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(57) ABSTRACT

A method for determining oxygen saturation includes emit-
ting light from sources into tissue; detecting the light by
detectors subsequent to reflection; and generating reflectance
data based on detecting the light. The method includes deter-
mining a first subset of simulated reflectance curves from a set
of simulated reflectance curves stored in a tissue oximetry
device for a coarse grid; and fitting the reflectance data points
to the first subset of simulated reflectance curves to determine
a closest fitting one of the simulated reflectance curves. The
method includes determining a second subset of simulated
reflectance curves for a fine grid based on the closest fitting
one ofthe simulated reflectance curves; determining a peak of
absorption and reflection coefficients from the fine grid; and
determining an absorption and a reflectance coefficient for the
reflectance data points by performing a weighted average of
the absorption coefficients and reflection coefficients from
the peak.
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USING MONTE CARLO AND ITERATIVE
TECHNIQUES TO DETERMINE TISSUE
OXYGEN SATURATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This patent application is a continuation of U.S.
patent application Ser. No. 13/887,220, filed May 3, 2013,
issued as U.S. Pat. No. 9,345,439 on May 24, 2016, which
claims the benefit of U.S. patent applications 61/642,389,
61/642,393, 61/642,395, and 61/642,399, filed May 3, 2012,
and 61/682,146, filed Aug. 10, 2012. These applications are
incorporated by reference along with all other references
cited in this application.

BACKGROUND OF THE INVENTION

[0002] The present invention relates generally to optical
systems that monitor oxygen levels in tissue. More specifi-
cally, the present invention relates to optical probes, such as
oximeters, that include sources and detectors on sensor heads
of the optical probes and that use locally stored simulated
reflectance curves for determining oxygen saturation of tis-
sue.

[0003] Oximeters are medical devices used to measure
oxygen saturation of tissue in humans and living things for
various purposes. For example, oximeters are used for medi-
cal and diagnostic purposes in hospitals and other medical
facilities (e.g., surgery, patient monitoring, or ambulance or
other mobile monitoring for, e.g., hypoxia); sports and ath-
letics purposes at a sports arena (e.g., professional athlete
monitoring); personal or at-home monitoring of individuals
(e.g., general health monitoring, or person training for a
marathon); and veterinary purposes (e.g., animal monitor-
ing).

[0004] Pulse oximeters and tissue oximeters are two types
of oximeters that operate on different principles. A pulse
oximeter requires a pulse in order to function. A pulse oxime-
ter typically measures the absorbance of light due to the
pulsing arterial blood. In contrast, a tissue oximeter does not
require a pulse in order to function, and can be used to make
oxygen saturation measurements of a tissue flap that has been
disconnected from a blood supply.

[0005] Human tissue, as an example, includes a variety of
light-absorbing molecules. Such chromophores include oxy-
genated and deoxygenated hemoglobins, melanin, water,
lipid, and cytochrome. Oxygenated and deoxygenated hemo-
globins are the most dominant chromophores in tissue for
much of the visible and near-infrared spectral range. Light
absorption differs significantly for oxygenated and deoxy-
genated hemoglobins at certain wavelengths of light. Tissue
oximeters can measure oxygen levels in human tissue by
exploiting these light-absorption differences.

[0006] Despite the success of existing oximeters, there is a
continuing desire to improve oximeters by, for example,
improving measurement accuracy; reducing measurement
time; lowering cost; reducing size, weight, or form factor;
reducing power consumption; and for other reasons, and any
combination of these.

[0007] In particular, assessing a patient’s oxygenation
state, at both the regional and local level, is important as it is
an indicator of the state of the patient’s health. Thus, oxime-
ters are often used in clinical settings, such as during surgery
and recovery, where it may be suspected that the patient’s
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tissue oxygenation state is unstable. For example, during
surgery, oximeters should be able to quickly deliver accurate
oxygen saturation measurements under a variety of non-ideal
conditions. While existing oximeters have been sufficient for
post-operative tissue monitoring where absolute accuracy is
not critical and trending data alone is sufficient, accuracy is,
however, required during surgery in which spot-checking can
be used to determine whether tissue might remain viable or
needs to be removed.

[0008] Therefore, there is a need for an improved tissue
oximetry probes and methods of making measurements using
these probes.

BRIEF SUMMARY OF THE INVENTION

[0009] A tissue oximetry device utilizes a relatively large
number of simulated reflectance curves to quickly determine
the optical properties of tissue under investigation. The opti-
cal properties of the tissue allow for the further determination
of the oxygenated hemoglobin and deoxygenated hemoglo-
bin concentrations of the tissue as well as the oxygen satura-
tion of the tissue.

[0010] According to a specific embodiment, a method for
determining oxygen saturation of tissue via a tissue oximetry
device includes emitting light from a set of light sources into
tissue; detecting the light by a plurality of detectors subse-
quent to reflection of the light from the tissue; and generating
reflectance data points for the tissue based on detecting the
light by the plurality of detectors. The method further
includes determining a first subset of simulated reflectance
curves from a set of sinulated reflectance curves stored in the
tissue oximetry device for a coarse grid; and fitting the reflec-
tance data points to the first subset of simulated reflectance
curves included in the coarse grid to determine a closest
fitting one of the simulated reflectance curves included in the
coarse grid. The method further includes determining a sec-
ond subset of simulated reflectance curves from the set of
simulated reflectance curves stored in the tissue oximetry
device for a fine grid based on the closest fitting one of the
simulated reflectance curves included in the coarse grid. The
method further includes determining a peak surface array of
absorption coefficients and reflection coefficients from the
fine grid; and determining an absorption coefficient and a
reflectance coefficient for the reflectance data points by per-
forming a weighted average of the absorption coefficients and
reflection coefficients from the peak surface array. The
weighted average may be a centroid calculation.

[0011] According to a specific implementation of the
method, fitting the reflectance data points to a subset of simu-
lated reflectance curves included in the coarse grid includes
calculating a sum of squares error between the reflectance
data points and each of the simulated reflectance curves of the
coarse grid. According to another specific embodiment of the
method, fitting the reflectance data points to a subset of simu-
lated reflectance curves included in the fine grid includes
calculating a sum of squares error between the reflectance
data points and each of the simulated reflectance curves of the
fine grid.

[0012] According to a specific implementation, the method
further includes determining an oxygen saturation value for
the tissue based on the scattering coefficient and the absorp-
tion coefficients for the tissue. Determining the oxygen satu-
ration includes generating a look-up table of oxygen satura-
tion values for finding a best fit of absorption coefficients
based on a range of probable total hemoglobin, melanin, and
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oxygen saturation values. Determining the oxygen saturation
may further include converting the absorption coefficients to
a unit vector; dividing the unit vector by a norm of the unit
vector to reduce systematic error; and comparing the unit
vector to the look-up table to find a best fit of the unit vector
to the oxygen saturations of the look-up table.

