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MEASURING TISSUE OXYGENATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application Ser. No. 60/809,238 entitled “Measuring Tissue
Oxygen Saturation,” filed on May 30, 2006, the entire
contents of which are incorporated herein by reference.

STATEMENT AS TO FEDERALLY SPONSORED
RESEARCH

[0002] This invention was made with Government support
under U.S. Army Medical Research Command Grant Num-
ber W81XWH-06-1-0545, and National Space Biomedical
Research Institute Grant Number SMS00205, which is
funded under NASA Cooperative Agreement Number NCC
9-58. The Government has certain rights in this invention.

TECHNICAL FIELD

[0003] This invention relates to measuring properties such
as oxygen saturation in tissues.

BACKGROUND

[0004] Tissue oxygen saturation (SO,) provides a measure
of oxygen content in red blood cells. Measurement of SO,
in tissue can be used to assess micro-vascular circulation and
oxygen supply to tissue cells arising from certain pathologic
conditions such as sepsis and diabetes, for example, which
result in impaired vascular blood flow. Tissue SO, measure-
ments can also be used in exercise physiology, where a
mismatch between oxygen demand and supply during peri-
ods of exercise can be used to determine an extent of
physical conditioning of a subject.

[0005] Infrared reflectance measurements can be used for
non-invasive, quantitative detection of various chemical
species in tissue. For example, interrogation of oxygenated
and non-oxygenated hemoglobin in tissue can be made via
reflectance measurements of the tissue at wavelengths that
fall within a range of about 700-1000 nm. In this wavelength
range, many chemical species that may be present in the
tissue and which are not of interest interact only weakly with
incident radiation, and signals atising from hemoglobin can
be isolated from signals that arise from other chemical
components. Infrared radiation typically penetrates rela-
tively deeply into tissues, and can be used to probe under-
neath surface tissues such as skin and fat to measure analytes
of interest in deeper muscle and other internal tissues.
Suitable systems for performing infrared reflectance mea-
surements in tissue are described, for example, in U.S.
Publication Number US 2007/0038041 entitled “SYSTEMS
AND METHODS FOR CORRECTING OPTICAL
REFLECTANCE MEASUREMENTS,” filed on Apr. 25,
2006, the entire contents of which are incorporated herein by
reference.

SUMMARY

[0006] Disclosed herein are systems and methods for
determining tissue oxygen saturation (SO,) and other quan-
tities such as oxygen tension from infrared spectroscopic
measurements. The systems and methods are based, at least
in part, on an approach to calculating oxygen saturation in
tissue based on an equation for light attenuation by the
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tissue, where the equation includes terms that correspond to
light absorption and scattering by components of the tissue.
One form of a light attenuation equation is based on a series
expansion (e.g., a Taylor series expansion) of a measured
light attenuation spectrum and Beer’s law, and includes light
attenuation terms that correspond to: absorption by oxygen-
ated heme (hemoglobin and myoglobin), non-oxygenated
heme, water, and other chromophores present in the tissue;
scattering in the tissue; and a constant factor that arises from
experimental conditions. These contributions can be quan-
titatively determined by a two-stage numerical fitting pro-
cedure, which yields concentrations of oxygenated and
non-oxygenated heme in the tissue. Tissue oxygen saturation
can then be determined from the concentrations of oxygen-
ated and non-oxygenated heme. Other quantities can also be
determined from measurements of SO,. For example, oxy-
gen tension (PO,) can be determined from a mathematical
equation that relates PO, to SO,.

[0007] Tissue oxygen saturation and/or oxygen tension
can function as important physiological diagnostic and/or
predictive indicators. In particular, SO, is a sensitive probe
of capillary vasoconstriction, and can be used to track
progression and/or treatment of conditions that result in a
variation in blood volume in the tissue, or vasoconstriction/
vasodilation in response to an insult. Examples of such
conditions are hemorrhage, sepsis, heart disease, and diabe-
tes.

[0008] In general, in one aspect, the invention features a
method for calculating oxygen saturation in a target tissue,
where the method includes: (a) directing incident radiation
to a target tissue and determining reflectance spectra of the
target tissue by measuring intensities of reflected radiation
from the target tissue at a plurality of radiation wavelengths;
(b) correcting the measured intensities of the reflectance
spectra to reduce contributions thereto from skin and fat
layers through which the incident radiation propagates; (c)
determining oxygen saturation in the target tissue based on
the corrected reflectance spectra; and (d) outputting the
determined value of oxygen saturation.

[0009] Embodiments of the method can include one or
more of the following features. Determining oxygen satu-
ration can include determining light attenuation spectra from
the corrected reflectance spectra, and calculating oxygen
saturation based on concentrations of oxygenated and
deoxygenated heme in the target tissue that are derived from
the light attenuation spectra, where heme includes hemo-
globin and myoglobin in the target tissue. The concentra-
tions of oxygenated and deoxygenated heme can be derived
from the light attenuation spectra by fitting the light attenu-
ation spectra to a model light attenuation equation. The light
attenuation equation can include a Beer’s Law equation that
includes terms that correspond to incident light absorption
by oxygenated heme, deoxygenated heme, and water in the
target tissue. For example, the light attenuation equation can
include a series expansion (e.g., a Taylor series expansion)
of light attenuation in a plurality of terms that correspond to
Beer’s Law absorption terms. The fitting can be performed
automatically by a processor.

[0010] The light attenuation equation can include a term
that varies linearly with a wavelength of the incident light,
the term having a functional form a) where a is a constant
and A is the wavelength of the incident light. The value of
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a can be constrained during fitting so that a assumes only
values that are less than or equal to zero. The light attenu-
ation equation can include a constant term independent of
the wavelength of the incident light.

[0011] Fitting the light attenuation spectra to a model can
include performing a two-stage fitting procedure where, in a
first stage, initial values of one or more model parameters
are determined, and in a second stage, the light attenuation
spectra are fitted to the model, where the model includes the
initial parameter values determined in the first stage. The
light attenuation spectra can be fitted to the model by
minimizing a sum of squared differences between the light
attenuation spectra and light attenuation values determined
from the model.

[0012] The light attenuation equation can include a base-
line function derived from a difference between light attenu-
ation values determined from the light attenuation equation
and the light attenuation spectra. The light attenuation
equation can include a differential path length factor that
varies directly with a scattering coeflicient of the target
tissue and inversely with an absorption coeflicient of the
target tissue. The light attenuation equation can include a
diffuse reflectance equation derived from a radiation diffu-
sion model of incident light in the target tissue.

[0013] Measuring intensities of reflected radiation can
include: (a) measuring, along a first optical path from a light
source to a detector, reflected radiation from the target tissue
that corresponds to a first source-detector spacing; and (b)
measuring, along a second optical path from the light source
to the detector, reflected radiation from the target tissue that
corresponds to a second source-detector spacing different
from the first source-detector spacing. The reflected radia-
tion measured at the first source-detector spacing can
include a first weighting of contributions from the target
tissue and from tissue layers disposed between the light
source and the target tissue, and the reflected radiation
measured at the second source-detector spacing can include
a second weighting of contributions from the target tissue
and from the tissue layers disposed between the light source
and the target tissue different from the first weighting. The
tissue layers disposed between the light source and the target
tissue can be skin and fat layers. Correcting the measured
intensities of the reflectance spectra can include reducing
contributions from the skin and fat layers to the reflected
radiation measured at the second source-detector spacing
based on the reflected radiation measured at the first source-
detector spacing.

[0014] The method can include determining oxygen ten-
sion in the target tissue based on oxygen saturation in the
target tissue. The method can include assessing a level of
vasoconstriction in a patient based on a measurement of total
hemoglobin in a target tissue of the patient, where total
hemoglobin is determined based on the concentrations of
oxygenated and deoxygenated heme in the target tissue.

[0015] The target tissue can be within a human. The target
tissue can be within an animal. The target tissue can be a
muscle tissue.

[0016] The plurality of wavelengths can include at least
100 wavelengths or more. The plurality of wavelengths can
include wavelengths from 700 nm to 1000 nm (e.g., wave-
lengths from 725 nm to 880 nm).
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[0017] Embodiments of the method can also include any
of the other method steps disclosed herein, as appropriate.

[0018] In another aspect, the invention features a method
of monitoring blood volume in a patient, where the method
includes: (a) directing incident radiation to a target tissue of
the patient and determining reflectance spectra of the target
tissue by measuring intensities of reflected radiation from
the target tissue at a plurality of wavelengths; (b) correcting
the measured intensities of the reflectance spectra to reduce
contributions thereto from skin and fat layers through which
the incident radiation propagates; (c) determining total heme
concentration in the target tissue based on the corrected
reflectance spectra; (d) assessing a blood volume in the
patient based on the total heme concentration; and (e)
outputting the assessed blood volume.

[0019] Embodiments of the method can include the fol-
lowing features.
[0020] The method can include assessing a stage of

progress of at least one of hemorrhage, sepsis, heart disease,
and diabetes in the patient based on the assessed blood
volume. Embodiments of the method can also include any of
the other method steps disclosed herein, as appropriate.

[0021] In afurther aspect, the invention features a method
for calculating oxygen saturation in a target tissue, where the
method includes: (a) directing incident radiation to a target
tissue and determining reflectance spectra of the target tissue
by measuring intensities of reflected radiation from the
target tissue at a plurality of radiation wavelengths; (b)
determining light attenuation spectra of the target tissue
from the reflectance spectra, and fitting the light attenuation
spectra to a model light attenuation equation; and (c) deter-
mining oxygen saturation in the target tissue based on the
fitting of the light attenuation spectra. Fitting the light
attenuation spectra to a model can include performing a
two-stage fitting procedure where, in a first stage, initial
values of one or more model parameters are determined, and
in a second stage, the light attenuation spectra are fitted to
the model, where the model includes the initial parameter
values determined in the first stage.

