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(57) Abstract: A  method and apparatus for
non-invasively determining the blood oxygen saturation
level within a subject’s tissue is provided that utilizes a
near infrared spectrophotometric (NIRS) sensor capable
of transmitting a light signal into the tissue of a subject
and sensing the light signal once it has passed through
the tissue via transmittance or reflectance. The method
includes the step of determining attenuation of the
light signal as the sum of: (i) attenuation attributable
to deoxyhemoglobin; (ii) attenuation attributable
to oxyhemoglobin; and (iii) attenuation attributable
to light scattering within the subject’s tissue. The
present method also makes it possible to account
for attenuation attributable to fixed or constant light
absorbing biological tissue components, and attenuation
attributable to variable characteristics of the sensor. By

determining differential attenuation as a function of wavelength, the attenuation attributable to tissue light scattering characteristics,
fixed light absorbing components, and measuring apparatus characteristics are mathematically cancelled out or minimized relative
to the attenuation attributable to deoxyhemoglobin, and attenuation attributable to oxyhemoglobin.
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METHOD FOR NON-INVASIVE SPECTROPHOTOMETRIC BLOOD OXYGENATION MONITORING

This application claims the benefit of the filing date of United States Provisional
Application No. 60/201,359, filed 2 May 2000.

BACKGROUND OF THE INVENTION

1. Technical Field.

[0001] This invention relates to methods for non-invasively determining
biological tissue oxygenation in general, and to non-invasive methods utilizing
near-infrared spectroscopy (NIRS) techniques in particular.

2. Background Information.

[0002] The molecule that carries the oxygen in the blood is hemoglobin.
Oxygenated hemoglobin is called oxyhemoglobin (HbO,) and deoxygenated
hemoglobin is deoxyhemoglobin (Hb). Total hemoglobin is the summation of the two
states of hemoglobin (Total Hb = HbO,+ Hb), and is proportional to relative blood
volume changes, provided that the hematocrit or hemoglobin concentration of the
blood is unchanged. The mammalian cardiovascular system consists of a blood

pumping mechanism (the heart), a blood transportation system (blood vessels), ana
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a blood oxygenation system (the lungs). Blood oxygenated by the lungs passes
through the heart and is pumped into the arterial vascular system. Under normal
conditions, oxygenated arterial blood consists predominately of HbO,. Large arterial
blood vessels branch off into smaller branches called arterioles, which profuse
throughout biological tissue. The arterioles branch off into capillaries, the smallest
blood vessels. In the capillaries, oxygen carried by hemoglobin is transported to the
cells in the tissue, resulting in the release of oxygen molecules (HbO, = Hb). Under
normal conditions, only a fraction of the HbO, molecules give up oxygen to the tissue,
depending on the cellular metabolic need. The capillaries then combine together into
venuoles, the beginning of the venous circulatory system. Venuoles then combine
into larger blood vessels called veins. The veins further combine and return to the
heart, and then venous blood is pumped to the lungs. In the lungs, deoxygenated

hemoglobin Hb collects oxygen becoming HbO, again and the circulatory process is

repeated.
[0003] Oxygen saturation is defined as:
O, saturation% = HbO, x100% (Eqn.1)
(HbO, + Hb)

In the arterial circulatory system under normal condvitions, there is a high proportion of
HbO, to Hb, resulting in an arterial oxygen saturation (defined as SaO, %) of
95—-100%. Atfter delivery of oxygen to tissue via the capillaries, the proportion of HbO,
to Hb decreases. Therefore, the measured oxygen saturation of venous blood
(defined as SvO, %) is lower and may be about 70%.

[0004] One spectrophotometric method, called pulse oximetry, determines
arterial oxygen saturation (SaOy) of peripheral tissue (i.e. finger, ear, nose) by
monitoring pulsatile optical attenuation changes of detected light induced by pulsatile
arterial blood volume changes in the arteriolar vascular system. The method of pulse
oximetry requires pulsatile blood volume changes in order to make a measurement.
Since venous blood is not pulsatile, pulse oximetry cannot provide any information
about venous blood.

[0005] Near-infrared spectroscopy (NIRS) is an optical spectrophotometric

method of continually monitoring tissue oxygenation that does not require pulsatile
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blood volume to calculate parameters of clinical value. The NIRS method is based on
the principle that light in the near-infrared range (700 to 1,000 nm) can pass easily
thréugh skin, bone and other tissues where it encounters hemoglobin located mainly
within micro-circulation passages; e.g., capillaries, arterioles, and venuoles.
Hemoglobin exposed to light in the near infra-red range has specific absorption
spectra that varies depending on its oxidation state; i.e., oxyhemoglobin (HbO,) and
deoxyhemoglobin (Hb) each act as a distinct chromophore. By using light sources
that transmit near-infrared light at specific different wavelengths, and measuring
changes in transmitted or reflected light attenuation, concentration changes of the
oxyhemoglobin (HbO,) and deoxyhemoglobin (Hb) can be monitored. The ability to
continually monitor cerebral oxygenation levels is particularly valuable for those
patients subject to a condition in which oxygenation levels in the brain may be
compromised, leading to brain damage or death.

[0006] The apparatus used in NIRS analysis typically includes a plurality of light
sources, one or more light detectors for detecting reflected or transmitted light, and a
processor for processing signals that represent the light emanating from the light
source and the light detected by the light detector. Light sources such as light
emitting diodes (LEDs) or laser diodes that produce light emissions in the
wavelength range of 700-1000nm at an intensity below that which would damage the
biological tissue being examined are typically used. A photodiode or other light
source detector is used to detect light reflected from or passed through the tissue
being examined. The processor takes the signals from the light sources and the light
detector and analyzes those signals in terms of their intensity and wave properties.
[0007] It is known that relative changes of the concentrations of HbO, and Hb
can be evaluated using apparatus similar to that described above, including a
processor programmed to utilize a variant of the Beer-Lambert Law, which accounts
for optical attenuation in a highly scattering medium like biological tissue. The

modified Beer-Lambert Law can be expressed as:

A, =-log(I/1,), =0, *C*d*B, +G (Eqn.2)
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wherein “A,” represents the optical attenuation in tissue at a particular wavelength A
(units: optical density or OD); “I,” represents the incident light intensity (units: W/cm?);
‘I represents the detected light intensity; “o,“ represents the wavelength dependent
absorption coefficient of the chromophore (units: OD * em™ * uM'1); “C” represents the
concentration of chromophore (units; uM); “d” represents the light source to detector
(optode) separation distance (units: cm); “B,” represents the wavelength dependent
light scattering differential pathlength factor (unitless); and “G” represents light
attenuation due to scattering within tissue (units: OD).
[0008] Absolute measurement of chromophore concentration (C) is very difficult
because G is unknown or difficult to ascertain. However, over a reasonable
measuring period of several hours to days, G can be considered to remain constant,
thereby allowing for the measurement of relative changes of chromophore from a zero
reference baseline. Thus, if time t; marks the start of an optical measurement (i.e., a
base line) and time t, is an arbitrary point in time after t;, a change in attenuation (AA )
between t; and t; can be calculated, and variables G and |, will cancel out providing
that they remain constant.
[0009] The change in chromophore concentration (AC = C(t,) - C(t;)) can be
determined from the change in attenuation AA, for example using the following
equatfon derived from the Beer-Lambert Law:

AA =—log(1,,/1,), =a, *AC*d* B, (Eqn.3)
Presently known NIRS algorithms that are designed to calculate the relative change in
concentration of more than one chromophore use a multivariate form of Equation 2 or
3. To distinguish between, and to compute relative changes in, oxyhemoglobin
(AHbO,) and deoxyhemoglobin (AHb), a minimum of two different wavelengths are
typically used. The concentration of the HbO, and Hb within the examined tissue is
determined in pmoles per liter of tissue (uM).
[0010] The above-described NIRS approach to determining oxygen saturation
levels is useful, but it is limited in that it only provides information regarding a change
in the level of blood oxygen saturation within the tissue. It does not provide a means

for determining the total level of blood oxygen saturation within the biological tissue.
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[0011] At present, information regarding the relative contributions of venous and
arterial blood within tissue examined by NIRS is either arbitrarily chosen or is
determined by invasive sampling of the blood as a process independent from the
NIRS examination. For example, It has been estimated that NIRS examined brain
tissue consists of blood comprising from about 60 to 80% venous to about 20 to 40%
- arterial blood. Blood samples from catheters placed in venous drainage sites such
as the internal jugular vein, jugular bulb, or sagittal sinus have been used to evaluate
NIRS measurements. It has been estimated in animal studies that NIRS interrogated
tissue consists of a mixed vascular bed with a venous-to-arterial ratio of about 2:1 as
determined from multiple linear regression anélysis of sagittal sinus oxygen
saturation (SssO,) and carotid artery oxygen saturation (Sa0,) in comparison to NIRS
measured AHb and AHbO,. An expression representing the mixed venous / arterial
oxygen saturation (SmvO,) in NIRS examined tissue is shown by the equation:
SmvO, = Kv* SvO, + Ka * Sa02\ (Eqn.4)

where “SvO,”" represents venous oxygen saturation; “Sa0,” represents arterial oxygen
saturation; and Kv and Ka are the weighted venous and arterial contributions
respectively, with Kv + Ka = 1. The parameters Kv and Ka may have constant values,
or they may be a function of SvO, and SaO,. Determined oxygen saturation from the
internal jugular vein (SijvOy), jugular bulb (SjbOy,), or sagittal sinus (SssO,) can be
used to represent SvO,. Therefore, the value of each term in Equation 4 is empirically
determined, typically by discretely sampling or continuously monitoring and
subsequently evaluating patient arterial and venous blood from tissue that the NIRS
sensor is examining, and using regression analysis to determine the relative
contributions of venous and arterial blood independent of the NIRS examination.
[0012] What is needed, therefore, is a method for non-invasively determining
the level of oxygen saturation within biological tissue that can determine the total
oxygen saturation level rather than a change in level; a method that provides
calibration means to account for light attenuation due to scattering within tissue (G);
and a method that can non-invasively distinguish the contribution of oxygen saturation

attributable to venous blood and that which is attributable to arterial blood.
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DISCLOSURE OF THE INVENTION

[0013] It is, therefore, an object of the present invention to provide a method for
non-invasively determining the total level of blood oxygen saturation within biological
tissue.

[0014] It is a further object of the present invention to provide a method that
provides calibration means to account for light attenuation due to scattering within
tissue, light attenuation due to fixed tissue absorbers, and light attenuation due to
variability between light measuring apparatuses.

[0015] It is a still further object of the present invention to provide a method that
can non-invasively distinguish between the contribution of oxygen saturation
attributable to venous blood and that attributable to arterial blood.

[0016] According to the present invention, a method and apparatus for non-
invasively determining the blood oxygen saturation level within a subject’s tissue is
provided that utilizes a near infrared spectrophotometric (NIRS) sensor capable of
transmitting a light signal into the tissue of a subject and sensing the light signal
once it has passed through the tissue via transmittance or reflectance. The method
includes the step of determining attenuation of the light signal as the sum of: (i)
attenuation attributable to deoxyhemoglobin; (ii) attenuation attributable to
oxyhemoglobin; and (iii) attenuation attributable to light scattering within the subject’s
tissue. The present method also makes it possible to account for attenuation
attributable to fixed or constant light absorbing biological tissue components, and
attenuation attributable to variable characteristics of the sensor. By determining
differential attenuation as a function of wavelength, the attenuation attributable to
tissue light scattering characteristics, fixed light absorbing components, and
measuring apparatus characteristics are mathematically cancelled out or minimized
relative to the attenuation attributable to deoxyhemoglobin, and attenuation attributable
to oxyhemoglobin.

[0017] In order to account for the resulting minimized differential attenuation

attributable to tissue light scattering characteristics, fixed light absorbing components,
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and measuring apparatus characteristics, each of the parameters must be measured
or calibrated out. Since direct measurement is difficult, calibration to émpirically
determined data combined with data developed using the NIRS sensor is performed
by using regression techniques. The empirically determined data is collected at or
about the same time the data is developed with the NIRS sensor. Once the
calibration parameters associated with attenuation attributable fo tissue light
scattering characteristics, fixed light absorbing components, and measuring
apparatus characteristics have been determined, the NIRS sensor can be calibrated.
[0018] The calibrated sensor can then be used to accurately and non-invasively
determine the total oxygen saturation level in the original subject tissue or other
subject tissue. In addition, if the separation distance (“d”) between the light source to
the light detector is known or is determinable, and if the value of “B,”, which
represents the wavelength dependent light scattering differential pathlength factor, is
known, then the total amount of concentrations of deoxyhemoglobin (Hb) and
oxyhemoglobin (HbO;) within the examined tissue can be determined using the
present method and apparatus.

[0019] The calibrated sensor can be used subsequently to calibrate similar
sensors without having to invasively produce a blood sample. Hence, the present
method and apparatus enables a non-invasive determination of the blood oxygen
saturation level within tissue. For example, an operator can create reference values
by sensing a light signal or other reference medium using the calibrated sensor. The
operator can then calibrate an uncalibrated sensor by sensing the same light signal
or reference medium, and subsequently adjusting the uncalibrated sensor into
agreement with the calibrated sensor. Hence, once a reference sensor is created,
other similar sensors can be calibrated without the need for invasive procedure.
[0020] There are, therefore, several advantages provided by the present method
and apparatus. Those advantages include: 1) a practical non-invasive method and
apparatus for determining oxygen saturation within tissue that can be used to
determine the total blood oxygen saturation within tissue as opposed to a change in
blood oxygen saturation; 2) a calibration method that accounts for light attenuation

due to scattering within tissue (G), fixed tissue absorbers (F), and measuring
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apparatus variability (N); and 3) a practical non-invasive method and apparatus for
determining oxygen saturation within tissue that can distinguish between the
contribution of oxygen saturation attributable to venous blood and that saturation
attributable to arterial blood.