[0013] According to another embodiment, a tissue oxim-
etry device includes a processor; a memory storing a plurality
of simulated reflectance curves; a light source configured to
be controlled by the processor; and a plurality of detectors
configured to be controlled by the processor; wherein the
processor is configured to: control the light source to emit
light into tissue; control the detectors to detect the light sub-
sequent to reflection of the light from the tissue; control the
detectors to generate reflectance data based on detecting the
light; determine a first subset of simulated reflectance curves
from a set of simulated reflectance curves stored in the tissue
oximetry device for a coarse grid; fit the reflectance data
points to the first subset of simulated reflectance curves
included in the coarse grid to determine a closest fitting one of
the simulated reflectance curves included in the coarse grid;
determine a second subset of simulated reflectance curves
from the set of simulated reflectance curves stored in the
tissue oximetry device for a fine grid based on the closest
fitting one of the simulated reflectance curves included in the
coarse grid; and fit the reflectance data points to the second
subset of simulated reflectance curves included in the fine
grid to determine a closest fitting one of the simulated reflec-
tance curves included in the fine grid, wherein one of the
simulated reflectance curve from the fine grid that closest fits
the reflectance data points represents a scattering coefficient
and an absorption coefficient for the tissue.

[0014] In one implementation, the tissue oximetry device
can measure oxygen saturation without requiring a pulse or
heart beat. A tissue oximetry device of the invention is appli-
cable to many areas of medicine and surgery including plastic
surgery. The tissue oximetry device can make oxygen satu-
ration measurements of tissue where there is no pulse. Such
tissue may have been separated from the body (e.g., a flap)
and will be transplanted to another place in the body. Aspects
of the invention may also be applicable to a pulse oximeter. In
contrast to a tissue oximetry device, a pulse oximeter requires
a pulse in order to function. A pulse oximeter typically mea-
sures the absorbance of light due to the pulsing arterial blood.
[0015] Other objects, features, and advantages of the
present invention will become apparent upon consideration of
the following detailed description and the accompanying
drawings, in which like reference designations represent like
features throughout the figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a simplified image of a tissue oximetry
device according to one embodiment.

[0017] FIGS.2A and 2B are simplified end views of a tissue
oximetry probe of the tissue oximetry device according to a
pair of alternative embodiments.

[0018] FIG. 3 is a block diagram of the tissue oximetry
device according to one embodiment.

[0019] FIG. 4 is an example graph of a number of Monte
Carlo-simulated reflectance curves.

[0020] FIG.5A s a high-level flow diagram of a method for
determining the optical properties of tissue (e.g., real tissue)
by tissue oximetry device where the tissue oximetry device
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uses reflectance data and simulated reflectance curves to
determine the optical properties.

[0021] FIG. 5B is a high-level flow diagram of a method for
finding the particular simulated reflectance curve that best
bits the reflectance data points in the fine grid according to
one implementation.

[0022] FIG. 6 is a high-level flow diagram of another
method for determining the optical properties and tissue
properties of real tissue by the tissue oximetry device.
[0023] FIG. 7is a high-level flow diagram of a method for
weighting reflectance data generated by select detectors.

DETAILED DESCRIPTION OF THE INVENTION

[0024] FIG. 1 is a simplified image of a tissue oximetry
device 100 according to one embodiment. Tissue oximetry
device 100 is configured to make tissue oximetry measure-
ments, such as intraoperatively and postoperatively. Tissue
oximetry device 100 may be a handheld device that includes
atissue oximetry probe 115 (also referred to as asensor head),
which may be positioned at an end of a sensing arm 117.
Tissue oximetry device 100 is configured to measure the
oxygen saturation of tissue by emitting light, such as near-
infrared light, from tissue oximetry probe 115 into tissue, and
collecting light reflected from the tissue at the tissue oximetry
probe.

[0025] Tissue oximetry device 100 may include a display
112 or other notification device that notifies a user of oxygen
saturation measurements made by the tissue oximetry device.
While tissue oximetry probe 115 is described as being con-
figured for use with tissue oximetry device 100, which is a
handheld device, tissue oximetry probe 115 may be used with
other tissue oximetry devices, such as a modular tissue oxim-
etry device where the tissue oximetry probe is at the end ofa
cable device that couples to a base unit. The cable device
might be a disposable device that is configured for use with
one patient and the base unit might be a device that is config-
ured for repeated use. Such modular tissue oximetry devices
are well understood by those of skill in the art and are not
described further.

[0026] FIG. 2A is a simplified end view of tissue oximetry
probe 115 according to one embodiment. Tissue oximetry
probe 115 is configured to contact tissue (e.g., a patient’s
skin) for which a tissue oximetry measurement is to be made.
Tissue oximetry probe 115 includes a set of light sources 120
(generally light sources 120) and includes a set of detectors
125 (generally detectors 125). The set of light sources 120
may include two or more light sources. According to the
embodiment shown in FIG. 2A, tissue oximetry probe 115
includes three light sources 120a, 1205, and 120c, but may
alternatively include two light sources, such as light sources
120a and 120c¢ where light source 1205 is omitted. Additional
light sources (not shown) can be added. FIG. 2B is a simpli-
fied end view of a tissue oximetry probe 115" according to an
embodiment where the tissue oximetry probe includes the
two light sources 120a and 120¢, but does not include light
source 1205. Aside from the different number of light
sources, tissue oximetry probes 115 and 115' are substantially
similar.

[0027] The set of detectors 125 may include eight detectors
125a, 125b, 125¢, 125d, 125¢, 125f, 125¢, and 125/ as
shown, but may include more or fewer detectors. Detectors
125 are positioned with respect to outer light sources 120a
and 120c such that eight or more (e.g., fourteen) unique
source-to-detector distances are created. The shortest source-
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to-detector distances may be the same. For example, the
shortest source-to-detector distance D1 between light source
120a and detector 125¢, and the shortest source-to-detector
distance D9 between light source 120¢ and detector 1254 may
be the same. It follows that the source-to-detector distance D3
between light source 120a and detector 1254, and the source-
to-detector distance D10 between light source 120¢ and
detector 125¢ may also be the same. The source-to-detector
distances D5 and D10 are the longest source-to-detector dis-
tance for light sources 1204 and 120c.

[0028] With the exception of the shortest source-to-detec-
tor distance and the longest source-to-detector distance for
light sources 120a and 120c, the source-to-detector distances
for light sources 120a and 120¢ may be unique. As described
above, tissue oximetry probe 115 may have fourteen unique
source-to-detector distances that allow for fourteen reflec-
tance data points to be collected by detectors 125 from light
emitted from light sources 120a and 120c.

