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The method and apparams of the
present invention provides a system wherein [ ———— —— e
light-emitting diodes (LEDs) (162) can be
tuned within a given range by selecting their |
operating drive current in order to obtain a i
precise wavelength. The present invention I
further provides a manner in which 1o cali- |
brate and utilize an LED probe ¢150), such |
that the shift in wavelength for a known §
change in drive current is 2 known quan- t
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lity. In general, the principle of wavelength
shift for current drive changes for LEDs is
utilized in order to allow better calibration
and added flexibility in the use of LED sen-
sors, particularly in applications when the
precise wavelength is needed in order to ob-
tain accurate measurements. The present
invention also provides a systemn in which
it is not necessary to know precise wave- (- CONNECTOR _l_ _—
lengths of LEDs where precise wavelengths

Wwete needed inthe past. Finally, the present
invention provides a method and apparatus
for determining the operating wavelength
of a light-emitting element such as a ligit-
emitting diode,
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Light source with adjustable wavelenght for an oximeter.

Background of the Invention

Field of the Invention

The present invention relates generally ts more effective calibration and use of light-emitting diodes. Mare
particularly, the present inventian relates 1o an apparatus and method of calibrating and using light-emitting diodes
in & sensar for use with an oximeter system,

Description of the Related Art

Light-emitting diades (LEDs) are used in many applications. In eertain applications, knowlede of the
particufar wavelength of operation of the LED is raquirad to obtain accurate measurements. Ong such application
is noninvasive oximeters conventionally used to monitor arterial oxygen saturation.

In conventional vximetry procedures to determine artarial 0xygen saturation, light snergy is transmitted from
LEDs, each having a respective wavelength, through human tissue carrying biood. Generally, the LEDs are part of
a sensor attached to an eximeter system. In common usage, the sensor is attached to a finger or an earlobe. The
fight energy, which is attenuated by the blood, is detected with a photodetector and analyzed to determine the
oxygen saturation.  Additional constitvents and characteristics of the blood, suth as the saturation of
carboxyhemoglabin and scattering tan be monitored by utilizing additional LEDs with additional wavelengths.

1.5, Patent No. 4,653,498 1o New, Jr., et al., discioses a pulse oximeter that utilizes two LEDs to provide
incident light energy of two different, but carefully selected, wavelengths.

In conventional aximeters, the waveiength of each LED in a sensor must be precisely known in order to
calculate accurately the oxygen saturation, However, the sensors are detachable from the nximeter system to allow
for replacement or disinfection.

When a sensor is replaced, the LEDs of the new sensor may have a slightly different wavelength for the
predatermined LED drive cuerent due to manufacturing tolerances. Accordingly, conventional eximetars provide for
indicating to the oximeter the particular wavelangth of the LEDs for a given sensor. In one known system, a resistor
is used to code each transmission LEDs. The resistor is selocted to have a value indicative of the wavelength of
the LED. The oximeter reads the resistor value on the sensor and utifizes the value of the resistor to daterming the
actual wavalength of the LEDs, This calibration pracedure is descriced in U.S. Patent No. 4,621,643, assigned to
Nellcor, inc. Such a prior art sensor is depicted in FIGURE 1.

Summary of the lnvention

in conventional oximeters which provide an indication af the operational wavelength of each LED for each
sensr, the oximeter systems are programmed 1o perforin the desired calculations for various wavelengths. This
complicates the design of the oximeter system, and tharefore, adds expense to the aximeter system. Accordingly,
it would be advantageous to provide sensors which exhibit the same wavelength characteristics from sensor to
SERSOF.

In addition, conventional sensors require an additional LED for each additional wavelangth desired. For

replaceable sensors, each LED can add significant total additional cost hecause of the targe number of sensors that
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are used in hospitals and the like. Therefore, it would be desirable to provide a sensor which provides

more than one wavelength from a single LED.

Many LEDs are observed to exhibit a wavelength shift in response to a change in drive current,
drive voltage, temperature, or ather tuning parameters such as light directed on the LED, The present
invention involves an improved method and apparatus to calibrate LEDs by utilizing this wavelength shift.
In addition, the present invention involves utilizing the wavelength shift to aflow a single LED fo provide
more than one operating wavelength. The addition of a wavelength provides the ability to monitor
additional parameters in a medium under test without adding an LED. In oximetry, this allows monitaring
of additional constituents in the blood without adding additional LEDs to the oximeter sensor.

More particularly, the invention provides a tuned light transmission network for transmitting light
energy at a preselected wavelength comprising:

a current source configured to provide a preselected source current;

a light emitting diode coupled to said current source, said light emitting diode of the type that
exhibits a shift in wavelength with a shift in a selected tuning parameter; and

a tuning element connected in parallel with said light emitting diode, the value of said tuning
element having an impedance value, said tuning element selected to draw at least a first portion of said
preselected source current such that a secend portion of said preselected source current passes through
said light emiting dicde, said second portion of said preselected source current selected to cause said

light emitting diode to generate light snergy of a preselected wavelength.

The invention also provides a method for precalibrating a light generating sehsor, comprising the
steps of:

determining = first level of current required passing through a light source to operate said light
source at a preselected wavelength;

defining a second level of current, said second level of current higher than said first
level of current, said second level of current defining a drive current;

selecting an impedance element which when coupled in parallel with said light source forms a
tuned light source network, said impedance element selected to draw a sufficient amount of sald drive
current such that said first level of current passes through the light source; and

connecting said impedance in parallel with said light source.

The invention also provides a method of providing two wavetengths from a single light emitting
diode, said method comprising the steps of:
selecting a light emitting diode of the type that exhibits a wavetength shift with a change in drive

current through the light emitting diede for a range of drive current;
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coupling a source of electrical energy to the light emitting diode to provide said drive current;

driving the light emitting diode with a first levet of drive current within said range of drive current
to cause said light emitting diode to become active and operate at a first wavelength is response to said
first leve! of drive current; and

driving the light emitting diode with a second level of drive current within said range of drive current
and different from said first level of drive current to cause said fight emitting dicde to become active and

operate at a second wavelength in response to said second level of drive current.

The invention also pravides a method of tuning a light emitting diode to operate at a preselected
wavelength within a range of wavelengths, said method comprising the steps of:

selecting a light emitting diode that exhibits a wavelength shift in response to a change in drive
current within a range of drive current;

driving said light emitting diode with a first drive current:

measuring the wavelength of said light emitting diode during operation at said first drive current:
and

if said light emitting diode is not operating at said preselected wavelength, adjusting the drive
current within said range of drive current to a second drive current such that said light emitting diode

operates at said preselected wavelength.

The invention also provides a sensor configured to transmit and detect light comprising:

at least one light emitting element, said light emitting element having an emission with a centroid
transmission wavelength;

first and secend photodetectors, said emission within the response of said first and second
photodetectors;

a light directing member configured to direct light from said at least one light emitting element to
said first and second photodetectors; and

a filter positioned between said second photodetector and said at least one light emitting element,

said filter having a transition band selected to encompass said centroid transmission wavalength.

The invention also provides a method of determining the centroid wavelength of a light emitting
element, said method comprising the steps of;

providing a set of a plurality of predetermined ratios, each of said plurality of predetermined ratios
carresponding to an associated centroid wavelength;

transmitting light from said light emitting element to a first light detecting slement to obtain a first
intensity;

transmitting tight from said light emitting element through a filter which attenuates the lightto a
second light detecting element to obtain a second intensity;

calculating a ratio of said secand intensity to said first intensity; and
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comparing said ratio to said set of predetermined ratios to reference the centroid wavelength of

said light emitting element.
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in an embodiment where the fight emitting diode is configure ta transmit fight energy to 3 medium under
test, the method comprises further steps. While the light emitting diode is operating at the first wavelength, light
is transmitted as a first iight energy at the first wavelength through the medium under test. The first waveleapth
is chasen for a first predetermined attenuation characteristic of the fight 8nergy as it propagates through the medium
under test. The attenuated light energy is measured from the light emitting diode with a photodetector, In addition,
whife the fight emitting diode is operating at the second wavelength, light energy is transmitted at the second
wavelength through the medium under test. The second wavelength is chosen for a second predetermined
attenuation characteristic of the light energy as it propagates through the medium under test. The attenuated light
energy is measured at the second wavelength from the light emitting diade.

In one advantageous embodiment, the methad is used to determine the oxygen saturation of bisod, and the
medium under test comprises 2 portion of the human hody having flowing blood. in this embodiment, the method
further invoves coupling the source of energy 1o a secand light emitting diode which operates at a third wavelength
distinct from the first and the second wavelengths. Further, the change in wavelength between the first and second
wavelengths has a preseiected value. Third light energy is transmitted at the third wavelength through the medium
under test, and the third light energy is measured after propagation through the medium under test. Based upon the
measurements, the oxygen saturation of the blood is determined.

In one embodiment, parameters in addition to oxygen saturation may also be determined relating to the
medium under test when the first wavelength has a known value, and the change in wavelength between the first
and the second wavelengths has a preselected value. In this embodiment, value of the second wavelength is
determined, and another parameter is calculated relating to the blood. In one embodiment, the anather parameter
is the saturation of carboxyhemoglobin. Alternatively, another parameter is scattering. Yet another parameter is
Methhemoglobin.

Advantageously, using the apparatus described above for tuning, the first light emitting diode is adjusted
with an adjusting resistar such that the change in wavelength for an incremental change in current matches a
preselected wavelength change. Preferably, adjusting involves placing the adjusting resistor in paralle! with the first
light emitting diode, and selecting the value of the adjusting resistor to cause the first light emitting dioda to exhibit
the preselected change for the incremental change in current.

Yet a further aspect of the present invention provides an aximeter sensor having a first light emitting device
configured to generate a light at a first known wavelength with a resistor in parallel with the first light emitting
device. Pieferably, the light emitting device comprises a light emitting diode. In one embudiment, the resistor
comprises an encoding resistor having a value indicative of the first known wavelength value. The value of the
encoding fesistor is sufficiently high such that the encoding resistor draws effectively insignificant currant during

active operation of the first light emitting device.

i
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In another embodiment, the resistar COMmprises & sacurity resistor having a value indicative that the oximater
sensor is of a pradetermined type. In addition, the value of the security resistar is sufficiently high sueh that the
security resistor draws effectively insignificant current during active operatian of the first light emitting device.

Still a further asgect of the present invention involves a method of tuning a light emitting diode to operate
at a praselected wavelength within a range of wavelangths. the method involves selecting a fight emitting diode that
exhibits a wavelength shift in response 1o a change in drive current within a range of drive current and driving the
fight emitting diode with a first drive current. The wavelength of the light emitting diode during operation at the
first drive current is measured, and, if the light emitting dioda is not Operating at the preselected wavelength, the
drive current is adjusted within the range of drive current 10 a second drive current such that the light emitting diode
operates at the preselacted wavelength.

Another aspect of the present invention ivolves a sensor configured to transmit and detect light. The
sensor has at least one light emitting element, the [ight emitting element having an emission with a centroid
transmission wavelength. The sensar further has first and secand photodetectors, the emission of the light emitting
element being within the response of the first and second photogatectors, A Tight directing member is cenfigured
to direct light irom the at least ona light emitting element to the first and secand photodetectors. A filter positiongd
between the second photodetector and the at least une flight emitting element has a transition band selected to
encompass the centroid transmission wavelength.

