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7) ABSTRACT

The present invention generally relates to an apparatus and
method for obtaining absolute values of concentrations of
chromophores of a medium and/or absolute values of their
ratios. More particularly, the present invention relates to
non-invasive optical systems and methods for determining
absolute values of oxygenated and/or deoxygenated hemo-
globins and their ratios in a physiological medium. The
optical system typically includes (1) a body, (2) a source
module supported by the body, optically coupling with the
medium, and irradiating into the medium multiple sets of
electromagnetic waves with different wave characteristics,
(3) a detector module supported by the body, optically
coupling with the medium, and detecting such electromag-
netic waves, and (4) a processing module operatively cou-
pling with the detector module, and determining the absolute
values of the concentrations and the ratios thereof from
multiple wave equations applied to the source and detector
modules. The processing module is designed to obtain such
absolute values by a method typically including the steps of
(1) obtaining multiple sets of wave equations, (2) eliminat-
ing source-dependent and detector-dependent parameters
therefrom to obtain a set of intermediate equations, (3)
providing a correlation of medium-dependent and geometry-
dependent parameters with the chromophore concentrations
or ratios thereof, (4) incorporating the correlation into the set
of intermediate equations, and (5) obtaining the absolute
values of the chromophore concentrations and ratios thereof.

[]

Joure

S2

detedpr
D2



Patent Application Publication Aug. 19,2004 Sheet 1 of 10 US 2004/0162468 Al

',,_1

15

o]

11

=<

FIG. 1

51 53 55

FIXED REMOVABLE
PROCESSOR MEMORY STORAGE STORAGE

h 3

4;

61

DISPLAY
ADAPTER

Y
3 g 1 63 65
Y K 3 f 3 : K :

‘ ‘ NETWORK
‘ DISPLAY KEYBOARD MOUSE SPEAKERS INTERFACE




Patent Application Publication Aug. 19,2004 Sheet 2 of 10 US 2004/0162468 Al




Patent Application Publication Aug. 19,2004 Sheet 3 of 10 US 2004/0162468 Al

O §0_ut/€¢E
[1 DETECTOR

FlG.



Patent Application Publication Aug. 19,2004 Sheet 4 of 10

US 2004/0162468 A1

0.6
oxygen saturation

1-4 T 1 T I T, T T T T
B “+ Hbt=le-4moll
- Hbt=3e-4mol/1
13k : o .-e— Hbt=5e-4mol/l |-
1.2+
L L1}
8
Q
&
0] 1F
0.9
0.8+
Z%
0.7 | 0.4 0.5 0.7 0.8 0.9

Flg.5A



Patent Application Publication Aug. 19,2004 Sheet 5 of 10 US 2004/0162468 Al

T L T T T

-%—~ configuration]
~-&— configuration?

1.4 T T T !

1.3F
1.2+

1.1

T

G factor

0.9

0.8

\

1 1 i

07 1 ! 1 1
0 0.1 02 03 0.4 0.5 06 07 0.3 0.9 1
‘oxygen saturation :

0D oo Configuration 1

O source

o detector —
o - oca © Configuration 2




Patent Application Publication Aug. 19,2004 Sheet 6 of 10 US 2004/0162468 Al

-~ p'=5cm-1
Al =10cm-1
—— p” =15cm-1 ]

1.4 1 T T 7

13 ¢

11F

G factor

0.9

0.8

N

1 ] ]

0.7' / 1 1 U 1

0 0.1 02 0.3 04 0.5 0.6 0.7 08 09 1
" oxygen saturation :

FI&.bC



Patent Application Publication Aug. 19,2004 Sheet 7 of 10 US 2004/0162468 Al

<o

~J
T

t

=

(=
T

I

N
»

e
w

calculated oxygen saturation
=3
n
T

e
&)

0.1

! ] ]

0\ ] ! ! L L L
0 0.1 0.2 03 0.4 0.5 0.6 0.7 - 038 0.9 1

true oxygen saturation

Flé. ¢



Patent Application Publication Aug. 19,2004 Sheet 8 of 10 US 2004/0162468 Al

Sounk ddoq'}/,- Q\EW Soure
% pt o S2

FIG. 7



Patent Application Publication Aug. 19,2004 Sheet 9 of 10

mollter

-6
x10

US 2004/0162468 A1

W
Y | | 'i
A I j
? W i/
| .
[}Ibo}\ \\A,“ ,fi
Y
A “\:‘:W
[ V\///f\..
0 510
time (sec)

100



Patent Application Publication Aug. 19,2004 Sheet 10 of 10

0.8

0.78

S
9
=

Oxygen saturation
<
N
o

0.7}

0.68

US 2004/0162468 A1

0.76%

L6

2) )
\
/ !4
L /
gt ,!
.
1 /
|
i /
.
W '
Y
"/
v
50 100
~ time (sec)



US 2004/0162468 Al

ABSOLUTE OXYGEN SATURATION FOR
MONITORING TISSUE VIABILITY

[0001] This is a continuation-in-part of U.S. application
Ser. No. 10/427,686, filed May 1, 2003, which is a continu-
ation of U.S. application Ser. No. 09/664,972, filed Sep. 18,
2000, now U.S. Pat. No. 6,597,931, which are both hereby
incorporated by reference for all purposes. This application
claims priority to provisional U.S. Application No. 60/414,
005, filed Sep. 25, 2002, which is hereby incorporated by
reference for all purposes.

FIELD OF THE INVENTION

[0002] The present invention generally relates to an appa-
ratus and methods for determining absolute values of vari-
ous properties of a physiological medium. In particular, the
present invention relates to non-invasive optical systems and
methods for determining absolute values of concentrations
of oxygenated and deoxygenated hemoglobins (and/or their
ratios) in the physiological medium. The present invention
also relates to apparatus and methods for obtaining such
absolute values by solving a generalized photon diffusion
equation as well as its variations such as a modified Beer-
Lambert equation.

BACKGROUND OF THE INVENTION

[0003] Near-infrared spectroscopy has been used for non-
invasive measurement of various physiological properties in
animal and human subjects. The basic principle underlying
the near-infrared spectroscopy is that physiological tissues
include various highly-scattering chromophores to the near-
infrared waves with relatively low absorption. Many sub-
stances in a medium may interact or interfere with the
near-infrared light waves propagating therethrough. Human
tissues, e.g., include numerous chromophores such as oxy-
genated hemoglobin, deoxygenated hemoglobin, water,
lipid, and cytochrome, where the hemoglobins are the domi-
nant chromophores in the spectrum range of 700 nm to 900
nm. Accordingly, the near-infrared spectroscope has been
applied to measure oxygen levels in the physiological
medium such as tissue hemoglobin oxygen saturation and
total hemoglobin concentrations.

[0004] Various techniques have been developed for the
near-infrared spectroscopy, e.g., time-resolved spectroscopy
(TRS), phase modulation spectroscopy (PMS), and continu-
ous wave spectroscopy (CWS). In a homogeneous and
semi-infinite model, both of TRS and PMS have been used
to obtain spectra of an absorption coefficient and reduced
scattering coefficient of the physiological medium by solv-
ing a photon diffusion equation, and to calculate concentra-
tions of oxygenated and deoxygenated hemoglobins as well
as tissue oxygen saturation. CWS has generally been
designed to solve a modified Beer-Lambert equation and to
measure changes in the concentrations of oxygenated and
deoxygenated hemoglobins.

[0005] Despite their capability of providing the hemoglo-
bin concentrations as well as the oxygen saturation, one
major drawback of TRS and PMS is that the equipment is
bulky and expensive. CWS may be manufactured at a lower
cost but limited in its utility because it cannot compute the
oxygen saturation from the changes in the concentrations of
oxygenated and deoxygenated hemoglobins. Accordingly,
there 1s a need for novel CWS systems and methods thereof
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for measuring absolute value of concentrations of the hemo-
globins as well as the oxygen saturation in the physiological
medium.

SUMMARY OF THE INVENTION

[0006] The present invention generally relates to an appa-
ratus and method for obtaining absolute values of concen-
trations of chromophores of a medium and/or absolute
values of their ratios. More particularly, the present inven-
tion relates to non-invasive optical systems and methods for
determining absolute values of oxygenated and/or deoxy-
genated hemoglobins in a physiological medium.