[0029] Furthermore, the source-to-detector distances for
light sources 120a and 120¢ may also be selected such that the
increases in the distances are substantially uniform. Thereby,
a plot of source-to-detector distance verses reflectance
detected by detectors 125 can provide a reflectance curve
where the data points are well spaced along the x-axis. These
spacings of the distances between light sources 120a and
120c, and detectors 125 reduces data redundancy and can lead
to the generation of relatively accurate reflectance curves
(further described below).

[0030] While the tissue oximetry probes 115 and 115'
described above have circularly arranged detectors, the detec-
tors may be positioned in other arrangements, such as ran-
domly, triangular, rectangular, square, ovoid, or the like. In
some embodiments, the light sources may also be alterna-
tively arranged, such as randomly, in triangular, rectangular,
ovoid, or other shapes.

[0031] FIG. 3 is a block diagram of tissue oximetry device
100 according to one embodiment. Tissue oximetry device
100 includes display 112, a processor 116, a memory 117, a
speaker 118, one or more user-selection devices 119 (e.g., one
or more switches), a set of light sources 120, a set of detectors
125, and a power source (e.g., a battery) 127. The foregoing
listed components may be linked together via a bus 128,
which may be the system bus architecture of tissue oximetry
device 100. Although this figure shows one bus that connects
to each component, the busing is illustrative of any intercon-
nection scheme serving to link these components or other
components included in tissue oximetry device 100 sub-
systems. For example, speaker 118 could be connected to a
subsystem through a port or have an internal direct connec-
tion to processor 116. Further, the components described are
housed in a mobile housing (see FIG. 1) of tissue oximetry
device 100 according to at least one embodiment.

[0032] Processor 116 may include a microprocessor, a
microcontroller, control logic, a multi-core processor, or the
like. Memory 117 may include a variety of memories, such as
avolatilememory 1174 (e.g., a RAM), anonvolatile memory
1175 (e.g., a disk, FLASH, or the like). Different implemen-
tations of tissue oximetry device 100 may include any number
of the listed components, in any combination or configura-
tion, and may also include other components not shown.
[0033] Power source 127 can be a battery, such as a dispos-
able battery. Disposable batteries are discarded after their
stored charge is expended. Some disposable battery chemis-
try technologies include alkaline, zinc carbon, or silver oxide.
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The battery has sufficient stored charged to allow use of the
handheld device for several hours. After use, the handheld
unit is discarded.

[0034] In other implementations, the battery can also be
rechargeable where the battery can be recharged multiple
times after the stored charge is expended. Some rechargeable
battery chemistry technologies include nickel cadmium
(NiCd), nickel metal hydride (NiMH), lithium ion (Li-ion),
and zinc air. The battery can be recharged, for example, viaan
AC adapter with cord that connects to the handheld unit. The
circuitry in the handheld unit can include a recharger circuit
(not shown). Batteries with rechargeable battery chemistry
may be sometimes used as disposable batteries, where the
batteries are not recharged but disposed of after use.

[0035] Stored Simulated Reflectance Curves

[0036] According to a specific embodiment, memory 117
stores a number of Monte Carlo-simulated reflectance curves
315 (“simulated reflectance curves”), which may be gener-
ated by a computer for subsequent storage in the memory.
Each of the simulated reflectance curves 315 represents a
simulation of light (e.g., near infrared light) emitted from one
or more simulated light sources into simulated tissue and
reflected from the simulated tissue into one or more simulated
detectors. Simulated reflectance curves 315 are for a specific
configuration of simulated light sources and simulated detec-
tors, such as the configuration of light sources 120 and detec-
tors 125 in tissue oximetry probes 115, 115", or the like.
Therefore, simulated reflectance curves 315 model light emit-
ted from, and collected by, tissue oximetry device 100. Fur-
ther, each of the simulated reflectance curves 315 represents
a unique real tissue condition, such as specific tissue absorp-
tion and tissue scattering values that relate to particular con-
centrations of tissue chromophores and densities of tissue
scatterers. The number of simulated reflectance curves stored
in memory 117 may be relatively large and can represent
nearly all, if not all, practical combinations of optical prop-
erties and tissue properties that may be present in real tissue
that is analyzed for viability by tissue oximetry device 100.
While memory 117 is described herein as storing Monte
Carlo-simulated reflectance curves, memory 117 may store
simulated reflectance curves generated by methods other than
Monte Carlo methods, such as using the diffusion approxi-
mation.

[0037] FIG. 4 is an example graph of a reflectance curve,
which may be for a specific configuration of light sources 120
and detectors 125, such as one of the configurations light
sources and detectors of tissue oximetry probes 115, 115', or
the like. The horizontal axis of the graph represents the dis-
tances between light sources 120 and detectors 125 (i.e.,
source-detector distances). If the distances between light
sources 120 and detectors 125 are appropriately chosen, and
the simulated reflectance curve is a simulations for light
sources 120 and detectors 125, then the lateral spacings
between the data points in the simulated reflectance curve will
be relatively uniform. Such relatively uniform spacings can
be seen in the simulated reflectance curve in FIG. 4. The
vertical axis of the graph represents the simulated reflectance
of light that reflects from tissue and is detected by detectors
125. As shown by the simulated reflectance curve, the reflec-
tance that reaches detectors 125 varies with the distance
between light sources 120 and detectors 125.

[0038] According to one implementation, memory 117
stores a select number of points for each of the simulated
reflectance curves 315 and might not store the entirety of the
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simulated reflectance curves. The number of points stored for
each of simulated reflectance curves 315 may match the num-
ber of source-detector pairs. For example, if tissue oximetry
probe 115 includes two light sources 120a and 120¢ and
includes eight detectors 1254-1254, then tissue oximetry
probe 100 includes sixteen source-detector pairs, and
memory 117 may thus store sixteen select data points for each
of the simulated reflectance curves, where stored data points
are for the specific source-detectors distances (i.e., distances
between the light sources and the detectors).

[0039] Thus, the simulated reflectance curve database
stored in memory 117 might be sized 16x3x5850 where
sixteen points are stored per curve for three different wave-
lengths that may be generated and emitted by each light
source 210 and wherein there are a total of 5850 curves
spanning the optical property ranges. Alternatively, the simu-
lated reflectance curve database stored in memory 117 might
be sized 16x4x5850 wherein sixteen points are stored per
curve for four different wavelengths that may be generated
and emitted by each light source and wherein there are a total
of 5850 curves spanning the optical property ranges. The
5850 curves originate, for example, from a matrix of 39
absorption coefficients p', values and 150 absorption coeffi-
cient p, values. The ', values might range from 5:5:24 cen-
timeter * (', depends on the value for g). The 1, values might
range from 0.01:0.01:1.5. It will be understood the foregoing
described ranges are example ranges and the number source-
detectors pairs, the number of wavelengths generated by each
light source, and the number of simulated reflectance curves
may be smaller or larger.