[0021] ln‘an alternative embodiment, aspects of the above-described
methodology are combined with pulse oximetry techniques to provide a non-invasive
method of distinguishing between blood oxygen saturation within tissue that is
attributable to venous blood and that which is attributable to arterial blood. Pulse
oximetry is used to determine arterial oxygen saturation, and the arterial oxygen
saturation is, in turn, used to determine the venous oxygen saturation.

[0022] These and other objects, features, and advantages of the present
invention method and apparatus will become apparent in light of the dgtailed
description of the invention provided below and the accompanying drawings. The
methodology and apparatus described below constitute a preferred embodiment of
the underlying invention and do not, therefore, constitute all aspects of the invention
that will or may become apparent by one of skill in the art after consideration of the

invention disclosed overall herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] FIG.1 is a diagrammatic representation of a NIRS sensor placed on a

subject’s head.

[0024] FIG.2 is a diagrammatic representation of a NIRS sensor.

[0025] FIG.3 is a diagrammatic view of a NIRS sensor.

[0026] . FIG.4 is a block diagram of the present methodology for calibrating a
NIRS sensor.

[0027] FIG.5 is a graph showing an exemplary plot of absorption coefficient vs.
wavelength. "

DETAILED DESCRIPTION THE INVENTION
[0028] The present method of and apparatus for non-invasively determining the

blood oxygen saturation level within a subject’s tissue is provided that utilizes a near
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infrared spectrophotometric (NIRS) sensor that includes a transducer capable of
transmitting a light signal into the tissue of a subject and sensing the light signal
once it has passed through the tissue via transmittance or reflectance. The present
method and apparatus can be used with a variety of NIRS sensors. The NIRS sensor
described below, which is the subject of co-pending U.S. Patent application serial no.
09/434,146 filed 4 November 1999 commonly assigned with the present application,
discloses a preferred NIRS sensor. The present method is not limited to use with
this preferred NIRS sensor, however.

[0029] Referring to FIGS. 1-5, the preferred NIRS sensor includes a transducer
portion 10 and processor portion 12. The transducer portion 10 includes an
assembly housing 14 and a connector housing 16. The assembly housing 14, which
is a flexible structure that can be attached directly to a subject’s body, includes one or
more light sources 18 and a light detector 20. A disposable adhesive envelope or
pad is used for mounting the assembly housing 14 easily and securely to the
subject’s skin. Light signals of known but different wavelengths from the light
sources 18 emit through a prism assembly 22. The light sources 18 are preferably
laser diodes that emit light at a narrow spectral bandwidth at predetermined
wavelengths. In one embodiment, the laser diodes are mounted within the connector
housing 16. The laser diodes are optically interfaced with a fiber optic light guide to
the prism assembly 22 that is disposed within the assembly housing 14. In a second
embodiment, the light sources 18 are mounted within the assembly housing 14. A
first connector cable 26 connects the assembly housing 14 to the connector housing
16 and a second connector cable 28 connects the connector housing 16 to the
processor portion 12. The light detector 20 includes one or more photodiodes. The
photodiodes are also operably connected to the processor portion 12 via the first and
second connector cables 26,28. The processor portion 12 includes a processor for
processing light intensity signals from the light sources 18 and the light detector 20.
[0030] The processor utilizes an algorithm that characterizes a change in
attenuation as a function of the difference in attenuation between different
wavelengths. The present method advantageously accounts for but minimizes the

attenuation effects of the scattering variable “G”, pathlength B*d, and the absorption
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“F” due to other components present in biological tissue (i.e. bone, water, skin
pigmentation, etc.) that have a relatively flat or very low absorption spectra over the
measured wavelength range. In addition, the present method accounts for any offset
attenuation “N” due to the characteristics of the sensor that may or may not be
wavelength independent. The present method algorithm can be expressed as:
Ay — AL =AAL L, =04, (Ean. 5)

where A,; and A, are in the form of Equation 6 below which is a modified version of
Equation 2 that accounts for attenuation due to "F" and "N":

A, =-log(I/1,), =0, *C*d*B, +G+F+N (Eqn.6)
Substituting Equation 6 into Equation 5 for A,; and A, the terms “F” and “N” within
Equation 5 are subtracted out, provided they represent constant light absorption over
the measurement wavelengths and provided the same sensor is used to sense the
light signal at the various wavelengths. Therefore, in the case where the differential

pathlength factor B is wavelength independent, then AA, 1, can be expressed as:
A4, = log[([u /o, ) * (l;Lz /1oy, )] =Aa,,,cdB+AG,,, (Eqn.7)
and rewritten in expanded form:

A4y, = (aHbM ~ Uppaa )[H bldB + <aHb02/ll ~ Cypo,a2 )[H b0, ]dB +A4G;;, (Eqn.8)
Alternatively, the differential pathlength factor “B” may be wavelength dependent. In
this case, it is desirable to separate B, into two components:

B, =B*k, (Eqn.9)
The parameter B is determined at one specific wavelength and the parameter k,
represents how B would change at other wavelengths. To continue with the

mathematical derivations, it is then desirable to combine the pathlength wavelength

dependent parameter k, to o,:
I — oy %
0, =0, %k, (Eqn.10)
The_parameter o/, represents the absorption coefficient o, adjusted by pathlength

wavelength dependent parameter k,. Incorporation of these modifications into

Equation 7 results in the following:
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AA, = (a;ibll i )[Hb laB + ( Cpo,a1 ~ Cpo,az )[Hb 0, ]dB +AG,;, (Eqn.11)
where:

[Hb)dB

’
(OCHb/ll Hb/12 )

represents the attenuation attributable to Hb;

(az"Ib02/11 HbO A2 )[H bO ]
represents the attenuation attributable to HbO,: and

AG

12

represents the attenuation attributable to light scattering within tissue (G).

[0031] In another alternative case, the light absorption due to the fixed tissue
absorbers (F), and sensor variability (N) may not be constant over the measuring
wavelengths. In this case, differential attenuation as a function of wavelength would

result in the parameters AF,, and AN, 45, to be included in Equation 7 or Equation 11.

Ay, = (allibm Clan )[Hb 1dB + ( A rpo,a1 ~ 1/%02/12 )[Hb 0, ]dB +AG,, +AF,, + AN,
(Eqn.12)

The parameter AN, 1, does not change in magnitude for a particular NIRS sensor.