[0007] In general, wave propagation or photon migration
in a medium is described by a generalized diffusion equa-
tion:

I= ll',B'}/-Io _B{—B-Lé-zf & Cio) (1)

[0008] where “I,” is a variable representing an intensity of
electromagnetic waves irradiated by a wave source and “I”
is a variable for an intensity of electromagnetic waves
detected by a wave detector. Parameter “o” is generally
associated with the wave source and/or medium and
accounts for, e.g., characteristics of the wave source such as
power and configuration thereof, mode of optical coupling
between the wave source and medium, and/or coupling loss
therebetween. Parameter “B” is generally associated with the
wave detector and/or medium and accounts for, e.g., char-
acteristics of the wave detector, optical coupling mode
between the wave detector and medium, and the associated
coupling loss. Parameters “o.” and “f” may also depend
upon, to some extent, other system characteristics and
optical properties of the medium, including those of chro-
mophores included therein. Parameter “y” may be either a
proportionality constant (including, e.g., 1.0) or a system
parameter which may change its value according to the
characteristics of the wave source, wave detector, and/or
medium. Parameter “B” generally accounts for lengths of
optical paths of photons or electromagnetic waves through
the medium, and is predominantly determined by the optical
properties of the medium. However, an exact value of
parameter “B” may also depend on the characteristics of the
wave source and/or wave detector as well. A typical example
of such parameter “B” is conventionally known as a path
length factor. It is appreciated that the parameter “B” may
also take the value of 1.0 where the generalized diffusion
equation (1) is reduced to the Beer-Lambert equation. To the
contrary, parameter “L” is generally geometry-dependent
and accounts for a linear distance between the wave source
and wave detector. Parameter “d” may be either a propor-
tionality constant (including, e.g., 1.0) or a system parameter
which may be associated with the wave source, wave
detector, and/or medium. Parameter “e;” accounts for an
optical interaction or interference of photons or electromag-
netic waves with an i-th chromophore included in the
medium. It is appreciated that, depending upon the definition
and value of the parameter “9”, the parameter “e;” may
represent an extinction coefficient, an absorption coefficient,
and/or a (reduced) scattering coefficient of the medium or
the chromophores included therein. Variable “C;” represents
concentration of the i-th chromophore included the medium,
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and parameter “0” is either a proportionality constant
(including, e.g., 0.0) or a parameter which may be associated
with the wave source, wave detector, and/or medium.
Despite the numerous parameters of the generalized diffu-
sion equation (1) and various modified versions thereof
which will be described in greater detail below, the optical
systems and methods of the present invention enable direct
determination of absolute values of the chromophore con-
centrations and/or ratios thereof.

[0009] In one aspect of the present invention, a method is
provided to solve a set of wave equations applied to an
optical system having at least one wave source and at least
one wave detector. Photons or electromagnetic waves are
irradiated by the wave source, transmitted through the
physiological medium including at least one chromophore,
and detected by the wave detector. The wave equation, €.g.,
the generalized diffusion equation (1), expresses the inten-
sity of electromagnetic waves detected by the wave detector
(i.e., “I”) as a function of system variables (e.g., “I,” and
“C;”) and system parameters (e.g., “ct,”“B,”“y,”“B,”“L,”“8,
7e,” and “0”). The method generally includes the steps of
obtaining multiple sets of equations by applying the wave
equation to the optical system capable of irradiating multiple
sets of electromagnetic waves having different wave char-
acteristics, eliminating the source-dependent parameters
(e.g., “a”) and detector-dependent parameter (e.g., “f”)
therefrom to obtain a set of intermediate equations, provid-
ing at least one correlation of the medium-dependent and
geometry-dependent parameters (e.g., “B” and “L,” respec-
tively) with the chromophore concentrations (and/or their
ratios), incorporating the correlation into the set of interme-
diate equations, and obtaining absolute values of the con-
centrations of the chromophores (and/or ratios thereof)
based on the intensities of electromagnetic waves (e.g., “I”
and “I,”)and the medium- or chromophore-dependent
parameters (e.g., “€;”).

[0010] This embodiment of the present invention offers
several benefits over the prior art. Contrary to the prior art
CWS technology capable of measuring only the changes in
the chromophore concentrations, the foregoing method of
the present invention provides a direct means for assessing
the “absolute values” of the chromophore concentrations as
well as their ratios in various physiological media, e.g.,
tissues or cells in internal organs, muscles, and/or body
fluids. The foregoing method of the present invention also
allows physicians to make direct diagnosis of an “absolute
property” of the physiological medium (i.c., compared with
differential or relative values of the physiological properties
obtainable by the prior art CWS technology). Furthermore,
as will be described in detail below, the foregoing method of
the present invention can be readily incorporated into con-
ventional optical probes including any number of wave
sources and detectors arranged in any arbitrary configura-
tions. Therefore, the foregoing method allows construction
of optical systems customized to specific clinical applica-
tions without compromising their performance characteris-
tics.

[0011] Embodiments of this aspect of the present inven-
tion may include one or more of the following features.

[0012] The generalized diffusion equation (1) may be
applied to an optical system with at least one wave source
and at least one wave detector:
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Imn =a, .an Y- IOm .e"an'Lmn"sZi (g Cp)ra) (2)

[0013] where the subscripts “m” and “n” represent an m-th
wave source and an n-th wave detector, respectively.

[0014] The method may include the steps of applying
equation (2) to the optical system to obtain a first and a
second set of equations, eliminating at least one of o, 3,,
v, 8, and o from the first and second set of equations by
performing mathematical operations thereon to obtain a
third set of equations, providing at least one correlation
which correlates the concentrations of the chromophores (or
ratios thereof) with one or more terms of the third set of
equations including B, and/or L, incorporating the
above correlation into the third set of equations to replace
such terms thereby, and obtaining an expression for absolute
values of the concentrations of the chromophores (and/or
ratios thereof) based on known or measured values of [,
I, > and €.

[0015] The foregoing method may also include the steps
of applying the optical system to the physiological medium
including cells of organs, tissues, and body fluids, and
measuring the absolute values of the chromophore concen-
trations (and/or their ratios) based on known or measured
values of I, I, ., and ;. The measuring step may include
an additional step of monitoring concentrations of oxy- or
deoxy-hemoglobin, and/or a ratio thereof such as, e.g,

(tissue) oxygen saturation.

[0016] The foregoing method may also include the step of
determining presence of tumor cells in a finite area of the
medium or determining a presence of an ischemic condition
as well. In the alternative, the foregoing method may also
include the steps of applying the optical system to the
physiological medium including transplanted cells of organs
and/or tissues and measuring absolute values of the chro-
mophore concentrations (or their ratios) based on known or
measured values of I, I, ., and ¢. For example, the
method may be applied to determine presence of an
ischemic condition in the transplanted organs and tissues
during or after surgical procedures.

[0017] The applying step of the foregoing method may
include the step of irradiating the first and second set of
electromagnetic waves having different wavelengths, phase
angles, amplitudes, harmonics, and/or a combination
thereof. For example, in the irradiating step, the first set of
electromagnetic waves may have a first wavelength while
the second set of electromagnetic waves may have a second
wavelength which is different from the first wavelength.

[0018] The eliminating step of the foregoing method may
include the step of deriving at least one first ratio of two
wave equations both of which are selected from one of the
first and second sets of the equations. The wave equations
may be applied to the same wave source but to different
wave detectors, thereby eliminating o, v, and o from the
first ratio. Alternatively, the wave equations may be applied
to two different wave sources but to the same wave detector,
thereby eliminating f3,, v, and a from the first ratio. The
eliminating step may also include the step of deriving at least
one second ratio of two wave equations both of which are
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selected from the other of the first and second sets of the
equations. A sum of or a difference between the first and
second ratios may also be obtained so as to eliminate at least
one of o and 3. In the alternative, the eliminating step may
include the step of approximating both parameters “y” and
“d” as a unity.

[0019] The providing step of the foregoing method may
include the step of providing a formula of the medium-
dependent and geometry-dependent parameters as a poly-
nomial, sinusoid or other functions of the chromophore
concentrations (and/or ratios thereof). Such a formula may
also include a zero-th order term. Alternatively, the medium-
dependent and geometry-dependent parameters may be
approximated as a constant.

[0020] In another aspect of the invention, an optical sys-
tem is provided to determine the absolute values of the
concentrations of chromophores in the physiological
medium and/or ratios thereof. The optical system may
include a body, a source module, a detector module, and a
processing module. The source module is supported by the
body and is arranged to optically couple with the medium so
as to irradiate into the medium two or more sets of electro-
magnetic waves having different wave characteristics. The
detector module is also supported by the body, and is
arranged to optically couple with the medium and to detect
electromagnetic waves transmitted through the medium. The
processing module is also arranged to operatively couple
with the detector module and configured to solve a set of
wave equations such as equation (1) so that the absolute
values of the concentrations of the chromophores (and/or
their ratios) can be directly determined. The processing
module may be designed to operate at a TRS, PMS or CWS
mode.