[0040] Tissue Analysis

[0041] FIG.5A s ahigh-level flow diagram of a method for
determining the optical properties of tissue (e.g., real tissue)
by tissue oximetry device 100 where the tissue oximetry
device uses reflectance data and simulated reflectance curves
315to determine the optical properties. The optical properties
may include the absorption coefficient 1, and the scattering
coefficients i, of the tissue. A further method for conversion
of the absorption coefficient i1, and the scattering coefficients
of the tissue |, to oxygen saturation values for tissue is
described in further detail below. The high-level flow diagram
represents one example embodiment. Steps may be added to,
removed from, or combined in the high-level flow diagram
without deviating from the scope of the embodiment.

[0042] At 500, tissue oximetry device 100 emits light (e.g.,
near infrared light) from one of the light sources 120, such as
light source 120q into tissue. The tissue oximetry device is
generally in contact with the tissue when the light is emitted
from the light source. After the emitted light reflects from the
tissue, detectors 125 detect a portion this light, step 505, and
generate reflectance data points for the tissue, step 510. Steps
500, 505, and 510 may be repeated for multiple wavelengths
of light (e.g., red, near infrared light, or both) and for one or
more other light sources, such as light source 120c. The
reflectance data points for a single wavelength might include
sixteen reflectance data points if, for example, tissue oxim-
etry probe 115 has sixteen source-detectors distances. The
reflectance data points are sometimes referred to as an N-vec-
tor of the reflectance data points.

[0043] At 515, the reflectance data points (e.g., raw reflec-
tance data points) are corrected for gain of the source-detector
pairs. During calibration of the source-detector pairs, gain
corrections are generated for the source-detector pairs and are
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stored in memory 117. Generation of the gain corrections are
described in further detail below.

[0044] At 520, processor 116 fits (e.g., via a sum of squares
error calculation) the reflectance data points to the simulated
reflectance curves 315 to determine the particular reflectance
data curve that best fits (i.e., has the lowest fit error) the
reflectance data points. According to one specific implemen-
tation, a relatively small set of simulated reflectance curves
that are a “coarse” grid of the database of the simulated
reflectance curves is selected and utilized for fitting step 520.
For example, given 39 scattering coefficient ', values and
150 absorption coefficient u, values, a coarse grid of simu-
lated reflectance curves might be determined by processor
116 by taking every 5Sth scattering coefficient ', value and
every 8th absorption coeflicients 1, for atotal of 40 simulated
reflectance curves in the coarse grid. It will be understood that
the foregoing specific values are for an example embodiment
and that coarse grids of other sizes might be utilized by
processor 116. The result of fitting the reflectance data points
to the coarse grid is a coordinate in the coarse grid (1,
W' )ooarse OF the best fitting simulated reflectance curve.

[0045] At 525, the particular simulated reflectance curve
from the coarse grid having the lowest fit error is utilized by
processor 116 to define a “fine” grid of simulated reflectance
curves where the simulated reflectance curves in the fine grid
are around the simulated reflectance curve from the coarse
grid having the lowest fit error.

[0046] That is, the fine grid is a defined size, with the lowest
error simulated reflectance curve from the coarse grid defin-
ing the center of the fine grid. The fine grid may have the same
number of simulated reflectance curves as the coarse grid or it
may have more or fewer simulated reflectance curves. The
fine grid is substantially fine so as to provide a sufficient
number of points to determine a peak surface array of nearby
absorption coefficient p, values and scattering coefficient '
values, step 530, in the fine grid. Specifically, a threshold may
be set by processor 116 utilizing the lowest error value from
the coarse grid plus a specified offset. The positions of the
scattering coefficient ', and the absorption coefficient j1, on
the fine grid that have errors below the threshold may all be
identified for use in determining the peak surface array for
further determining the scattering coefficient ', and the
absorption coefficient i, for the reflectance data. Specifically,
an error fit is made for the peak to determine the absorption
coefficient 11, and the scattering coefficient ', values at the
peak. A weighted average (e.g., a centroid calculation) of the
absorption coefficient p, and the scattering coefficient ',
values at the peak may be utilized by the tissue oximetry
device for the determination of the absorption coefficient p,
and the scattering coefficient |t'; values for the reflectance data
points for the tissue, step 540.

[0047] Weights for the absorption coefficient 1, and the
scattering coefficient ', values for the weighted average may
be determined by processor 116 as the threshold minus the
fine grid error. Because points on the fine grid are selected
with errors below the threshold, this gives positive weights.
The weighted calculation of the weighted average (e.g., cen-
troid calculation) renders the predicted scattering coefficient
w'; and absorption coefficient p, (i.e., (1, W,)4,.) for the
reflectance data points for the tissue. Other methods may be
utilized by the tissue oximetry device, such as fitting with one
or more of a variety of non-linear least squares to determine
the true minimum error peak for the scattering coefficient us.
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[0048] According to one implementation, processor 116
calculates the log of the reflectance data points and the simu-
lated reflectance curves, and divides each log by the square
root of the source-detector distances (e.g., in centimeters).
These log values divided by the square root of the of the
source-detector distances may be utilized by processor 116
for the reflectance data points and the simulated reflectance
curves in the foregoing described steps (e.g., steps 515, 520,
525, and 530) to improve the fit of the reflectance data points
to the simulated reflectance curves.

[0049] According to another implementation, the offset is
set essentially to zero, which effectively gives an offset of the
difference between the coarse grid minimum and the fine grid
minimum. The method described above with respect to FIG.
5A relies on minimum fit error from the coarse grid, so the
true minimum error on the fine grid is typically lower. Ideally,
the threshold is determined from the lowest error on the fine
grid, which would typically require additional computation
by the processor.

[0050] The following is a further detailed description for
finding the particular simulated reflectance curve that best fits
the reflectance data points in the fine grid according to one
implementation. FIG. 5B is a high-level flow diagram of a
method for finding the particular simulated reflectance curve
that best fits the reflectance data points in the fine grid accord-
ing to one implementation. The high-level flow diagram rep-
resents one example embodiment. Steps may be added to,
removed from, or combined in the high-level flow diagram
without deviating from the scope of the embodiment.

