wo 20187146261 A1 | 0E 0000 OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual P <
O remiation = AT VTS0 0P O
International Bureau = (10) International Publication Number
(43) International Publication Date -—-/ WO 201 8/ 1 46261 Al

16 August 2018 (16.08.2018) WIPO | PCT

(51) International Patent Classification:
A61B 5/00(2006.01) A61B 5/1464 (2006.01)
A61B 5/1455 (2006.01)

(21) International Application Number:
PCT/EP2018/053306

(22) International Filing Date:
09 February 2018 (09.02.2018)

(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
17000216.6 10 February 2017 (10.02.2017) EP

(71) Applicants: CARAG AG [CH/CH]; Bahnhofstrasse 9,
6340 Baar (CH). UNIVERSITAT ZURICH [CH/CH];
Rémistrasse 71, Ziirich Ziirich (CH).

(72) Inventors: WOLF, Martin; Attenhoferstr. 45, 8032 Ziirich
(CH). STACHEL, Helene; Strickliweg 1, 8835 Feusisberg
(CH). SCHENK, Daniel; Im Winkel 6, 8910 Affoltern am
Albis (CH).

(74) Agent: GRUNECKER PATENT- UND RECHTSAN-
WALTE PARTG MBB; Leopoldstrasse 4, 80802
Miinchen (DE).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ,BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH, CL,CN, CO,CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:
—  with international search report (Art. 21(3))

(54) Title: APPARATUS AND METHOD FOR MEASURING THE BLOOD OXYGEN SATURATION IN A SUBJECT'S TISSUE

(57) Abstract: An apparatus and a method for non-invasively determining the blood oxygen saturation within a subject's tissue by near-
infrared spectroscopy use the multi-distance method and take into account the attenuation of the light signal due to light absorbers other
than hemoglobin and deoxyhemoglobin and the scattering properties of a subject's tissue. The apparatus and the method are particularly
adapted for the measurement ot blood oxygen saturation in the abdomen of newborns taking into account meconium, transitional stool
and biliverdin.



10

15

20

25

30

WO 2018/146261 PCT/EP2018/053306

1

Apparatus and method for measuring the blood oxygen saturation in a subject’s
tissue

The present invention relates to an apparatus for measuring the blood oxygen saturation
in a subject’s tissue and to a method for determining the blood oxygen saturation in a
subject’s tissue.

Monitoring blood oxygen saturation in a subject’s tissue is of clinical importance, since low
blood oxygen saturation is indicative of potentially lethal disorders. This is, for example,
the case for preterm infants, which often suffer from impairments of the gestational tract
such as necrotizing enterocolitis or obstipation, and are at a constant risk of developing
shock. In the case of preterm infants, there is, therefore, the need to constantly and
accurately monitor the abdominal oxygen saturation.

The blood oxygen saturation in a subject’s tissue is defined as:

St0; = ——
CHbO, + CHb

where c(Hb0,) and c(Hb) are the concentrations of oxyhemoglobin and

deoxyhemoglobin, respectively.

Near-infrared spectroscopy (NIRS) is a non-invasive technique to measure blood oxygen
saturation in a subject’s tissue. NIRS relies on the distinct absorption characteristics of
oxyhemoglobin (HbO,) and deoxyhemoglobin (Hb) in the near-infrared spectral range in
order to determine the relative concentrations of HbO, and Hb. NIRS can be performed
non-invasively by placing a spectroscopic sensor on a subject’s skin and measuring the
attenuation of a light signal after it has passed through the subject’s tissue.

The measured light attenuation is related to the concentration of a given light absorbing
species (chromophore) by the Lambert-Beer law:

1
Ay = wlagfg = gyed

where 4; is the light attenuation at a particular wavelength 4, ¢ is the concentration of a
particular chromophore, ¢, is the extinction coefficient of a particular chromophore at a

particular wavelength, and d the light source to detector separation distance. Using the
known extinction coefficient, a chromophore’s concentration can be calculated from the
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measured light attenuation. In the case of a mixture of different chromophores, the
relative concentrations of the chromophores can be determined by measuring light
attenuation at several distinct wavelengths, at which the extinction coefficients of the
chromophores differ. For a mixture comprising N different chromophores, this requires
measuring the attenuation at a minimum of N different wavelengths.

