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[57] ABSTRACT

An electronic apparatus for sensing the percentage of
different blood constituents in arterial blood. Light of a
plurality of separate wave lengths is sequentially made
to pass through a portion of the body, either by direct
transmission or scattering so that the pulsatile blood
flow modulates the intensity of the light. A signal pro-
cessing circuit functioning in accordance with the Lam-
bert-Beer Law is used to determine the percentage of
different blood constituents from the fluctuations com-
ponent of the logarithm of the light absorption. The
sampling of the separate wave lengths is time-multi-
plexed through a common channel, thus obviating the
need for a separate channel of similar electronics for
each constituent to be monitored. The signal processing
circuitry is also effective to compensate for noise due to
ambient light or other stray sources, thus improving the
overall accuracy.

23 Claims, 3 Drawing Sheets
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PULSE OXIMETER WITH CIRCUIT LEAKAGE
AND AMBIENT LIGHT COMPENSATION

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

BACKGROUND OF THE INVENTION

I. Field of the Invention: This invention relates gener-
ally to medical instrumentation, and more particularly
to an electronic device for measuring and indicating the
percentage of one or more constituents of arterial
blood.

I1. Discussion of the Prior Art: Various systems are
disclosed in the prior art for measuring the percentage
of various constituents in arterial blood. For example, in
the Wilbur U.S. Pat. No. 4,407,290 assigned to Biox
Technology, Inc. of Boulder, Colo., there is described
an oximeter which can be used, non-invasively, for
measuring the ratio of oxygenated hemoglobin in arte-
rial blood by providing first and second light sources of
differing wavelength which shine light through a body
member with the transmitted or reflected light being
picked up by a photo detector. The signal picked up by
the detector is effectively modulated by the pulsatile
flow of blood through the area being sensed, and then
the pulse train is divided into separate channels in which
further signal processing operations are performed. The
Biox device thus requires a number of channels of sub-
stantially similar electronic devices equal to the number
of light sources required to uniquely identify the con-
stituents being measured. Generally speaking, the num-
ber of radiation sources of different wavelength needed
to measure n constituents is n+ 1. This replication of
electronic circuitry in plural channels naturally in-
creases the cost of the instrument and also can adversely
affect the device’s accuracy, given the fact that compo-
nent values in one channel can shift with time relative to
corresponding components in another.

The Nielson U.S. Pat. No. 4,167,331 assigned to the

Hewlett Packard Company of Palo Alto, Calif., like-
wise describes a pulse oximeter in which plural light
sources are sequentially turned on [an} and off and
transmttted through a body part in which arterial blood
flows. The transmitted or reflected (scattered) light is
picked up by a photo-sensitive device and the resulting
pulse modulated signal is fed through a logarithmic
amplifier to produce a voltage which is a logarithmic
function of the current from the sensor. This voltage is
then divided so as to be processed by separate signal
processing hardware in separate individual channels,
the number of channels corresponding to the number of
blocod components (and individual light sources) em-
ployed in the system. Thus, like the Biox device, the
Hewlett-Packard device also tends to be costly as the
number of channels increases.

The Biox and Hewlett-Packard devices also are sub-
ject to error introduced by extraneous light sources or
other noise which is picked up by the photo detecting
device and fed through the plural channels along with
the desired signal produced by the separate light
sources utilized in the apparatus. Such extraneous light
sources have been known to impact the accuracy of the
instrument by as much as ten percent or even more.
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OBJECTS

It is a principle object of the general invention to
provide a device for non-invasively measuring and indi-
cating the percentage level of various constituents in
arterial blood.

Ancther object of the invention is to provide a pulse
oximeter which is simpler in its design and implementa-
tion than known prior art systems.

Yet another object of the invention 1s to provide a
pulse oximeter not only having a lower cost of manufac-
ture but of significantly increased accuracy over known
prior art systems currently available in the marketplace.

Still another object of the invention is to provide a
pulse oximeter which is designed to effectively exclude
adverse effects due to noise and other ambient or sur-
rounding conditions at a point in the circuit which obvi-
ates the need for extensive and costly filtering or other
remedial circuit configurations.

