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(57) Abstract

A pulse oximeter sensor (410) with a light source optimized for low oxygen saturation ranges and for maximizing the immunity to
perturbation induced artifact, Preferably, a red (112) and an infrared light source (114) are used, with the red light source {112) baving a
mean wavelength between 700-790 nm, The infrared light source (114) can have a mean wavelength as in prior art devices used on patients
with high saturation. The sensor of the present invention is further optimized by arranging the spacing between the light emitter (112, 114)
and light detectors (116) to minimize the sensitivity to perturbation induced artifact. The present invention optimizes the chosen wavelengths
to achieve a closer matching of the absorption and scattering coefficient products for the red and IR light sources. This optimization gives
robust readings in the presence of perturbation artifacts including force vanatlons, tissue variations and variations in the oxygen saturation
itself.




Pul se oxinetry has traditionally been used on pati ent popul ations
where arterial blood oxygen saturation is typically greater than 90%
i.e., nore than 90% of the 20 functional henoglobin in the arterial blood,
i s oxyhenogl obi n and | ess than 10%is reduced henogl obi n. Oxygen
saturation in this patient population rarely drops bel ow 70% - Wen it
does drop to such a low value, an unhealthy clinical condition is

i ndicated, and intervention is generally called for. In this 25 ,
. Situation, a high degree of accuracy in the estimte of saturation is
not clinically relevant, as nuch as is the trend over time.
Conventional two wavel ength pul se oxineters emt light fromtwo Light
Emtting Diodes (LEDs) into a pulsatile 30 - tissue bed and collect the
transmtted light with a photodi ode positi oned on an opposite surface
(transm ssion pul se oximetry), or an adjacent surface (reflectance

pul se oxinmetry). The LEDs and photodetector are housed in a

reusabl e or di sposabl e sensor which connects to the pulse 35  oxineter

el ectronics and display unit. The "pulse” in pul se oxi nmetry comes
fromthe tinme varying amount of arterial blood in the tissue during
the cardiac cycle, and the processed signal s fromthe phot odet ect or
create the famliar
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two LEDs' primary wavel ength nmust be chosepn at sone point in the

el ectromagneti c spectrum where the absorpt?on of 5 oxyhenogl obi n (HbQ2)
differs fromthe absorption of reduced henogl obin (Hb). The second of
the two LEDs' wavel engt h nust be at a different point in the spectrum
where, additionally, t he absorption differences between Hb and HbO2
are different fromthose at the first wavel ength. Commercial pul se
10 oxinmeters utilize one wavelength in the near red part of_ the

vi si bl e spect r uRPREEr OXEMETIRo AR SENSQR OBIAIARP i PR HPW A TURATION
infrargd part of the spectrumin the range of 880 nm- 940 nm (See
Fig. 1). As used hergin, "red" wayel engt.hs ar "red" pegtr ] J
refer to the 600-80Q0 ﬁhllﬁorlﬁi &n G on é%cﬁﬁr%é)gfné{'isz‘ & é%:]t%rguén%l&nnear
red", the 688ri80 numpert 0O8¢(221,911," ffAledkedprilhd ,7G®W00 nm portion; and
"infrared" or "near i nfrared”, the 800-1000 nm porti on.

BACKGROUND OF THE INVENTION

10 Pulse oximetry is used to continuously monitor the
arterial blood oxygen saturation of adults, pediatrics and
neonates in the operating room, recovery room, intensive care
units, and increasingly on the general floor. A need exists
for pulse oximetry in the delivery room for monitoring the

15 oxygen status of a fetus during labor and delivery, and for
monitoring the oxygen status of cardiac patients.

Pulse oximetry has traditionally been used on
patient populations where arterial blood oxygen saturation is
typically greater than 90%, i.e., more than 90% of the

20 functional hemoglobin in the arterial blood is oxyhemoglobin
and less than 10% is reduced hemoglobin. Oxygen saturation in
this patient population rarely drops below 70%. When it does
drop to such a low value, an unhealthy clinical condition is
indicated, and intervention is generally called for. In this

25 situation, a high degree of accuracy in the estimate of
saturation is not clinically relevant, as much as is the trend
over time.

Conventional two wavelength pulse oximeters emit
light from two Light Emitting Diodes (LEDs) into a pulsatile

30 tissue bed and collect the transmitted light with a photodiode
positioned on an opposite surface (transmission pulse
oximetry), or an adjacent surface (reflectance pulse
oximetry). The LEDs and photodetector are housed in a
reusable or disposable sensor which connects to the pulse

35 oximeter electronics and display unit. The "pulse" in pulse
oximetry comes from the time varying amount of arterial blood
in the tissue during the cardiac cycle, and the processed
signals from the photodetector create the familiar
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oximeters utilize one wavelength in the near red part of the
visible spectrum near 660 nanometers (nm), and one in the near
infrared part of the spectrum in the range of 880 nm - 940 nm
(See Fig. 1). As used herein, "red" wavelengths or “"red"
spectrum w111 refer to the 600 800 nm portion of the
electromagnetic spectrum “near red", the 600-700 nm portion;
"far red",-the 700-800 nm portion; and "infrared" or "near
infrared", the 800-1000 nm portion. |

Photocurrents generated withih the photodetector are
detected and processed for measuring'the modulation ratio of
the red to infrared signals. This modulation ratio has been
observed to correlate well to arterial oxygen saturation as
shown in Fig. 2. Pulse ox1meters and pulse oximetry sensors
are empirically calibrated by measuring the modulation ratio
over a range of in viveo measured arterial oxygen saturations
(sa0,) on a set of patients, healthy volunteers or animals.
The observed correlation is used in an inverse manner to
estimate saturation (Sp0,) based on the real-time measured
value of modulation ratios. (As used herein, Sa0, refers to
the in vivo'measured functional saturation, while SpO, is the
estimated functional saturation using pulse oximetry.)

The choice of emitter wavelengths used in
conventional pulse oximeters is based on several factors
including, but not limited to, optimum signal transmission
through blood perfused tissues, sensitivity to changes in
arterial blood oxygen saturation, and the intensity and
availability of commerc1al LEDs at the desired wavelengths
Traditionally, one of the two wavelengths is chosen from a
region of the absorption spectra (Fig. 1) where the extinction
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show diminished accuracy at low oxygen saturations.
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SUMMARY OF THE INVENTION
According to the invention, more accurate estimates
15 of low arterial oxygen saturation using pulse oximetry are
achieved by optimizing a wavelength spectrum of first and
second light sources so that the saturation estimates at low
saturation values are improved while the saturation estimates
at high saturation values are minimally adversely affected as
20 compared to using conventional first and second wavelength
spectrums. It has been discovered that calculations at low
saturation can be significantly improved if the anticipated or
predicted rates of absorption and scattering of the first
wavelength spectrum is brought closer to, optimally equal to,
25 the anticipated or predicted rates of absorption and
scattering of the second wavelength spectrum than otherwise
exists when conventional wavelength spectrum pairs are chosen,
such as when conventionally using a first wavelength centered
near 660 nm and a second wavelength centered anywhere in the
30 range of 880 nm - 940 nm.

The present invention solves a long felt need for a
pulse oximeter sensor and system which provides more accurate
estimates of arterial oxygen saturation at low oxygen
saturations, i.e. saturations equal to or less than 80%, 75%,

35 70%, 65%, or 60%, than has heretofore existed in the prior
art. The sensor and system is particularly useful for
estimating arterial saturation of a living fetus during labor
where the saturation range of principal importance and

THIS SHEET HAS BEEN
REPLACED
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saturati oRualn dW¥ ¥YYefaturation range of interest of a living subject,
either human or animal, is low.

10 In addition to providing better estimates of
arterial oxygen saturation at low saturations, the sensor,
monitor, and system of the invention further provide better
and more accurate oxygen saturation estimates when
perturbation induced artifacts exist and are associated with

15 the subject being monitored. _

When the rates of absorption and scattering by the
tissue being probed by the first and second wavelength
- spectrums are brought closer together for the saturation
values of particular interest, improved correspondence and

20 matching of the tissue actually being probed by the first and
second wavelengths is achieved, thus drastically reducing '
errors introduced due to perturbation induced artifacts. For
example, when light of one wavelength is absorbed at a rate

_ significantly higher than that of the other wavelength, the |

25 light of the other wavelength penetrates significantly further
into the tissue. When the tissue being probed is particulafly
in-homogenous, this difference in.penetrations can have a
significant adverse impact on the accuracy of the arterial
oxygen saturation estimate. '

30 ' Perturbation induced artifacts include, but are not
limited to, any artifact that has a measurable impact on the
relative 6ptica1 properties of the medium being probed.
Perturbation induced artifacts include .but are not limited to
the following: -

35 (1) variations in the tissue composition being
probed by the sensor from subject to'subject, i.e., variations
in the relative amounts of fat, bone, brain, skin, muscle,
arteries, veins, etc.;
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the amount of blood present in the nearby tissue.

In one embodiment, the present invention provides a

fetal pulse oximeter sensor with a light source optimized for

10 the fetal oxygen saturation range and for maximizing the
immunity to perturbation induced artifact. Preferably, a far
red and an infrared light source are used, with the far red
light source having a mean wavelength between 700-790 nm. The
infrared light source can have a mean wavelength as in prior

15 art devices used on patients with high saturation, i.e.,
between 800-1000 nm. As used herein, "high saturation" shall
mean an arterial oxygen saturation greater than 70%,
preferably greater than 75%, alternatively greater than 80%,
optionally greater than 90%.

20 The fetal sensor of the present invention is further
optimized by arranging the spacing between the location the
emitted light enters the tissue and the location the detected
light exits the tissue to minimize the sensitivity to
perturbation induced artifact.

25 According to a preferred embodiment, electrooptic
transducers (e.g., LEDs and photodetectors) are located
adjacent to the tissue where the light enters and exits the
tissue. According to an alternate embodiment, the
optoelectric transducers are located remote from the tissue,

30 for example in the oximeter monitor, and optical fibers
interconnect the transducers and the tissue with the tissue
being illuminated from an end of a fiber, and light scattered
by the tissue being collected by an end of a fiber. Multiple
fibers or fiber bundles are preferred.

35 The present invention recognizes that the typical
oxygen saturation value for a fetus is in the range of 5-65%,
commonly 15-65%, compared to the 90% and above for a typical
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calculation that is not obvious to those who practice the
prior art_methods which attempt to max;mlze the sensitivity to
changes in the saturation value. The'improvement in

15 performance that results from these optlmizatlons are
applicable to both reflectance and transmission pulse
ox1metry. An example of a fetal transmission pulse oximetry
configuration usable with the preseht inVention is described
in U.Ss. Patent Application No. 07/752,168, assigned to the

20 assignee of the present invention,_the'disclosure of which is
incorporated herein by reference, An example of a non-fetal
transmission pulse oximetry configuration usable with the
present'inventicn is described in U.S. Patent No. 4,830,014,
assigned to the assignee of the present invention, the

25 disclosure of which is incorporated herein by reference.

BRIEF DESCRIPTION OF THE DRAWINGS
Flg 1 is a chart of the absorptlon characteristics
of oxyhemoglobin (HbO,) and reduced hemoglobln (Hb) versus
30 wavelength showing prior art near red and infrared LED
wavelengths; |
Fig. 2 is'a graph of red/IR modulation ratio versus
oxygen saturation; |
Fig. 3 is a diagram illustrating light penetration
35 through different 1ayers of tissue at different distances;
Fig. 4A is a chart of the_variaticn in extinction
and scattering coefficients over a rauge of wavelengths for
different saturation values;
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fat, bone, brain, skin, nuscle, arteries, veins etc ; WO
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(3
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of the modulation ratio and saturation error as a function of
saturation for different red and infrared wavelength
combinations;

10 Figs. 19-23 are charts illustrating saturation and
the error due to applied force for different combinations of
emitter wavelength and emitter-detector spacing from
experiments done on sheep;

Figs. 24 and 25 are diagrams illustrating the
15 construction of a sensor according to the present invention:;
Figs. 26A-B are diagrams of a single package, dual
emitter package used in the present invention; and '
Fig. 27 is a block diagram of a pulse oximeter
according to the present invention.

20

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
An understanding of the design of the fetal sensor
according to the present invention requires an understanding
of the environment in which the sensor will operate. Fig. 3

25 illustrates the layers of tissue in a typical fetus location
where a sensor may be applied. Typically, there would be a
first layer of skin 12, perhaps followed by a layer of fat 14,
a layer of muscle 16, and a layer of bone 18. This is a
simplified view for illustration purposes only. The contours

30 and layers can vary at different locations. For instance,
bone would be closer to the surface on the forehead, as
opposed to c¢loser muscle on the neck. Such variations in
sites can produce the first type of perturbation artifact
mentioned in the summary--artifact due to variations in tissue

35 composition.

The general paths of light from an emitter 20 to a
photodetector 22 are illustrated by arrows 24 and 26. Arrow
24 shows light which passes almost directly from emitter 20 to
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an end Offro£'beéet p£8 than the first palr 20, 22 described. As
can be seen, this greater separation results in the
penetration of a larger amount of tissue, as indicated by

15 arrows 32 and 34. Thus, the greater spacing increases the
;depth of penétration, although it will reduce the intensity of
the signal received at the detector due to more attenuation
from more of the light being absorbed in the tissue and the
greater light propagation distances involved.

20 The second type of perturbation_mehtioned in the

- summary is variations in the concentration of blood in the
tissﬁe from patient to patient or over time. A lower
concentration results in less absorption,'inCreasing the
penetration depth. The inventors estimate that the mean

25 ‘penetration depth of phdtons in a médiuﬁ is related to the
product of the absorption and scattering coefficients, and
this estimate is consistent with the findings of Weiss et al.,
Statistics of Penetration Depth of Photons Re-emitted from
Irradiated Tissue, Journal of Modern Optics, 1989, vol. 36,

30 No. 3, 349-359, 354, the dlsclosure of which is 1ncorporated
herein by reference. '

Absorption of light in tissue in the visible and
near infrared region of the electromagnetic spectrum is
dominated by the absorption'characteriStics of hemoglobin.