In one embodiment, the sensor comprises an oximeter sensor, and the at ieast one light emitting elemant
comprises first and second fight amitting diodes. Advantageously, the first light emitting diode has a centroid
wavelength in the red range and the second fight emitting diode has a centroid wavelength in the infrared range.
Advantageausiy, the filter has a transition band which encampasses the centroid wavelength of the first light emitting
diode.

in one advantageous embodiment, the iight directing member comprises an integrating optical sphere having
the first and second photodetectors positioned abaut the sphere so as to receive substantially equivaient portions
of light from the at least one light emitting element.

In anathar embadiment, light directing mamber comprises a beam; splitting member positicned to substantially
equally divide light from the at ieast one light emitting member and 1o direct substantially equaf portions of the light
to the first and the second photodetectors.

Still another aspect of the present invention involves a method of determining the centraid wavelength of
4 light emitting element, The method invalves providing a set of a plurality of predetarmingd ratios, sach of the
plurality of predetermined ratios corresponding to an associated centroig wavelength. Light is transmitted from the
light emitting element ¢ a first fight detecting element to gbizin a first intensity, and light is transmittad from the
light emitting element through a filter which attenuates the light 10 a second light detecting element to obtain a
sacond intensity. A ratio of the second intensity 1o the first intensity is then calculated, The ratig is compared to
the sat of predetarmined ratios to reference the centrofd wavelength of the light emitting element,

In one embadiment, the first and second light detecting elements comprise the same light detecting element.
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Brief Description of the Drawings

FIGURE 1 represents a calibrated Prior art oximeter probe;

FIGURE 2 depicts a representational graph iliustrating the relationship between the axtinction coefficients
of three constituents of blaod with respect to the transmissign wavelength of light transmitted through the blood;

FIGURES 3A and 3B depict exemplary LED characteristics;

FIGURE 4A depicts a representation of 3 tuned oximeter sensar according to one aspect of the present
invention;

FYGURE 4B gepicts an oximater system with a digit for monitoring;

FIGURES 5A and 5B depict a representationsl diagram of ome embadimant of 2 resistor for use in
aceordance with the present invention;

FIGURE 6 depicts the averaging effect in the wavelength of two simultaneously active LEDs with close
transmission wavelengths;

FIGURE 7 depicts an embodiment of an oximeter sensor according 1o another aspect of the present
invention; and

FIGURES 8 and 8A depict exemplary embodiments of improved calibrated oximeter Sensrs;

FIGURE 9A and 9B depict alternative smbodiments Sensors in accerdance with of ona aspect of the present
invention relating to detecting the wavelength of light emitting diodes;

FIGURES 104, 108, 10C, and 10D depict graphis relating to the wavelength detection aspact of the present
mvention; and

FIGURES 11 and 11A depict graphs of filter response curves for various filters in accordance with the
wavelzagth detection aspect of the present invention,

FIGURES 12 - 15 depict four different probe canfigurations for use with the present invention.

Detailed Description of the Preferred Embodiment

The present invention has applicability to the use of medical probes and LEDs in general. However, an
understanding is facilitated with the following description of the application of the principles of the present invention
to oximetry.

The advantages of noninvasive technigues in manitoring the arterial oxygen (or other constituents) seturation
of a patient are well-known. In aximetry, fight of & known wavelangth is transmitted through a medium (e.g., &
human digit such as a finger) under test. The light energy is partially absorbed and scattered by the constituents
that make up the medium as the light propagates thraugh the medium. The abserption and scattering of the light
energy by any given canstituent depends upen the wavelength of the light passing through the constituent, as well
as several other parametars, The absarption by a constituent is characterized with what is known as the extinction
coefficient.

FIGURE 2 represents an exemplary graph 100 of the telationship between the extinction coefficient of three
possible constituents of blood with respect to the wavelength of light. Specifically, a first curve 102 llustrates the

relationship hetween the extinction coefficient of oxyhemoglobin {oxygenated hamoglobin} with respect 1o the
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transmission wavelength; a second curve 104 illustrates the relationship between the extinction coefficient of reduced
hemoglobin with respect to tha transmission wavelength; and a third curve 106 ilustratas the relationship between
the extinction ceefficient of carboxyhemogiobin (hemoglobin containing carbon monoxide) with respect to the
transmission wavelength. This relationship is well understood in the art, One wavelength is required for
each separate constituent in the medium. The wavelengths used for aximetry are chosen to maximize sensitivity of
the measurement li.e., oxygen saturation, etc.). Thess principles are well understood in the art.

The amplitude of the energy incident on a homageneous media having at least one constituent under test
is approximately related to the amplitude of the energy transmitted through the media as follows:

N
- Edﬁﬁf {1
=18 *

where I, is the energy incident an the medium, 1 is the attenuated signal, d; is the thickness of the i, constituent
through which light energy passes, &, is the extinction (or abserption) coefficiant of the iy, constituent through which
the light energy passes {the optical path length of the i, constituent), and ¢, is the concentration of the it
constituent in thickness d. As wel-understood in the art, this basic relationship is utifized to obtain oxypen
saturation using conventionat oximatry techniques,

1t should be understoud that the above equation is simplified for discussion purposes. Other factors such
as multiple scattering also contribute 10 the resulting attenuation of the light energy. Multiple scattering is discussed
in @ paper by Joseph M. Schmitt entitled, "Simple Phaton Diffusion Analysis of the Effects of Multiple Scattering
on Pulse Oximatry," IEEE Transactions on Biomedical Enginepring, voi. 38, no. 12, Dec. 1891,

However, for further discussion purposes, the simplifiad equation (1} will be utilized. In procedures based
on oximetry technoiogy, the accuracy of the physiological measurement is impacted by the accuracy of the
wavelength of the transmissian LEDs because, as degicted in FIGURE 2, the extinction coefficient is dependent upon
the wavelength of
the transmission LED. In order to obtain oxygen saturation, two LEDs, one in the red wavelength range and one in
the infrared waveiength range, are typically utilized in order to cbitain the saturation measurement far a patient.
Further, as set forth in Equation {1), the extinction coefficient is a critical variable in the equation. Accordingly, it
is impartant that the oximeter be provided with information as to the specific wavelength of the transmission LEDs
for the sensor. However, the wavalength of different LEDs, although manufactured for a specified wavelength, varies
for the same drive current fram LED to LED due to manufacturing tolerances.

Waveiength Tuned LEDs
One aspect of the present inventian provides an apparatus and method for tuning each LED in a sensor such

that the operating wavelsngths for LEDs do not vary significantly from sensor to sensor. The tuning is parformed

i
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by wtilizing the wavelength shift exhibited in many LEDs in Tesponse to a change in drive current. FIGURES 3A and
38 illustrate this wavelength shift principle in two graphs, The graph 110 of FIGURE 3A depicts {with a curve 112)
current in the vertical axis versus voltage in the horizontal axis for a typical LED. The graph 110 of FIGURE 3A is
well-understood in the art. In the area referenced between the axis indicated A and B, just beyond the shouider of
the curve 112, the wavelength of certain LEDs shifts in a substantially linear fashion in response to 4 corresponding
change in drive current or voltage. The amount of wavelength shift per incremental change in drive current typicalfy
ditfers for each LED (dasigned for the same wavelengthl, just as the aperating wavelength for LEDs (designed for
3 spacific wavelength) varies for the same drive current from LED to LED,

FIGURE 38 depicts an exemplary graph 120 of the wavelength of an LED in response to the drive current
in the area of the shoulder depicted in FIBURE 3A. This graph
depicts in a curve 122 an exemplary wavelength shift for an LED in the red range in response to drive current
changes. The slepe of the curve 122 depicted in FIGURE 3B varies from LED to LED, as dees the wavelength range.
However, for conventional LEDs used in binod vximetry, an incremental shift in drive current thraugh the LEDs causes
some incremental shift in the wavelength. Because this relationship is substantially linear in the area just heyond
the shoulder of the curve 112 depicted in FIGURE 3A, in one preferred embodiment, the shift is obtained in the area
beyond the shoulder. The graph of FIGURE 3B is not meant to represent all LEDs, but merely to represent one
possibie wavelength shift corresponding to a particular change in drive current.

Accordingly, one way to obtain a selected wavalength is to drive the LEDs with the current nacessary to
obtain the wavelength. However, such embodiment would require an oximeter design which varies the LED drive
current for each sensor. _

In one advantageous embodiment, in order to avoid the added complexity of oximeter systam dasign, a
resistor is placed in parallel with an LED in order to adjust the drive current through the LED to a level which wil
result in a selected wavelength. In such embodiment, the oximeter system is designed to operate at the selected
wavelength for each LED in the senser. And, tha oximeter need only provide a fixed drive current, Accordingly, in

one embodimant, the design of the oximeter is simpier in that it need not take into account variations of wavelength

from sensor to sensor. The aximeter can simply be designed to operate at the selected wavelengths and have a ‘

fixed drive current.

Each LED sensor manufactured for the oximeter is tuned, using the wavelength shift, such that the LEDs
in the sensor generate light at the selected wavelengths for the oximeter. FIGURE 4 depicts one embodiment of a
tuned sensor 150, connected to an exemplary oximeter system 152, according to the LED tuning aspect of the
present invention,

The sensor 150 is illustrated with a first light source 160 and a second light source 170, typically LEDs.
A first tuning resistor 162 connectad in parallel with the first LED 160 forms a first tuned LED network 164.
Similarly, a second tuning resistor 172 is connected in parallel with the second LED 170 ta form & second tuned
LED netwark 174. The sensor 150 further comprises a photodetector 180. A power source in the oximeter system,

such as an LED driver 182, is coupled to the tuned LED networks 164, 174 in order to provide a predetermined drive

L
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current at the input of the tuned LED netwarks 164, 174 Advantageously, the LED driver 182 provides surrent to
only one of the tuned LED networks 164, 174 at any given time. The Rhotodetectar 180 is coupled to receiving
and conditioning circuitry 184 in the oximeter system 152, In operation, the phetodetertor receives the attenuated
light anergy and responds with an output signal fepresenting the intensity of the alternative light energy. The
aximeter system 152 further comprises a controller 130 with supparting resources and a display 192. The oximeter
system receives the signals obtained from the sensor 150 and analyzes the signals to determine infarmation regarding
the medium thraugh which the light energy has been transmitted, It shauld be understood that the oximeter system
is depicted in simpiified form for discussion purposes. Oximeter systems are well known in the art. One possible
oximeter system comprises the gximater system disclosed in International Publication No. WO 96/12435 pubfished
on 2 May 1996. Other oximater systems are well known and tan be designed to operate at the selected
wavelengths.