[0051] Subsequent to determining the particular simulated
reflectance curve (1L, W',)., .., from the coarse grid that best
fits the reflectance data points at step 525, processor 116
computes an error surface in a region about (W,, 1'y) 010 11
the full simulated reflectance curve database (i.e., 16x3x5850
(u,, 1) database) of simulated reflectance curves, step 550.
The error surface is denoted as: err(y,, 1t',). Thereafter, pro-
cessor 116 locates the minimum error value in err(u,, \'y),
which is referred to as err,,,, step 555. Processor 116 then
generates a peak surface array from err(u,, ') that is denoted
by pksurf(p,, n',)=k+err,, , —err(n,, 1',) if the peak surface is
greater than zero, or pksurf(u,, ' )=k+err,,,—err(u,, u')=0if
the peak surface is less than or equal to zero, step 560. In the
expression k is chosen from a peak at the minimum point of
err(l,, W',) with a width above zero of approximately ten
elements. The center-of-mass (i.e., the centroid calculation)
of the peak in pksurf(y,, 1',) uses the heights of the points as
weights, step 565. The position of the center-of-mass is the
interpolated result for the absorption coefficient n, and the
scattering coefficient ', for the reflectance data points for the
tissue

[0052] The method described above with respect to FIGS.
5A and 5B for determining the absorption coefficient p1, and
the scattering coefficient ', for reflectance data points for
tissue may be repeated for each of the wavelengths (e.g., 3 or
4 wavelengths) generated by each of light sources 120.
[0053] Oxygen Saturation Determination

[0054] According to a first implementation, processor 116
determines the oxygen saturation for tissue that is probed by
tissue oximetry device 100 by utilizing the absorption coef-
ficients p, (e.g., 3 or 4 absorption coefficients p ) that are
determined (as described above) for the 3 or 4 wavelengths of
light that are generated by each light source 120. According to
a first implementation, a look-up table of oxygen saturation
values is generated for finding the best fit of the absorption
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coefficients 1, to the oxygen saturation. The look-up table
may be generated by assuming a range of likely total hemo-
globin, melanin, and oxygen saturation values and calculat-
ing p, for each of these scenarios. Then, the absorption coef-
ficient p, points are converted to a unit vector by dividing by
anorm of the unit vector to reduce systematic error and only
depend on relative shape of curve. Then the unit vector is
compared to the look-up table to find the best fit, which gives
the oxygen saturation.

[0055] According to a second implementation, processor
116 determines the oxygen saturation for the tissue by calcu-
lating the net analyte signal (NAS) of deoxygenated hemo-
globin and oxygenated hemoglobin. The NAS is defined as
the portion of the spectrum that is orthogonal to the other
spectral components in the system. For example, the NAS of
deoxygenated hemoglobin is the portion of the spectrum that
is orthogonal to oxygenated hemoglobin spectrum and mela-
nin spectrum. The concentrations of deoxygenated and oxy-
genated hemoglobin can then be calculated by vector multi-
plying the respective NAS and dividing by a norm of the NAS
squared. Oxygen saturation is then readily calculated as the
concentration of oxygenated hemoglobin divided by the sum
of oxygenated hemoglobin and deoxygenated hemoglobin.
Anal. Chem. 58:1167-1172 (1986) by Lorber is incorporated
by reference herein and provides a framework for a further
detailed understanding of the second implementation for
determining the oxygen saturation for the tissue.

[0056] According to one embodiment of tissue oximetry
device 100, the reflectance data is generated by detectors 125
at 30 Hertz, and oxygen saturation values are calculated at
approximately 3 Hertz. A running average of determined
oxygen saturation values (e.g., at least three oxygen satura-
tion values) may be displayed on display 112, which might
have an update rate of 1 Hertz.

[0057] Optical Properties

[0058] As described briefly above, each simulated reflec-
tance curve 315 that is stored in memory 117 represents
unique optical properties of tissue. More specifically, the
unique shapes of the simulated reflectance curves, for agiven
wavelength, represent unique values of the optical properties
oftissue, namely the scattering coefficient (), the absorption
coefficient (u,), the anisotropy of the tissue (g), and index of
refraction of the tissue from which the tissue properties may
be determined.

[0059] The reflectance detected by detectors 125 for rela-
tively small source-to-detector distances is primarily depen-
dent on the reduced scattering coefficient, p',. The reduced
scattering coefficient is a “lumped” property thatincorporates
the scattering coefficient i, and the anisotropy g of the tissue
where 1 .= (1-g), and is used to describe the diffusion of
photons in a random walk of many steps of size of 1/p', where
each step involves isotropic scattering. Such a description is
equivalent to a description of photon movement using many
small steps 1/u, which each involve only a partial deflection
angle if there are many scattering events before an absorption
event, i.e., L, <<u'.

[0060] In contrast, the reflectance that is detected by detec-
tors 125 for relatively large source-detector distances is pri-

marily dependent on the effective absorption coefficient u,,
which is defined as y/3p1, (i, +1;), which is a function of both
1, and .

[0061] Thus, by measuring reflectance at relatively small
source-detector distances (e.g., D1 between light source 120a
and detector 125¢ and D9 between light source 120¢ and
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detector 125¢) and relatively large source-detector distances
(e.g., D5 between light source 120a and detector 125a and
D10 between light source 120¢ and detector 125¢), both p,
and ', can be independently determined from one another.
The optical properties of the tissue can in turn provide suffi-
cient information for the calculation of oxygenated hemoglo-
bin and deoxygenated hemoglobin concentrations and hence
the oxygen saturation of the tissue.

[0062] Iterative Fit for Data Collection Optimization.
[0063] FIG. 6 is a high-level flow diagram of another
method for determining the optical properties of tissue by
tissue oximetry device 100. The high-level flow diagram rep-
resents one example embodiment. Steps may be added to,
removed from, or combined in the high-level flow diagram
without deviating from the scope of the embodiment.

[0064] At 600, tissue oximetry device 100 emits light (e.g.,
near infrared light) from one of the light sources, such as light
source 120aq into tissue. After the emitted light reflects from
the tissue, detectors 125 detect the light, step 605, and gen-
erate reflectance data for the tissue, step 610. Steps 600, 605,
and 610 may be repeated for multiple wavelengths of light
and for one or more other light sources, such as light source
120c. At 615, tissue oximetry device 100 fits the reflectance
data to simulated reflectance curves 315 and determines the
simulated reflectance curve to which the reflectance data has
the best fit. Thereafter, tissue oximetry device 100 determines
the optical properties (e.g., ., and ') for the tissue based on
the optical properties of the simulated reflectance curve that
best fits the reflectance data, step 620.

[0065] At 625 tissue oximetry device 100 determines the
mean free path of the light in the tissue from the optical
properties (e.g., mfp=1/(u+',)) determined at step 620. Spe-
cifically, the mean free path can be determined from the
optical properties obtained from a cumulative reflectance
curve that includes the reflectance data for all of the source-
detector pairs (e.g., pair 1: light source 120a-detector 125¢;
pair 2: light source 120a-detector 125f; pair 3: light source
120a-detector 125g; pair 4: light source 120a-detector 1254,
pair 5: light source 120a-detector 125a; pair 6: light source
120a-detector 1255; pair 7: light source 120a-detector 125¢;
pair 8: light source 120a-detector 1254; . . . pair 9: light source
120c-detector 125e, pair 10: light source 1205-detector 125/
.. .and others.).

