13 Ino:. then nothing to send out
atod) 33 AX.D jsend ecp data
CALL SEND_ECG tTO POWER BASE
atod_13:
pop bx irestrieve index of value just converted
Ithat pointed to scg_buf
nov gus OFFSET DGROUP: ECG_BUF (BX) 114 ecg value
Cmp dus max _ecq_lev i is not wathin
) a® short afod_TSa i the mawx and main
Cop dxe. min _ecg lev t of the allowadle
be snor: Afoo_Izs i ®cg levels
np short atod_Ll3 H
At od_iSal -
o~ eCcyg_mode. 19n0re rwy I Nnext rwave
rod 1t bnov ignore_rwv_twr., Tgnore_rwv_time 1 for a limited time
atod_1Zb:
call «c gbox Imake witry Into parallsl bufier ///
call chiktars H
RET
ECG_INIT:
AgQv ext cce_blk.ﬂ tinit extern. rwave blockh countes
ECGSDLY. 4
2CYInda?
:33 ECGPGN.&
nov ECBCTR,. 2 lsampling intrvs3 as.
Pt SH PAT_BAV, ECGDSABL
H »
nov DECTAVIDELTA_MIN
aov front _ecy_tmeout . TMISGEC Iinit ¢front panal timescut
lcounter with 13 sec
ecg_initl:
. MoV mcg_BYNC, !
- — - - - — o ——————————— ——— 1 T — Y - o
PTITLE:  ECG_TMO
IFUNCTION: ofp time out
ECG_TM0:
ECG:THOLg;P 5
ac YNC, 1
JE ShdRT THRO 3
TEST ECG_MODE, TMO_FLG
JT SHORT TMO_4
Jne THMO_1
THO_4A:
OR ECG_MODE. THC_FLG
TMO _3:
mov bl.ac9sdl
cmp -cg-d?..ay
yne short teo_la
nov ecgisecalarm, ]
tmo_la:
MOV ECGBDLY. 4
tmo_lad:
nov WINDOFAC. 3 tSTART OUT AT 12.3%
nov MCH_FLG. 1 tENRBLE MUNCH ON TIMEOUT
nov ecg_syndly, 4 taab 77/

1since chktmrs willTincresent wintmrl and 2 _as long

| z@r 0,

fTunti) you're s
dab

1AoNn zero.

as winfligl ana I ars

and since you don't want wintari or 2 to begin counting
¥¢sod on eacg. initialize thess variables to something

clir_rr_hist
first rwv_soen. |
latmr, 40

winflgl, 2 t
wintlga. 2 '
wintmet, B 3
winter, & 1
clrpabérs H

1

H

acg 1vl dab ///
&

for
check pulse timeout counter

"o
pintme, 40
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tmo _33:

tmo_J3a:

8 G

n
»
-
P

THO_@:

AREep

aw3g

THO_1:,

-
g
”

.
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1

Re. 35,122
42

AL.ECS_MNDE
N.-W‘!’! (EXT_TRIG)

A! “L
ECGPERIOD.AI -
RRPER.A

ecy_ ! t-—.al
Al .ocy_SYNC
AL,

AL
SHORT TMD_1

1SET IDLE MODE

tupdats analog output /7anb

ALMFLG. ECGTMOF

ALMFLE. ) OR ECATMF OR PLETMOF
ELGALMCHK

ALMCHM B

ECGAL MCHX

CL.LOWRATE GR HIRATE

CLRLIT2

ALICTR. @

SHORT TMO_3

ALMILY )

sliger ~ if use_mcg.

_ocg (= $slee: and

t for

_WC t uss
shart taoc_la . icleis maunch's parassters
1

tjust for fun. 77

- —ﬂ
-
AR ALY
~ e T N Ty Y,

g;TE PTA [BX).AL s
tmo_1b t

rewv_lost

runsus. @

ecgboxent ., -‘.
ax. theesh
sax_thres nx
nax M!v.ax
filrSt _rwv_+1g.1
intt _max_@in. 1

Isast _prwv_Iv3.

203

14 scgbox f/7/

1 :ltttoa L1

:llt threahald for ain. temp.
twatt for $irst r-wave

tamxt call to ncoatnd .nculd

1 initialize escgmax. scomin

1tha next cail fo ecg_lv3 shouig
I update this value

.CNECf FO&ECG LEADS OFF...SET CARRY 1F LEADS ARE OFF

TERT
nov

LCL
LCL ™

).-

STﬂTlS LEADS BIT
CLR_LEADS

u:\.
CQ_mMOonE, IIABB _OFF

E
COSTA

SH PﬂT _Sav, ECGDSABL

EAR LEADS BIT FOR MNEXT TIME
IF' I.LEADE ARE OK
1SET LEADS OFF FLAG

1DISABLE ECG INPUT 10 COMPARATOR

€66 _thooé, NaT (Lﬂ@i A6 Y ; QLEAR BIY

COSTG NOT EC

SH_PAT_SAv, NOT ECGDRABL

i Checking and adjusting threshold for scgboxcar mogul

Cchk _thresn
tast
na
ast
iz
aec
[
oV
"oV
sher
suh
mov
ahr
ada
mOv
. mov
she
sub
}me

.Eg Dlock . @40

fwait til S8 ms is over

blocnt_ﬂg.l tadjust just one tims after esvery r-wave
blarck flg iciesr BlOock active flag

ax,old_oeriv itake 73T 0+ old max

Dxsan

€le2

buscl

AMe DX

brsmax_deriv tand 257 of new max

bxscl

axs.bu tnew average sax vajue

cla_deriv,ax
Dxsan

jand take 73% of this value

bx.cl
Ay DX tnew threshald
ct2! 1jump! ignors the rest
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he next 2 sec interval
no