35 Absorption coefficients of hemoglobin can be found in the
literature, for example Zijlstra, et al., "Absorption spectra
of human fetal and adult othemoglobin, de-bxyhemoglobin,
carboxyhemoglobin and methemoglobin", Clinical Chemistr ,



fibers or fiber bundles are preferred. 35 The present invention

recogni zeswangsn2ésre t ypi cal oxygen saturation val ue forpér,ﬁggg,{ﬁogus I n
t he range of 5-65% commonly 15-65% conpared to the 90% and above for
a typical WO 95/ 26676 9 '

PCT/ US95/ 04050 6 patient with

nor mal (gigh@nﬁﬁuLleﬁjﬁmG%Qﬂ gﬂditkﬂﬁc?ﬁpégéﬁéi h?ﬁeiﬁnﬁyrré§$§é?b§§L to
i ncrease t [ on.induced artifact. npt'her uni que ctor i.n

f et al oxihgt%ﬁ%@?%#méhﬁ?ﬁsgﬁﬂgo%é?ggl°1enF§p?£a£F?sPﬁSQF e&nfﬁp8ﬂﬁﬁdtng
vagi na and tthe methedolognteHrmessurehent and| thdsmodehouskdowo fit the
advance.  gata, althoudhCtREFSeNL éé‘ff&?&{togg{fégﬁﬁﬂtzﬁﬁ ghb ?El&'ﬂ?ﬁ%@
features unique to fetal  oxinmetry or”oxinetr or Tow saturation
pati ent® an®Provkaestn teriddrelgnghh opegardiesshef methpgpunTigsueo

perturbati onsddtetisserthqrédd fEiSientdi 8s8@ b €Ré1 PAvdRtorsSadanBa¥eliNod

trade-off O%ié¥%§¥%§“éﬁggt ,tgh hgg eéakgn from Schmitt, "Simple photon
diffusion analysis of the effects of multiple scattering on
pulse oximetry", IEEE Transactions on Biomedical Engineering,

10 Vol. 38, No. 12, December 1991, the disclosure of which is
incorporated herein by reference.

Fig. 4A is a graph showing the product of the
absorption and scattering coefficients for 0%, 40%, 85% and
100% saturations for wavelengths between 600 nm and 1,000 nm.
15 For 85-100% tissue oxygen saturation, good balance or
’ correlation exists between the product of the absorption and
scattering coefficients of conventionally chosen wavelength
pairs (i.e., 660 nm and 892 nm), as illustrated by points A
and B on curve 101.

20 For low tissue oxygen saturation, points C and D on
curve 102 graphically indicate that there is a very
significant mismatch between the product of the absorption and
scattering coefficients of the 660 nm near red and 892 nm
infrared light, with the near red light being more strongly

25 absorbed and scattered. This very significant absorption and
scattering mismatch results in very different tissue being
probed by the near red and infrared light which significantly
degrades the accuracy of the arterial oxygen saturation
calculation. In addition, when a large range of low arterial

30 oxygen saturations need to be accurately calculated, as when
monitoring a fetus during lapor where the range of arterial
oxygen saturations can extend between 15% and 65%, it is
evident from Fig. 4A that not only does a significant mismatch
between the rates of absorption and scattering of the near red

35 and infrared light exist, but that the amount of mismatch will
vary significantly as arterial oxygen saturation varies, thus
causing a differential inaccuracy of oxygen saturation
estimates which varies with the arterial saturation.



saturation value. This trade-off results in a nore reliable :
calculation that is not obvious to those who practice the prior art
met hods wbiosheaast enpt to maxi m ze the sensitivity to pET@ResAs0s00 t he
saturation value. The inprovenent in 15 performance that results from
these optim zations are applicabl e both reflectance and
~transm ssi on pul se oxi metry. An exanple of a fetal transm ssion pul se
oxi netry conf i gnr &hieomtheabhand,t pointéspDeaad BH oneuroe i192ddscri bed

nUS Paygnt A0ghi6akan MnlI210% o%300aet e hliellentasy diRe O

t he prese |nven on di'sclosu I ncor por at her ei n
by ref er ehp¥entAgnepdnsheosing fiastepad second, afﬁéfmlﬁlig&lilspulle@ «oxildet ry

confi gur ahhoanasebbenw t blhtlll@x have B.'b%"o@?\::.‘o@xV%%H' %a‘t%e(iqi‘h%“ bed in U.S.
Pat ent No. _ 4,830, 014, ed to t S3i 0 resent
i nverti on® PF€°§§rlS&F§§I& EWHHEW qsﬁigggﬁﬁgﬂﬁﬁ MRpred to
ref erencethe prlor art pairing cﬂBRBEFnﬁESﬁ!IBEEONmOEdEHldB%@NHﬂ&@ _
o1 TEASHE BaShe R Aste o O SRR, gaped b Lol
art near 3alanelpnfa@deeq§§mer1ng\mgﬁﬁﬁyqyﬂmis more nearly matgly the | 5 g
graph of 589/ hR WYl ih 'aHd BHFEENing codPIYSertY Urﬁ{ﬁxf&iﬁed
Flo. 103 ! So%e(ljrllaa%r %rP Itlhleu§l:t1rsastu!en%el:I.In%’htpr%ei\arela%t rbe)‘rt It%re two wavelengths of
light result. In addition, 732 nm results in a smaller
variation of the extinction and scattering coefficients as a
function of exyden'saturatien as compered to 660 nm, thus
resulting in better and more accurate oxygen saturation
15 estimates over a wider range of saﬁuratiens. The tissue
oxygen saturation values shown in Fig. 4A are closely
correlated to arterial oxygen saturetioh'values. In general,
a given value of tissue oxygen saturation corresponds to a
higher value of arterial oxygen saturation. For example, the
20 inventors estimate that 85% tissue eiygeh saturation
corresponds to roughly 100% arterial oxygen saturation.
A preferred embodiment of the invention is to
optimize the wavelengths used for a sensor to estimate fetal
arterial oxygen saturation durlng labor where the saturatlon
25  of interest is below 70%, a typical range of interest being
between 15% and 65%. Attemptlng to match or balance the rates
of absorption and'scattefing of the_ﬁwd wavelengths in a fetal
sensor is particularly useful'sinCe'the amount of perturbation
induced artifacts are so severe in humber and magnitude. For
30 example, for a surface reflection senser, it is difficult to
know a_priori where on the fetus the sensor will be located.
For example, sometimes it will be on the head, other times the
cheek. Hence, the tissue composition varies from application
to application. 1In addition, the force by which the sensor is
35 applied will vary durlng labor thus 1ntroduc1ng still
additional perturbatlon induced artifacts.
Another preferred embodiment of the invention is to
use the sensor of the invention for cardiac patients whose



35 through different |layers of tissue at different distances;

Fig. 4A iswosshess of the variation in extinction and rjin
coefficients over a range of wavel engths for dlfferentﬁgg%ﬁsﬁﬁﬂ%ﬁ
val ues; WO 95/ 26676 11 ‘
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Fig. 4B is admjd &Ofsdthigraed s Wefd %acddyacy in 'calc?.l?tic_nlx:é 9igd Is a
diagramilluystrating the ; sensor on a fetus;

pliki ng of a _
Fig. 6 is a‘JPastatiusts at5om g% ¥pe®®¥umof an 5 LED according to the

present invention; Fig. 5 illustfd®@ss thd HpPdCedmPhSt SA¥eRSor 410 on
experi nent al of the nodul ation r

' t] d saturation error as
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this instance, the sensor is on the side of the fetus'

forehead. This wedging of the sensor applies a force to the
skin immediately below the sensor, which reduces the amount of

10 blood in the local tissue. This reduces the amount of blood
the light signal will pass through, thus increasing the
difficulty of obtaining an accurate blood oxygenation reading.

In choosing an optimum LED wavelength, it must be

kept in mind that LEDs have a spectral width, and are not a

15 single narrowband wavelength device like a laser. Fig. 6
illustrates the épectral spread of one preferred wavelength
for a sensor according to the present invention, showing the
far red wavelength at 735 nm as being the peak wavelength.
However, arrow 510 indicates a distribution of wavelengths

20 which can be approximately 25 nm wide at which the intensity
level is approximately 50% of that of the peak wavelength. 1In
addition, when manufacturing LEDs, it is difficult to tightly
control the mean wavelength. Thus, a purchaser specifying a
particular wavelength, such as a 735 nm wavelength in an

25 embodiment of the present invention, will expect to receive
. LEDs whose actual mean wavelength can vary by 10, 20 or more
nanometers from the specified value. A narrow range is
typically achieved by testing and sorting.

Fig. 27 is a block diagram of one embodiment of a

30 pulse oximeter implementing the present invention. Light from
light source 210 passes into patient tissue 212, and is
scattered and detected by photodetector 214. A sensor 200
containing the 1light source and photodetector may also contain
an encoder 216 which provides signals indicative of the

35 wavelength of light source 210 to allow the oximeter to select
appropriate calibration coefficients for calculating oxygen
saturation. Encoder 216 may, for instance, be a resistor.



emtter wavel ength and emtter-detector spacing from experinments done

on sheep; i Figs. 24 and 25 are diagrams illustrating the 15
CONSt I UGkyigQ8 262 sensor according to the present invent

Fi gs. 26A—B are diagrans of a single package, dual eg???%?spackage
used in the present invention; and 12 Fig. 27 is a block

di agram of a pul se oxi neter according to the present invention. 20
DETAI LED DESCRI PTI O&éﬂ%&'@ﬁ@?%ﬁ:@@@'%ﬁr%ulse oximeter 220\
understandlng of, the dliégp of the fetal senso accordin 0 the
present i rRAEHEQXIME %F%rﬁié?’scf%ﬁﬁﬁ‘?f'gessor 252 (FRERY ?‘gn’i"%n&l‘nl n

whi ch the Srﬁ:tmfamﬁds @®mr at Aldo corthétted itd ushe diws i IRAMIBENITY i SSue

in a typl fet I catq 1y,
t here woul ?60 cﬁ%ﬁaﬁ;{‘ %Zasy'er Vwog%'( rwé)é '{% @ﬁﬁ%‘f’ﬁ’)ﬂ\;\@; Zb%/-dgl Icgye?/
of féh 14prov1de§ I'@y@mq)fccrmle Siynaks faoﬂalﬁ,ht rifmecipcuiiy 2323
sinplifi e%&&w&&&(ﬁdly%éﬁ | DI $EEESe 010 - 1 NEL T Ak &4 ,30and apgl

Closer {0 MU SRka dokSh ORFGeR Aemdied: the BifbtRtexed IBES ERE e on
thet neggt Itglé?hii%/ﬂ;eﬁn@r!@lght sourée(bjs.es TPU Z00lso tdentioks thee of
ESL ;'[| onsgarq#‘arirq Is’srhec’%BSJ'g'l%ﬁ%o f?’?o%ﬁgtogeté%wu aﬁ%*égéﬁer aF :)gt hs of
| i ghtof r orampl efddr e2320and & switching circuit 234. These signals are
sampled at the proper time, dependlng upon which of multiple
light sources is illuminated, if multiple light sources are
used. The received signal is passed through an amplifier 236,
a low pass filter 238, and an analqg-to-digital converter 240.

15 The digital data is then stored in a queued serial module
(QSM)'242, for later downloading to RAM 26 as QSM 242 fills
up. In one-embodiment, there may be_multiple parallel paths
of separate amplifier filter and A/D converters for multiple
light wavelengths or spectrums received. o

20 A detector and decoder module 242 determines the
wavelength of the light source from encoder 216. One
embodiment of circuitry for accompiishihg this is shown in
commonly assigned U.S. Patent No. 4,770,179, the disclosure of
which is hereby incorporated by_reference.'

25 Based on the value of the received signals
corresponding to the light received by photodetector 214,
microprocessor 222 will calculate the oxygen saturation using
well-known algorithms. These algorithms require coefficients,
which may be empirically determined, corresponding to, for

30 example, the wavelengths of light used. These are stored in a

"ROM 246. The partlcular set of coeff1c1ents chosen for any
pair of wavelength spectrums is determlned by the value
indicated by encoder 216 correspoﬁding to a particular light
source in a particular sensor 260. In one embodiment,

35 multiple resistor values may be assigned to select different
sets of coefficients. In another embodlment the same
resistors are used to select from among the coefficients

- appropriate for an infrared source_palred with either a near



bhotodetector 22 are illustrated by arrows 24 and 26. Arrow 24 shows

| i ght whi fp eiseRs al nost directly fromemtter 20 to 26676
PCT/ US95/ 04050 8 P%Te’Pgécg%aé_?;ﬂlzz,
basically shunted fromone to the other, pgssing t hrough very little
bl ood perfused tissue. Arrow 26, on the ot her hand, illustrates the
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penetration.is affected b he .5 vel h of -the light and.th
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i || ustT at eksybaaxfl, 31 A tperefprevidingsingtonctionschiromer zemafechors
spaced on tddhgddtesple at a greater distance froma detector 30 than the

first pair 20, 22 descri bged. can be seen, this greater se ation
results in the t 1Y RCF %flgPBePr%ﬁ%ﬁht1BYngégﬂeFS§sbB§gicated

by modeling and prototypes to achieve the optimized sensor set
forth herein. Several theoretical models exist for describing
10 the scattering of light within tissue. The models used by the
inventors assume isotropic scattering within a homogeneous
tissue bed. Even though this is a simplification of the true
nature of light scattering in tissue (tissue is inhomogeneous
and light is scattered primarily in the forward direction),
15 these models are useful for predicting behaviors of pulse
oximetry, and the sensitivity to many design parameters.
Utilizing such a model, different choices of LED
wavelengths were explored. Tissue characteristics were
numerically defined and the basis (calibration) correlation
20 between Sa0, and modulation ratio was calculated for each
wavelength pair considered. cChange in physiological condition
was simulated by revising one or more of the numerically
defined physical parameters. SpO, was recalculated from the
resulting modulation ratio, and the saturation region where
25 errors were minimized was noted. For arterial saturations
above 80% the conventional wavelength choice of 660 nm paired
with 890 nm results in optimum performance, while for arterial
saturations below 70%, 735 nm band emitters paired with 890 nm
gives improved stability.
30 Figs. 7 through 18 show the predicted errors due to
changing the tissue blood volume to one fourth the basis value
for a variety of red and IR LED wavelength pairs. The A
figures (such as 7A) show the modulation ratio vs. Sa0O,. The
B figures (7B) show the saturation error vs. Sa0,. This
35 perturbation simulates the effects of blood volume variations
within the patient population, anemia, ischemia, or localized
exsanguination of blood in the tissue.