[0021] This embodiment of the present invention offers
several benefits over the prior art near-infrared spectroscopy
technologies such as TRS, PMS, and CWS. Compared with
conventional TRS and PMS technologies, TRS and/or PMS
optical systems of the present invention can be provided
with better accuracy at a lower cost. Furthermore, the optical
systems of the present invention operating at a CWS mode
can measure the absolute values of the chromophore con-
centrations as well as their ratios, e.g., (tissue) oxygen
saturation. Accordingly, various optical systems of the
present invention can be manufactured as a low-cost and
high-resolution hand-held device, bed-side monitoring
device, and/or a portable device wearable by patients.

[0022] Embodiments of this aspect of the present inven-
tion may include one or more of the following features.

[0023] The wave source may be arranged to irradiate
electromagnetic waves having different wavelengths, phase
angles, amplitudes, harmonics or their combination. For
example, the first set of the electromagnetic waves may have
a first wavelength and a second set of said electromagnetic
waves may have a second wavelength which is different
from the first wavelength. Alternatively, the first set of
electromagnetic waves may be carried by a first carrier wave
and the second set of electromagnetic waves may be carried
by a second carrier wave which has wave characteristics
different from those of the first carrier wave, e.g., different
wavelengths, phase angles, amplitudes, harmonics, and their
combination.

[0024] The processing module may include an algorithm
for determining the absolute values of the chromophore
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concentrations (or their ratios) based on various variables
and/or parameters, e.g., the intensity of electromagnetic
waves irradiated by the source module, intensity of electro-
magnetic waves detected by the detector module, and one or
more system parameters accounting for interaction or inter-
ference of photons or electromagnetic waves with the
medium.

[0025] The wave equations may include at least one term
which is substantially dependent on the optical properties of
the medium (i.e., medium-dependent) and/or configuration
of the source and detector modules (i.e., geometry-depen-
dent). Examples of such term may include, but not limited
to “B” and “L” of equation (1) or “B,,” and “L_~ of
equation (2). The algorithm of the processing module may
include at least one correlation expressing a first function of
the term as a second function of the chromophore concen-
trations (and/or ratios thereof). The second function may be
any analytic function, e.g., a polynomial of the concentra-
tions and/or ratios thereof. Alternatively, the algorithm may
also be arranged to approximate the second function as a
constant.

[0026] The source module may include at least one wave
source and the detector module at least two wave detectors.
Alternatively, the source module may include at least two
wave sources while the detector module may include at least
one wave detector. It is preferred, however, that both of the
source and detector modules include, respectively, at least
two wave sources and at least two wave detectors.

[0027] 1In one aspect of medical application of the present
invention, the foregoing optical systems and methods there-
for may be used to measure the absolute values of concen-
trations of oxygenated and deoxygenated hemoglobin and/or
their ratio. Such optical systems will be beneficial in non-
invasively diagnosing ischemic conditions and/or locating
ischemia in various organs and tissues. For example, the
optical system may be used to prognose or diagnose stroke,
cardiac ischemia or other physiological abnormalities origi-
nating from or characterized by abnormally low concentra-
tion of oxy-hemoglobin. Accordingly, presence of cancerous
tumors may be easily detected. The optical systems of the
present invention may further be applied to cells disposed in
epidermis, corium, and organs such as a lung, liver, and
kidney.

[0028] In another aspect of medical application of the
present invention, the foregoing optical systems and meth-
ods therefor may be applied to measure absolute values of
the concentrations of oxy- as well as deoxy-hemoglobins to
diagnose vascular occlusion during or after various surgical
procedures including organ transplantation. In general,
prognosis of organ transplantation depends on adequate
supply of oxygenated blood to transplanted organs during
and post surgical procedure. The optical system of the
present invention may be used to detect vascular occlusion
in transplanted heart, lung, liver, and kidney in its earliest
stage.

[0029] 1In yet another aspect of medical application of the
present invention, the foregoing optical systems and meth-
ods therefor may be applied to assess various absolute
properties of the physiological medium. Examples of such
conditions may include, but not limited to, concentrations
(or their ratios) of lipids, cytochromes, water, and/or other
chromophores in the medium.
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[0030] In another aspect of the invention, a method for
determining an absolute value of concentrations of chro-
mophores in a physiological medium is provided. A probe
irridates the physiological medium with electromagnetic
waves at a first and second wavelengths, where the first and
second wavelengths are different. The probe detects the
electromagnetic waves transmitted through the physiologi-
cal medium. An absolute value of concentrations of chro-
mophores is calculated from the detected electromagnetic
waves. In some embodiments, there are multiple probes at
different locations on the physiological medium for calibra-
tion, generating regional information, monitoring changes
over time (e.g., calculating tissue viability after surgery),
and the like.

[0031] The foregoing apparatus and methods of the inven-
tion may be employed for various applications, e.g., non-
invasively disposed on the medium or, alternatively, to be
invasively disposed on an internal medium. As used herein,
the “chromophores” may mean any substances in a medium
which exhibit at least minimum interaction with photons
and/or electromagnetic waves transmitting or propagating
therethrough. Examples of such chromophores may include,
but not limited to, hemoglobins (e.g., deoxygenated or
deoxy-hemoglobin (Hb) and oxygenated or oxy-hemoglobin
(HbO)), cytochromes, lipids, water, enzymes, hormones,
transmitters, proteins, cholesterols, apoproteins, carbohy-
drates, cytosomes, blood cells, cytosols, and other optically
interacting materials present in the animal or human cells.

[0032] The terms “clectromagnetic waves”, include
acoustic or sound waves, near-infrared rays, infrared rays,
visible lights, ultraviolet rays, lasers, and/or rays of photons.
Unless otherwise defined, all technical and scientific terms
used herein have the same meaning as commonly under-
stood and/or used 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
applied and/or used in the practice of or testing the present
invention, suitable methods and materials are described
below. All publications, patent applications, patents, and
other references mentioned herein are incorporated by ref-
erence in their entirety. In case of conflict, the present
application, including definitions, will control. In addition,
the materials, methods, and examples are illustrative only
and not intended to be limiting.

[0033] Other features and advantages of the invention will
be apparent from the following detailed description, and
from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] FIG. 1illustrates an example of a computer system
that can be utilized in association with embodiments of the
invention.

[0035] FIG. 2 illustrates a system block diagram of the
computer system of FIG. 1,

[0036] FIG. 3 shows an embodiment of an optical system
of the invention.

[0037] FIG. 4 is a schematic diagram of a sample optical
system including two wave sources and four wave detectors
according to the present invention.

[0038] FIG. 5A is a plot of simulated values of G (i.c., a
ratio of F,; to F,) at different wavelengths as a function of
oxygen saturation according to the present invention.
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[0039] FIG. 5B is another plot of simulated values of G at
different wavelengths as a function of oxygen saturation
according to the present invention.

[0040] FIG. 5C is yet another plot of simulated values of
G at different wavelengths as a function of oxygen saturation
according to the present invention.

[0041] FIG. 6 is another plot of calculated oxygen con-
cenfration versus true oxygen saturation in a medium with a
different background scattering coefficient and total hemo-
globin concentration according to the present invention.

[0042] FIG. 7 is a schematic diagram of a sample optical
system including two wave sources and two wave detectors
arranged in a linear fashion according to the present inven-
tion.

[0043] FIG. 8 is a time-course plot of total hemoglobin
(HbT) concentration, oxygenated hemoglobin (HbO) con-
centration, and deoxygenated hemoglobin (Hb) concentra-
tion according to the present invention.

[0044] FIG. 9 is a time-course plot of oxygen saturation
according to the present invention. function of oxygen
saturation.

DETAILED DESCRIPTION OF THE
INVENTION

[0045] The following description provides preferred
embodiments of non-invasive optical systems and methods
for determining absolute values of properties (or conditions)
of physiological media. In particular, the description pro-
vides optical systems and methods of the present invention
for determining the absolute values of concentrations of the
hemoglobins (both of deoxy- and oxy-hemoglobin) and
oxygen saturation (a ratio of oxy-hemoglobin concentration
to total hemoglobin concentration which is a sum of the
concentrations of oxy- and deoxy-hemoglobin) in the physi-
ological media. The description further provides novel
methods of solving a Beer-Lambert equation, a photon
diffusion equations, and/or modified versions thereof.

[0046] FIG. 1illustrates an example of a computer system
that can be used in association with embodiments of the
invention. FIG. 1 shows computer system 1 that includes a
display 3, screen 5, cabinet 7, keyboard 9, and mouse 11.
Mouse 11 can have one or more buttons for interacting with
a graphical user interface. Cabinet 7 houses a CD-ROM
drive 13, system memory and a hard drive (see FIG. 2),
which can be utilized to store and retrieve software pro-
grams incorporating computer codes that implement the
invention, data for use with the invention, and the like.
Although CD-ROM 15 is shown as an exemplary computer
readable storage medium, other computer readable storage
media including floppy disk, tape, flash memory, system
memory, and hard drives can be utilized. Additionally, a data
signal embodied in a carrier wave (e.g., in a network
including the Internet) can be the computer readable storage
medium.