SUMMARY OF THE INVENTION

In accordance with the present invention, a plurality
of light sources of differing wavelengths are provided
and are switched on and off in accordance with a de-
sired program via control signals emanating from a
microprocessor. The light (radiation) from the multiple
sources 1s sequentially directed along a common path
through a portion of the body and a photo-detector is
used to produce an electrical output proportional to the
intensities of the light transmitted through the body as
well as a contribution due to background noise, includ-
ing ambient light. A specially designed logarithmic
amplifier is connected to receive the photo-detector

“output and functions to provide a voltage proportional

to the logarithm of the net of the total received signal
less the background and ambient signal contributions.
‘The voltage signal is suitably amplified to compensate
for differing D.C. offsets of the sequential signals occa-
sioned by the switching of the plural light sources in
such a way that a single channel may be used [for] o
further process those signals. More particularly, an
analog-to-digital converter circuit of a unique design
converts the output from the pulse amplifier into a digi-
tal format and the digitized signals are applied to a
microprocessor suitably programmed to perform band-
pass filtering, peak-to-peak measurements and, ulti-
mately, the constituent determination computation. The
output from the microprocessor may be used to gener-
ate audio/visual alarms either at the instrument or re-
motely therefrom. Furthermore, the computer output
may be converted to an analog form and used to drive
a strip recorder for a hard-copy presentation. Alterna-
tively, the output information can be directly displayed
on a suitable LED, liquid crystal or CRT device.

In that in practical applications, the signal from the
photo-detector consists of a superposition of the signal
due to the intended light source, signals from ambient
light and signals from leakage current sources in the
circuitry and photo-detector, the design of the present
invention includes means for removing the extraneous
background signals so that only a voltage proportional
to the logarithm of the intended light signal is provided
to the downstream signal processing circuitry. The
design also requires only a single channel for sequen-
tially processing the signals from all of the plural light
sources of differing wavelengths.

The foregoing objects, features and advantages of the
invention will become more clear to those skilled in the
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art from the following detailed description of the pre-
ferred embodiment, especially when considered in con-
junction with the accompanying drawings in which like
numerals in the several views refer to corresponding
parts.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of the preferred embodi-
ment of the invention;

FIG. 2 is an electrical circuit diagram of the preferred
logarithm amplifier used in the system of FIG. 1;

FIG. 3 is a circuit diagram of a preferred pulse ampli-
fier used in the circuit of FIG. 1;

FIG. 4 is a circuit diagram of the analog-to-digital
converter portion of the circuit of FIG. 1; and

FIG. § depicts a series of timing diagrams useful in
understanding the mode of operation of the analog-to-
digital converter circuit of FIG. 4.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1, there is illustrated a general
block diagram of the overall device constructed in ac-
cordance with the present invention. The blood constit-
uent analyzer is indicated generally by numeral 10 and
is seen to include a source of light energy 12 which
:ncludes two or more sources of radiation, preferably
light-emitting diodes (LED:s), which are arranged to be
switched on and off sequentially rather than in parallel
by control timing signals applied to them via a control
line 14 emanating from a microprocessor 16. As is well
known in the art, a pulse oximeter is a device for detect-
ing the percentage O3 saturation of the blood. Two
separate light sources are required in its implementa-
tion, one emitting light in the red portion of the visible
spectrum and the other emanating in the infrared por-
tion of the spectrum. As earlier indicated, when a plu-
rality of different blood constituents are to measured,
the number of light sources required is one greater than
the numer of such constituents. The light energy from
+he LED network 12 is optically coupled to a body part,
such as a patient’s finger, the finger being identified by
numeral 18. The light from the desired light sources in
the network 12 is represented by the light ray 20 while
extraneous ambient light is represented by the rays 22.
Both the desired component and the extraneous Or
background component then pass through the body
part 18 as indicated by the ray 24. It is also possible that
ambient light may reach the sensor without first passing
through body tissue. While in the configuration of FIG.
1, the light is shown as being transmitted through the
body member, it is, of course, possible to locate the
optical sensor on the same side of the body member as
the light source and in that configuration, light energy
reflected or scattered by the pulsatile blood flow
through the body part is what is picked up by the sen-
SOT.

With continued reference to FIG. 1, the photo pickup
or sensor device is indicated by numeral 26 and typi-
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cally may be a suitable photo-diode, many types of 60

which are known in the art. In an effort to reduce the
amount of ambient or background light reaching the
photo-sensor, it is found convenient to incorporate a
suitable light filter, as at 28, designed to block out most
of the light in the visible range while transmitting the
red and infrared wavelengths therethrough. A so-called
Wratten filter is admirably suited to the instant applica-
tion.
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The output from the photo sensor 26 appearing on
line 30 is thus a pulse modulated current of two discrete
amplitudes: (1) the component of that signal due to the
passage of the longer wavelength light (infrared) and
(2) the component due to the shorter wavelength light
(red). The modulation enveiope on these signals 15 due
to the pulsatile flow of blood in and out of the body
member 18 due to the beating action of the patient’s
heart. Thus, the current signal emanating from the
photo sensor 26 and appearing on line 30 is a composite
due to the switched light sources and due to the ambient
light as well as any noise developed internal to the
photo sensor circuitry 26 itself. This signal waveform 1s
then applied to a suitable RF low-pass filter 32 which is
included to filter out any radio frequency interference
which might be present in the environment in which the
system of the present invention is used. For example,
when the pulse oximeter of the present invention is to be
used in an operating room environment, the low-pass.
filter 32 may effectively filter out RF interference
which might be generated by electrocautery equipment
or the like. As such, the cut-off frequency of the low-
pass filter 32 might typically be set in the range of from
100 to 300 KHz, although limitation to this particular
frequency is not intended. In that various forms of dis-
crete component low-pass RLC filters for RF signals
are known in the art, it has not been felt necessary to
specifically depict and describe such a device.