[0022] Embodiments of the method can include the fol-
lowing features.

[0023] The model can include a term having a functional
form ak, and where the value of a is constrained during the
fitting to be less than or equal to zero. Embodiments of the
method can also include any of the other method steps
disclosed herein, as appropriate.

[0024] In another aspect, the invention features a system
that includes a light source configured to direct incident
radiation to a target tissue, a detector, and a processor
coupled to the detector and configured to: (a) determine
reflectance spectra of the target tissue; (b) correct the reflec-
tance spectra to reduce contributions thereto from skin and
fat layers through which the incident radiation propagates;
and (c) determine oxygen saturation in the target tissue
based on the corrected reflectance spectra.

[0025] Embodiments of the system can include one or
more of the following features.

[0026] The processor can be configured to determine
reflectance spectra of the target tissue by directing the
detector to measure intensities of reflected radiation from the
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target tissue at a plurality of radiation wavelengths. The
processor can be configured to determine oxygen saturation
by calculating light attenuation spectra from the corrected
reflectance spectra, and calculating oxygen saturation based
on concentrations of oxygenated and deoxygenated heme in
the target tissue that are derived from the light attenuation
spectra, where heme includes hemoglobin and myoglobin in
the target tissue.

[0027] The system can also include: (&) a first radiation
path between the light source and the detector, and corre-
sponding to a first distance between the light source and the
detector; and (b) a second radiation path between the light
source and the detector, and corresponding to a second
distance between the light source and the detector different
from the first distance. Incident radiation from the light
source can be directed along each of the first and second
radiation paths to the target tissue, and reflected radiation
from the target tissue can be directed along each of the first
and second radiation paths to the detector. The processor can
be configured to reduce contributions to the measured reflec-
tance spectra from skin and fat layers by measuring reflec-
tance spectra along each of the first and second light paths,
and combining the reflectance spectra to produce corrected
reflectance spectra. Each of the first and second radiation
paths can include an optical fiber.

[0028] The processor can be configured to derive the
concentrations of oxygenated and deoxygenated heme in the
target tissue by fitting the light attenuation spectra to a model
light attenuation equation. The model light attenuation equa-
tion can include a Beer’s Law equation that includes terms
that correspond to absorption of incident radiation by oxy-
genated heme, deoxygenated heme, and water in the target
tissue.

[0029] The processor can be configured to determine
oxygen tension in the target tissue from oxygen saturation.
The processor can be configured to determine total heme
concentration in the target tissue from the concentrations of
oxygenated and deoxygenated heme in the target tissue. The
processor can be configured to assess a blood volume in the
target tissue based on the total heme concentration.

[0030] The processor can also be configured to perform
any of the other method steps disclosed herein, as appro-
priate.

[0031] Embodiments can include one or more of the
following advantages.

[0032] Oxygen saturation and/or oxygen tension are deter-
mined based on light attenuation measurements performed
in the infrared region of the electromagnetic spectrum. The
effects of absorption and scattering due to analytes other
than heme are smaller in this region than in other spectral
regions. As a result, heme absorption can be quantitatively
isolated from absorption and scattering processes due to
other tissue components.

[0033] Further, the infrared radiation can penetrate rela-
tively deeply into a patient, interrogating tissue (e.g., muscle
tissue) that is located underneath layers of skin and fat. The
penetration depth of the infrared radiation permits measure-
ment of oxygen saturation in muscle tissues, for example,
which are typically located relatively deeply underneath
layers of skin and fat. The infrared spectral data can be
corrected for light absorption by skin pigments and light
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scattering by fat, thereby permitting even more accurate
quantitative determination of heme absorption than would
otherwise be possible without such corrections. The effects
of water absorption in a patient’s tissue can also be quan-
titatively determined and separated from heme absorption.

[0034] Measurements are performed across a relatively
large number of wavelength channels such as 100 wave-
length channels or more (e.g., 150 wavelength channels or
more, 200 wavelength channels or more, 400 wavelength
channels or more, 600 wavelength channels or more, 1000
wavelength channels or more). The relatively large number
of measurements improves the signal-to-noise ratio of the
measured data relative to instruments that record data from,
for example, between two and six wavelength channels.

[0035] The measurements disclosed herein are performed
non-invasively using a low cost, portable measurement
system. Results can be displayed in real-time or near real-
time, which enables continuous monitoring of oxygen satu-
ration and/or oxygen tension. Where these parameters are
correlated with a particular medical condition in a patient,
the progress of the condition can be evaluated in real-time.
The instruments can operate with manual intervention, or in
fully automatic mode without operator intervention.

[0036] Fitting parameters can be constrained approptiately
to enable more accurate quantitative separation of scattering
and absorption processes. For example, coeflicients of cer-
tain wavelength-dependent scattering terms can be con-
strained to take only non-positive values during fitting of the
attenuation equation to measured light attenuation data, to
correlate with typical variations in tissue scattering as a
function of light wavelength. Appropriate choices of fitting
constraints can enable improved quantitative separation of
the effects of in vivo tissue scattering and absorption by
oxygenated heme.

[0037] The light attenuation equation can be fitted to
measured data in a two-stage fitting procedure. A first stage
of the fitting procedure determines initial values of certain
fitting parameters, and a second stage of the fitting procedure
determines a lowest-error fit of the measured data to the
attenuation equation, starting from the initial values deter-
mined in the first stage. The two-stage fitting procedure
enables fitting of measured spectral data without interven-
tion by an operator, and reduces the overall time required to
perform the fitting procedure. In certain embodiments, the
two-stage fitting procedure can also improve the accuracy of
the fitting results relative to one-step fitting algorithms.

[0038] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. Although methods and materials similar
or equivalent to those described herein can be used in the
practice or testing of the present invention, suitable methods
and materials are described below. All publications, patent
applications, patents, and other references mentioned herein
are incorporated by reference in their entirety. In case of
conflict, the present specification, including definitions, will
control. In addition, the materials, methods, and examples
are illustrative only and not intended to be limiting.

[0039] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features and advantages of the
invention will be apparent from the description, drawings,
and claims.



US 2008/0097173 A1l

DESCRIPTION OF DRAWINGS

[0040] FIG. 1 is a schematic diagram of one possible
embodiment of a spectrometer system for measuring oxygen
saturation in a target tissue.

[0041] FIG. 2 is a schematic diagram of another embodi-
ment of a spectrometer system for measuring oxygen satu-
ration in a target tissue.

[0042] FIG. 3 is a flow chart showing an exemplary series
of steps for determining oxygen saturation in a target tissue
from light attenuation spectra for the target tissue.

[0043] FIG. 4 is a plot showing measured percent change
in total hemoglobin as a function of measured percent
change in stroke volume for a patient undergoing a lower
body negative pressure test protocol.

[0044] FIG. 5 is a plot showing measured percent change
in total hemoglobin as a function of measured percent
change in total peripheral resistance for a patient undergoing
a lower body negative pressure test protocol.

[0045] FIG. 6 is a plot showing theoretical light attenua-
tion spectra calculated for a non-scattering target tissue at a
series of different tissue oxygen saturation values.

[0046] FIG. 7 is a plot showing theoretical light attenua-
tion spectra calculated for a scattering target tissue at a series
of different tissue oxygen saturation values.

[0047] FIG. 8 is a plot comparing actual and estimated
values of oxygen saturation in different target tissues.

[0048] FIG. 9 is a plot comparing oxygen saturation
values measured from withdrawn blood samples and from
non-invasive infrared reflectance measurements for patients
at various stages of a lower body negative pressure test
protocol.

[0049] FIG. 10 is a plot comparing oxygen tension values
measured from withdrawn blood samples and from non-
invasive infrared reflectance measurements for patients at
various stages of a lower body negative pressure test pro-
tocol.

[0050] Like reference symbols in the various drawings
indicate like elements.

DETAILED DESCRIPTION

[0051] Disclosed herein are methods and systems for
obtaining measurements of tissue oxygen saturation and
other physiological quantities such as oxygen tension from
infrared reflectance spectra of a target tissue (e.g., a tissue in
a human or an animal). Values of these quantities are derived
by analyzing a light attenuation model that accounts for
tissue absorption and scattering. Reflectance spectra of a
target tissue are first measured by a suitably configured
spectrometer system, and then the spectra are analyzed, for
example, by a processor coupled to the spectrometer system.

Measurement Systems

[0052] A variety of measurement systems can be used to
measure attenuation by a target tissue of incident light in the
infrared region of the electromagnetic spectrum. FIG. 1
shows a schematic diagram of one embodiment of such a
measurement system. Measurement system 10 includes a
light source 12, a probe head 14, a detector 16, a processor
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18, and a display 19. Light source 12 provides radiation
which is coupled into light path 20 and propagates along
light path 20 from light source 12 to probe head 14. The
radiation emerges from light path 20 and is incident on a
surface 32 of a target tissue 30 adjacent to probe head 14. A
portion of the incident radiation is reflected by target tissue
30 and enters light path 22. The reflected radiation propa-
gates along light path 22 to detector 16. Detector 16 is
configured to measure an intensity of the reflected radiation,
as a function of wavelength. Processor 18, e.g., a stand-alone
processor or a portion of an external computer system,
coupled to detector 16 via communication line 24, provides
configuration signals to detector 16. In addition, processor
18 is configured to receive, via communication line 25, the
spectral reflectance intensity data recorded by detector 16.
Processor 18 can be configured to transform the spectral
reflectance data into light attenuation data, for example, that
measures wavelength-dependent attenuation of the incident
radiation by target tissue 30. As shown in FIG. 1, processor
18 is in electrical communication with display 19. Spectral
reflectance data, wavelength-dependent light attenuation
data, and/or other data or physiological quantities deter-
mined from the measured data, can be output from processor
18 to display 19. Alternatively, or in addition, measured
and/or calculated data can be output from processor 18 to
another processor (not shown) for further processing, to a
storage medium, or to another device (e.g., a computer
and/or a wireless communications device).

