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METHOD FOR SPECTROPHOTOMETRY BLOOD OXYGENATION

MONITORING OF THE LOWER GASTROINTESINAL TRACT

[0001] This application claims priority to U.S. Provisional application serial number

61/224,689 filed on July 10, 2009 , U.S. Provisional application serial number 61/261,563

filed on November 16, 2009, U.S. Provisional application serial number 61/262,419 filed on

November 18, 2009 and U.S. Provisional application serial number 61/306,200 filed on

February 19, 2010.

BACKGROUND OF THE INVENTION

1. Technical Field.

[0002] This invention relates to methods for non-invasively determining biological

tissue oxygenation in general, and to non-invasive methods utilizing near-infrared

spectroscopy (NIRS) techniques for determining the same in particular, especially for lower

gastrointestinal (GI) oxygenation for a newborn baby.

2. Background Information.

[0003] U.S. Patent No. 6,456,862 and U.S. Patent Application Serial No. 10/628,068,

both assigned to the assignee of the present application and both hereby incorporated by

reference, disclose methods for spectrophotometric blood oxygenation monitoring. Oxygen

saturation within blood is defined as:

O1SQtUration% = m ° 2— *100% (Eqn. 1)
2 (HbO 2 + Hb) 4 '

These methods, and others known within the prior art, utilize variants of the Beer-Lambert

law to account for optical attenuation in tissue at a particular wavelength. Relative

concentrations of oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb), and therefore

oxygenation levels, within a tissue sample are determinable using changes in optical

attenuation:

A = -log \ — \ = a λ *AC*d*B λ (Eqn.2)



wherein "A " represents the optical attenuation in tissue at a particular wavelength λ (units:

optical density or OD); "I" represents the incident light intensity (units: W/cm2); "α "

represents the wavelength dependent absorption coefficient of the chromophore (units: OD *

cm 1 * µM 1); "C" represents the concentration of chromophore (units: µM); "d" represents

the light source to detector (optode) separation distance (units: cm); and "Bλ" represents the

wavelength dependent light scattering differential pathlength factor (unitless). The term

"chromophore' as used herein is a material, substance, or molecule that absorbs certain

wavelengths of light and reflects others, which results in visible detection of a color (e.g.,

HbO appears reddish in color and Hb appears bluish in color).

[0004] To non-invasively determine oxygen saturation within tissue accurately, it is

necessary to account for the optical properties (e.g., absorption coefficients or optical

densities) of the tissue being interrogated. In some instances, the optical properties for the

tissue components that create background light absorption and scattering can be assumed to

be relatively constant over a selected wavelength range. In other instances, they cannot

accurately be assumed to be constant. FIG. 1 illustrates an example of the relationship

between the optical properties of tissue and the scattering losses and the background tissue

absorption losses.

[0005] In some instances, the region of the subject being interrogated may contain

chromophores other than Hb and HbO2, which unless accounted for, can adversely affect the

determination of Hb and HbO2. When NIRS techniques are used to monitor lower GI

oxygenation in neonates, for example, chromophores to be accounted for include components

of neonatal meconium stools, transitional stools, and certain nutritional fluids, all of which

have a wavelength dependent absorption spectra in the same wavelength range as Hb and

HbO2, as shown in FIG 1. A NIRS algorithm that does not compensate for neonatal stools,

particularly meconium, will very likely give an inaccurate measurement of lower GI tissue

oxygenation. Specifically, the inaccurate measurement will often erroneously indicate a

decreased lower GI oxygenation level, because the absorption spectra of meconium and

certain nutritional fluids mimics deoxygenated hemoglobin (Hb).

[0006] Meconium stools are typically passed by a neonate during its first two or three

days of life. Meconium stools are quickly followed by transitional stools by in the 4 to 5 days



of age range. Meconium is a composite of desquamated intestinal lining, mucous, blood and

bile. Bilirubin and biliverdin found within liver bile can influence the color of a stool when

present within the stool. Bilirubin is formed by the liver from hemoglobin that is released

during the end of life-cycle for red blood cells. Referring to FIG. 2, as hemoglobin is broken

down, heme is converted to biliverdin by heme oxygenase. Then biliverdin is converted to

bilirubin by biliverdin reductase. Depending on the concentration of bilirubin and biliverdin,

bile can vary from almost black to green and light yellow in color. A fresh specimen of day-

old meconium has been determined to typically have a peak transmittance (i.e. low light

absorption) of about 900 nm. While the composition of meconium is unique in its high

concentration of bile and other aspects, follow-on stools such as transitional stools may also

have chromophores in or near the absorbance range associated with Hb and HbO2. In

particular high concentrations of biliverdin in transitional stools, which makes the stool

appear green in color, has a distinctive absorbance spectra, similar to that of meconium as

shown in FIG. 3. The absorbance spectra of isolated biliverdin as shown in FIG. 3A

demonstrates this characteristic, while the absorption spectra of isolated bilirubin (see FIG.

3B) does not. Because bile is present in the liver and gall bladder which can contain

biliverdin, high concentrations of bile can adversely affect the determination of Hb and HbO2

by NIRS monitoring of these organs as well.

[0007] Iron containing fluids commonly used to meet the enterally delivered

nutritional needs of infants (e.g., breast milk and infant formula) are examples of nutritional

fluids. While the exact chemical makeup of breast milk is still unknown, the composition of

infant formula is formulated to be similar to the generally accepted makeup. An example of

the mismatch between breast milk and formula that is pertinent to the present application is

the amount and uptake of iron; e.g., breast milk contains about 0.3 mg of iron per liter, of

which nearly half is absorbed, and formula contains about 10 mg of iron per liter, of which

less than 5% is absorbed. Iron salts are the common source for fortifying infant formula

(ferrous fumarate, ferrous sulfate, and ferrous gluconate). Other chromophores are likely

present in these two fluids. In addition to iron, the U.S. Food and Drug Administration (FDA)

specifies that infant formula must contain: fat, protein, niacin, folic acid, linoleic acid,

pantothenic acid, calcium, chloride, copper, iodine, manganese, magnesium, phosphorous,



potassium, sodium, and zinc, and vitamins A, B, Bl, B2, B12, C, D, E, and K. In addition,

formulas not made with cow's milk must include biotin, choline and inositol. A formula

frequently given to neonates during a neonate intensive care unit stay is Enfamil® brand

infant formula (iron fortified, premature lipil) marketed by Mead Johnson & Company. The

Enfamil® formula was found to have a peak transmittance of about 850 nm. The term

"transmittance", as used herein, refers to the amount of light that passes through the material;

i.e., the inverse of absorbance.