Ir.t\rn’lf inside 2 sec time interval

check (¥ any r-wave in the next 2 sec

icheck thrashaoid value against min_thresh

ct21t:
=’ll: nx;irrm_-!n 1if threshold ( ain
[
cta3: mov ax: thresh _min tsat min value
nov san_thresh. ax tsat threshold
ct_ret:
ret
sat _thresh: : :
teat find_max_req.08¢fh
2 st Treturn i Nno sax deriv saarch sode
est find _cnt.0¢fffh
jnx st _rat
"oV fifd_max_req.9 Iresst
WOV AN@AN_deriv fcalculate 73% of max ceriv value
"ov old_defFiv.ax Isave average max_deriv
e d bu.an
rpd Exe g1
Mo
sub ansbx
MOV nau_thresh.ax Inew threshold value
inc set _flg ]
mov set _flag cnt. TIMEZ2800+»S .
atl: jmp ain chk
test sat_+1g,0¢5h tinside ¢
tz st_ret l‘l.p if
et set _flag cnt.8¢s¢in
jn2 st_Fet lHjump 1§ ( 2 sac
nov sat _41g.0 Ireset flag
Cap ecgsdly. o '
ie st _ret 1{umg wcyg is synced
®Ov Axe.man_thresh
"aav Dxeax
shr Duel
shr Bxel
shr bxel
s ax.bx
mOv max_thrash,aw iload min value
inc St _¢1g 1look for max again
nov find_cnt, TING20GE S
atn_chk:
nov ax.thresh _min
cap an: adx_thresh
jbe -t_c-!‘ :
sQv aan_thresh.ax t1o0ad minimus threshald value
st _ret:
ret
tcale slide_tmo calculates how lon? an intsrval may slapae since
sthe Tast _gSod R wave bators the s ider bDuffer should be clsared.
11t uses 2 and 1/2 times the average R-R period. //7
calc_slige_tmo:
nov aK. reavg 1
»nov Bx, ax ]
shl ax. 1 12 * rravg
‘e calcl )over ¢l ow
she bxs | 13/2 ¢ rravyg
adg ax, bx 3
c calc} tover flow
ne calec2 )
caiegls
=ov ax, @¥844n Tsat to maximum
cale2:
mov slicde_tmo. ax $
ret 1

telr_rre_hist
cir_fr_Riet:
mov

rep

ret
i€cg boxcar
ecgbox:

nov
moVv

ecgb®:

L - H

cClaars the r-r history buffer

CH
di,
ds

o8
&My

8
offsst dasirrper

stosw

filter.,

dx, bx

di, oéfeet duiecg bué
word ptr (bx+dil.
acgbhd

runsum. @

scghoxcnt, 4

Cxs D ’

ecgbl

bx. B

bx. ecomask
AX.: runsum
acgbonecnt. @

=CcgbBb
AX.WORD PTR [BX + D11

bu, dux

an,WORD PTR (BX + DI)
runsum, AX

scgboxcnt.. 4

ecghl

scgboxcnt

iclear B words #from

tinitialization complimte.

adab ///

ave ecgdl idx
data?

os: di

initialize the sum.

S8t count down

lsave

thave bx tndeax scg_buflecgtidx-4]
]

]

teafe to subtract oldwst value?
tn
lyes

lretrieve scodiiax

ladd in nawest vaiue
LAX contains runsum

tsums valid yet?

tyes
tno
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45 46
cmp nCHOoNENt, P Jeusa valid yet to compute entry?
jo escgh2 1yes
’lov (3 ) : :
econ2: np short scgbl
ﬂ‘:: AX. 1 tget 1/2 running sum
3 BX, 2} M
and bBx: ecgmask fox indens ecgbuitecgtide-13
-:m‘ gx. uu-z a ptr bx + di3 ::n contaings ecgbuflecguliion—-1)
[ ¢ My
and bx: ec alk tox indexes ecgbuélecpdiidu-23
cx,HORD PTR C3x + D11  icx contains l= of middle two paints

add
Hollonin! code detaraines whether aidsum ) 1/2 running sum
n

lier,
|Purpose is to compute imidsum = §72 running sum!i,’
10n mtrz ax contains 1/2 running sum, o
: 4