As depicted in FIGURE 4B, for oximetry, a typical medium may inciude a finger 200 or an earlobe, as well
known in the art. Media such as the finger and earlobe typically comprise a number of constituents such as skin,
tissue, muscie, arterial blaod and venous blood {having several constituents each), anc fat. Each constituent absorbs
and scatters light energy of a particular wavelength differently due to different extinction coefficients. In general
operation, the first LED 162 emits incident light in response to the driva current from the LED driver 182 The light
propagates through the medium under test. As the transmitted light propapates through the medium, it is partially
absorbed by the medium. The attenuated light emerging from the medium is received by the photodetector 180,
The photodatector 180 produces an electrical signal indicative of the intensity of the attenuated light energy incident
on the photodetector 180. This signal is provided to the oximeter system 1562, which analyzes the signal to

determine the characteristics of a selected constituent of the medium through which the light energy has passed.

The tuning is now explained with reference to the first LED 160. The tuning is also applicable to the
sacond LED 172. As explained above, in respanse to @ particular drive current, different LEDSs respond with different
wavelengths, even though the LEDS were manufactured to generate the same wavelength. Tuning the first LED 160
in accordance with the present invention involves determining the amount of current required to operate the first LED
160 at the selected wavelength and adjusting the current through the first LED 160 in order to obtain the selected
wavelength.

Far instance, typical aperational values for red LEDS used in oximetry range between 645 nm and 670 nm.
For a particufar embodiment of an oximeter, the oximater may be designed to operate with a selacted wavelsngth
within that range, for example, 670 nm. However, the LEDs manufactured to produce the selected wavelength of
670 nm invoive manutacturing tolerances typically in the range of +2.10 nm for the same drive current. However,
for a typical LED wsed in oximetry, the drive current can be varied in arder to abtain the desired autpet wavelength
for the LED. For instance, as iustrated in FIGURE 38, the representad LED has an operating wavalength of 660
nm for the typical 50 mA drive current. If the drive current is increased to approximately 85 mA, the operating

wavelength becomes the selected wavelength of the present example (870 nm), The present invention takes

"
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advantage of the observed wavelength shift in response 10 a drive cuerent change to tune each LED to obtain the
selected wavelength, such as 670 nm.

For purposes of discussion, the first LED 160 is defined to exhibit the wavelength characteristic depicted
in FIGURE 3B. To tune the first LED 160, the drive current from the LED driver 182 is assumed to be preset or
fixed. In the present embodiment, the drive current is preferably somewhat larger than the drive current necessary
to drive the first LED 160 alone (e.g., 100 mA or mare). This is bacause the first tuning resistor 162 carries some
of the fixed drive current from the LED driver 182. The first tuning resistor 162 is selected to draw an appropriate
amount of the fixed drive current to adjust the amount of current flowing through the first LED 160 to result in the
selected autput wavelength, In the presant example, the resistor is chosen o carry approximately 15 mA {of the
100 mA from the LED driver 182) in order to reduce the current through the first LED 160 to approximately 85 mA
to ohtain the 670 nm selected wavelsngth. Accordingly, each LED can be driven with the same fixed drive current
from the LED driver 182, yet the current through any particular LED differs in accardance with the value of the
associated tuning resistor. In this manner, the LED driver 182 can he designed to provide the sama fixed drive
current for every sensor connected to the oximeter. The pximeter system 152 is thus designed to make its calculation
based on the assumption that the corresponding wavelangths ramain constant from sensor to sensor,

One particular advantageous mathod of selecting the tuning resistor involves the use of a semiconductor
substrate resistor, such as the resistor 230 depicted in FIGURE 5A and 58. The resistor 210 depicted in FIGURE
5A comprises 2 semiconductor substrate 212, a resistive coating pad 214, and connective conductors 216, 218,
in one embodiment a tunable LED 220 (ie., an LED that exhibits wavelength shift with drive current change) is
connected in paraliel with the semiconductor substrate resistor 210, The fixed {preset) drive current is then applied
with a current source 222 to the network formed by the substrate resistor 210 and the tunable LED 220. The
operating wavelength of the tunable LED 220 is measured. Preferably, the initial substrate resistor has less
resistance than will be necessary to obtain the desired output waveiength. A laser is used to scribe the resistive
pad 214, as depicted by the line 224 in FIGURE 5B. The scribe line 224 effactively removas a portion of the
resistive pad 214, and thereby increases the resistance of the remaining resistive pad 214, as well known in the
art. Using the laser, the increase in resistance can be controlleg very precisaly. The resistive pad 214 can be laser
trimmed until the current through the tunable LED 220 causes the tunable LED 220 to generate the selected
operating wavelength. The resulting resistor/LED pair forms a tuned LED network.  This tuning method is
advantageaus bacause of the precision and the resulting low-cost of the tuned LED.

Other methads of selecting the first tuning resistor 162, such as calculating the wavelength shift for a given
current change for the first LED 180, and then selecting the appropriate resistor to cause the correct amount of
current to flow through the LED to obtain the selected operating wavelength, can also be vsed. Similarly, a
potentiometer could be used. Preferably, each LED for each sensor is tuned in a similar manner such that the
pperating wavelength is a selected operating wavelength for the sensar, For instance, 2 two wavelength oximeter
operating may have selected wavelengths for the 1wo LEDs of 570 nm and 905 nm. For each.sensor, a first LED

s tuned for the 670 nm selected wavelength, and a second LED is tuned for the 305 nm selected wavelength.
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in sum, the tuning aspect of the present inventicn involves using the principle of wavelength shift in an LED
to tune each LED to obtain a respective selected operating wavelength.

It sheuld be understood that for some LEDS, the manufacturing telerance may be too far fram the respective
selected wavelength to enabie the use of the shift in wavelength to properly tune the LED: or the wavelength shift
may be insufficient to cbtain the selected wavelength. In one embodiment, such LEDs wouid not be utilized, and
would be considered out of tolerance. Alternatively, if the obtainabla wavelength shift is not sufficient to allow for
proper tuning, it is also possible to use two LEDs having wavelengths very near each other and near the selected
wavelength. One LED has a wavelength befow the selected wavelength, and one LED has a wavelength above the
selected wavelength. As the graph of FIGURE 6 ilustrates, when two LEDs are both active and placed adjacent one
anather, the fight from the two LEDs combines 1o form a combined wavelength which s the averaga wavelength of
the two LEDs. The combined wavelength has a hroader wavalength range, but has a known average. Preferably,
to fine tune the average wavelength, the wavelength shitt of one or both of the two LEDs can be utilized using
tuning resistors as described above such that the average wavelength is the selectsd wavelength. Accordingly, two
LEDs {preferably tuned in accordance with the present invention as a pair) can be used 10 obtain the salected
wavelength for operation in a given oximeter.

As another altarnative, if sufficient wavelength shift is not avadable to allow for tuning all LEDs to the
selected wavelengths, a few selected wavelengths could be used. For instance, for determining axypen saturation,
the selected red wavelengths could be 660 nm, 670 nm and 680 am. The selected infrared wavelengths could be
900 nm, 820 nm, and 940 nm, independent of the red wavelengths, Each sensor would be tuned using the tuning
resistors described above such that the red and infrared LEDs operate at ons of the selected red and infrared
wavelengths, respectively, An indicator would then be provided on the sensor, or the connector attached to the
sensor, to allow the oximeter to determine which of the selected wavelengths is present on the sensor attached to
the aximeter. Alternatively, a wavelength detection navice could be provided with the oximeter system to determine
which of the selected wavelengths is present in a sensor attached fo the oximater system. Although this
embadiment requires same means for the oximeter to datermine whick of the selacted wavelengths is present on the
attached sensor, the selected wavelengths ase precise from sensor to sepsor.

Two-Wavslength LED

Another aspect of the present invention involves using the priniple of wavelength shift in an LED for a
given change in current in order to use a single LED ta provide two operating wavelsngths. This is afvantageaus
in making physiological measurements, such as bloed oximetry measurements, because for each additional wavelength
added, the saturation of an additional constituent in the blood can be measured, For instance, with a two-
wavelength oximeter, enly the ratio of one of two constituents fo the total of the two constituents (e.g., axygen
saturation) can be accurataly monitored. [ oxygen saturation is monitored with two wavelengths, nther constituents
which are significantly present in the blpod affect the measurement of oxygen saturation.

If an additional constituent present in the binod has a significant effect upon the oxygen saturatian reading

for a particular patient, the failure to detect the constituem tan be detrimental to the patient. An example of a
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constituent whick, when present in the blood, wil significantly impact the oxygen saturation reading provided by 2
two-wavelength oximeter is carbon monoxide. This is because the extinction coefficient magnitude for
carboxyhemaglobin (depicted in the curve 106 of Figure 2) approaches the extinction coefficient of oxyhemoglobin
(depicted in the curve 102 of FIGURE 2) for light energy in the range of 880 nm. Therefore, carboxyhemoglobin may
be detected as oxyhemogiobin. This leads to a false indication of the oxygen saturation {i.e., overestimation) in the
bloed using a two-waveiength oximeter. In this manner, the attending physician may fail to detect the lack of
oxygen, and the increase of carbon monaxide in a patient. If an additional transmission wavelangth is provided an
the sensor, the oximeter can monitor another constituent, such as carboxyhemoglobin.

In accordance with the present invention, the principle of wavelength shift in an LED is utiiized in order to
drive one LED with twa appropriate drive current levels to provide two distinct wavelengths. In its simplest form,
this is accomplished by first driving an LED (which exhibits wavelength shift with drive current change) with a first
known driva current to a first known wavelength, and then driving the same LED with a second knawn curzent to
a second known wavelength,

FIGURE 7 depicts one advantageous embodiment of a sensar 250 for bload oximetry measurements coupled
to an oximeter system 252 designed in accordance with this aspect of the present invention. The sensor 250
comprises a first LED 254 and a second LED 268. For blood oximetry the first LED 254 preferably operates in the
7ed wavelength range and the second LED 256 preferably operates in the infrared wavelength rangs. The sensor
250 further comprises a photodetector 258, The photodetector 258 is coupled to receiving and conditioning circuitry
262. The oximeter system is under the control of a controller 264 and has a display 266. As well-understood in
the art, an LED driver 260 sequentially drives the LEDs 254, 756 with a predetermined drive current. The
photodetector 258 detects the light energy, attenuated by the medium under test. The oximeter 252 receives and
analyzes the signal from the photedetector 258 to determine information regarding the medium through which the
light energy has baen transmitted. As with the embodiment of FIGURE 4, the pximeter system 252 is depicted in

simplified form. Appropriate oximeter systems inglude the system disclosed in International Publication No. WO
96112435, published on May 2, 1896, Other monitors well understood in the art also exist. The oximeter system
252 is modified in accordance with the present invention to drive the shifting LED as described beiow.