[0008] The timing and volume of enteral nutrition by caregivers is rather subjective,

especially for infants at risk for bowel-related diseases, e.g., necrotizing enterocolitis (NEC)

and perforation of the gastrointestinal tract. While the etiology of these diseases is mixed and

not fully understood, it is believed that ischemia plays a common critical role. Until enteral

feeds are tolerated, parenteral or intravenous sources of nutrition are administered (a more

invasive and largely less effective methodology).

[0009] What is needed, therefore, is a method for non-invasively determining the level

of oxygen saturation and related ischemia within lower GI tissue, which method is operable to

account for materials potentially within the lower GI tract that have a wavelength dependent

absorption spectra (e.g., meconium, including stool components such as biliverdin, and/or

nutritional fluids, etc.) that would, if unaccounted for, affect the accuracy of the oxygen

saturation determination.

[0010] What is also needed, therefore, is a method for non-invasively determining the

level of oxygen saturation and related ischemia within the viscera (GI, liver, kidneys,

pancreas, stomach), which method is operable to account for materials potentially within the

viscera that have a wavelength dependent absorption spectra (certain nutritional fluids) that

would, if unaccounted for, affect the accuracy of the oxygen saturation determination.

DISCLOSURE OF THE INVENTION

[001 1] Premature infants must adapt to extra-uterine life during a period in which

many organ systems are not yet fully matured. Among these organ systems is the

gastrointestinal (GI) system, whose immaturity predisposes the infant to several co

morbidities including feeding intolerance, susceptibility to bacterial invasion and infection,



the development of necrotizing enterocolitis (NEC), and gastric perforation. While several

studies have validated the use of a NIRS monitor to measure cerebral saturations, little data is

available within the prior art regarding oxygenation of mesenteric tissue. It is believed that

such data may be quite useful, particularly in the setting of a preterm infant who is at higher

risk for the aforementioned co-morbidities. According to the present invention, a NIRS

device may be used to evaluate and provide baseline saturations for mesenteric tissue.

[0012] According to an aspect of the present invention, a method for non-invasively

determining a blood oxygen saturation level within a subject's lower GI tissue is provided.

The method includes the steps of: a) providing a spectrophotometric sensor operable to

transmit light into the subject's tissue, and to sense the light; b) sensing the subject's lower GI

tissue using the sensor, and producing signal data from sensing the subject's tissue; c)

processing the signal data, including determining the presence of one or more wavelength

dependent light absorbing materials not present within blood within the subject's lower GI

tract from the signal data; and d) determining the blood oxygen saturation level within the

subject's lower GI tissue, including accounting for the presence of the wavelength dependent

light absorbing material not present within blood within the subject's lower GI tract

determined using the signal data.

[0013] According to another aspect of the present invention, a method for non-

invasively determining the presence of fecal matter within the lower GI tract of a subject is

provided. The method includes the steps of: a) providing a spectrophotometric sensor

operable to transmit light at a plurality of wavelengths into the subject's tissue, and to sense

the light; b) sensing the subject's lower GI tissue using the sensor, and producing signal data

from sensing the subject's tissue; and c) processing the signal data, including determining the

presence of fecal matter within the subject's lower GI tract based on the presence of at least

one of meconium, including stool components such as biliverdin, and/or nutritional fluids

within the subject's lower GI tract, wherein the presence of meconium, including stool

components such as biliverdin, and/or nutritional fluid is determined using a difference in

attenuation between the wavelengths.

[0014] According to another aspect of the present invention, a near-infrared

spectroscopy apparatus is provided. The apparatus includes a spectrophotometric sensor and



a processor. The sensor has at least one light source and at least one light detector. The

sensor is operable to transmit light into a subject's tissue, to sense the transmitted light, and to

produce signal data from the sensed light. The processor is adapted to receive and process the

signal data to determine the presence of a wavelength dependent light absorbing material not

present within blood within the subject's lower GI tract.

[001 5] According to another aspect of the present invention, an apparatus for non-

invasively determining the presence of fecal matter within a lower GI tract of a subject is

provided. The apparatus includes at least one spectrophotometric sensor and a processor.

The sensor has at least one light source and at least one light detector. The sensor is operable

to transmit light at a plurality of wavelengths into the subject's tissue, and to sense the light.

The processor is adapted to receive the signal data and to process the signal data to determine

the presence of fecal matter within the lower GI tract of the subject. The processing includes

determining the presence of a wavelength dependent light absorbing material found within

fecal matter.

[0016] The present method and apparatus provides advantageous accuracy. All prior

art non-invasive devices and methods for determining blood oxygen saturation level within a

subject's lower GI tissue, of which we are aware, do not consider the optical characteristics of

materials (e.g., meconium, including stool components such as biliverdin, and/or nutritional

fluids) commonly found within the lower GI tract of the subject that have a wavelength

dependent absorption spectra If the optical characteristics of these materials (e.g.,

meconium, including stool components such as biliverdin, and/or nutritional fluids) are not

considered in the algorithm to measure lower GI tissue oxygen saturation, the determined

oxygen saturation value will likely be inaccurate.

[0017] NIRS sensors are typically calibrated by use of assumed constants and /or

relative to a source (e.g., a phantom sample, empirical data, etc.) other than subject being

sensed; i.e., calibrated in a "subject independent" manner. The present device and method, in

contrast, considers the specific physical characteristics of other wavelength dependent light

absorbing compounds in a particular subject's lower GI tract such as meconium and/or

ingested nutritional fluids, by sensing the particular subject's lower GI tissue, creating signal

data based on the sensing, and determining accurate lower GI tissue oxygenation in the



presence of these materials (e.g., meconium, including stool components such as biliverdin,

and/or nutritional fluids).