CXe &
jan ascabilia 1
nchg Cxs &K 1
ecgblal
asub TxRe ax ]
scgbl?
"0V bxus on tretrisve ecgdlfdx
aav di,» offset d-:-c?bm:buf 3
agv word gtr bx ¢+ dl), cx tenter anwwer
cmp g Riock. § Ishould be finding mawimum?
i scgBlb Ino
Cap CXs MaX_doriv fdata ) man_deriv?
ibe ecgni2 Ny exit
ROV man_deriv,. cx lyos
ecgvia: jmp ecebli2 110w enit
cap Cxs Mmax_thresh lgata )} max_thresh?
jbe short ecghl2 ino
Cmp ecg20as, 2 isafe to block? //7/
}ne short ecghic 1nOo . 4
ecenl [ -1 ecg block.TIREL99 tysg, set block_out timer
{4 (-39
test acg_mode. lg\or._ruv lshould fgnore rwave because signal railed?
iz short scgbl ino
ebla ap short ecgbl2 i you
ec H
cap firat _rewv flpg. | 1¢irst reave ssen?
ie short “ecgbica tyes. don't update sax_deriv
aQv fax_oariv. cx !
ecgblca:
call ruwsve _chi '
ecgbi2:
rat t
slider:
pPush bx ]
80V al. slice_mode '
test al. ume_acg lare we using escg?
1nx siides tysn
mp no_scg tho
sl ided: jusing ecg
nor sl.al anb
cap foow. 2 1{f mode? (beat-Dest)
ie sligel ] this _watight » @
\1det nov al. weipght ialse this_waight = waight
«lidel?
»ov this_weight. al i
iwa bx. datbuf Icheck t¢ ir = red = @
"oV al: dopidx }
nor abs an 3
add DU an t
nov cxns {bx) t Cn {~- datbuéidopidnl {IR)
nOv ans Lhxe2) 1 an (- datbufldopidx+2) t(Asd)
o CHs AN bir = rag = 97
inz short slloed tnao
nov al. slice_mscoe 1ir = red = ¢
and als not tuse ecy} 1 reset u.ln? ecy H.l? o no
or als suip_next rwy 1  ship nent r wave interruet
el ﬂ‘h-m&g,.l ;
Lmp =atarncds. & rehange aqtor meda 4
jne short slide? 3
ROV saterasde, 3 1 to 3
Jmp short slidel 1
slide2: '
Cmp aat arsoae tchangs matarsode &
jna short siide) T
mov mEteraade, S 1 to 3
slidel3: '
v ax, @ A
call clir_nawb# Iclear entire nawbuf
nov newlioxz_on.e 14 turn otf 2ng newtuf ptr
Imp i 1k wa're done
aliceds: fir and reg have data not egqual to @
nov als dogiﬂn thas dopldx caught up to asttrig?
cmp al, dattrig f i.8. to where the acy occurred
noVv als slice_sode 4 .
inz sl tno
and al. not (shild_skip) iyea. then don't skip putting data
agv slice v aT f  into the slider
nov L= » fant per dab insietencs ¢!
ad short slide7 '
sliveS: test als shld_skip tshauld we skip gu‘lunn data into
! slider bufier
1, el i2} sieeine
[ alr»new NZ_on
or alval - t"!- llfsof’- ptr2 active?
nx slioee I yae.
-ap sliax . ] not an. lesave routine
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47 48

slides: I1skip 008 — we advance slider’s ptr2 alons
1sa bx, datbué \
aov al.dopldx !
xOr an. ah 1
add Dy ax )
=0V ane Lbxul - iget ir data +4rom datbu+é
ush ox {save datbué pointer
aa b e nawbud ] .
add bDuenewt iau2 ]
aov cus Cbul tget ir data at slicder’s 2nd pointer
push bn 1 and save ptr2
call naw_avg faverage the two ir values ang
1 return new weighted ave in ax
pop bx irestaore sliderts 2nd ptr
Chxleax 1 and store now ir average
I nos t waightad average far ths red
inc bx iratrisve the red
inc bx 1 valus from
::; ‘:’x.tbn:l : sliderfs 2nd painter
x
push ox isave sliderts 2nd pointer
OV b dx 1put datbu+é polnt- in bx
inc bx iretrisve the red
inc b $ value froms
[ axslbxl 3 datdué
call new_avyg S avera the two red valuss
* Pop b jand store the weighted ave
a0V Coxl.an 1 at sliger's 2nd pointer
1mp slign fand we'ra done
slice?: Inot in skip sode - bath slider ptra advanced
lsa Buy Newbuf 144nd slider’s let polnter
adv Axe NOwiiow 1
add Dx. an 5
push bx l!lv. it for later
wov cn- tbul ?-t data n points to
or it zero?
jnz lhart -ua-e lno- leave weight alons
xor al 1yas,s
cl1deB. ™ ““—‘““\H ol i Slear wévhit
lpa bu. datbu¢ tpoint to data in datbuf
»nOv als dapilox 1
nor ah:. ah 1
add bxs ax ]
qop [ irestore slider’s 1st tr
a4 dx« Nowbuf igat slider's 2nd painter
aov axsN@wi idx2 1
ado duy an ]
call put _newd § 1add new data to slicer
1bx points to datbufldopidxl,
1ex pointe to nawbuflnewiidx]
1dn points to newdutlnewd iduxll
)ymp short slidx Iwe're done
no_ecg: 1
nov als slide_mode 1
test al, first_time 1
jaz short sltdx tfirst_time flag already sat
ROV an: Olapas_sec tget number of SECONUS #INCE time out
cep au» slice !'-o '
jam short sat_§ leight seconds or a0re have slapsed. set ¢lag
»Ov a{. glaps-_ym tgat_number of heart Dests since time out
cmp ale 3
ae short sat ng 13 ar mors heart beats since time out
»p short siidx teverything's ok
set _+192 ]
s):» slide_smode t
or al: first_time tamt the first_tise
slide_moas: al ]
slidmi ]
1
]

Fer o

Ip;ut n-ub! moves entries from datbuf to newbuf using the following

V forau

|n¢-buﬂnuuux] = chu watgnt-1)/this u-tmtlnﬂaul[nnnnul +
/this_waight)datbu¥ldopid

1Thi| ProCeoure® assumes bx points to datbufldopionl. cx points to
inewbufinewiidnl. Remesber, both IR and red values must be placed.
idx points to newbuflinewt idx2]

put _newbf:
Push dx tIcv. newbufCnews idx2l anp///
push o
push *® x
mov ax, [bul tanx = gatbuftldopiconl) IR
op bu $
push bx 3
mov cue [bx] tcx = newbuflnewlioxl IR
call new_avg 1
pop bu 1
agy (bxd, ax 1
inc ® 1
inc -1 ]