15 arrows 32 and 34. Thus, the greater spacing increases the dept h
of penetration, although it wll reduce the intensity of t he signal
recei veqy@bshdess det ector due to nore attenuation f ropa-gggﬁmgss ot Ne

| i ght being absorbed in the tissue and the . greater |1ght propagation
di stances invol ved. 20 The second type of perturbation
mentioned in the sumary is variations I n the concentration of blood
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Figs. 7-9 show the typé of perfdrmance fdund in
conventional pulse oximeters. Figs. 10-18 show shifting of
20 the optimum performahce region from saturations above 80% to
lower saturatlons when the red LED wavelength is chosen in the
700 nm - 790 nm reglon of the spectrum._ Light scatterlng is
minimally affected by changes in oxygenation, but light
absorption is significantly affected as reduced hemoglobin in
25 the tissue changes to oxyhemoglobin or vice-versa. Pulse
' oximetry's optimum performance regipn'occurs when there is a
balance of the two channels' scattering and absorption
properties within blood perfused tissue. Balance occurs when
there is a good overlap of the volumes of tissue probed by the
30  two channels, requiring that the penetration depth of light at
the two‘wavelehgths be matched. At the higher saturations,
this optimum balance occurs with the pairing of wavelengths
with a red emitter in the 660 nm band, while at the lower
saturations the balance improves with the use of a red emitter
35 in the 730 nm band. The variation of the TR LED from 805 to
940 nm does not produce a significant difference in
performance. '
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light interferehce, become more important but can generally be

10 accounted for with good instrument design and appropriate
signal processing. The bias and deviations due to tissue
optical properties, however, become less significant with the
proper choice of emitter wavelengths when they are chosen
based on the saturation region of primary interest.

15 The inventors conducted empirical tests on sheep
using prototype sensors. The empirical observations support
the use of 735 nm band red LEDs in the design of a pulse
oximeter that is more robust to perturbation induced artifacts
at the lower saturation region. Reflectance pulse oximetry

20 sensors were fabricated using conventional 660 nm - 8950 nm LED
pairs, and with 735 nm - 890 nm pairs. _

Fig53119-23 show that measurements were taken at a
range of oxygen saturation values indicated along the X axis
from approximately 100% oxygen saturation to less than 10%.

25 The plots show the calculated saturation (Sp0,) for each
actual saturation (Sa0,) value. The actual saturation value
is determined by simultaneously drawing blood samples from an
arterial catheter placed in the left femoral artery. Sao0, is
measured on a laboratory co-oximeter (Instrument Labs IL 282

30 or Radiometer OSM-3). This is the value used on the X axis in
these figures.

As can be seen, the diagonal line in Figs. 19, 20,
and 22 indicates the desired result where the calculated value
is equal to the actual value as measured with the catheter.

35 The tests illustrated in Figs. 19, 20, and 22 were done with a
nominal force of approximately 50 grams applied to the sensor
holding it against the skin.



scattering coefficients of conventionally chosen wavel ength pairs

(i.e., 660 nmand 892 nm, as illustrated by points A and B on curve
101 20 wo 95126676 For |ow tissue oxygen saturation, poipgs
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the near red |ight %@{eﬁdm'é@&r PRSP RSI At sCided.  Thi s
n

very S|gn|f|cant absorpti on a

scattering msmatch resul t
di fferent em1§§e§/§@|tﬁg=t0r SRR %rh@d HiRPY S er%dsllql gie e"ﬁvn ch
si lgnl }‘ I fa%hlaxl sengéﬂte@faati%i-alﬂlenﬁqwrmy @eﬁmszrd 16 athenXtyen st ur at i on
calculation. In a i.on e arge. range rtefi
sat ur at i ofrdSF¥&d PES gg,(’r% bcreﬁgc&ﬁ tq’aes I}/ﬁ\ge‘fﬁl and ’?A"’?Oat of S}r%ﬂ?n

fetus duruﬁgﬂeﬁ@mm.where t he range of arterlal oxygen saturations can

extend bet ween 15% 3 65%nd 738 ny serUAISMeH 018 7 G Heddii-ggl only

does a significant m's ween the rates of orptlon and
scat t eri ngenftterhemidhen/detamton mpagingratd thehissyes thritPiamt the

amount of YO IR RNY Head and/ Hece! I g &ttty yréiiac?éd efd allXugigeated by

saturation varles t hus - causing a differential inaccuracy, of.oxygen
saturati ofig. 20st {TRARSE i HPWRY %Jt]hlt %ﬁa}ré"ﬁ %%R#%JIYJOW €6
10 surface exsangulnatlon. This is apparent in Fig. 21 which

illustrates the effect of a perturbation induced artifact
(sensor applied force). | _

Fig. 22 shows the locatlon 1nsen51t1v1ty of a 735 nm
sensor with a 14 mm center-to-center emltter/detector spacing.

15 Fig. 23 shows that thlS sensor .is also insensitive to force
-applied to the sensor (perturbation induced értifact).

It was experimehtally confirmed that increasing the
emitter/detector center-to-center spacing from 5.8 mm for
735nm/890nm LED wavelengths decreased the sensitivity to

20 perturbation induced artifacts, with good performance being
achieved by an emitter/detector separation equal to or greater
than 10 mm. '

Both the modeling and the actual experiments
illustrate an improvement in rellablllty of a saturation

25 measurement achieved by optimizing the red wavelength to be
within 700-790 nm range. In addition, reduction of the
saturation error reading in the presence of force artifact is
achieved by increasing the spacing of the emitters from the
detector. | _

30 The force applied to the sehsor causes
exsanguination of the surface tissue, further magnifying the
remaining disparities due to the inhomogeneity of the tissue,
or causing shunting of light between the emitter and detector,
thus causing errors in the saturation calculation. These are

35 compensated for by wider emitter/detector spacing, which
results in the light from the red and infrared LEDs
penetrating deeper into the fissue, thus increasing the
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by a cable 118 to a connector 120 for connection to the pulse

10 oximeter monitor. Fig. 25 shows a side view of the sensor of
Fig. 24, illustrating the fulcrum portion 122 of the sensor
and sensor back 132. When placed in uterco, the uterus will
apply a force to the sensor back 132 and deform the fulcrum
122. As can be seen, this technique results in a force being

15 applied to the sensor resulting in good sensor-fetus contact
but possibly resulting in local exsanguination of the tissue.
It should be noted that any sensor embodiment will have
possible local exsanguination.

The modeling and empirical tests show that the

20 nature of the correlation between modulation ratio and
saturation in pulse oximetry is related to tissue optical
properties, and that the sensitivity to varying perturbation
induced artifacts can be affected by choice of emitter
wavelengths. For high oxygen saturations, the choice of

25 660 nm and 890 nm band emitters is well suited for stable
pulse oximetry calculations, while 700-790 nm and 890 nm band
emitters perform better at low saturations. Other wavelength
combinations may be chosen from elsewhere in the visible and
near infrared portion of the spectrum by following an analysis

30 similar to the one described here. Currently, however,
overall instrument design considerations (e.g., electronic
signal-to-noise and potential shunting of light with narrowly
spaced components in a reflectance probe) favor the use of the
wavelengths discussed. By using the analysis described, other

35 improvements to pulse oximetry are possible. Figs. 19-23
illustrate the results of these tests for several prototype
sensors. |



a given value of tissue oxygen saturation corresponds to a hi gher
val ue of arterial oxygen saturation. For exanple, the 20 I nventors

esti mat ewigwieefg’0 t i ssue oxygen saturation correspoggﬁahﬁw ly 100% |,
arterial oxygen saturation. A preferred enbodi e t he

i nvention is to optim ze the wavel engths used for a sensor to estinate
fetal arterial oxygen saturation during | abor where the saturation 25

of int Srgst is beI owfé@%o y.: .1 wﬂﬁdeam ﬂﬁodmtaerdesildeeimwsf ofbbaet ween

15% an 5% n to nata or ance t a ption

and scattgl’lﬂ?&e #’ LA Haén‘ﬁ ét]% arfd eﬁs r?s%ﬁ%s 24 Pand

parti cul arby uSeftil @mnm@mana‘umadjrmata @ingle sSemiicontiectorf acts

are so se ' N face
alckal %ﬁb%ﬁn&g‘fquyQék&H% e %%m%ﬁﬁ§9g$%§¥¥§€&1é155€

reflectioh sensor, it Is di ere on the
fetud themé-é"ﬁ@&’Jr\/%/lzlalt1l5¥!1 gegheds ad"anwe%rﬁﬂre a fokal RENSAT wi | | be

on the PeéﬂiplQU&Q:ﬁ.OEﬂ ey e emboddenitc of MRS, 6K, tém:tshxegmmzb on
VarleS rom ap | I aQn 6] a.p | ca |0 a It e orce y
i cht hedgetennted v3R @, condptie ' dag ke ERHEIHERALS A htuci b

still Subs&&atbeonalz pmkas e cﬁommahﬁ:ml metal pifeting, an exterior
prother PESERILE! 100U TG el WREHIULAS Tdha to el pdditagensor Of
10 Emltter 114 1s mounted on top of metal substrate 136, an

exterior 138 of which forms the second lead.

The electrical connection to emltter 114 is provided
through lead 138 on one side up through the conductive epoxy,
and through the other side via a wire bond 140, which cennects

15 to the other lead 134. Similarly, lead 134 connects through
conductive epoxy 130 to the,second emitter 112, with the other
side of emitter 112 connected via a wire;bond,142 to lead 138.
Accordingly, as can be seen, applying a uoltage with a first
polarity to the two leads 134 and 138 will turn on one of the

20 emitters, and turn'off the other, while reversing'the polarity
will reverse which emitter is turned on and which :mitter is
turned off. Both of the emitters and their corres; ;onding
substrates are encapsulated in a package 144 whlch may, for
instance, be plastic.

25 Fig. 26B is a side view showxng the encapsulated
package 144 from the s1de, and illustrating the emitting light
146 from emitters 112, 114. The structure of Figs. 26A-26B is
compact and usable for a fetal application. Preferably, the

_ distance between the centers of the two emitter dies 112 and

30 114 is 1ess than 2mm. This way the package's wiring allows '
the package to have two leads, as opposed to four leads which
would be required by using two Separate.enitter packages.

As an alternative to using a far red and an infrared
LED, other methods for producing selected light spect:ums of

35 two different wavelengths can be used. For example, lasers
could be used rather than LEDs. Alternately, a white light or
other light source could be used, with'the wavelength being
optimized at the detector. This could be done by using



%D 95/ 26676 PCT/ US95/ 04050

11 W 9626856 Sat uration, where accuracy in calculati on? 595/04050
mportant, is from50%to 80% Fig. S5 illustrates the
pl acement of a sensor 410 on a fetug,412. The sensor is connected by

a cable 414 to an 5 external pul se oximeter nonitor. As can be seen,

tsﬁlnzo:' ngg—gncpepro f§a¥\§dﬁ§gtgféw§ﬁnf?‘oﬂge&fngl‘ﬁﬁl&% @1@ 39gnithg tx%‘és 31%_1'%

€ Sensor i s.on the si or ehea
wedgi ng of 49%eSEPSorOBPRYi BEIRIT 8 VaVEdePFLD sen51§RVﬁ Agkegtarel y Iel ow

tT Ee senzor fi/imr:]@f\s reﬂuc&s?ahetngpuabuma be lp_laﬁead_mnf}rbat: l@@ahlh:b&‘iia&eh "
is reduces_the ampunt o 00 .the_light.signa s throug

t hus |ncreé§7% FYPes oF emag#?riol?§ SngSFﬁigP éa ea@&%%§?8 ﬁgbd
oxygenat i oracziemm%d in front of a sihglehewithgraprogetegtotED wavel engt h,
It nust be keF’tAn%ufkad?&*ﬂﬁéﬁég%ok}aﬁée o%@'i‘-chr Bkro‘é(hdkgtug%%%r e not

a 15 si ngl e narrowband wave g evi ce | aser
i || ustrat esFange ssrRetWhilizecnnl #PéﬁeWﬁVBFSP9§B RAIEBeA§rH -, bothf §603nm

sensor aCCCHrQl N3 6 Onth hﬁameéﬂﬂttéﬂgeabhﬁmedsm’@hnﬁ 566 nm emft%ter')edmth

mavelength 735 nm as g eaéég peak mavgse % Hg arr w 510

ndi cat os 2-1f SRPIRRT LATOT “UAVEFERBERE SBOSeRnfCH USR 4B BBEr GRiFena

nm wi bie at othispo} msed ensitlye estitaved valaepoﬁxtnatekygéﬁ?éatuthaﬁoﬁf

the peak wavel ength. éﬂbh a pulse oximeter could be implemented with two
or more red LEDs, or alternately could be implemented with a
single light source and multiple filters, or multiple
wavelength sensitive detectors. Different red wavelength

15 spectrums could be utilized, based on the saturation of the

patient.