[0018] These and other objects, features, and advantages of the present invention

method and apparatus will become apparent in light of the detailed description of the

invention provided below and the accompanying drawings. The methodology and apparatus

described below constitute a preferred embodiment of the underlying invention and do not,

therefore, constitute all aspects of the invention that will or may become apparent by one of

skill in the art after consideration of the invention disclosed overall herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 is a graph diagrammatically illustrating tissue data plotted relative to a

Y-axis of values representative of light absorbance, and an X-axis of wavelength values.

[0020] FIG. 2 is a diagrammatic illustration of the relationship of Heme Oxygenase

and the constituents which come therefrom.

[0021] FIG. 3 is a graph depicting the relationship between absorbance and

wavelength for meconium, biliverdin, and transitional stool.

[0022] FIG. 3A is a graph depicting the relationship between the absorbance of

isolated biliverdin, and wavelength

[0023] FIG. 3B is a graph depicting the relationship between the absorptance of

isolated bilirubin, and wavelength.

[0024] FIG. 4 is a diagrammatic representation of a NIRS sensor placed on a subject's

lower abdomen area to interrogate the bowel and its contents: meconium and nutritional fluid.

[0025] FIG. 5 is a diagrammatic view of a NIRS sensor.

[0026] FIG. 6A is a diagrammatic representation of a NIRS sensor embodiment

showing light interrogating bowel and its contents: meconium and nutritional fluid.

[0027] FIG. 6B is a diagrammatic representation of a NIRS sensor embodiment

showing light interrogating bowel and its contents: meconium and nutritional fluid.

[0028] FIG. 7 is a flow chart illustrating steps according to one aspect of the present

invention.



[0029] FIG. 8 is a graph having values diagrammatically representative of subject-

specific calibration coefficients (ZHb, ZHbO2) plotted along a Y-axis, MECf index values

plotted along an X-axis.

[0030] FIG. 9 is a graph diagrammatically illustrating absorbance of the tissue

containing blood with different levels of hemoglobin oxygen saturation or SnO2.

[0031] FIG. 10 is a graph diagrammatically illustrating using the absorbance slope

method to detect chromophores other than Hb and HbO2.

[0032] FIG. 11 is a graph diagrammatically illustrating meconium passing under the

NIRS sensor prior to discharge.

[0033] FIG. 12 is a flow chart illustrating steps according to another aspect of the

present invention.

[0034] FIG. 13 is a graph of absorption versus wavelength showing the absorption

spectra of meconium versus Hb and HbO2.

[0035] FIG. 14 is a table containing study data.

[0036] FIG. 15 is a graph of oxygen saturation percentage as a function of time for a

gastrointestinal tract.

[0037] FIG. 16 is a graph of gastrointestinal tract oxygen saturation versus cerebral

oxygen tissue saturation.

DETAILED DESCRIPTION THE INVENTION

[0038] Referring to FIG. 4, a near-infrared spectrophotometric (NIRS) system 8 is

provided that includes at least one sensor 10 and a processor portion 12. The sensor 10 is

capable of transmitting a light signal into the tissue of a subject and sensing the light signal

once it has passed through the lower GI tissue and materials contained within the lower GI

tract via transmittance or reflectance. The present method and apparatus can be used with a

variety of NIRS sensors, and is not therefore limited to any particular NIRS sensor.

[0039] Referring to FIGS. 1, 5, 6A, and 6B, an example of an acceptable NIRS sensor

10 includes an assembly housing 14 and a connector housing 16. The assembly housing 14 is

a flexible structure that can be attached directly to a subject's body. The sensor 10 includes

one or more light sources 18 and light detectors 19, 20. The sensor embodiment shown in



FIGS. 5 and 6A has a pair of light detectors 19, 20. The sensor embodiment shown in FIG.

6B has a single light detector 20. A disposable adhesive envelope or pad is preferably used

for mounting the assembly housing 14 easily and securely to the subject's skin. Light signals

of known but different wavelengths from the light sources 18 emit through a prism assembly.

The light sources 18 are preferably laser diodes that emit light at a narrow spectral bandwidth

at predetermined wavelengths. The laser diodes may be mounted remote from the assembly

housing 14; e.g., in the connector housing 16 or within the processor portion 12. In these

embodiments, a fiber optic light guide is optically interfaced with the laser diodes and the

prism assembly that is disposed within the assembly housing 14. In other embodiments, the

light sources 18 are mounted within the assembly housing 14. A first connector cable 26

connects the assembly housing 14 to the connector housing 16 and a second connector cable

28 connects the connector housing 16 to the processor portion 12. The light detectors 19, 20

each include one or more photodiodes. The photodiodes are also operably connected to the

processor portion 12 via the first and second connector cables 26, 28. Other examples of

acceptable NIRS sensors are described in U.S. Patent Application Nos. 12/090,671 and

12/514,671, and U.S. Patent Nos. 7,047,054 and 7,313,427, all of which are commonly

assigned to the assignee of the present application and all of which are hereby incorporated by

reference in their entirety.

[0040] The processor portion 12 includes a processor 13 having a central processing

unit (CPU) adapted (e.g., programmed) to selectively perform the functions necessary to

perform the present analysis as described herein. For example, the processor 13 is adapted to

operate the sensor 10 to emit light signals from the light source 18, and to receive sensor

signals from the light detectors 19, 20. The processor is further adapted to process the sensor

signals according to the method and algorithm described herein. It should be noted that the

functionality of processor 13 may be implemented using hardware, software, firmware, or a

combination thereof. A person skilled in the art would be able to program the processor to

perform the functionality described herein without undue experimentation.

[0041] The exemplary algorithm embodiment described herein characterizes a change

in attenuation as a function of the difference in attenuation between different wavelengths.