° push bx 1

nOv cus [bxl 1cu = newbuflnewiidu] red
pPop an i
pop bx t
push dx '
inc bx H
inc bx :
i ans [bx) tTax = datbufldopidx]) red
call nn_avg i
pop bx |4
mov (bx} ax T

axpriie ibx = newiide fOr the r'ed data
mov dl.0ewr 1 dx2_on iis Ing nawbuf pointer active’
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or dl.al v
pop dx (mgpanwhiin.got 2nd nawtuf pointer to )
. . short putnewd Ino. newlidsl inactive
oec b lyes.Copy ir.red érom ist to 254 newbuf ptr
dec t bach up to ist ir
L cx.(Bx3 1 & save contents
nov Dx» 8N ! point to 2nd i
nov {(bxl.cx I Ccopy into 2nd ir
inc » 1  agvance to 2nd reco
inc ‘b ]
fbxlean !  and copy into 2nd red
Ut newd:
ret 1

new_avg ~ 1f weight is &, return dathufldopidnl in ax.

elas, return (ve190t~-1) /watght nawbuélnewlion) + )/weight datbuff{dopidnl in ax.
Rout ine assumes an:= datbuilanpianl. Cx = neubufleither newiidx ar newlidu2l
Improvessnt — round division returne rather than truncat ing

ov_avyl
< cxe® 1 zero in newiyd?
j= short newx fysm, than return 108X boxcar
®mov bhe. § $
a0V bl. this_weight 1
or Due bw 3
iz t Amwx H
nov ans B 3
div bu 1dxan/bx = ax rem dx » Jdatbuflidopidxl/welight
P an tsave resuit
BOv ans CN 1 ]
a0V dxe. & 1
div bx 1duax/bx = ax rem dx = nesduf[nmmei idx]1/maight
dec bx Igat watght - |}
mul bM Tax o bx = mhian = {(weight=1) (newbufinewi idx)/weight)
or an. on irssult too big?
2 newl Ina
pPOp ax lyss. Clspar stachk
aov axs BHE$in 1 and return
jmp Newn ]
el
»av bx. ax Isave result
POP ax
adc ane Bx iresult too big?
jnc newn 1ino
a3 ax: O45fén fyss. retun
[ 1 H
ret 1

clr _newbé - routine to Clear nawbuf. Amsume ax contains tha index
1ntc nqubuf from which to clear (t1 (.m.. Cle&r newbué from whare
ax points ta til the ena.

lr _newbt
l1ma bx+ Nawbuf t
add bx. &x ibn points ta address ¢rom which to clear
nOv Cxe Nawlien t
sud CX: am Icx contains nuwber of bhytes to slisa
or Cxy CX t
z short clr2 iZero is a problems
- short clr2 190 e & nepgative number
cmp cx, 4688 1
ja clir2 180 Is too large a number
she Cxus 1 inend ta kNow NOw many words to clear
=ov Sis b 1
push ds 1
pop [ 4]
n?‘; an: ax {loop counter is éine
< . H
- rep sStosw 1
A
ret

H]

Scftware
.opendix B

3 0/A.TEMPLATE CHNLQ

2 A/D.TEMPLATE CHNLS.23
2 A/Q.TEMPLATE CHNLS.CAL

4 STRING FILE.NAME

NTEGER 0IML S12 , 2 1 ARRAY RAW.DAT.!
DIMC 512 , 2 1 ARRAY RAW.DAT.2
DIMCL 1 ] ARRAY ISAT
OIM{ 2848 , 8 1 ARRAY ODAT.BUF

SCALAR PTR SCALAR CTR SCALAR HOW.LONG SCALAR PTR.MAX
SCALAR PTR.MIN SCALAR RCAL SCALAR MINI SCALAR MIN2
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COMPLEX

DINC 128 1 ARRAY SHORT.DAT
DIML 128 ) ARRAY SCONJ.DAT
DIML S12 ) ARRAY FOR,DAT
SCALAR FOR.OC

REAL
DIML S12 1 ARRAY HAMMING.DAT
OIML 1024 ] ARRAY. SAT.DAT
SCALAR RED.MAX SCALAR IR.MAX SCALAR RNEW

SCALAR SAT SCALAR BO! SCALAR BO2 SCALAR BR1 SCALAR BR2 SCALAR SLOPE
SCALAR INTERCEPT SCALAR QUAL

: set.up
HAMMING .0AT [ IRAMP
HAMMING.OAT 2. » PI » 512, / COS ~.46 ¢ .54 + HAMMING.DAT :=
Q MINY := @ MINZ := 4935 I5AT :»
| set.%.0ptima
S set.$.points

: SET.TEMPLATE
CHNLS.23 ‘
RAW.DAT.! RAW.DAT.2 CYCLIC DOUBLE.TEMPLATE.BUFFERS
.8 CONVERSION.QELAY
CHNLO ISAT CYCLIC TEMPLATE.BUFFER

: WAIT.FOR.USER
SCREEN.CLEAR
19 19 60TO.XY
INTEN.ON
." SET LOCATION 24 70 @ ... THEN: °
." STRIKE ANY KEY TO BEGIN. = CR
INTEN.OFF
PCKEY ?70ROP OROP
: OPEN.DATA.FILE
NORMAL .OISPLAY
.* HOW LONG A DATA SET IN MINUTES ? ° 3INPUT 7 ¢ HOW.LONE :=
CR
.* ENTER THE FILE NAME XXXXXXXX.0AT * °"INPUT FILE.NAME °:e=
CR .* PLEASE WAIT WHILE THE DATA FILE 1S CREATED... °