As will be understood by those with skill in the
art, the present invention can be embodied in other specific
forms without departing from the essential characteristics

20 thereof. The wavelength could be varied while still
optimizing in accordance with the present invention. Also,
light pipes, light fibers, multiple filters, or multiple
detectors could be used in accordance with the concepts of the
present invention. Different sensors than the fulcrum

25 structure as set forth in Fig. 25 could be used, such as a
bladder structure for inflating and holding the sensor against
the fetus. Accordingly, reference should be made to the
appended claims for defining the scope of the invention.

30
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addi ti on, when manufacturing LED TH'$§HEE§mh§§gE@, t to tightly control
t he mean wavel ength. Thus, a purchaséﬁPUﬂHblfyln particul ar

wavel ength, such as a 735 nm waverengti—m—an—29 enbodi e
present Q9526670n, Wi | | expect to receive LEDs V\hosefgﬁ{"ﬁg“@an
wavel ength can vary by 10, 20 or nore nanomeférs fromthe specified
val ue. A narrow range is typically 28 hi eved by ing.
Fig. 27 I%ﬂmf one enbodi nent of a 3H|mﬂmﬂumnmnr
i npl ement ¢ tt/ention. Light from *|ightt sdurée 210
passes into patient tissue 212, and is scattered and detected by

phot odetector 214. A Se%%e&% for meEHEWRIHd %1&&1'6)6{?er$%ﬁ§rﬁlibn,

phot odet ect or may. al’so contain an encoder 216 whi provi des signals
i ndi cat i vePRiFdngs theyfRaRH AT of |ight source 210 to allow the oximeter

‘to sej ect appropri atgraaldingita eemsmf famed antpu¥se aximetering oxygen
Sg; ;%’g;%on. Encoder 216 naé’leé‘l‘f){ng naStf{Ehet é)&%‘e%ggfé)o%%lbt detecté/p'

5 optimizing a wavelength spectrum of light

6 received by said light detector from said light source
7 for an oxygen saturation reading less than 80 percent;
. _
9

placing said sensor on a patient; and
determining said blood oxygen saturation using
10 said sensor and said pulse oximeter.

2. The method of claim 1, wherein said optimizing
2 step is for an oxygen saturation of a fetus.

3. The method of claim 2, including optimizing said
wavelength spéctrum for an oxygen saturation reading less than
3 65 percent.

4. The method of claim 2, including optimizing said
wavelength spectrum for an oxygen saturation reading greater
than 15%.

w N

5. The method of claim 2 further comprising the
step of: _ '
placing a detector on said sensor;
optimizing a spacing of said light source from
said detector to reduce the sensitivity of said sensor to
perturbation induced artifact; and
measuring the intensity of light from said
light source at said detector using light scattered
through said fetus. | '

O 0 < O U b W N

6. The method of claim 4 wherein a spacing between
where said light is injected into said tissue and collected

N P

3 from said tissue is at least 10 mm.
: * This Sheet Has Been Replaced
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12 Sensor 200 is connamsemmEbHasﬁﬁﬁ%e oxi met er 220.

The oxi rrewgg,mbyd ll ’ lmﬂmg 22ERLBRHRCt ed {t 0 an peTrushsiieBsd 2l
bus 224. Al so conne Ct y ~a—~RAM-TTETTOTY 226 and a di spl ay
228. Atine proceSS|n uni t 730 5 rovides timng control signals
to light drive circuitry 232 whi ch controls when |ight source 210 is
i ['1um pat ed, and ' f '7 k! mek®dd PH A/ AS vﬁi&éﬁ?%af&"&-éﬂéﬂé& exed
tlnlng for ferent |light squrces. TPU 230 al so, controls the

gati ng?in o}lghﬁnSngFﬂﬁﬁﬁp oE&3eEPES And, an, ﬁﬁ??ﬂ? SPEARTYR o o3
and a swi tcbfnsaﬁ:dr gegt aﬁa41;1f“fhm Sp@afﬁl runms having W}ﬁﬂrﬁiﬁid}ﬁ m@peer
time, depend ti |

1 mut 1 pl coPROREang seePriziBe deboiated Wty SRV perrdadd RO,

t hrough an aarpﬂu optimtzdng stepacomprising idhaesigs wawelength spectrWs

anal oggt o- d\bﬂtﬁi‘h saﬁlaeﬂear aaaolnﬁareﬁh%ﬂ&ﬁﬁ{s dAoad f&aﬂwt&f Shéira

queued_serial nod (M , for Iater down| oad_l nq_{ M 26 as
QBM 242 fi |rgspect1vapexmnsﬁé°enﬁa& ttaridid: GRaf HHCiRnts rﬁ‘t"‘baﬁh‘f"r"el
paths g afll sepahdt YadiRl,f aeraftild ﬁew&rﬁdﬁl@li\d&l@terdiﬁ ®eddHd i pl e

| i ght I th . tr t d
decoded modtEuss BRAPE: RErUERm 88 859, 2 dox. & mademity 5 S SRR o
encod2p 2l16satnration rebddngerange oiff Quitior \65f gersendnpl i Shl ng this is

shown in commonly assigned U S. Patent No. 4,770,179, the disclosure
of 1 8. The method of claim 2 wherein said received
2 light comprises a red spectrum and an infrared spectrum, said
3 optimizing step comprising using a first spectrum within said
4 infrared spectrum in a range useful for a patient having high
5 saturation, and optimizing the red spectrum to a second
6 spectrum for a fetus.

9. The method of claim 8 wherein the mean
wavelength of said second spectrum is between 700 and 790
nanometers.

10. The method of claim 8 wherein said second
spectrum includes 735 nanometers at an intensity of at least
50% of the intensity of any other wavelengths in said second

[ N N

spectrum.

11. The method of claim 2 wherein said optimizing
step increases a depth of penetration of said light in a fetus
compared to an optimum penetration depth for a patient having

> W e

high saturation.

12. The method of claim 1 wherein said optimizing
step reduces the sensitivity of said determining step to
artifact.
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whi ch”lH"HﬂLHlﬂUl!wHworat ed by reference 25 ' Based on the
val ue signals - ing to the light received by

di
phot ode é4 mc smrr\S?E R |1 cal cul at en
saturatr ﬁgﬁéﬁi el | - ﬁg&n;argﬁﬁPthns These al gorl %Lns re%%rre
coefficients, whi ch may\ b Ty det erm ned, correspondrng to,
for 30 exanple t he mavelengths of I| used. - These are stored in a

ROM 246. The particylar (Het(h%? fdf:' @ﬁn (fl.h(?rﬁ?é}'éﬁ{ saéc}}ﬁ tlm'ﬂ?a".r{ of
v i ndl cate

wavel'engt h spectrung’i’s ernrn e val ue encoder
216 @orr espepdiingludes @ﬁﬁﬁqﬁﬂﬂﬂ'ﬁQkﬂnllght sQHiﬁ%x??rP%Y?nﬁt Eﬁ sensor

200. 4l n oqgvgqgggtﬁe@beégiumrnntrpIe resistor values may be assigned to
sel ect different sets of coefficients.. In another enbodi nent, the
same resistors are used to select from anong t he coef ficients
apprapriate for an ivaf.r arge smettod o rekhim th wheresin sabdhroptimizing WO
ig/ 262676 step includes selecting said light dé@éé&g U Getects a

3 limited spectrum of light.

15. The method of claim : wherein said optimizing
step includes filtering said light . urce to pass a desired
wavelength spectrun.

1 ~ 16. The method of claim 1 further comprising the

2 step of alternately'optimizing said wavelength spectrum of

3 light received by said light detector from said light source

4 for an oxygen saturation reading greater than 80 percent.

1 17. A method for measuring blood oxygen saturation
2 in a fetus, comprising the steps of:

3 providing a sensor and a pulse qximéter:

4 selecting a light source and a light detector;
5 detecting light at said detector comprising red
6 and 1nfrared spectrums; o

7 selecting the Lnfrared spectrum so as to have a
8 anelength spectrum useful for measuring oxygen

9 saturation in a patient with high saturation;

10 optimizing a wavelength spectrum of said red
11 spectrum to a mean wavelength between 700 and 790
12 nanometers for an oxygen saturation reading between 15

13 and 65 percent, said optimizing increasing an immunity of
14 a measurement of blood oxygen saturation to perturbation
15 artifact;: | |

16 placing said sensor oﬁ said fetus;

17 - measuring an intensity of at least two light

18 signals from said light source at said light detector

19 after being 5cattered through a portion of said fetus:;

20 and

eet Has Been Reilaced

T



red source or far red LrgnTbebmﬁem whet her t he near
red or fary, gm?s% W mﬁﬁﬁﬂlﬂggﬂm‘;m sehecerd Wi t h parrRekidke | NPUL
Fronrcontro I'nputs 2 snput s be, for instance, a
switch on the pulse oxinetet;” a 5 keybo?ﬁd, or a port providing

I nstructions froma renote host conputer The inventors

of thepresent invention U%et??ﬁ(—)ﬂrﬁnmg £@£'§'bﬂ&&”?xf%&hOéé(ﬂﬁz?ﬁwoggfi%%%

the optim zed sensor_sget herel n._ Severa eoretica
exi st 4or descri fnif dntensity 2nd FaHy PYLFE PXIDPERFN tissue. The
nodel s used by the |nventors assume isotropic scattering within a

rue o ure of T S TAPVGT 9 e B edtERet RRB AR iRRobE

and |ight i sstracatqfenm.v,nrm ia ythxrrd hbight waignall renomoﬂeteesed Lhgbt
model s are usefidle ff dHASL araﬁ%ters hO05F 9difVtS€us, th?xtﬁ?kayllﬁﬂﬂ the

sensitivity to many design i zIng suc
model , 4i f f &gl hAviag & nean wavel«mmnb%% Hear EQSIB?Eﬂme‘FP%%End

char actser | StHelhg\Ipt imi zed UFEY | £ d»yyﬁ | SR PRt bheroaging (gababesat tRAHK
correl |onl§§%r bet ween Sa®? and nod tion ratio was cal cul ated for each

wavel e ed. Change in physiological condition was
si mul ated by revising one or nDre of the nunerically defined physi cal
paranmeters. SpOerr] was, reg \%éﬁlﬁ%ea 1séeé£iﬁéearme§u4naagaile
ratio, and t he saturation re |on ere 2 s were mnimzed was

not ed. Forb%qq§|qug§ﬂl§qﬁ4¥ﬁﬁgon in a patient, comprising the steps of:

3 selecting a light source and a light detector

4 for a sensor;

5 H'detecting light at said detector comprising

6 first and second light spectrums, each of the light

7 spectrums having an extinction and a scattering

8 coefficient associated with blood perfused tissue;

9 optimizing said light spectrums by choosing
10 wavelength spectrums whose product of their respective
11 extinction and scattering coefficients form first and
12 second values, a ratio between said first and second
13 values being between 0.5 and 2 for a majority of the
14 oxygen saturation reading range of 0 to 65 percent;

15 placing said sensor on said patient; and
16 determining said blood oxygen saturation using
17 said sensor and said pulse oximeter.

1 20. The method of claim 19 further comprising the

2 step of alternately optimizing said light spectrum for an

3 oxygen saturation reading range greater than 65% percent.

1 21. A method for measuring blood oxygen saturation

2 in a fetus, comprisipg the steps of:

3 proéiding a sensor and a pulse oximeter;

4 selecting a far red and infrared light source.

5

and a light detector; ——
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above 80% t he conventi onal wavel h choice of 660 nm paired w th 890
nmresults in opti nﬁ“mmmm l! %3“}@”% art r| al saturations

bel ow 700 9%ag67M b 5@6 O ip¢afusosmdosy €d
stability. 30 lFlgs 74Lhr0uq T ShOM/the predi cted errors due
to changi ng the tissue bl ood volunezho one fourth the basis val ue

for a variety of red and IR LED wavel ength pairs. The A figures (such

as 7A4 show the nDdUIatioaetaétﬂng81i§h£2atheid dethtbﬁUiﬁélﬁthqSBﬁW t he

. z
of bl ot vol une WA TERY oRevelendth pRorriR kil EBp nARpRRiRg drvaen”” °
i sche®i a, or | csaturation 1neaspagmenatWihhohighosdtunathenu|thae

VO 954 26676 detected 11 ht in luﬁln gar redPGIGH§3ﬁgQﬁ0§Pectrum
14 of _the Cali

Sensi t ration to tissue
bIooHoconcentrdW#%ﬁP|%a§h%wﬂe?BrW§¥9$P§9tBaPPFH§§no?°Pe§n3n 90

11 nanometers;

12 ' _ - placing said light sources in a single

13 encapsulated package and nounting said package on said

14 sensor; _ _ :
15 placing said sensor on said fetus;

16 measuring an intensity of light from said light
17 source at said light detector after scattering through a
18 | portion of said fetus; and
19 ' determining said blood oxygen saturation using
20 said intensity and said pulse'oximeter.

1 | 22. The method of claim 21 further comprising the

2 steps of:

3 selecting a second red light source;

4 selecting a wavelength spectrum_of said second
5 red light source to have a mean wavelength less than 700
6 nanometers, and

7 "selectively activating either or both said

8 first mentioned or second red light source.

1 23. A fetal pulse oximeter sensor comprising:

2 a housing; :

3 at least one light source mounted in said

4 housing:; _ _ _ _

5 | at least one detector mounted in said housing;
6 means for detecting light subsequent to being

7 scattered by fetal tissue, *~@ light including an

8 infrared light spectrum, sa : infrared spectrum having a
9 range useful for measuring oxygen saturation in a patient
10 with high saturation, the deteéted light also including a
11 red light spectrum, said red light spectrum having a mean
12

wavelength between 700 and 790 nanometers; and
| s
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the tissue to 5%

IR LED 10 d LED 805 nn%5 890 nm 940 nm
660 nm 7 8 ' 700 nm
%go 13 14730 nm saa%séétector be1n Znounted in §§1d housing

1 1gSbaced from s8id Hight sOWrdsh.PidPeFhEitReRerpoRREREE
founoLEi n cdrightt ifron saridd ightreseunscedi gs. 10-18 show shifting of 20
t he opti mnum performance region from saturations above 80%to | ower
saturations when the red LED wavel ength is chosen in the 700 nm - 790

nmredion of the spe®4umThe grnsemtelréhains23 vhereinngaig dightted by
changes i n gypean ﬁgblggg dt Qdast ond@bg@pption is significantly affected

as reduced henoglobin in 25 the tissue changes to oxyhenogl obin or
vi ce-versa. Pul se
1 25. The sensor of claim 23 wherein said light
2 source comprises red and infrared light sources spaced from
3 said detector by at least 10 mm.
1 26. The sensor of claim 23 wherein said light

source comprises red and infrared light sources spaced from
3 said detector by at least 14 mm.