The parameter AF,, , by definition, would be the result of differential attenuation due to
components that have a relatively fiat or very low absorption spectra over the

measured wavelength range, and therefore would be a very small and relatively

constant value when compared to the differential attenuation due to hemoglobin.

Thus, AF, 4, can be seen as a fixed absorber error correcting parameter in Equation

12. Therefore, these parameters then can be summed together by superposition to

become AG’, 2
AG;,, =AG,, +AF,, + AN a2 (Egn. 13)

Incorporation of these modifications into Equation 12 results in the following:

A4, = (05;11;,11 Gz )[Hb JaB + ( X o,n1 ~ 1,*-1170212 )[Hb 0, ]dB +AG;,, (Eqn.14)
[0032] Note that if AG, 12 << G, and G,;, the effect of G is minimized within

Equation 11, in contrast with the effect of G within Equation 2, at the cost of utilizing
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one more wavelength to determine Hb and HbO,. Thus, a minimum of three different
wavelengths is needed to determine Hb and HbO,. Also in the alternative case,
AG’ﬂ'z minimizes the effects of light attenuation due to scattering within tissue (G),
fixed tissue absorbers (F), and sensor variability (N), at the same cost of utilizing one
more wavelength.

[0033] The multivariate form of Equation 11 or 14, after mathematical
manipulation, is used to determine HbO, and Hb with three different wavelengths:

AAy 1, —AGy, 4 Aa}’LIbAIZAa;IbOyIIZ Hb
T |(dB)” = , , b (Eqn.15)
A4 —AG AaHb/llSAaHb02M3 HbO,

A13 A13

Rearranging and solving for HbO, and Hb, simplifying the Ao’ matrix into [Aa ] :

A4, ,1-1 L |AG, -1 a4 Hb
PV RN o] T TSR B FEme

and rewritten into:

A v, Hb .
dB) ™ — dB) ! = Eqn.17
|:14Hb02 :i( ) [IIIHbO,_ :|( ) I:HbOZJ ( qn )

The parameters Ay, and Anpop represent the product of the matrices [AA,] and [AoL’]~1
and the parameters Wy, and Wy, represent the product of the matrices [AG’,] and
[AaT" . To determine the level of cerebral blood oxygen saturation (CrSO,), Equation

17 is rearranged using the form of Equation 1 and is expressed as follows:

(AHb02 - IPHboz )
(AHb02 - IIIHboz + AHb - WHb)

CrSO,% = *100% (Eqn.18)

Note that the pathlength d*B cancels out in the manipulation from Equation 17 to
Equation 18.

[0034] The value for CrSO; is initially determined from SmvO, using Equation 4
and the empirically determined values for SvO, and SaQ,. The empirically determined
values for SvO, and SaO, are based on data developed by discrete sampling or
continuous monitoring of the subject’s blood performed at or about the same time as
the sen'sing of the tissue with the sensor. The temporal proximity of the NIRS sensing

and the development of the empirical data helps assure accuracy. The initial values
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for Kv and Ka within Equation 4 are clinically reasonable values for the circumstances
at hand. The values for Aoz and Ay, are determined mathematically using the values
for lo, and |, for each wavelength sensed with the NIRS sensor (e.g., using Equation 2
or 6). The calibration parameters ¥}, and W00, Which account for the effects of light
attenuation due to scattering within tissue (G), fixed tissue absorbers (F), and
measuring apparatus variability (N), are then determined using Equation 18 and non-
linear regression techniques by correlation to different weighted values of SvO, and
Sa0y; i.e., different values of Ka and Kv. Statistically acceptable values of Kv and Ka
and Wy, and ¥,,0, are converged upon using the non-linear regression techniques.
Experimental findings show that after proper selection of Ka and Kv, the calibration
parameters Wy, and Wyy,0, are constant within a statistically acceptable margin of
error for an individual NIRS sensor used to monitor brain oxygenation on different
human subjects. In other words, once the sensor is calibrated it can be used on
various human subjects and produce accurate information for each human subject.
[0035] In the determination of the CrSO, percentage, the photon pathlength
“d*B” cancels out. If, however, the photon pathlength is known or estimated, then the
determination of the total value of Hb and/or HbO, is possible. For example, if a value
for pathlength “d*B” is input into Equation 17 along with the calibration values ¥y, and
Wihoz, then the total value of Hb and/or HbO, can be calculated. The light source to
detector separation (optode) distance parameter “d” in the pathlength calculation is a
measurable value and can be made constant by setting a fixed distance between light
source to detector in the NIRS sensor design.  Alternatively, the parameter “d” can be
measured once the optodes are placed on the subject by use of calipers, ruler, or
other distance measurement means. The pathlength differential factor “B” is more
difficult to measure and requires more sophisticated equipment. From a large data
set of measured neonatal and adult head differential pathlength factor values, an
estimation of the value of “B” can be determined within a statistically acceptable
margin of error. Substitution of these predetermined values of “B” into Equation 17

results in the determination of the total values of Hb and HbO..
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[0036] An alternative method of determining total values of Hb and HbO,
combines Equation 3 and Equation 17 together. The multivariate form of Equation 3

is shown below:

—log(l,, /1,1),,/(d* B;)) Erpar Cmpo,u
—log(L,,/1,1),, (A% By,) | =| Oy, C 10,12

l:AHb
*
—log(L,/1,),5/(d* B;3) *

AHbOZ} (Eqn.19)

(04

HbA3 HbO,A3

At time t = t;, the values of AHb and AHbO, are zero. Applying Equation 17, and
knowing the calibration values of Wy, and W0, at a predetermined differential
pathlength factor “B” and optode separatibn “d”, the total absolute values of Hb and
HbO, are determined at time t = t;, which are represented by [Hb] y; and [HbOs]
respectively. At time t=t,, the values of AHb and AHbO, are then determined using
Equation 19. The total values of Hb and HbO, are then determined at time t = 1, using

the following equations:

[Hb],, = AHD(t,) +[HD], (Eqn.20)
[HbO,], = AHBO,(1,) +[HDO,], (Eqn.21)

)
Equations 20 and 21 are valid only if all the shared parameters in Equations 17 and
19 are exact. Reduced to practice, the advantage of combining Equations 17 and 19
result in improved signal to noise ratio (SNR) in the calculation of the total values for
Hb and HbO,. Conversely, improved SNR in the calculation of CrSO, is also obtained

from the following expression:

CrSO,(t,) = [ ’ 2]t2 *100% (Eqn.22
— (0}
22 ([HbOZL2 +[Hb]t2) (Ean.22)
[0037] After the calibration parameters ¥y, and Wy,0, are determined using the

above-described methodology for an individual NIRS sensor, this particular sensor is
said to be calibrated. A calibrated NIRS sensor affords accurate measurement of
total tissue oxygen saturation, CrSO,, by non-invasive means. The calibrated sensor
can be used thereafter on any human patient, including adults and neonates.