The signals emanating from the RF filter 32 are next
applied to a specially designed logarithmic amplifier 34.
As will be later described in greater detail when the
implementation of FIG. 2 is explained, the logarithmic
amplifier 34 is specially designed to subtract off the
signal components due to the ambient light or back-
ground (B) from the current component (I) which is due
to the red and infrared LED light sources in the net-
work 12. Because of the unique design of the logarith-
mic amplifier used herein, the resulting output signal is
a voltage directly proportional to the logarithm of the
input current, but with the component due to back-
ground noise, including ambient light, removed there-
from.

The signal output from the logarithm amplifier 34 is
next applied to a pulse amplifier circuit 36, also of
unique design. As was pointed out in the introductory
portion of this specification, one of the key aspects of
the present invention is the elimination of the need for
plural signal processing channels and attendant replica-
tion of signal processing circuitry in each of these chan-
nels. As will be further explained in considerable retail,
it is the design of the pulse amplifier 36 used herein that
permits the time multiplexed sharing of a single channel
of downstream electronics. To do this, pulse amplifier
36 must function to effectively amplify only the AC
components, i.e., the modulating envelopes while sub-
tracting out the DC levels on which the AC component
is superimposed, i.e., the offset. Thus, the AC signal
containing the information and contributed individually
by the separate light sources is maintained in the same
amplitude range, allowing the downstream A/D con-
verter 38 to digitize both samples.

The analog-to-digital converter 38 is designed to
provide an output whose pulse width 1s proportional to
the amplitude of the input signal. The mMicroprocessor
16 receives this variable width pulse and, using a suit-
able counting technique, converts it to a multi-bit digital
representation so that it can be treated as an operand



--------

Re. 33,643

S

during the execution of the software instructions stored
within the memory portion of the microprocessor 16.

The microprocessor 16 is specifically programmed to
execute a series of signal processing steps on the thus
formed operands. In particular, the input to the micro-
processor is [hipass] Aighpass filtered, which is effec-
tive to minimize artifacts such as from body move-
ments, and following that, peak-to-peak measurements
may be made with the peak information allowing subse-
quent rate measurement and the peak-to peak amplitude
being used to determine the percentage of a given con-
stituent.

In a typical system, it is desired to provide an alarm
when a constituent percentage, such as O, saturation of
the hemoglobin, falls below some threshold value. The
threshold may be entered into the microprocessor 16 by
appropriate setting of the hard-wired switches repre-
sented by the block 40 in FIG. 1. The microprocessor
16 15 also shown as configured to provide signals over
the bus 42 for initiating either an audible alarm 44 pack-
aged within the oximeter housing itself or, alternatively,
also providing an alarm at a remote location, such as a
nursing station or the like, via alarm 46. The computer
16 may also drive a suitable alpha/numeric display de-
vice 48, such as a seven-segment display implemented
either with LEDs or liquid crystal media. This display
would typically be presented on the face plate of the
housing containing the circuitry of the pulse oximeter.

It is also envisioned that the digital output from the
microprocessor 16 may be routed through a D/A con-
verter 30 to create an analog representation of the quan-
tity being measured and that analog representation can
then be recorded on a strip recorder 52, thereby provid-
ing a hard-copy output.

Finally, the microprocessor 16, by providing appro-
priate control signals over the bus 42, can illustrate one
or more indicator lights 54 to reflect the operating state
of the equipment or to signal the condition for which an
alarm may be sounded.
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the preferred embodiment of this invention, consider-
ation will next be given to the implementation of the
non-conventional circuits employed so that persons of
ordinary skill in the art will be in a position to construct
and use the invention.

FIG. 2 shows a preferred implementation of the log
(I-B) circuit 34 of FIG. 1. As mentioned, this circuit is
specifically designed to eliminate the signal component
emanating from the RF filter 32 which is due to ambient
light from the desired components attributable to the
red and infrared LED light sources in network 12. This
composite signal is applied to the inverting input of a
high gain cperational amplifier 56 whose non-inverting
input is tied to ground. A semiconductor diode 58 is
employed as a feedback element for protection of the
circuit against out-of-range reverse voltage signals and,
as such, couples the output junction 60 of the opera-
tional amplifier 56 back to its inverting input terminal
62. A resistor 64 is coupled in series between the junc-

tion 60 and a junction point 66 and coupled between the 60

junction point 66 and the inverting input terminal 62 of
the operational amplifier 56 is a NPN transistor 68 con-
nected to function as a diode by having its collector and
base electrodes tied in common to the inverting input of
op amp 56.

