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SYSTEM FOR NONINVASIVE HEMATOCRIT
MONITORING

[0001] This application is a divisional of U.S. patent
application Ser. No. 08/011,882, filed on Feb. 1, 1993, which
is a continuation of U.S. patent application Ser. No. 07/598,
189, filed on Oct. 16, 1990, now abandoned.

BACKGROUND
[0002] 1. The Field of the Invention.
[0003] This invention relates to systems and methods for

noninvasively measuring one or more biologic constituent
values. More particularly, the present invention relates to
noninvasive spectrophotometric systems and methods for
quantitatively and continuously monitoring the hematocrit
and other blood parameters of a subject.

[0004] 2. The Prior Art.

[0005] Modern medical practice utilizes a number of pro-
cedures and indicators to assess a patient’s condition. One of
these indicators is the patient’s hematocrit. Hematocrit
(often abbreviated as Het) is the volume, expressed as a
percentage, of the patient’s blood which is occupied by red
corpuscles (commonly referred to as red blood cells).

[0006] Human blood consists principally of liquid plasma
(which is comprised of over 90% water with more than 100
other constituents such as proteins, lipids, salts, etc.) and
three different corpuscles. The three corpuscles found in
blood are red corpuscles, white corpuscles, and platelets.

[0007] The chief function of red corpuscles is to carry
oxygen from the lungs to the body tissues and carbon
dioxide from the tissues to the lungs. This critical life
supporting function is made possible by hemoglobin which
is the principal active constituent of red corpuscles. In the
lungs, hemoglobin rapidly absorbs oxygen to form oxyhe-
moglobin which gives it a bright scarlet color. As the red
corpuscles travel to the tissues, the oxyhemoglobin releases
oxygen, i.¢., is reduced, and the hemoglobin turns a dark red
color.

[0008] The oxygen transportation functions of the body
rely essentially entirely on the presence of hemoglobin in the
red corpuscles. Red corpuscles greatly outnumber other
corpuscles being about 700 times greater than the number of
white corpuscles in a healthy human subject;

[0009] Medical professionals routinely desire to know the
hematocrit of a patient. In order to determine hematocrit
using any of the techniques available to date, it is necessary
to draw a sample of blood by puncturing a vein or invading
a capillary. Then, using a widely accepted technique, the
sample of blood is subjected to a high speed centrifuge
treatment for several minutes (¢.g., 7 or more minutes). The
centrifuging process, if properly carried out, separates the
corpuscles into a packed mass. The volume occupied by the
packed corpuscles, expressed as a percentage of the total
volume of the plasma/corpuscle combination, is taken as the
hematocrit.

[0010] Tt will be appreciated that the centrifuge process
provides a hematocrit value which includes all corpuscles,
not just red corpuscles. Nevertheless, the vastly greater
numbers of red corpuscles in a healthy subject allows the
hematocrit value obtained by the centrifuge process to be
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clinically, usable in such healthy subjects. Nevertheless, in
subjects with low hematocrit or dramatically high white
corpuscle content, it may be desirable to diminish the effect
of the non-red corpuscles when obtaining an hematocrit
value.

[0011] There have been various techniques and devices
introduced which have automated and increased the preci-
sion of obtaining a hematocrit value. Nevertheless, all the
previously available techniques have one or more draw-
backs.

[0012] Specifically, the previously available techniques all
require that a sample of blood be withdrawn from the patient
for in vitro analysis. Any invasion of the subject to obtain
blood is accompanied by the problems of inconvenience,
stress, and discomfort imposed upon the subject and also the
risks which are always present when the body is invaded.
Drawing blood also creates certain contamination risks to
the paramedical professional. Moreover, even in a setting
where obtaining a blood sample does not impose any
additional problems, e.g., during surgery, the previously
available techniques require a delay between the time that
the sample is drawn and the hematocrit value is obtained.
Still further, none of the previously available techniques
allow continuous monitoring of a subject’s hematocrit, as
might be desirable during some surgical procedures or
intensive care treatment, but require the periodic withdrawal
and processing of blood samples.

[0013] In view of the drawbacks inherent in the available
art dealing with invasive hematocrit determinations, it
would be an advance in the art to noninvasively and quan-
titatively determine a subject’s hematocrit value. It would
also be an advance in the art to provide a system and method
for noninvasive hematocrit monitoring which can be applied
to a plurality of body parts and which utilizes electromag-
netic emissions as an hematocrit information carrier. It
would be another advance in the art to provide a system and
method which can provide both immediate and continuous
hematocrit information for a subject. It would be yet another
advance to provide repeatable and reliable systems for
noninvasive monitoring of a subject’s hematocrit. It would
be still another advance in the art to noninvasively and
accurately determine a subject’s blood oxygen saturation
while accounting for the patient’s low or varying hematocrit
and/or under conditions of low perfusion.

BRIEF SUMMARY AND OBJECTS OF THE
INVENTION

[0014] The present invention is directed to apparatus and
methods for determining biologic constituent values, such as
the hematocrit value, transcutaneously and noninvasively.
This is achieved by passing at least two wavelengths of light
onto or through body tissues such as the finger, earlobe, or
scalp, etc. and then compensating for the effects body tissue
and fluid effects. As used herein, the term biologic constitu-
ent includes proteins, red cells, metabolites, drugs, cyto-
chromes, hormones, etc.

[0015] In one embodiment within the scope of the present
invention, the wavelengths of light are selected to be near or
at the isobestic points of reduced hemoglobin and oxyhe-
moglobin to eliminate the effects of variable blood oxygen-
ation. At an isobestic wavelength, the extinction coefficient,
¢, is the same for both reduced and oxygenated hemoglobin.
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Thus, at isobestic wavelengths, the amount of light absorp-
tion is independent of the amount of oxygenated or reduced
hemoglobin in the red cells.

[0016] Means are provided for delivering and detecting
those wavelengths of light and for analyzing the light
intensities. The sensing and radiation emitting elements are
preferably spatially arranged to allow ease of use and to be
accessible to a patient’s exterior body parts. The configu-
ration of the sensing and emitting elements is important to
give optimum repeatability of the signals and data derived
therefrom.

[0017] Memory and calculation means are included which
are capable of storing, manipulating, and displaying the
detected signals in a variety of ways. For instance, the
continuous pulse wave contour, the pulse rate value, the
hematocrit value and the continuous analog hematocrit
curve in real time, the hematocrit-independent oxygen satu-
ration value, and the oxygen content value of the blood, all
as digital values or as continuous analog curves in real time
are capable of being displayed.

[0018] An important advantage of monitoring and analyz-
ing each individual pulsatile signal is that averaging algo-
rithms may be performed for identifying and rejecting
erroneous data. In addition, such techniques also improve
repeatability.

[0019] Another significant advantage of the present inven-
tion is the capability of monitoring multiple wavelengths
(including nonisobestic wavelengths) for the simultaneous
real time computation and display of the hematocrit-inde-
pendent oxygen saturation value. Techniques in prior art
oximetry have all suffered inaccuracies due to hematocrit
sensitivities.

[0020] Rather than apply AC-DC cancellation techniques
only, it is also within the scope of the present invention to
detect and analyze multiple wavelengths using a logarithmic
DC analysis technique. In this embodiment, a pulse wave is
not required. Hence, this embodiment may be utilized in
states of low blood pressure or low blood flow.

[0021] Tt is, thercfore, a primary object of the present
invention to provide a system and method for noninvasively
and quantitatively determining a subject’s hematocrit or
other blood constituent value.

[0022] Tt is another object of the present invention to
noninvasively determine the hematocrit of a subject by
utilizing electromagnetic radiation as the transcutancous
information carrier.

[0023] Tt is another object of the present invention to
provide a noninvasive hematocrit monitor which may be
used on various body parts and which provides accurate
quantitative hematocrit values.

[0024] Tt is another object of the present invention to
provide a system and method which can provide immediate
and continuous hematocrit information for a subject.

[0025] Tt is yet another object of the present invention to
provide a repeatable and reliable system for noninvasive
monitoring of a subject’s hematocrit.

[0026] Tt is still another object of the present invention to
provide a system and method for noninvasively determining
a subjects’s blood oxygen saturation (S,0,) independent of
the subject’s hematocrit.

Mar. 28, 2002

[0027] Tt is still another object of the present invention to
provide a system and method for noninvasively determining
a subject’s hematocrit and/or blood oxygen saturation even
under conditions of low perfusion (low blood flow).