Although the present method is described above in terms of sensing blood
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oxygenation within cerebral tissue, the present method and apparatus are not limited
to cerebral applications and can be used to determine blood oxygenation within
tissue found elsewhere within the subject’s body.

[0038] According to an additional aspect of the present invention, the above-
described method can also be used to establish a calibrated “reference” sensor that
can be used to calibrate similar sensors through the use of a phantom sample (also
referred f{o as a “reference sample”). The phantom sample has optical characteristics
that are similar to the tissue being examined by the NIRS sensor. The calibrated
reference NIRS sensor is used to sense the phantom sample and produce reference
values. Similar, but uncalibrated, NIRS sensors can thereafter be calibrated by
sensing the same phantom sample and adjusting either the hardware of the
uncalibrated sensor or the output of the uncalibrated sensor until the output of the
uncalibrated sensor agrees with the reference values produced by the calibrated
reference sensor. Therefore, the calibration parameters Wy, and Wypo, for the
uncalibrated sensor would be determined from the phantom sample. This technique
makes it unnecessary to calibrate each new sensor in the manner described above,
and thereby provides a relatively quick and cost effective way to calibrate NIRS
sensors.

[0039] Besides Hb and HbO,, other biological constituents of interest (e.g.,
cytochrome aas, etc.) could be determined using the multivariate forms of equations 2,
3,6 or7. For each additional constituent to be determined, an additional measuring
wavelength will be needed.

[0040] In an alternative embodiment, the above-described methodology can be
combined with pulse oximetry techniques to provide an alternative non-invasive
method of distinguishing between oxygen saturation attributable to venous blood and
that attributable to arterial blood. As demonstrated by Equation 4, SmvO, is
determined by the ratio of venous oxygen saturation SvO, and arterial oxygen
saturation Sa0,. A calibrated NIRS sensor affords accurate measurement of total
tissue oxygen saturation, CrSO,, by using regression techniques by correlation to
mixed venous oxygen saturation SmvO,. Therefore, the following expression will

result:
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CrSO, = Smv0, = Kv* $vO, + Ka* Sa0, (Eqn. 23)

Non-invasive pulse oximetry techniques can be used to determine the arterial oxygen
saturation (Sa0,) of peripheral tissue (i.e. finger, ear, nose) by monitoring pulsatile
optical attenuation changes of detected light induced by pulsatile arterial blood
volume changes in the arteriolar vascular system. Arterial blood oxygen saturation
determined by pulse oximetry is clinically denoted as SpO,. If NIRS monitoring and
pulse oximetry monitoring are done simultaneously and SpO, is set equal to Sa0, in
Equation 23, then venous oxygen saturation can be determined from the following
expression: °
CrSO, —(Ka* Sp0O,)
Kv
For the brain, venous oxygen saturation SvO, would be determined from internal

SvO, = (Eqn. 24)

jugular vein (SijvO,), jugular bulb (SjbQ,), or sagittal sinus (SssO,) and the
parameters Ka and Kv would be empirically determined during the calibration of the
NIRS sensor. Under most physiological conditions, SpO, is representative of brain
arterial oxygen saturation Sa0,. Therefore, depending on which venous saturation
parameter was used to calibrate the NIRS sensor, this clinically important parameter
(i.e., SijvO,, SjbO,, or SssO,) can be determined by Equation 24 by non-invasive
means.

[0041] Since many changes and variations of the disclosed embodiment of the
invention may be made without departing from the inventive concept, it is not intended
to limit the invention otherwise than as required by the appended claims.

What is claimed is:
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1. A method for non-invasively determining a blood oxygen saturation level within
a subject’s tissue using a hear infrared spectrophotometric sensor, s‘aid method
comprising the steps of:

transmitting a light signal into the subject’s tissue at a predetermined first
intensity using the sensor, wherein the transmitted light signal includes a first
wavelength, a second wavelength, and a third wavelength;

sensing a second intensity of the light signal, using the sensor, along the first,
second, and third wavelengths after the light signal travels through the subject;

wherein the sensor is calibrated using empirical data that relates to the
subject’s tissue that is sensed by the sensor to account for light signal attenuation
resulting from light signal scattering within the subject’s tissue;

determining an attenuation of the light signal for each of the first, second, and
third wavelengths using the predetermined first intensity and the sensed second
intensity of the first, second, and third wavelengths;

determining a difference in attenuation of the light signal between the first
wavelength and the second wavelength, and between the first wavelength and the
third wavelength;

determining the blood oxygen saturation level within the subject’s tissue using
the difference in attenuation between the first- wavelength and the second wavelength,
and the difference in attenuation between the first wavelength and the third

wavelength.

2. The method of claim 1, wherein the sensor is calibrated using equation: SmvO,
= KV*SVOZ + Ka*SaOg.

3. The method of claim 2, wherein the sensor is calibrated by using empirical

data to determine a first calibration constant and a second calibration constant.
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4, The method of claim 3, wherein the step of determining the blood oxygen

saturation level within the subject’s tissue utilizes the equation:

(AHbOZ - 1Pﬂboz )

*100%
(Am;o2 - lIrszo2 + A, = 11'rm;)

CrS0,% =

where W0, represents the first calibration constant, ¥y, represents the second
calibration constant, Ayy,02 represents a difference in attenuation of light signal
attributable to oxyhemoglobin, and Ay, represents a difference in attenuation of light
signal attributable to deoxyhemoglobin.

5. The method of claim 4, further comprising the steps of:

determining a photon pathlength d*B; and

determining a concentration of oxyhemoglobin and a concentration of
deoxyhemoglobin within the subject’s tissue using the first and second calibration
constants.

6. The method of claim 5, wherein the concentration of oxyhemoglobin and the

concentration of deoxyhemoglobin within the subject’s tissue are determined using

A dB) ! W dB) ! = Hb
Am;o2 (@B) ™~ qjm;o2 () —I:Hb02]'

the equation:
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7. The method of claim 6, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength
utilizes the equation:

A4y, = log[( Al /10,11)* (L2710, )] = A, ,cdB+AG,,,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:
AA;, s =1og|(I,, /1o, )* (1,51 Io,,)|= Act,; ,cdB + AG, .
8. The method of claim 6, wherein the step of determining a difference in

attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:
AAM2 = (afibz’tl Hb/12 )[Hb ]dB + ( HbO Al aHbO A2 )[Hb O, ]dB + AGMZ

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:

AA; 5 = (a;%,u Clipas )[Hb JaB + ( Xppo,a1 ~ ;1b02/13 )[Hb 0, ]dB +AG,;.
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9. The method of claim 6, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:
Ady, = (a;ib;u ~Cppan )[H bldB + (0‘1,11;0211 - a;IbOZAZ )[H b0, ]dB +AG;,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:

A4, 5 = (alltlb/ll ~ iz >[H bldB + (alliboz/’tl ~ Q0,13 )[Hb 0, B + AG,.