[0066] At 630, tissue oximetry device 100 determines
whether the mean free path calculated for a given region of the
tissue is longer than two times the shortest source-to-detector
distance (e.g., D1 between light source 120a and detector
125e, and D9 between light source 120¢ and detector 1254).
If the mean free path is longer than two times the shortest
source-to-detector distance, then the collected reflectance
data is re-fitted to the simulated reflectance curves (i.e., reana-
lyzed) without utilizing the reflectance data collected from
the detectors for the source-to-detector pairs (e.g., pair 1: light
source 120a-detector 125¢ and pair 9 light source 120c-de-
tector 125¢) having the shortest source-to-detector distance.
For example, steps 615-630 are repeated without use of the
reflectance data from detector 125¢ with light source 120a
acting as the source for detector 125¢, and without use of the
reflectance data from detector 125a with light source 120¢
acting as the source for detector 125a. The process of calcu-
lating the mean free path and discarding the reflectance data
for one or more source-detector pairs may be repeated until no
source-detector pairs that contribute reflectance data to the fit
have a source-to-detector distance shorter than one half of the
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calculated mean free path. Thereafter, oxygen saturation is
determined from the best fitting simulated reflectance curve
and reported by tissue oximetry device 110, such as on dis-
play 112, step 635.

[0067] Light that is emitted from one of the light sources
120 into tissue and that travels less than half of the mean free
path is substantially non-diffusely reflected. The re-emission
distance for this light is strongly dependent on the tissue
phase function and the local tissue composition. Therefore,
using the reflectance data for this light tends to resultin a less
accurate determination of the optical properties and tissue
properties as compared with the reflectance data for light that
has undergone multiple scattering events.

[0068] Data Weighting

[0069] Detectors 125 that are positioned at increasing dis-
tances from light sources 120 receive decreasing amounts of
reflectance from tissue. Therefore, the reflectance data gen-
erated by detectors 125 having relatively short source-to-
detector distances (e.g., D1) tends to exhibit intrinsically
lower noise compared to reflectance data generated by detec-
tors having relatively long source-to-detector distances (e.g.,
D5 and D10). Fit algorithms may therefore preferentially fit
the simulated reflectance curves to the reflectance data that is
generated by detectors 125 having relatively short source-to-
detectors distances (e.g., source-to-detector distances less
than or equal to the average distance between the light sources
and the detectors) more tightly than reflectance data that is
generated by detectors having relatively long source-to-de-
tector distances (e.g., source-to-detector distances greater
than the average distance). For relatively accurate determina-
tion of the optical properties from the reflectance data, this
distance-proportional skew may be undesirable and may be
corrected by weighting the reflectance data as described
immediately below.

[0070] FIG. 7 is a high-level flow diagram of a method for
weighting reflectance data generated by select detectors 125.
The high-level flow diagram represents one example embodi-
ment. Steps may be added to, removed from, or combined in
the high-level flow diagram without deviating from the scope
of the embodiment.

[0071] At 700, tissue oximetry device 100 emits light from
one of the light sources, such as light source 1204 into tissue.
After the emitted light reflects from the tissue, detectors 125
detect the light, step 705, and generate reflectance data for the
tissue, step 710. Steps 700, 705, and 710 may be repeated for
multiple wavelengths of light and for one or more other light
sources, such as light source 120c. At 715, tissue oximetry
device 100 fits a first portion of the reflectance data to the
simulated reflectance curves. The first portion of the reflec-
tance data is generated by a first portion of detectors that are
less than a threshold distance from the light source. The
threshold distance may be the average distances (e.g,
approximate mid-range distance) between the light sources
and the detectors. At 720, reflectance data for a second portion
of the reflectance data is fitted to the simulated reflectance
curves. The second portion of reflectance data is generated by
the first portion of the detectors and another detector that is at
the next largest source-to-detector distance from the source
compared to the threshold distance. For example, if the first
portion of detectors includes detectors 125¢, 1254, 125¢, and
125f; then the detector that is at the next largest source-to-
detector distance is detector 125g (e.g., closer to light source
120q than detector 125¢, see FIGS. 2A and 2B).
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[0072] At 725, the fit generated at step 715 is compared to
the fit generated at step 720 to determine whether the fit
generated at step 720 is better than the fit generated at 715. As
will be understood by those of skill in the art, a “closeness” of
a fit of data to a curve is quantifiable based on a variety of
parameters, and the closeness of fits are directly comparable
to determine the data having a closer fit (closer fit) to a curve.
As will be further understood, a closer fit is sometimes also
referred to as a better fit or a tighter fit. If the fit generated at
step 720 1is better than the fit generated at step 715, then steps
720 and 725 are repeated with reflectance data that is gener-
ated by detectors that include an additional detector (accord-
ing to the example being considered, detector 125¢) that is
positioned at a next increased source-to-detector distance
from the source. Alternatively, if the fit generated at step 720
is not better than the fit generated at step 715, then the reflec-
tance data for detectors 125 that are positioned at source-to-
detector distances that are greater than the threshold distance
are not used in the fit. Thereafter, tissue oximetry device 100
uses the fit generated at 715 or step 720 (if better than the fit
determined at step 715) to determine the optical properties
and the oxygen saturation of the tissue, step 730. Thereafter,
oxygen saturation is reported by tissue oximetry device 110,
such as on display 112, step 735.

[0073] According to an alternative embodiment, if the fit
generated at step 720 is not better than the fit generated at step
715, then the reflectance data are weighted by a weighting
factor for detectors that have source-to-detector distances that
are greater than the threshold distance so that this weighted
reflectance data has a decreased influence on the fit, Reflec-
tance data that is not used in a fit may be considered as having
a zero weight and may be associated with reflectance from
tissue below the tissue layer of interest. Reflectance from
tissue below the tissue layer of interest is said to exhibit a
characteristic kink in the reflectance curve that indicates this
particular reflectance.

[0074] It is noted that curve-fitting algorithms that fit the
reflectance data to the simulated reflectance curves may take
into account the amount of uncertainty of the reflectance data
as well as the absolute location of the reflectance data. Uncer-
tainty in the reflectance data corresponds to the amount of
noise from the generation ofthe reflectance data by one of the
detectors, and the amount of noise can scale as the square root
of the magnitude of the reflectance data.