[0028] These and other objects and advantages of the
invention will become more fully apparent from the descrip-
tion and claims which follows, or may be learned by the
practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIG. 1 is a perspective, view of a first presently
preferred embodiment of the present invention.

[0030] FIG. 1A is an enlarged cross sectional view of the
body part (finger) and system components represented in
FIG. 1 used in a transmission mode.

[0031] FIG. 1B is an enlarged cross sectional view of the
body part (finger) and associated system components rep-
resented in FIG. 1 used in a reflective mode.

[0032] FIG. 2 is a chart showing the optical absorption
coefficients of oxyhemoglobin (HbO,), reduced hemoglobin
(Hb), and water (H,O) versus wavelength.

[0033] FIG. 3 is a chart showing the relationship between
the extinction coefficient of light at three different wave-
lengths versus hematocrit for whole blood.

[0034] FIG. 4 is a chart showing the relationship between
the ratio of the extinction coefficients of two rays having
differing wavelengths versus hematocrit.

[0035] FIGS. 5A-5E provide a flow chart showing the
steps carried out during one presently preferred method of
the present invention using a pulsatile component of the
subject’s blood flow to provide accurate hematocrit and
blood oxygen saturation values.

[0036] FIG. 6 is a perspective view of a second presently
preferred system of the present invention which is applied to
the ear and includes structures to squeeze out the blood to
blanch the ear tissues.

[0037] FIG. 6A is an enlarged cross sectional view of the
ear and system components represented in FIG. 6.

[0038] FIG. 7 provides a detailed schematic diagram of
the low level sensor circuitry included in the presently
preferred system of the present invention.

[0039] FIGS. 8A-8C provide a detailed schematic diagram
digital section circuitry included in the presently preferred
system of the present invention.

[0040] FIGS. 9A-9D provide a detailed schematic diagram
of the analog section circuitry included in the presently
preferred system of the present invention.

[0041] FIGS. 10A-10C provide a detailed schematic dia-
gram of the power supply and input/output (I/O) section
included in the presently preferred system of the present
invention.

[0042] FIG. 11 is a graph showing variation in oxygen
saturation as a function of hematocrit.

[0043]

ocrit.

FIG. 12 is a graph of €,405/€p070 Versus Hemat-
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[0044] FIGS. 13A-13B are graphs of € versus Hematocrit
at two non-preferred wavelengths and €, /e, versus Hemat-
ocrit at those non-preferred wavelengths.

[0045] FIGS. 14A-14B are graphs of € versus Hematocrit
at two non-preferred wavelengths and €, /e, versus Hemat-
ocrit at those non-preferred wavelengths.

[0046] FIG. 15 illustrates vertical sensor-emitter align-
ment and the resulting non-identical AX,, regions.

[0047] FIG. 16 illustrates horizontal sensor emitter align-
ment.
DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS
[0048] The present invention is directed to apparatus and

methods for determining biologic constituent values, such as
the hematocrit value, transcutaneously and noninvasively.
This is achieved by passing at least two wavelengths of light
onto or through body tissues such as the finger, earlobe, or
scalp, etc., and then compensating for the effects of body
tissue and fluid by modifying the Beer-Lambert Law. The
principles within the scope of the present invention may also
be utilized to provide a hematocrit-independent oxygen
saturation and oxygen content measurements as well as
noninvasive measurement of blood constituents such as
glucose, cholesterol, bilirubin, creatinine, etc.

[0049] Although the present invention will describe in
great detail the transillumination of various body parts, it
will be appreciated that reflectance spectrophotometry may
alternatively be employed where transillumination is diffi-
cult to accomplish. As used herein, the term “body part” is
intended to include skin, earlobe, finger, lip, forehead, etc.
Because the principles within the scope of the present
invention can be adapted by those skilled in the art for in
vitro measurement of hematocrit and other blood constitu-
ents, the term “body part” is also intended to include various
in vitro blood containers such as tubes and cuvettes.

[0050]

[0051] Spectrophotometric methods have been described
in the prior art which monitor various metabolites in body
fluids. Radiation, typically in the visible or near infrared
region, is directed onto an exterior body part for transcuta-
neous penetration of the radiation. The radiation is then
monitored reflectively or transmissively by a photodetector
or similar sensor. Radiation spectra are chosen at wave-
lengths where the metabolite or compound sought for either
absorbs highly or poorly. Some examples of such spectro-
photometric methods are described in U.S. Pat. No. 4,653,
498 for pulse oximetry, U.S. Pat. No. 4,655,225 for blood
glucose monitoring, and more recently U.S. Pat. No. 4,805,
623 for monitoring various blood metabolites (glucose,
cholesterol, etc.).

1. Spectrophotometric Methods

[0052] A theoretical basis for the spectrophotometric tech-
niques is the Beer-Lambert Law:

I=lyexd o))
[0053] Equation (1) may also be written:

In (I/l)=-eXd (a)
[0054] wherein I, is the incident intensity of the source

radiation, 1 is the transmitted intensity of the source through
the sample, ¢ is the extinction coefficient of the sought for
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component, X is the concentration of the sample component
in the tissue itself, and d is the optical path length (distance).

[0055] The Beer-Lambert Law (1) permits in vitro solute
concentration determinations. However, quantitative mea-
surements have not been possible in the body since the
scattering of the incident photons passing into and through
the integument and subdermal regions is extensive and
highly variable. This scattering spoils the Beer-Lambert Law
by adding a variable loss of radiation to the measurement
and also extends the path length of the incident photons by
an unknown amount as well.

[0056] Even though optical pulse rate monitors, plethys-
mographs, and pulse oximeters are known, their develop-
ment has been accelerated by techniques which allow for
cancellation of the optical scattering effects to a large extent.
This development began with U.S. Pat. No. 2,706,927 and
was further refined by Yoshiya, et. al. (Med. and Biol. Eng.
and Computing, 1980 Vol. 18, Pages. 27-32), Koneshi in
U.S. Pat. No. 3,998,550, and Hamaguri in U.S. Pat. No.
4,266,554, which utilized a technique of analyzing the
resultant opto-electronic signal by dividing it into its AC and
DC components. The AC and DC components are manipu-
lated with logarithmic amplifiers in such a way as to
eliminate the above-mentioned transdermal optical effects
(the variable amount of radiation loss due to scattering in the
tissue and the unknown and variable amounts of optical path
length increase).

[0057] Until now, the AC-DC cancellation techniques
have not been successfully adapted for the measurement of
hematocrit or hematocrit-independent blood oxygen satura-
tion.

[0058] 2. Noninvasive Differential-ratiometric Spectro-
photometry
[0059] Ttis assumed that incident radiation passing onto or

into a living tissue will pass through a combination of blood,
tissue, and interstitial fluid compartments. The light attenu-
ated by such a living tissue can be expressed by the modified
Beer-Lambert equation:

[0060] ti I=] e~ (*FEXreXeXddeG (2)
[0061] Equation (2) may also be written

In (lg)=- (e (XX, JreXreX))d+G (2a)
[0062] Where €,, €, and €; represent the extinction coef-

ficient in the blood, tissue, and interstitial fluid compart-
ments, respectively; X, and X, represent the arterial and
venous blood, concentration (X,=X,+X,), X, represents the
concentration of the tissue absorbers, and X; represents the
relative concentration of water and dissolved components in
the interstitial fluid compartment; d represents the intrasen-
sor spacing; and G is a constant of the geometric configu-
ration.

[0063] As the blood layer pulsates, the concentration
terms change. The term d can be fixed by the geometric
configuration of the device. Taking the partial derivatives of
equation (2) with respect to time and dividing by equation
(2) gives:
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aljdr

)

=(e(0X,/0t+0X,/0D) +€0X,/0,+¢,0X; [00)d+0G [0t

[0064] which can be simplified at each compartment and
wavelength by letting X'=4X/dt, and G'=0G/dt, and

. (o181
VA:_( I ],\

[0065] to give
V=6 X X e X e X )d+ G @
[0066] Assuming that X, and G do not vary significantly

over the pulse time interval, then G'=0 and X'=0, and
equation (4) can be simplified to

V(e X' +eX)d ®

[0067] Examining the transport between X, and X, we
can form a proportionality constant K such that X' =K X' ,
representing the reactionary nature of the venous compo-
nent, and further reduce the above equation to

Vi=(e,(1-K)X o+t X )d (©

[0068] Since X', and X, are not wavelength (1) dependent,
V', values at different wavelengths can be differentially
subtracted to produce a hematocrit independent term which
contains only €X; information. Although the term V'_/
V'is10 provides useful information regarding relative
changes in hematocrit, it should be recognized that the
simple V'ys/V';5,o ratio is not sufficiently accurate for
hematocrit value determination unless the X term is
known or eliminated. For example, the €,X'5,5 term can be
neglected since €05 1S extremely small, whereas
the € X';5,0 term is about 25%-50% of the €5, value of
blood itself and cannot, therefore, be neglected without
affecting accuracy.