In a typical NIRS apparatus, a light signal of a known wavelength and intensity is
transmitted into a subject’s tissue and the light that is diffusely reflected from the tissue is
detected to calculate the light attenuation. To accurately determine the concentration of
chromophores in a tissue form the measured light attenuation, it is necessary to account
for the optical properties of the tissue, in particular absorption due to other chromophores
present in the tissue and the tissue’s scattering properties. In practice, the tissue’s
scattering properties need to be accounted for by calibration measurements. To account
for chromophores other than HbO, and Hb, the absorption spectra of these chromophores
have to be determined in order to estimate the wavelength-dependent extinction
coefficients, and the light attenuation has to be measured at a minimum of 2+M
wavelengths, where M is the number of additional chromophores that should be
accounted for. Several methods for addressing these problems have been developed in
the prior art.

EP 1 259 791 B1 discloses a NIRS method for measuring the total blood oxygen
saturation within a subject’s tissue by measuring the light attenuation at three or more
wavelengths and calculating the difference in attenuation between the wavelengths. This
approach is also known as the “differential wavelength method”. This method requires
measuring at N+1 different wavelengths in order to determine the concentrations of N
different chromophores. By determining the differential attenuation, the contributions of
tissue light scattering, fixed light absorbing components, and measuring apparatus
characteristics are minimized relative to the attenuation attributable to HbO, and Hb,
which improves the accuracy of the measured blood oxygen saturation.

US 2012/0136225 A1 discloses a method for determining the blood oxygen saturation
within a subject’s lower gastro-intestinal tissue that involves taking into account the
presence of wavelength dependent absorbing material not present in blood. Specifically,
US 2012/0136225 A1 suggests taking into account light attenuation due to stool present in
a subject’s lower gastro-intestinal tract, particularly meconium present in the gastro-
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intestinal tract of new-born infants. US 2012/0136225 A1 also teaches the use of the
differential wavelength method for analyzing NIRS data.

Although the differential wavelength method minimizes the contribution of the scattering
properties of the tissue, it still requires calibration to account for scattering as well as
unspecific background absorption. This calibration is performed by determining the blood
oxygen saturation of a given reference tissue assuming that the oxygen saturation of said
reference tissue is the weighted sum of the oxygen saturation of a subject’s venous and
arterial blood. This, however, requires knowledge of the relative contributions of venous
and arterial blood in that tissue. Although empirical data for the relative contributions of
venous and arterial blood oxygen saturation exist, the reliability of this data is
questionable. Thus, the available calibration methods present a potential source of error
for the differential wavelength method.

An alternative method for performing NIRS measurements is to measure light attenuation
at several wavelengths and at several different distances between the light source and the
light detectors. The absorption , ; at a particular wavelength 4 can then be calculated

based on the following equation:

1 0A  1)°
= - m1025 - =
Had = o (” ad d)

where yg ; is an empirically determined value that accounts for attenuation of the light

signal due to light scattering in the subject’s tissue at the particular wavelength 4, 4; is the
attenuation at the particular wavelength A, d is the mean distance between light source
and detectors, and dA;/dd is the slope of the attenuation versus the light source to
detector distance. The concentration of chromophores can be calculated from the
absorption p, ; using the Lambert-Beer law. This approach is also known as the “multi-
distance method”. It has been applied to measure the blood oxygen saturation of muscle
tissue (Tachtsidis, llias et al. “A Hybrid Multi-Distance Phase and Broadband Spatially
Resolved Spectrometer and Algorithm for Resolving Absolute Concentrations of
Chromophores in the Near-Infrared Light Spectrum.” Advances in Experimental Medicine
and Biology 662 (2010): 169-175). However, the reported approach does not take into
account other absorbers than HbO, and Hb, in particular light absorbers present in a
subject’'s abdomen.
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Thus, it is an object of the present invention to provide an NIRS apparatus and method for
more accurately determining the blood oxygen saturation in a subject’s tissue. The
invention particularly aims at more accurately measuring the blood oxygen saturation in
the abdomen of new-born infants, in particular preterm infants.