The output from op amp 56 is also coupled through a
FET switch 70 to a junction point 72 which is common
to the non-inverting input of a unity gain operational
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amplifier 74 and to a RC network, including resistor 76
and capacitor 78, one terminal of the capacitor 78 being
connected to ground. A conductor 80 joins the output
terminal 82 of the operational amplifier 74 back to its
inverting input. A further NPN transistor 84, whose
collector and base electrodes are commonly coupled, is
connected between the output terminal 82 of the unity
gain amplifier 74 and the inverting terminal 62 of the
high gain amplifier 56. A further FET switch 86 is
included which has its gate electrode coupled to a com-
mon junction 88 with the gate electrode of the FET
switch 70, its source electrode connected to the output
line 90 and its drain electrode coupled to ground.

In operation, since the operational amplifier 56 has a
very high impedance, practically no current flows into
the op amp 56 itself. Instead, all of the input current
coming from the RF filter 32 must either flow through
the diode connected transistor 68 or the diode con-
nected transistor 84. These transistors are being used as
logarithmic elements, such that the voltage across one
or the other of transistors 68 and 84 is proportional to
the logarithm of the current flowing through it. In nor-
mal use, without the compensation circuit yet to be
described, all of the current flowing into the junction 62
would be flowing through the transistor 68 and, thus,
the output voltage appearing at junction 66 would be
proportional to the log of the current flowing into junc-
tion 62. This current would be a composite of the com-
ponents due to the light sources in network 12 (FIG. 1)
as picked up by the photo sensor 26 plus the leakage
currents developed within the circuit components
themselves and the currents due to ambient or back-
ground light.

During the time intervals when the red and infrared
light sources are turned off, a signal from the micro-
processor indicated by wave form 92 turns on the FET
switches 70 and 86 thus assures that the voltage at junc-
tion 66 will be zero and, thus, there will be no current
flowing through the transistor 68. With FET 70 con-
ducting, the direct output signal from operational am-
plifier 56 is applied to the non-inverting input of opera-
tional amplifier 74. Through the feedback action of
operational amplifier 56, which is running at a high gain
while operational 74 is operating with a unity gain fac-
tor, the op amp 74 functions as a buffer to source or sink
the current into it. Thus, the voltage developed across
semiconductor device 84 is such that all of the current
flowing through transistor 84 will be sinked by opera-
tional amplifier 74. That current, of course, is all of the
current flowing into the input junction 62.

Immediately before turning on one of the LED:s in
the network 12, the microprocessor applies a signal to
the gate electrodes of the FET switches 70 and 86, as
represented by the [wave form] waveform 92, so that
both of these FETs are non-conducting. Now, the sam-
ple-and-hold network comprising resistor 76 and capac-
itor 78 will maintain the voltage that had been present
on the input to amplifier 74 so that the output voltage
therefrom does not change and the same current flow is
maintained through the semiconductor device [14.]
84. Considering that all of the current picked up by the
photo sensor 26 due to ambient light and background
noise is flowing through semiconductor device 84,
when the appropriate LED light source in network 12
is turned on and there is thus an additional current flow-
ing through the photo detector, that current component
will flow through semiconductor device 68 and, as
such, only the logarithm of the current from the desired
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light source will be present at node 66. All of the cur-
rents due to noise and ambient background light will
the current flowing through
the output conductor 90. It can be seen then that the log
(I-B) circuit 34 1s effective to remove from the signal to
be further processed all components due to ambient
background light and currents due to extraneous noise
developed in the photo detector 26.

Referring next to FIG. 3, an explanation will be given
of the makeup of the pulse amplifier 36, the use of which
allows a single channel architecture to the overall pulse
oximeter design. The function of the amplifier 36 1s to
provide level compensation for multiple sequential sig-
nals. The sequential signals themselves arrive from the
log (I-B) circuit 34 and are applied to the non-inverting
input of an operational amplifier 94. The output from
amplifier 94 appeanng at junction 96 1s fed back
through a resistor 98 to the inverting input to that am-
plifier, which is coupled to junction point 100. A further
resistor 102 is coupled between junction 100 and junc-
vion 104 to which a plurality of series-connected capaci-
tors and FET switches are also joined by way of a
conductor or bus 106. The number of capacitor/FET
combinations is determined by the number of blood
constituents to be monitored. It will be recalled that
where only the saturation level of O is of interest, twoO
light sources are sufficient and, thus, two series-con-
nected capacitor/FET combinations are required. Spe-
cifically, a capacitor 108 is connected in series with the