[0069] FIGS. 3 and 12 suggest that a linear combination
of V', at A=805 nm and A=970 nm will have a near constant
value for a range of Het values. Since the extinction coef-
ficients e;55 and €;5,, are well known, or can be empirically
determined, a precise proportionality constant R, can be
found to produce

€070X =V'070~R1 Vigos M
[0070] This correction term can now be applied with a
second proportionality constant R, (where R, is approxi-
mately equal to €;15;4 /€;97) t0 the V' 5, term to exactly
remove its €;,5,0X; sensitivity, hence:

€o1310(1 KX =V"1310-Ro(Viaro~R, Vieos) (®)

[0071] This corrected term can now be used ratiometri-
cally with V'g,; to remove the (1-K)X', and leave the pure
extinction coefficient ratio represented by Equation (9)
below and shown graphically in FIG. 4.

€505 Vios ®

eisio Visig— Re(Virg — RiVips)
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[0072] Tt should be noticed that the following assumptions
and requirements are essential in hematocrit determinations
(but in the case of pulse oximetry these requirements may
not be of the same degree of significance).

[0073] A. Even though wavelengths %=805 nm and
}=1310 nm are near isobestic, the actual function of € versus
Hematocrit at each given wavelength must hold hematocrit
information that is different in curvature, or offset, or lin-
earity, or sign from the other. See FIG. 3. If the functions ex
versus hematocrit are not sufficiently different, then the
ratio € /e,,, will not hold hematocrit information. See
FIGS. 13A and 13B and FIGS. 14A and 14B. Even though
the foregoing discussion refers to the isobestic wavelengths
of h=805 nm and A=1310 nm, it will be appreciated that
other isobestic wavelengths, such as A=570 nm, =589 nm,
and h=1550 nm, may also be utilized.

[0074] B. Further, the wavelengths should be selected
close enough to one another such that the optical path
lengths, d, are approximately the same. Longer wavelengths
are preferred since they exhibit less sensitivity to scattering,
s:

1 (10)
S0 —=

A2

[0075] C. The geometric or spatial relationship of the
emitters and sensors is important. For instance, if vertically
aligned emitters are used in an earlobe-measuring device,
then the top-most emitter may illuminate a different amount
of blood filled tissue than the lower emitter. If only one
sensor is used, then there will be a disparity between X', at
each wavelength. See FIG. 15, wherein X, >X,,>X,5.
Furthermore, the sensor-emitter spatial separation distance
is very important because the pressure applied to the tissue
between the sensor and emitters affects the arteriolar and
capillary vessel compliance. This changes the X' as the
pressure (or distance) changes. This change in X' then
modulates the V', function. Therefore, the sensor-emitter
separation distance must be such that the pressure applied to
the earlobe, fingertip, or other body member, does not affect
the V', function. This sensor separation distance is empiri-
cally determined and should generate less than 40 mm Hg
applied transmural pressure.

[0076] A horizontal alignment (FIG. 15) of the emitters
with respect to the single sensor can be arranged so that the
emitters and sensors illuminate and detect identical regions
of 0X,; and 0X,,. It is important to note that the term d, the
sensor-emitter separation, will be different between A, and
2., by the cosine of the angle between the sensor and emitter.
Therefore, if any misalignment from normal occurs, the term
d will not cancel to obtain equation (9).

[0077] The preferred arrangement is wherein all the emit-
ters (660, 805, 950, and 1310 nm) are located on the same
substrate. This is preferred because the emitters will then
illuminate essentially the same X, region.

[0078] D. In the case of reflectance spectrophotometry, an
aperture for the sensor and each emitter is required. See
FIG. 1B. Also, a sensor-emitter separation is required so that
the reflectance of the first layer of tissue, R,, (a non-blood
layer of epithelium) does not further exaggerate a multiple
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scattering effect, i.e. the total reflectance, R, measured would
contain spurious information of the epithelial layers’ reflec-
tance as well, where:

ke R T2-R, (11)
ST ToR R
[0079] where R is the total reflectance, R, is the reflectance

due to the first tissue-epithelial layer, R, is the reflectance
due to the blood layer, and T, is the transmission through the
first tissue layer.

[0080] The reflectance equations describing R, or R, must
now sum all of the backscattered light that the sensor
detects, i.c.,:

R,=| [ [ (source function)-(scattering function) 12)

[0081] While equation (9) describes the theory of the
noninvasive hematocrit device, the four assumptions (A-D)
are important to the repeatability and accurate functioning of
the hematocrit device.

[0082] Assuming items A through D are dealt with appro-
priately, then (9) becomes:

€ _ 51 +ky) (13)
g 2+k)

[0083] where s is a scattering constant and k is an absorp-
tion constant, and where in whole blood:

s=0Hct(1-Hct) 14
k=0, Hect(at isobestic wavelengths) (15)
[0084] where o, is the scattering cross section and o, is the

absorption cross section.

[0085] From the foregoing, ¢, the extinction coefficient, is
not a simple function of the absorption coefficient, k, nor-
mally determined in pure solutions. Rather, it contains a
diffusion or scattering term, s, which must be accounted for
in a non-pure solution media such as whole blood and tissue.

[0086] Finally, substituting (14) and (15) into (13):

SV _ U'S](I —Het)+ 0y (16)
en Tl —Het)+0,

[0087] Therefore, the ratio €,,/€,, is a function of hema-
tocrit. From FIG. 4, a look up table or polynomial curve fit
equation may be obtained and utilized in the final displayed
hematocrit results. Knowing the actual hematocrit value, it
is straightforward to see (FIG. 2) that a wavelength at 660
nanometers can be selected to obtain an e ratio wherein the
hematocrit-independent oxygen saturation value is derived.
For example, equation (16) would become:
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ewoo0 _ Tsseoll = Het) + Gasen = Sa02(Caoe00 = Tars0) an
€s05  Ossos(L — Het) + 0as0s = Se02(T o805 = Tass05)

[0088] Equation (17) shows both the hematocrit and oxy-
gen saturation dependence on each other.

[0089] FIG. 11 graphically demonstrates the need for a
hematocrit-independent blood saturation device. As either
the hematocrit value or percent oxygen saturation decreases,
the percent saturation error becomes unacceptable for clini-
cal usage. For example, it is not uncommon to see patients
with a low hematocrit (about 20%) who have respiratory
embarrassment (low oxygen saturation) as well. Hence, the
clinician simply requires more accurate oxygen saturation
values.

[0090] Knowing the hematocrit and oxygen saturation
values, the computation of the Oxygen Content is trivial and
may be displayed directly (a value heretofore unavailable to
the clinician as a continuous, real-time, noninvasive result):

[Oxygen Content]=Hcr*S,0,°K (18)
[0091]

[0092] Referring to the equations (16) and (9) a decision
must be made by the computer as to the suitability of
utilizing the Taylor expansion approximation to the loga-
rithm. This algorithm is maintained in the software as a
qualifying decision for the averaging and readout algo-
rithms. The Taylor approximation is only valid for small
al/0t values.

where K is an empirically determined constant.

[0093] 3. Nonpulsatile Applications
[0094] a. Valsalva’s Maneuver to Simulate Pulsatile Case
[0095] Tt is interesting to see the similarities between this

AC pulsatile derivation and an analogous DC technique. By
taking the logarithm of two intensity ratios, values of €,
and € can be obtained from the modified Beer-Lambert
equation (equation (2a)). These same extinction coefficients
can be manipulated by the identical proportionality con-

stants R, and R, found previously to exactly
climinate €, X; and yicld
€5805 Usos (19

€310 Uizt — Ro(Ugzo — Ry Usps)

[0096] Where the term
I
Uy = ln(z//1
[0097] represents the logarithm of intensity ratios at X,

values of X; and X,.