The algorithm accounts for the effects of pathlength and parameter "E", which represents



energy losses ("G") due to light scattering within tissue, other background absorption losses

("F") from biological compounds, and other unknown losses ("N") including measuring

apparatus variability (E = G + F + N). As will be discussed below, the parameter "E" reflects

energy losses not specific to the subject being tested with a calibrated sensor (i.e., "subject-

independent").

[0042] The absorption Abλ detected from the deep light detector 20 includes

attenuation and energy losses from both the deep and shallow tissue, while the absorption Axχ

detected from the shallow light detector 19 includes attenuation and energy losses from

shallow tissue. Absorptions Abλ and A xχcan be expressed in the form of Equation 3 and

Equation 4 :

Abλ aλ *Cb *Lb +aλ *Cx *Lx +Eλ (Eqn.3)

= χ*Cx Lx +Exλ (Eqn.4)

In some applications, a single light detector may be used (e.g., see FIG. 6B), in which case

Equation 5 can be used:

Abλ = -log (Ib / I0 = αλ * Cb * Lb + Eλ (Eqn 5)

If both the deep and shallow detectors are used, then substituting Equation 4 into Equation 3

yields A\, which represents attenuation and energy loss from deep tissue only:

A =A x -Ax = < x *Cb *Lb +(E λ - Exλ ) (Eqn.6)

From Equation 5 or Equation 6, L is the effective pathlength of the photon traveling through

the deep tissue and A \ and A'2 represent light attenuation at two different wavelengths to

determine differential wavelength light attenuation AA \ 2:

1- 2 =A n (Eqn.7)



Substituting Equation 5 or 6 into Equation 7 for 1 andv4' , AA' can be expressed as:

2 = m *Cb *Lb +AE[2 (Eqn.8)

and Equation 8 can be rewritten in expanded form:

2 = (( i - 2 ) +(a Λ - a o2 ) [HbO2]b) Lb + {E[ - E1) :

(Aa r *Lb +(Aa
012

*[HbO2]b *Lb ) +AE{2

where:

*LΛ represents the attenuation attributable to Hb; and

(∆ ol2 *[HbO2)b *Lb ) represents the attenuation attributable to HbO ; and

AE'i2 represents energy losses due to light scattering within tissue, other background

absorption losses from biological compounds, and other unknown losses including measuring

apparatus variability.

[0043] The multivariate form of Equation 9 is used to determine [HbO b and [Hb]

with three different wavelengths:

Rearranging and solving for [HbO2]b and [Hb]b, simplifying the ∆α matrix into [∆α ' ] :

Then combined matrices [∆AT] [∆α1]-i _= [Ac] and [∆E] [∆α1]-1 = [Ψc] :



The parameters A b and A bθ2 represent the product of the matrices [∆A ] and [∆α'] 1 and the

parameters Ψ b and ΨHb02 (referred to hereinafter as calibration constants) represent the

product of the matrices [∆EV] and [∆α'] 1. To determine the level of tissue blood oxygen

saturation (SnO ), Equation 12 is rearranged using the form of Equation 1 and is expressed as

follows:

Note that tissue blood oxygen saturation is sometimes symbolized as StO , SctO2, CrSO , or

rSO2. The effective pathlength Lb cancels out in the manipulation from Equation 12 to

Equation 13.

[0044] The value for Snθ 2 is initially determined from an empirical reference of

weighted combination of venous and arterial oxygen saturation (Smvθ 2) value, for example

using:

SmvO 2 = Kv* SvO2 +Ka* SaO2 (Eqn. 14)

and the empirically determined values for 5V and Saθ 2, where the term SvO represents

venous oxygen saturation, the term uSaθ 2" represents arterial oxygen saturation, and the

terms Kv and Ka are the weighted venous and arterial contributions respectively (Kv +Ka =

V). The empirically determined values for SvO2 and SaO2 are based on data developed by

discrete sampling (e.g., samples collected at points in time spaced apart from one another) or

continuous monitoring of the subject's blood performed at or about the same time as the

sensing of the tissue with the sensor; e.g., blood samples discretely collected can be analyzed

by blood gas analysis and blood samples continuously monitored can be analyzed using a

fiber optic catheter inserted within a blood vessel. The temporal and physical proximity of



the NIRS sensing and the development of the empirical data helps assure accuracy. The

initial values for Kv and Ka within Equation 14 are clinically reasonable values for the

circumstances at hand. The values for A b02 and A are determined mathematically using the

values for x and Ixχ for each wavelength sensed with the NIRS sensor (e.g., using Equation

3 & 4 for deep and shallow detectors or Equation 5 for a single detector). The calibration

parameters Ψ band ΨHb0 2, which account for energy losses due to scattering as well as other

background absorption from biological compounds, are then determined using Equation 14

and non-linear regression techniques by correlation to different weighted values of SvO2 and

SaO , i.e., different values of Ka and Kv. Statistically acceptable values of Kv and Ka and

ΨHb and ΨHb02 are converged upon using the non-linear regression techniques. Experimental

findings show that with proper selection of Ka and Kv, the calibration parameters Ψ b and

Hb02are constant within a statistically acceptable margin of error for an individual NIRS

sensor used to monitor brain oxygenation on different human subjects.

[0045] The above-identified process produces a NIRS system 8 calibrated relative to a

particular subject using invasive techniques (i.e., subject specific calibration), or a NIRS

system 8 calibrated relative to an already calibrated sensor 10 (or relative to a phantom

sample); i.e., subject independent calibration. The present device and method provides the

advancement of also considering the specific physical characteristics of other wavelength

dependent light absorbing compounds 30 (see FIG. 6) in the lower GI tract 32 such as

meconium and/or nutritional fluids, of the particular subject by sensing the subject's lower GI

tissue.

[0046] To compensate for wavelength dependent light absorbing materials such as

meconium and/or nutritional fluids in the GI tract of a newborn baby, the effects of the

aforesaid chromophores can be accounted for within one or more algorithms programmed into

the processor. The flow chart shown in FIG. 7 illustrates an embodiment of the present

algorithm. FIG. 1 shows the absorbance of meconium and/or nutritional fluids from a

laboratory spectrometer measurement plotted with the familiar absorbance of Hb and HbO2.