[0047] FIG. 2 shows a system block diagram of computer
system 1. As in FIG. 1, computer system 1 includes display
3, keyboard 9 and mouse 11. Computer system 1 further
includes subsystems such as a central processor 51, system
memory 53, fixed storage 55 (e.g., hard drive), removable
storage 57 (e.g., CD-ROM drive), display adapter 59, sound
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card 61, speakers 63, and network interface 65. Other
computer systems suitable for use with the invention can
include additional or fewer subsystems. For example,
another computer system could include more than one
processor 51 (i.e., a multi-processor system) or a cache
memory.

[0048] The system bus architecture of computer system 1
is represented by arrows 67. However, these arrows are
illustrative of any connection scheme serving to link the
subsystems. For example, a local bus could be utilized to
connect processor 51 to memory 53 and display adapter 59.
Computer system 1 shown in FIG. 2 is but an example of a
computer system suitable for use with the invention. Other
computer architectures having different configurations of
subsystems can also be utilized.

[0049] 1In one aspect of the invention, a novel method is
provided to solve the modified Beer-Lambert equation and/
or the photon diffusion equation applied to an optical system
including a source module and a detector module. The
source and detector modules may include, respectively, at
least one wave source and one wave detector. However, it is
generally preferred that the source and detector modules
include at least two wave sources and two wave detectors,
respectively.

[0050] As described hereinabove, equation (1) is the gen-
eralized governing equation for describing migration of
photons or propagation of electromagnetic waves in a
medium:

[=a- Byl BLoliEiCno [63)

[0051] Ttis appreciated that the system parameters “y” and
“d” may have the value of 1.0 and “0” may be 0.0. One
simplified version of equation (1) may be obtained when the
parameters AyA and AJA are approximated as a unity:

1=l BLTiEGY) (32)

[0052] The conventional “photon diffusion equation” has
the same form as equation (3a):

[=5D-Iy-g-BLEitecal (3b)

[0053] where “S” corresponds to “a” of equation (3a) and
generally accounts for characteristics of the wave source
such as power and configuration thereof, mode of optical
coupling between the wave source and medium, and/or
optical coupling loss therebetween, “D” corresponds to “p”
of equation (3a) and generally accounts for characteristics of
the wave detector, mode of optical coupling between the
wave detector and medium, and/or the associated coupling
loss, and “A” corresponds to “d” of equation (3a) which may
be either a proportionality constant or a parameter associated
with the wave source, wave detector, and/or medium.

[0054] For illustration purposes, an exemplary optical
system may include, ¢.g., two wave sources (S1 and S2)
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each emitting electromagnetic waves of wavelength 2, and
two wave detectors (D1 and D2) arranged to detect at least
a portion of such electromagnetic waves. Applying the
photon diffusion equation (3b) to each pair of the wave
sources and detectors of the exemplary optical system yields
the following set of equations:

1§}D, = 1’;]1 SIDW*BS]DI[Z‘.S?I C:]Lsmﬁf‘ (4a)
B, =1l SIDZGJBS]DZ[Z‘.S?I C:]L5102+A (4b)
=1 Slee’BszmiZ‘_ ol C:]L52D1+A (4e)
B, =S, Dze’ﬂszuzizi A C:]L52D2+A (4d)

[0055] where the superscript A, denotes that various vari-
ables and parameters are obtained at the wavelength of A,.

[0056] A simple mathematical operation may eliminate at
least one system parameter from the equations (4a) to (4d).
For example, the source coupling factors such as S; and S,
may be canceled therefrom by taking the first ratio of the
equation (4a) to (4b) and by taking the fourth ratio of the
equation (4d) to (4c). Logarithms of the first and second
ratios are then taken to yield what are conventionally termed
as “optical densities” (i.e., OD,™ is defined as a logarithm of
Ly p1 gypo™ and OD,* defined as a logarithm of Ig,,,™/
Isop, ™). It is noted that these optical densities are generally
insensitive to exact modes of optical coupling between the
wave source and the physiological medium:

[ IISIJDJ D, A (52)
oD} = 7= = IHE + (Bé}mLsmz - B/}V}D]LSJDJ)Z §'5¢;
Isipz 2 i
A (5b)
3 I D b 2
oD, = ln% = lnD— +(BihpiLszps - 5.;02145202)2 e
Isap; ! i

[0057] Other system parameters may also be eliminated
through reformulating the above equations (5a) and (5b).
For example, the terms including the detector coupling
factors, D, and D,, may be canceled by adding equation (5a)
to (5b):

oDM = 0D +0DF =F4 )" &1 ; (62)

where FM:(BmDzMLs1D2_Bs1D1MLS1D1)+

(BSZlelLSZDl _BSZDZ}LILSZDZ) (6b)
[0058] As manifest in the equation (6b), F* is primarily
determined by configurations of the wave sources and
detectors (i.e., “L=s" which are predominantly geometry-
dependent and which account for distances between each
pair of a wave source and a wave detector) as well as the
path length factors (ie., “B=s” which are predominantly
medium-dependent and which are determined by the optical
properties of the physiological medium and/or electromag-
netic waves).
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[0059] Equations (6a) and (6b) may be applied to the
physiological medium in order to obtain quantitative physi-
ological information such as concentrations of the chro-
mophores and/or their ratios. Numerous substances con-
tained or suspended in the medium may be capable of
interacting or interfering with photons or electromagnetic
waves impinging or propagating therethrough. However, in
many physiological media, hemoglobins such as deoxygen-
ated and deoxy-hemoglobin (Hb) and oxygenated or oxy-
hemoglobin (HbO) are the chromophores of the most physi-
ological interests. Applying equations (6a) and (6b) to such
physiological medium yields:

A 7
O =3, 16 = 48] + o 100] e
[0060] where [Hb] and [HbO] respectively represent con-

centrations of Hb and HbO.

[0061] By arranging the wave sources, S1 and S2, or
additional wave sources, e.g., S3 and S4, to irradiate a
second set of electromagnetic waves having a wavelength A,
which is different from the wavelength A,, a companion
equation of the equation (7a) is obtained as follows:

2 7o
0}322 D &2C; S} [HD] + £ [HDO) )
[0062] Accordingly, mathematical expressions of two sys-

tem variables [Hb] and [HbO] can be readily derived from
two algebraic system equations (7a) and (7b) as follows:

n ODM  y oDR (82)
€Hbo T EHpo e
[Fb] = AL Ao A A
EUpEHbO ~ EHLEHPO
3 0Dy, ODM (8b)
Sy T
[HFO) = ———————

Mo Ao A2 A4
EHpEHBO ~ EHPEHPO

2 Py Py
where I**=(Bg s ;L31D2_331D1 Lsipa)+

2
(BSZDl 1LSZDI_BSZDZ 1LSZDZ) (SC)
and " F)\2=)\(ZB51D2)\2LS1D2_B51D1)\ZL51D1)+
(BSZDl LSZDl_BSZDZ LSZDZ) (8d)
[0063] Expressions of other physiological properties, indi-

ces or variables may also be derived from the above equa-
tions. For example, oxygen saturation (SO,) is a frequently
used index for diagnosis of ischemic conditions and is
generally defined as a ratio of concentration of oxy-hemo-
globin to total concentration of hemoglobins (i.c., [HbT]=
[Hb]H{HbOT)

50, = [HbO]  [HbO) (9a)
27 THPT] ~ [Hb] + [HbO]
[0064] Incorporating equations (8a) and (8b) to equation

(9a) yields a following formula for the oxygen saturation as
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a function of the extinction coefficients (e=s), optical den-
sities (OD=s), and medium/geometry-dependent factors, F*1
and F:

yOD2 PN (9b)
EHb_OD)Al 2 )
S0, = —
(6‘/\1 —e)) )ﬂ 2 +(e3/\2 —.slz)
Ho = SHb0 ) T T HbO ~ €Hp
[0065] Ttis noted that the extinction coefficients of Hb and

HbO at wavelengths A, and A, can be obtained experimen-
tally or from the literature, and that the optical densities may
be readily measured experimentally. However, estimation of
F* and F™ is not straight-forward because the path length
factors including the terms F™ and F*? may depend on
specific types of the physiological medium as well as optical
or energy characteristics of photons or electromagnetic
waves.