In the present example for bload oximetry, the first LED 254 is the shifting LED and is used to provide two
wavelengths. In order to accurately provide two wavelengths, the wavelength shift principle is utilized. According
10 one embodiment, LEDs are evaiuated at the time a sensor is manufactured, and an indicator is provided on the
sensor which can be read by the oximeter system 252 to indicate the drive current change necessary in order to
effectuate a desired shift in wavelength. Indicators may comprise & resistor on the Sensor or Sensor connector, a
memory on the sensor or sensar connggtor, or a similar device. Alternatively, tha indicator can provide 2 indication
to the oximeter of the amount of wavelength shift which is obtained due to a preset drive current change. Another
alternative is to provide a wavelength detector 268 for the oximeter, which allows the oximeter system 252 to
detect the transmission wavelength of an active LED. Wavelength detectors, such as a monochrometer, are well

known in the art. However, conventional monochrometers are expensive and bulky. This description sets forth a
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more practical approach to detecting wavalength below. In this embodiment, the LED driver 260 thanges the drive
current until the desired wavelength is obtained, utifizing tha wavelength detector 268 ta monitor the wavelength,

In ane preferred embodiment allawing for a simpler oximetsr design, in erder to accurately provide two
wavelengths with a single LED such as the first LED 254, a network 270 of a slope adjusting resistor 272 and the
first LED 254 is slope adjusted such that a presalected change in drive current {Al) entering the first slope adjusted
network, causes @ preselected shift in wavelength (A} in the first LED 254. In other words, as depicted in FIGURE
3B, each LED exhisits an inherent slope of the curve 122, However, the slope of this curve often differs fram LED
to LED, even for LEDs rated for a particular wavelength. In order for an oximeter tp e designed for simplizity in
ohtaining a repeatable preseiected wavelength shift, it is advantageaus to have the preselected wavelength shift {AA)
for gach first LED in different sensors correspond to the same preselected drive currant change {AD.  Accordingly,
it is desirous that the first LED {for the present example) on different probes respond with the same presefected
thange in wavelength for the same change in drive current provided by the LED driver 260. In ather words, it is
advantageous that the slope of the curve 100 depicted in FIGURE 3B be the same for each corrasponding LED
network, since it is not typically the same for each individual LED. fn this manner, the oximeter is designed to drive
the LEDs with two driva current levels, whera the twa drive current levels are preselected and remain constant from
sensor 1o sensor,

Just ag the first tuning resistor 162 tunss the first LED 160 to a particular selected wavelength for a
selacted drive current, 2 slope adjusting resistor, such as the slope adjusting resistor 272, can be used to alter the
slope of tha curve 122 exhibited for the particular corresponding LED network {e.g., the first slope adjusted LED
network 270%. In most instances, the sape adjusting resistor 272, if used to alter the slepe, cannot also be used
1o {une the precise wavelength of the first LED 254, However, other methods and pracedures to indicate to the
oximeter what the particular waveiength of aperation of the first LED for a given drive current can be utilized. For
instance, an indicator (such as a resistor or low cost memory device) can be provided with the sensor 250 which
can be read by the oximeter 252, which indicator provides tha initial aperating wavelength of the slope adjusted LED
network 270,

Slope adjustment can be accomplished in the same manner as described above with respect to the
semiconductor substrate resistor 210, However, the substrate fesistor functions as tha slope adjusting resistor rather
than a wavelength 1uning resistor .., the substrate resistor is adjusted to cause a presslected change in wavelength

for a preselected change in drive carrent for the LED/resistor netwerk). in other words, for the first LED 254, the

 slbstrate resistor 210 depicted in FIGURE 5A and 5B is coupled to the first LED 254 to form the stope adjusting

resistor 272. A laser is used 10 trim the resistar until the preselected change in drive current for the network 270
1esults in the preselected change in wavelength for the first LED 254,

It should be noted that if LEDs are available that exhibit the same wavelength shift with respect {o the
same change in drive current, the first slope adjusting resistor 272 is unnecessary.

For determining oxygen saturation, the second LED 256 operates at a fixed infrared wavelength (a.g., 905

nm). Preferably, if the infrared LEDs exhibit manufacturing tolerances, the infrared LEDs can be tuned using a tuning
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resistor 274, in the same manner as the tuning resistor 162 of FIGURE 4, to operate at the selected infrared
wavelength. With a tuned second (infrared) LED 256 and a slope adjusted first LED 254 {configured to provide two
wavelengths), mgasurements at three wavelengths can be taken using the sensor 250.
In use, the sensar 250 of FIBURE 7 is first driven with an initial drive current to causa the first LED 254

to generate light anergy of a first wavelength (e.g, 860 nmi. The attenuated signal at this first wavelength is

detected by the photodetector 258 and received by the oximeter 252. Next, the first slope adjusted LED 254 is

driven with a new drive current varied by the preselected change in drive current to cause the preselected
wavelength shift to obtain a second wavelength {e.g., 675). As iong as the initial wavelength is provided to the
oximeter system 252, and the slape (change in wavelength due to change i current) of the first LED network 270
is properly adjusted to match the presetected slope, the second wavelength will alsa be 3 known quantity. A third
Mmeasurement is taken by driviag the second LED 256 and receiving the attenugted signal with the phatodetector 258,
Measurements are stared in the oximeter system 252. Based vpon the three measurements taken, the arterial
saturation of two constituents of blpad may be determined (a.g., oxyhemaglobin and carboxyhemoglobin), thus
providing more precise information regarding the physiolegical makeup of the biogd of a patient under test.

In an oximeter system where manitaring of carbon monoxide and oxygen is desired, the first wavelength
may be 660 nm, the second wavelength may be 675 am or 680 nm and the third wavelength will ba an infrared
wavelength such 2s 900 nm or 805 nm, With these three wavelengths provided by twa LEDs, the saturation of hath
oxyhemeglobin and carhoxyhemaglobin in biood can be determined. The use of twa LEDs to perform measurements
at three wavelengths reduces the cost of the sensor, which is particularly advantageous if the sensor is a disposable
or replaceable sensor.

In addition to the uses described above, it should alsa be noted that the wavelength shift principal described
above could be vsed to olitain an additional wavelength with one LED.

Measurements Without Precise Wavelength Information

A further aspact of the present invention involves an apparatus and method of measuring the saturation
of a selected constituent in a medium under test (.9, oxyhemaglobin in bload) without knowiny the precise
operational wavelength of one LED. According ta this aspect of the present invention, if the wavelength shift for
an LED is known for 2 known change in drive current, the oparatienal wavelength for the LED need not be knawn
it other information is aiso avaifable, as further sxplainad below.

As explained above, obtaining a known waveiength shift for a sefected change in current can be
accomplished by adjusting presently existing LEDs, such that the LEDs raact tg a preselected change in drive current
(Ah with a preselected change in wavalength (AA], Alternatively, if LEDs are available having a repeatable ifrom
LED to LED) change i wavelength for a selegted change in current, thase LEDs can be used without adjustment.
An understanding of this aspect of the present invention is explained with refsrence to arterial oxygen saturatien
determination using two-wavelength oximeters.

As explained abaove, FIGURE 2 depicts a graph ilustrating the relationship between the typical extinction

coefficient for three constituents of blood with raspact to the transmission waveiength of light transmittad through
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the blood. For purposes of determining axygen saturation, the first curve 102 and second curve 104 are of interest.

As Hiustrated by the first gurve 102, the extinction coeffigient of oxyhemoglobin far light transmitted
between approximately 665 nm (indicated as A, on the graph) and 690 nm (indicated as A, on the graph} is
substantially constant (mose apparent whren the Y-axis of FIGURE 2 is not 2 log scale axis). When light within that
same range {ie., A;-A,) is transmitted through redueed hemoglobin (the sacond curve 104}, the extinction coefficient
of the reduced hemoglabin exhibits z substantially inear refationship as a function of transmission wavelength. These
known properties of bloud constiwents are utilized in the apparatus and methad of the present invention to ohtain

information regarding the oxygen saturation (or other canstituent saturation} of the blood without knowing the
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particular wavelength of one of twa LEDs,

{oxyhemaglobin and reduced hemogfobin), Equation (1) can be expanded for these two constituents of blood:

Assuming that incident light is represented by the letter |, and the attenusted signal is represented by I,
the attenuated signal is represented by Equation (1) sbave. In other words, for the LED sensor 250 of FIGURE 7,
the attenuated signal 1 is received by the photodetector 258 and is a function of the ambient transmission, as set

forth in Equation {1).

Where fight of wavelength A is transmitted threugh tissue with blood containing two ferms of hemaglobin

n

- ede _ 2
I= 1, (8 7 7) (670 (0%t

where:
d is the thickness of the medium,
-9 is the absorption cogffitient of reduced hemaglobin at wavelength 4,
&, is the- absorption coefficiant pf oxyhemoglobin at wavelength A,
4 is the concentratien of reduced hemoglabin,
¢, is the concentration of axyhemoglobin,
g is the absarption coefficient of the i™ layer of attenuating material inot including oxyhemoglobin
and raduced hemogiobin),
g is the thicknass of the [* ayer of attenuation material (not including oxyhemoglobin and reduced

hemoglobin}, and

is the concentration of the layer of attenuating material {not inchuiding oxyhemoglobin and
reduced hemogiobin).

Equation {2} can be further expressed as follows:
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whete:

n

P _
Ig. = 1,(e ™ ) = baseline

8 is a value obtained by measuring | with the photodatector and calculating the ratio of | to |, after

5 taking the natural log.

For determining oxygen saturation, where the light i transmitted at a first reg wavelength A,, Equation (3)
is gxpressed as follows:

S =l lo= -4 (8ut; + 88) ()
lE’t
10 Where light is transmitted at an infrared wavelength A, Equation (3) is expressed as follows:
S=In—I|:-de C, + ¢ 6
17 L 1,01 T 22,0
BL
When the wavelength A, and the wavelength A are hoth knawn, the oxygen saturation can ba determined,
as welkunderstood in the art. This is briefly illustrated with the following derivation:
81 SIR
LET  N,=—! apd N2 - 2F ®
d d
15

Equations {4} and (5) become:
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N, = Cz*’z;;1 + 01“31,11
N, = Coeyy  + Cieyy @
In matrix notation, Equatians {7) and (8} become:
Ean, E1a, G, N,
A= X-= c B- N
€anpm E1ay 1 2
g €
A . X:B - 2}.1 111 Cz - N‘! ]

€21 B1ap G N,

1
Or C2 _ 821*1 8'”"1 N1
C1

o S (Ve

{ (813, Ny-gq,,No) -

Co| (321131:L,R“91A1821,F)
¢, (‘8211N1 29, Ny)

i (821181x,n‘e1x,821,,=)_

Hence: o)

As well understood in the art, uxygen saturation is defined as the following ratio:
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Hence: —L
C2

C

S.
Substituting. N, =—J1 and N,=

PCT/US96/08631
A7
02 1 N 02 + C1

= —

(_8211 N1 +82).1 NZ)

(82A181x,ﬁ"81x1321,g)
(81A,HN1 g4, No)

(821181A,ﬁ_81l182l,F,)

and multiplying the numerator and danominator ty -1:

and Simpilifying. z

C+C,  SAT ¢,

13!

Sr
[i_ Sm]
G d d
2 S. S
(‘911,;0%*8111_“‘;RJ
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Multiplying numarator and denominator by d:

(S-S
ﬂsu,RS1 +£1A1SIH)

C,
— = (12
2i
C. Y
2

Substituting Equation {12) into Equation (11) above:

1 (S-S
=2,
SAT *"(-g,, Si+ey, )

+1

1 :(821131‘321132‘511,,;37*811132)
SAT 811,51 +€1;,5))

Simplifying.