[0053] The ends of light paths 20 and 22 are separated by
a distance d in probe head 14. In some embodiments, the
distance d can be relatively short, such as about 5 mm or less
(e.g., about 4 mm or less, about 3 mm or less, about 2 mm
or less, or about 1 mm or less). In other embodiments, the
distance d can be relatively long, such as about 20 mm or
more (e.g., about 25 mm or more, about 30 mm or more,
about 35 mm or more). In certain embodiments, probe head
14 is configured to permit adjustment of the distance d by a
system operator. For example, the distance d can be adjusted
to acquire spectral data that includes contributions from
tissues within a certain depth t of surface 32 of target tissue
30 adjacent to probe head 14. In general, the larger the
distance d, the greater the depth of tissue t contributing to the
measured light attenuation data.

[0054] Light source 12 can, in general, include a wide
variety of sources. For example, light source 12 can include
an incandescent source, one or more light-emitting diodes, a
laser-based source, or other types of sources. Light source 12
can provide radiation in one or more selected regions of the
electromagnetic spectrum, such as the ultraviolet region, the
visible region, the infrared region, or other regions. In some
embodiments, for example, light source 12 is configured to
provide radiation in the infrared region of the electromag-
netic spectrum. The radiation can include wavelengths from
about 700 nm to about 1000 nm, for example.

[0055] In certain embodiments, the radiation provided by
light source 12 can include multiple wavelengths. For
example, a full-width at half maximum of the distribution of
wavelengths of the radiation can be about 10 nm or more
(e.g., about 20 nm or more, about 50 nm or more, about 100
nm or more, about 150 nm or more, about 200 nm or more,
about 250 nm or more). The distribution of wavelengths of
the radiation can be produced from a single source element
such as an incandescent element or a broadband light
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emitting diode, for example, or from multiple source ele-
ments (e.g., multiple light emitting diodes) operating simul-
taneously or sequentially.

[0056] Light paths 20 and 22 can be formed from mate-
rials suitable for directing the radiation provided by light
source 12. In certain embodiments, for example, one or both
of light paths 20 and 22 can be waveguides formed by one
or more optical fibers. [n some embodiments, one or both of
light paths 20 and 22 can be open passageways formed in
probe head 14 and sized to permit the radiation to pass
through. In certain embodiments, for exaniple, either or both
of light source 12 and detector 16 can be placed in direct
contact with the skin of patient, or in direct contact with a
target tissue (e.g., without overlying skin and/or fat layers),
so that light paths 20 and/or 22 do not include open
passageways, but instead include the optical trajectories
along which incident and reflected radiation propagate in the
target tissue. In some embodiments, one or both of light
paths 20 and 22 can include other types of waveguides such
as photonic crystal fibers and/or light transmitting polymer
materials.

[0057] Detector 16 is configured to measure a wavelength-
dependent intensity of reflected radiation from target tissue
30. Typically, detector 16 is a spectral detector such as a
spectrometer, with a wavelength-dispersing element such as
a diffraction grating that is configured for use in a wave-
length region that includes the wavelengths in the radiation
provided by light source 12. Suitable spectrometers are
available, for example, from Ocean Optics Inc. (Dunedin,
Fla.). Detector 16 can measure intensities of radiation at
multiple wavelengths. For example, in some embodiments,
detector 16 is configured to measure the intensity of optical
radiation at about 50 or more distinct wavelengths (e.g.,
about 100 or more distinct wavelengths, about 150 or more
distinct wavelengths, about 200 or more distinct wave-
lengths, about 400 or more distinct wavelengths, about 600
or more distinct wavelengths, about 1000 or more distinct
wavelengths).

[0058] The spectral intensity data measured by detector
16, which is typically wavelength-dependent reflectance
data from target tissue 30, can be converted to wavelength-
dependent light attenuation data (e.g., a light attenuation
spectrum of target tissue 30) by processor 18 using well
known methods. In the subsequent discussion, reference is
made to light attenuation spectra of target tissue 30, but the
methods and systems disclosed herein can also be used to
process spectral reflectance data directly, since the light
attenuation and spectral reflectance data are related by a
simple mathematical transformation (see, e.g., Equation (2)
discussed in the next section).

[0059] In addition to converting spectral reflectance data
to light attenuation data, processor 18 can be configured to
analyze the light attenuation data to obtain measurements of
physiologically important quantities such as oxygen satura-
tion and oxygen tension, as will be discussed in further detail
below. In general, processor 18 can be configured to perform
any of the analysis steps that are discussed herein.

[0060] In some embodiments, optical reflectance spectra
can be measured at more than one source-detector spacing d.
For example, FIG. 2 is a schematic diagram of an embodi-
ment of a measurement system 50 that includes two different
source-detector spacings, each of which can be fixed, or
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adjusted by an operator. Many of the components of mea-
surement system 50 are similar to the components of mea-
surement system 10 and will not be discussed further.
Measurement system 50 includes a first detection light path
22a spaced from light path 20 in probe head 14 by a distance
d,, and a second detection light path 225 spaced from light
path 20 in probe head 14 by a distance d, greater than d_.

[0061] Spectral reflectance measurements can be recorded
by detector 16 at multiple source-detector distances to
reduce and/or remove the spectral absorption and/or scat-
tering effects of overlying tissue layers from the spectra of
underlying tissues of interest. For example, reflectance spec-
tra recorded at the short source-detector distance d, typically
include a first weighting of contributions from tissues near
surface 32 and from the deeper interior of target tissue 30
(e.g., primarily from tissues near surface 32 of target tissue
30). Reflectance spectra recorded at the longer source-
detector distance d, typically include a second weighting,
different from the first weighting, of contributions from
tissues near surface 32 and from the deeper interior of target
tissue 30 (e.g., spectra at the longer source-detector distance
typically include significant contributions from both tissues
near surface 32, and from tissues underlying surface 32).
Reflectance data recorded at two different source-detector
distances can be processed using suitable algorithms to
remove spectral contributions due to overlying tissue layers
adjacent to surface 32, retaining primarily spectral contri-
butions due only to the underlying (e.g., deeper) tissue
layers. In addition, in some embodiments, the source-detec-
tor distances can be adjusted by an operator to improve the
selectivity of the spectral reflectance measurements (e.g., to
selectively interrogate tissues at particular depths below the
surface of a patient’s skin).

[0062] An as example, in some embodiments, target tissue
30 can include layers of skin and fat proximal to probe head
14, and a muscle tissue of interest that underlies the skin and
fat layers (e.g., at a larger distance from probe head 14).
Contributions to the light attenuation data that arise from
light absorption and/or scattering by the skin (including skin
pigments) and fat layers can be reduced or removed from the
light attenuation data to improve the accuracy with which
the muscle tissue of interest is selectively interrogated.
Suitable measurement systems and processing algorithms
are disclosed, for example, in U.S. Publication Number US
2007/0038041 entitled “SYSTEMS AND METHODS FOR
CORRECTING OPTICAL REFLECTANCE MEASURE-
MENTS.”

[0063] In some embodiments, spectral reflectance data at
multiple source-detector distances can be measured by sys-
tems having a single detection light path and multiple source
light paths (e.g., multiple paths for coupling light from one
or more radiation sources to probe head 14). In general, the
particular configuration of the measurement system does not
substantially change the processing algorithms used to
remove the spectral effects of overlying tissue layers, nor
does it change the analysis algorithms that are used to
determine quantities such as oxygen saturation and oxygen
tension from the light attenuation spectra.

[0064] Having measured spectral reflectance data from
target tissue 30 and transformed the data into wavelength-
dependent light attenuation data corresponding to the target
tissue, processor 18 is configured to analyze the light attenu-



US 2008/0097173 A1l

ation data to obtain values of quantities of interest for the
target tissue. Various analysis algorithms implemented in
processor 18 for obtaining these quantities are disclosed
below.

Determination of Oxygen Saturation

[0065] Intissue oximetry, infrared radiation can be used to
measure the heme component in blood. Although radiation
in the visible portion of the electromagnetic spectrum is also
absorbed by blood heme, infrared light typically penetrates
deeper into tissue, and the effects of light scattering are
typically smaller at infrared wavelengths than at visible
wavelengths. In muscle cells, for example, myoglobin and
hemoglobin are each present in the incident radiation path-
way, and each absorbs infrared radiation. In small vessels
(e.g., arterioles, capillaries, and venules), changes in infrared
absorption primarily reflect changes in concentrations of
oxygenated and non-oxygenated heme. As a result, tissue
oxygen saturation (SO, ) is defined according to the equation

C(HPO2+ MPOL
50, = — WHROEIMOD (
C(HbO2+Mb02) T C(Hb+Mb)

where ¢ g,00,Mmb02) 18 the total concentration of oxygenated
heme in the tissue (Hb=hemoglobin, Mb=myoglobin) and
C oty is the total concentration of deoxygenated heme in the
tissue. The sum Cyp, pr+Crrnosanbos 18 the total concentra-
tion of heme in the tissue. Hemoglobin and myoglobin have
similar absorption profiles through much of the infrared
region of the spectrum, and the infrared reflectance mea-
surement techniques disclosed herein are sensitive to both
hemoglobin and myoglobin.