[0066] Tt is appreciated that the absolute value of [Hb],
[HbO], and/or oxygen saturation may be obtained by esti-
mating F™, F™ or their ratio as a function of, e.g., [Hb],
[HbO], and/or oxygen saturation. For example, it may be
assumed that F*, F* or their ratio may only marginally
depend on background optical properties and configurations
of the wave sources and detectors. It is believed that these
assumptions are fairly accurate in linear optical processes
such as migration of photons or propagation of electromag-
netic waves in the physiological media.

[0067] Once the correlations of the ratio of F to F* with
oxygen saturation is obtained for different physiological
media by simply measuring the optical properties thereof,
such correlations may be incorporated into equations (8a),
(8b), and (9b), and the absolute values of [Hb], [HbO],
and/or oxygen saturation may be obtained. In particular, a
ratio of F* to F*? may be approximated, e.g., as a polynomial
of oxygen saturation as follows:

1, % 10)
\, OD™2 A (
Sy oD Z; ;S04 — £,
=
Ny A 0D A 2
(‘9Hlb - SHlba)W Z ;804 + (EHZbO - Sﬂi)
0

SO, =

[0068] where coefficients of each term (i.e., (ie., ¢y, Oy,
O, 05 . . . ) may be obtained by, e.g., theoretical derivation,
semi-theoretical estimation or numerical method best-fitting
experimental data obtained between the values of G and
oxygen saturation. By incorporating the formula for G of
equation (10) into equation (9b), the absolute value of the
oxygen saturation may be obtained from known values of
the extinction coefficients (i.e., “e;=s") and experimentally
measured optical densities (i.c., “OD=s") as follows:

FM i . (1D
G= = 4,50} = a0+ @502 + 6250} + SO + ...
=

[0069] Equation (11) is generally solved numerically, but
an analytical expression for the oxygen saturation may also
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be obtained when only a few first terms of the polynomials
are adopted so as to approximate G,,i.., the ratio of F*,, to
F*,. Other methods may also be applied to approximate G.
For example, G may be estimated as a function of [Hb]
and/or [HbO], although it is noted that the accuracy of this
estimation may depend upon the one-to-one correspondence
between G and [Hb] and/or [HbO]. Alternatively, G may be
approximated as a constant as well. This approximation may
be a reasonable assumption when F*, and F*, are relatively
constant or tend to vary in proportion to each other accord-
ing to different values of [Hb], [HbO], and/or oxygen
saturation. In the alternative, the value of “L__ " may be
adjusted by manipulating geometric configuration of the
wave sources and detectors so as to render G stay constant
or vary in a predetermined manner.

[0070] Similarly, each of F*, and F*, may be approxi-
mated as a function of [Hb], [HbO], and/or oxygen satura-
tion. In the alternative, F* and F** may also be assigned
specific values which may best approximate the optical
system and/or the physiological medium of interest. By
taking the simplest approach of approximating F and F*2 to
be a unity, the absolute values of [Hb], [HbO], and oxygen
saturation may be obtained as follows:

A A
(1) = CEb0ODY = ihoOD (122)

A A b A
EHpEHHO ~ EHBEHHO

SL0DY —530DM (12b)
[HbO] = Y
EHpEHPO ~ EHPEHPO

A oD i (12¢)
oy~ b

oD
('9/}-1117 - SLII;O)W + (‘9/}-12170 - ELZD)

S0, =

[0071] Tt is noted that [Hb], [HbO], and/or oxygen satu-
ration obtained from the equations (12a) to (12¢) (and/or
other approximation methods described hereinabove) may
be less accurate than those obtained from equations (8a),
(8b), and (9b). Nevertheless, as long as the foregoing
assumptions hold valid, one-to-one correlations may be
expected between the true values of [Hb], [HbO], and
oxygen saturation and those obtained from approximating
equations (12a) to (12¢). Such correlations may be deter-
mined once the optical properties of the physiological
medium are known. For example, extinction coefficients,
absorption coefficients, and/or scattering coefficients of the
physiological medium (or those of the chromophores) may
be determined for [HbT] and oxygen saturation. With known
optical properties, oxygen saturation may be estimated at
different levels of [HbT] through simulations of the diffusion
equations and/or through experiments. Equations (12a) and
(12b) may then be used to back-calculate [HbT], and a
correction function can be calculated which correlates the
calculated [HbT] with the true [HbT]. Similar or identical
approach may be applied to calculate correction functions
for [Hb] and/or [HbO] as well. It is noted that these methods
may be applied to different physiological media (c.g., dif-
ferent human or animal subjects) to assess different optical
properties and, therefore, to obtain different correction func-
tions.
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[0072] 1t is appreciated that the foregoing methods are
applicable to any optical system and physiological media
where migration of photons or propagation of electromag-
netic waves may be reasonably described by the generalized
governing equation (1). It should be noted that the parameter
eliminating step of the foregoing methods may be applicable
regardless of the specific numerical values assigned to the
parameters “y” and “3”. For example, y can be eliminated by
taking ratios of equation (4a) to (4b) and equation (4d) to
(4c), and 3 can be eliminated by taking the ratio of F* and
F*2. In addition, the foregoing method may also be readily
applicable to any modified versions of the governing equa-
tion (1) where the optical interaction or interference of the
medium is described by absorption coefficient or scattering
coefficients of the medium (or the chromophores included
therein). For example, by assigning an adequate value and
unit to parameter “y,” such modified equations can be
converted into equations substantially similar or identical to
the governing equation (1). Accordingly, it is manifest that
the foregoing methods may be deemed universal methods
for solving the generalized governing equation (1) for the
chromophore concentrations and/or their ratios.

[0073] Tt is further appreciated that the absolute values of
the chromophore concentrations (or their ratios) may be
obtained by wvariations of the foregoing methods. For
example, the detector coupling factors, D; and D,, may first
be eliminated from equations (42) to (4d) by taking the third
ratio of the equation (4a) to (4c) and the fourth ratio of the
equation (4d) to (4b) as follows:

b} 5
Isip; )
X
Ishp,

A

I} . S 1
= lnﬂ_l + lns—z + (BgmLszm - S}D]LSJDI)Z 10

52 7

oDy =In

1 5d)
7y (
oDyl = n—22

SiD2

A

I 5 A

= lnT +In— + (B/}}DQLS]DQ - BgDZLSZDZ)Z & ! Ci
LS 7

[0074] Similar to equations (5a) and (5b), this variational
method yields optical densities OD™; and OD*!, which are
substantially insensitive the coupling mode between the
wave detector and medium. By adding equation (5¢) to (5d),
the logarithmic ratios (i.e., one ratio of intensities of elec-
tromagnetic waves irradiated by the wave sources and the
other ratio of the source coupling factors, S; and S,) also
cancel each other, yielding:

oDy = oni' + oD} =y Y &l (60)

i

Wheae F34M=(BSZD;1LMLSZD1_BSIDIML51D1)+
(Bsip2 Lsinz=Bsana 'Lsznz) (6d)

[0075] By applying equations (6¢) and (6d) to the physi-
ological medium including oxy- and deoxy-hemoglobins,
following equation (7¢) is obtained:



US 2004/0162468 Al

2 7c)
OD3} B 1 1y (
ng“ = Zs,-l Ci = o} [HB] + 4 [HHO]

[0076] Similarly, a companion equation of equation (7c)
may be obtained by applying the second set of electromag-
netic waves having a wave length A,

2 7d)
oD32 . (
2= 362G o=} Hb] + 8 [HDO]

B4

[0077] Accordingly, by solving equations (7¢) and (7d),
mathematical expressions of two system variables [Hb] and
[HbO] can be obtained as follows:

1 1
v OD3 0D ®e)

EHbo E ~ €Hpo FJs\42

[H0] = LY L L
eHleHZbO - SHiSHlb
2 2
y 0D ), 0Dy @)
i re
[HhO] = ——2% 3

Mo Ao do Ay
EHHEHDO ~ EHLEHPO

o ) M
where ‘(BszD% Lsop1=Bsipr Lsip)+

2
(B51D2 1LSlD2_BS2D2 1LS2D2) (Sg)
and N F34M=)\(BszD1MLsle‘BsmlMLs1D1:'+
(leDZ 2LSlDZ_BSZDZ 2l’S2D2) (Sh)
[0078] The oxygen saturation may then be expressed as:

i
y OD3} ng{ 1 )
b x, " CHe

0Dy F34
oD% Fij
oDy Fi}

S0, =

+ (8/}42170 - 5/111%;)

(e/lbb - 5/}41170)

[0079] Other variations of the foregoing methods leading
to the equations (9b) and (9¢) may also be used as long as
they are designed to eliminate system parameters and to
ultimately express [Hb], [HbO], and/or oxygen saturation in
terms of known or measurable system variables or param-
eters such as, e.g., optical densities, extinction coefficients,
and/or other geometry-dependent parameters.