To solve this problem, the invention has found that blood oxygen saturation within a
subject’s tissue can be more accurately determined using a multi-distance method and
accounting for the absorption due to light absorbers other than hemoglobin and
deoxyhemoglobin in a subject’s tissue as well as due to light scattering in a subject’s

tissue.

The invention, therefore, relates to an apparatus for non-invasively determining the blood
oxygen saturation within a subject’s tissue, comprising

at least one light source for transmitting a light signal into the subject’s tissue;

at least one light detector for detecting the light signal from the light sources after it has
passed through the subject’s tissue,

wherein the one or more light sources and the one or more light detectors are configured
to measure the attenuation of the light signal at two or more light source to detector
distances; and

a processor connected to the light sources and the light detectors,

characterized in that

the one or more light sources and the one or more light detectors are configured to
measure the attenuation of the light signal at three or more distinct wavelengths in the
range of 650 nm to 3 ym, and

the processor includes an algorithm for

determining the attenuation of the light signal as a function of the wavelength and the light
source to detector distance;

calculating the slope of the attenuation of the light signal versus the light source to
detector distance as a function of the wavelength; and

calculating the blood oxygen saturation within the subject’s tissue on the basis of said
slope of the attenuation of the light signal and empirically determined data that account for
attenuation of the light signal due to light absorbers other than hemoglobin and
deoxyhemoglobin in the subject’s tissue and due to light scattering in the subject’s tissue.

By measuring the attenuation as a function of the light source to detector distance, it is
possible to calculate the relative absorption u, ; using the multi-distance approach. This
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removes the necessity of performing calibration by determining the blood oxygen
saturation of a given reference tissue assuming that oxygen saturation of said reference
tissue is the weighted sum of the oxygen saturation of a subject’s venous and arterial
blood. The invention only needs to account for light scattering of the tissue. This removes
a source of systematic error, since it no longer requires any assumptions on the relative

contributions of venous and arterial blood.

By measuring light attenuation at three or more distinct wavelengths and using empirically
determined data accounting for attenuation of the light signal due to light absorbers other
than hemoglobin and deoxyhemoglobin, it is possible to account for attenuation due to, for
example, stool or other absorbers present in the subject’s tissue. This is of particular
importance when measuring the blood oxygen saturation in the abdomen of new-born
infants, where stool has a significant influence on the absorption properties in the near-
infrared range. The data can be easily determined using samples of known absorbers, for
example stool samples taken from a number of new-born infants. This significantly
improves the accuracy of the measured blood oxygen saturation.

The light sources and the light detectors are configured to transmit the light signal into a
subject’s tissue and to detect the light signal after it has passed through the subject’s
tissue. Preferably, the light sources and the light detectors are configured such that the
detectors detect the light that is diffusely reflected from within the subject’s tissue.
Preferably, the light sources and the light detectors are configured such that they can be
brought into direct contact with the subject’s skin in order to avoid any interference with
ambient light.

The light sources may be broadband light sources emitting light over a range of
wavelengths. Alternatively, the light sources may be a collection of light sources each
emitting light at a narrow spectral bandwidth, such as a collection of light emitting diodes.
In a preferred embodiment, the light sources include a collection of light emitting diodes
each emitting light at a different wavelength.

The light detectors may be, for example, photodiodes or any other device that can convert
light to an electrical current. Each detector may comprise a collection of individual
detectors, each of which detects light at a different wavelength.
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The light sources and the light detectors are configured to measure the attenuation of the
light signal at two or more light source to detector distances. This enables the apparatus
to determine the attenuation of the light signal as a function of the light source to detector
distance and to perform an analysis according to the multi-distance method.

In one embodiment, the apparatus comprises a single light source and two or more light
detectors positioned at fixed distances from the light source. Altemnatively, the apparatus
comprises a single light detector and two or more light sources positioned at fixed
distances from the light detector. In these embodiments, the light source to detector
distances do not change during the measurement.

In yet another embodiment, the apparatus comprises a single light source and a single
light detector, wherein the light source and/or the light detector are movable in order to
vary the light source to detector distance during the measurement. This embodiment has
the advantage that the attenuation of the light signal as a function of the light source to
detector distance can be sampled over a wide range and a large number of data points.