[0066] A model light attenuation spectrum (A, _,.,(»)) for
a target tissue exposed to incident light is defined in general
as the logarithm of the ratio of the incident light intensity
and the reflected light intensity. A variety of different models
can be used to describe the light attenuation spectrum of a
target tissue. In some embodiments, for example, a Taylor
series expansion method can be used to express the light
attenuation spectrum as a function of one or more absorption
terms, as described in Stratonnikov, A. A. and Loschenov, V.
B., “Evaluation of blood oxygen saturation in vivo from
diffuse reflectance spectra,”Journal of Biomedical Optics 6:
457-467 (2001). A suitable Taylor series expansion for

Amodel(}\’) is

Apodet(A) = ln( ;(E—;A)))

=(co+c1A) +In(10)-(L)-

@

[enp+apep(A) + Crpor+ap028HE02(A) + CrarEyiar(A)]

where I,(») is an incident light intensity (e.g., the light
source intensity), I(2) is a reflected light intensity from the
tissue, A is a light wavelength, ¢, and c, are constants, <[>
1s a mean path length of the reflected light through the tissue,
€,(M) is a wavelength-dependent extinction coefficient for
deoxygenated hemoglobin, €;5,5,(2) 1s a wavelength-depen-
dent extinction coeflicient for oxygenated hemoglobin, ¢,
is a concentration of water in the tissue, and €, (A) is a
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wavelength-dependent extinction coefficient for water.
Hemoglobin and myoglobin have similar extinction coeffi-
cients in the infrared region of the spectrum, and so the
extinction coefficients of oxygenated and deoxygenated
hemoglobin are also used to model myoglobin absorption in
Equation (2). The determination of values for the various
parameters in Equation (2) is discussed in further detail
below.

[0067] Typically, it can be difficult to determine the abso-
lute light source intensity (%) under experimental condi-
tions. Accordingly, in some embodiments, reflected light
intensity from a 99% reflectance standard, I _{2.), is used in
place of I(») when modeling light attenuation. Suitable
99% reflectance standards include, for example, Model
SRT-99-050, available from Labsphere, Inc. (North Sutton,
N.H.). With the experimental reference light intensity I .{\)
measured instead of I,(A), the measured light attenuation

spectrum, A_ (M), is
Lrer () 3
Acxp(k)zl,{ [fm ] 3)

[0068] The reference light intensity I _{(}) typically differs
from I,(A) by a wavelength-independent constant factor,
which appears as a constant additive contribution to the
experimentally-measured light attenuation spectrum of a
target tissue. The constant ¢, in Equation (2) accounts for
this additive contribution to the light attenuation spectrum.
In addition, ¢, also accounts for wavelength-independent
absorption and/or scattering by chromophores and other
species in the target tissue other than hemoglobin, myoglo-
bin, and water. Similarly, the constant ¢, accounts for wave-
length-dependent light absorption and/or scattering from
chromophores and other species in the target tissue other
than hemoglobin, myoglobin, and water. Terms on the
right-hand side of Equation (2) which are multiplied by <L>
account for attenuation of incident light by hemoglobin,
myoglobin, and water in the target tissue.

[0069] Typically, light attenuation in the target tissue can
arise from both light absorption and light scattering pro-
cesses. For example, light is absorbed by hemoglobin in
small blood vessels and myoglobin in cells, by both intra-
vascular and extravascular water, and by melanin pigments
in skin. Light can be scattered by physical structures such as
blood vessels and muscle fibers, and also by fat which
overlies muscle tissue of interest (e.g., fat that is disposed
between a probe head of a measurement system and the
muscle tissue).

[0070] The systems and methods disclosed herein can
generally be applied to the calculation of oxygen saturation
and other physiological quantities in many different types of
tissue, including muscle tissue and non-muscle tissue, and
any of the steps discussed in connection with the determi-
nation of SO, can also be performed to calculate SO, in both
muscle tissue and non-muscle tissue. Measuring oxygen
saturation in muscle tissue provides a particularly sensitive
diagnostic indicator of vasoconstriction/vasodilation, for
example.

[0071] FIG. 3 is a flow chart 100 that shows a series of
steps for calculating oxygen saturation in a target tissue from
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light attenuation spectra, A, (»), for the target tissue. In a
first step 102, one or more light reflectance spectra are
collected from a target tissue, and light attenuation spectra
are calculated via Equation (3).

[0072] In optional step 104, a model A, ., (A) can be
selected to describe light attenuation in the target tissue. In
some embodiments, for example, the model selected
accounts for both light absorption and light scattering in the
target tissue. In certain embodiments, the model includes
terms that correspond to one or more of oxygenated hemo-
globin and myoglobin, deoxygenated hemoglobin and myo-
globin, water, and other species present in the target tissue.
A suitable model that can be selected is given by Equation
(2), for example. In general, the systems disclosed herein
can include one or more models for describing light attenu-
ation in the target tissue. In some embodiments, the systems
include only a single model. In certain embodiments, the
systems include multiple models, and selection of a model
A oqa(M) can be based on input from a human operator, for

gast

example.

[0073] Instep 106, the model selected in step 104 is used
to determine calculated values of light attenuation in the
target tissue, and various model parameters are adjusted to
minimize a sum of squared differences between the calcu-
lated values of light attenuation and the measured light
attenuation spectra. The sum of squared differences between
the calculated values of light attenuation and the measured
light attenuation spectra, %>, can be written as

A =Amax (4)
K=Y ot = A

=i

where the light attenuation spectra are measured (and theo-
retical light attenuation values calculated) at a series of
wavelengths A, between A, and A__.. The value of o> is
minimized to yield values of certain adjustable parameters in
A, oqa(®). For example, if the model given by Equation (2)
is selected, the function % is minimized to yield values of

parameters €y, €, Cypymvs Crbo2+Mb02 Covars A0 <L>.

[0074] To obtain accurate values of the model parameters,
a nonlinear least squares fitting algorithm is used to mini-
mize % in BEquation (4). In some embodiments, fitting
constraints on certain model parameters can also be used to
improve the accuracy of the parameter values that are
obtained. For example, shorter wavelength light typically
scatters more efficiently from tissue structures than longer
wavelength light, and a wavelength-dependent scattering
efficiency curve can therefore be described by a linear
functional form with a non-positive slope. A reduced scat-
tering coeflicient for the tissue structures, p', can generally
be described by a function such as

. =a+bh Q)

where a and b are constants, with b=0. Typically, the
portions of the measured light attenuation spectra that are
due to oxygenated hemoglobin have a positive slope in the
infrared region of the spectrum. Thus, when the model given
by Equation (2) is selected, parameter ¢, can be constrained
during fitting so that ¢, =0. This constraint enables improved
parameter value determination by eliminating cross-talk

Apr. 24,2008

between contributions to the light attenuation spectra from
oxygenated heme, scattering, and a relatively smooth back-
ground.

[0075] For certain tissues, it may be possible to make good
initial estimates for the values of parameters Cyy, . nr1 Crpozs
mboz, and ¢, (e.g., in healthy human patients). For other
tissues, it may be more difficult to arrive at good initial
estimates for these parameters. Making initial estimates of
parameter values typically involves operator intervention,
however, and is subject to variability that arises due to
differences in skill levels of human operators. Typically, for
example, in healthy human patients, the value of ¢y, 5z, can
be about 40 pmol/L, the value of ¢y, g, 00, €a0 be about
60 umol/L, and the value of ¢, can be about 60%. These
values can be used as initial estimates for the parameters

Crrbambs CHbO2+Mb02s AN Cogpe

[0076] As an alternative to relying on input from a human
operator, the systems and methods disclosed herein can also
determine both initial values and final values of model
parameters in automated fashion (e.g., without operator
input) using a two-stage fitting procedure. The two-stage
fitting procedure can, in general, be applied to any of the
models disclosed herein to automatically determine good
initial values of some or all of the model parameters, and
then to determine final parameter values by minimizing the
value of % in Equation (4).

[0077] As an example, when the model given by Equation
(2) is selected in step 104, good initial values of c,, c,, and
<> can be determined using a sweep method by fixing the
values of the parameters Cpyp, it Crbozenbozs A0 C .y, and
using a least-squares minimization procedure to vary the
values of parameters c,, c,, and <L>. This technique corre-
sponds to minimizing the value of y* in Equation (4) with
only c,, ¢,, and <L> as adjustable parameters. When good
initial values of ¢, ¢, and <L> have been determined via
minimization of %2, these values are fixed and the value of
* in Equation (4) is again minimized via the sweep method
by allowing parameters Cyy s Cepozembozs and Cy, 0
vary. The values for these parameters obtained from the
minimization procedure correspond to good initial values.

[0078] The second stage of the two-stage fitting procedure
includes minimizing the value of %> in Equation (4) with
each of the six parameters ¢y, €;, <>, Crrpintir CHbO24MbO2S
and c,,,, allowed to vary (subject to any fitting constraints
imposed, as discussed previously), and starting from the
good initial values of these six parameters determined in the
first stage of the procedure. The values of these parameters
obtained after the second stage of the procedure are the final
values of the parameters. In general, any fitting algorithm
that is capable of minimizing the value of > in Equation (4)
subject to any applied constraints can be used in the systems
and methods disclosed herein. One example of a fitting
algorithm that can be used to minimize value of y%* in
Equation (4) is the Levenberg-Marquardt algorithm.