[0098] It should also be noted that the two derivations (AC
and DC) fold into one another through the power series
expansion of the In(1+Z) function:
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misn=z-Z 42 e
nl+Z)=Z->+=-..
[0099] When the value Al=L,-I,, it can be seen that
(I Al+1y Al @
ln\\z) =1nf T )=tnf1+ K)

Al
= + High Order Terms

[0100] which means that for small changes in X, the AC
(partial derivative) and DC (logarithmic) derivations are
similar and can each be-precisely compensated through this
differential-ratiometric technique to provide an noninvasive
€,505/€b1310 Tati0 Which is independent of both the constant
and time-varying tissue and interstitial fluid terms.

[0101] One currently preferred method of obtaining the
two intensity ratios is to have the patient perform Valsalva’s
maneuver. Valsalva’s maneuver is an attempt to forcibly
exhale with the glottis, nose, and mouth closed. This maneu-
ver increases intrathoracic pressure, slows the pulse,
decreases return of blood to the heart, and increases venous
pressure obtaining intensity measurements before and dur-
ing Valsalva’s maneuver provide sufficiently different inten-
sity ratios to utilize equation (19). Even a deep breath can be
enough to obtain sufficiently different intensity ratios.

[0102]

[0103] Another technique to simulate pulsatile blood flow
and to eliminate the skin’s optical scattering effects, while at
the same time preserving the blood-borne hematocrit and
oxygen saturation information, is described below. By uti-
lizing a stepper motor 9 in the earlobe clip assembly 10 on
an earlobe 11 of a patient, such as that illustrated in FIGS.
6, 6A, 15, and 16, one can produce a variation of X,
sufficient to utilize equation 19. The stepper motor 9 could
even produce a bloodless (X,=0) state, if required. However,
equation 19 shows that only a difference between X, ; and
X, is needed.

[0104] The major advantage of this technique is that under
clinical conditions of poor blood flow, poor blood pressure,
or peripheral vascular disease, where pulse wave forms are
of poor quality for the (d1/at)/I technique, this DC-stepper
motor technique could be utilized.

[0105]

[0106] The above techniques describe conditions and
equations wherein isobestic wavelengths are chosen such
that the hematocrit value obtained has no interference from
oxygen saturation, hence an independently determined
hematocrit value.

[0107] One, however, may choose h, (the reference wave-
length) in equation (13) at 1550 nm as well. In the radiation
region 900 to 2000 nm the blood absorption coefficients
depend on hematocrit and water, whereas at 805 nm the
blood absorption coefficient only depends on hematocrit.
Therefore, utilizing in combination, wavelengths of 660,

b. Stepper Motor Technique

C. Oxygen Saturation Determination
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805, and 1550 will also give a technique to determine
hematocrit (€50s/€1550) and oxygen saturation (€450/€505)

[0108] These 3 wavelengths are particularly important
since 660, 805, and 1550 nm (or 1310 nm) are readily
available LEDs, such as, respectively, MLED76-Motorola,
HLP30RGB-Hitachi, and ETX1550-EPITAXX (or
NDL5300-NEC), with the benefits of low cost and low
optical power (reducing any question of possible eye dam-
age).

[0109] The manufacturing of a multi-chip LED emitter
becomes reasonable, cost-wise, and provides increased
accuracy since the LED sources have practically no sepa-
ration distances and appear as a single point source.

[0110] This invention may be applied to the determination
of other components (included, but not limited to, glucose,
or cholesterol) in any range of the electromagnetic spectrum
in which spectrophotometric techniques can be utilized.

[0111] 4. Currently Preferred Apparatus

[0112] An earlobe clip assembly 10 as in FIGS. 6, 6A, 15,
and 16 (with or without the stepper motor 9 shown in FIG.
6A) and a finger clip assembly 6 used on a finger 7 of a
patient as shown in FIGS. 1, 1A, and 1B, are two currently
preferred embodiments for practicing the present invention.
The photodiodes 3 and emitters 1 and 2 in each are placed
in accordance with appropriate alignment.

[0113] Consider first the sensor technology in the trans-
missive mode of operation. An earlobe or fingertip housing
can be provided with discreet emitters and two photodiode
chips (of different sensitivity ranges, 600-1000 nm and
1000-1700 nm ranges) placed on one substrate, such as a
TO-5 can (Hamamatsu K1713-03). The emitters likewise
can be two or more emitter chips (i.e., k=805, 1310, 660, and
950 nm) placed on a common substrate and illuminated
through a TO-39 can.

[0114] Finally, a single substrate multi-wavelength emitter
and a multi-wavelength detector, assembled in one small
physical housing for each, make alignment and detection
sensitivity more repeatable, and hence-more accurate.

[0115] The preferred emitter chips would have wave-
lengths, for hematocrit-only measurements, at 805 nm, 950
nm, and 1310 nm (or 805 nm, 950 nm, and 1550 nm).
Although in theory, an emitter having a wavelength of 970
nanometers, rather than 950 nm, would provide more accu-
rate information, 970 nm emitters are not presently available
commercially. These wavelengths are currently preferred
because of the different curvature and baseline offset of the
€ versus Hematocrit at those wavelengths. See FIG. 3.
Hence, the hematocrit information will exist in the ratio
€,1/€50. See FIG. 4.

[0116] Furthermore, the choice of 805 nm and 1310 nm (or
1550 nm) rather than 570 nm and 805 nm is because there
is no water absorption in the 570 nm (or 589 nm) and 805
nm isobestic wavelengths. However, there is tremendous
water absorption at 1310 nm and 1550 nm. Hence, the ratio
of 570 nm to 805 nm, as a reference, would not yield
hematocrit information because there would be no offset due
to water in the plasma. See FIGS. 13A and 13B and FIGS.
14A and 14B.

[0117] If hematocrit-independent oxygen saturation is
desired then the emitter chip wavelengths would be 660 nm,
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805 nm, 950 nm, and 1310 nm (or 1550 nm) (the 660 nm is
MLED76, Motorola or TOLD 9200, Toshiba). Likewise, the
photodetector single substrate could house at least two
chips, such as a Hamamatsu K1713-03.

[0118] It will be appreciated that those skilled in the art
would be able to add other chips to the single substrate at
wavelengths sensitive to other metabolites (glucose, choles-
terol, etc.). The above mentioned emitter and detector con-
nections can be seen in the analog schematic diagram
illustrated in FIGS. 7 and 9B-9D.

[0119] The sensor technology in the reflectance mode
must conform to two embodiment parameters. See FIG. 1B.
The diameter and thickness of the aperture 8 of finger clip
assembly 6 in which finger 7 is received in combination with
the sensor-emitter separation distances are important to
provide a detection region within the subdermis 12 at points
a and b of FIG. 1B, where the radiation impinges on
blood-tissue without the multiple scattering effects of the
epithelial layer, R,. The determination of optimum sensor 3
separation and aperture 8 sizes is done empirically from
numerous finger 7 with varying callous and fingernails 13.
Minimum sensor separation and aperture diameters can be
established wherein R,, of equation (14) is eliminated.

[0120] FIGS. 7, 8A-8C, 9A-9D, and 10A-10B detail the
electronics of one circuit suitable for use within the scope of
the present invention. The memory and computation means
(FIGS. 8A-8C) are connected via a “bus” structure between
PROMS (U110,U111), microprocessor MC68HC000
(U106), static RAMS (U112,U113), and isolation buffers to
the low-level analog circuitry (FIG. 7). A crystal controlled
oscillator circuit (U101A,B) is divided by 2 to provides a
symmetric master clock to the microprocessor; this clock is
further subdivided and used to provide clocking for the
analog-to-digital converter0 (U208) and timer (U109).
Strobe lines are generated through a decoder arrangement to
drive each of the subsystems of the device and also control
the isolation bus buffers (U201,U202).

[0121] Timer outputs are fed back into the microprocessor
and encoded (U104) to produce interrupts at specific inter-
vals for system functions. One timer is shared by subsystems
which control the liquid crystal display means, the keyboard
entry means, the audible indicator, and the cycling back-
ground system self-test. Another timer is dedicated exclu-
sively to provide a high priority interrupt to the micropro-
cessor; this interrupt drives software which controls the
basic sensor sampling mechanism. An expansion connector
(J101) is included to allow extended testing of the device or
connection to external data-logging equipment such as a
printer or computer interface.