The light sources and the light detectors are configured to measure of the attenuation of
the light signal at three or more distinct wavelengths in the range of 650 nm to 3 um,
preferably in the range of 650 nm to 1 ym, more preferably in the range of 680 nm to 950
nm. For example, each light source may be a collection of individual light sources each
emitting light at a narrow spectral bandwidth. In this case, the detectors may be
broadband detectors that can detect light at least at these spectral ranges. Alternatively,
the light sources may be broadband light sources and a diffraction grating or specific
emission filters may be used to detect the light in a wavelength-specific manner.

In order to increase the accuracy of the measurement, attenuation is preferably measured
at four or more distinct wavelengths, more preferably at five or more, most preferably at
seven or more. In a particularly preferred embodiment the light detectors are configured to
measure of the attenuation of the light signal at seven distinct wavelengths in the range of
650 nmto 1 ym.

In the case of performing the measurement on a subject’'s abdomen, in particular the
abdomen of a new-born infant, it has been found that measuring in the range of 815 to
875 nm does not increase the accuracy of the measurement. Therefore, the light
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detectors are configured to measure of the attenuation of the light signal at seven distinct
wavelengths in the range of 650 nm to 1 ym, excluding the range of 815 to 875 nm.

In the case of performing the measurement on a subject’s abdomen, several combinations
of wavelengths have been found that offer an increased measurement accuracy. These
wavelengths can be selected to better distinguish between Hb, HbO,, and other absorbers
present in a subject’s abdomen, such as stool. These optimized combinations of
wavelengths are set out in the following.

In one embodiment, the light detectors are configured to measure of the attenuation of the
at three or more distinct wavelengths selected from 695 £ 5 nm, 712 + 5 nm, 733 £ 5 nm,
743+ 5nm, 762+ 5nm, 783+ 5nm, 790 £ 5nm, 805+ 5nm, 880 £ 5 nm, 895+ 5 nm,
and 910 = 5 nm. Preferably, the wavelengths are selected from 712 £ 5 nm, 733 £ 5 nm,
762 £ 5 nm, 783 £ 5 nm, 805 + 5 nm, 880 £ 5 nm, 835 + 5 nm, and 910 + 5 nm.

In one embodiment, the light detectors are configured to measure of the attenuation of the
light signal at 712+ 5 nm, 736 £+ 5 nm, 762 £+ 5 nm, 784 + 5 nm, and 910 £ 5 nm.

In one embodiment, the light detectors are configured to measure of the attenuation of the
light signal at 712+ 5nm, 736 £ 5 nm, 762+ 5nm, 784 £ 5nm, 895+ 5 nm, and 910 £ 5

nm.

In order to measure the attenuation at a given number of distinct wavelengths, it is
sufficient that the light sources and the light detectors are configured to measure the
attenuation at distinct wavelength ranges, which at least include the specified wavelength.
The spectral bandwidth of each wavelength range may vary, as long as the wavelength
ranges can be clearly distinguished. Preferably, the attenuation is measured at distinct
wavelength ranges having a bandwidth of £ 25 nm or less, more preferably + 15 nm or
less, most preferably + 5 nm or less.

In a preferred embodiment, the apparatus is configured to measure the attenuation at
more than two light source to detector distances in order to improve the accuracy of the
calculated slope of the attenuation of the light signal versus the light source to detector
distance as a function of the wavelength. In a preferred embodiment, the apparatus is
configured to measure the attenuation at three light source to detector distances.
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The minimum and maximum light source to detector distances can be optimized based on
the sensitivity of the detectors and the optical properties of the subject’s tissue. In the
case of an apparatus for measuring the blood oxygen saturation in the abdomen of a new-
born infant, the minimum light source to detector distance is preferably at least 0.8 cm,
more preferably at least 0.9 cm, and most preferably at least 1.0 cm. Preferably, the
shortest distance between the light source and the detectors is in the range of 0.8 to 2 cm,
more preferably at least 0.9 to 1.5 cm, and most preferably 0.95 to 1.2 cm. The longest
light source to detector distance is preferably in the range of 2 to 10 cm, preferably 3 to 8
cm, most preferably 4 to 6 cm.

The algorithm calculates the blood oxygen saturation within the subject’s tissue on the
basis of the slope of the attenuation of the light signal versus the light source to detector
distance as a function of the wavelength. Thus, the algorithm calculates the blood oxygen
saturation level using the multi-distance method.