[0079] The two-stage fitting procedure discussed above
can provide a number of advantages. In particular, by
initiating the second stage of the fitting procedure with good
initial values of the parameters, the second stage proceeds
more rapidly to convergence than it would otherwise. Also,
fitting results are typically more accurate, because the non-
linear least-squares fitting algorithm is less likely to get
stuck in a local (but not necessarily global) minimum.
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[0080] One algorithm that can be used to fit light attenu-
ation spectra to a selected light attenuation model in the
disclosed systems and methods is a type of genetic algorithm
called the Differential Evolution (DE) method, which is
described in Price, K. V., “Differential Evolution: A practical
approach to global optimization,” (Germany: Springer-Vet-
lag, 2005). The DE algorithm is a global optimization
algorithm that converges to an extreme value of a function
irrespective of its initial population. The DE algorithm
typically converges faster and uses fewer control variables
than other global optimization algorithms. Because the DE
algorithm converges to a global minimum, the DE algorithm
can be used, in some embodiments, without performing the
first stage of the fitting procedure discussed above. That is,
a one-stage fitting procedure in which the DE algorithm is
used to fit light attenuation spectra to a light attenuation
model without first fitting the spectra via the sweep method
to determine initial estimates of model parameters can be
used.

[0081] When final values of the model parameters have
been determined, oxygen saturation in the target tissue is
calculated in step 108. Oxygen saturation is calculated
according to Equation (1); therefore, the model selected in
step 104 includes parameters Cyy,, vz, a0d ooz Val-
ues of these parameters are determined in step 106, and then
SO, is calculated from the values of these parameters in step
108.

Determination of Oxygen Tension

[0082] In step 110, which is optional in flow chart 100,
oxygen tension in the target tissue is calculated from the
value of oxygen saturation determined in step 108. Oxygen
tension can be calculated from oxygen saturation using a
variety of algorithms. For example, oxygen tension can be
calculated using the following relationship, which is
described in Severinghaus, J. W., “Simple, accurate equa-
tions for human blood O, dissociation computations,”/.
Appl.  Physiol.:  Respirat. FEnviron. Exercise Physiol,
46:599-602 (1979):

gl o 50§ ©
PO, = exp|0.385- 10503 - 1) +332- (7250, - 22

Equation (6) permits straightforward calculation of oxygen
tension from oxygen saturation under standard physiological
conditions in step 110 of flow chart 100.

Applications

[0083] Oxygen saturation and/or oxygen tension, mea-
sured via the systems and methods disclosed herein, provide
a sensitive diagnostic indicator of capillary vasoconstriction
in patients. Farly in the process of hemorrhage and internal
bleeding, capillaries in muscle tissues vasoconstrict to direct
blood to the heart and brain where it is most needed.
Vasoconstriction also helps to maintain blood pressure at
relatively normal levels; as a result, blood pressure typically
provides only a late-stage indicator of hemorrhagic shock.

[0084] To evaluate the sensitivity of the systems and
methods disclosed herein, a set of ten test subjects under-
went a test protocol that included progressively increasing
magnitudes of lower body negative pressure (LBNP). The
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LBNP protocol consisted of a five minute baseline period,
followed by five minute intervals of chamber decompression
to =15, =30, =45, and -60 mm Hg, followed by additional
increments of =10 mm Hg every five minutes until either the
onset of cardiovascular collapse, or the completion of five
minutes at -100 mm Hg. Infrared reflectance spectra were
recorded continuously throughout the protocol using a fiber
optic sensor with both short-distance and long-distance
source-detector spacings. The sensor was placed on the
flexor digitorum profundus muscle of the forearm.

[0085] Oxygen saturation and oxygen tension in the
muscle tissue were calculated from light attenuation spectra
generated from the reflectance spectra using the methods
disclosed above. The reflectance spectra were corrected to
remove contributions from light absorption and/or scattering
by skin pigments and fat prior to generating the light
attenuation spectra. A blood sample was withdrawn from
each test subject in the last minute of each stage of the LBNP
protocol. Oxygen saturation for each subject was measured
from the blood sample using a co-oximeter instrument, and
oxygen tension was measured using a blood gas analyzer.

[0086] In addition, for each subject at each level of the
LBNP protocol, changes in stroke volume (SV), total periph-
eral resistance (TPR), and total hemoglobin (HbT)—the sum
of oxygenated and deoxygenated hemoglobin and myoglo-
bin in the muscle tissue—were determined relative to base-
line values of these parameters. Beat-to-beat stroke volume
was measured non-invasively using thoracic electrical bio-
impedance with an HIC-2000 Bio-Electric Impedance Car-
diograph (available from Bio-Impedance Technology,
Chapel Hill, N.C.). The thoracic electrical bioimpedance
technique is based on the resistance changes in the thorax to
a low intensity (e.g., 4 mA), high frequency (e.g., 70 kHz)
alternating current applied to the thorax by two outer-surface
electrodes placed at the xiphoid process at the midaxillary
line. Ventricular SV (in units of mI/beat) was determined
from the partly empirical formula

SV:p-[ZLO]iz.LVET.(%f)mn M

where p (in units of ohm-cm) is the blood resistivity (typi-
cally about 135 ohm-cm), f (in units of cm) is a mean
distance between two inner pick-up electrodes, Z,, (in units
of ohms) is a mean baseline thoracic impedance, LVET (in
units of seconds) is a left ventricular ejection time, and
(dZ/dt) is a height of a measured thoracic impedance vs.
time peak (e.g., a Z-point) from a zero line. Cardiac output
(Q) was calculated as the product of heart rate (HR) and SV,
and TPR was estimated by dividing a mean value of arterial
pressure by Q.

[0087] FIG. 4 shows the measured percent change in total
hemoglobin as a function of the measured percent change in
stroke volume. The relationship between the changes in total
hemoglobin and stroke volume is approximately linear, as
indicated by the solid line in FIG. 4. Without wishing to be
bound by theory, one possible explanation for the relation-
ship shown in FIG. 4 is that stroke volume falls as blood
volume decreases. In FIG. 5, the percent change in total
hemoglobin is plotted as a function of the percent change in
total peripheral resistance. The relationship is again approxi-
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mately linear as shown by the solid line. However, FIG. 5
shows that changes in total hemoglobin are inversely cor-
related with changes in total peripheral resistance. Typically,
total peripheral resistance increases when vasoconstriction
occurs. Thus, measurement of total hemoglobin in muscle
tissue (by determining concentrations of oxygenated and
deoxygenated hemoglobin, as discussed above) provides an
accurate diagnostic for the onset and progression of vaso-
constriction in patients.

[0088] More generally, vasoconstriction and/or vasodila-
tion produce changes in blood volume in a target tissue, and
by monitoring total hemoglobin, blood volume in the tissue
(e.g., changes in blood volume over time in a patient) can be
assessed. Values of SO, and PO, determined via the methods
disclosed herein also provide sensitive probes of blood
volume in a target tissue, and can be used for monitoring and
assessment purposes. In general, measurements of quantities
such as HbT, SO,, and PO, are useful for tracking progres-
sion and treatment of any disease or condition that results in
variation of blood volume in tissues, and/or vasoconstric-
tion/vasodilation in response to an insult. Examples of
conditions for which progression can be tracked include:
diagnosis of, and evaluation of treatment for, hemorrhage
and sepsis; microvascular abnormalities that accompany
heart disease and diabetes; and effects of drugs that raise
blood pressure through vasoconstriction and/or vasodilation.
In animal patients, regional effects of drugs on specific
organs can be tracked.

[0089] As an example, when a patient undergoes hemor-
rhaging, the loss of blood volume in certain patient tissues
can be monitored by measuring total hemoglobin. Further, as
shown in FIGS. 4 and 5, total hemoglobin scales linearly
with blood volume. Therefore, by monitoring HbT over
time, a stage of progress of a hemorrhage can be assessed.
Changes in HbT can be used to assess whether a hemorrhage
has been halted or is under control, for example, or whether
the hemorrhaging condition is worsening.

[0090] As another example, when a patient suffers from
sepsis—a microcirculatory disease—small blood vessels in
certain tissues of the patient become clogged, resulting in a
smaller blood volume (and oxygen-depleted blood) being
present in the patient’s tissues. Generally, as sepsis persists,
the level of oxygen-depletion in blood tissue increases. If
perfusion is restored, the sepsis condition is alleviated, and
both blood oxygenation and blood volume increase in the
patient’s tissues. By monitoring HbT and/or SO, and/or PO,
in patient tissues, as disclosed herein, the rate of progress of
sepsis can be assessed. For example, when a sepsis condition
in a target tissue is worsening, the value of HbT in the tissue
decreases with decreasing blood volume. As sepsis in the
tissue 1s alleviated, the value of HbT in the tissue increases
with increasing blood volume. Similar correlations apply to
assessing sepsis based on blood volume determined from
measurements of SO, and PO, in the target tissue.