[0122] The local bus isolates the sensitive analog circuitry
from the main digital circuitry. This prevents spurious
crosstalk from digital signals into the analog circuitry and
thereby reduces superimposed noise on the measured sig-
nals. It is on this local bus that the Digital-to-Analog
Converters (DAC) and Analog-to-Digital Convertors (ADC)
transmit and receive digital information while processing the
low-level. analog signals.

[0123] The Low Level Sensor electronic section, FIG. 7,
combines subsystems to both measure and modulate the
current produced from each optical sensor. Since a pulsatile
component of the optical energy transmitted through or
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reflected off of tissue comprises only a small part of the
overall optical energy incident on the sensor, means are
provided to “null out” in a carefully controlled and accu-
rately known way the non-pulsatile component of the light-
produced current in the sensing detector. The remaining
signal can then be de-amplified and filtered in a straightfor-
ward manner and presented to the ADC (U208) for conver-
sion into a digital value representative of the relative AC
pulsatile component. Furthermore, because the relationship
between the nulling current and the average value of this AC
component is known, the DC component can easily be
calculated as a function of the sensing means’ sensitivities
and the electronic stages’ gains. The functions determining
these AC and DC values can (if necessary) be trimmed in
software by calibration constants which are stored in
EEPROM (U307) and retrieved each time the unit is pow-
ered on.

[0124] The current which modulates the optical sources
(LEDs or laser diodes) is also controlled (U203) and pre-
cisely adjusted (U306) to optimize signal reception and
detection. Through software control, the modulation current
can be adjusted on a pulse-by-pulse basis to minimize
noise-induced inaccuracies. Furthermore, by sampling the
sensors with the modulation sources disabled appropriately,
background noise (such as 60 Hz) can be rejected digitally
as common-mode noise. Thus, by controlling the optical
source energy and modulating the nulling current in the
photosensor circuitry, it is possible to effectively cancel the
effects of ambient radiation levels and accurately measure
both the static (DC) and time-varying (AC) components of
transmitted or reflected light.

[0125] Interrupt-driven software algorithms acquire the
sensor data, provide a real-time pulse wave contour, and
determine pulse boundaries. Completed buffers (i.e. one
entire pulse per buffer) of sensor data are then passed to the
foreground software processes for computation. This
involves the determination of the background-compensated
AC pulsatile and DC static values of intensities for each
wavelength. Through averaging and selective elimination of
abnormal values, results are then calculated using equation
(9) and displayed on the LCD. The modulating and nulling
currents are (if necessary) also adjusted to utilize the elec-
tronic hardware efficiently and optimally.

[0126]

[0127] Although the foregoing discussion has related to
noninvasive analysis of blood hematocrit information, it will
be appreciated that the above-mentioned emitters, sensors,
and circuitry may be adapted for invasive in vitro analysis of
blood hematocrit values. The principles within the scope of
the present invention which compensate for spatial, geomet-
ric, and tissue variations may be used to compensate for
similar variations in an in vitro blood container. Such a
device would allow hematocrit values to be determined
rapidly and accurately.

[0128] Those skilled in the art will also appreciate that the
methods within the scope of the present invention for
determining blood hematocrit values may be adapted for
determining non-hematocrit biologic constituent values such
as glucose, cholesterol, etc. To determine biologic constitu-
ent information, the effects of competing blood, tissue, and
interstitial fluid constituents must be eliminated. It is

5. Summary
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believed that these effects may be eliminated by appropriate
modification of the differential ratiometric techniques
described above.

[0129] Tt is important to recognize that the present inven-
tion is not directed to determining the tissue hematocrit
value. The tissue hematocrit value, in contrast with the blood
hematocrit value, reflects the amount of red blood cells in a
given volume of tissue (blood, interstitial fluids, fat, hair
follicles, etc.). The present invention is capable of deter-
mining actual intravascular blood hematocrit and hemoglo-
bin values.

[0130] From the foregoing, it will be appreciated that the
present invention provides a system and method for nonin-
vasively and quantitatively determining a subject’s hemat-
ocrit or other blood constituent value. The present invention
determines the hematocrit noninvasively by utilizing elec-
tromagnetic radiation as the transcutaneous information
carrier. Importantly, the present invention may be used on
various body parts to provide accurate quantitative hemat-
ocrit values.

[0131] Tt will also be appreciated that the present invention
also provides a system and method which can provide
immediate and continuous hematocrit information for a
subject. The present invention further provides a system and
method for noninvasively determining a subjects’s blood
oxygen saturation (S0, ) independent of the subject’s hema-
tocrit. In addition, the present invention provides a system
and method for noninvasively determining a subject’s hema-
tocrit and/or blood oxygen saturation even under conditions
of low blood perfusion.

[0132] The present invention may be embodied in other
specific forms without departing from its spirit or essential
characteristics. The described embodiments are to be con-
sidered in all respects only as illustrative and not restrictive.
The scope of the invention is, therefore, indicated by the
appended claims rather than by the foregoing description.
All changes which come within the meaning and range of
equivalency of the claims are to be embraced within their
scope.

What is claimed and desired to be secured by United States

Letters Patent is:

1. Asystem for determining the hematocrit of the blood of
a patient, the blood flowing in a pulsatile fashion in a body
part of the patient or in an extracorporeal passageway in
communication with the circulatory system of the patient so
as to be subjectable to transcutaneous examination in the
body part or to noninvasive examination in the extracorpo-
real passageway, the body part and the extracorporeal pas-
sageway defining a blood conduit and the system compris-
ing:

(a) a blood conduit receiving means for receiving a blood
conduit containing the flowing blood of the patient;

(b) emission means for directing radiation into the flowing
blood within the blood conduit, said emission means
being situated within said blood conduit receiving
means, said radiation defining a directed radiation
comprising;

(1) a first quantity of a radiation at a first radiation
wavelength which, when directed into the flowing
blood in the blood conduit,
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(A) has a first extinguishment value which varies
with the hematocrit in the flowing blood and

(B) has a second extinguishment value which varies
with the plasma in the flowing blood, which
second extinguishment value is at least ten times
smaller than said first extinguishment value; and

(i1) a first quantity of radiation at a second radiation
wavelength, distinct from said first wavelength,
which, when directed into the flowing blood within
the blood conduit,

(A) has a third extinguishment value which for
varying hematocrit in the flowing blood is a non-
fixed multiple of said first extinguishment value;
and

(B) has a fourth extinguishment value which varies
with the plasma in the flowing blood, which fourth
extinguishment value is at least ten times greater
than said second extinguishment value;

(c) detection means for detecting the portion of said
directed radiation which passes through both the blood
conduit and the flowing blood therein, said detection
means being situated within said blood conduit receiv-
ing means, said detected portion of said directed radia-
tion comprising:

(1) a second quantity of a radiation at the first radiation
wavelength, and

(i) a second quantity of a radiation at the second
radiation wavelength;

(d) calculation means for determining the hematocrit of
the patient by operating exclusively on the second
quantities of the first and second radiation wavelengths.

2. A system as defined in claim 1, wherein said detection

means detects the second quantity of the first radiation
wavelength by:

(2) determining the intensity of the total first radiation
wavelength;

(b) determining a first radiation wavelength pulsatile
value representing the difference between the maxi-
mum and the minimum intensity of a pulsatile compo-
nent of the first radiation wavelength;

(c) determining the ratio between the first radiation wave-
length pulsatile value and the intensity of the total first
radiation wavelength over a period of time; and

(d) determining a first mean ratio value over a period of
time of the ratio between the first radiation wavelength
pulsatile component and the average intensity of the
first radiation wavelength.

3. A system as defined in claim 2, wherein said detection

means detects the second quantity of the second radiation
wavelength by:

(2) determining the intensity of the total-second radiation
wavelength;

(b) determining a second radiation wavelength pulsatile
value representing the difference between the maxi-
mum and the minimum intensity of a pulsatile compo-
nent of the second radiation wavelength;
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(c) determining the ratio between the second radiation
wavelength pulsatile value and the intensity of the total
second radiation wavelength over a period of time;

(d) determining a second mean ratio value over a period
of time of the ratio between the second radiation
wavelength pulsatile component and the average inten-
sity of the second radiation wavelength; and

(¢) wherein the calculation means determines the hema-
tocrit of the patient by operating exclusively on the
second quantities of the first and second radiation
wavelengths to determine the hematocrit of the patient
by the ratio between the first mean ratio value and the
second mean ratio value.