In a preferred embodiment, the algorithm included in the processor calculates the relative
absorption y, ; at a particular wavelength A based on the following equation:

1 04 1)°
Ly \ = In10— — =
fla, 3o (n ) By, d)

where yg ; is an empirically determined value that accounts for attenuation of the light

signal due to light scattering in the subject’s tissue at the particular wavelength 4, 4; is the
attenuation at the particular wavelength A, d is the mean light source to detector distance,

and 94, /dd is the slope of the attenuation versus the light source to detector distance.

It should be noted that the above formula calculates the relative absorption y, ;, which is
equal to the absolute absorption multiplied with a factor k. This factor can be determined
using calibration measurements. Using the relative absorption, is sufficient to calculate the
relative concentrations of chromophores. Since the blood oxygen saturation as defined
above is the ratio of the HbO, concentration to the total hemoglobin concentration, it is not
necessary to determine the absolute concentration of HbO, and Hb. therefore, it is not
necessary to determine the factor k, and k has been omitted from the above formula for

Ha,z-

The absorption u, ; can then be used to calculate the concentrations of HbO,, Hb and

other light absorbers using the Lambert-Beer law.
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The reduced scattering u ; is an empirically determined value that accounts for
attenuation of the light signal due to light scattering in the subject’s tissue. To calculate the
relative absorption p, ; according to above-mentioned formula, it is sufficient to know the
relative reduced scattering g ;, which is defined as

psn = (1= hA)
where h is a scattering parameter of a particular tissue. The scattering parameter h can be
determined from measuring the scattering properties of reference tissue. For example, h
is determined by measuring the scattering properties of the abdomen of a number of new-
born infants. In a preferred embodiment, the parameter h is assumed to be in the range of
10* to 10 nm™", preferably 2-10* to 8:-10* nm™, more preferably 5-10* to 8:10* nm™. In a
particularly preferred embodiment, h is assumed to be 6.4-10* nm™. It has been found

that these values accurately account for scattering in the abdomen of a new-born infant.

The absolute reduced scattering can be determined by multiplying u, ; as defined above

with a factor k. For the present invention, however, it is not necessary to determine k.

The parameters h and k can be experimentally determined by frequency domain
absorption measurements as described, for example, in Sergio Fantini, Maria Angela
Franceschini, Joshua B. Fishkin, Beniamino Barbieri, and Enrico Gratton, "Quantitative
determination of the absorption spectra of chromophores in strongly scattering media: a
light-emitting-diode based technique," Appl. Opt. 33, 5204-5213 (1994).

In one embodiment, the algorithm calculates the blood oxygen saturation by calculating
the relative concentrations of HbO, and Hb according to the following equation:

1

CHYb EHbM  €HbLO2, A Eother Ha
CITbOy, | = | €1Tb Ay EITVOs, Ao Eother s Ha, s
Cmt}m*‘r{ EIlb, s E€HbO2, Az Eother s Ha,hg

where cy,02 and ¢y, are the relative concentrations of oxyhemoglobin and
deoxyhemoglobin, respectively, u, ,, is the absorption determined at the particular
wavelength An according to the equation given above, c ;.. is the concentration of light
absorbers other than hemoglobin and deoxyhemoglobin present in the subject’s tissue,
and &, ,, is the extinction coefficient for the light absorbing species x at the particular

wavelength An.
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The relative concentrations calculated according to this formula are equal to the absolute
concentrations multiplied by a factor k. However, to calculate the blood oxygen saturation
St0, it is sufficient to use the relative concentrations and the following equation:

CHbO,
StOy =
CHbO, + CHb

The values for &, 3, represent data accounting for attenuation of the light signal due to
light absorbers. These data can be determined empirically by measuring the absorption
spectra of the respective light absorbers in isolation.

In order to improve the accuracy when measuring the blood oxygen saturation of new-
born infants, it is necessary to account for absorption due to meconium and transitional
stool.

In one particular embodiment, £,.., 15 is determined by measuring the absorption spectra
of isolated samples of stool, transitional stool, meconium, and/or biliverdin. In a preferred
example, ,¢neran iS determined by measuring the absorption spectra of isolated samples

of meconium.