[0080] It is further appreciated that the foregoing method
of the present invention allows the wave sources to irradiate
multiple sets of electromagnetic waves having different
wave characteristics through various different embodiments.
The simplest arrangement may be to provide two wave
sources (such as S1 and S2), where each source is designated
to irradiate electromagnetic waves having different wave-
lengths, phase angles, amplitudes, and/or harmonics. Alter-
natively, each wave source may also be arranged to irradiate
substantially identical signal waves which are, however,
superimposed on different carrier waves. In yet another
alternative, a single or each wave source may be arranged to
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irradiate multiple sets of electromagnetic waves intermit-
tently, sequentially or simultaneously as long as different
sets of electromagnetic waves can be identifiable by one or
more wave detectors. Similar arrangements may also be
applied to the wave detectors as well. For example, two
wave detectors (D1 and D2) may be provided where each
detector is designated to detect only a single set of electro-
magnetic waves. Alternatively, a single or each wave detec-
tor may be arranged to detect multiple sets of electromag-
netic waves with different wave characteristics on an
intermittent, sequential or simultaneous mode. Because the
foregoing methods of the present invention allow these
various arrangements, the foregoing methods can be readily
incorporated to any conventional spectroscopic techniques
including, e.g., continuous wave spectroscopy, time resolved
spectroscopy, and phase modulation spectroscopy.

[0081] In another aspect of the invention, an over-deter-
mined numerical method is provided to solve the modified
Beer-Lambert equation and/or the photon diffusion equation
applied to an optical system including a source module and
a detector module, where at least one of the source module
and detector module may be arranged to irradiate or detect
more than two sets of electromagnetic waves. By arranging
an optical system o provide more equations than the number
of system variables of interest, resulting extra equations may
be utilized for other purposes, e.g., (i) to enhance the
accuracy of estimated values of system variables (e.g.,
chromophore concentrations or their ratios), (ii) to deter-
mine system parameters (e.g., “ot” PV, B Lo
743,7“€;,"“0” or other parameters such as absorption and
scattering coeflicients of the medium and/or chromophores)
or (iit) to provide correlations of the medium- and/or geom-
etry-dependent parameters of the equations (1) or (3b) with
the system variable(s) and/or other system parameters.

[0082] In the first embodiment, the extra equations may be
used to obtain multiple sets of the chromophore concentra-
tions (and/or their ratios). It is expected that discrepancies
may exist, at least to some extent, among the estimated
values of the concentrations (and/or their ratios). Such
discrepancies may be attributed to inherent idiosyncracies of
each pair of the wave source and the wave detector. Alter-
natively, the discrepancies may also arise from a non-
homogeneous medium, i.e., the medium having inherent
variations in optical properties in different portions thereof.
One way of taking advantage of different concentrations of
the chromophores (and/or their ratios) may be to average
such values to obtain an arithmetic, geometric or logarithmic
average having reduced random or systematic errors and
greater accuracy. Alternatively, each measured value may be
weighted by an appropriate weight function which may
account for, e.g., geometric configuration of the wave
source-detector assembly.

[0083] In the second embodiment, correlations of the
medium- and/or geometry-dependent parameters of the
equations (1) or (3b) with, e.g., the chromophores concen-
trations (or their ratios) may be obtained from those extra
equations. For example, when G (i.., the ratio of F, to F*
) is approximated as a polynomial of oxygen saturation
according to the equation (10), each of the coefficients of the
polynomial may be assigned an initial value, and then
improved by iterative techniques employing a conventional
numerical fitting method. In addition, the extra equations
may also be used to find the correction functions between
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approximated values of oxygen saturation, [Hb], and/or
[HbO] and the true values thereof.

[0084] Furthermore, the extra equations may also be used
to estimate system parameters (e.g., “o..,” P, v, “B.,,
L 0,7, 0,” and/or other system parameters such as
absorption coefficients and/or scattering coefficients of the
medium and/or chromophores). For example, a forward
numerical scheme may be used to estimate absorption and
reduced scattering coefficients of the physiological medium
and/or chromophores included therein. As described here-
inabove, migration of photons and propagation of electro-
magnetic waves in the medium can be described by the
diffusion or transport equation. Assuming that the medium is
semi-infinite and homogeneous, following equation may
describe an intensity of electromagnetic waves detected by
a j-th detector:

f ij}\=S i}\Dj)\q)(r o Fflaitls) 13

[0085] where S; generally denotes a source coupling
parameter accounting for, e.g., characteristics of an i-th
wave source such as power and configuration thereof, mode
of optical coupling between the i-th wave source and
medium, and/or coupling loss therebetween, and D is a
detector coupling factor generally accounting for character-
istics of a j-th wave detector, mode of optical coupling
between the j-th wave detector and medium, and the asso-
ciated coupling loss therebetween.

[0086] A symbol “¢” represents a forward numerical
model which simulates measurement for a given pair of the
wave source and wave detector. Parameters “u,” and “u.>”
represent, respectively, an absorption coefficient and
reduced scattering coefficient. When the optical system
includes, e.g., a total number of Ny wave sources and N,
wave detectors, equation (13) can be expressed in a matrix
form as follows:

/TR (14)
R
SIDIB(r1, iy o 1))

SYD, B Py s pas 1)

SNy DIGUNg. 1, Has 1) o SN DR $UNG s s Has H0)

[0087] Each side of the equation (14) is divided by the first
column of each matrix:

| Iing Diyp 801, 1, pros #17) ()
o T DU 1 s 1)
Ivgnp Dhyy - $Uigs Fips Hao 1)
1 1 1 ND s 'p? Har s
Nl D} $lrwg, 11, oy 1)
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[0088] Each row of the matrices A and B of the equation
(15) is then divided by the first row of each matrix:

.. 1 (16)

B

Prngs Fips as 1) $0r1 Ty s Has 1)
Brngs 11, Mas 1) G, Fis Py 1)

[0089] As manifest in equation (16), both of the matrices
A and B are functions of the absorption and reduced scat-
tering coefficients and do not depend on the source- and
detector-coupling parameters such as S; and D;. Accordingly,
by minimizing the difference between two matrices A and B
(i.e., ||A-B]), the best estimates of the absorption coefficient
and the reduced scattering coefficient may be numerically
obtained by conventional curve-fitting methods. After esti-
mating the absorption and reduced scattering coefficients,
[Hb], [HbO], and oxygen saturation may be obtained by the
following set of formulae:

A A A
_ SHZbolvla1 _‘9Hlb0/“la2 (172)
[Hb] = = 5 A
S S Y
EHbEHO ~ EHLEHPO
A A oA
3H1bMaz - EH%;MGI (I7b)
[HbO) = A Ao Ao A
EHpCHPO ~ CHPEHBO
HbO 17
50, = 101 (17¢)
[Hb] + [HbO]
A A Ay A
Epbia” — pipia’

('9/11-1%;(#4(%1 - Szlz;oﬂﬁz) + (Sgbﬂéz - "5le1;#§1)

[0090] It is noted that the foregoing over-determined
method may be applied to the optical systems with at least
two wave sources and three wave detectors, at least three
wave sources and two wave detectors, or three wave sources
and three wave detectors. Alternatively, the over-determined
method may equally be applied to the optical systems where
a single or each wave source or detector has the capability
of irradiating or detecting multiple sets of electromagnetic
waves, respectively.

[0091] Ttis appreciated that the foregoing over-determined
method may be incorporated by any conventional numerical
schemes. For example, a forward model, a backward model
or a hybrid model may be applied to determine, e.g., an
extinction coefficient, an absorption coefficient or a scatter-
ing coefficient of the physiological medium (or the chro-
mophores included therein). Such models may also be
applied to estimate the concentrations of the chromophores
(and/or ratios thereof). It is noted, however, that the results
obtained by such numerical models generally include inher-
ent errors associated therewith. Such errors may be mini-
mized by employing numerical models with the error terms
of the second or higher order. However, such models may
have a major drawback of requiring rigorous numerical



US 2004/0162468 Al

computations. Accordingly, the accuracy and efficiency of
each numerical model must be considered and compromised
in selecting an appropriate one.

[0092] In yet another aspect of the invention, an optical
system is provided to solve a set of wave equations and to
determine absolute values of the concentrations of the
chromophores (and/or ratios thereof) contained or sus-
pended in a physiological medium. An exemplary optical
system may include a body, a source module including at
least one wave source, a detector module having at least one
wave detector, and a processing module. The source module
is supported by the body, and is generally arranged to
optically couple with the physiological medium and to
irradiate into the medium at least two sets of electromagnetic
waves having different wave characteristics. The detector
module is also supported by the body, and is arranged to
optically couple with the medium and to detect electromag-
netic waves transmitted through the medium. The process-
ing module is arranged to operatively couple with the
detector module, to solve a set of multiple wave equations,
and to obtain the absolute values of the concentrations of
chromophores and/or ratios thereof.