COMPLEX DInt S12 1 SUBFILE
HOW.LON6 TIMES

END
FILE.NAME DEFERD> FILE.CREATE

: START.ACQ
DAS.INIT
CLEAR . TASKS
CHNL@ | TASK ARRAY>0/A.0UT
CHNLS.23 2 TASK A/D. IN>ARRAY
17 TASK.PERIOO
PRIME.TASKS
TRIG6ER. TASKS
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: STOP.ACQ
STOP.TASKS
CLEAR.TASKS
NORMAL .DISPLAY

: FIND.BETAS \ GET BETAS FOR SAT CALC
RCAL \ PLACE RCAL ON THE STACK

CASE

\ RCAL - BOI BR} 802 BR2 SLOPE INTERCEPT

OF 18563 27360 sSess 51763 ~15743 9237

ENDCASE

INTERCEPT =
SLOPE =

BR2 :=

802 :=

BR! :=

801 :m

1

¢ SHORT.FLIP
128 2 00
130 I - PTR :»
SHORT.DAT [ 1 ) SCONJ.DAT [ PTR ] :=
LogQpP
SHORT.DAT { 1 1 SCONJ.DAT [ | | :=
SCONJ .DAT CONJ SCONJ.DAT :=
\ eveses LOMPUTE SATURATIL .
QUAL .2 > IF
BRZ RANEW BR! « - 80! BR' - ANEW » B02Z - BRZ + / 12Q. »
SAT := ’
SAT 78. ¢ .t
RNEW 4. / SLOPE + INTERCEPT + 4, o 293, /
SAT := )
alsa
THEN
SAT 1@02. > IF 1Q2. SAT := ELSE THEN
SAT @. < IF 3. SAT := FLSE THEN
SAT SAT.DAT [ CTR ] :=
SAT 1@@. > IF 100. SAT := ELSE THEN
SAT 40.95 » FIX ISAT :=
CR .* SAT = " CR SAT . CR CTR .
1 CTR + CTR :=
.25 .S1 YUPORT.ORIG
.75 .S@ VUPORT.SIZE

SHORT.DAT IMA6 SUBCL ! , 4@ 1 Y.AUTO.PLOT PTR.MIN S + CR .

STACK.CLEAR
ELSE
THEN

ENDOF
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¢ SHORT.PROCESS
home screen.clsar C
FOR.DAT [1SUM S12. / OUP FOR.OC = FOR.DAT SWAP - FOR.DAT :=
FOR.DC ZREAL 200.. > IF
FOR.DAT ZREAL [ IMAX FOR.DAT IREAL (lImin - for.dec zreal 7/
dup .2 <. IF
3. > 1t
FOR.DAT HAMMING.DAT » FOR.DAT :=
FOR.DAT sSuBl 1t , 128 , 4 ] FOR.DAT SUBL 2 , 128 , 4 ]
FOR.DAT SUBL 3 , 128 . 4 ] FOR.DAT SUBE 4 , 128 , ¢ 1 + + =+ SHORT.DAT :=
SHORT.0AT FFT SHORT.DAT :=
SHORT.FLIP -
SHORT.DAT SCONJ.DAT + IMAG .
SUBL 4 , 3@ 3 OUP LOCAL.MAXIMA DRCP | - PTR.MIN :=
SUBL PTR.MIN , 3 1 CI5UM IR.MAX :=
SHORT.DAT SCONJ.DAT - ZMAG
SUB[ 4 , 30 1 SUBL PTR.MIN , 3 1 L1SUM RED.MAX :=
RED.MAX FOR.DC IIMAG / dug 258, / . cr
IR.MAX FOR.DC IREAL / dup 256. / . cr QUP QUAL := /
.* R= * 7 grr RNEW :=
sat.comp
THEN
THEN
ELSE ." TOO sMaLL -
THEN
STACK .CLEAR
: BET.IT
HOW.LONG 1 + § 0Q
8EGIN T
TBUFFER. SWITCH
UNTIL
7BUESFER.A/D
IF

RAW.DAT.1 XSECTL 1 , 1 1 MINI
.25 .@) VUPORT.OR1s

.75 .5@ VUPORT.S12Z

OUP Y.AUTO.PLOT

RAW.DAT.1 XSECTL ' , 2 ] MINZ -
ELSE
RAW.DAT.Z XSECTL ! , 1 ] MINI -

.25 .91 VUPORT.ORIG
.75 .5@ VUPORT.SIZE
NO.LABELS
OUP Y.AUTO.PLOT
RAW.DAT.2 XSECTL ' |, 2 1 mMINZ
THEN
I=X+1Y FOR.DAT :=
FOR.DAT CTR SUBFILE ARRAYDFILE
SHORT .PROCESS
Loar
1

: IDLE.IT
1 CTR :=
8EGIN
BEGIN
?7BUFFER.SWITCH
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UNTIL
7BUFFER.A/8
IF - .
RAY.DAT.1 XSECTL 1 , 1 1-mIN) -
.25 .@1 VUPORT.ORIG. -
.75 .50 WPORT.SIZE
DUP ¥.AUTO.PLOT
RAW.DAT.1 XSECTL | , 2 1 mINZ
“ELSE
- RAW.DAT.2 XSECTL 1| , 1 1 MIN}
.25 .@1 VUPORT.ORI6 _
.75 .5@ VUPORT.SIZE
OUP Y.AUTO.PLOT
RAW.DAT.2 XSECTL | , 2 1 MINZ
THEN
I=X+1Y FOR.DAT :=
SHORT .PROCESS