1 27. The sensor of claim 23 wherein said means for
providing comprises a light source which emits a limited
3 spectrum.

28. The sensor of claim 23 wherein said means for
providing comprises a filter between said light source and
said detector for passing a limited spectrum of light.

1 29. The sensor of claim 23 wherein said means for
2 providing comprises a wavelength sensitive detector which
3 detects a limited spectrum of light.

30. The sensor of claim 23 further comprising:
means for providing a red light spectrum having
a mean wavelength less than 700 nanometers.

31. The sensor of claim 30 wherein
said means for providing a red light spectrum
having a mean wavelength between 700 and 790 nanometers
is a first light emitting diode; and
said means for providing a red light spectrum
having a mean wavelength less than 700 nanometers is a -
second light emitting diode. '
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oxi metry's optinmum perfornmance |B#$SHEECHAS BEEMEN there is a bal ance
of the two channels' scattering| and REBEARER i on properties within

bl ood p 616l Ssue. Bal ance otTurs—wWEnN t her e i s peTO™OSloqser | ap of
t he vol unes of tissue probed by the 30 two channel S, TequitTing that the

penetration depth of Iight at the bgo mavelengt the
hi gher saturations, t hi s opti mum bal ance occurs ﬂmmamgﬁmlm
wavel engt hs with a red enitter |n the 660 nm ban Le at §nhes | ower

saturations the bal ance |nprove mn se Q ed (! n the
730 ni band. The varfati8nS8PSPHRe Pﬁ EEB“#FSHP§6§e%8r M Eg%i%nges not
produge a pigodforpgéndsataratieni ncomprispagtor nance.

22/26976 When usmah EEBF air nearc;ggsgﬁfgﬁg5390 nm f or
pul sedoxi netry, the sen5|9|1199toﬁe#B§§P§vlon ratio to changes in
oxygeg saturation (i.e., bhe slfopaiaf 1igAtcebu@cenanfiolight detector
6 - including means for prov1d1ng light comprising first and
7 _ second spectrums, each of the spectrums being optimized
8 | for the products of their respectlve extinction and
9 scattering coefficients in blood perfused tissue, the
10 products forming first and second values, a ratio between
11 _ said flrst and second values being between 0.5 and 2 for
12 a majorlty of the oxygen saturations less than 80
13 percent.
1 ' 33. The sensor of claim 32 wherein said light
2 source and said detector are spaced apart by at léast 14 mm.
1 34. The sensor of claim 32 further comprising means
2 for providing a red spectrum having a mean wavelength less
3

than 700 nanometers.

35. A sensor for a pulse oximeter for measuring
blood oxygen saturation in a fetus, comprising:

a radlation source;

a radiation detector;

at least one of said source and detector being
optimized for reducing the sensitivity of a blood oxygen
saturation measurement to perturbation induced artifact
for saturations less thah 65 percent.

0~ o WD

36. The sensor of claim 35 wherein said radiation
source comprises red and infrared LEDs spaced from said
3 detector by at least 10 mm. '

1 37. The sensor of_claim 35 wherein said radiation

source comprises red and infrared LEDs spaced from said

3 detector by at least 14 mm.
eet Has Been Re‘laced
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exanpl e, Fig. is reduced relative to rﬁ” gas@?a% 0O nmand 5 890 nm

but the ma@@%&g@t ﬂmﬁ mlst—“& g@a:ﬁ@es | l;Ct]ﬁJsr!)b ¥
characteristics ot@he ﬂmﬂ uratlo Noi se in the S
measur ement of nodul ati oh rtati"o due’t o~factgrs such as instrunment
el ectronircs noise, digitization, or amnbien i ght interference,

become frore inportant pat egégﬁééir' fbéll9 33%9&‘%8&1 EBngW%EHn@OSh ans

i nstrunment design and apprepriate preocessi ng. | as “an
devi at i dns R 1D keERAELLY °Pth%Féag ﬁ?é eFPP§§é abdedeteckerofer exygen
signifizant sdfdrdtifon readPhgpegrédeegetnhnesbiler wavel engt hs when t hey
are chosen based on the saturation region of primary interest. 15
The inventors conducted enpirical tests on sheep usi ng prototype
sensorst The enpiricaI3$bserhe1$ensosupﬁoclaim 38 further cbmp®isimgband
o o | oSSR, Pl Pubifoe hayififl HehSEn' Ualel EnBHC 1688 Ehako 700
Ref | ectdnce NANARE¥STSet ry 20 sensors were fabricated using conventlonm
660 nm - 890 nm LED pairs, and with 735 nm- 890 nm pairs.

Fi gs. 19-23 show t hat asurenent s re taken_ a ran e of

sat uratton val ues indrgi ed® aFBNTCY h §1E§?§ur1nan}BHPaﬁﬁ¥ ?Pnﬁ?gpéggéﬁﬂ)
oxygen Zat uriat ionfétus pssotprisings 25 The plots show the cal cul ated

et ual Satusation val ue” S ingrerddl MinELURSLEORA0ERG! 8" bnbeX Bty T1°
sanpl est from an speCQWQmwu%@f@hxﬁ@remepsaséaglﬁxvqenl§atureﬁﬁpal1araery

Sa®? iss patient with high saturation;

6 a deep red light source having a mean

7 wavelength between 700 and 790 nanometers; and

8 a single encapsulated package enclosing said

9 red and infrared light sources, said package being
10 mounted on said sensor.

1 41. A method of using a pulse oximeter, comprising
2 the steps of:

3 receiving at least first and second signals

4 from a sensor obtained by scattering light through

5 tissue, the light having at least first and second

6 wavelength spectrums, the first and second spectrums

7 being optimized for an oxygen saturation reading less

8 than 80%; and

9 calculating the oxygen saturation using
10 coefficients suitable for the first and second optimized
11 spectruns. '

1 42. A method for measuring blood oxygen saturation
2 in a fetus, comprising the steps of:

3 providing a sensor and a pulse oximeter;

4 selecting a light source and a far red and

5 infrared light detector:;

6 detecting light at said detector including an
7 infrared light wavelength spectrum useful for measuring
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measured on a | aboratory co-oxineter Labs IL 282 30 or

“+-Astrumen
Radi onet er OSM 3) . ”"l"ﬁm mll eSHEEBHASPEENG X axis in t hese
fi gur es wo 95126676 “m m ’; REPYATED i agdnal | i nepévudos@sosold. 20,
and 22 indicates the" désited"result e cal cul ated val ue S

equal to the actual value as neasured wigdh the catheter. 35 The tests
illustrated in Figs. 19, 20, and 22 were done with a nom nal force of

aEpr @xi mately aygedTsatiitaitd®n Anl ¢ padiiedit with MalgH RMatiraddnSttHde
SKI N.

PCT/6895/04050de ec 262%1&%t including a far red wayﬁ%ength spectrum

Usi n@® t he 660 winichnbas ai tieanwavelengtintbetween 700 tarel /28 ect or spaci ng
of mmat th (P10 Flg 19 shows that sensor calibration is very
senéﬁtlve to t g%bége OF . tissue probed. The ccalibration on t he head
andl®eck are very 5 di Pl@dcdfg said light detectors in a single

13 encapsulated package and mounting said package on said

14 sensor; -

15 placing said sensor on said fetus;

16 measuring an intensity of light from said light
17 source at said light detectors after scattering through a
18 portion of said fetus; and

19 determining said blood oxygen saturation using
20 said intensity and said pulse oximeter.

1 43. The method of claim 42 further comprising the
2 steps of: .

3 selecting said detector to detect a second red
4 light spectrum;

5 ' selecting a wavelength spectrum of said second
6 red light spectrum to have a mean wavelength less than

7 700 nanometers; and _ | _

8 selectively detecting either or both said first
9 mentioned or second red light spectrums.

1 44. A pulse oximeter comprising:
2 an input connector for receiving at least first
3 and second signals from a sensor obtained by scattering
4 light through tissue, the light haVing at least first and
5 second wavelength spectrums;
6 a memory storing coefficients suitable for said
7 first and second spectrums, the spectrums being optimized
8 for an oxygen saturation reading less than 80%; and
9 a processor, coupled to said memory and said
10 input connector, for calculating the oxygen saturation
11 using said coefficients. ' —**_*_“““—~—~—~—~—
. ' This Sheet Hag
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Using the 735 nm sensor with a :emse#mngASSEﬁq%enter

h 5.8 mm
em tt er/ ORigaheE76S P uumﬂﬂn l“ MI n Hﬂue t herdPLAGED et waRAEdRok@ad and
meck is greatly redd ¢ as) b ed~by Ri-g.20} i

There is, however
still substantial sensitivity to 1 surfage exsanguination. This is
apparent in Fig. 21 which Illustrates the effect of a perturbation

i nduced artifact 463eNT0e PUFLGAIHAVr of claim 44 wherdih SFighows

the location,insensitivity:.off a 735 n sensorg-Wi_t h 1

cent er #t o- cEATE E‘ﬁ?’fib&n/%& éé’le(?rtré%g’]laﬁg 2 figan %elﬁ“%%?%e@‘fﬁﬁn %
sensor 3i S aaAd 7egenanbmetelrs.f or ce applied to the sensor
(perturbation induced artifact). - It was experinentally
confirmed that increasing the emtter/detector center-to-center
spacingd from5.8 nmfé46. The7pudgegoorimatey f laig HS daprtheted t he
sensitpVvitycbfpg9singerturbation induced artifacts, with good performance

bei ng achieved By an em tter/detector, separati,on equal to o reat er
than 18 mm 3 BSLECERT (RS S Rtk SRARRFERRpRAY mont <
il ustrate an i nfeteetdny ian codinapidiignaloffroms & wertsam iid i cateigerefremt
achi eved by optipizin EQJ gt 1 1 hid 0]
range. gI n additi Eﬁ?hr g&h% X ow%tehe hl&ds)a%}&l}r zﬁ%oor?%érﬂ()gr{br%%gﬁgnlg ?iﬁ he
presenée of forc&ixsti wayeliength spegfiumed by increasing the spacing of
the emtters fromthe detector. 30 The force applied to

t he sensor causes ) )
1 47. The pulse oximeter of claim 46 further

2 comprising:

3 a decoder, coupled to said detector and said

4 memory, for selecting appropriate coefficients from said
5 memory based on said coding signal. '

1 48. The pulse oximeter of claim 46 wherein said

2 detector further comprises means for passing a current through
3 an impedance element in said sensor, said impedance element

4 having a value indicative of a mean wavelength between 700 and
5 790 nanometers for said first wavelength spectrum.

1 49. A fetal pulse oximeter comprising:

2 an input connector for receiving at least first
3 and second signals from a sensor obtained by scattering

4 light through tissue of a fetus, the light having at

5 least red and infrared spectrums;

6 a memory storing coefficients suitable for said
7 infrared spectrum having a range useful for measuring

8 oxygen saturation in a patient with high saturation and

9 said red light spectrum having a mean wavelength between
10 700 and 790 nanometers; and

11 a processor, coupled to said memory and said
12 input cohnector, for calculating the oxygen saturation of
13 said fetus using said coefficients.

This Sheet Has Been Replaced |

Tl i




exsangui nati on of ﬂﬁﬁﬁN gni fying the

remai ni ng dispariti o the |nho¢annE f the tissue, or

causi ng oins/26696 of j@'@ﬂjﬂ“’ ﬁ,um __e.m-—t-t—er‘"nd det ect or pCT/US95/04650US
causing errors int ul ati on. These are 35 conpensat ed
for by wider emtter/detector spaC|ng, wagh results in the |ight
fromthe red and infrared LEDs penetrating deeper into the tissue,

t hus ilncreasing the 50. ' The pilseb/B3GMikter of claim 49 wherein said

PCT/ U 5/0 : 17 | i kel i hood of
the|r§§O|ngg®%r3U§urE&$qJ%§ &3#53% t he sane conbi nation of tissue
struct3ures, as illustrat ed:qerfﬂicgler@s for a red light mpectrun having ai ew

of a gensor accedndva¥edthigth 1WA HoP nddhdtaent invention. The
sensor face 110 5 supports a far red LED 112 and an infrared LED 114.