source or drain electrode of 2 FET 110 whose other

electrode is tied to ground. The gate electrode of FET

110 is coupled to receive timing or gating pulses from
the microprocessor corresponding to the on/ off state of
the LED devices used in network 12. Likewise, a ca-
pacitor 112 is connected in series with the source of
drain electrode of a FET 114 whose other electrode is
also tied to ground. The gate electrode of FET 114 also
receives a gating signal from the microprocessor corre-
sponding to the on/ off state of a particular one of the
LED [device] devices In network 12. The component
value of resistor 98 is much greater than that of resistor
102 and. as such, amplifier 94 provides f unity gain for
DC levels while the gain for fluctuating components
may typically be approximately 100.} a typical AC gain
of 100, and a DC gain of unity due to the componeni
configuration. Thus, when the red LED device 1s active,
the alternating component of the logarithmic output
from the circuit 34 due to the pulsatile blood flow
through the body member in question will be highly
amplified while the DC level on which this fluctuating
component appears is suppressed. Similarly, when the
IR LED is active and FET 114 is turned on, the alter-
nating component due to modulation of the IR compoO-
nent of current occasioned by pulsatile blood flow will
be amplified. Likewise, :f additional blood constituents
are to be monitored and additional series connected
capacitor/FET circuits are coupled in parallel between
bus 106 and ground, the particuiar component due to
the activated light source will be amplified while its DC
component will remain unaffected by the level compen-
sation circuit 36.

By observing the gating [wave forms]} waveforms
applied to the gates of the FETs 110 and 114, it will be
noted that they do not overlap. In fact, the timing is
such that the FETs are not turned on until after the

associated LED is turned on and the circuit has stabi-
lized.
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.output from op amp 128 acts as

The RC time constant of the resistor 102-and the
capacitors 108, 112, etc. determines the effective time
constant which, when considered in connection with
the duty cycle of the gating pulses, determines where
the AC gain of the op amp 94 begins to drop off towards
unity. As indicated in the drawings, the gating pulses
themselves may be approximately 100 microseconds in
length with the period being approximately 13.33 miili-
seconds, corresponding to a switching rate of 75 Hz.

Because the amplifier circuit is designed to sequen-
tially amplify the independent components of the signal
train occasioned by the sequential energization of the
light sources, the need for plural signal processing chan-
1 als is obviated. This is a clear advantage Over prior art
systems which require a separate set of signal process-
ing components for each channel where the number of
channels is equal to the number of light sources in-
volved. For example, one such pulse oximeter sold by
the Hewlett-Packard Company and which is believed to
embody the design reflected in the aforereferenced U.S.
Pat No. 4,167,331, involves 17 channels which must be
perfectly matched in terms of gain and which, there-
fore, requires frequent and precise adjustment of many
potentiometers and the like to compensate for compo-
nent drift and other component aging phenomena. A
single channel approach such as in the present invention
totally obviates this problem and affords a clear advan-
tage.

The A/D converter 38 shown in FIG. 4 comprises a
dual slope integrator which includes a first operational
amplifier 116 whose non-inverting input is tied to
ground and whose inverting input is adapted to receive
the output from the pulse amplifier 36 via a switching
FET 118 and a series coupled resistor 120. The opera-
tional amplifier 116 1s provided with a feedback circuit
including an integrating capacitor 122 which 1s shunted
by a further FET switch 124. When performing its
signal integrating function, the switch 124 is open but
when it is desired to reset the integrator, an appropriate
pulse turns on the FET switch 124 to short out the
integrating capacitor 122. |

The inverting input of the op amp 116 is provided
with a positive bias via voltage source +V and a series
connected resistor 126.

The output from the integrating amplifier 116 1is ap-
plied to the inverting input of a further cp amp 128
whose non-inverting input is also tied to ground. The
a threshold comparator
and is coupled to a first input of a NAND gate 130 and
the second input to that comprises an “inhibit input”
signal applied to junction 132 from the microprocessor.
This “inhibit input” signal is inverted at 134 and the
inverted signal is applied to the gate electrode of the
switching FET 118 as illustrated.

To better understand the operation of the circuit of
FIG. 4, reference is made to the timing wave forms
ustrated in FIG. 8. The integrator comprising op amp
116 and is feedback capacitor 122 operates in a well
known fashion to integrate the current flowing into
junction point 121, which is either via the resistor 120 or
the resistor 126. When an input sl gnal from the pulse
amplifier 36 1s present, integration of the signal takes
place when the FET 118 is turned on. The input signal
current charges the capacitor 122 in such a way that the
output from the amplifier 116 is proportional to the
amplitude of input si gnal and the time that the transistor
118 is turned on. Transistor 118 is turned on for a fixed