AND FINALLY:

SAT= €12, e, %) na)
(‘321131 +921182 84,5y 24,5, W

the
wavelength A, and the A, are bath known, the extinction caefficients, Euy &y, By and Eu, for the

corresponding constituents at A, and A, are also known. As explained above, S, and S, can be ohtained by
measuring i and |, and taking the naturat iog of this ratio at the various wavelengths during operatian. Accordingly,
all of the variables in the saturation equation are known or obtainable through measurement.

However, if the wavelangths for the transmission LEDs are not specifically known, the extinction
coefficients £ will not be known. In accordance with one aspect of the present invention, the oxygen saturation

can be computed without knowing the precisa wavelength of ose of the LEDs. For purposes of discussion herein,




10

18

20

25

WO 96/41138 PCT/USS6/08631
-19-

the LED in the red range is chosen far illustration of this aspect of the present invention. In accordance with the
present invention, and as explained ahove, the red LED cant be adjusted to exhibit a preseiected wavelength shift,
even though the precise wavelength may not be known. Accordingly, the red LED ¢an be driven with two different
drive currents to cbtain two different wavelengths, the shift between which is preselectad and known. However,
as explained ahove, the precise wavelength may be unknown without some indication of at least the starting
wavelength. In accordance with the Present invention, as long as the preselected wavelength shift is known, the
starting wavelength need not be known.

in an application whera the extinction coefficients vary with respect 1o shifts in wavelength on the order
of 1 -3 nm, it would be possible to determing the wavefength without prior information regarding the wavelangth
or the wavelength shift. This would be accamplished by caiculating the desired measurement (e.g.. oxygen saturation)
at sevaral (e.g., two or more) different LED driva currents and using the change in the measurement in connection
with an empirically generated data set {ie., curves) of measurements with fespect to wavelengths to determine the
wavelength of the LED.

If the preselected wavelgngth shift is utilized, the oximeter system can make measurements at three
wavelengths A,, A, and A, Thus, a third equation in addition 1o Equations (3) and {4) is obtained.

Where the light is transmitted at a secand red wavelength A,, Equation (3) is expressed as follows:

S =In|—||,=-d (B12,61 + £2;,6)) "

As depicted in FIBURE 2, within the range of 650 nm - 700 nm, the extinction coefficient does naot
significantly change. More particularly, within the range of A, - A, = 665 mm - 690 mm,

9212 = 8211 (15}

furthermore within the same range,

B, = (e, - Aey) (16)
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Ag, is known for a known wavalength shift within the described range, because the change in the extinction
coefficient Ag, is substantially lingar.

Substituting Equatinng {14) and {15) into Equation {4), (5), and (13) results in the following equations:

S

1

—d(emc1 + 82,1202) (an
Sp = -de, 161 * By Go) (18)

Sp = ‘d((81x1"A91)C1 * €91,00) (18

As explained above, §,, S,, and S are calculated by measuring 1 and 1. Accordingly, S, 8y, and §,,, are
known values. The extinction coefficients &, and &, for the infrareg wavelength LED are assumed to be known
because in the infrared wavelength of interest (e.g., 850 mn - 820 nm) and mare particularly 890 nm - 910 pm),
the extinction coefficient is substantiaily constant for both curves 102 and 104. In another emhodiment, the
accuracy would be improved shightly by tuning the LED. The axtinction coefficients for oxyhamagiobin at A, and A,
are also known, as long as the wavelangth is in the range where the extinction coefficient remains constant. In the
present example, this range is defined as 665 nm to 630 nm. Furthermare, becawse the tharge in the ahsorption
coefficient (Ae,) for reduced hemagiobin is known for a known wavelength shift between Ay - A; = 665 nm - 690
Bm, Ag, is also a known quantity because & is linear with A. The total thickness of the medium, d, generally is
unknown for most applications, However, for the determination of oxygen saturation, as illustrated ahove, the
thickness (d) cancels because saturation is a ratio,

Accordingly, for the determination of oxygen saturation, Equations [17), (18}, and (19) provide three
equations with three unknowns (EH:' ¢y and c,). Algebraic technigues followiny those of Equations (6) to (13) may
be applied to solve the three equations ta abtain the OXygen saturation ratio of c,fic,+c,), Accordingly, it is not
Necessary to know the precise operating wavalength of the first LED 254, as long as the operating wavelength for
the first LED 254 is in a known range where a praselected change in drive current causes a preselected change in
the wavelength, and where the extinction cosicient of one constituent is constant and the extinction coefficient
of the second constituent is substantially linear such that the change in the gxtinction coefficient for a preselected
change in wavelength is alse known,

Accordingly, this aspect of the present invention permits the user to obtain physiclegical data without
knowing the precise operational frequency of an LED.
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Improved Calibration of LED Sensor

An additional aspect of the present invention involves an improved calibration technique for an oximeter
sensor where a resistor is utilized o code the LED rather than tune the LED. As depicted in the prior art calibrated
cximeter probe of FIGURE 1, an encoding resistor 308 utilizes a separate slectrical connection lsad and connects to
4 comman ground tead 304. With the ever increasing use of replaceable or disposable sensors, any reduction in the
complexity of the replaceable sensor car result in a significant cost savings over time, In accordance with present
invention, the characteristics of an LED as depicted in FIGURE 3A can be utilizeq to provide a more cost effective
coded or calibrated oximeter prebe where the coding or calibration js provided using a coding resistor.

In accordance with this aspect of the present invantien, one of the LED electrical connactions can alse be
usad for the coding resistor, FIGURE 8 depicts a schematic diagram of an exemplary oximetar sensor where a coding
fesistor 332 can be read using one of the LED slectrical connections rather than a separate elsctrical cannection,
A sensar 310 comprises a first LED 312, a second LED 314 and 3 photodetector 316, The first LED 312 has a
first correspanding electrical connection 318; the second LED 314 has a second corresponging elactrical connection
320; and the photodetector 316 has a corresponding electrical connection 322. Each of the LEDs 312, 314 and
the photodetector 316 are connected at their autputs to a commen ground electrical connectien 330. In the present
embodiment, the coding resistor 337 is coupled in parallel with the first LED 312 or the second LED 314. In this
embodiment, the coding resistor 332 is not provided to tune the first LED 312 er 1o slope adjust the first LED
network, but is provided as an indicator which can be raad by an attached oximeter system 340 The resistor can
be used to indicate the operating wavelength of the first and second LEDs 312, 314, or more advantagenusly, to
indicate the type of prabe. In othér words, the value of the coding resistor 332 can be selected to indicate that
the prabe is an adult probe, a pediatric prabe, a neonatal probe, g disposable probe or a reusable probe. In one
preterred embodiment, coding resistors could be provided across each of the LEDs 312, 314 to allow additional
information about the probe to be coded without added ieads. However, any resistor or impedance device could be
used without it being used in parailel with the LEDs to encode the change in wavelength or gther information for
the LEDs.

For instance, the coding resistor could be utilized for speurity purposes. in other words, the value of the

coding resistor, and the placement acrass the LED 312 coald be used to ensure that the prabs is configured properly
far the oximeter. For instance, the coding resistor could be utilized to indicate that the probe is from an authorized
supplier such as & "Masimo” standard proba, “Patient Monitoring Company 1" probe, "Patient Monitoring Company
2" probe, etc.

In addition, it should be noted that the resistor neeq not be a passive element. Coding information could
also be provided through an active circuit such as a fransistor network, memory chip, or other identification device,
for instance Dallas Semiconductor DS 1990 or DS 2401 or other automatic identification chip.

In order to read the cading resistor 332, the primeter system 340 drives the first LED 312/coding resistor

332 combination at a level that is low engugh that the LED draws effectively insignificant current because of the
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exponential relationship between | and V, as flustrated in the graph of FIGURE 3A. As weil understood in the art,
the LED becames active in the area of the shoulder, designated with the A axis indicator, Below the voitage level
&t A, the LED s effectively inactiva and draws effectively insignificant current. In ather words, the current through
the first LED 312 is negligible. Significantly all of the current through the first electrical connection 318 flows
through the coding resistar 332

The current which flows thraugh the coding resistor for the voltage applied s measured by the oximeter
system by measuring the current through the fitst electrical connection 318. In turn, the oximeter system 340
determines the value of the coding resistar 332 which is preselected to indicate the type of probe, the operating
wavefength or other parameters about the probe. In essence, by reducing the drive voltage across the first electrical
connection 318 and ground to a low level that does not activate the first LED 312, the first LED 312 &s effectively
removed fram the electsical circuit, In the present ambodiment, it has been found that for conventiana! LEDs in the
red and IR range, 0.5V s 3 particularly advantageous voltage. At 0.5V, current through the LED is generally Jess
than 147A (an insignificant amount).

Preterably, the coding resistor 332 s chesen to ba of a sufficiently high valug that when the current supply
to the first electrical connection 318 rises 1o a lgvel sufficient to drive the first LED 312, the coding resister 332
is effectively remaved from the electrical circuit because of its high resistance as compared to the resistance of the
first LED 312 at active operating currents.

Accordingly, a coding resistor can be usad in coRnection with an oximeter LED sensor without the addition
of an electricat connector dedicated to the coding resistor. This reduces the cost of the sensor in accordance with
the present invention.

In one advantageous embodiment, the oximeter can monitor the coding resistor continuously by providing
a .5V coding resistor reading signal at a frequency differant from the LED drive current. For instance, if the LED
drive current is turnad on and off at a frequency of 825 Kz, the 5Y cading resistar reading veltage can be provided
at a frequency much lower than 825 Hz, such that the 625 Hz signal can be easily filtered with  low pass filter
with a cutoff significantly below 625 Hz, but with a pass band which aklows the .5V signal ta pass. This would
allow the oximeter to-continuously monitar the coding resistor 332 in case of 2 thange in the sensor by the system
operator.

This particularly advantageous embodiment of using the coding resistor 332 can alsa be utilizad with 2
cenventional back-to-back configuration for the red and infrared LEDS, as is typical in oximeters. Such a
configuration is dapicted in FIGURE BA. FIGURE 84 is similar to FIGURE 8, except that the first LED 312 and the
secand LED 314 are connected in a back-to-back configuration such that the first electrical connection 318 is
required and the voltage can be ahernated from positive 10 negative to draw current through either the second LED
314 or the first LED 312. This eliminates the need for an electrical connection to the oximster probe, thereby
turther reducing the cost of the probe, In the back-to-back configuration of FIGURE BA, if the sacond LED 314 is
a red LED with a knee of approximately 2.0V and that the second LED 312 is an infrared (IR) LED with a knee of

approximately 15V, a positive voltage is advantageously appiied to the first electricat connection 318 at
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approximately D.5Y in vrder to measure the coding resistor 332, Because the knee for the red LED is 2.0V, very
fittle (less than 14A) current will flow through the red LED and essentially no current will flow thraugh the infrared
LED 312 (because the infrared LED 312 is reverse biased). In such a scenario, the current which passes through
the network of the first LED 312, the second LED 314, and the coding resistor 332 is approximately equal to the
current through the coding resistor 332, The resistance of the coding resistor 332 is then easily determined via
Ohms Law by dividing the voltage applied to the netwark by the current which flows through the network. Care
rust be taken to insure that the element {active or passive) does not create electromagnetic noise which could lead
to reduced system signal to naise ratio.
Wavelength Detaction

As briefly discussed abave, in tertain circumstances, it is useful directly to obtain information regarding the
wavelength of an LED connected to an oximeter. As illustrated in FIGURE 7, a wavelength detector 268 can be
pravided. However, a wavelength detector requires some configuration operations to be performed by the operator.
In a hospital enviranment, it is advantageous to simplify the usa of the oximeter, Actordingly, in another
embodiment, each LED' sensar is configurzd with a wavelength detection configuration. FIGURE BA and 98 depict
diagrams of possible embodiments of LED sensors configured with filters. These sensor configurations can be used
1o cbtain the wavelength of the LED for the sensor.