These are spaced by a distance of 14 nmcenter-to-center froma
det ectior 116. Ptse,ferablpp,lgdwe;m&ﬁms, wonpheifiarigy ed and infrared LEDs
are ng nore than 0.5 mm a%%r npme csoq'ﬂu c{tgra(;‘teoﬁ Srecé)e%gedat least first
3 and second signals from a sensor obtained by scattering
4 light through tissue, the light having at least red and
5 infrared spectrums; -
6 a memory storing coefficients suitable for said
7 spectrums, each of the spectrums being optimized for the
8 products of their respective extinction and scattering
9 coefficientSLin blood perfuséd tiésue, the products
10 forming first and second values, a ratio between said
11 first and second values'béing between 0.5 and 2 for a
12 majority of oxygen saturations less than 80 percent; and
i3 ' a processor, coupléd to said memory, for
14 calculating the oxygen'saturation using said
15 coefficients.
1 52. A pulse oximeter for measuring blood oxygén
2 saturation in a fetus,'comprising:
3 ~ an input connector for receiving at least first
4 and second signals from a sensor obtained by detecting
5 light having at least red and infrared spectrums, the |
6 light being scattered from tissue;
7 a memory storing coefficients suitable for said
8 spectrums being optimized for reduéing the sensitivity of
9 a blood oxygen saturatioh measurement to perturbation.
10 induced artifact for saturations less than 65 percent:
11 and |
12 a processor, coupled to said memory, for
13 calculating the oxygen saturation using said
14 coefficients. =~
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by a cable 118 to a connector 120 for connection to the pul se 10 oxi net er
noni tor. Wa9s/2876shows a side view of the sensor of Fig. 24,
illustrating the ful crumportion 122 of the sensor and TP0#5e Kk
132. When placed in utero, the uterus wll apply a force to the sensor
back 132 and deformthe ful crum 122. As can be seen, this techni que
results in a force being 15 applied to thq gensor resulting in good
sensor-fetus contact but possibly resul{l ng in | ocal exsangui nation of
the tissue. It should be noted that any sensor enbodi nent will have
possi bl e Iocal,_exsanggjdnai,ipn. T — ——Fh } d enpirical
tests show thafs the 2 nature of the correlation between nodulation ratio
and satur@ion in 5u| se oxinmetry is related to tissue opti cal
properties, ani that ttbe sensiAidity to varyi ”ﬁ{ ﬁ)ert yrbation | i nduced
artifacts can f aHp0sc! horge of LeRER er INFRARE Kel engths. For high
oxygen saturatfons— t he {¢hei ce of \25 660 nm and 890 \nm band emtters is
wel | suited fof seéb e pul se \dxi netry cal cul ati onp, whillfe 700-790 nm
and 890 nm barg -- eniftters perfiormhetter at |ow saturatidgns. O her
wavel ength = ceedpi nati ons may b& chpsen from el sewhkre i n theXTvHENOSLEBIN
and near Infrared portion of tRe fppectTu _QLLw\ipg an anal ysis 30

simlar to theé~bnéjdesgili bed here. ren , however ~_Jover

i nstrunment dess nTonzﬁler ations (e.g.|| electronic Si gﬁa?—ﬂ%@ﬁh@ se and
potential shung ng of lilght with narrgy spaced [tonpondntiEHOGLOBIN

refl ectance prabe) faryézr the use qof t T
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wavel engt hs di scussed. By using the anal ysis descri bed,

| Mprovenenwmeo dshelty Se oxi nmetry are possible.
pr ot ot ype

the results of these tests for seve
WO 95/ 26676

18 Fi gs.
si ngl e package containing emtters

r al

112 an

Both emtters are encapsulated in a singl

make the package nore conpact to provide the
appl i cation.

advant ageous for a fetal sensor

26A, emtter die 112

Fi gs.

PCT/ US95/ 04050

26A and 26B are front and side views of a
24 and

4 of Fi

19- 23

ot her 35
illustrate

gs.

m conduct or

25.

package,
5 m ni aturization which is
In the enbodi mrent of Fig.
I's mounted via a conductive epoxy 130 to a

substrate 132. Substrate 132 takes the formof a netal plating, an
exterior portion 134 of which forns the outside |ead to the package.
10 © Emitter 114 is||munked on top[ of metdl substratp 136, ‘an
rs] I\ 660 132 892
o !
[ o |
s
==
=S5
_%ogs
2% 100% SAT
= 85% AT
= 40% SAT
L 0 1 1 i 1 1 1L I 0% SAT
600 650 700 750 800 850 %00 850 1000
WAVELENGTH (nm)
FIG.  4A.
EXTINCTION-SCATTERING, 660 am 132 nm 892 nm
COEFFICIENT PRODUCT
{L/mmole-cm?)
Ww's-PHbO? .23 .31 2.82
U's -B85% 267 1.63 2.64
w's- B40% 7.00 2.58 1.84
w's* By 10.85 34 1.59
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exterior 138 of which forns the second | ead. The el ectri cal
connect i onwWo9%r6etd er 114 i s provi ded t hrough | ead 138 on one side up
t hr ough the conductive epoxy, and through the other si dBCT/PE9594050r ¢
bond 140, which connects 15 to the other lead 134. Simlarly, lead 134
connects through .conductive epoxy 130 to the second emtter 112, with
t he ot her side of emtter 112 connected via a wire bond 142 to | ead
138. Accordi ngly, as can bseen, appl3ilg a voltage with a first
polarity to the two | eads 13%4 :«-\ will turn on one of the 20
emtters, and turn off the ot'Ie reversing the polarity wi ||
reverse which emtter is twfned ON SN which emtter is turned off.
Both of the emtters and fhei orrndi ng substrates are
encapsul ated in a package\{144 whi\ch \\k\ for i nstance, be plastic. 25
Fig. 26B is a side view show ngzthe “}&f" at ed package 144 fromthe
side, and illustsating e em t5i ng gq\\\ 412 146 fromenitters 112, 114.
OR

The structure of PRQs? 26A-268 pact and usable for a fetal

appl i cation. Pr&heRaby~_t he
emtter dies 112
wiring all ows t he pagkad

AR\

4 N hi ay the package's
S §, as opposed to four | eads
whi ch woul d be requi \\%

As an alternative to usi4i§-a\\X
nmet hods for produci ng sel ect ed

fHate em tter _gackages.

redLED, ot her
5 Jof two different
wavel engt hs can be used. By~ eX&Y}

414

2
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a |light detector;
bet ween
spectra whose nean wavel engt hs are separated by at | east
have characteristic products of their resp-
scattering coefficients in blood

This coul d be done by using
1.

conpri si ng:

could be used rather than LEDs. Alternately, a white light or
| i ght soure®¢spgésrd be used, with the wavel ength being
t'he detector.
CLAI VE:
bl ood oxygen saturati on,

ot her

ptdddk 66 2

A sensor for a pulse oxinmeter for neasuring arterial

a light source;

the light sourcedadd the |ight detector

then1prbviding signals fromlight with first and second
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perfused tissue, the spectrum wavel engths bei ng such t hat t he

products OVO95/R&76 exti nction and scattering coef fi chepis abiso
substantially natched at at |east one arterial oxygen saturatlon of
not nore than 80% 2. A sensor as clained in claiml1, in which the

ratio of the products of the extinction anli/Mcattering coefficients has a
val ue bet ween O5—amd—20—for—a Tajrority ofS dPrertat OXYyQgen saturati ons
bet ween 15 gnd 80% 3. A sensor as ¢laie@ed|in claim1, in which the
rati o of thggrc ucts of the extinction and;scattering coefficients has a

val ue betwee?:(z%‘ d 2.0 at at |east ofie atéWurﬁon‘r‘ess
than 60% == | A senso a pul se oxi nﬁer neasuring arterial |blood
oxygen sat ugti gn, corrpri si ng: EI i gpht source; a

| i ght detector;p L_tha light so ceoimd—t—wsz—e%eet—?b—beﬁ) en
t hem provi di ng $i gn@ps fﬁ@)mlf’; htﬂﬂitmdrst dhd s s5Pe

mean wavel engt hs ‘PERWR&DS ﬁ being in the _PERTURBED S“02(
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far red portion of the el ectromagnetic spectrumfrom 700 to 790 nm
and in the WRPH2¢636 portion of the el ectromagnetic spectrum from 805
to 940 nmrespectively, and bei ng separated by at | east PGHUSHI/04050
-21- 5. A sensor for a pulse oxinmeter for neasuring arterial blood
oxygen saturati on, I n which

conprising a light source and a |ight detector,

the light that is received by the light detector fromthe Iight source has

first and second spectra whose nmean wavel en

gg/gzare separated by at |east

45 nm and provi de§ya ToTE ACCUT are _estiat I on
level for at |gast jone arterial saturation llegel (I ess than 80% than when
the arterial sg@urgtion level is greater thanzd0% 6. A sensor as
clainmed in anyﬁﬁeﬂof claing 1 to 5, in whighS 0:_;;;..‘/—”"":
=§ il é .
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t he nean wavel ength of the first spectrumis from700 to 790 nm 7. A
sensor as OY@Psm@d76 n any one of clains 1 to 6, in which the n wavel ength
of the second spectrumis from805 to 940 nm 8. A senso S %403%ed i n
claim7, in which the first spectrumincludes light with a wavel ength of
735 nmat an intensity of at |east 50%of the intensity of any other

wavel ength in the first spectrum 9. A P@NSOr as clainmed in any one of
claims 1 to 8, in which the |light source ir'(cl udes at |east one |ight
emtting diode. 10. A sensor as clained in any one of clains 1 to 9, in

which the |ight source includes separate sources for the light with the

first and secqnd spectra respectively. the sajd separate sources heing
separ at ed by nore than about 0.5 nmm S
5_ =
=2 | =
== S0
o oo
= =
0 2 1 1 . 5-20 L 1 I 1
0 20 40 60O 80 00 0 20 40 60 80 100
_oenuar | 5002 _ pexTupgep 5002 O
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F1G. /8A. F1G. 188,
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11. A sensor as clained in any one of clainms 1 to 10, in which the

detect or cWp9Sxer at | east two wavel ength specific det ectorp(rrm?#%. A
sensor as clained in any one of clains 1 to 11, in which the g 4B50r ce
and the light detector are separated by at |east about 10 nm '

-22- 13. A sensor as clainmed in any one of clains 1 to 12, which includes
alight filter positioned between the Iigh? ifurce and the detector. 14.
A pul se oxinmeter for neasuring arterial bl 5 oxygen saturation which

i ncludes a sensor as clainmed in any one of
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claims 1 to 13. 15. A nethod of making a sensor for a pul se oxineter for
measuri ng waesdssts bl ood oxygen saturation which conprises ht source
ahd a |ight detector, the nethod including the step of sel e% |ght
source and the light detector so that the detector produces si gnal S’ from
two spectra of light fromthe source which are separated by at |east 45 nm
and having characteristic products of their spective extinction and
scattering coefficients in blood perfused t?é@ t he spectrum wavel engt hs
bei ng such that the products of the extinction and scattering coefficients
are substantially matched at at Ieast one tissue oxygen saturation of not
nore than 80% . 23 14

measuring an intensity of at |least two |ight
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15 signals fromsaid |ight source at said |ight detector 16

af ter bei nQV%eﬁmGMed t hrough a portion of said fetus; and 18
déterm ni ng sai d bl ood oxygen saturation using 19 sal BCTS %Wé?ﬁoy and
sai d pul se oxineter. 1. 21. The nethod of claim 20 further

conprising the 2 step of neasuring a third light signal fromdetected
light 3 scattered through a portion of s?&g fetus, the third light 4
signal. having a nmean wavel ength | ess than 6 nanoneters and 5 bei ng

sel ected for an oxygen saturation reading greater than 6 65 percent. 1
22. The nmethod of claim 20 further conprising the 2 steps of: 3

sel ecting a second red |ight source; 4 sel ecting a

wavel engt h spectrum of said second 5 red | i ght source to have a nean
wavel ength | ess than 700 6 nanoneters; and 7

selectively activating either or both said 8 first mentioned or

second red |ight source.
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1 23. The nethod of claim21 further characterized by: 2

sel ecting ¥0osiieeyght received to have at |east 3 fi rzlg%&gggésecond
wavel engt h spectruns; and 4 calculating th {4050
saturation using 5 coefficients for cal cul ati ng oxygen saturation
form 6 detected light of the first and second spectruns. 1
24. The method of claim11 further charactﬁriﬁfd by: 2
selecting a light source and a far red and b/ infrared |ight
detector; and 4 placing said light detectors in a single 5
encapsul at ed package and nounting said package on said 6 sensor
3 sel ecting said detector to-detect a second red 4
| i ght spectrum 5 sel ecting a wavel ength spectrum of said
second :
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6 red Ii/ght spectrumto have a nean wavel ength |less than 7
700 nanonet®¥P 9526576 3 sel ectively detecti ngcﬁ}ug&%‘o%r
both said first menti oned or second red |ight spectruns.

26. A pul se oxineter sensor (200) with a housing 2 (200) hol di ng at
| east one |light source (210) and at |east one 3 detector (214),
characterized by: 4 sai w'ght source and said detector
providing a 5 wavel engt h spectrum l%ct ed to provide a nore
accurate 6 oxygen saturation cal culation for an oxygen saturation 7
| ess than 80 percent than a wavel ength spectrum which 8 provides its
nost accurate oxygen saturation calculation 9 - for an oxygen
saturation greater than 90 percent. 1 27. The sensor of
claim 26 wherein the light 2 includes an infrared |ight spectrum said
infrared spectrum 3 havi ng a range useful for neasuring oxygen saturation
inai4 patient with high saturation, the detected |light also 5

i ncl udi ng r FTgNt] Specyrum_ par d red T ght SpECctTumM navli g o a nmean
wavel engt h=bet ween 700 and |790 nanoneters. T
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1 28. The sensor of claim?26 wherein said light 2 source
conprises NOY3266%6 one LED. 1 29. The sensorp@fugdsiiEy26
wherein said light 2 source conprises red and infrared |ight sources
spaced from 3 said detector by at |eas 3/ nm 30. The
sensor of claim26 wherein said light 2 ource conprises red and infrared
| i ght sources spaced from 3 said detector by at |east 14 nm 1

31. The sensor of claim?26 wherein said light 2 source emts a limted

spectrum
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wherei n said detector
alimted 3 ~spectraumof_light_ . __1

li ght.
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1

further chiracterized 2 w@by: 3

33.