period of time and, thus, the voltage at junction 123 will
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be proportional to the input voltage from the pulse
amplifier. Having sampled and integrated the input
signal, transistor 118 is next turned off by the “inhibit
input” signal fed through the inverter 134. At this point,
capacitor 122 begins to discharge through resistor 126 5
to the +V source. The time it takes for the capacitor to
discharge back to zero is, therefore, proportional to the
amount of voltage which was across the integrating
capacitor 122 and, as indicated earlier, that voltage is
proportional to the input signal from the pulse amplifier
36. The ramp down of the integrating capacitor is iden-
tified numeral 136 in FIG. § and is seen to define the
length of the output signal 138. The reset signal applied
to FET 124 is indicated by waveform 140 and it can be
seen that the transistor 124 is turned on to hold a Zero
voltage condition across capacitor 46 until such time as
the integration operation is to begin. The reset is not
released until after the input signal 142 has stabilized.
The delay between the start of the input signal and the
release of the reset is controlled by the microprocessor.
In a similar fashion, the FET 118 is turned off before the
end of the input signal where it begins to fall off.

At the time that the microprocessor generates the
“inhibit input” signal, it also initiates an internal timer
which continues to run until the ramp 136 reaches its
zero-crossing point as determined by op amp compara-
tor 128 and, thus, the count developed in the timer will
be proportional to the amplitude of the input signal, It
can be seen, then, that the circuit of FIG. 4 is capable of
performing an amplitude-to-pulse width conversion on
the signal arriving from the pulse amplifier 36 and that,
in combination with the internal circuitry of the micro-
processor (not shown), allows the pulse width to be
digitized, forming a multi-bit operand proportional to
the amplitude of the time varying signal developed at 35
the output of the pulse amplifier 36.

The microprocessor is also programmed to compute
the percentage oxygen saturation. More particularly, if
Yrand Y,gare the logarithmic peak-to-peak values due
to the red and infrared samples, respectively, then the
ratio (Yr/Yg) is equal to the ratio of the absorption of
the arterial blood components. The O2 saturation can
then be computed in accordance with the Lambert-Beéer

law equation:
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where A, B, C and D are constants which depend upon
the specific absorption of oxygenated hemoglobin and
reduced hemoglobin at the wavelengths of the red and
infrared radiation used.

Because the specific coding of the program executed
by the microprocessor is dependent upon the type of
microprocessor used in the system, it is not deemed
expedient to set out herein a specific machine code or
compiler code listing, it being recognized that persons 60
skilled in the art may readily develop a program to
perform the indicated computations.

In the practice of the present invention, attention is
also paid to the selection of an appropriate sampling rate
whereby fluctuating signals commonly found in the 65
environment can be aliased into a frequency outside of
the range of interest, i.e., outside of the normal pulse
rate for humans. For example, and as is indicated by
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legends on the waveforms in FIG. 3, by selecting the
sampling rate so that the period of the aliased signal is
an integer multiple of the sampling period, e.g., such as
by choosing an input signal sampling rate of 75 Hz, the
60 Hz power line frequency appears as a 15 Hz signal
which corresponds to five sample periods and which, of
course, i1s much higher than the human pulse. This per-
mits simple and inexpensive filtering to accurately iso-
late the signals of interest from noise occasioned by
commonly encountered power line frequencies, such as
60 Hz, 50 Hz and 400 Hz.

This invention has been described herein in consider-
able detail in order to comply with the Patent Statutes
and to provide those skilled in the art with the informa-
tion needed to apply the novel principles and to con-
struct and use such specialized components as required.
However, it is to be understood that the invention can
be carried out by specifically different equipment and
devices, and that various modifications, both as to
equipment details and operating procedures, can be
accomplished without departing from the scope of the
invention itself,

What 1s claimed is: |

1. Apparatus for indicating the percentage of one or
more constituents of arterial blood comprising, in com-
bination: |

(a) means for sequentially directing radiation of at
least two discrete wavelengths along substantially
the same path through a body part carrying arterial
blood:

(b) photosensing means positioned to intercept inci-
dent radiation including that passing through said
body part and any ambient radiation for producing
an electrical current proportional to the instanta.
neous intensity of the intercepted radiation;

(c) logarithmic amplifier means coupled to said pho-
tosensing means for producing a time varying volt-
age solely proportional to the log of the component
of said electrical current attributable to radiation of
said at least two discrete wavelengths sequentially
incident upon said photosensing means and exclud-
ing said ambient radiation;

(d) pulse amplifier means coupled to the output of
said logarithmic amplifier means for amplifying
said time varying voltage irrespective of the differ-
ing direct current offsets upon which the time
varying voltage may be superimposed; and

(¢) means [disposed in a single channel] disposed in
at least one channel responsive to the amplified
time varying voltage for computing the percent-
age of said one or more constituents present in said
arterial blood.