Meconium is the earliest stool of a mammalian infant. Meconium is composed of materials
ingested during the time the infant spends in the uterus: intestinal epithelial cells, lanugo,
mucus, amniotic fluid, bile, and water. It has been found that averaged absorption spectra
of meconium samples taken from number of different subjects can be used as a source of
extinction data for the above calculation. In one embodiment, the data accounting for
attenuation of the light signal due to light absorbers therefore include the wavelength-
dependent extinction coefficients of meconium samples taken from new-born infants.

Transitional stool is produced by a new-born infant during its first days of life. Transitional
stool differs from meconium in its composition and comprises high amounts of biliverdin.
Therefore, the data accounting for attenuation of the light signal due to light absorbers
preferably include the wavelength-dependent extinction coefficients of transitional stool
samples taken from new-born infants, preferably during the first two weeks after birth,
more preferably during the first week after birth, most preferably during the first five days
after birth.
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In another preferred embodiment, the data accounting for attenuation of the light signal
due to light absorbers therefore include the wavelength-dependent extinction coefficients
of biliverdin.

In another aspect, the present invention also provides a method for non-invasively
determining the blood oxygen saturation within a subject’s tissue, comprising the steps of
transmitting a light signal from at least one light source into the subject’s tissue; and
detecting the light signal after it has passed through the subject’s tissue at one or more
detection points and at least two different light source to detector distances;

characterized in that the method further comprises the steps of

measuring the attenuation of the light signal at three or more distinct wavelengths in the
range of 650 nm to 3 um,

determining the attenuation of the light signal as a function of the wavelength and the light
source to detector distance;

calculating the slope of the attenuation of the light signal versus the light source to
detector distance as a function of the wavelength; and

calculating the blood oxygen saturation within the subject’s tissue on the basis of said
slope of the attenuation of the light signal and empirically determined data that account for
attenuation of the light signal due to light absorbers other than hemoglobin and
deoxyhemoglobin in the subject’s tissue and due to light scattering in the subject’s tissue.

This method is particularly suited to determine blood oxygen saturation in the abdomen of
new-born infants, as it allows to account for the presence of light absorbing species, such
as meconium and transitional stool, and can provide accurate measurements of the blood
oxygen saturation. In a preferred embodiment, the method is therefore carried out on the
subject’s abdomen. The subject preferably is an infant. Preferably, the infant is at most
one year old, more preferably at most six months old, most preferably at most three
months old. The method is particularly useful for non-invasively measuring the blood
oxygen saturation of preterm infants.

The light source to detector distance is preferably set as discussed above for the
apparatus of the invention.

Preferably, the attenuation of the light signal is measured at three or more distinct
wavelengths selected from 695 £ 5 nm, 712 £ 5 nm, 733 £ 5nm, 743 £ 5 nm, 762 £ 5 nm,
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783 +5nm, 790 + 5 nm, 805 + 5 nm, 880 £ 5 nm, 895 + 5 nm, and 910 + 5 nm.
Preferably, the wavelengths are selected from 712 £ 5 nm, 733 £ 5 nm, 762 + 5 nm, 783 +
5nm, 805+ 5nm, 880 £ 5 nm, 895 + 5 nm, and 910 + 5 nm.

In one embodiment, the attenuation of the light signal is measured at 712+ 5nm, 736 £ 5
nm, 762 £ 5 nm, 784 £ 5nm, and 910 £ 5 nm.

In one embodiment, the attenuation of the light signal is measured at 712+ 5 nm, 736 £ 5
nm, 762 + 5 nm, 784 £ 5 nm, 895 + 5 nm, and 910 £ 5 nm.

The step of calculating the blood oxygen saturation preferably involves the same steps as
discussed above for the algorithm of the inventive apparatus.

Preferably, the step of calculating the blood oxygen saturation within the subject’s tissue
involves calculating the relative absorption y, ; at a particular wavelength A based on the

1 9A 1\
oy = - 1022 _ 2
Had = 3 (“ ad d)

where yg ; is an empirically determined value that accounts for attenuation of the light

following equation:

signal due to light scattering in the subject’s tissue at the particular wavelength 4, 4; is the
attenuation at the particular wavelength A, d is the mean distance between light source
and detectors, and dA;/dd is the slope of the attenuation versus the light source to
detector distance.