TKEY
UNTIL
PCXEY ORQP
H
: SHOW,IT
STOP.ACQ
NORMAL .DISPLAY
SCREEN.CLEAR
home .* 1 STARTS A OISPLAY ONLY OXIMETER. "
CR CR ." 2 DOES OXIMETRY AND STORES DATA FILES."
CR CR ." 2 CHECKS OFFSET CALIBRATION. -
CR CR .° 4 READS RED AND IR VOLTAGES. -
CR CR .° S REPLAYS RECORDED DATA FILES -
CR CR .* 6 RETURNS TO 00S. °*
CR CR .* 7 CLOSES DATA FILES ON ERRORS . "
er cr ." 8 PRINT INSTRUCTIONS ON SCREEN. °
cr er .* ENTER A SELECTION.®
SET.TEMPLATE
} CTR :=
OPEN.DATA.FILE CR
FILE.NAME OEFER> FILE.OPEN
-" ENTER RCAL VALUE CODE ¢ §3 - 84 ) ° ZINPUT RCAL :»
FIND.BETAS
START.ACQ
GRAPHICS.DISPLAY
6RID.OFF
GET.IT
STOP.ACQ
FILE.CLOSE
NCRMAL .DISPLAY
SHOW.IT
CR
IDLE
SET.TEMPLATE
1 CTR :=

-* ENTER RCAL VALUE COOE ( 63 - 84 ) - $INPUT RCAL :»
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FIND.BETAS
START.ACQ .
S6RAPHICS,DISPLAY
6RID.OFF

T0LE.IT

STOP.ACQ

NORMAL .DISPLAY
SHOW.IT

CR

: CAL.CHECK

SET.TEMPLATE
NORMAL .DISPLAY
SCREEN.CLEAR
WAIT.FOR.USER
START.ACQ

8EGIN
7BUFFER.SUWITCH
UNTIL

5TOP.ACQ
RAW.DAT.I XSECT!
.* IR zero is °
RAW.DAT.! XSECTI
." Red zersc (s °
3000 MSEC.CELAY
SHOW, IT

: READ.VOLTS

cr
CHNLS.CAL
A/0.INIT

A/D.IN 409.5 / .*
»HNLQ D/A.INIT

1. CTR :=

-, 1 1 [IMIN DUP MIN! := FLDAT 40S5.5 /
. cr -

!

3

red volts =

Re. 35,122

2 1 (IMIN DUP MIN2

NORMAL ,0ISPLAY DIR ¢, DAT
CR .® FNTER THE FILE TO REPLAY ° “INPUT FILE.NAME ":=
CR FILE.NAME OEFER> ?FILE

CR .°® ENTER RCAL VALUE " 2INPUT RCAL :

FIND.BETAS

CR ." WHICH FILE TO BEGIN REPLAY 7 *
DUP 1 + CR ." HOW MANY FILES TQ REPLAY *
graphics.display DO

[ .SUBFILE FOR.DAT FILE>ARRAY

.25 .91 VUPORT.QR16
.75 .S@ VUPORT.SIZE

for.dat zreal y.auto.plot

SHORT.PROCESS

ISAT [ 1 ] D/A.OUT

2090 msec.delay
LOOP
FILE.CLOSE
SHOW.IT

° . -408.5 ¢/

60

:» FLOAT 4@9.5 /

" IR valts =

SINPUT

INPUT + SUAP



: main.loop
set.up
ahow.it
begin
BEZIN
input
7dug not
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if

er .” Invalid number, re-enter: °

then
UNTIL
case
' of
of
of
of
of
of
of
of

(R Iy I TV )

idle endof

doit endof
cal.chack endof
read.volts endof
replay.dat sndof
bye andof
file.close endof
print.inst endof

andcase

again
ONERR:

MYSELF
-

banner: my.banner

cR
CR CR CR
R CR CR
cP CR
CR CR
cR CR

_1BANNER

NELLCOR PULSE OXIMETER®
FOR EXPERIMENTAL USE ONLY"
COPYRIGHT 1388°
PROPRIETARY INFORMATION-

ALL RIGHTS RESERVED®

Written by: R. T. Stone, Ph.0.
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We claim:

1. A method for calculating [the] an amount of a blood
constituent from the blood flow characteristics of a patient
comprising:

detecting an absorption signal corresponding to [the]

absorption of light measured at two or more wave-
lengths in the patient’s tissue including periodic
changes caused by periodic arterial pulses in the blood
flow characteristics and aperiodic changes unrelated to
the patient’s heartbeat;

detecting an ECG signal corresponding to the patient’s

ECG waveform corresponding to the periodic electrical
heart activity of the patient;

selecting a first time-measure of the absorption signal

including a maximum and minimum amplitude change
in absorption;

selecting a second time-measure of the ECG signal

including components corresponding to the occurrence
of the heartbeat;

correlating the ECG signal and the absorption signal by
multiplying the first time-measure of the absorption
signal and the second time-measure of the ECG signal
together to form a waveform product and thereafter
shifting the time-measure of the absorption signal back-
wards in time relative to the time-measure of the ECG
signal and multiplying the shifted and unshifted wave-
forms together to identify a maximum waveform prod-
uct corresponding to the product of the ECG signal
corresponding to the occurrence of the heartbeat and
the maximum amplitude of the absorption signal;

processing the absorption signal and the determined cor-
relation to identify the periodic changes in the absorp-
tion signal associated with the determined maximum
waveform product likely to correspond to arterial
pulses in the patient’s blood flow characteristics; and

calculating the amount of the blood constituent from the

identified periodic changes in the absorption signal.

2. The method of claim 1 wherein the ECG signal further
comprises the R-wave component of the ECG signal so that
the maximum waveform product corresponds to the product
of the R-wave component and the maximum of the absorp-
tion signal.

3. The method of claim 2 wherein the first time-measure
is shorter in length than the second time-measure so that as
the absorption signal time-measure is shifted backward
relative to the ECG time-measure the latest maximum
waveform product corresponds to the most recent heartbeat
activity in the first and second time-measures.