4. A system as defined in claim 1, wherein the detection

means detects the second quantity of the first radiation
wavelength by:

(a) determining the intensity of the total first radiation
wavelength;

(b) determining a first radiation wavelength pulsatile
value representing the true time derivative of a pulsatile
component of the first radiation wavelength;

(c) determining the ratio between the first radiation wave-
length pulsatile value and the intensity of the total first
radiation wavelength over a period of time; and

(d) determining a first mean ratio value over a period of
time of the ratio between the first radiation wavelength
pulsatile component and the average intensity of the
first radiation wavelength.

5. A system as defined in claim 4, wherein the detection

means detects the second quantity of the second radiation
wavelength by:

(a) determining the intensity of the total second radiation
wavelength;

(b) determining a second radiation wavelength pulsatile
value representing the true time derivative of a pulsatile
component of the second radiation wavelength;

(c) determining the ratio between the second radiation
wavelength pulsatile value and the intensity of the total
second radiation wavelength over a period of time;

(d) determining a second mean ratio value over a period
of time of the ratio between the second radiation
wavelength pulsatile component and the average inten-
sity of the second radiation wavelength; and

(¢) wherein the calculation means determines the hema-
tocrit of the patient by operating exclusively on the
second quantities of the first and second radiation
wavelengths to determine the hematocrit of the patient
by the ratio between the first mean ratio value and the
second mean ratio value.

6. A system as defined in claim 1, wherein the calculation
means determines the hematocrit of the patient by associ-
ating, the second quantities of the first and second radiation
wavelengths with an empirically obtained value.

7. Asystem as defined in claim 1, wherein said calculation
means determines the hematocrit of the patient by math-
ematically manipulating the second quantities of the first and
second radiation wavelengths with a polynomial function to
obtain a hematocrit.
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8. A system as defined in claim 1, further comprising
means for displaying the hematocrit.

9. A system as defined in claim 8, wherein the display
means comprises a visually perceptible display.

10. A system as defined in claim 1, wherein the first
radiation wavelength is in the range from 780 nanometers to
850 nanometers.

11. A system as defined in claim 1, wherein the first
radiation wavelength is in the range from 520 nanometers to
600 nanometers.

12. A system as defined in claim 1, wherein the second
radiation wavelength is in the range from 1200 nanometers
to 1600 nanometers.

13. A system as defined in claim 1, wherein the flowing
blood includes a competing biologic constituent relative to
the hemoglobin in the flowing blood, wherein:

() said directed radiation further comprises a first quan-
tity of a radiation at a third radiation wavelength,
distinct from said first and second radiation wave-
lengths, and which when directed into the flowing
blood in the blood conduit,

(1) has a fifth extinguishment value which varies with
the competing biologic constituent concentration in
the flowing blood, said fifth extinguishment value
being at least five times greater than said second
extinguishment value; and

(i) has a sixth extinguishment value which varies with
the concentration of components other than the com-
peting biologic constituent concentration in the flow-
ing blood,

(b) said detected portion of said directed radiation further
comprises a second quantity of a radiation at the third
radiation wavelength; and

(c) wherein the calculation means mathematically oper-
ates on the second quantities of the first, second, and
third radiation wavelengths to compensate for the effect
of the competing blood constituent so as to determine
a corrected hematocrit.

14. A system as defined in claim 13, wherein the third
radiation wavelength is in the range from 900 nanometers to
1000 nanometers.

15. A system as defined in claim 14, wherein:

(2) said directed radiation further comprises a first quan-
tity of a radiation at a fourth radiation wavelength,
distinct from said first, second and third radiation
wavelengths, which when directed into the flowing
blood in the blood conduit,

(1) has a seventh extinguishment value which varies
substantially with the oxyhemoglobin and reduced
oxyhemoglobin concentrations in the flowing blood,
and which

(ii) has an eighth extinguishment value, which is at
least ten times smaller than said seventh extinguish-
ment value for the plasma in the flowing blood;

(b) said detected portion of said directed radiation further
comprises a second quantity of a radiation at the fourth
radiation wavelength.
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16. A system as defined in claim 15:

(a) wherein the calculation means is also capable of
determining the patient’s blood oxygen saturation by
the second quantities of the first, second, third, and
fourth radiation wavelengths; and

(b) further comprising a display means wherein the dis-
play means is also capable of displaying a value of the
blood oxygen saturation which is independent of hema-
tocrit.

17. A system as defined in claim 15, wherein the fourth
radiation wavelength is in the range from 600 nanometers to
700 nanometers.

18. Asystem as defined in claim 15, wherein the radiation
generation means is situated opposite the radiation detection
means, whereby the first, second, third, and fourth radiation
wavelengths are transmitted through the blood conduit.

19. Asystem as defined in claim 15, wherein the radiation
generation means is not situated opposite the radiation
detection means, whereby the first, second, third, and fourth
radiation wavelengths are reflected from the blood conduit.

20. A system as defined in claim 15:

(a) wherein the calculation means is also capable of
determining the patient’s blood oxygen content by the
second quantities of the first, second, third, and fourth
radiation wavelengths; and

(b) further comprising a display means wherein the dis-
play means is also capable of displaying a value of the
blood oxygen content.

21. A system as defined in claim 1, further comprising
pressure means for squeezing at least some of the flowing
blood out of the blood conduit while radiation having the
first and second radiation wavelengths are being directed
into the blood conduit.

22. Asystem as defined in claim 1, wherein the emission
means comprises at least two light emitting diodes.

23. Asystem as defined in claim 1, wherein the emission
means comprises at least two laser diodes.

24. A system as defined in claim 1, wherein the detection
means comprises at least one photodetector.

25. Asystem as defined in claim 1, wherein the calculation
means comprises a microprocessor and at least one analog to
digital convertor.

26. A system for determining the hematocrit of the blood
of a patient, the blood flowing in a pulsatile fashion in a body
part of the patient or in an extracorporeal passageway in
communication with the circulatory system of the patient so
as to be subjectable to transcutaneous examination in the
body part or to noninvasive examination in the extracorpo-
real passageway, the body part and the extracorporeal pas-
sageway defining a blood conduit, the system comprising:

() a blood conduit receiving means for receiving a blood
conduit containing the flowing blood of the patient;

(b) first optical emitter means for directing radiation into
the flowing blood within the blood conduit, said first
optical emitter means being situated within said blood
conduit receiving means, said radiation defining a first
directed radiation comprising a first quantity of a
radiation at a first radiation wavelength which, when
directed into the flowing blood in the blood conduit is
posessed of the following properties:
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(1) a frequency that is near isobestic for oxyhemoglobin
and reduced hemoglobin in the flowing blood,

(ii) a first extinguishment value which varies with the
hematocrit in the flowing blood; and

(iii) a second extinguishment value which varies with
the plasma in the flowing blood, which second
extinguishment value is at least ten times smaller
than said first extinguishment value;

(c) second optical emitter means for directing radiation
into the flowing blood within the blood conduit, said
second optical emitter emission means being situated
within said blood conduit receiving means, said radia-
tion defining a second directed radiation comprising a
first quantity of radiation at a second radiation wave-
length, distinct from said first wavelength, which, when
directed into the flowing blood within the blood conduit
is posessed of the following properties:

(1) a third extinguishment value which for varying
hematocrit in the flowing blood is a non-fixed mul-
tiple of said first extinguishment value; and

(i) a fourth extinguishment value which varies with the
plasma in the flowing blood, which fourth extin-
guishment value is at least ten times greater than said
second extinguishment value;

(d) third optical emitter means for directing radiation into
the flowing blood within the blood conduit, said third
optical emitter emission means being situated within
said blood conduit receiving means, said radiation
defining a third directed radiation comprising a first
quantity of a radiation at a third radiation wavelength
distinct from said first and second radiation wave-
lengths and which, in combination with one of the first
or second radiation wavelengths, is independent of
hematocrit, and which, when directed into the flowing
blood in the blood conduit is posessed the following
properties:

(1) a fifth extinguishment value which varies with the
competing biologic constituent concentration in the
flowing blood, said fifth extinguishment value being
at least five times greater than said second extin-
guishment value; and

(i) a sixth extinguishment value which varies with the
concentration of components other than the compet-
ing biologic constituent concentration in the flowing
blood;

(¢) photodetection means for detecting the portion of said
first, second and third directed radiation which passes
through both the blood conduit and the flowing blood
therein, said photodetection means being situated
within said blood conduit receiving means, said
detected portions comprising;

(1) a second quantity of a radiation at the first radiation
wavelength,

(i) a second quantity of a radiation at the second
radiation wavelength,

(if) a second quantity of a radiation at the third
radiation wavelength; and
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(f) positioning means for holding the first optical emitter
means, the second optical emitter means, the third
optical emitter means, and the photodetection means
such that the radiation path from the first, second, and
third optical emitter means to the photodetection means
are approximately equal;

(g) calculation means for the following:

(1) mathematically operating on the second quantitics to
the first, second, and third radiation wavelengths
such that the spatial, geometric, and tissue variations
are eliminated in each wavelength

(i) mathematically operating on the second quantities
of the first, second, and third radiation wavelengths
to compensate for the effect of the competing blood
constituent, and

(ii) determining the hematocrit of the patient; and

(h) display means for providing a visually perceptible

indication of the hematocrit.