Preferably, ug ; is

ox = (1= hA)

where h is assumed to be in the range of 10*to 10> nm™.

Preferably, the step of calculating the blood oxygen saturation includes the step of
calculating the relative concentrations of oxyhemoglobin and deoxyhemoglobin in the

subject’s tissue according to the following equation

—1
CHb EHb Ay EHbOy M  Eother A, Ha, X,

{E‘M fjmg = é;ffb,)\;g SHbC)Q §}\2 SO?ﬁhéBﬂ)\g IL(LAQ
'ﬂwﬂtﬁ?’“ gf;lbg)xg Eff b()_g ,;\3 501?”}1,(27“,)«3‘ Iﬂl*“lil,.k;g
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where cyp02 and cy; are the relative concentrations of oxyhemoglobin and
deoxyhemoglobin, respectively, u, ,, is the absorption determined at the particular
wavelength An according to the equation given above, c,;,. is the concentration of light
absorbers other than hemoglobin and deoxyhemoglobin present in the subject’s tissue,
and &, ,, is the extinction coefficient for the light absorbing species x at the particular

wavelength An.

Preferably, the blood oxygen saturation St0, is calculated from the relative concentrations
of HbO, and Hb according to the following equation:

CHbBO
StOy = :
CHbO, + CHb

Preferably, the data accounting for attenuation of the light signal due to light absorbers
include the data accounting for attenuation of the light signal due to light absorbers
include the wavelength-dependent extinction coefficients one or more of meconium
samples taken from new-born infants, transitional stool samples taken from new-born
infants, and biliverdin.
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Claims

An apparatus for non-invasively determining the blood oxygen saturation within a
subject’s tissue, comprising

at least one light source for transmitting a light signal into the subject’s tissue;

at least one light detector for detecting the light signal from the light sources after it
has passed through the subject’s tissue,

wherein the one or more light sources and the one or more light detectors are
configured to measure the attenuation of the light signal at two or more light source
to detector distances; and

a processor connected to the light sources and the light detectors,

characterized in that

the one or more light sources and the one or more light detectors are configured to
measure the attenuation of the light signal at three or more distinct wavelengths in
the range of 650 nm to 3 ym, and

the processor includes an algorithm for

determining the attenuation of the light signal as a function of the wavelength and
the light source to detector distance;

calculating the slope of the attenuation of the light signal versus the light source to
detector distance as a function of the wavelength; and

calculating the blood oxygen saturation within the subject’s tissue on the basis of
said slope of the attenuation of the light signal and empirically determined data that
account for attenuation of the light signal due to light absorbers other than
hemoglobin and deoxyhemoglobin in the subject’s tissue and due to light scattering
in the subject’s tissue.

The apparatus of any one of the preceding claims,

wherein the light source and the detectors are configured to measure the
attenuation of the light signal at three or more distinct wavelengths selected from
695+£5Mm, 712£5mMm, 733£5mm, 743 £5mm, 762+ 5nm, 783+ 5nm, 790 £ 5
nm, 805+ 5 nm, 880 £ 5nm, 895+ 5 nm, and 910 = 5 nm.

The apparatus of any one of the preceding claims,
wherein the minimum light source to detector distance is at least 0.8 cm.
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The apparatus of any one of the preceding claims,
wherein the algorithm includes the step of calculating the relative absorption y, ; at
a particular wavelength A based on the following equation:
1 0A 1

where y; ; is an empirically determined value that accounts for attenuation of the

light signal due to light scattering in the subject’s tissue at the particular wavelength
4, A; is the attenuation at the particular wavelength A, d is the mean light source to
detector distance, and dA;/dd is the slope of the attenuation versus the light source

to detector distance.

The apparatus of claim 4,
wherein ug 5 is
s x = (1= hA)

where h is assumed to be in the range of 10*to 10° nm™.