4. The method of claim 3 wherein the first time-measure
includes a first plurality of maximum amplitudes and the
second time-measure includes a second plurality of R-wave
signals so that the maximum waveform product further
comprises an array of maximum waveform product.

5. Apparatus for calculating [the] an amount of a blood
constituent from the blood flow characteristics of a patient
comprising:

means for photoelectrically detecting an absorption signal

corresponding to [the] absorption of light measured at
two or more wavelengths in the patient’s tissue includ-
ing periodic changes caused by periodic arterial pulses
in the blood flow characteristics and aperiedic changes
unrelated to the patient’s heartbeat;

means for electrically detecting an ECG signal corre-
sponding to the patient’s ECG waveform correspond-
ing to the periodic electrical heart activity of the
patient;
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means for selecting a first time-measure of the absorption
signal including a maximum and minimum amplitude
change in absorption;

means for selecting a second time-measuring of the ECG
signal including components corresponding to the
occurrence of the heartbeat;

means for correlating the ECG signal and the absorption
signal by multiplying the first time-measure of the
absorption and the second time-measure of the ECG
signal together to form a waveform product and there-
after shifting the time-measure of the absorption signal
backwards in time relative to the time-measure of the
ECG signal and multiplying the shifted and unshifted
waveforms together to identify a maximum waveform
product corresponding to the product of the ECG signal
corresponding to the occurrence of the heartbeat and
the maximum amplitude of the absorption signal;

means for processing the absorption signal and the deter-
mined correlation to identify the periodic changes in
the absorption signal associated with the determined
maximum waveform product likely to correspond to
arterial pulses in the patient’s blood flow characteris-
tics; and

means for calculating the amount of the blood constituent

from the identified periodic changes in the absorption
signal.

6. The apparatus of claim 5 wherein the means for
electrically detecting an ECG signal further comprises
means for detecting the R-wave component of the ECG
signal so that the maximum waveform product corresponds
to the product of the R-wave component and the maximum
of the absorption signal.

7. The apparatus of claim 6 wherein the first time-measure
is shorter in length and later in time than the second
time-measure so that as the absorption signal time-measure
is shifted backwards relative to the ECG time-measure, the
latest maximum waveform product corresponds to the most
recent heartbeat activity in the first and second time-mea-
sures.

8. The apparatus of claim 7 wherein the first time-measure
includes a first plurality of maximum amplitudes and the
second time-measure includes a second plurality of R-wave
signals so that the maximum waveform product further
comprises an array of maximum waveform products.

9. A method for calculating [the] an amount of a blood
constituent from a patient’s blood flow characteristics
including aperiodic information corresponding to artifacts
and periodic information corresponding to arterial pulses,
comprising:

directing light of two or more wavelengths toward the

patient’s tissue;

detecting a set of first signals representing [the] absorp-
tion of light measured at said two or more wavelengths
[of light] in the patient’s tissue including detected
information corresponding to changes in absorption as
a result of changes in the blood flow characteristics;

detecting a second signal representing the occurrences of
a selected portion of [the] an ECG waveform of the
patient;

processing the first and second signals to enhance [the]
periodic information contained in each individual sig-
nal whereby the first signals are processed in a repeti-
tive manner, one discrete portion at a time, and the
occurrence of a selected portion of the patient’s ECG
waveform in the second signal initiates processing of a
discrete portion of the first signals; and
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calculating the amount of said blood constituent using the
enhanced periodic information in the processed por-
tions of the first signals,

10. The method of claim 9 wherein processing the first
and second signals further comprises correlating the discrete
portions of the first signals and the occurrences of [a] said
selected portion of the patient’s ECG waveform in the
second signals.

11. The method of claim 10 wherein detecting the second
signal further comprises detecting a signal representing the
occurrences of the R wave portion of the ECG waveform of
the patient.

12. The method of claim 11 wherein processing the first
and second signals further comprises determining whether
or not the detected information in the discrete portions of the
first signals are likely to be arterial pulses by using the
determined correlation and preferentially processing
detected information determined likely to be arterial pulses
for use in calculating the amount of said blood fconstituents]
constituent.

13. The method of claim 12 wherein preferentially pro-
cessing detected information further comprises rejecting
detected information determined not likely to be arterial
pulses so that rejected information is not used in calculating
the blood constituent.

14. The method of claim 12 wherein processing the first
and second signals further comprises determining whether
or not detected information in a discrete portion of the first
signals is likely to be an arterial pulse by using the deter-
mined correlation after each occurrence of an R wave
portion in the second signal.

15. The method of claim 11 wherein correlating the first
and second signals further comprises:

determining a period of time after the occurrence of [an]
said R wave in which detected information in the
discrete portions of the first signals corresponding to
blood flow characteristic changes caused by arterial
pulses are likely to be detected;

determining that detected signal information in the dis-
crete portions of the first signals are likely to be arterial
pulses when detected in the determined period of time
after the occurrence of [an] said R wave; and

calculating the amount of said blood [constituents] con-
stituent further comprises preferentially processing any
determined detected information for use in calculating
the amount of said blood [constituents] constituent.

16. The method of claim 15 wherein preferentially pro-
cessing detected information further comprises rejecting
detected information detected other than in the determined
period of time after the R wave occurs so that rejected
information is not used in the calculation of the amount of
said blood [constituents] constituent.

17. The method of claim 15 wherein determining whether
or not detected information in 2 discrete portion of the first
signals is acceptable for preferential processing as corre-
sponding to an arterial pulse by using the determined
correlation after each occurrence of an R wave portion in the
second signal.