The term "absorbance" as used in the Y-axis of FIG. 1 and other Figures herein refers to a

arbitrary measure of the relationship of the light incident to the tissue and the light sensed

from the tissue; e.g., the amount of light absorbed, the extinction coefficient, etc. One way to



compensate for meconium and or nutritional fluids as they pass through the bowels of the

baby is to use the sensed signal data to create a meconium and food (MECf) index value. The

MECf index value is derived from wavelength dependent light attenuation attributable to the

optical characteristics of meconium, including stool components such as biliverdin, and

nutritional fluids (e.g., as shown in FIG. 1). Index values for other wavelength dependent

light absorbing materials can also be determined using the process described herein. Note that

the presence of meconium has a much greater effect in NIRS light measurement compared to

melanin (the light absorbing pigmentation in skin and tissue) in babies. This is partially due

to reduced skin pigmentation in the newborn, especially for newborns and in particular for

very low birth weight (VLBW) babies, in which the skin has not fully developed and where

the incidence of bowel disease is high. To determine the absorption coefficient of meconium

and/or nutritional fluids (αMECf) for the particular wavelengths of light used in the

interrogation of the tissue, a lookup table can be employed based on the data depicted

graphically in FIG. 1, or a non-linear regression modeled equation such as that shown below

where the variables A, B, K, and Z are assigned values are based on a non-linear regression fit

of a particular set of data:

OtMECf = + A*exp(K*wavelength/1000) + B*exp(M*wavelength/1000) [cm 1]

To determine the MECf index value, one or more of the wavelengths in the near-infrared

region to the red region (i.e., from about 900nm to about 600 nm; e.g., 690 nm, 780 nm, 805

nm, 850 nm) are sensed, using sensors applied to the subject. When sensing for meconium

and/or nutritional fluids, red wavelengths are favored because red light is more sensitive to the

presence of meconium and/or nutritional fluids than infrared light. Lower wavelengths of

light could also be used, but suffer from relative increased attenuation from the higher tissue

and hemoglobin absorption coefficients, resulting in reduced tissue penetration, reduced

detected light signal strength, and resultant poor signal to noise ratio.

[0047] To calculate the MECf index value (identified in Equation 15 as "MECf), a

four wavelength, three unknown differential attenuation algorithm (following similarly to the

derivation shown by Equations 3-10), is used such as that shown in Equation 15:
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Alternatively, Equation 16 shown below could be used. Equation 16 accounts for energy

losses "E" as described above:

2 (Eqn. 16)

[0048] The MECf index value determinable from Equations 15 or 16 accounts for the

presence of meconium and/or nutritional fluids in the bowels of a subject being interrogated

by a NIRS sensor and can be converted to a "corrective" factor used to determine accurate

tissue blood oxygen saturation SnO2 within the GI tract of that subject. In some

embodiments, the MECf index value can be used with a database to determine subject-

specific corrective factors (e.g., Zm and Zmoi) for the calculation of Hb and HbO2

concentrations. The database contains data, at least some of which are empirically collected,

pertaining to different oxyhemoglobin (HbO2), deoxyhemoglobin (Hb), and meconium

(and/or nutritional fluid) concentrations. The concentration data are organized relative to a

range of MECf index values in a manner that enables the determination of Hb and HbO2

concentration corrective factors (e.g., Z and Zmoi)- The organization of the information

within the database can be accomplished in a variety of different ways.

[0049] For example, the empirical database may be organized in the form of a graph

having Hb and HbO2 concentration corrective factors (e.g., Zm d Z boi) plotted along the

y-axis versus MECf index values plotted along the x-axis as shown in FIG. 8. In the

example shown in FIG. 8, a statistically significant number of the data for each curve lies

within the sloped portion (i.e., the portion that does not have a constant calibration constant



value). At each end of the sloped portion, the curves are depicted as having constant

calibration values for convenience sake.

[0050] The values for the subject-specific calibration coefficients Zm and Zmo2 are

determined by drawing a line perpendicular to the MECf index value axis at the determined

MECf index value. The corrective factor (Z b) for deoxyhemoglobin is equal to the value on

the calibration constant axis aligned with the intersection point between the perpendicular line

and the "ZHb" curve, and the corrective factor (Z bθ2) for oxyhemoglobin is equal to the

value on the calibration constant axis aligned with the intersection point with the "ZHbO2"

curve. Alternatively, the corrective factors Zm nd Z bO2 as a function of MECf index may be

determined using an empirical database in a form other than a graph. For example, a

mathematical solution can be implemented rather than the above-described graph. The

mathematical solution may use linear equations representing the "ZHb" and the "ZHbO2"

curves. Alternatively, the corrective factors Zm an d Zmo2 s a function of MECf index may

use non-linear relationships to provide better accuracy in correcting for the concentrations of

Hb and HbO2 in the presence of meconium.

[0051] Once the real-time Hb and HbO2 concentration corrective factors (e.g., Zm

and Zmoi) a determined in the presence of meconium and/or nutritional fluids, they are

utilized with a variation of Equation 13:

to determine the baby's lower GI blood oxygen saturation level.

[0052] The above-described process for determining the Hb and HbO2 concentration

corrective factors can be performed at the same sampling frequency one or more times in the

initial period of sensing the subject to calibrate the sensor to that particular subject, preferably

right after the sensor is attached to the subject. The subject-specific calibration constants can

then be used with an algorithm for measurement of a subject's blood oxygen saturation level

using the same or different signal data. The subject-specific calibration constants can also be

periodically updated in the manner described or constantly updated in real-time at the same



sampling rate as A b and A b02 are determined. The algorithm in which the subject-specific

calibration constants are utilized may be the same algorithm as used to determine the

constants, or a different algorithm for determining the tissue oxygen saturation level. For

example, calibration constants can be used with the three 3-wavelength method disclosed

above in Equations 2 - 14, and in U.S. Patent No. 6,456,862, which is hereby incorporated by

reference. Prior to the blood oxygen saturation level being calculated, the subject-specific

calibration constants Zm and Z >02 can be incorporated as corrective factors into the three

wavelength algorithm (e.g., incorporated into Eqn. 13, as shown in Eqn. 17). As a result, a

more accurate determination of the subject's tissue oxygen saturation level is possible. FIG. 7

illustrates the above described steps within a flow chart.