2. The apparatus as in claim 1 wherein said means
responsive to the amplified time varying voltage in-
cludes means for converting said amplified time varying
voltage to a multi-bit digital quantity; and programmed
microprocessing means for calculating predetermined
parameters based upon said multi-bit digital quantity as
an operand.

3. The apparatus as in claim 2 and further including
output means coupled to said mMICroprocessing means
for displaying said predetermined parameters.

4. The apparatus as in claim 2 and further including
alarm means operatively coupled to said MICroprocess-
ing means for signaling when the calculated predeter-
mined parameter falls below a predetermined limit
value. | *
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8. The apparatus as in claim 2 wherein said means for

converting comprises:

(a) signal integrating means having an input terminal
coupled to receive said amplified time varying
voltage and an output terminal;

(b) comparator means coupled to said output terminal

for detecting when the output signal on said output

terminal equals a predetermined reference value;
(c) means for inhibiting said amplifier time varying

voltage following the integration of a predeter-

mined sample of said nme varying voltage; and

(d) means for determining the time required for said

output signal on said output terminal to reach said
predetermined reference value following the acti-
vation of said means for inhibiting.

6. The apparatus as in claim 1 wherein said means for
sequentially directing radiation of at least two discrete
wavelengths includes an LED capable of emitting light
in the red portion of the visible spectrum; an LED
capable of emitting infrared radiation; and means in said
computing means for controlling the energization and
de-energization periods of said LED:s.

7. The apparatus as in claim 6 wherein said LEDs are
energized and de-energized sequentially at a sampling
rate which satisfies the Nyquist criteria for aliasing
‘nterference signals attributable to ambient radiation to
frequencies which fall outside a predetermined band
around a subject’s expected heart rate.

8. The apparatus as in claim 1 wherein said photosens-
ing means further :ncludes an optical filtering element
disposed in the path of said intercepted incident radia-
rion for attenuating radiation having a wavelength less
than the shorter of said two discrete wavelengths.

9. The apparatus as in claim 1 and further including
radio frequency filtering means operatively disposed
hetween said photosensing means and said logarithmic
amplifier means for attenuating an RF interference
picked up by said photosensing means.

10. The apparatus as in claim 1 wherein said logarith-
mic amplifier means includes:

(a) first and second operational amplifier means, each
having first and second input terminals and an out-
put terminal;

(b) first switching means coupling said output termi-
nal of said first operational amplifier to one of said
first and second input terminals of said second
operational amplifier;

(c) means including a second switching means for
selectively grounding the said output terminal of
said first operational amplifier;

(d) a sample-and hold circuit coupled to one of said
first and second input terminals of said second
operational amplifier for storing the signal applied
to one of said first and second input terminals of
said first operational amplifier when said means for
sequentially directing radiation of at least two dis-
crete wavelengths is inactive and said first and
<econd switching means are conducting; and

(¢) further means coupling said one of said first and
second input terminals of said first operational
amplifier to the output terminal of said second
operational amplifier and to said output of saud
logarithmic amplifier means such that when said
first and second switching means are non-conduct-
ing and said means for sequentially directing radia-
tion of at least two discrete wavelengths is active,
the output signal on said output of said logarithmic
amplifier means 1s attributable only to said radia-
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tion of said at least two discrete wavelengths and
not to said ambient radiation.

11. The apparatus as in claim 1 wherein said pulse
amplifier means comprises:

(a) an operational amplifier having a non-inverting

" input terminal, an inverting input terminal and an
output terminal;

(b) a feedback resistor coupling said output terminal
of said operational amplifier to said inverting input
terminal;

(c) a plurality of two terminal capacitors, one termi-
nal of each being connected in common and the
other terminal of each being coupled to an associ-
ated semiconductor switching device;

(d) further resistor means coupling said common
connection to said inverting input terminal of said
operational amplifier, the ohmic value of said feed-
back resistor being much larger than that of said
further resistor means,

(e) means coupling said output of said logarithmic
amplifier to said non-inverting input terminal of
said operational amplifier; and

(f) means including said computing means for sequen-
tially turning on sad semiconductor switching
devices in synchronism with the sequential energi-
sation of the sources of said radiation of at least
+wo discrete frequencies whereby the time varying
components of the signals applied to said nonin-
verting input terminal of said operational amplifier
will be sequentially amplified.

12. Apparatus for indicating the percentage of one or
more constituents of arterial blood comprising, in combina-
tion:

(@) means for sequentially directing radiation of at least
two discrete wavelengths along substan tially the same
path through a body part carrying arterial blood,

(b) photosensing means positioned to intercept incident
radiation including that passing through said body
part and any ambient radiation for producing an
olectrical current proportional to the instanianeous
intensity of the intercepted radiation;

(c) logarithmic amplifier means coupled to said photo-
sensing means for producing a time varying voitage
solely proportional to the log of the component of said

electrical current attributable to radiation of said at

least two discrete wavelengths sequen tially incident
upon said photosensing means and excluding said
ambient radiation;

(d) pulse amplifier means coupled
logarithmic amplifier means for amplifying said time
varying voltage irrespective of the differing direct cur-
rent offsets upon which the time varying voltage may
be superimposed; and

(¢) means disposed in @ single channel responsive 1o the
amplified time varying voltage for computing the

percentage of said one or more constituents present in
said arterial blood.