[0093] In general, the processing module includes an
algorithm which is arranged to solve the foregoing equations
(1) or (3b) or their modified versions. For example, one or
more of the foregoing methods may be provided thereto as
hardware or software or be implemented to a microprocessor
so that the absolute values of the chromophore concentra-
tions (and/or their ratios) may be calculated from, ¢.g., the
intensity of electromagnetic waves irradiated by the source
module (or its wave source(s)), intensity of electromagnetic
waves detected by the detector module (or its wave detec-
tor(s)), and at least one system parameter which may
account for an optical interaction and/or interference
between the electromagnetic waves and the medium. The
algorithm of the processing module may include one or
more functions which correlates the medium- and/or geom-
etry-dependent term(s) of the foregoing wave equations as a
function of, e.g., the chromophore concentrations (or their
ratios). The algorithm of the processing module may also be
capable of executing the over-determined methods described
hereinabove. In addition, the processing module and algo-
rithm thereof may be arranged to operate on the TRS, PMS
or CWS mode.

[0094] The source module may include at least one wave
source and the detector module may include at least two
wave detectors. Alternatively, the source module may
include at least two wave sources while the detector module
may include at least one wave detector. It is preferred,
however, that the source and detector modules include,
respectively, at least two wave sources and at least two wave
detectors.

[0095] As described hereinabove, the foregoing methods
of the present invention are rather insensitive to actual
configuration of wave sources and detectors. Accordingly.
the optical system of the present invention may include any
number of wave sources and/or detectors arranged in any
arbitrary configuration. However, a few source-detector con-
figurations may be preferred so as to obtain the absolute
values of the chromophore concentrations (and/or their
ratios) with better accuracy, reliability, and reproducibility.

[0096] In the first preferred embodiment, multiple wave
sources and/or detectors may be arranged so that near-
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distances between each wave source and detector pair are
substantially identical. For example, for the source module
including two (i.e., a first and second) wave sources and the
detector module including two (i.e., a first and second) wave
detectors, a distance (e.g., a near-distance) between the first
wave source and the first wave detector may be arranged to
be substantially similar to that (e.g., another near-distance)
between the second wave source and the second wave
detector. In addition, another distance (e.g., a far-distance)
between the first wave source and the second wave detector
may also be arranged to be substantially similar to that (¢.g.,
another far-distance) between the second wave source and
the first wave detector. It is appreciated that this embodiment
is not necessarily required for every single pair of the wave
source and detector. For example, when the source module
has M wave sources and the detector module has N wave
detectors (M and N are integers greater than 1), at least two
of M wave sources and two of N wave detectors may be
arranged so that a distance between an M;-th wave source
and an N, -th detector is substantially similar to that between
an M,-th wave source and an N,-th wave detector, and that
a distance between the M;-th wave source and the N,-th
wave detector is substantially similar to that between the
M,-th wave source and the N;-th wave detector, where M,
and M, are both integers between 1 and M, and N, and N,
are both integers between 1 and N.

[0097] In the second preferred embodiment, wave detec-
tors may be arranged substantially linearly along a straight
line. As will be demonstrated in Examples, this arrangement
has produced the concentrations of oxygenated and deoxy-
genated hemoglobins and oxygen saturation with great accu-
racies. It is noted that not all wave detectors have to be
arranged linearly. For example, a substantial portion of the
wave detectors may only have to be disposed substantially
along the straight line. In this embodiment, it is also pre-
ferred that at least one wave source be disposed on one side
of the straight line while at least one other wave source be
disposed on the other side of the straight line.

[0098] In operation, a source module with at least one
wave source and a detector module having at least one wave
detector are provided to an active surface of an optical probe
which is operatively connected with a main body of an
optical system. Alternatively, the wave source and/or detec-
tor modules may be disposed at the main body and optical
fibers may be provided to connect the source and detector
modules to openings provided on the active surface of the
optical probe. Any conventional wave sources and detectors
may be used for such optical prove. It is preferred, however,
that the wave source is capable of irradiating electromag-
netic waves in the near-infrared range, e.g., between 500 and
1,200 nm or, in particular, between 600 and 900 nm, and that
the wave detector has appropriate sensitivity to such elec-
tromagnetic waves. The optical probe is placed on a physi-
ological medium, with its active surface disposed on the
medium to form an optical coupling therebetween. The
source module is activated so that at least two sets of
electromagnetic waves having different wave characteristics
are irradiated into the medium. The detector module then
picks up different sets of electromagnetic waves irradiated
by the wave source, propagated through the medium, and
directed toward the wave detector. The wave detector gen-
erates electric signals which are received by the processing
module of the main body of the optical system. Based on the
optical densities and at least one system parameter such as
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extinction coefficients of the chromophores, the processing
module computes the absolute values of the oxygenated
hemoglobin concentration, the deoxygenated hemoglobin
concentration or the oxygen saturation.

[0099] It is noted that the optical system according to the
present invention may include an equation solving module
which is operationally separate from the processing module.
Such an equation solving module may include variety of
numerical models designed perform one or more of the
foregoing methods of the present invention.

[0100] Although the foregoing disclosure has been
directed toward obtaining the absolute values of the con-
centrations of oxygenated and deoxygenated hemoglobins
(and/or their ratios), the foregoing optical systems and
methods therefor may be applicable to obtain absolute
values of other substances in the medium or properties
thereof. For example, similar or identical systems and meth-
ods may be used to determine the absolute values of con-
centrations (or their ratios) of other chromophores such as
lipids, cytochromes, water, and the like. Depending upon the
absorption or scattering characteristics, the wavelengths of
the electromagnetic waves may be adjusted for better reso-
lution. In addition, chemical compositions may be added to
the medium to enhance optical interaction or interference of
chromophores in the medium or to convert an non-chromatic
substance of the medium into a chromophore.

[0101] As described hereinabove, the foregoing optical
systems and methods of the present invention are preferred
to be incorporated to the continuous wave spectroscopic
technology. However, such systems and methods may
readily be incorporated into the time-resolved and phase-
modulation spectroscopic technologies as well.

[0102] The optical systems and methods according to the
present invention find a variety of medical applications. As
described hereinabove, such optical systems and methods
may be applied to measure the absolute values of concen-
trations of oxygenated and deoxygenated hemoglobin and/or
their ratio. Such optical systems will be beneficial in non-
invasively diagnosing ischemic conditions and/or locating
ischemia in various organs and tissues such as, e.g., a brain
(stroke), heart (ischemia) or other physiological abnormali-
ties originating from or characterized by abnormally low
concentration of oxy-hemoglobin. In addition, presence of
cancerous tumors in various internal organs, breasts, and
skins may be easily detected as well. Such optical systems
and methods may further be applied to cells disposed in
epidermis, corium, and organs such as a lung, liver, and
kidney. Such optical systems and methods may also be
applied to diagnose vascular occlusion during or after sur-
gical procedures including transplantation of tissues, skins,
and organs, e.g., heart, lung, liver, and kidney.

[0103] Other medical applications include tissue analysis
of regions and/or of an location over time. FIG. 3 shows an
embodiment of an optical system of the invention that
includes multiple probes. A computer system 1 is in com-
munication with multiple probes 201. Although three probes
are shown, embodiments can have more or fewer probes.

[0104] Computer system 1 directs the electromagnetic
waves that are generated by each probe and receives data on
the electromagnetic waves that are detected in for use in
calculations. In one embodiment, the probes have two wave
sources and four wave detectors as shown in FIG. 4.
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[0105] The multiple probes can be perform simultaneous
measurements at different locations on a physiological
medium for self calibration. Additionally, the measurements
from the multiple probes can be utilized to generate regional
information about the physiological medium. The regional
information can include 2D mapping of the surface of the
medium.

[0106] One or more probes can be utilized to monitor
changes in the physiological medium over time. This can be
useful for medical applications such as monitoring tissue
viability. For example, in one embodiment, the probes are
detachable and flexible, allowing them to be placed on the
skin of a patient after surgery, such as plastic surgery. The
oxygen saturation in tissue can be utilized as an indication
of tissue viability.

[0107] The multiple probes can be utilized to calculate the
tissue viability at different locations. Also, the probes can be
left on the skin to allow monitoring changes in tissue
viability over time.

[0108] Following examples describe simulation and
experimental results obtained by the optical systems and
methods thereof according to the present invention. All
simulation and experimental results indicate that the optical
systems and methods thereof provide accurate predictions of
the concentrations of the hemoglobins as well as the oxygen
saturation.