As depicted in FIGURE 9A, a sensor 400 comprises a transmission LED network 402, a first photodetector
404, a second photodetectar 406, a diffuser 407, 4 beam splitter 408, an optical filter 410 and an optional optical
fitter 471. The transmission LED network 402, the first photodetector 404 and the second phatodatector 406 all
couple to &n ovimeter system 412, A third phatodetector 413 is alsg depicted in dotted line to iflustrate the
photodetector for the oximetry measurement. This third photodetector 413 is not discussed in the fallowing
discussion which relates 10 the cafibration partion of the oximeter probe 400. The transmission LED network 402
preterably comprises at least twa LEDs, one in the red wavelength range {e.g., 660 nm) and one in the infrared
wavelength range (e.g., 905 nm). Determining the wavefength of ane of the LEDs in the LED network 402 using the
configuration of the sensor 400 depicted in FIGURE 9A is described below.

As seen in FIGURE 94, the LED network 402 transmits light 414 which first passes through the diffuser
407. The ditfuser 407 is provided advantageously in the preferred smhodiment in order 1o remove polarization of
the light because the beam splitter 408 is sensitive to polarized light, and mest LEDs transmit some percentage of
polarized light. Tha light then passes to the beam spiitter 408 where it is divided. The beam splitter 408 is
prefarably coated with a materia) which is partially reflective to light of the wavelength of the LEDs of interest in
the LED natwork 402. Advantageously, the beam spiitter 408 reflects approximately one-half of the light 414 and
directs it 1o the first photodetector 464. The remainder of the light passes through the beam splitter 408 and
through the filter 410 and is received by the second photodetector 408. The aximeter system 412 receives the
intensity reading from the first and secand photadetectors404. 408 and utilizes the relstive intensities from the first
and second phatodetectors 404, 406 to determine the centroid of the emission wavelength for the LEDs 402, as
further explained below.

[



10

15

20

25

30

35

W0 96/41138 PCT/US96/08631
.24

As is well understood in the art, obtaining a heam splitter to precisely divide the light by 50 percent would
be costly to construct. However, it is not necessary 10 obiain a 50 percent split of the lipht because imprecision
can be accommodated with calibration. In an embodiment where no second filter 411 is provided, the system can
be calibrated by activating the infrared LED. This is possible because the first filter 410 is transparent to the
infrared wavefength, and thus, each phatodetector 404, 408 senses the same signal. In such an embodiment, the
intensity outputs from the first and second photodetectors 404, 406 can be compared and equalized through
calibration constants during run-time. This compensates for imprecision in the photodetectors, beam splitter 408 and
diffuser 407,

In an embodiment where the infrared is not used tq calibrate, the phatodetectors 404, 408, the beam
splitter 408 and the diffuser 407 can e calibrated prior to delivery with @ passive or active coding element 415
for each device. It should be understood that the hox 415 represents one or more coding elements. It should also
be understood that a single coding element coufd be used for all of the optical devices within the box 515.
Preferably, the elements provided for calibration {thase within the hox in dotted fines fabelled 515} in this embodiment
are positionad in a reusable portion of the probe such that the increased BXPeNSe is not teo significant.

The filter 410 may also have imprecision due to temperature sensitivity and impreision of manufacturing
process. Therefore, in order to calibrate for impregision with respect to the filter 410 {nreferably a shot glass) due
to shift in temperature, a temperaturs detector 405 is provided in a preferred embodiment. Because temperature
sensitivity in shot glass filters are well known, by detecting the temperature, the shift in filter characteristics can
alsa be determined. With respect to the imprecision in manufacturing, a passive or active coding element 415 can
be provided on the prabe to provide information ahout the variation from a selectad (ideal) filter characteristic
{transition band for filter).

Another preferred embodiment utilizing a filter configuration is depicted in FIGURE 9B. FIGURE 98 depicts
3 sensor having a transmission LED network 420, a diffuser 421, a first photodetector 422, and 2 second
photodetector 424, As in FIGURE 94, a third photodetactor 431 is depicted representing the photodetectar used
for oximetry measurements. The first and secand photodstectors 422, 424 are positioned at the interior pariphery
of an integrating optical sphere 426, or the like, As can be seen in FIGURE 9B, the integrating optical sphere 426
has an aperture 428 through which light 429 from the LED network 420 is directed for monitoring and for
wavelength datermination. The light which enters the aperture is refiected about the interior of the optical sphere
426, without significant ahsorption, Advantageausly, the interiar of the integrating optical sphere is reflective to
the wavelengths of the light from the LED network 420. In addition, the intarior of the integrating optical sphere
426 scatters the light. Advantageausly, the first and secong photodetectors 422, 424 are spaced laterally across
the integrating optical sphere, with the aperture 428 positioned equidistance between the first and second
photodetectors 422, 424. in this manner, each of the first and second photodetectors 422, 424 receiva substantially
the same amount of light originating from the LED netwark 420,

As with the embodiment of FIGLIRE 9A, the second photodetector 424 has an associated low pass optical
filter 430, through which the light incident on the second photodetector 424 passes prior to reaching the second
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photodetector 424. Accordingly, like the embodiment of FIGURE 94, the second photodetector 424 in FIGURE 9B
receives light attenuated by the filier 430, and the first Photodatector 422 receives light unattenuated by the filter
430.

As with the embodiment of Figure 94, as is wel understood in the art, obtaining an integrating optical
sphere precisely integrate the fight would be costly to construct. Howaver, again, it is not necessary to obtain 3
perfect intagrating sphere because imprecision in the sphere (as well as in other eiements) can be accommodated
with calibration. For instance, the system of Figure 98 can be caliprated by activating the infrared LED if no infrarad
filter (correspanding to the filter 411 in Figure 9A) is used. This is possible because the filter 43D is transparent
ta the infrared wavelength, and thus, each photodetector 422, 424 senses unfilterad signal {which ideally would be
the same). In such an embodiment, the intensity outputs fram the first and secand photodatectors 422, 424 can
be compared and equalized through calibration eonstants during run-time. This compensates for imprecision in the
photodetectars, optical sphere, and diffusar,

As with the embodiment of Figure 9A, if the infrared is not used to calibrate, the photodatectors 422, 424,
the optical sphera 428, and the diffuser 421 can be calibrated prior to delivery with passive or active coding
element(s) 432 for each device.

As with tha embodiment of Figure 9A, the filter 430 may have impracision due to temperature sensitivity
and imprecision due to manufacturing. Therefore, in order to calibrate for imprecision with respect to the filter 43¢
(preferably a shot glass) due to shift in temperature and manufacturing tolerances, a temperature detector 425 is
provided in a preferred embodiment, as with the embodiment of Figure 8A. With respect to the imprecision in
manufacturing, a passive or active coding element 432 can be provided on the probe to provide information about
the variation from a selected (ideal) filter characteristic (transition band for filter).

It shoutd also be understond, that in one embadiment, 2 single memary element or other passive ar active
element {415, 432) could be provided with enough identification capability to provide characteristic information for
each of the diffuser, the photadatactors, filters, and the beam splitter (or optical sphere). For instance, a memory
device or transistor network could be provided with several bits of information for device.

In the prasent embodiment, with red {e.g., 640-880 nm) and infrared {e.0., 800-840 nm} LEDs in the LED
vetwarks 402, 420 of FIGURES 9A and 9B, the wavelength of the red LED is the mast eritical fer bload oximetry.
Accordingly, accurate detarmination of the cantroid operating wavslangth ef the red LED in the LED networks 402,
420 is dosired. In this case, the filters 410, 430 advantageously are selected to partially attenuate light in the red
wavelength range, and pass light in the infrared range unattenuated.

The principle by which the sensors of FIGURE 8A and 9B can be used 1o identify the wavelength of the
LEDs for those sensars is now described. Ag well understood in the art, LEDs for usa in blood oximetry and the
like have an emission characteristic similar to the emissien curve depicted with the curve 440 of FIGURE 10A. As
depicted in FIGURE 10A, the ideal LED has a centroid wavelength at A, (e.g. 560 nm). However, as wel
understead, the actual centroid wavelength for a batch of LEDs with a target centroid wavelength of A, differs due

to manufacturing tolerances. For instance, the emission curve may be shifted to the right as in the dotted emissian
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curve 440A depicted in FIGURE 10A. Tha actyal centroid wavelength is significant in accurate oximetry
Maasurements.

The filters 410, 430 preferabiy have a Tesponse as depicied by tha curve 450 i FIGURE 108, With a filter

chasen with the middle of its transition band selected at the target centroid wavelength, A,, the filter transition band

5 advantageously extends fram a lower anticipated wavefength A, to an upper anticipated wavelength A,. The range
{A; - A;) preferably encompasses the anticipated variance in wavelengths for LEDs dye ta manufacturing tolgrances.
In other words, the manufacturing tolerange range for LEDS manufactured to have a terget wavelength of A,, should
not extend beyand the upper or lower bounds of the filter transition band.

Far LEDs having a centroid wavelength in the area of the transition hand of the filter, a ratio of the overafl

10 intensity detected from a sensor LED without Tiltering to the intensity of the same sensor LED detected with filtering
provides useful information, as further explained.

FIGURE 10C is ilustrative of the ratio for an LED having a wavelength just abave than the target
wavelength A, The LED emission without filtering is represemted by the LED emission curve 440A. The EMissSion
with filtering is depicted by the filtered emission curve 441, The fittered emission curve 441 represents the fitter

15 response multiplied by the LED emission without filtering as welt understoor for filtered emission. The significant
ratio is the ratio of the area under the filtared LED emission curve 441 fillustrated with cross hatching} to the area
of under the unfittered LED emission curve 440A. It will be understood that this ratig wil vary from 0 - 1, for LEDs
with a centroid in the range A, - Ay and assuming the same filter 183ponse.

This ratia of the two areas can be determinad from the ratia of intensities receiver from tha photodetectors

20 404, 406 or 422, 424 as follows: Lat the normalized intensity of the unfiltered light LA) and the intensity of the
fiitered fight, }{A) ba reprasented by the follawing equations.

1

/ (A) = 30
L
1+(A-1, )2
(-1,
1 2
I{A) =
_”‘M F-‘o F)z
1+e
25 The anergy of the unfiltered fight as received by the photodetector 404, 422 can be gxpressed as the

integral over the range of wavelengths of the LED emissian as folipws:
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A
E(A2'l1)(no fittery = L12/L(A)P(A)dl G

where |{A) is the LED emissian vs. wavalength {4) and P(A) is the ahotodinde response vs. wavelength (A).