[0091] As a third example, when a patient suffers from
heart disease or diabetes, atherosclerosis which results from
these conditions prevents vasoconstriction in response to a
challenge. In contrast, in a healthy patient, vasoconstriction
in response to a challenge occurs to maintain blood pressure.
Thus, progress of a condition such as heart disease or
diabetes can be assessed by monitoring HbT and/or SO,
and/or PO, in the patient. Typically, for example, a patient
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suffering from one of these conditions is either tilted or
subjected to an exercise protocol which represents a chal-
lenge, and values of SO, and/or PO, and/or and HbT are
determined from a selected target tissue of the patient. Due
to the inability of the patient’s blood vessels to vasocon-
strict, measured changes in SO, and/or PO, and/or and HbT
for the patient will be smaller than the measured changes in
these parameters would be for a healthier patient. By mea-
suring the difference in the values of SO, and/or PO, and/or
and HbT for the afflicted patient’s tissue relative to standard
values for a healthy patient’s tissue (or relative to values of
these parameters measured from the same patient at an
earlier stage of the disease), the progress of conditions such
as heart disease and diabetes can be assessed.

[0092] In general, as discussed above, measurements of
quantities such as HbT, SO,, and PO, for assessment and
tracking of various conditions are performed during inter-
ventions that stimulate vasoconstriction to maintain blood
pressure and/or vasodilation to improve blood flow.
Examples of such interventions include occluding one or
more blood vessels, exercising a subject, and tilting a
subject.

Implementation

[0093] The equations and algorithms disclosed herein can
be implemented in hardware or in software, or in a combi-
nation of both. The method steps and figures disclosed
herein can be implemented in computer programs using
standard programming techniques. The programs can be
designed to execute on programmable processors (such as
processor 18) or computers, e.g., microcomputers, each
including at least one processor, at least one data storage
system (including volatile and non-volatile memory and/or
storage elements), at least one input device, such as a
keyboard or push button array, and at least one output
device, such as a CRT, LCD, or printer. Program code is
applied to input data to perform the functions described
herein. The output information is applied to one or more
output devices such as a printer, or a CRT or other monitor,
or a web page on a computer monitor with access to a
website, e.g., for remote monitoring.

[0094] Each program used in the systems disclosed herein
is preferably implemented in a high level procedural or
object oriented programming language to communicate with
a computer system. However, the programs can be imple-
mented in assembly or machine language, if desired. In any
case, the language can be a compiled or interpreted lan-
guage.

[0095] Each such computer program can be stored on a
storage medium or device (e.g., ROM or magnetic diskette)
readable by a general or special purpose programmable
computer, for configuring and operating the computer when
the storage medium or device is read by the computer to
perform the procedures described herein. The programs can
also be considered to be implemented as a computer-read-
able storage medium, configured with a computer program,
where the storage medium so configured causes a processor
in the computer to operate in a specific and predefined
manner to perform the functions described herein.

[0096] Although any communications network can be
used to obtain results from remote monitoring, the Internet
or wireless systems provide useful choices to transmit data.
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EXAMPLES

[0097] The invention is further described in the following
examples, which are not intended to limit the scope of the
invention described in the claims.

Example 1

[0098] To evaluate the accuracy of the systems and meth-
ods disclosed herein, simulated tissue attenuation spectra
were calculated for four different light scattering conditions
in a target tissue, and the method steps of FIG. 3 were
applied to the data from each of the four light scattering
conditions to determine values of oxygen saturation. The
four light scattering conditions correspond to four different
target tissues of interest. For each target tissue, simulated
light attenuation spectra were calculated for each of eight
different theoretical SO, values: 0%, 10%, 20%, 40%, 50%,
60%, 80%, and 100%.

[0099] To generate light attenuation spectra that corre-
sponded to a non-scattering, absorbing target tissue, a Lam-
bert-Beer equation with terms that correspond only to con-
tributions from hemoglobin was used:

Aexp()\')=ln(10).L.[CHbEH']J-"CH]JO?EHbO?-"CWatewa(] (3)

where L is a path length of the attenuated light through the
target tissue, Cpp,, Cppoz» and c,, are concentrations of
deoxygenated hemoglobin, oxygenated hemoglobin, and
water in the target tissue, respectively, and €y, (M), €pos(M),
and ¢, (h) are extinction coeflicients of deoxygenated
hemoglobin, oxygenated hemoglobin, and water as a func-
tion of the wavelength A. Values of these parameters were
selected to generate light attenuation spectra for a non-
scattering, absorbing target tissue.

[0100] Light attenuation spectra were also calculated for
three different target tissues in which light scattering
occurred. A single layer infinite slab diffusion model was
used to generate light attenuation spectra for selected values
of a tissue absorption coefficient p1,(2), a reduced scattering
coeflicient p (), and a source-probe spacing d, from a
model with the functional form

ol

Ao (V) = —ln| ——F
o) =1 V2x sinh(o () - d)

where the quantity o(%) is calculated according to

OIS N BTN 10

[0101] To calculate the light attenuation spectra for the
three different light scattering target tissues, values for the
concentrations of oxygenated and deoxygenated hemoglo-
bin were selected to fix the theoretical values of SO,, and
values for the absorption coefficient () were selected. In
addition, values of the reduced light scattering coeflicient
1'(h) for each of the light scattering target tissues were
selected. The three different light scattering target tissues
corresponded to tissues in a forearm, a calf, and an intact
head of a patient. The reduced scattering coeflicients p.'(A)
for each of these tissues were calculated according to
Equations  (11), (12), and (13), respectively:
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[0102] Equations (11)-(13) are described in Matcher, S. I.

et al., “In vivo measurements of the wavelength dependence
of tissue-scattering coeflicients between 760 and 900 nm
measured with time-resolved spectroscopy,”Applied Optics,
36:386-396 (1997). In Equations (11)-(13), p'(A) is in units
of cm™ and A is in units of nm. Light attenuation spectra for
the three different target tissues corresponding to Equations
(11)-(13) were calculated at a series of wavelength points
between 725 nm and 880 nm.

[0103] To assess the accuracy of values of SO, determined
by fitting the calculated light attenuation data to a light
attenuation model, a coefficient of determination R? between
the measured and theoretical values of SO, for each tissue
was calculated. In addition, values of the root-mean-square
error of prediction (RMSEP), which describes the estimated
measurement error, were calculated according to

(14)

RMSEP =

where N is the number of light attenuation spectra, and ¥,
and y; are theoretical and experimentally determined values
of SO,, respectively. Relatively large values of R* (e.g,
values approaching unity) and relatively small values of
RMSEP indicate that the experimentally determined SO,
values are accurate (e.g., match the theoretical SO, values
closely).

[0104] Simulated light attenuation spectra calculated
using Equation (8) are shown in FIG. 6 for a series of
theoretical values of SO,. The light attenuation spectra in
FIG. 6 correspond to a target tissue that does not scatter
incident light (e.g., light attenuation occurs by absorption
only). Simulated light attenuation spectra calculated for a
light scattering target tissue that corresponds to a forearm of
a patient are shown in FIG. 7 for a series of theoretical
values of SO,. In each of FIGS. 6 and 7, a water concen-
tration ¢, of 60% and a source-detector spacing d of 3 cm
were used in the calculations.

[0105] FIG. 8 is a plot showing actual (theoretical) and
estimated (measured) values of SO,, determined by fitting
the four sets of light attenuation spectra calculated using
Equations (8)-(13) to the model given by Equation (2)
according to the procedure shown in FIG. 3. The fitting
algorithm used was a Levenberg-Marquardt optimization
method with initial parameter values obtained from the
sweep technique discussed above. Values of R? between
0.99 and 1 were obtained for each of the four sets of
attenuation spectra (e.g., for each of the four different target
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tissues), with a maximum RMSEP of less than 5% SO,. The
relatively high values of R? and relatively low RMSEP
values indicate that accurate measurements of SO, in each of
the four target tissues were achieved. For comparison, the
theoretical light attenuation spectra were also fitted to Equa-
tion (2) using a DE algorithm, and the values of the model
parameters obtained from the fitting procedure were used to
calculate SO, values. The results are shown in Table 1
below. For three of the four target tissues, the RMSEP for
SO, determined via the DE algorithm was lower than the
RMSEP for SO, determined via the Levenberg-Marquardt
algorithm.

TABLE 1
Targer Tissue Type R? RMSEP (% SO,)
Non-scattering 0.99 1.31
Forearm scattering 0.99 4.10
Calf scattering 0.99 3.86
Intact Head scattering 0.99 2.81
Example 2

[0106] To simulate the early stages of hemorrhagic shock
in human patients, a test protocol that included progressively
increasing magnitudes of lower body negative pressure
(LBNP) in five human test subjects was performed. The
LBNP protocol consisted of a five minute baseline period,
followed by five minute intervals of chamber decompression
to =15, =30, —45, and -60 mm Hg, followed by additional
increments of =10 mm Hg every five minutes until either the
onset of cardiovascular collapse, or the completion of five
minutes at —100 mm Hg. Infrared reflectance spectra were
recorded continuously throughout the protocol using a fiber
optic sensor with both short-distance and long-distance
source-detector spacings. The sensor was placed on the
flexor digitorum profundus muscle of the forearm.

[0107] Oxygen saturation and oxygen tension in the
muscle tissue were calculated from light attenuvation spectra
generated from the reflectance spectra using the methods
disclosed above. The reflectance spectra were corrected to
remove contributions from light absorption and/or scattering
by skin pigments and fat prior to generating the light
attenuation spectra. A blood sample was withdrawn from
each test subject in the last minute of each stage of the LBNP
protocol. Oxygen saturation for each subject was measured
from the blood sample using a co-oximeter instrument, and
oxygen tension was measured using a blood gas analyzer.