27. A system as defined in claim 26, further comprising
fourth optical emitter means for directing radiation into the
flowing blood within the blood conduit, said fourth optical
emitter means being situated within said blood conduit
receiving means, said radiation defining a fourth directed
radiation and comprising;

(a) a first quantity of a radiation at a fourth radiation
wavelength which, when directed into the flowing
blood within the blood conduit,

(1) has a seventh extinguishment value which varies
substantially with the oxyhemoglobin and reduced
oxyhemoglobin concentrations in the flowing blood,
and which

(ii) has an ecighth extinguishment value, which is at
least ten times smaller than said seventh extinguish-
ment value for the plasma in the flowing blood;

(b) wherein the photodetection means detects the portion
of said fourth directed radiation which passes through
both the blood conduit and the flowing blood therein,
said detected portion of said fourth radiation wave-
length comprising a second quantity of the fourth
radiation wavelength.

28. A system as defined in claim 27:

(a) wherein the calculation means mathematically oper-
ates on the second quantity of the fourth radiation
wavelength to determine the patient’s blood oxygen
saturation; and

(b) wherein the display means displays a value of the
blood oxygen saturation which is independent of hema-
tocrit.

29. A system as defined in claim 27:

(a) wherein the calculation means mathematically oper-
ates on the second quantity of the fourth radiation
wavelength to determine the patient’s blood oxygen
content; and

(b) wherein the display means displays a value of the
blood oxygen content.

30. A system for determining the desired biologic con-

stituent concentration of the blood of a patient, the blood

flowing in a pulsatile fashion in a body part of the patient or
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in an extracorporeal passageway in communication with the
circulatory system of the patient so as to be subjectable to
transcutaneous examination in the body part or to noninva-
sive examination in the extracorporeal passageway, the body
part and the extracorporeal passageway defining a blood
conduit, the system comprising:

(a) a blood conduit receiving means for receiving a blood
conduit containing the flowing blood of the patient;

(b) emission means for directing radiation into the f
lowing blood within the blood conduit, said emission
means being situated within said blood conduit receiv-
ing means, said radiation defining a directed radiation
comprising:

(i) a first quantity of a radiation at a first radiation
wavelength which, when directed into the flowing
blood within the blood conduit,

(A) has a first extinguishment value which varies
with the desired biologic constituent concentration
in the flowing blood and

(B) has a second extinguishment value which varies
with the concentration of components other than
the desired biologic constituent in the flowing
blood, which second extinguishment value is at
least ten times smaller than said first extinguish-
ment value; and

(i1) a first quantity of a radiation at a second radiation
wavelength, distinct from said first wavelength,
which, when directed into the flowing blood within
the blood conduit,

(A) has a third extinguishment value which for
varying concentrations in the flowing blood of the
desired blood constituent is a non-fixed multiple
of said first extinguishment value and

(B) has a fourth extinguishment value which varies
with the concentration of components other than
the desired biologic constituent in the flowing
blood, which fourth extinguishment value is at
least ten times greater than said second extinguish-
ment value;

(c) detection means for detecting the portion of said
directed radiation which passes through both the blood
conduit and the flowing blood therein, said detection
means being situated within said blood conduit receiv-
ing means, said detected portion of said directed radia-
tion comprising:

(1) a second quantity of a radiation at the first radiation
wavelength, and

(i) a second quantity of a radiation at the second
radiation wavelength; and

(d) calculation means for determining the desired biologic
constituent concentration by operating exclusively on
the second quantities of the first and second radiation
wavelengths.

31. A system as defined in claim 30, wherein said detec-

tion means detects the second quantity of the first radiation
wavelength by:

(a) determining the intensity of the total first radiation
wavelength;
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(b) determining a first radiation wavelength pulsatile
value representing the difference between the maxi-
mum and the minimum intensity of a pulsatile compo-
nent of the first radiation wavelength;

(c) determining the ratio between the first radiation wave-
length pulsatile value and the intensity of the total first
radiation wavelength over a period of time; and

(d) determining a first mean ratio value over a period of
time of the ratio between the first radiation wavelength
pulsatile component and the average intensity of the
first radiation wavelength.

32. Asystem as defined in claim 31, wherein the detection

means detects the second quantity of the first radiation
wavelength by:

(a) determining the intensity of the total first radiation
wavelength;

(b) determining a first radiation wavelength pulsatile
value representing the true time derivative of a pulsatile
component of the first radiation wavelength;

(c) determining the ratio between the first radiation wave-
length pulsatile value and the intensity of the total first
radiation wavelength over a period of time; and

(d) determining a first mean ratio value over a period of
time of the ratio between the first radiation wavelength
pulsatile component and the average intensity of the
first radiation wavelength.

33. Asystem as defined in claim 32, wherein said detec-

tion means detects the second quantity of the second radia-
tion wavelength by:

(a) determining the intensity of the total second radiation
wavelength;

(b) determining a second radiation wavelength pulsatile
value representing the difference between the maxi-
mum and the minimum intensity of a pulsatile compo-
nent of the second radiation wavelength;

(c) determining the ratio between the second radiation
wavelength pulsatile value and the intensity of the total
second radiation wavelength over a period of time;

(d) determining a second mean ratio value over a period
of time of the ratio between the second radiation
wavelength pulsatile component and the average inten-
sity of the second radiation wavelength; and

(e) wherein the calculation means determines the desired
biologic constituent concentration of the patient by
operating exclusively on the second quantities of the
first and second radiation wavelengths to determine the
desired biologic constituent concentration of the patient
by the ratio between the first mean ratio value and the
second mean ratio value.

34. Asystem as defined in claim 33, wherein the detection

means detects the second quantity of the second radiation
wavelength by:

(a) determining the intensity of the total second radiation
wavelength;

(b) determining a second radiation wavelength pulsatile
value representing the true time derivative of a pulsatile
component of the second radiation wavelength;
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(c) determining the ratio between the second radiation
wavelength pulsatile value and the intensity of the total
second radiation wavelength over a period of time;

(d) determining a second mean ratio value over a period
of time of the ratio between the second radiation
wavelength pulsatile component and the average inten-
sity of the second radiation wavelength; and

(¢) wherein the calculation means determines the desired
biologic constituent concentration of the patient by
operating exclusively on the second quantities of the
first and second radiation wavelengths to determine the
desired biologic constituent concentration of the patient
by the ratio between the first mean ratio value and the
second mean ratio value.

35. A system as defined in claim 30, wherein the calcu-
lation means determines the desired biologic constituent
concentration of the patient by associating the second quan-
tities of the first and second radiation wavelengths with an
empirically obtained value.

36. A system as defined in claim 30, wherein said calcu-
lation means determines the desired biologic constituent
concentration of the patient by mathematically manipulating
the second quantities of the first and second radiation
wavelengths with a polynomial function to obtain the
desired biologic constituent concentration.

37. A system as defined in claim 30, wherein the desired
biologic constituent comprises red blood cells.

38. A system as defined in claim 30, wherein the desired
biologic constituent comprises hematocrit.

39. A system as defined in claim 30, wherein the desired
biologic constituent comprises hemoglobin.

40. A system as defined in claim 30, wherein the first
radiation wavelength has a first extinguishment value sub-
stantially the same amount for oxyhemoglobin and for
reduced hemoglobin in the flowing blood and has a second
extinguishment value, which is at least ten times smaller
than said first extinguishment value for the plasma in the
flowing blood.

41. A system as defined in claim 30, wherein the first
radiation wavelength is in the range from about 780 nanom-
eters to about 850 nanometers.