For simpiicity, where the photodiode respense is "1" (P{A) = 1) in the range of interest (A, - A,) (in other

words, the light emitted from the LED falls within the range of the LED), the signal of the first phatodetector 404,
422 (no fitter) will be as foliows:

Ap
E( o2 1) 0 ity = f,.L1 A k2
5
Similarly, the energy of the fight received by the second photodetector 408, 424 which has passed through
the filter 410, 430 can be expressed as Follows:
Ay
EQo M) i ey = f]L1 F(A),(A)dh (33

If all LEDs for a batch of sensors have the same peak emission and bandwidth in the area of interest W -

10 Ay, and can be represented by the same eguation (30} axcept for a multiplicative constant I, then a normalized
ratio of the energies can be defined as follows:
A
N OTAT Y
_ E(A2’A1)<wim fiten 31 ()1, (3)
(normy ~— N
E(‘?"Z!A1)(no filter) / f AEI (K)CM
0f,4 L
Aa Ag
/ofl R ()en) fl CFLMa
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The genoralized ratio of eguation (34} is a ratio of the entire area of the LED emission attenuated by
fiitering {designated with cross-hatching in FIGURE 10C) to the area under the entire LED emission curve.

The function £, is single valued and monatonic in the area (4, - A;) and depends only on the centroid
wavelength shift of the LED with respact to the center of the transition band, A, of the filter.

Accordingly, for a fitter with a center af the transition band at Ag, the ratio of the energy detected by
second photodetector ffilter present) to the energy detected by the first photodetector ffilter not present) in the
wavelength range (A, - A;), will be a vaiue between D and 1. The precise ratio depends upon the centroid
wavelength for the LED under test. As can be saen from FIGLURE 10C, as the centroid wavelength increases toward
Ay the ratio approaches "1", and as the centroid wavelength approaches A,, the ratio approaches "0".  This
relationship is depicted in FIGURE 100 for A, = ~ G10nm and A; = ~7106nm.

In use, a ratio ¢an be calculated to correspond to each possible LED wavelength in the range {4, - A,).
For instance, a test batch ef LEDs representing the range of wavelengths |4, - A} can be used to obtain
corresponding ratios of the intensity of filtered light to unfiltered light. An accurate wavelength detection device,
such as a manochrometer, can be used 10 measure the centroid wavelength for each tested LED. The centraid
wavelength can be stored for each tested LED in association with the measured ratio for each tested LED. This
leads to & normalized photediode respense, which can he referenced 1 obtain tha wavefength of an LED having an
unknown wavelength in the wavelength range A - Ay

In ather wards, for any LED having a centroid wavelength in the range {4, - A}, with a sensor as depicted
in FIGURE SA and 9B, the wavelength of the LED for the sensor can be determined by taking the ratia of the
intensities of the second and first photodetectars, and using the ratio to reference the normalized photodiode response
to find the wavelength, in the present embodiment, this is accomplished with a look-up table stored in 2 mamory
for the oximeter system. The look-up table stores the ratio values corresponding to associated wavelength values.

Accordingly, with the sensor embodiments of FIGURES 94 and 9B, the oximeter simply continually initiates
measurements for czlibration purposes. The oximeter, using the mathod described ahove, calculates the ratio between
the two intensities {filtered and unfiltered) and obtains the respective wavelength for the sensor. This is for testing
purposes. Accordingly, the LEDs or shot glass purchased advantageously should produce & ration less than 1 and
greater than 0, otherwise the LED wavelangth wili be undeterminable. In tase the ratio equals 1 or zero, the system
should either nat operate or use a calibration equation that is closest to the extreme {e.g., for ratio = 0, assume
waveiength is 630 nm and for a ratio = 1, assume wavelength is 670nm in the present embodiment).

As mentioned sbove, knowledge about the precise wavelength of the red LED in an oximeter prabe is
generally more critical than knowledge of the precise wavelength of the infrared LED, Accordingly, the filters of the
sensors of FIGURES 9A and 9B are chosen with the center of their transition band, A,, in the red wavelength range.
As seen from the filter response curve of FIGURE 108, i the center of the transition band is in the red range, the
infrared light will not be attenuated 1y the filter.

Examples of preferabie fiiter responses are depicted in FIGURE 11. FIGURE 11 depicts the response curve

for three filters, adequate far the present invention, depanding upon the expected wavelengths, A first filter has the
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center of its transition band at 645 am, a second filter has the center of its transition band at 665 nm and a third
filter has the center of its transition band at 695 rm. Other filters are also appropriate depending upon the target
centroid wavelength,

However, it should be understaod that the principle explained above cauld also be used for the infrared LED,
if the filters are chosen with the center of their transition band at A, selected at the anticipated or target infrared
wavelength {e.g., 905 nm). In addition, the second filter 411 (FIGURE 8A) can be provided as a filter, with the
center of its transition band selected at the anticipated or farget infrared wavelength in order te cafibrate the
infrared LED as well. in other words, the second filter 411 would pass red wavelengths (would be transparent to
the red LED light) and would have its transition band centered around 900 or 905nm, Such @ filter is depicted in
FIGURE 11A.

The wavelength detegtion described above couid also be implemented with a sensor having only one
photedetector, and a removable filter. The Operatar wauld initiate an intensity measurement as prompied by the
oximeter without the filter. Then, the operator would place the filter in the fight path between the LED and the
photodetector, and initiate a second reading. The ratio of the secand reading o the first reading provides the ratio
liome Which is used to reference the operating wavelsngth.

Probe Examples

FIGURES 12 - 14 iMustrate three different of probes tised in madical monitoring of patients.

FIGURE 12 depicts a wrap-around type prabe 500 with an associated connector 502 coupled to a cable
504 which couples to an oximeter system (not shown in FIGURE 12). FIGURE 12A depicts the bottom of the
tonnector 802. FIGURE 12B depicts a battom view of the wrap-around probe of FIGURE 12, and FIGURE 12C
depicts a side view of the wrap-around probe of FIGURE 12. The wrap around probe 500 has an LED emitter 508,
a photodetector 508 at the end of 2 cavity 509, 3 flexible circuit 510, and friction electrical connection fingers 512,
The prabe 500 also has a connection port 519. In one embodiment, where the probe would be used for the
calibratabie probe of FIGURES 8A, the wrap-around prabe would alse have a light tuneel 514 (FIGURE 12B) to
channel some of the light from the emitter 506 to the connector 502, I such an emhodiment, alf of the probe
calibration elements marked in the dashed fine 515, 5154 in Figures 94 and 9B are pesitioned in a cavity 516
(FIGURE 12A) which receives the light channeled thraugh the fight tunnel 514 and coupled to the connector 502 via
an aperture 518 at the end of the light tunnel 614. As spen in FIBURE 124, electrical frictian connectors 520 on
the connectar are configured to couple with the electrical connectors 512 of the wrap-around probe 500. The
flexibie circuit cannects the emitters 506 and the detector 508 to the connection fingers 512,

In use, the wrap-around probe is placed on the digit of a patient, and the photodetector 508 is positioned
opposite the emitter 506 so as to receive light from the emitter 506 attenuated by transmission through a tleshy
medium,

FIGURE 13 depicts another embodiment of a wrap-araund probe 530 for medical monitering of infants. The
probe has a first fiexible portion 532 configured to be wrapped abaut the digit of a neonate. attached to the first
flexible portion 532 is a second fexible member carrying emitters 534 {LEDs) and photodetector 536. In one
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embodiment where the ralibration prabe of FIGURE 9A is implemented with the probie of FIEURE 13, a fiber aptic
538 is provided ta carry part of the fight fram the emitter 534 to the connector port 540 of the probe 530. In this
manner, the same eennector 502 having a photedetector can be utilized with the infant style probe of FIGURE 13.
Alternatively, a light channel or tunnel could he used instead of the fiber optic to carry a partion of the light from
the emitter 534 to the connactor part 540, The same connector 542 is used for the neonatal probe 530.
Accordingly, as with the embodiment of FIGURE 12, all of the calibration slements within the dotted box 515, 5154
of FIGURES 94 and 9B are positioned within the connector 502,

FIGURE 14 depicts yet anather prabe for use in medicai monitoring. The probe of FIGURE 14 comprisas
a clip-on pratre 550 which cauples via a cable 552 to a tonnector port 554 which is the same as the connactor port
540 of FIBURE 13 and the connector port 518 of FIGURE 12. The clip-on probe carries emitters 558 and a
photodetector 558. With this embodiment, some light from the emiitters 556 enters a fiber optic 550 which channels
light to the connector port 554 as in the embediment of FIBURE 13. Again, the probe cafibratiens elements within
the same connector 502 are preferably contained within the connector 502 which is advantageously the same as
the connector for the embadiments of FIGURES 12 and 13,

FIGURES 15-15D depict yet another embodiment of a wrap-around probe 800 comprising a ffexible wrap
portion 602 with an associated connector 604 coupled ta a cable 506 which couples ta an oximetar system (not
shown in FIGURE 15). FISURE 15 depicts a perspective view of the entire probe B00. FIGURE 15A depicts the
underside of the connector 604. FIBURE 15C depicts a top view of the wrap portion 602 and FIGURE 15D depicts
a bottom view of the wrap portion 602. The connector 504 has two portions; an emitter partion 610 and a
tonnection portion 612. The emitter portian 610 advantageously eontains the emitters (such as LEDs) for the
selected wavelengths, This emitter portion 610 can be reused for a period of time, preferably weeks to months,
thereby aliowing for further reduced cost of the wrap-areund portion 802 which is disposable after each use. In
other words, emitters need not be provided for each wrap portion 502, Yet, the emitter portion 610 is removabiy
coupled to the connection portien 612 of the connectar B04, allowing the connection portion 612 ta be reusable for
a much longer period of time.

In this embodiment, the wrap partion 802 is flexible and disposable after each use with a very law cost.
The wrap portion has a Hexibie layer 626 made from palymer or other flexibie materiais and has a connector port
614 on the flexible layer 626. The connecter port 614 has electricel finger frigtion cannactors 816 which are
adapted to couple 1o electrical finger friction connectars 620 (FIGURE 15A) on the bottom of the connection portion
612 of the connector B04. The electrical finger friction connectors 616 for the wrap pertion 602 couple ta a
fiexible circuit 618 which connects to a detector 622 which is shielded tnot shown) for the detector 622. Two of
the connections couple to the detector 622 and the third is for the shield which is preferably a conventional Faraday
shield to protect the detector from electromagnetic intererence and the ke,

The wrap around probe 600 has an aparture 624 that provides a window for the transmission of light
energy from the emitters in the emitter portion 610, The emitters are positioned to transmit light through an

aperture 628 (FIGURE 154} in the emitter portion 810 which is configured to match with the aperture 624 in the
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wrap portion 602 when the connector 604 is pasitianed in the cannection port 614, Thus, the light transmits from
the emitters in the emitter partion 610 through the aperture 628 in the emitter portion 610 and through the aperture
624 in the wrap portion 602 when the connector 604 is inserted into the connector part 614 and the emitters are
activatad.

in use, the wrap partion 602 is wrapped around a digit of the patient (e.g., a finger) and the detector 622
is positianed to receive light transmitted through the aperture 524 and through at least a portion of the digit. For
instance, the wrap portion 802 can be wrapped araund a finger in 2 manner that the detecior 622 is opposita the
aperture 624 from which fight energy is transmitted.