[0108] FIG. 9 shows the correlation between oxygen satu-
ration measured from withdrawn blood samples (O2Hb (%)
blood) and oxygen saturation measured via infrared reflec-
tance measurements (NIRS SO2(%)) at various stages of the
LNBP protocol for each of the five test subjects. FIG. 10
shows the correlation between oxygen tension measured
from withdrawn blood samples (Venous PO,) and oxygen
tension measured via infrared reflectance measurements
(NIRS PO,) during the LNBP protocol for each of the five
subjects. In FIG. 9, the RMSEP in SO, is about 8%, and in
FIG. 10, the RMSEP in PO, is about 3.3 mm Hg. These
relatively low errors of prediction indicate that SO, and PO,
values determined via infrared reflectance measurements
correspond accurately to actual SO, and PO, values in target
tissues. The accuracy of the SO, and PO, values further
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indicates that the systems and methods disclosed herein
provide accurate and sensitive diagnosis of conditions such
as hemorrhagic shock in patients.

OTHER EMBODIMENTS

[0109] The systems and methods disclosed herein can
make use of other light attenuation models (e.g., models
other than Equation (2)) to determine SO, and other physi-
ological quantities such as PO, in target tissues. Three
different alternative models will be discussed; other models
are also possible. The following alternative models have
been investigated for accuracy by fitting sets of theoretical
light attenuation spectra generated using Equations (8)-(13),
and corresponding to four different target tissues (e.g.,
non-scattering tissue, forearm tissue, calf tissue, and intact
head tissue), to each of the models, and calculating coeffi-
cients of determination and RMSEP values for values of SO,
determined for each target tissue using each model.

Model 2

[0110] As discussed above, measured light attenuation
spectra can be fitted to the model given by Equation (2).
Following the fitting procedure, values of the parameters c,,
¢y <L>, Chpininy Crbozenboas ad €, are obtained. Using
the values of these parameters, a wavelength-dependent
baseline spectrum is calculated from a difference between
the model given by Equation (2) with fitted values of the
parameters, and the measured light attenuation spectra. The
baseline spectrum is calculated according to

bspect(h)=A4 expM=dexp(M) (15)

where Aexp(?») is the light attenuation model function given
by Equation (2) with the best-fit parameter values.

[0111] Then in a subsequent step, with fitted values of the
parameters Co, €1, <L>, Crpins Crbo24mbo2: a0 Cyy a8
initial parameter values, the measured light attenuation
spectra are fitted to the model equation

AmodetV) = Ca[bspect(d) + o + ¢ A] +In(10)- (16)

(L)~ [ctpr mpenp@) + CHp024 Mp02EHPO2 1 MB02 () + CutEpian(A)]

In the model given by Equation (16), ¢, is a scale factor that
is varied along with the other fitting parameters. From
refined values of ¢yy,,pm a0d Crppozanmmoz that are obtained
by fitting Equation (16) to the measured light attenuation
spectra, values of SO, and PO, are calculated.

[0112] This multi-step fitting procedure—first, to deter-
mine baseline spectrum bspect(A), and second, to determine
SO, and PO, from fitted values of the parameters in Equa-
tion (16)—provides for more accurate determination of the
parameters in Equation (16), and therefore, more accurate
SO. and PO, values. Table 2 below shows R? and RMSEP
values calculated for each of the four different theoretical
target tissues for which light attenuation spectra were simu-
lated using Equations (8)-(13). Values of SO, determined
from fitting the theoretical light attenuation spectra using the
multi-step fitting procedure discussed above were compared
to the theoretical values of SO,, which yielded an R* value
of 0.99 for each of the tissues, and RMSEP values of less
than 6% SO,. The relatively large R* values and relatively
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low RMSEP values indicated that Model 2 provided accu-
rate determination of SO, in target tissues.

TABLE 2
Target Tissue Type R? RMSEP (% SO,)
Non-scattering 0.99 1.73
Forearm scattering 0.99 3.69
Calf scattering 0.99 4.66
Intact Head scattering 0.99 5.77

Model 3

[0113] In this model, light attenuation by absorption and
by scattering have similar functional forms. The model
equation is

Anodet(A) = [1aQ) + s (V)] -d - d pf (1) amn

= )+ e W] d - d pf Q)

where p, (M) and p (2) are wavelength-dependent absorption
and scattering coeflicients of the target tissue, respectively,
¢, is a constant, d is a source-detector distance, and dpf(A)
is a differential path length factor for the tissue. The scat-
tering coefficient p (A) is related to the reduced scattering
coeflicient p /() according to p'(A)=(1-g)u (), where g is
an anisotropy factor that corresponds to an average cosine of
the scattering angle.

[0114] To compensate for a difference between absolute
light intensity I,(i) and the reference light intensity I _{(})
from a 99% reflectance standard, as discussed above, a
constant term ¢, can be added to Equation (17) to yield a
model equation

Anoget(A) = (1o (A} + s (V] L-d pf (A) + o (18)

= [ue) + 1 (V] L-d pf Q) + co

In Equation (18), the absorption coefficient i (A) is related
to concentrations of absorbing components in the target
tissue according to

BaW=Cep ap€rn(M+ oo Moo €rmoa M+
CwatCwatl
[0115] The reduced scattering coeflicient (M) is a func-
tion of two constants, ¢, and c,, according to

19

1 (M=cotesh (20)

During the fitting procedure, constraints are imposed on c;
so that ¢;<0.

[0116] The differential path length factor is expressed as a
function of the reduced scattering coefficient and the absorp-
tion coeflicient according to

30 @y

dpf() =
2V pa(d)

[0117] A nonlinear Levenberg-Marquardt least-squares
fitting procedure was used to determine values of the various
model parameters by fitting the theoretical (e.g., simulated)
light attenuation spectra to the model given by Equations

12
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(18)-(21). Values of SO, were then calculated from the fitted
values of the parameters in Equation (19). Table 3 below
shows R and RMSEP results from a comparison of experi-
mentally determined SO, values and theoretical SO, values.
As shown in the table, R? values were 0.97 or larger for all
four target tissues, and RMSEP values were less than 10%
SO,. These statistical measures indicate that Model 3 pro-
vided for accurate determination of SO, in the target tissues.

[0118] Comparing to the results for Model 2, Model 3
appears to provide slightly less accurate results on average
for the test data evaluated herein. However, for certain
tissues, Model 3 may provide more accurate SO, determi-
nations (e.g., compare results for intact head target tissue).

TABLE 3
Target Tissue Type R? RMSEP (% SO,)
Non-scattering 0.99 1.81
Forearm scattering 0.97 9.37
Calf scattering 0.97 7.09
Intact Head scattering 0.99 5.18

Model 4

[0119] Models based on diffusion theory can also be used
in the systems and methods disclosed herein. According to
diffusion theory, the diffuse reflectance, R(d,A), of continu-
ous-wave light radiation emitted from a semi-infinite scat-
tering medium at a source-detector separation d larger than
about 2 cm, is given by

20 (22)

1+

2

e*}lgjf(/\)d
d2

0w
I(A)

1
R(d, V) = [#Eﬁ(x) +5

where C is a constant that is independent of d and related to
an internal specular reflection parameter. The value of C
depends on the refractive indices of the target tissue and
surrounding medium. Values of p_g(A) are calculated
according to

Hea(M)=V3p, (W (ML)

[0120] The absorption coeflicient p (}) is calculated as in
Equation (19), and the reduced scattering coefficient |1 '(2) is
calculated as in Equation (20). A constant term ¢, is also
added to compensate for differences between I,(A) and
I.{), as discussed above, so that the model light attenua-
tion equation is

23)

Io(A)

(24)
Avodet(d, M) = In(m) = InR(d, V) +¢q

[0121] A two-stage nonlinear least-squares fitting proce-
dure was used to determine parameters of the model given
by Equations (19), (20), and (22)-(24) by fitting the equa-
tions to the theoretical data for each of the four different
target tissues. In a first stage of the fitting procedure, prior
to performing a fit of all of the model parameters to the data,
a good initial value of the parameter C was obtained by
using the sweep method. Values of the parameters ¢, ¢,, ¢;,



US 2008/0097173 A1l

Crbanbs Crbozamboos aNd €., were held constant, and the
theoretical light attenuation spectra were fitted to Equation
(24), allowing only C to vary among the model parameters.
Fitting the data to Equation (24) included minimizing a sum
of squared differences, %°, between the model and the
theoretical data, as discussed in connection with Equation
(4). The value of C obtained from the sweep method
corresponded to a good estimate for parameter C.

[0122] In the second stage of the fitting procedure, the
value of C determined in the first stage was used as the final
value of C in Equation (22) (e.g., fixed as a constant), and
the theoretical light attenuation spectra were again fitted to
Equation (24), permitting each of the parameters c,, c,, ¢,
CrbaMbs CHbO2Mb02» A0d €, to vary during fitting. In this
manner, accurate values of the six parameters were obtained,
and SO, in each of the target tissues was calculated based on
the values of ¢yp,.pp, a0d Cpyponanmoz fTom the fitting pro-
cedure. Table 4 below shows R* and RMSEP results from a
comparison of experimentally determined SO, values and
theoretical SO, values. As shown in the table, R* values
were 0.99 for all four target tissues, and RMSEP values were
less than 7% SO,. These statistical measures indicate that
Model 4 provided for accurate determination of SO, in the
four target tissues. Based on the R? and RMSEP values, the
results for each of Models 2, 3, and 4 achieved comparable
accuracy.