EXAMPLE 1

[0109] The diffusion equation (3b) was numerically
solved for optical proves with multiple wave sources and
detectors arranged in various configurations. The equations
were applied to a sample physiological medium such as a
semi-infinite, homogenecous diffuse medium with different
background optical properties. Diffuse reflectances were
calculated according to an imaging source approach dis-
closed in an article entitled, “Boundary conditions for the
diffusion equation in radiative transfer” by R. C. Haskell et
al. and published in Journal of Optical Society of America
(11, p. 2727-2741,1994). Values of G (the ratio of F* to F*)
were estimated at different levels of oxygen saturation and
fitted as a polynomial thereof.

[0110] FIGS. 5A to 5C are plots of G=s (ratios of F=s
simulated at different wavelengths) as a function of oxygen
saturation As shown in the figures, all simulation results
showed distinct one-to-one correlations between G and
oxygen saturation, and that the dependence of G on oxygen
saturation was substantially insensitive to the source-detec-
tor configuration as well as the background optical proper-
ties. Conventional curve-fitting methods, such as the least-
squares method, were applied to numerically estimate the
coefficients of equation (10) (i.e., 0, 04, O, 05 . . . ). For
example, in a system with background reduced scattering
coefficient of 10 cm™ and the total hemoglobin concentra-
tion of 107* mol/liter and simulated with electromagnetic
waves having wavelengths of 780 nm and 830 nm, following
equation approximated the relation between G and oxygen
saturation:
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FM (18)

G = —— =0.728+0.369-S0, +0.064- SO} + 0.067-503
2

EXAMPLE 2

[0111] Further simulations were performed in a system
with the background scattering of 7 cm™ and the total
hemoglobin concentration of 2x10™* mol/liter. In the simu-
lations, SO, was varied from 0 to 100%. FIG. 6 is a plot of
calculated oxygen saturation contrasted against true oxygen
saturation. Although the background properties used to find
the correlation between G and oxygen saturation were quite
different, the estimated oxygen concentration was accurate
with a systematic error of about a few percent.

EXAMPLE 3

[0112] An exemplary optical system was prepared and
hemoglobin concentrations and the oxygen saturation were
monitored before and after occlusion of arteries of an
extremity in a human subject. FIG. 7 is a schematic diagram
of a sample optical system including two wave sources and
two wave detectors arranged in a linear fashion according to
the present invention. Two wave detectors were linearly
disposed along a straight line and separated by 6 mm. Two
wave sources were disposed outside of each wave detector
so that the left wave source was disposed at the left side of
the left wave detector at a distance of 9 mm, and the right
wave source disposed at the right side of the right wave
detector at a distance of 9 mm. Accordingly, each pair of the
wave sources and detectors had identical near-distances and
far-distances. The wave sources had an outer diameter of 2
mm and each was designed to irradiate the electromagnetic
waves having two different wavelengths. For example, laser
diodes (model numbers HL6738MG and HL8325G, Thor-
labs, Inc). were used to irradiate electromagnetic waves
having wavelengths 690 nm and 830 nm, respectively. A
photo-detector (model number OPT202 by Barr-Brown) was
used as the wave detector.

[0113] A cuff was placed at the upper arm and the optical
probe was disposed at the fore arm. After the subject
stabilized, cuff pressure was increased to about 160 mmHg
in about 35 seconds, held at the same level for about 40
seconds, and then released to atmospheric level. Concentra-
tions of the total hemoglobin, oxygenated hemoglobin, and
deoxygenated hemoglobin were monitored, along with the
oxygen saturation.

[0114] FIG. 8 is a time-course plot of total hemoglobin
(HbT) concentration, oxygenated hemoglobin (HbO) con-
centration, and deoxygenated hemoglobin (Hb) concentra-
tion according to the present invention, and FIG. 9 is a
time-course plot of oxygen saturation according to the
present invention. As shown in the figures, hemoglobin
concentrations and oxygen saturation decreased sharply
during the initial phase of occlusion, followed by a gradual
decrease thereof. After the release, concentrations and oxy-
gen saturation showed rapid increase. These results demon-
strated that the optical systems and methods according to the
present invention provided accurate predictions of the hemo-
globin concentrations as well as the oxygen saturation.
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These results also showed that the optical systems possessed
proper temporal response characteristics.

[0115] It is to be understood that, while various embodi-
ments of the invention has been described in conjunction
with the detailed description thereof, the foregoing is
intended only to illustrate and not to limit the scope of the
invention, which is defined by the scope of the appended
claims. Other embodiments, aspects, advantages, and modi-
fications are within the scope of the following claims.

What is claimed is:

1. A method for determining an absolute value of con-
centrations of chromophores in a physiological medium,
comprising:

a probe irradiating the physiological medium with elec-
tromagnetic waves at a first wavelength;

the probe irradiating said physiological medium with
electromagnetic waves at a second wavelength, the first
wavelength being different than the second wave-
length,

the probe detecting the electromagnetic waves transmitted
through the physiological medium; and

calculating an absolute value of concentrations of chro-

mophores from the detected electromagnetic waves.

2. The method according to claim 1, wherein a plurality
of probes perform the irradiating and detecting steps at a
plurality of locations on the physiological medium.

3. The method according to claim 2, further comprising
calibrating the plurality of probes according to the absolute
value of concentrations of chromophores that are calculated.

4. The method according to claim 2, further comprising
generating regional information of the absolute value of
concentrations of chromophores at the plurality of locations
on the physiological medium.

5. The method according to claim 1, further comprising
monitoring changes in the absolute value of concentrations
of chromophores over time.

6. A method according to claim 1, wherein the physi-
ological medium is tissue affected by surgery.

7. A method according to claim 6, further comprising
calculating a viability of the tissue according to the an
absolute value of concentrations of chromophores.

8. An optical system for determining an absolute value of
at least one of concentrations of chromophores included in
a physiological medium, comprising:

a plurality of probes, each probe comprising a source to
irradiate into the medium at least two sets of electro-
magnetic waves having different wave characteristics
and a detector to detect electromagnetic waves trans-
mitted through the medium; and

a processing module, coupled to the plurality of probes, to
determine the absolute value of at least one of the
concentrations and the ratios thereof from a plurality of
wave equations.

9. The optical system according to claim 8, wherein the
chromophores are hemoglobins including oxygenated
hemoglobin and deoxygenated hemoglobin.

10. The optical system according to claim 8, wherein the
physiological medium is tissue affected by surgery.

11. The optical system according to claim 8, wherein the
processing module includes an algorithm configured to
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determine the absolute value based on an intensity of
electromagnetic waves irradiated by the source, an intensity
of electromagnetic waves detected by the detector, and at
least one parameter accounting for an optical interaction
between electromagnetic waves and the medium.

12. The optical system according to claim 11, wherein the
wave equations include at least one term substantially
dependent on at least one of optical properties of the medium
and configuration of the source and detector, and the algo-
rithm including at least one correlation expressing a first
function of the term as a second function of at least one of
the concentrations and the ratios thereof.

13. The optical system according to claim 12, wherein the
second function is a polynomial of at least one of the
concentrations and the ratios thereof.

14. The optical system according to claim 11, wherein the
wave equations include at least one term substantially
dependent on at least one of optical properties of the medium
and configuration of the source and detector, and wherein the
algorithm approximates a function of the term as a constant.

15. The optical system according to claim 8, wherein the
wave equation is expressed as: I=afyl, exp {--B L 0Z; (¢;
C)+o}, wherein I is a variable for an intensity of electro-
magnetic waves irradiated by the source, I is a variable for
an intensity of electromagnetic waves detected by the detec-
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tor, oL is a parameter associated with at least one of the source
and medium, f is a parameter associated with at least one of
the detector and medium, y is one of a proportionality
constant and a parameter associated with at least one of the
source, detector, and medium, B is a parameter accounting
for a length of an optical path of electromagnetic waves
through the medium and associated with at least one of the
source, detector, and medium, L is a parameter accounting
for a distance between the source and the detector, 9 is one
of a proportionality constant and a parameter associated with
at least one of the source, detector, and medium, ¢, is a
parameter accounting for an optical interaction between
electromagnetic waves and an i-th chromophore in the
medium, C; is a variable denoting concentration of the i-th
chromophore, and o is one of a proportionality constant and
a parameter associated with at least one of the source,
detector, and medium.

16. An optical system according to claim 16, wherein the
parameter B is a path length factor.

17. An optical system according to claim 16, wherein the
parameter ¢, is at least one of a medium extinction coeffi-
cient, medium absorption coefficient, and medium scattering
coefficient.
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