10.  The method of claim 1, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:

Adyp = log[(IM /IOM)* (IAZ /1o,, )] = Ax,;,,cdB + AG,,,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:

AA

A13

=log[(1,,/10;,)* (15 / 10, )| = Ac,y15cdB + AG, .
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11.  The method of claim 1, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:
Adyyp = (a;ﬂﬁl ~ O )[H b ]dB + (aI;bole - a;Ibozid )[H bO, ]dB +AG,,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:

'AA/113 = (0‘;117/11 - a;{bAS )[H b ]dB + (a;JbOZ}Ll - a;fbozas )[Hb 02 ]dB + AG,m-

12. The method of claim 1, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:
Al = (a},'-lb/ll — Ogpar )[H b ]dB + (0‘;11702/11 - a;beZAz )[Hb 0, ]dB +AGy,,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:

AA

A

13~ (OC, Oz )[H bldB + (aI/:Ibozll - allilb02/13 )[Hb 0, ]dB +AG,;.

HbAl

13.  The method of claim 2, further comprising the steps of:

determining a blood oxygen saturation level attributable to arterial blood within
the subject’s tissue using a pulse oximetry technique; and

determining a blood oxygen saturation level attributable to venous blood within
| the subject’s tissue using the equation:
CrSO, — (Ka* SpO,)

SvO, = .
Kv
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14. A method for determining a blood oxygen saturation level within a subject’s
tissue using a near infrared spectrophotometric sensor attached to the skin of the
subject, said method comprising the steps of:

transmitting a light signal into the subject’s tissue at a predetermined first
intensity, wherein the transmitted light signal includes a first wavelength, a second
wavelength, and a third wavelength;

sensing a second intensity of the light signal along the first, second, and third
wavelengths after the light signal travels through the subject;

determining an attenuation of the light signal for each of the first, second, and
third wavelengths using the predetermined first intensity and the sensed second
intensity of the first, second, and third wavelengths;

determining a difference in attenuation of the light signal between the first
wavelength and the second wavelength, and between the first wavelength and the
third wavelength;

determining a first calibration constant and a second calibration constant using
empirical data developed from the subject at or about the same time as when the
sensing occurs;

determining the blood oxygen saturation level within the subject’s tissue using
the difference in attenuation between the first wavelength and the second wavelength,
and the difference in attenuation between the first wavelength and the third

wavelength, and the first calibration constant and the second calibration constant.

15.  The method of claim 14 wherein the empirical data is collected by discretely

sampling a venous blood source and an arterial blood source from the subject.

16.  The method of claim 14 wherein the empirical data is collected by continuously

monitoring a venous blood source and an arterial blood source from the subject.

17. The method of claim 14, wherein the sensor is calibrated using equation:
SmvQO, = Kv*SvO, + Ka*SaOs,.
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18.  The method of claim 17, wherein the step of determining the blood oxygen

saturation level within the subject’s tissue utilizes the equation:

(AHbo2 B IIJHbo2 )

(AHbo2 - lFHbo2 + Ap, — Wy

CrS0,% = *100%

where Wy,0, represents the first calibration constant, ¥y, represents the second
calibration constant, Ayyo2 represents a difference in attenuation of light signal
attributable to oxyhemoglobin, and Ay, represents a difference in attenuation of light

signal attributable to deoxyhemoglobin..

19.  The method of claim 18, further comprising the steps of:
determining a photon pathiength d*B; and
determining the concentration of oxyhemoglobin and deoxyhemoglobin within

the subject’s tissue using the first and second calibration constants.

20. The method of claim 19, wherein the concentration of oxyhemoglobin and

deoxyhemoglobin within the subject’s tissue are determined using the equation

App aB) - Y B! — Hb
Amo, @)= Wio, (@) _IZHbO?J'
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21.  The method of claim 20, wherein the step of determinihg a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:

AA,,, = log[(l,u /10,,)*(I,,/Io,, )] = Ac,,,cdB+ AG,,,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:
Adyys = IOg[(IM /oy, ) ¥ (Ixs /10, )] = Al 5¢dB + AG,, 5.

22. The method of claim 20, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength
utilizes the equation:

A4, ), = (alltzbu Oy )[Hb 1B + ( Ko, a1 a;ﬂ;ozm )[Hb 0, ]dB +AG,,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:

AAus = (O‘Hbu Qypas )[Hb ]dB + ( A rpo,a1 a1,1b02/13 )[Hb 0, ]dB + AG/m-

23.  The method of claim 20, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:

A4, = (al/qb/ll i )[Hb laB + ( A rpo,a1 O‘;ibozxz )[Hb 0, ]dB +AGy,,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:

AAus = (azf%;u O frpas )[H bldB + ( 150,01 ~ Q0,3 )[Hb 0, ]dB +AG,;.



WO 01/84107 PCT/US01/13875

25

24. The method of claim 14, wherein the step of determining the blood oxygen

saturation level within the subject’s tissue utilizes the equation:

(AHb02 - IIijo2 )

CrS0,% = y
(AHb02 - IPHbOZ + Agy — lpr)

*100%

where Wy,0, represents the first calibration constant, ¥y, represents the second
calibration constant, Ayyo2 represents a difference in attenuation of light signal
attributable to oxyhemoglobin, and Ay, represents a difference in attenuation of light

signal attributable to deoxyhemoglobin.

25.  The method of claim 24, further comprising the steps of:
determining a photon pathlength d*B; and
determining the concentration of oxyhemoglobin and deoxyhemoglobin within

the subject’s tissue using the first and second calibration constants.

26. The method of claim 25, wherein the concentration of oxyhemoglobin and

deoxyhemoglobin within the subject’s tissue are determined using the equation

Ay _ W, _ [ Hb :I
dB) ™ — dB) ' = :
[Aﬂbo2 :I( ) [‘Pmyo2 j'( ) HbO,



WO 01/84107 PCT/US01/13875

26

27. The method of claim 26, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation;

Ay, = log[(lm [10,)* Ly / T0y, )]= A, ,cdB+ AG,,,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:
A4y, =Tog[(I,, 1 10,,)* (1,1 To,, ) |= At ,cdB + AG, .