[0053] In alternative embodiments, the MECf index methodology disclosed above can

be used within an algorithm in a subject-independent manner. This approach does not provide

all of the advantages of the above described subject-dependent methodology and apparatus,

but does provide improved accuracy by specifically accounting for subject meconium and/or

nutritional fluids. For example, the MECf absorption coefficients (oiMECf) can be determined

as described above and utilized within Equation 15 or Equation 16 based on subject-

independent empirical data such as that shown in FIG. 1. Regardless of the equation used, the

determined values for deoxyhemoglobin (Hb) and oxyhemoglobin (HbO ) can subsequently

be used to determine the tissue oxygen saturation level. For example, the Hb and HbO2 values

can be utilized within Equations 11 through 13.

[0054] In an alternative embodiment, the present invention is operable to sense for the

presence of meconium and/or nutritional fluids (or other wavelength dependent light

absorbing material) in the lower GI tract using the calculated MECf data (or respective other

data), and to display the MECf data as a waveform depicting the concentration of meconium

and/or nutritional fluids in the lower GI tract over a period of time. MECf waveforms that are

dynamic (e.g., change over a period of time) indicate that fecal matter has passed through the

sensed section of the lower GI tract, which is an indication of a healthy bowel. A static (e.g.,

unchanged) MECf waveform could be indicative of a bowel blockage due to meconium or

other causes. Mathematical analysis of the MECf waveforms may indicate intermediate

stages of bowel health. For example, the MECf periodicity or frequency of meconium



passage under the NIRS sensor may indicate the level of bowel health; e.g., a healthy subject

is likely to have "n" number of bowel movements within a twenty-four hour period. Less or

more than "n" number of movements may, therefore, be indicative of a potential problem.

[0055] In alternative embodiments, the MECf index could be determined without

using equation 16. By using direct analysis of the absorption spectra of tissue, particularly the

GI tract, the MECf index can be determined. To understand this concept, the absorption

spectra of the tissue containing blood with different levels of hemoglobin oxygen saturation

or SnO2 are shown in FIG. 9.

[0056] The absorption spectra at different levels of hemoglobin oxygen saturation or

SnO2 are derived from the Hb and HbO2 absorption spectra (FIG. 9). At a 100% oxygenated

hemoglobin as depicted by the triangles (i.e. 100% HbO2 or 100% SnO2 = HbO2 /

[HbO2+Hb]), the absorption spectra is that of HbO2. At a 0% oxygenated hemoglobin as

depicted by the squares (i.e. 0% HbO2 or 0% SnO2 = HbO2 / [HbO2+Hb]), the absorption

spectra is that of Hb or deoxy-hemoglobin. In between are different degrees of hemoglobin

oxygen saturation or SnO2, which is determined by weighted absorption spectra of Hb and

HbO2. For example, a hemoglobin 0 2 saturation or SnO2 of 80% would have an absorption

spectrum that is weighted as 0.80 x HbO2 absorption spectrum + 0.20 x Hb absorption

spectrum. Understanding the characteristic of the hemoglobin oxygen saturation spectra from

0% to 100% is important especially in detecting other chromophores other than Hb and HbO2

in the same spectral wavelength range.

[0057] Referring to FIG. 10, one such method to detect other chromophores in the

650-900 nm range is shown. In this example the NIRS absorption spectrum was measured by

a NIRS sensor placed over the GI tract of a premature neonate. With no meconium present

under the sensor, as represented by discrete measurements (triangles), hemoglobin oxygen

saturation or SnO2 could be measured. When meconium was present under the NIRS sensor,

the measured absorption spectrum changed as depicted by the squares. For this measured

absorption spectrum, hemoglobin oxygen saturation or SnO2 could not be measured. If the

four discrete absorption spectra data points represented by the squares were added to the

hemoglobin 0 2 saturation spectra of FIG. 9, the data points would be outside the range of

hemoglobin oxygen saturation or SnO2 of 0% to 100%. Thus, no SnO2 measurement could



be made. Taking advantage of this information when meconium is present, several analytical

methods could be employed. (Previously discussed Equation 16 employed a direct

mathematical method to detect the presence of meconium.) One such method as shown in

FIG. 10 involves measuring the slopes between the absorbance at two or more discrete

wavelengths from actual subject data measured by the NIRS sensor over the GI tract.

[0058] In this method, discrete wavelengths 690, 805, and 850 run are used to measure

the absorbance of the GI tract. Then the slopes for the absorbance between 690 to 850 nm

and 805 to 850 nm are determined by the equations, Slope690 and Slope805.

Slope690 = [-1 000/(850-690)] * Logl0[ (I690 / Io69o) / so / Iosso) ] Eqn 18

Slope805 = [-1000/(850-805)] LoglO[(I 805/ Io805) / (I so / Iogso) ] Eqn 19

Then the MECf index is determined by

MECf index = (Slope805 1Slope690) * 100 Eqn 20

[0059] This method works in detecting meconium because Slope805 is a high value

compared to the slope of the absorbance between 805 and 850 nm for the full range of 0% to

100% hemoglobin oxygen saturation of FIG. 9. A high Slope805 value leads to a high MECf

index value because Slope805 is in the numerator of the equation, especially as the value of

Slope805 becomes similar to or greater than the Slope 690 value.

[0060] When applied to physiological measurement, the MECf index should be greater

than a predetermined value (i.e. MECf index > 60 as an example) to indicate that a substantial

quantity of meconium is present. If a GI tract motility indicator is desired as a binary

waveform, then if MECf index is above the predetermined value, then the MECf index is

"TRUE" or "1". Otherwise the MECf index is FALSE or "0". An example is shown in FIG.