[0075] According to a further embodiment, tissue oximetry
device 100 iteratively weights the reflectance data based on
the amount of noise associated with the measurements of the
reflectance data. Specifically, the reflectance data generated
by detectors having relatively large source-to-detector dis-
tances generally have greater a greater signal-to-noise ratio
compared to the reflectance data generated by detector having
relatively short source-to-detector distances. Weighting the
reflectance data generated by detectors having relatively large
source-to-detector distances allows for this data to contribute
to the fit substantially equally to other reflectance data.
[0076] Calibration

[0077] According to one embodiment, tissue oximetry
device 100 is calibrated utilizing a number (e.g., three to
thirty) of tissue phantoms that have known optical properties.
Tissue oximetry device 100 may be used to probe the tissue
phantoms and collect reflectance data for the tissue phantoms.
The reflectance data for each tissue phantom may be fitted to
simulated reflectance curves 315. The reflectance data gen-
erated for each tissue phantom should fit a simulated reflec-
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tance curve, which has the same optical properties as the
tissue phantom. If the optical properties of the simulated
reflectance curve to which the reflectance data is fitted does
not match the optical properties of the tissue phantom, then a
calibration function may be generated by tissue oximetry
device 100 to improve the fit. The calibration function for
each of the tissue phantoms and matched simulated reflec-
tance curves should substantially match. One or more of the
calibration functions or an average of the calibration func-
tions may be stored in memory 117. The one or more calibra-
tion functions may be applied to reflectance data generated
for real tissue that is probed by tissue oximetry device 100 so
that the reflectance data for the real tissue will fit to one of the
simulated reflectance curves that has optical properties that
are a substantially accurate match to the optical properties of
the real tissue. Thereafter, the optical properties for the
matched simulated reflectance curve may be used to calculate
and report the oxygenation saturation of the real tissue.
[0078] Methods described herein for matching reflectance
datato a number of Monte Carlo-simulated reflectance curves
provides for relatively fast and accurate determination of the
optical properties of real tissue probed by the tissue oximetry
device. Speed in determining optical properties of tissue is an
important consideration in the design of intraoperative probes
compared to postoperative probes. Further, the Monte Carlo
methods described herein allow for robust calibration meth-
ods that in-turn allow for the generation of absolute optical
properties as compared with relative optical properties.
Reporting absolute optical properties, as opposed to relative
optical properties, is relatively important for intra-operative
probes as compared with post-operative probes.

[0079] This description of the invention has been presented
for the purposes of illustration and description. It is not
intended to be exhaustive or to limit the invention to the
precise form described, and many modifications and varia-
tions are possible in light of the teaching above. The embodi-
ments were chosen and described in order to best explain the
principles of the invention and its practical applications. This
description will enable others skilled in the art to best utilize
and practice the invention in various embodiments and with
various modifications as are suited to a particular use. The
scope of the invention is defined by the following claims.

The invention claimed is:

1. A method comprising:

providing a tissue oximeter device comprising a nonvola-
tile memory storing simulated reflectance curves,
wherein the nonvolatile memory retains the simulated
reflectance curves even after the device is powered off;

emitting light from at least one source of the tissue oxime-
ter device into a tissue to be measured,;

receiving at at least one detector of the tissue oximeter
device light reflected from the tissue in response to the
emitted light; and

based on the reflected light and the simulated reflectance
curves stored in the nonvolatile memory, calculating an
oxygen saturation value for the tissue, wherein a proces-
sor of the tissue oximeter device is configured to:

determine a plurality of digital reflectance data points for
the reflected light;

retrieve the simulated reflectance curves from the nonvola-
tile memory, wherein the simulated reflectance curves
were previously determined, before the processor deter-
mines the digital reflectance data points;
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based on the digital reflectance data points, determine a
first subset of the simulated reflectance curves based on
a coarse grid, wherein each curve in the first subset is
separated by an interval from another curve of the first
subset;

calculate a closest fitting of the digital reflectance data

points to a closest fit curve of the first subset of simulated
reflectance curves;

based on the digital reflectance data points, determine a

second subset of the simulated reflectance curves based
on a fine grid; and

using the closest fit curve and second subset of simulated

reflectance curves, calculate a set of absorption coeffi-
cients and a set of scattering coefficients for the reflec-
tance data points, wherein the set of absorption coeffi-
cients and the set of scattering coefficients areused in the
calculating an oxygen saturation value for the tissue.

2. The method of claim 1 wherein the processor of the
tissue oximeter device is not used to calculate the simulated
reflectance curves.

3. The method of claim 1 wherein the tissue oximeter
device comprises a sensor head comprising:

a first source and a second source;

at least a first detector and a second detector, arranged on a

first side of a first line passing through the first and
second sources, wherein the first detector is a first dis-
tance from the first source, the second detector is a
second distance from the first source, and the first dis-
tance is different from the second distance; and

at least a third detector and a fourth detector, arranged

below a second side of the first line passing through the
first and second sources, wherein the third detector is
symmetric to the first detector about a first point on the
first line, and the fourth detector is symmetric to the
second detector about the first point on the first line.

4. The method of ¢laim 1 wherein a curve of the simulated
reflectance curves comprises a first axis comprising a source-
detector separation distance and a second axis comprising
reflectance intensity.

5. The method of claim 4 wherein the curve comprises a
first curve point having a first reflectance intensity at a first
source-detector separation distance, and a second curve point
having a second reflectance intensity at a second source-
detector separation distance,

for the first curve point, the first reflectance intensity is

greater than the second reflectance intensity, and the first
source-detector separation distance is less than the sec-
ond source-detector separation distance, and

for the second curve point, the second reflectance intensity

is less than the first reflectance intensity, and the second
source-detector separation distance greater then the first
source-detector separation distance.

6. The method of claim 5 wherein the curve comprises a
third curve point having a third reflectance intensity at a third
source-detector separation distance, and a fourth curve point
having a fourth reflectance intensity at a fourth source-detec-
tor separation distance,

for the third curve point, the third reflectance intensity is

greater than the fourth reflectance intensity, and the third
source-detector separation distance is less than the
fourth source-detector separation distance,

for the fourth curve point, the fourth reflectance intensity is

less than the third reflectance intensity. and the fourth
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source-detector separation distance greater then the
third source-detector separation distance,

a first slope of a line through the first and second curve

points is negative, and

a second slope of a line through the third and fourth curve

points is negative, and the second slope less negative
than the first slope.
7. A method comprising:
providing a tissue oximetry device comprising sensor tip
comprising a set of light sources, a plurality of detectors,
memory, and a processor, wherein the source and detec-
tors are separated by predetermined distances, and the
memory stores a set of simulated reflectance curves;

using the set of light sources of the tissue oximetry device,
emitting light having at least two wavelengths into tis-
sue;

using the plurality of detectors of tissue oximetry device,

detecting light reflected in response to the light emitted
into the tissue;

generating digital reflectance data points for the tissue

based on the detected light;