28. The method of claim 26, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:

AA/uz = (0‘;11;/11 — Qppn )[Hb ]dB + (a;iboz,u - a;{bOZAZ )[Hb 0, ]dB + Asz

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:
AA/113 = (az,%m — Qipas )[Hb ]dB + (a;ﬂ)ozu - O‘;Jbozm )[Hb 0, ]dB + AGus-

29. The method of claim 26, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:

A4y, = (O‘;Jbu ~ Opar )[H bldB + (0‘1/%02,11 - 0‘1/%02/12 )[H bO, ]dB +AG,,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:

AA1113 = (a;ﬂm - O‘;me )[Hb ]dB + (05;11;0211 - OCI,EIbOZ)B )[Hb 02 ]dB + AG}ilS'
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30. A method for calibrating a near infrared spectrophotometric sensor for use in
determining the blood oxygen saturation level within a subject’s tissue, said method
comprising the steps of:

transmitting a light signal into the subject’s tissue at a predetermined first
intensity, wherein the transmitted light signal includes a first wavelength, a second
wavelength, and a third wavelength;

sensing a second intensity of the light signal along the first, second, and third
wavelengths after the light signal travels through the subject;

determining an attenuation of the light signal for each of the first, second, and
third wavelengths using the predetermined first intensity and the sensed second
intensity of the first, second, and third wavelengths;

determining a difference in attenuation of the light signal between the first
wavelength and the second wavelength, and between the first wavelength and the
third wavelength;

determining a first calibration constant and a second calibration constant using
empirical data developed from the subject at or about the same time as when the
sensing occurs; and .

calibrating the sensor using the first calibration constant and the second

calibration constant.

31.  The method of claim 30, wherein the empirical data is collected by discretely

sampling a venous blood source and an arterial blood source from the subject.

32. The method of claim 30, wherein the empirical data is collected by continuously

monitoring a venous blood source and an arterial blood source from the subject.

33. The method of claim 30, wherein the sensor is calibrated using equation:
SmvO, = Kv*SvO, + Ka*SaO,.
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34. The method of claim 33, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength
utilizes the equation:

A4, =log|(I,, /1o, )*(I,,/ Io,, )|= A, ,cdB + AG, ,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavélength utilizes the equation:

A4, =log|(I,,/Io,,)* (1,,/ Io,,)|= Act; ,cdB+ AG,,,.

35. The method of claim 33, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:

A4, = (a;ibzll — Cpa )[H b}dB + (05’ a;fbolxz )[H bO, ]dB +AG,,,

HbO,21
and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:

AA,m = (0‘;11;/11 ~ Oz )[H b ]dB + (a;{bo211 - O‘;Jbozm )[Hb 0, ]dB +AG,;.

36. The method of claim 33, wherein the step of determining a difference in
attenuation of the light signal between the first wavelength and the second wavelength

utilizes the equation:
A4, = (a;fbll ~ Ao )[Hb ]dB + (a;ﬂ)ozm - a;1b0212 )[Hb 0, ]dB +AG;,

and the step of determining a difference in attenuation of the light signal between the

first wavelength and the third wavelength utilizes the equation:

AAus = (a;ﬂﬁl - a;{bAB )[Hb ]dB + (“;Jbole o O‘;Jbozm )[Hb 02 ]dB + AG),.13'
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37. A method for calibrating a NIRS sensor, said method comprising the steps of:
transmitting a light signal from a calibrated NIRS sensor into a reference
sample at a predetermined first intensity, wherein the transmitted light signal includes

a first wavelength, a second wavelength, and a third wavelength;

sensing a second intensity of the light signal with the calibrated NIRS sensor
along the first, second, and third wavelengths after the light signal travels through the
reference sample;

determining a first attenuation of the light signal for each of the first, second,
and third wavelengths using the predetermined first intensity and the second intensity
of the light signal sensed with the calibrated NIRS sensor;

transmitting a light signal from an uncalibrated second NIRS sensor into the
reference sample at the predetermined first intensity, wherein the transmitted light
signal includes a first wavelength, a second wavelength, and a third wavelength;

sensing a second intensity of the light signal with the uncalibrated second
NIRS sensor along the first, second, and third wavelengths after the light signal
travels through the subject;

determining a second attenuation of the light signal for each of the first,
second, and third wavelengths using the predetermined first intensity and the second
intensity of the first, second, and third wavelengths sensed with the uncalibrated
second NIRS sensor;

adjusting the uncalibrated second NIRS sensor so that the second attenuation

substantially agrees with the first attenuation.
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38. A method for determining a blood oxygen saturation level within a subject’s
tissue attributable to venous blood, said method comprising the steps of:

providing a NIRS sensor for sensing the subject’s tissue;

determining a blood oxygen saturation level with the subject’s tissue using the
NIRS sensor:

determining a blood oxygen saturation level attributable to arterial blood within
the subject’s tissue using a pulse oximetry technique; and

determining a blood oxygen saturation level attributable to venous blood within
the subject’s tissue using the equation:

CrSO, —(Ka* Sp0O,)

SvO, = .
Kv

39. The method of claim 38, wherein the blood oxygen saturation level with the

subject’s tissue is determined using the following steps:

transmitting a light signal into the subject’s tissue at a predetermined first
intensity, wherein the transmitted light signal includes a first wavelength, a second
wavelength, and a third wavelength;

sensing a second intensity of the light signal along the first, second, and third
wavelengths after the light signal tfravels through the subject;

determining an attenuation of the light signal for each of the first, second, and
third wavelengths using the predetermined first intensity and the sensed second
intensity of the first, second, and third wavelengths;

determining a difference in attenuation of the light signal between the first
wavelength and the second wavelength, and between the first wavelength and the
third wavelength;

determining a first calibration constant and a second calibration constant using
empirical data developed from the subject at or about the same time as when the
sensing occurs;

determining the blood oxygen saturation level within the subject’s tissue using
the difference in attenuation between the first wavelength and the second wavelength,
and the difference in attenuation between the first wavelength and the third

wavelength.
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A method for non-invasively determining a concentration of oxyhemoglobin and

a concentration of deoxyhemoglobin within a subject’s tissue using a near infrared

spectrophotometric sensor, said method comprising the steps of:

(a) determining a blood oxygen saturation level with the subject’s tissue by

transmitting a light signal into the subject’s tissue from a NIRS sensor at
a predetermined first intensity, wherein the transmitted light signal includes a
first wavelength, a second wavelength, and a third wavelength;

sensing a second intensity of the light signal along the first, second, and
third wavelengths after the light signal travels through the subject using the
sensor;

wherein the sensor is calibrated using empirical data that relates to the
subject’s tissue that is sensed by the sensor to account for light signal
attenuation resulting from light signal scattering within the subject’s tissue;

determining an attenuation of the light signal for each of the first, second,
and third wavelengths using the predetermined first intensity and the sensed
second intensity of the first, second, and third wavelengths;

determining a difference in attenuation of the light signal between the
first wavelength and the second wavelength, and between the first wavelength
and the third wavelength;

determining a first calibration constant and a second calibration
constant using empirical data developed from the subject at or about the same
time as when the sensing occurs;

determining the blood oxygen saturation level within the subject’s tissue
using the difference in attenuation between the first wavelength and the second
wavelength, and the difference in attenuation between the first wavelength and
the third wavelength, and the first calibration constant and the second
calibration constant;
(b) determining a photon pathiength d*B; and

(c) determining the concentration of oxyhemoglobin and the concentration of

deoxyhemoglobin within the subject’s tissue using the first and second calibration

constants.
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41.  The method of claim 40, wherein the concentration of oxyhemoglobin and the
concentration of deoxyhemoglobin within the subject’s tissue are determined using

the equation:
Agy, Yy Hb
(dB) ' — (dB) ™ = [ }
l;llzarbo2 :] IFHbo2 HbO,

where Wy,o, represents the first calibration constant, ¥y, represents the second
calibration constant, Ayyo2 represents a difference in attenuation of light signal
attributable to oxyhemoglobin, and Ay, represents a difference in attenuation of light

signal attributable to deoxyhemoglobin.