11 from an actual recording. In this recording, meconium was present under the NIRS sensor

several hours before a meconium stool is discharged.



[0061] Similar to that discussed previously, GI tract motility could then be determined

by time domain or frequency analysis of the binary MECf index waveform. Also an index of

GI tract motility could be determined by the percent of time that meconium was present under

the sensor compared to the total monitoring time. If meconium is present at a high percentage

of time under the sensor, impaired GI tract motility or a diseased state could be indicated.

[0062] The MECf index determined from this method can also be used to correct for

meconium interference in calculating SnO2. If Equations 10-12 were used to determine A b

and A b02 to calculate SnO2, a corrective factor based on this method's MECf index can be

employed much like FIG. 8:

Hb correction = Z b
= function(MEFf index)

HbO2 correction = Z b02 = function(MEFf index)

[0063] Then Equation 17 can be used to determine an accurate SnO2 in the presence

of meconium or other chromophore matter in the GI tract. Note that this methodology is not

limited to the GI tract or for meconium interference. Other organs or biological tissues that

contain blood may also have interfering substances that need to be accounted for in accurate

SnO2 measurement. For example, neonates passing transitional stools after the clearance of

meconium typically show interference of the NIRS measurement for GI StO2, but to a lesser

magnitude compared to meconium. This weaker transitional stool interference can also be

adapted as a GI tract motility indicator and as a MECf index to compensate NIRS algorithms

for accurate GI StO2 measurement. Also during the time of transitional stools, the neonate

may be ingesting substances like iron rich milk that can cause the NIRS interfering effect. As

the neonate matures and is on regular feeds, the interfering NIRS signal to determine the

MECf index disappears. If an GI tract signal is desired to be monitored by NIRS, safe

additives to the food ingested that are chromophores could be used as an NIRS contrasting

agent to monitor GI tract motility under an NIRS sensor.

[0064] In another alternative embodiment, the present invention is operable to sense

for the presence of meconium and/or nutritional fluids (or other wavelength dependent light



absorbing material) in the lower GI tract and use the sensed signal data to alert the user that

meconium and/or nutritional fluids are present. The flow chart shown in FIG. 12 illustrates

the algorithm of this embodiment. In those instances when meconium and/or nutritional

fluids are present, NIRS-type sensors that do not account for meconium and/or nutritional

fluids will likely indicate an erroneous oxygen saturation value. Using the present invention,

however, the presence of meconium, including stool components such as biliverdin, and/or

nutritional fluids can be determined and thereby accounted for; i.e., either prevent a

determination the oxygen saturation value until the level of meconium, including stool

components such as biliverdin, and/or nutritional fluids drops below a predetermined value

where it will not materially affect the oxygenation determination, or issue a warning to the

end-user that the presence of meconium could adversely affect the accuracy of the

oxygenation determination, or use a corrective factor that takes into consideration the amount

of meconium, including stool components such as biliverdin, and/or nutritional fluids present

within the subject's lower GI tract when making the determination.

[0065] Although the present method and apparatus are described above in exemplary

terms of sensing blood oxygenation within the lower GI tract of an infant, the present method

and apparatus are not limited to such applications and can be used to determine tissue blood

oxygenation saturation within the lower GI tract of subjects older than an infant. For

example, bile and iron-rich fluids (and perhaps other interfering chromophores) may be

present within the feces of children and adults. As a result, the present invention method and

apparatus can be used to determine the tissue blood oxygenation saturation percentage in the

lower GI tract of such subjects.

[0066] To illustrate the utility of the present invention, a pair of studies are briefly

described below, each illustrating an embodiment of the present invention. These studies are

provided as illustrative examples only, and the present invention is not limited to these

embodiments.

Meconium Interferes with NIRS Measurements of the GI Tract in Premature Neonates:

[0067] In a first study, NIRS GI StO2 measurements and Doppler measurements of

superior mesenteric artery flow in preterm neonates were determined and compared. During



the study, we found that the GI StO2 measurements varied widely from patient to patient,

leading us to investigate possible causes.

[0068] A meconium sample was obtained from a preterm infant and a portion was

analyzed by a bench top spectrometer (EPP2000, Stellar Net, Inc.,Tampa, FL USA). The

remaining meconium sample was placed in an optically clear plastic bag and pressed out to

form a translucent film. Two commercially available NIRS monitors, FORE-SIGHT

(CASMED, Branford, CT USA) and one from a different manufacturer were tested with

NIRS sensors placed on an adult forearm. The meconium film was then inserted between the

sensors and the forearm to detect possible changes in NIRS values.

[0069] The light absorption spectrum of the meconium was plotted along with oxy¬

hemoglobin (HbO2) and deoxy-hemoglobin (Hb) for NIRS wavelengths 650-900 nm (see

FIG. 13 below). The meconium absorption spectra decreases with increasing wavelength in

the NIRS range. When testing the translucent meconium film with both NIRS monitors, the

measured StO2 dropped significantly to either very low or no values, as a function of

meconium film thickness.

[0070] The tests performed using meconium samples from a preterm infant in both a

spectrometer and the available NIRS monitors demonstrated that meconium can interfere with

NIRS StO2 measurement, resulting in falsely low values.

Measurement of Mesenteric Tissue Oxygen Saturation (GI StO2%) on Premature Infants :

[0071] In a second study, NIRS monitoring of mesenteric tissue was performed on

preterm infants undergoing enteral feeds to determine if evidence of bowel ischemia is

present. Interpretation of such data may be limited, however, with interference secondary to

the presence of meconium in the intestine. With parental agreement, we used a 4-wavelength

cerebral & tissue oximeter (FORE-SIGHT®, CAS Medical Systems, Branford, CT USA) to

monitor premature neonates for 72 hours. The oximeter sensors were placed in the right

lower quadrant of the abdomen and the forehead, with continuous data collection every 2

seconds for 72 hours to measure GI and brain StO2. Simultaneously, continuous peripheral

pulse oximetry (SpO2) was measured using a Masimo pulse oximeter, (Irvine, CA). In

addition, feeding regimen and stooling patterns were recorded, as well as clinical outcomes

including feeding intolerance and development of NEC. Raw data from FORE-SIGHT was



recorded to understand the effects of stool related interference due to the passage of

meconium and transitional stools on GI StO2 measurement. The percent time of high stool

interference under the NIRS sensor was recorded as a possible bowel motility indicator and

correlated with outcome.