TABLE 4
Target Tissue Type R? RMSEP (% SO,)
Non-scattering 0.99 1.52
Forearm scattering 0.99 5.35
Calf scattering 0.99 6.63
Intact Head scattering 0.99 5.99

[0123] Ttis to be understood that while the invention has
been described in conjunction with the detailed description
thereof, the foregoing description is intended to illustrate
and not limit the scope of the invention, which is defined by
the scope of the appended claims. Other aspects, advantages,
and modifications are within the scope of the following
claims.

What is claimed is:
1. A method for calculating oxygen saturation in a target
tissue, the method comprising:

directing incident radiation to a target tissue and deter-
mining reflectance spectra of the target tissue by mea-
suring intensities of reflected radiation from the target
tissue at a plurality of radiation wavelengths;

correcting the measured intensities of the reflectance
spectra to reduce contributions thereto from skin and
fat layers through which the incident radiation propa-
gates;

determining oxygen saturation in the target tissue based
on the corrected reflectance spectra; and

outputting the determined value of oxygen saturation.

2. The method of claim 1, wherein determining oxygen
saturation comprises determining light attenuation spectra
from the corrected reflectance spectra, and calculating oxy-
gen saturation based on concentrations of oxygenated and
deoxygenated heme in the target tissue that are derived from
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the light attenuation spectra, wherein heme comprises hemo-
globin and myoglobin in the target tissue.

3. The method of claim 2, wherein the concentrations of
oxygenated and deoxygenated heme are derived from the
light attenuation spectra by fitting the light attenuation
spectra to a model light attenuation equation.

4. The method of claim 3, wherein the light attenuation
equation comprises a Beer’s Law equation comprising terms
that correspond to incident light absorption by oxygenated
heme, deoxygenated heme, and water in the target tissue.

5. The method of claim 4, wherein the light attenuation
equation comprises a series expansion of light attenuation in
a plurality of terms that correspond to Beer’s Law absorp-
tion terms.

6. The method of claim 5, wherein the series expansion of
light attenuation comprises a Taylor series expansion of light
attenuation.

7. The method of claim 3, wherein the light attenuation
equation comprises a term that varies linearly with a wave-
length of the incident light, the term having a functional
form ah where a is a constant and A is the wavelength of the
incident light.

8. The method of claim 3, wherein the light attenuation
equation comprises a constant term independent of a wave-
length of the incident light.

9. The method of claim 3, wherein fitting the light
attenuation spectra to a model comprises performing a
two-stage fitting procedure wherein, in a first stage, initial
values of one or more model parameters are determined, and
in a second stage, the light attenuation spectra are fitted to
the model, wherein the model comprises the initial param-
eter values determined in the first stage.

10. The method of claim 9, wherein the light attenuation
spectra are fitted to the model by minimizing a sum of
squared differences between the light attenuation spectra and
light attenuation values determined from the model.

11. The method of claim 3, wherein the fitting is per-
formed automatically by a processor.

12. The method of claim 7, wherein the value of a is
constrained during fitting so that a assumes only values that
are less than or equal to zero.

13. The method of claim 4, wherein the light attenuation
equation further comprises a baseline function derived from
a difference between light attenuation values determined
from the light attenuation equation and the light attenuation
spectra.

14. The method of claim 4, wherein the light attenuation
equation further comprises a differential path length factor
that varies directly with a scattering coeflicient of the target
tissue and inversely with an absorption coefficient of the
target tissue.

15. The method of claim 3, wherein the light attenuation
equation comprises a diffuse reflectance equation derived
from a radiation diffusion model of incident light in the
target tissue.

16. The method of claim 1, wherein measuring intensities
of reflected radiation comprises:

measuring, along a first optical path from a light source to
a detector, reflected radiation from the target tissue that
corresponds to a first source-detector spacing; and

measuring, along a second optical path from the light
source to the detector, reflected radiation from the
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target tissue that corresponds to a second source-de-
tector spacing different from the first source-detector
spacing.

17. The method of claim 16, wherein the reflected radia-
tion measured at the first source-detector spacing comprises
a first weighting of contributions from the target tissue and
from tissue layers disposed between the light source and the
target tissue, and the reflected radiation measured at the
second source-detector spacing comprises a second weight-
ing of contributions from the target tissue and from the tissue
layers disposed between the light source and the target tissue
different from the first weighting.

18. The method of claim 17, wherein the tissue layers
disposed between the light source and the target tissue are
skin and fat layers.

19. The method of claim 18, wherein correcting the
measured intensities of the reflectance spectra comprises
reducing contributions from the skin and fat layers to the
reflected radiation measured at the second source-detector
spacing based on the reflected radiation measured at the first
source-detector spacing.

20. The method of claim 1, further comprising determin-
ing oxygen tension in the target tissue based on oxygen
saturation in the target tissue.

21. The method of claim 2, further comprising assessing
a level of vasoconstriction in a patient based on a measure-
ment of total hemoglobin in a target tissue of the patient,
wherein total hemoglobin is determined based on the con-
centrations of oxygenated and deoxygenated heme in the
target tissue.

22. The method of claim 1, wherein the target tissue is
within a human.

23. The method of claim 1, wherein the target tissue is
within an animal.

24. The method of claim 1, wherein the plurality of
wavelengths comprises at least 100 wavelengths or more.

25. The method of claim 1, wherein the plurality of
wavelengths comprises wavelengths from 700 nm to 1000
nm.
26. The method of claim 22, wherein the plurality of
wavelengths comprises wavelengths from 725 nm to 880
nm.

27. The method of claim 1, wherein the target tissue is a
muscle tissue.

28. A method of monitoring blood volume in a patient, the
method comprising:

directing incident radiation to a target tissue of the patient
and determining reflectance spectra of the target tissue
by measuring intensities of reflected radiation from the
target tissue at a plurality of wavelengths;

correcting the measured intensities of the reflectance
spectra to reduce contributions thereto from skin and
fat layers through which the incident radiation propa-
gates;

determining total heme concentration in the target tissue
based on the corrected reflectance spectra;

assessing a blood volume in the patient based on the total
heme concentration; and

outpuiting the assessed blood volume.
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29. The method of claim 28, further comprising assessing
a stage of progress of at least one of hemorrhage, sepsis,
heart disease, and diabetes in the patient based on the
assessed blood volume.

30. A method for calculating oxygen saturation in a target
tissue, the method comprising:

directing incident radiation to a target tissue and deter-
mining reflectance spectra of the target tissue by mea-
suring intensities of reflected radiation from the target
tissue at a plurality of radiation wavelengths;

determining light attenuation spectra of the target tissue
from the reflectance spectra, and fitting the light attenu-
ation spectra to a model light attenuation equation; and

determining oxygen saturation in the target tissue based
on the fitting of the light attenuation spectra,

wherein fitting the light attenuation spectra to a model
comprises performing a two-stage fitting procedure
wherein, in a first stage, initial values of one or more
model parameters are determined, and in a second
stage, the light attenuation spectra are fitted to the
model, wherein the model comprises the initial param-
eter values determined in the first stage.
31. The method of claim 30, wherein the model comprises
a term having a functional form ak, and wherein the value
of a is constrained during the fitting to be less than or equal
to zero.
32. A system, comprising:

a light source configured to direct incident radiation to a
target tissue;

a detector; and
a processor coupled to the detector and configured to:
determine reflectance spectra of the target tissue;

correct the reflectance spectra to reduce contributions
thereto from skin and fat layers through which the
incident radiation propagates; and

determine oxygen saturation in the target tissue based
on the corrected reflectance spectra.

33. The system of claim 32, wherein the processor is
configured to determine reflectance spectra of the target
tissue by directing the detector to measure intensities of
reflected radiation from the target tissue at a plurality of
radiation wavelengths.

34. The system of claim 32, wherein the processor is
configured to determine oxygen saturation by calculating
light attenuation spectra from the corrected reflectance spec-
tra, and calculating oxygen saturation based on concentra-
tions of oxygenated and deoxygenated heme in the target
tissue that are derived from the light attenuation spectra,
wherein heme comprises hemoglobin and myoglobin in the
target tissue.

35. The system of claim 32, further comprising:

a first radiation path between the light source and the
detector, and corresponding to a first distance between
the light source and the detector; and

a second radiation path between the light source and the
detector, and corresponding to a second distance
between the light source and the detector different from
the first distance,
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wherein incident radiation from the light source is
directed along each of the first and second radiation
paths to the target tissue, and reflected radiation from
the target tissue is directed along each of the first and
second radiation paths to the detector.

36. The system of claim 35, wherein the processor is
configured to reduce contributions to the measured reflec-
tance spectra from skin and fat layers by measuring reflec-
tance spectra along each of the first and second light paths,
and combining the reflectance spectra to produce corrected
reflectance spectra.

37. The system of claim 35, wherein each of the first and
second radiation paths comprises an optical fiber.

38. The system of claim 34, wherein the processor is
configured to derive the concentrations of oxygenated and
deoxygenated heme in the target tissue by fitting the light
attenuation spectra to a model light attenuation equation.

15
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39. The system of claim 38, wherein the model light
attenuation equation comprises a Beer’s Law equation com-
prising terms that correspond to absorption of incident
radiation by oxygenated heme. deoxygenated heme, and
water in the target tissue.

40. The system of claim 32, wherein the processor is
further configured to determine oxygen tension in the target
tissue from oxygen saturation.

41. The system of claim 34, wherein the processor is
further configured to determine total heme concentration in
the target tissue from the concentrations of oxygenated and
deoxygenated heme in the target tissue.

42. The system of claim 41, wherein the processor is
further configured to assess a blood volume in the target
tissue based on the total heme concentration.
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