42. A method for non-invasively determining a concentration of oxyhemoglobin and
a concentration of deoxyhemoglobin within a subject’s tissue at an initial time t1 and a
subsequent time t2 using a near infrared spectrophotometric sensor, said method
comprising the steps of:
(a) determining a blood oxygen saturation level with the subject’s tissue by
transmitting a light signal into the subject’s tissue from a NIRS sensor at
a predetermined first intensity, wherein the transmitted light signal includes a
first wavelength, a second wavelength, and a third wavelength;
sensing a second intensity of the light signal along the first, second, and
third wavelengths after the light signal travels through the subject using the
sensor;
wherein the sensor is calibrated using empirical data that relates to the
subject’s tissue that is sensed by the sensor to account for light signal
attenuation resulting from light signal scattering within the subject’s tissue;
determining an attenuation of the light signal for each of the first, second,
and third wavelengths using the predetermined first intensity and the sensed

second intensity of the first, second, and third wavelengths;
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determining a difference in attenuation of the light signal between the
first wavelength and the second wavelength, and between the first wavelength
and the third wavelength;

determining a first calibration constant and a second calibration
constant using empirical data developed from the subject at or about the same
time as when the sensing occurs;

determining the blood oxygen saturation level within the subject’s tissue
using the difference in attenuation between the first wavelength and the second
wavelength, and the difference in attenuation between the first wavelength and
the third wavelength, and the first calibration constant and the second
calibration constant; '
(b) determining a photon pathlength d*B;
(c) determining the concentration of oxyhemoglobin and the concentration of

deoxyhemoglobin within the subject’s tissue at the initial time t1 using the equation:
A Wy Hb
(dB)™' - (dB) ™' = [
[AHbO,_jI IIIHboz HbO, ;

where Wy,0o represents the first calibration constant, Wy, represents the second

1

‘calibration constant, Ay,02 represents a difference in attenuation of light signal
attributable to oxyhemoglobin, and Ay, represents a difference in attenuation of light
signal attributable to deoxyhemoglobin; and

(d) determining a change in the concentration of oxyhemoglobin and a change
in the concentration of deoxyhemoglobin from the initial time t1 to a subsequent

second time t2 are determined using the equation:

—log(l,,/ Iy),/(d* By,) G Fmo,u AHbD
—log(l,,/1,1);, /(d* Byy) | =| Cppaa Capo gz | ™ {AHZ?OJ
—log(1,,/1,,),,/(d* B,,) Cypps &

HbO, A3

:and
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(e) determining the concentration of oxyhemoglobin and the concentration of
deoxyhemoglobin within the subject’s tissue at the subsequent time {2 using the

equations:

[Hb], = AHb(,)+[HD], and
[HbO,] =AHDO,(t,)+[HbO,]

1 ho

43. A method for non-invasively determining a blood oxygen saturation level within
a subject’s tissue using a near infrared spectrophotometric sensor, said method
comprising the steps of:

transmitting a light signal into the subject’s tissue at a predetermined first
intensity using the sensor;

sensing a second intensity of the light signal along three or more selectively
chosen wavelengths after the light signal travels through the subject using the
sSensor;

wherein the sensor is calibrated using empirical data that relates to the
subject’s tissue that is sensed by the sensor to account for light signal attenuation
resulting from light signal scattering within the subject’s tissue;

determining an attenuation of the light signal for at least “n”
number of the selectively chosen wavelengths using the predetermined first intensity
and the sensed second intensity of the selectively chosen wavelengths, where “n” is
an integer equal to or greater than three;

determining a difference in attenuation of the light signal between a first
wavelength and each of “n” number of the selectively chosen wavelengths;

determining the blood oxygen saturation level within the subject’s tissue using
the difference in attenuation between the first wavelength and each of the “n” number

of other selectively chosen wavelengths.
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44. A method for determining a blood oxygen saturation level within a subject’s
tissue using a near infrared spectrophotometric sensor attached to the skin of the
subject, said method comprising the steps of:

transmitting a light signal into the subject’s tissue at a predetermined first
intensity;

sensing a second intensity of the light signal along three or more selectively
chosen wavelengths after the light signal travels through the subject;

determining an attenuation of the light signal for at least “n”
number of the selectively chosen wavelengths using the predetermined first intensity
and the sensed second intensity of the selectively chosen wavelengths, where “n” is
an integer equal to or greater than three;

~ determi‘ning a difference in attenuation of the light signal between a first

wavelength and each of “n” number of the selectively chosen wavelengths;

determining a first calibration constant and a second calibration constant using
empirical data developed from the subject at or about the same time as when the
sensing occurs;

determining the blood oxygen saturation level within the subject’s tissue using
the difference in attenuation between the first wavelength and each of “n” number of
the selectively chosen wavelengths, and the first calibration constant and the second
calibration constant.
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Transmit Light Si?ne}l into Tissue at First Intensity
(i.e., a "First Light Signal Intensity") along at least
a First, a Second, and a Third Predetermined
Wavelengths Using a NIRS Sensor

Y

Sense Light Sign‘al Intensity after it Passes
Through Tissue along the Predetermined
Wavelengths: i.e., a "Second Light Signal Intensity"

Y
Determine Attenuation of the Light Signal alon

the Predetermined Wavelengths Usin%the Firs
and Second Light Signal Intensities

Y

Determine the Difference in Attenuation as a
function of Wavelength: i.e., between the First and
the Second Predetermined Wavelengths, and between
the First and the Third Predetermined Wavelengths

Y

Empirically Determine Venous Blood Oxygen
Saturation Level and Arterial Blood Oxygen
Saturation Level Within the Tissue

Y
Determine Calibration Constants ¥, ,,.and ¥
Using the Empirically Determined Venous an
Arterial Blood Oxygen Saturation Levels, Light
Signal Attenuation and Statistical Analysis

Y
Calibrate the NIRS Sensor

FIG. 4
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