selecting a first selected simulated reflectance curve from

the set of simulated reflectance curves stored in the
memory;
selecting a second selected simulated reflectance curve
from the set of sinulated reflectance curves stored in the
memory, wherein the second selected simulated reflec-
tance curve is a first interval value away from the first
simulated reflectance curve;
selecting a third selected simulated reflectance curve from
the set of simulated reflectance curves stored in the
memory, wherein the third selected simulated reflec-
tance curve is a second interval value away from the
second simulated reflectance curve;
forming a first subset of simulated reflectance curves com-
prising the first, second, and third simulated reflectance
curves, wherein the first subset is based on a coarse grid,

using the processor of the tissue oximetry device, calculat-
ing a closest fitting of the digital reflectance data points
to a closest fit curve of the first subset of simulated
reflectance curves;

based on the closest fit curve, forming a second subset of

simulated reflectance curves from the set of simulated
reflectance curves, wherein the second subset is based
on a fine grid;

using the closest fit curve and second subset of simulated

reflectance curves, calculating a set of absorption coef-
ficients and a set of scattering coeflicients for the reflec-
tance data points;

using the processor of the tissue oximetry device, calculat-

ing an oxygen saturation value for the tissue based on the
set of absorption coefficients; and

outputting an indication of the oxygen saturation value at

an interface of the tissue oximetry device.

8. The method of claim 7 wherein the interface of the tissue
oximetry device comprises a liquid crystal display.

9. The method of claim 7 wherein the interface of the tissue
oximetry device comprises light emitting diodes.

10. The method of claim 7 wherein the interface of the
tissue oximetry device comprises a speaker.

11. The method of claim 7 wherein the using the closest fit
curve and second subset of simulated reflectance curves, cal-
culating a set of absorption coefficients and a set of scattering
coefficients for the reflectance data points comprises:
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positioning the closest fit curve a center of the fine grid of
the second subset of simulated reflectance curves;

using the fine grid with the closest fit curve at the center,
determining a peak surface array of absorption coeffi-
cients and reflection scattering coefficients; and

calculating a weighted average of the absorption coeffi-
cients and scattering coefficients from the peak surface
array to determine the set of absorption coefficients and
the set of scattering coefficients for the reflectance data
points.

12. The method of claim 11 wherein the absorption coef-
ficients and the scattering coefficients for the reflectance data
points are independent from each other.

13. A method comprising:

for determining oxygen saturation of tissue via a tissue

oximetry device comprising:

emitting light from a set of light sources into tissue;

detecting the light by a plurality of detectors subsequent to

reflection of the light from the tissue;
generating reflectance data points for the tissue based on
detecting the light by the plurality of detectors;

determining a first subset of simulated reflectance curves
from a set of simulated reflectance curves stored in the
tissue oximetry device for a coarse grid,

fitting the reflectance data points to the first subset of simu-
lated reflectance curves included in the coarse grid to
determine a closest fitting one of the simulated reflec-
tance curves included in the coarse grid,;

determining a second subset of simulated reflectance
curves from the set of simulated reflectance curves
stored in the tissue oximetry device for a fine grid based
on the closest fitting one of the simulated reflectance
curves included in the coarse grid,

determining a peak surface array of absorption coefficients
and reflection coefficients from the fine grid; and

determining an absorption coefficient and a reflectance
coefficient for the reflectance data points by performing
a weighted average of the absorption coefficients and
reflection coefficients from the peak surface array,

wherein fitting the reflectance data points to a subset of
simulated reflectance curves included in the coarse grid
includes calculating a sum of squares error between the
reflectance data points and each of the simulated reflec-
tance curves of the coarse grid,

the second subset of simulated reflectance curves are
around the closest fitting one of the simulated reflec-
tance curves included in the coarse grid.

14. The method of claim 13 comprising:
calculating a log of the reflectance data points;
calculating a log of the simulated reflectance curves;

dividing the log of the reflectance data points by a square
root of the of source-detector distances of sources and
detectors of the tissue oximetry device; and

dividing the log of the simulated reflectance curves by the
square root of the of source-detector distances of the
sources and the detectors of the tissue oximetry device,
wherein the log values divided by the square roots of the
of source-detector distances of the sources and the
detectors of the tissue oximetry device are utilized for
the coarse grid, the fine grid, and the simulated reflec-
tance curve.
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15. The method of claim 13 comprising:

determining an oxygen saturation value forthe tissue based
on the scattering coefficient and the absorption coeffi-
cients for the tissue; and

generating a look-up table of oxygen saturation values for

finding a best fit of absorption coefficients based on a
range of probable total hemoglobin, melanin, and oxy-
gen saturation values.

16. The method of claim 15 comprising:

converting the absorption coefficients to a unit vector;

dividing the unit vector by a norm of the unit vector to

reduce systematic error; and

comparing the unit vector to the look-up table to find a best

fit of the unit vector to the oxygen saturations of the
look-up table.

17. A tissue oximetry device comprising:

a processor;

a memory storing a plurality of simulated reflectance

curves;

alight source configured to be controlled by the processor;

and

a plurality of detectors configured to be controlled by the

processor; wherein the processor is configured to:
control the light source to emit light into tissue;

control the detectors to detect the light subsequent to

reflection of the light from the tissue;

control the detectors to generate reflectance data based on

detecting the light;

determine a first subset of simulated reflectance curves

from a set of simulated reflectance curves stored in the
tissue oximetry device for a coarse grid,;

fit the reflectance data points to the first subset of simulated

reflectance curves included in the coarse grid to deter-
mine a closest fitting one of the simulated reflectance
curves included in the coarse grid,;

determine a second subset of simulated reflectance curves

from the set of simulated reflectance curves stored in the
tissue oximetry device for a fine grid based on the closest
fitting one of the simulated reflectance curves included
in the coarse grid; and

determining a peak surface array of absorption coefficients

and reflection coefficients from the fine grid; and
determining an absorption coefficient and a reflectance
coefficient for the reflectance data points by performing
a weighted average of the absorption coefficients and
reflection coefficients from the peak surface array.

18. The device of claim 17 wherein the processor being
configured to fit the reflectance data points to a subset of
simulated reflectance curves included in the coarse grid
includes the processor being configured to calculate a sum of
squares error between the reflectance data points and each of
the simulated reflectance curves of the coarse grid.

19. The device of claim 17 wherein the processor is con-
figured to generate a look-up table of oxygen saturation val-
ues for finding a best fit of absorption coefficients based on a
range of probable total hemoglobin, melanin, and oxygen
saturation values.

20. The device of claim 19 wherein the processor is con-
figured to:

convert the absorption coefficients to a unit vector;

divide the unit vector by a norm of the unit vector to reduce

systematic error; and

compare the unit vector to the look-up table to find a best fit

of the unit vector to the oxygen saturations of the look-
up table.
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21. The device of claim 17 wherein the processor is con-
figured to applying a correction function to the reflectance
data points based on gain corrections stored in the tissue
oximetry device for source-detector pairs.

N I I
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