In one embodiment, the prohe 600 is used for the calibratabie probe of FIBURES 9A and 5B. In this
embodiment, the connection purtion 612 has the elements in the dotted boxes 515 and 515A of FIGURES 54 and
9B positioned in the connection portion 612. In this manner, the calibration elements are rausable, yet work with
the LEDS in the emitter portion 610 to form a cafibratable embodiment. In such an embodiment, the emitters are
positioned in the emitter portion 610 such that the majority of the light energy transmits through the aperture §28
and that some light energy transmits to a light aperture 620 in the end of the connection portion 612 (Figure 15B).
The connection portion 612 contains the calibration elaments depicted in the boxes 515 and 5164 (FIGURES 84 AND
5B) housed in the connection portion 612,

Figure 15B depicts an end view of the connection portion 612 depicting the light channel 620 and two
electrical connector 6134, 613B which provide connections for LEDs (red and infrared connected back-to-brack in the
present embodiment) in the emitter portion.

tt will be understood that the apparatus and method of the present fnvention may be employed in any
circumstance where a measurement of transmitted or reflected enerqy is required, including but not limited to
measurements taken on & finger, an earlobe, or a lip. Thus, there are numerous other embodiments which will be
obvious to one skilled in the art. Furthermore, the apparatus and method of the present invention may be employed
for any LED application that is wavelength sensitive. The present invention may thus be embodied in other specific
forms without departing from its spirit or essential characteristics. The describad embodiments are to be considered
in all respects vnly as ilustrative and not restrictive. The scope of the invention is, therefore, indicated by the
foliowing appended claims. All changas which come within the meaning and range of equivalency of these claims

are ta be embraced within their scope,

Throughout this specification and the claims which follow, unless the context raquires otherwise,
the word "comprise”, or variations such as “comprises” or "comprising", will be understood to imply the
inclusion of a stated integer or group of integers but not the exclusion of any other integer or group of

integers.
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WHAT 1S CLAIMED |S:
1 A tuned light transmission netwark for transmitting light energy at & preselected wavelength

comprising:
a current source configured fo provide a preselected source current;
a light emitting diode coupied to said current sauree, said fight emitting diode of the type that
exhibits & shift in wavelength with a shift in a selected tuning parameter: and
a tuning element connected in parallel with said light emitting diode, the value of said funing
element having an impedance value, said tuning element selected 10 draw at least a first portion of said
preselected source current such that a second partion of said preselected source current passes through
said fight emitting diode, said second portion of said preselected source current selected to cause said light
emitting diode 10 generate light energy of a preselected wavelength.
2. The tuned light transmission netwark of Clsim 1, wherein said tuned element comprises 3 rasistor.
3. The tuned light transmission network of Claim 1. wherein said tuning parameter is drive current
within a range of drive current.
4, The tuned light transmission netwark of Ciaim 1, wherein said turing parameter is drive voltage
within a range of drive voltage,
5. The tuned light transmissian network of Ciaim 1, further comprising a detector responsive to light
energy from said light amitting diode to generate an output signal indicative of the intensity of the light energy,
6. A method for precalibrating a light generating sensor, comprising the steps of:
determining 2 first level of current required passing through a light sourge to operate said light
source at a preselected wavelength;
defining a second level of current, said second level of current higher than said first level of
current, said second ievef of current defining a drive current;
selecting an impedance element which when coupled in parallel with said light source forms a
tuned light source network, said impedance element selected to draw a sufficient amount of said drive
current such that said first level of current passes through the light source; and
cornacting said impedance in parallel with saig light source.
7. A methad of providing two wavelengths from a single light emitting diode, said method comprising
the steps of:
selecting a light emitting diode of the type that exhibits a wavelength shift with a change in drive
current through the fight emitting dinde for 2 range of drive current;
toupling a source of electrical energy to the light emitting diode (o provide saig drive currant;
driving the light emitting diede with 2 first lavel of drive current within said range of drive current
to cause said light emitting diode ta becama active and operate at a first wavelength is response te said

first level of drive current; and
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driving the light emitting diode with a second level of drive current within said range of drive
current and different from said first level of drive current to cause said light emitting diode to becoms
active and operate at a second wavelength in response to said second fevel of drive current.

B. The methed of Claim 7, wherein said light emitting diode is configured to transmit fight energy
to a medium under test, further comprising the steps of:

while said fight emitting diade is operating at said first wavelength, transmitting first light energy
at said first wavelength thraugh the medium under test, saig first wavelength chosen for a first
predetermined attenuation characteristics of said light energy as it propagates through said medium under
test, and measuring the attenuated light energy from said light emitting diode; and

while said light emitting diode is operating at said second wavelangth, transmitting second light

energy at said second wavelength through the medium under test, said second wavelength chosen for 2

second pradetermined attenuation characteristic of said light energy as it propagates through the medium

under test, and measuring the attenuated light energy from said light emitting diode,

g, The method of Claim 8, wherein said method comprises datermining the oxygen saturation of bland,
and said medium under test comprises @ portion of the human body having flowing bload, further comprising the
steps of:

coupling the source of energy to a second light emitting diode which operates at a third
wavelength distinct from said first and said second wavelengths, the change in wavelength between said
first and second wavelengths having a preselected value;

transmitting third light energy at said third wavelangth through said medium under test;

measuring said third light energy after propagation through said medium under test; and

calculating the oxygen saturation of said blood.

10. The method of Claim 9, further comprising 2 method of calculating another parameter relating to
said medium under test, said first wavelength of known value, and said change in wavelength between said first and
second wavelength having a preselected value, said method comprising the steps of:

determining the value of said second wavelength; and
calcufating said another parameter of said blosd.

11. The methad of Claim 10, wherein said another parameter comprises the saturation of
catboxyhemog|obin.

12, The method of Claim 10, wherein said another parameter comprises scattering,

13. The method of Claim 7, sait method further comprising the steps af:

adjusting the first light emitting diode with an ajusting impedance element such that the change
in wavelength for an incremantal change in current matches a preselected wavelength change.

4. The method of Claim 13, wherein said adjusting impedance element comprises a resistor.

15. The method of Claim of Claim 13, wherein said step of adjusting comprises the steps of:

placing the adjusting impedance slement in parallel with said first light emitting diode;
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selecting the valve of said adjusting resistor to cause the first light emitting dinde to exhibit said
preselected change for said incremental change in current,
18, An oximeter sensor comprising:
a first light emitting device configured to generate a light at & first known wavelength and which
is active at a first voltaga level: and
an information elamant in parallel with said first light emitting davice.

17. The oximeter sensor of Claim 16, wherain said information element operates at a voltage level
below said first valtage level.

18. The oximeter sensor of Claim 16, where said information element comprises a resistor,

18. The oximeter sensor of Claim 16, wherein saidl information element comprises an impedance
ngtwork.

20. The oximeter sensor of Claim 16, wherein said information element comprises a memory device,

21. The oximeter sensor of Claim 18, whergin the light emitting device romprises a light emitting dinde.

22, The aximeter sensor of Claim 18, wherein said iformation element camprises an enceding resistor,

the value of said encoding resistor indicative of the first known wavelength value, and the valus sufficiantly high
such that the encoding resistor draws effectively no current during active operation of said first light emitting device.

23. The oximeter sensor of Claim 16, wherein said information element comprises a security element,
the security element indicative that the oximeter sensor is of a predetermined type, the value of the security element
configured such that it draws effectively insignificant current during active operation of said first light emitting
device.

24. The oximeter sensor of Claim 23, wherein said security element comprises a resistor with a vaiue
that is sufficient high such that the resistor draws effectively insignificant current during active oparation of said
first light emitting device.

25, A methad of tuning a iight emitting diode to operate at a preselected wavelength within a range
of wavelengths, said methad comprising the steps of:

selecting a light emitting diade that exhibits a wavelength shift in respanse to a change in drive
current within a range of drive current:

driving said light emitting diode with a first drive current;

measuring the wavelength of said fight emitting dinde during operation at said first drive current;
and

if said light emitting diode is not Operating at said preselected wavelength, adjusting the drive
current within said range of drive current ta g spcond drive current such that saig light emitting dinde
operates at said preseiected wavelength.

28, A sensor configured to transmit and detect light comprising:

at least one light emitting element, saig fight emitting element having an emission with a centroid
transmission wavelength;
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first and second photodetectars, saig emission within the rasponse of saig first and second
photodetectars;

a light directing member configured to direct light from said at least one light emitting element
te said first and second photodetectors; and

@ filter positioned between said second phetodetector and said ai least one light emitting element,
said filter having a transition band selacted to encompass said centroid transmission wavelength,

27. The sensor of Claim 25, said sensor comprising an eximeter sensor, said at feast ane Jight emitting
element comprising first and second light emitting diodes, said first fight emitting diode having a centroid wavalength
in the red ranga and said second light emitting diode having a centroid wavelongth in the infrared range, said filter
having a transition hand which encompasses the centroid wavelength of said first light emitting diode.

28 The sensor of Claim 26, said light directing member comprising an integrating optica sphere having
said first and second photodetectors pasitioned about sphere so as to receive substantially equivalent portions of light
from said at least one light emitting element.

29. The sensor of Claim 26, said light directing member comprising 4 beam splitting member positioned
to substantiaily equally divide light from said at least one light emitting member and direct substantially equal
partions of the light to said first and said second photodetactars.

30. A method of determining the centroig wavelength of a light emitting element, said method
comprising the steps of:

providing a set of a plurality of predetermined ratios, each of said plurality of predetermined ratios
corresponding to an associated centroid wavelength;

Transmitting fight from said light emitting eiement to a first light detecting element to obtain &
first intensity;

transmitting light from said fight emitting element through a filter which attenuates the light to
4 second fight detecting element to obtain a second intensity;

calculating a ratio of said second intensity to said first intensity; and

comparing said ratio to said set of predetarmined ratios to reference the centroid wavelength of
said light emitting elemant,

A, The methad of Claim 30, whersin said first and second light detecting elements comprise the same

light detecting elament, said steps of transmitting occurring sequentially,
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32, Atuned light transmission network substantially as hereinbefore described with reference
to the accompanying drawings.

33, A method for precalibrafing a light generating sensor substantially as hereinbefore
described with reference to the accompanying drawings.

34, A method of providing two wavelengths from a single light emitting diode, substantially

has hereinbefore described with reference to the accompanying drawings.

35. Amethod of tuning a light emitting diode, substantially has hereinbefore described with
reference to the accompanying drawings.

36. A sensor configured to transmit and detect light, substantially has hereinbefore described
with reference to the accompanying drawings.

37. A method of determining the centroid wavelength of a light emitting element, substantially
has hereinbefore described with reference to the accompanying drawings.
DATED this 24th day of February 1999
MASIMO CORPORATION

By DAVIES COLLISON CAVE
Patent Attorneys for the Applicant
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