The sensor of claim26 further characterized by 2

| i ght source and said detector for 3
The sensor

a

P ®EITIUSYS/04050
of claim26

a wavel engt hgpgnsi tive detector which detects
34, The sensor of_claim 26

meanséefor providing a red

. : © |
| i ght specgtrum having 4 N a nean 18y e roretets
1 f 35. The sekdor of clainf3d]wherein 2 [ N sai ’
means for(%rovi ding a red lfi ght gpectrm havj ng atha_n Qv egangt hl
bet ween 7 a@Qg 790 nanonetlers i3 a fEst lijgh eglttijng dﬁ(E !
(112); ang 5 & sard means flor pPoviding h r& |ijght §Etrum
6 aviig a nean wavgl ength | essf than 700 nanonfeters 1s g 7 I
second light[emtting di ode(112)
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1 - 36. The sensor of claim26 further characterized 2 by: 3
rone of said light source and |ight detector 4 I ncl udi ng neans for
providing light conprising first and 5 3 second spectrumnms, each of the
spectruns being selected 6 for the products of their respective

extincti ctoefflidient of Hbagté5|mgrkeéﬂylduéﬁhsemm ifiroad Hier f (Bed nagsisue,

the 8 9
s d 11 r oSl Bhaiabeld, thelkalle S ANGHE MG IdudgTen
maj ority xédm@edonggeglgb@urapu@hgtl@@Scmws#naieﬂlhemogloqkncﬁﬁn 1
37. The %te %s‘ef Chakh %ﬁtfaﬂ%tll?:gr LEDR @.‘H ‘i‘:’HeZ%%o? nm Begidn are alse

at | east sai d source and t ect or eln%1 sel ected for
reduti ng XeRdsbrisavRrilepler aThrod® WRygdength is typically chosen near

26 805 nm (the isosbestic point) for numerical convenience, or in
the 880-940 nm spectrum where additional sensitivity can be
obtained because of the inverse absorption relationship of Hb
and HbO,. Unfortunately, pulse oximeters which use LED

10 wavelengths paired from the 660 nm band and 200 nm bands all
show diminished accuracy at low oxygen saturations.

EP 0522674 discusses a halogen light source with
light in the 500 nm to 1000 nm frequency region, which is
separated by frequency with a grating spectrometer. A multi-

15 variant algorithm using 3 or more variables calculates blood
oxygen levels for saturations randing from 30% to 100%.

'SUMMARY OF THE INVENTION
According to the invention, more accurate estimates
20 of low arterial oxygen saturation using pulse oximetry are
achieved by optimizing a wavelength spectrum of first and
second light sources so that the saturation estimates at low
saturation values are improved while the saturation estimates
at high saturation values are minimally adversely affected as
25 compared to using conventional first and second wavelength
spectrums. It has been discovered that calculations at low
saturation can be significantly improved if the anticipated or
predicted rates of absorption and scattering of the first
wavelength spectrum is brought closer to, optimally equal to,
30 the anticipated or predicted rates of absorption and
scattering of the second wavelength spectrum than otherwise
exists when conventional wavelength spectrum pairs are chosen,
such as when conventionally using a first wavelength centered
near 660 nm and a second wavelength centered anywhere in the
35 range of 880 nm - 940 nm.
The present invention solves a long felt need for a
Ppulse oximeter sensor and system which provides more accurate
| estimates of arterial oxygen saturation at low oxygen
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5 - saturation nmeasurenment to perturbation induced artifact 6

for saturations |l ess than 65 percent. 1 38. The sensor of
claim 37 further characterized by 2 neans for alternately selecting said
source and detector for 3 oxygen sat utdti on readi ngs greater than 65
percent. ens ol of, ¢laim fur rized
by 2 SEEBSﬁ&lPQ&q i ghet soturéa qf%a% V%K/Sfe%sgt#?rés hgﬁ%fg

700 nanon@0&,s65%, br 60%, than hﬂk héﬁ&taﬁnﬁnnexﬁst&dunnZﬁhéLprimm
characterjzed : rce (114)
havi ng a %E %he %nslogngt g s g&%murﬁsugeila{aéﬂgﬁiéggfﬁélﬁm ﬁ?fl

sat ur at | ofstamatpag axtexisd ﬁaﬁﬂﬁ%ﬁhﬂﬂn@ﬁnﬁ living fetus durlng %@H@%p

red ki ghtwﬁeyécen(al!s%)cu&a\elw FaiRAN of/ principdBVEISHGIhAetyeen 700 and

790 nanoneters; and a single encapsul ated package (144)
encl osing -9 sald red and infrared |ight sources, said package being
10 nount ed on said sensor.
REPLACEMENT SHEET
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(. 41. A pul se oxineterf(ézb) havi ng an i nput connect or
(234) for receiving at least first and second 3 signal's fron1a sensor

obtai ned by scattering light through 420 tissue, the Ilg
first and second wavel ength 5 spectruns, a nenory, and g"m gmH[mmm
coupl ed WBAFaES FEAFMED 61S? and sai d i nput connector, for tlng
oxygen 7 saturation, characterized by: 8 a nennry (246)
storing coefficients f%F C Icu‘%?i n%“ 9 . 8x§gen sat ur at t
detécted light of <aid® BLEAGCTReasUrIngPIRFA BEEEFHNER Pﬁ@ §8€ttruns
bei pg sewéthed tengroavi(@P0)lland a pubseperimetaraf{@20)fygsaidasensbron

cal qul at Loy Ler 22735k source UYEE) 2A5ULA11GRE! 838.LEBR B9, pgroent than a

Ieng pectrum provi des”its nost accurate‘oxygen 14
sat&ratlGhacabtsra¢ﬁ§1ﬁxw an oxygen saturation greater 15 t han 90
pergent. selecting a wavelength spect®dm of light

6 received by said light detector from said light source

7 which will provide a more accurate oxygen saturation

8 calculation for an oxygen saturation less than 80 percent
9 : than a wavelength spectrum which provides its most
i0 accurate oxygen saturation calculation for an oxygen
i1 saturation greater than 50 percent.

2. The method of claim 1, wherein said selecting

2 step is for an oxygen saturation of a fetus.

1 3. The method of claim 2, including selecting said
wavelength spectrum for an oxygen saturation reading less than

3 65 percent.

1 4. The method of claim 2, including selecting said

wavelength spectrum for an oxygen saturation reading greater

L

3 than 15 percent.

1 5. The method of.claim 2 further characterized by:

2 selecting a spacing of said light source from

3 said light detector to reduce the sensitivity of said

4 sensor to perturbation induced artifact; and

5 measuring the intensity of light from said

6 light. source at said detector using light scattered

7 through said fetus.

1 6. The method of claim 4 wherein a spacing between

2 vhere said light is injected into said tissue and collected

3 from said tissue is at least 10 mm. I
. his Sheet H een Replaced

This
[REPLACEMENT SR \\\\\\\\\\\\\\\\\\\\\\\\\

10 0CT 9%

- AMENDED SHEET

l THIS SHEET HAS BEEN
: REPLACED




hY

4 02

42. The pul se oxineter of claim4l V\,heﬁel n said fir MI‘!‘M\“ “\
spectrun1has a nean wavel ength between 700 - . “and 790

43. The pul se oxinmeter of claim42 furgher 2 characterized by: 3

a detector (244) coupled to said connector for 4 detecting a coding

sigpal froma senso;r. Zmb) neichodtefechaim 1 whelred meaidiaasiedegigithbet ween

700 and 790 panomst él% least t, S ﬂg%bé%%t‘éﬁa‘# aSRd e%;{elé?rumsl.

?

44, 2 The 3F§ a|n1 fur racteri

a decoder (244), coupled to said detector and 4 sald nénnry, for

sel gcting appropri aste Gﬁ?éfm&eaasofremm 7 wherddnd SBERMRAEELHN Said
coding signal. ul se OX|neter of claim, 3 Wherein
sai@ .2 SP@@&@@R& ﬁqﬁt9ﬁﬂe¥%ﬁﬁ9|§¥ssﬁ%§n ight sRuLicRy (2100 CORSiSHaR%h 3

an bnpedg@cewgtyﬁyg (21$6) imepai d sensor, said inpedance 4 elenent
having a value indicative of a nean mavelength bet ween

1 9. The method of claim 1 wherein said received
2 light comprises a red spectrum and an infrared spectrum, each
3 of said red and infrared spectrums having an extinction and a
4 scattering coefficient associated with blood perfused tissue,
5 said selecting step comprising choosing wavelength spectrums
6 within said red and infrared spectrums whose product of their
7 respective extinction and scattering coefficients form first
8 and second values, a ratio between said first and second
9 values being between 0.5 and 2 for. a majority of the oxygen
10 saturation reading range of 0 to 65 percent.
1 10. The method of claim 9 further comprising the.
2 step of alternately selecting said light spectrum for an
3 oxygen saturation reading range greater than 65 percent.
1 11. The method of claim 2 wherein said received
2 light comprises a red spectrum and an infrared spectrum, said
3 selecting step comprising using a first spectrum within said
4 infrared spectrum in a range useful for a patient having high
5 saturation, and selecting the red spectrum to be a second
6 spectrum for a fetus.
1 12. The method of claim 11 wherein the mean
2 wavelength of said second spectrum is between 700 and 790
nanometers.
1 13. The method of claim 11 wherein said second
2 spectrum includes 735 nanometers at an intensity of at least
3 50 percent of the intensity of any other wavelengths in said
4 second spectrum. ' .
REPLACEMENT SHEET — ,‘ld .
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5 °700 and 790 nanoneters for said flrst wavel engt h spectrum
46. The pul se oxineter of claim4l further 2 characterlz ‘N‘

said menory storing coefficients for 4 45 cal cul ating o uPatlon
fromdetected light of an 5 infrared spectrum having a range usef ul
for qreasuring 6 14. OXY@ERuetMdd alf QWA ik R p@l&é?&in%&!ﬂdh!ssh!eéﬁtiﬁgat i on

and a 7 red t _spectrum_hav a _nean vel eng tween 7
and 790 ﬁ%ﬁ%ﬂe%@?§ea5%f Weptn 8! %RétrﬁﬁﬁPﬁu? s%& ni%gggancPaf g&é
mhergln S@ﬁﬂp&redﬁtmnam bpﬂﬂmum(punyﬁrﬁtnoﬁBdepth for a patientoR&f¥iagents

for llﬂh 2eR8GkE U, havi ng a mean wavel ength | ess than 700
nano ter

1 15. The method of claim 1 wherein said selecting

2 step reduces the sensitivity of said method to artifact.

1 16. The method of claim 1 wherein said selecting

2 step includes selecting said light source to have a desired

wavelength spectrum.

17. The method of claim 1 wherein said selecting
2 step includes selecting said light detector which detects a
linited spectrum of light.

£

1 18. The method of claim 1 wherein said selecting

2 step includes filtering said light source to pass a desired

3 wavelength spectrum.

1 19. The method of claim 1 further comprising the

2 step of alternately selecting said wavelength spectrum of

3 light received by said light detector from said light source

4 for an oxygen saturation reading greater than 80 percent.

1 20. The method of claim 1 further characterized by:

2 detecting light at said detector comprising red

3 and infrared spectrums; .

4 selecting the infrared spectrum so as to have a

5 wavelength spectrum useful for measuring oxygen

6 saturation in a patient with high saturation;

7 selecting a wavelength spectrum of said red

8 spectrum to have a mean wavelength between 700 and 790

9 nanometers for an oxygen saturation reading between 15

10 and 65 percent, said selecting increasing an immunity of

11 a measurement of blood oxygen saturation to perturbation

12 artifact; —_— —n
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claimd4l further = 2 characteri zed bng
storing coefficients for 4 cal cul ati ng oxygen sapuratlon from
detygcted Iight of 5 measurﬁﬁigdaﬁpﬁntensﬁtyemfh aaf Maswpmat drghtoei ng

sel ected for h o] o i ' and
7 15 scatﬁéﬁqﬁ}coe I?é%%ﬁ% ffﬁﬁglgggkg %Us%%ﬂ |§§ t.é%ﬂgaﬂéyl
praguct s for mafken rmlmmdsrse’c‘gmedatheguga aapp@tb@m/@én saidg fetus; said

fIF?t and secql q%values bei ng between 0.5 and 2 for 10 a majority
X

ygen saturations |ess than 80 percent. 49. The
pull®e oxi meter of clai mdatexpintpg sapd béﬁ&ﬂa@?§§ﬁ@e§aﬁyrat1Q9 using

sai;@ menory stfid g aeidieyeahs suidaphesbobximeter. calculating
oxygen saturation fromdetected |ight of said 5 spectrums, said

spectruns being selected for reducing the 6 sensitivity of a
bl ogd oxygen sat ur &1.0n Tieasmethedt ofoclaid 20 furthert colmpiriiedngndhecd

artgfactsggg % lﬁé§§&¥§h$e§3tﬁfﬁﬁ light signal from detected light
3 scattered through a portion of said fetus, the third light
4 signal having a mean wavelength less than 700 nanometers and
5 being selected for an oxygen saturation reading greater than
6

65 percent.

22. The method of claim 20 further comprising the

1 _ .
2 steps of: <
3 selecting a second red light source;
4 selecting a wavelength spectrum of said second
5 red light source to have.a mean wavelength less than 700
6 nanometers; and :
7 selectively activating either or both said
8 first mentioned or second red light source.
1 23. The method of claim 1 further characterized Ey:
2 selectihg said light received to have at least
3 first and second wavelength spectrums; and
4 calculating the oxygen saturation using
5 coefficients for calculating oxygen saturation form
6 detected light of the first and second spectrums.
1 24. The method of claim 1 further characterized by:
2 selecting a light source and a far red and
3 - infrared light detector; and
4 placing said light detectors in a single
5 encapsulated package and mounting said package on said
6 sensor.
_—
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saturation in a patient with high satura&4on, the 9 det ect éd Fi ght
including a far red wavel ength spectrum 10 whi ch has a nean

waved engt h between 700 aR&legbing said dekeunhnx ¢e;ddtect a second red
placjng said Iiggﬂtdgﬁggggﬁg .in a single 13 encapsulated package and

nount i ng sai d pactkage on s sensar; pl aci ng
sai ® sensor on said fetu§3§f€tlng a wavelengthrﬁﬁﬁ&ﬁ??ﬂ;%ﬁl?4&%n§???n€f

lighg from saixedi gbght7spectrumsaitr taval = aighn ivie IifH A Ssaf t€4n
scatterlng thnﬁﬁg a 1% . E?Ltion of said fetus; and 19
det ef m ni ng sa bT3%4 8§§§3ﬁ,§ ration using 20 said intensity and
sai & pul se oxi neter. selectively detecting either or both said first

9 " mentioned or second red light spectrums.