The apparatus of any one of claims 4 and 5,

wherein the algorithm includes the step of calculating the relative concentrations of
oxyhemoglobin and deoxyhemoglobin in the subject’s tissue according to the
following equation

-1
Cﬁb EHE}:‘Al EH@OQ,)\l Eath,e"n,\l l‘lﬂ-})\g
(?HUQQ - EH(JQ}@ Eh’ b()z,}xg E(ﬂ:hﬁ?“,)\g Hla(?)\g
Cother gHb,)\g EHbO,Ag gﬂthtﬁf",}m Ha, Xs

where cy,02 and ¢y, are the relative concentrations of oxyhemoglobin and
deoxyhemoglobin, respectively, u, ;5 is the absorption determined at the particular
wavelength An according to the equation given above, c,:x.r is the concentration of
light absorbers other than hemoglobin and deoxyhemoglobin present in the subject’s
tissue, and ¢, ,,, is the extinction coefficient for the light absorbing species x at the

particular wavelength An.

The apparatus of any one of the preceding claims,
wherein the data accounting for attenuation of the light signal due to light absorbers
include the wavelength-dependent extinction coefficients of one or more of
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meconium samples taken from new-born infants, transitional stool samples taken

from new-born infants, and biliverdin.

A method for non-invasively determining the blood oxygen saturation within a
subject’s tissue, comprising the steps of

transmitting a light signal from at least one light source into the subject’s tissue; and
detecting the light signal after it has passed through the subject’s tissue at one or
more detection points and at least two different light source to detector distances;
characterized in that the method further comprises the steps of

measuring the attenuation of the light signal at three or more distinct wavelengths in
the range of 650 nm to 3 ym,

determining the attenuation of the light signal as a function of the wavelength and
the light source to detector distance;

calculating the slope of the attenuation of the light signal versus the light source to
detector distance as a function of the wavelength; and

calculating the blood oxygen saturation within the subject’s tissue on the basis of
said slope of the attenuation of the light signal and empirically determined data that
account for attenuation of the light signal due to light absorbers other than
hemoglobin and deoxyhemoglobin in the subject’s tissue and due to light scattering
in the subject’s tissue.

The method of claim 8,
wherein the subject’s tissue is the subject’'s abdomen.

The method of any one of claims 8 to 9,
wherein the subject is an at most one year old infant.

The method of any one of claims 8 to 10,
wherein the minimum light source to detector distance is set to at least 0.8 cm.

The method of any one of claim 8 to 11,
wherein the step of calculating the blood oxygen saturation within the subject’s
tissue involves calculating the relative absorption yu, ; at a particular wavelength A

based on the following equation:
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- In1022 — =
Ha, 3;1,83;‘(“ ad d)

where yg ; is an empirically determined value that accounts for attenuation of the
light signal due to light scattering in the subject’s tissue at the particular wavelength
A, A, is the attenuation at the particular wavelength A, d is the mean distance

5 between light source and detectors, and d4;/dd is the slope of the attenuation
versus the light source to detector distance.

13. The method of claim 12,

wherein g ; is

10 Hs X = (1—hA)

where h is assumed to be in the range of 10* to 10° nm™.

14. The method of any one of claims 12 and 13,
where the step of calculating the blood oxygen saturation within the subject’s tissue
15 includes the step of calculating the relative concentrations of oxyhemoglobin and
deoxyhemoglobin in the subject’s tissue according to the following equation

—1
(:Hb gﬂby}\[ gﬂbﬁg,}q Eathtz*r‘a)\i ll’(,l,}\}
CHbO; | = | €Hb,M2 E€HbO2,Ma Eother )z Ha, A,
Cother E:Hb,}\g EHbLO, A3 E(Jiﬁheﬂ)\g ﬁ'f‘”’(lﬁkgj

where cyp0, and cy; are the relative concentrations of oxyhemoglobin and
20 deoxyhemoglobin, respectively, u, ;5 is the absorption determined at the particular
wavelength An according to the equation given above, c,:,. is the concentration of
light absorbers other than hemoglobin and deoxyhemoglobin present in the subject’s
tissue, and ¢, ,, is the extinction coefficient for the light absorbing species x at the
particular wavelength An.
25
15. The method of any one of claims 12 to 14,
the data accounting for attenuation of the light signal due to light absorbers include
the wavelength-dependent extinction coefficients one or more of meconium samples
taken from new-born infants, transitional stool samples taken from new-born infants,
30 and biliverdin.
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