[0072] Fifteen preterm neonates with gestational ages of 29-34 weeks, weighing 980-

1800 grams were studied. NIRS stool interference level and percentage o high stool

interference detected by NIRS to overall monitor time was determined for all subjects as

listed in Table 1, which is shown in FIG. 14. The detected stool interference level tended to

be very variable, likely due to the passage of stools under the NIRS sensor. Impaired bowel

motility may cause the NIRS detected stool interference to remain at a high level for a large

percentage of the monitoring time. Coincidentally, two subjects developed NEC with

prolonged high NIRS stool interference. High stool interference usually but not always

occurred for subjects passing meconium. Moderate and High stool interference resulted in

erroneously computed very low GI StO2 using traditional NIRS methods as shown by the

uncompensated GI StO2 48 in FIGS. 15 and 16. FIGS. 15 and 16 also show the results of a

prototype NIRS algorithm that uses the NIRS measured stool interference to compensate for

errors in calculating GI StO2 as displayed by the compensated GI StO2 44. The compensated

GI StO2 44 generally showed a high correlation to brain StO2 46 and pulse oximetry SpO2 42

for healthy bowel subjects.

[0073] As our results demonstrate, the presence of meconium and transitional stools

causes variable interference in the measurement of mesenteric tissue oxygenation, which

when compensated for in the NIRS algorithm, permits a significant increase in the accuracy of

the GI tissue oxygen saturation. The present invention NIRS system utilizes at least 3

wavelengths, as the chromophore(s) contained in newborn stools become the third unknown

to be calculated, along with oxy- and deoxy-hemoglobin, which is used to calculate StO2%.

[0074] Since many changes and variations of the disclosed embodiment of the

invention may be made without departing from the inventive concept, it is not intended to

limit the invention otherwise than as required by the appended claims.



What is claimed is:

1. A method for non-invasively determining a blood oxygen saturation level within a

subject's lower GI tissue, comprising the steps of:

providing a spectrophotometric sensor operable to transmit light into the subject's

tissue, and to sense the light;

sensing the subject's lower GI tissue using the sensor, and producing signal data from

sensing the subject's tissue;

processing the signal data, including determining the presence of one or more

wavelength dependent light absorbing materials not present in blood within the subject's

lower GI tract from the signal data; and

determining the blood oxygen saturation level within the subject's lower GI tissue by

using the signal data, including accounting for the presence of the wavelength dependent light

absorbing material not present in blood within the subject's lower GI tract.

2. The method of claim 1, wherein the wavelength dependent light absorbing material

includes one or more of meconium, transitional stool, biliverdin, and nutritional food.

3. The method of claim 1, wherein within the step of determining the blood oxygen

saturation level within the subject's lower GI tissue includes not determining the blood

oxygen saturation level within the subject's lower GI tissue until the presence of at least one

wavelength dependent light absorbing material is below a predetermined value.

4. The method of claim 3, wherein the wavelength dependent light absorbing material

includes one or more of meconium, transitional stool, bilverdin, and nutritional food.

5. The method of claim 1, wherein the step of determining the blood oxygen saturation

level within the subject's lower GI tissue includes creating one or more corrective factors for

one or both Hb and HbO2 based on the presence of at least one wavelength dependent light

absorbing materials.



6. The method of claim 5, wherein the wavelength dependent light absorbing material

includes one or more of meconium, transitional stool, bilverdin, and nutritional food.

7. A method for non-invasively determining the presence of fecal matter within the lower

GI tract of a subject, comprising the steps of:

providing a spectrophotometric sensor operable to transmit light at a plurality of

wavelengths into the subject's tissue, and to sense the light;

sensing the subject's lower GI tissue using the sensor, and producing signal data from

sensing the subject's tissue; and

processing the signal data, including determining the presence of fecal matter within

the subject's lower GI tract based on the presence of one or more of meconium, transitional

stool, biliverdin, and nutritional food within the subject's lower GI tract, wherein the presence

of meconium and nutritional fluid is determined using a difference in attenuation between the

wavelengths.

8. An near-infrared spectroscopy apparatus for non-invasively determining a blood

oxygen saturation level within a subject's lower GI tissue, comprising:

a spectrophotometric sensor having at least one light source and at least one light

detector, which sensor is operable to transmit light into a subject's tissue, to sense the

transmitted light, and to produce signal data from the sensed light; and

a processor adapted to receive and process the signal data to determine the presence of

a wavelength dependent light absorbing material not present within blood within the subject's

lower GI tract.

9. The apparatus of claim 8, wherein the processor is further adapted to determine a

blood oxygen saturation level within the subject's lower GI tissue, using the signal data.

10. The apparatus of claim 8, wherein the processor is adapted to account for the presence

of at least one or more of meconium, transitional stool, biliverdin, and nutritional food within

the GI tract of the subject.



11. An apparatus for non-invasively determining the presence of fecal matter within a

lower GI tract of a subject, comprising:

a spectrophotometric sensor having at least one light source and at least one light

detector, which sensor is operable to transmit light at a plurality of wavelengths into the

subject's tissue, and to sense the light;

a processor adapted to receive the signal data and to process the signal data to

determine the presence of fecal matter within the lower GI tract of the subject, which

processing includes determining the presence of a wavelength dependent light absorbing

material found within fecal matter.

12. The apparatus of claim 11, wherein the processor is adapted to account for the

presence of at least one or more of meconium, transitional stool, biliverdin, and nutritional

food in fecal matter within the GI tract of the subject.
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