13. Apparatus for indicating the percentage of one or

more constituents of arterial blood comprising, in combina-

10 the output of said

&0 tion:

63

(a) means for sequentially directing radiation of at least
'wo discrete wavelengths along substan tiglly the same
path through a body part carrying arterial blood;

(b) photosensing means positioned to intercept incident

radiation including that passing through said body

part and any ambient radiation for producing an

electrical current proportional to the instantaneous
intensity of the intercepted radiation;
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(c) logarithmic amplifier means coupled to said photo- 17. The apparatus as in claim 14 wherein said impe-
sensing means for producing a time varying voltage  dance element in said first feedback path is a non-linear

solely proportional to the log of the component of said  element.

electrical current attributable to radiation of said at 18. The apparatus as in cfaz:m 17 wherein said non-linear
least two discrete wavelengths sequentially incident S5 element exhibits a 103?’ ! {}'mfﬂ‘ response.
upon said photosensing means and excluding other I9. Apparatus for indicating the percen tage of one or

extraneous current components attributable to ambi-  MOre constituents of arterial blood comprising, in combinag-

ent light and circuit current leakages; and fion: . ' |
(d) means responsive to the time va rying voltage for (@) a plurality of light sources, each of a discrete wave-

. . . ., 10 length for directing radiant energy pulises of a prede-
computing the percentage of said one or more constit- | . ) ]
uents present in said arterial blood termined on-off duty cycle through a body part carry

el :
14. Apparatus for indicating the percentage of one or ing arterial blood

) al bl e ¥ (0) photosensing means positioned to intercept incident
more constituents of arterial blood comprising, in combina- radiation, including that passing through said body

ston; ' ‘ * 15 part and any ambient radiation, for producing an
(@) a plurality of light sources, each of a discrete wave- electrical current proportional to the instantaneous
length for directing radiant en ergy pulses of a prede- intensity of the intercepted radiation;

fermined on-off duty cycle through a body part carry- (¢} operational amplifier means coupled to receive said

ing arterial blood; electrical current as an input, said operational ampli-

(0) photosensing means positioned to intercept incident 20 fier including first and second feedback paths, the

radiation, including thar passing through said body first feedback path inc! uding a sample-and-hold cir-

part and any ambient radiation, for producing an cutt and an impedance element coupled in series, said

electrical current proportional to the instantaneous sampie-and-hold circuit tr. acking when said plur ality

~ intensity of the intercepted radiation; of light sources are off and holding said electrical

(¢) operational amplifier means coupled to receive said 25 Current when any of said plurality of .Iz'ghr sources are

electrical current as an input, said operational ampli- on, said second feedback path including a gain deter-
Sier including first and second feedback paths, the mining element; o _

first feedback path including a sam ple-and-hold cir- (d) means for periodically routing said electrical current

through said second feedback path only when said
pair of light sources are on; and

(€) responsive to the output signal from said operational
amplifier means for computing the percentage of said
one or more constituents present in arterial blood.

20. The apparatus as in claim 19 wherein said gain

cuit and an impedance element coupled in series, said
sample-and-hold circuit tracking when said plurality 30
of light sources are off and holding said electrical
current when any of said plurality of light sources gre
on, said second feedback path in cluding a gain deter-

mining element; f’"d | _ ., 33 determining element exhibits a non-linear response.
() means responsive to the output signal from said 21. The apparatus as in claim 20 wherein said non-linear

operational amplifier means for computing the Per- response is logarithmic.

centage of said one or more constituents present in 22. The apparatus as in claim 19 wherein said impe-

arterial blood - dance element in said first feedback path is a non-linear
1. The apparatus as in claim 14 wherein said gain 40 element.

determining element exhibits a non-linear response. 23. The apparatus as in claim 22 wherein said non-linear

16. The apparatus as in claim 15 wherein said non- element exhibits a logarithmic response.
linear response is logarithmic. * * & 2 @
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. Re. 33,643
DATED : July 23, 1991
INVENTOR(S) : Philip O. Isaacson, et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby
corrected as shown below:

Column 11, line 9, change "amplifier" to -- amplified --.

column 14, line 31, before "responsive" insert -- means --.

Signed and Sealed this
Third Day of November, 1992

Attest:

DOUGLAS B. COMER

Antesting Officer Acting Commissioner of Patents and Trademarks
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