26. A pulse oximeter sensor (200) with a housing
(200) holding at least one light source (210) and at least one
detector (214), characterized by:
said light source and said detector providing a
wavelength spectrum selected to provide a more accurate
oxygen saturation calculation for an oxygen saturation
less than 80 percent than a wavelength spectrum which
provides its most accurate oxygen saturation calculation

W o NG w N

for an oxygen saturation greater than 90 percent.

27. The sensor of claim 26 wherein the light
includes an infrared light spectrum, said infrared spectrum
having a range useful for measuring oxygen saturation in a
patient with high saturation, the detected light also
including a red light spectrum, said red light spectrum having
a mean wavelength between 700 and 790 nanometers. .

A U bW

28. The sensor of claim 26 wherein said light
2 source comprises at least one LED.

1 29. The sensor of claim 26 wherein said light
source comprises red and infrared light sources spaced from
3 said detector by at least 10 mm.

1 30. The sensor of claim 26 wherein said light
2 source comprises red and infrared light sources spaced from
3 said detector by at least 14 mm.

1 31. The sensor of claim 26 wherein said light
2 source emits a limited spectrum. -

. SRS
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1 43. The method of claim42 further conpris mmllwmﬁ
of: 3 sel ecting said detector to detect ¥“ﬁuﬁ

| i ght spectrum 5 sel ecig ng a wavel engt h spe€trbm i *sai d
second 6 red light spectrumto have a nean wavel ength | ess than 7
7OQdﬂ?norr$ters; and38. The sensor of gﬂal?cltze/eft&ﬁeéﬁ%wﬁa@téf%earbi?oth
sai irs \ one I ond re

44. %A pit s;fglb&?ﬁe?%gESﬁpF%'dnd‘lgg% A c%e#%cﬁﬁ?r %‘ﬁ’ﬁector f or
recegvi ngpaassim@sa limited spectruandfsddght.signals froma sensor obtained
by scattering 4 l.ight through tissue, the light having at |east
first and 5 second wavel ength spectruns; 6 a nenory
storing coefficient83sui FhBl sensorsgfdciaim 26 whermsimmshid®cdetechert tans,

the specty g@&féxggtﬁpgwhﬁqv% detectofromﬁw&y@@&é@wrfﬂfaeaeadl ng

Iess t han a processor, coupled to said nmenory
and %aJcl%HPCtrum OﬁnﬁﬁghEonnector for calculating the oxygen saturation
11 usi ng said coefficients.

34. The sensor of claim 26 further characterized

by:
means for providing a red light spectrum having

W

a mean wavelength less than 700 nanometers.

35. The sensor of claim 34 wherein
said means for providing a red light spectrum
having a mean wavelength between 700 and 790 nanometers
is a first light emitting diode (112); and
said means for providing a red light spectrum
having a mean wavelength less than 700 nanometers is a
second light emitting diode (112).

N o o W

36. The sensor of claim 26 further characterized
by: .
one of said light source and light detector
including means for providing light comprising first and
second spectrums, each of the spectrums being selected
for the products of their respective extinction and
scattering coefficients in blood perfused tissue, the
products forming first and second values, a ratio between
said first and second values being between 0.5 and 2 for
a majority of the oxygen saturations less than 80

W o~ bW R

T
(@]

percent.

+
.

37. The sensor of claim 26 further characterized
by: '
at least one of said source and detector being
selected for reducing the sensitivity of a blood oxygen
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29 1 45. The pul se oxinmeter of claim44 vu'“mllm‘ll lulmml”“'
first wavel ength spectrum has a nean wagsl ength between 706 3 4nd® 790
nanonet ers. 1 46. The pulse oxineter of claim45 further 2
conprising: 3saturation measuremelet ett opectupbatiion iaddcednaettidFactor 4
detecting a cedin ' : Walel | of a5 mean
wavel engt h be%ﬁge%#éggaﬁé%oq%%ﬁ?érég%ggé%%{g' 6 first

wavel engt h spectrum 1 47. The pul se oxinmeter of claim46

further 2 conprisighg: The sensor of claima3feERfeher CONRL8ELEL 138100 by
detector and said 4 nennzg for selecting appropriate coefficients
fr of saj@eans for alternately seélecting said source and detector for

3 oxygen saturation reédings greater than 65 percent.

39. The sensor of claim 38 further characterized by
a second red light source having a mean wavelength less than

700 nanometers.
40, The sensor of claim 26 further characterized

an infrared light source (114) having a
wavelength spectrum useful for measuring oxygen
saturation in a patient with high saturation;

a deeb red light source (112) having a mean
wavelength between 700 and 790 nanometers; and

a single encapsulated package (144) enclosing

W 0 N v bW

said red and infrared light sources, said package being
mounted on said sensor. '

[
Q

41. A pulse oximeter (220) having an input
connector (234) for receiving at least first and second
signals from a sensor obtained by scattering light through
tissue, the light having at least first and second wavelength
spectrums, a memory, and a processor, coupled to said memory
and said input connector, for calculating the oxygen
saturation, characterized by: '

a memory (246) storing coefficients for calculating

W 0 N 6 U & W N

oxygen saturation from detected light of said first and
second spectrums, the spectrums being selected to provide

=
(=)

a more accurate oxygen saturation calculation for an

o
N

oxygen saturation less than 80 percent than a wavelength

|
W

spectrum which provides its most accurate oxygen

o
>

saturation calculation for an oxygen saturation greater
s

-
0

than 90 percent. ati l laﬂ
This Sheet Has Been Repla

REPLACEMENT SHEET I I

100CT 99 | 1 A
AMENDED SHEET | T A

B




- menory based on said codi ng signal. | se
ir of claim46 wherein said 2 det ect or furt her llm&mgu m ‘!“or
¥ a current through 3 an i npedance el enent in s Orw sal

ce elenent 4 havi ng a val ue i ndpgati ve of a mean wavel ength
n 700 and 5 790 nanoneters for said first wavel ength spectrum 1

A fetal pul se apg' Netfie quuilse s&:n:gneﬂer of claim 41 wheaeinnpatid

oL Al At e T mpap,AUGHERSER SR B0ER D

jF; havang aBO5nanometém§5t red and infrared. spectrunms; 6

¥nory storing coefficients suitable for sald 7 i nfrared spectrum
. ng a range useful for nmeasuring 8 gen saturation in a patient
Eh1hi gh saturati of3and The PU1SGS%K%W¢EGTIP§hF 3pBchRuARREDPPRg a nean

bengtahaghweg&lgad by: 700 and 790 nanoneters; and 11

ocessor, coupled to sa nor puL conpect
| cdl ating the oxygenfyﬁlﬁ%ﬁ?%ﬁp%fﬁgg4) coup%gglﬁofg?bg ép Ag sa%d9
ef i ci ents. detecting a coding signal from a sensor (200) indicative
5 of a mean wavelength between 700 and 790 nanometers for

fi 6 said first wavelength spectrum.

44. The pulse oximeter of claim 4 further

characterized by: _
a decoder (244), coupled to said detector and

said memory, for selecting appropriate coefficients from

Mo W oN e

said memory based on said coding signal.

45. The pulse oximeter of claim 43 wherein said
detector further comprises means for passing a current through
an impedance element (216) in said sensor, said impedance '
element having a value indicative of a mean wavelength between
700 and 790 nanometers for said first wavelength spectrum.

L)

Mo W N R

46. The pulse oximeter of claim 41 further
characterized by:
said memory storing coefficients for
calculating oxygen saturation from detected light of an
infrared spectrum having a range useful for measuring
oxygen saturation in a patient with high saturation and a
red light spectrum having a mean wavelength between 700
and 790 nanometers.

W N o W N

47. The pulse oximeter of claim 46 wherein said

memory further comprises:
coefficients for a red light spectrum having a
mean wavelength less than 700 nanometers.
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\5/\60 9 ﬁ26p7)ﬁl se Egrﬁnle{tsgry g?O(S:Pal m 49 wherein sal d 2 rr* ““"Im“mmﬂ“m
¥ ses: 3 . coefficients for 'a red |ight cspect¥urh hdvi ng

nmean wavel ength | ess than 7@8 nanoneters. 1 51.
| se oxinmeter, conprising: 2 an input connector for
3 ving at | east firstcgefficienfgdforcanted daght spestamehayingbfai ned

Sgatterl NY fean wavel8hgthhigdghehhastyeo hBRokhk@Bishaving at |east red
infrared spectruns; 6 a nenory storing

eff|C|ents suitable for said 7 spectruns, each of the spectruns
ei ng optim zed foreghe Bhe pulsepordimeterobft b2eimr é3pfuritherexti nction

nd fcxutéﬁéfghéhr}zed goefficients in bl ood perfused tissue, the .products
ormn

ITst and second val ues, a ratio between said
3 said memory storlng coefficients for

4 calculating oxygen saturation from detected light of
5 said spectrums, each of the spectrums being selected for
6 the products of their respective extinction and

7 scattering coefficients in blood perfused tissue, the

8 products forming first and second values, a ratio between
9 said first and second values being between 0.5 and 2 for
10 a majority of oxygen saturations less than 80 percent.

49. The pulse oximeter of claim 41 further
characterized by: ‘
said memory storing coefficients suitable for
calculating oxygen saturation from detected light of said
spectrums, said spectrums being selected for reducing the
sensitivity of a blood oxygen saturatiqh nmeasurement to

perturbation induced artifact for saturations less than

O N AU R W N

65 percent.
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11 first and second val ' 0.

“majority of oxygen saturati onsjmﬂmﬂﬂg"ﬂgﬂﬁgﬂ:e REPOACENMIBNT SHEET
a processor, coupled to said nmemory, tora * calculating 't oxygen
saturation using said 15 ' coefficients. 1 26 JUL 199%2.1 | A pul se
oxi neter for neasuring bl ood oxygen 2-2%9saturationlin a fetus, Ori si ng:
3 an i nput connector for receivingg 4
and secoégigﬁgﬁals froma sensor obtained by deted¢ting. 5 Light
having at | east red and infrared spectruns, the 6 i ght being

scattered fromgi o 7 . I efficients
sui t abl e Tor szfl d§§1‘{§¢>r forsp?éc?‘r%ﬁ% t%flr?geacoégF%{D%eg{e%gﬁﬁgggﬁc%%sgkﬁgl
sensi ti vidhpast axygen satunstgien.o)SRRrSHNg ati on nmeasurenent to

perturbation. 10 a lighuGRhret;i fact for saturations |ess than 65

percent; 11 and _1 ] a processor, coupled to said
menory, for 13 a d3ably d856GtOFE oxygen saturation using said 14
coefficients. the light source and the light detector between

them providing signals from light with first and second
spectra whose mean wavelengths are separated by at least
45 nm and have characteristic products of their resp-
ective extinction and scattering coefficients in blood
A perfused tissue, the spectrum wavelengths being such that
the products of the extinction and scattering
coefficients are substantially matched at at least one
arterial oxygen saturation of not more than 80%.

2. A sensor as claimed in claim 1, in which the ratio of the
products of the extinction and scattering coefficients has a
value between 0.5 and 2.0 for a majority of arterial oxygen

saturations between 15 and 80%.

3. A sensor as claimed in claim 1, in which the ratio of the
products of the extinction and scattering coefficients has a
value between 0.5 and 2.0 at at least one arterial oxygen

saturation less than 60%.

4. A sensor for a pulse oximeter for measuring arterial
blood oxygeﬁ saturation, cowprising:
a light source;
a light detector;
the light source and the 1light detector between
them providing signals from light with first and second
spectra, the mean wavelengths of the spectra being in the
far red portion of the electromagnetic spectrum from 700
to 790 nm, and in the infrared portion of the
electromagnetic spectrum from 805 to 940 nm respectively,

and being separated by at least 45 nm.
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5. A sensor for a pulse oximeter for wmeasuring arterial
blood oxygen saturation, comprising a light source and a light
detector, in which the light that is received by the 1light
detector from the light source has first and second spectra
whose mean wavelengths are separated by at least 45 nm, and
provides a more accurate estimate of arterial oxygen saturation
level for at least one arterial saturation level less than 80%

than when the arterial saturation level is greater than 90%.

6. A sensor as claimed in any one of claims 1 to 5, in which
the mean wavelength of the first spectrum is from 700 to
780 nm.

7. A sensor as claimed in‘any one of claims 1 to 6, in which
the mean wavelength of the second spectrum is from 805 to
940 nm.

8. A sensor as claimed in claim 7, in which the first
spectrum includes 1light with a wavelength of 735 nm at an
intensity of at least 50% of the intensity of any other
wavelength in the first spectrum.

9, A sensor as claimed in any one of claims 1 to 8, in which
the light source includes at least one light emitting diode.

10. A sensor as claimed in any one of claims 1 to 9, in which
the light source includes separate sources for the light with
the first and second spectra respectively, the said separate
sources being separated by no more than about 0.5 mm.

11. A sensor as claimed in any one of claims 1 to 10, in
which the detector comprises at least two wavelength specific

detectors.

12. A sensor as claimed in any one of claims 1 to 11, in
which the light source and the light detector are separated by
at least about 10 mm.
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13. A sensor as claimed in any one of claims ‘t—to—t2; wiich
includes a light filter positioned between the light source and
the detector.

14. A pulse oximeter for measuring arterial blood oxygen
saturation which includes a sensor as claimed in any one of

claims 1 to 13.

15. A method of making a sensor for a pulse oximeter for
measuring arterial blood oxygen saturation which comprises a
light source and a light detector, the method including the
step of selecting the light source and the light detector so
that the detector produces signals from two spectra of light
from the source which are separated by at least 45 nm and
having characteristic products of their respective extinction
and scattering coefficients in blood perfused tissue, the
spectrum wavelengths being such that the products of the
extinction and scattering coefficients are substantially
matched at at least one tissue oxygen saturation of not more
than 80%.