42. A system as defined in claim 30, wherein the first
radiation wavelength is in the range from about 520 nanom-
eters to about 600 nanometers.

43. A system as defined in claim 30, wherein the second
radiation wavelength has a third extinguishment value sub-
stantially the same amount for oxyhemoglobin and for
reduced hemoglobin in the flowing blood and has a fourth
extinguishment value, which is approximately the same as
said third extinguishment value for the plasma in the flowing
blood.

44. A system as defined in claim 30, wherein the second
radiation wavelength is in the range from about 1200
nanometers to about 1600 nanometers.

45. Asystem as defined in claim 30, wherein the flowing
blood includes a competing biologic constituent relative to
the hemoglobin in the flowing blood, wherein:

() said directed radiation further comprises a first quan-
tity of a radiation at a third radiation wavelength,
distinct from said first and second radiation wave-
lengths, and which, when directed into the flowing
blood in the blood conduit,
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(1) has a fifth extinguishment value which varies with
the competing biologic constituent concentration in
the flowing blood, said fifth extinguishment value
being at least five times greater than said second
extinguishment value; and

(i1) has a sixth extinguishment value which varies with
the concentration of components other than the com-
peting biologic constituent concentration in the flow-
ing blood,;

(b) said detected portion of said directed radiation further
comprises a second quantity of a radiation at the third
radiation wavelength;

(c) said system further comprising calculation means for
mathematically operating on the second quantities of
the first, second, and third radiation wavelengths

(1) such that the spatial, geometric, and tissue variations
are eliminated in each radiation wavelength; and

(i) to compensate for the effect of the competing
biologic constituent.

46. A system as defined in claim 45, wherein the third
radiation wavelength is extinguished approximately the
same amount by oxyhemoglobin and reduced hemoglobin in
the flowing blood and is substantially extinguished by
plasma in the flowing blood.

47. A system as defined in claim 45, wherein the third
radiation wavelength is in the range from about 900 nanom-
eters to about 1000 nanometers.

48. A system as defined in claim 45, wherein:

(a) said directed radiation further comprises a first quan-
tity of a radiation at a fourth radiation wavelength,
distinct from said first, second and third radiation
wavelengths, which when directed into the flowing
blood in the blood conduit has the following properties:

(1) a seventh extinguishment value which varies sub-
stantially with the oxyhemoglobin and reduced oxy-
hemoglobin concentrations in the flowing blood, and
which

(i) an eighth extinguishment value, which is at least ten
times smaller than said seventh extinguishment
value for the plasma in the flowing blood;

(b) said detected portion of said directed radiation further
comprises a second quantity of a radiation at the fourth
radiation wavelength;

(c) and said calculation means further:

(1) mathematically operates on the second quantity of
the fourth radiation wavelength such that the spatial,
geometric, and tissue variations are eliminated in the
fourth radiation wavelength, and

(ii) determines a blood oxygen saturation value which
is independent of hematocrit by mathematically
operating on the second quantities of the first, sec-
ond, third, and fourth radiation wavelengths.

49. A system as defined in claim 48, wherein the fourth
radiation wavelength is in the range from about 600 nanom-
eters to about 700 nanometers.

50. A system as defined in claim 45, wherein:

(a) said directed radiation further comprises a first quan-
tity of a radiation at a fourth radiation wavelength,
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distinct from said first, second and third radiation
wavelengths, which when directed into the flowing
blood in the blood conduit,

(1) has a seventh extinguishment value which varies
substantially with the oxyhemoglobin and reduced
hemoglobin concentrations in the flowing blood, and
which

(i1) has an eighth extinguishment value, which is at
least ten times smaller than said seventh extinguish-
ment value for the plasma in the flowing blood,

(b) said detected portion of said directed radiation further
comprises a second quantity of a radiation at the fourth
radiation wavelength;

(c) and said calculation means further:

(i) mathematically operates on the second quantity of
the fourth radiation wavelength such that the spatial,
geometric, and tissue variations are eliminated in the
fourth radiation wavelength; and

(ii) determines a blood oxygen saturation value which
is independent of hematocrit by mathematically
operating on the second quantities of the first, sec-
ond, third, and fourth radiation wavelengths.

51. A system as defined in claim 50, wherein the fourth
radiation wavelength is in the range from about 600 nanom-
eters to about 700 nanometers.

52. Amethod for determining the hematocrit of the blood
of a patient, the blood flowing in a pulsatile fashion in a body
part of the patient or in an extracorporeal passageway in
communication with the circulatory system of the patient so
as to be subjectable to transcutaneous examination in the
body part or to noninvasive examination in the extracorpo-
real passageway, the body part and the extracorporeal pas-
sageway defining a blood conduit and the method compris-
ing the steps of:

(2) placing the blood conduit within a blood conduit
receiving means with the flowing blood in the blood
conduit;

(b) directing radiation into the flowing blood within the
blood conduit using a radiation generation means situ-
ated within the blood conduit receiving means, said
radiation defining a directed radiation comprising;

(1) a first quantity of a radiation at a first radiation
wavelength which, when directed into the flowing
blood within the blood conduit,

(A) is extinguished substantially the same amount by
oxyhemoglobin and reduced hemoglobin in the
flowing blood and

(B) is extinguished by the plasma in the flowing
blood in a first manner; and

(ii) a first quantity of radiation at a second radiation
wavelength which, when directed into the flowing
blood within the blood conduit,

(A) is extinguished substantially the same amount by
oxyhemoglobin and reduced hemoglobin in the
flowing blood and

(B) is extinguished by the plasma in the flowing
blood in a second manner substantially different
from said first manner;
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(c) detecting the portion of said directed radiation which
passes through both the blood conduit and the flowing
blood therein with a radiation detection means situated
within said conduit receiving means, said detected
portion of said directed radiation comprising:

(1) a second quantity of a radiation at the first radiation
wavelength being detected by steps comprising:

(A) determining the extinguishment of the total first
radiation wavelength;

(B) determining a first radiation wavelength pulsatile
value representing the difference between the
maximum and the minimum extinguishment of a
pulsatile component of the first radiation wave-
length,;

(C) determining the ratio between the first radiation
wavelength pulsatile value and the extinguishment
of the total first radiation wavelength over a period
of time; and

(D) determining a first mean ratio value over a period
of time of the ratio between the first radiation
wavelength pulsatile component and the average
extinguishment of the first radiation wavelength,
and

(i) a second quantity of a radiation at the second
radiation wavelength; and

(d) operating on the second quantities of the radiations at
the first and second radiation wavelengths to determine
the hematocrit of the patient.

53. Asystem for determining the hematocrit of the blood
of a patient, the blood flowing in a pulsatile fashion in a body
part of the patient or in an extracorporeal passageway in
communication with the circulatory system of the patient so
as to be subjectable to transcutaneous examination in the
body part or to noninvasive examination in the extracorpo-
real passageway, the body part and the extracorporeal pas-
sageway defining a blood conduit and the system compris-

ing:
() a blood conduit receiving means for receiving a blood
conduit containing the flowing blood of the patient;

(b) emission means for directing radiation into the flowing
blood within the blood conduit, said emission means
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being situated within said blood conduit receiving
means, said radiation defining a directed radiation
comprising;

(1) a first quantity of a radiation at a first radiation
wavelength which, when directed into the flowing
blood in the blood conduit,

(A) is extinguished substantially the same amount by
oxyhemoglobin and reduced hemoglobin in the
flowing blood and

(B) is extinguished by the plasma in the flowing
blood in a first manner; and

(i) a first quantity of a radiation at a second radiation
wavelength which, when directed into the blood
flowing within the blood conduit,

(A) is extinguished substantially the same amount by
oxyhemoglobin and reduced hemoglobin in the
flowing blood and

(B) is extinguished by the plasma in the flowing
blood in a second manner substantially different
from said first manner;

(c) detection means for detecting the portion of said
directed radiation which passes through both the blood
conduit and the flowing blood therein, said detection
means being situated within said blood conduit receiv-
ing means, said detected portion of said directed radia-
tion comprising:

(1) a second quantity of a radiation at the first radiation
wavelength, and

(i) a second quantity of a radiation at the second
radiation wavelength;

(d) calculation means for determining the hematocrit of
the patient by operating on the second quantities of the
first and second wavelengths, wherein the calculation
means includes means for determining the logarithmic
intensity ratio of the second quantities of the first and
second radiation wavelengths.
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