18. The method of claim 11 wherein calculating the
amount of said blood constituent further comprises calcu-
lating oxygen saturation of hemoglobin in arterial blood.

19. The method of claim 10 wherein correlating the first
and second signals further comprises;

synchronizing the occurrence of a plurality of discrete
portions of the first signals;

syrchronizing the occurrence of a plurality of occurrences
of the R wave portion in the second signal; and
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correlating the synchronized discrete portions of the [firs]
Jirst signals and the R wave portions.

20. Apparatus for calculating [the] an amount of a blood
constituent from a patient’s blood flow characteristics
including arterial pulses and artifacts comprising:

means for photoelectrically detecting a set of first signals

representing the absorption of light measured at two or
more wavelengths in the patient’s tissue including
detected information corresponding to changes in
absorption as a result of changes in the blood flow
characteristics;

means for detecting a second signal representing the

occurrences of a selected portion of [the patient’s] an
ECG waveform of the patient,

means for processing the first and second signals to
enhance the periodic information contained in each
individual signal whereby each occurrence of [a] said
selected portion in the second signal initiates process-
ing of [a] discrete portions of the first signals so that the
information in the first signals are processed in a
repetitive manner; and

means for calculating the amount of said blood constitu-

ent using the enhanced information in the processed
portions of the first signals.

21. The apparatus of claim 20 wherein the means for
processing the first and second signals further comprises
means for correlating the discrete portions of the first signals
with the occurrences of [2) said selected portion of the
patient’s ECG waveform in the second signal.

22. The apparatus of claim 21 wherein the means for
detecting a second signal further comprises means for
detecting a signal corresponding to the occurrences of the R
wave portion of the patient’s ECG waveform.

23. The apparatus of claim 21 wherein the processing
means further comprises:

means for determining whether or not the detected infor-
mation in the discrete portions of the first signals are
likely to be arterial pulses using the determined corre-
lation; and

means for preferentially processing detected information

determined likely to be arterial pulses for use in cal-
culating the amount of said blood [constituents] con-
Stituent.

24. The apparatus of claim 23 wherein the means for
preferentially processing detected information further com-
prises means for rejecting detected information determined
not likely to be arterial pulses so that rejected information is
not used in calculating the amount of said blood [constitu-
ents} constituent.

25. The apparatus of claim 23 wherein the processing
means further determines whether or not detected informa-
tion in a discrete portion of the first signals is likely to be an
arterial pulse using the determined correlation after each
occurrence of an R wave portion in the second signal.

26. The apparatus of claim 21 wherein the means for
correlating the first and second signals further comprises:

first determining means for determining a time period
after the occurrence of an R wave in which detected
information in the first signals corresponding to blood
flow characteristic changes caused by arterial pulses are
likely to be detected;

second determining means for determining that detected
information in the discrete portions of the first signals
are likely to be arterial pulses when detected in the
determined period of time after the occurrence of fan]
said R wave; and
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wherein the means for calculating the amount of said
blood constituent further comprises means for prefer-
entially processing detected information for use in
calculating the amount of said blood [constituents]
constituent.

27. The apparatus of claim 26 wherein the second deter-
mining means further comprises means for rejecting
detected information detected other than in the determined
period of time after the R wave occurs so that rejected
information is not used in calculating the amount of said
blood [constituents] constituent.

28. The apparatus of claim 26 wherein the second deter-
mining means further comprises means for determining
whether or not detected information in a discrete portion of
the first signals is likely to be an arterial pulse using the
determined correlation after each occurrence of an R wave.

29. The apparatus of claim 21 wherein the means for
calculating further comprises calculating the amount of
oxygen saturation of hemoglobin in arterial blood.

30. A method of calculating an amount of a blood con-
stituent from the blood flow characteristics of a patient
comprising:

subjecting the patient’s lissue to electromagnetic energy,

thereby facilitating the transformation of arterial blood
flow in the patient’s tissue into a blood flow signal, the
blood flow signal corresponding to the arterial blood
flow including periodic changes caused by periodic
arterial pulses in the blood flow characteristics and
changes caused by artifact;

detecting the blood flow signal;
detecting the occurrence of a heartbeat of the patient,

correlating the detected blood flow signal and the occur-
rence of a heartbeat;

processing the blood flow signal and the determined
correlation to identify the periodic changes in the blood
flow signal likely to correspond to arterial pulses in the
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patient’s blood flow characteristics; and

calculating the amount of the blood constituent from the
ideniified periodic changes in the blood flow signal.
31. The method of claim 30 wherein said blood constitu-
ent is the oxygen saturation of hemoglobin in arterial blood.
32. The method of claim 31 wherein said step of detecting
the blood flow signal comprises detecting an absorption
signal corresponding to the absorption of the electromag-
netic energy measured at two or more wavelengths in the
patient’s tissue.
33. The method of claim 31 wherein said correlating step
comprises the steps of:
synchronizing the occurrence of a plurality of changes in
the blood flow signal;
synchronizing the occurrences of a plurality of selected
portions of the heartbeat; and
correlating the synchronized changes in the blood flow
signal with the synchronized portions of the heartbeat.
34. The method of claim 30 wherein said blood constitu-
ent is the oxygen saturation of hemoglobin in arterial blood;

said step of detecting the blood flow signal comprises
detecting an absorption signal corresponding to the
absorption of the electromagnetic energy measured at
two or more wavelengths in the patient’s tissue; and
said correlating step comprises the steps of
synchronizing the occurrence of a plurality of changes
in the blood flow signal,
synchronizing the occurrences of a plurality of selected
portions of the heartbeat, and
correlating the synchronized changes in the blood flow
signal with the synchronized portions of the heart-
beat.



