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(57) ABSTRACT

Amethod for measuring venous oxygen saturation levels has
steps of measuring optical absorption oscillation data at the
respiratory frequency at a plurality of wavelengths (2). A
reduced scattering coefficient and an absorption coefficient
are determined for the tissue, with the result that an effective
path length can be determined (6). Data processing is
performed to calculate amplitudes for the absorption oscil-
lation data that are translated into oxygenated and deoxy-
genated hemoglobin concentrations for the venous compart-
ment (8). A method of the invention does not required
mechanical ventilation devices or venous perturbation.
Additional method steps may entail verifying that the mea-
sured absorption oscillation data results from the venous
compartment.
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METHOD FOR MEASURING VENOUS OXYGEN
SATURATION

[0001] The present invention is related to apparatuses and
methods that utilize spectrometry to determine oxygen satu-
ration levels of tissue. More particularly, the present inven-
tion is related to apparatuses and methods that utilize near
infrared spectrometry to non-invasively determine oxygen
saturation levels of venous compartments.

BACKGROUND ART

[0002] The use of spectrometry to measure tissue oxygen
saturation levels in a non-invasive manner is known in a
general sense. Indeed, efforts to exploit the oxygenation
dependent light absorption properties of hemoglobin to
determine the oxygen saturation of hemoglobin in vivo have
been made for several decades. In the 1980°s so-called
“pulse oximeters” became commercially available, and have
continued to develop. An important advantage of such
instruments is their ability to provide continuous, safe, and
effective monitoring of arterial oxygenation non-invasively
at a patient’s bedside.

[0003] Pulse oximeters operate on the known principle
that oxygenated and deoxygenated hemoglobin show differ-
ent absorption spectra. Deoxygenated hemoglobin absorbs
more light in the red band (typically 650-750 nm), while
oxygenated hemoglobin absorbs more light in the infrared
band (typically 850-1000 nm). Pulse oximeters generally
use one wavelength in the near infrared band and one in the
red band to measure the oxygen saturation of arterial blood.
Traditionally, pulse oximetery has faced problems associ-
ated with determining the scatter that occurs in tissue.
Without such a determination, accurate measures of absorp-
tion are not possible. Typically this problem has been
addressed by “calibrating” devices on a population of
healthy subjects to empirically determine levels of scatter.

[0004] Recent advances in pulse oximetery have been
made. For example, the introduction of time-resolved optical
spectroscopy in conjunction with diffusion theory has lead to
quantitative tissue spectroscopy, as described in U.S. Pat.
No. 5,497,769 to Gratton et al. (“the *769 patent”), which is
incorporated by reference herein. The *769 patent generally
discloses an apparatus useful for measuring the hemoglobin
saturation in tissue that is particularly sensitive to blood in
the capillaries where oxygen is exchanged with the tissue.
Thus the *769 patent generally teaches an apparatus useful
for measuring tissue oxygen saturation to give an indication
of tissue oxygen consumption, but does not measure time-
varying hemoglobin compartment saturation.

[0005] More recently, U.S. Pat. No. 6,216,021 to France-
schini et al. discloses a spectrometry-based method for the
real time, non-invasive, simultaneous measurement of tissue
hemoglobin saturation and time varying arterial hemoglobin
saturation. The *769 patent provides a solution to the tissue
scatter problem. Generally, the light signal is measured at
two locations to determine tissue optical propertics. The
optical properties determine the amount of scatter that
occurs as light travels through tissue. To determine time
varying hemoglobin compartment saturation, an amplitude
of absorption oscillations at the frequency of arterial pulsa-
tion is quantitatively calculated at multiple wavelengths
from the oscillations of the optical signal collected by the
spectrometer using the determined tissue optical properties,
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with the result that an absolute value of the arterial hemo-
globin saturation may then be determined. Determination
and use of the tissue optical properties allows the method of
the 021 patent to be used without prior calibration of a
spectrometer on a population of healthy subjects.

[0006] The teachings of the prior art, however, have
generally been ineffective in regards to measurement of
venous compartment saturation levels. Experimental
approaches have been proposed for such measurements. For
instance, the use of spectrometry in combination with physi-
cal manipulation of a patient has been proposed. Physical
manipulations associated with these methods include use of
a venous occlusion on a limb, tilting a patient’s head
downward, use of a partial jugular vein occlusion, use of
mechanical ventilation, and the like. Generally, these meth-
ods contemplate optically measuring the venous saturation
by measuring the increase in oxygenated hemoglobin con-
centration and in the total hemoglobin concentration induced
by the local increase in the venous blood volume. All of
these proposed methods, however, have significant disad-
vantages associated with them. Required physical manipu-
lation of the patient, for instance, can be cumbersome,
painful, and at times impractical. Additionally, these meth-
ods may be limited to use on the limbs (e.g., venous
occlusion methods).

[0007] Additional unresolved problems in the art relate to
verifying the accuracy of venous compartment measure-
ments. That is, the proposed methods of the prior art
generally have a considerable level of uncertainty associated
with them. This uncertainty results from the many difficul-
ties faced in isolating the venous compartment contribution
to optical tissue absorption measurements.

[0008] Unresolved needs in the art therefore exist.

DISCLOSURE OF THE INVENTION

[0009] The present invention is directed to methods and
program products for non-invasively determining the
venous oxygen saturation. Generally, these methods and
program products are directed to optically measuring oscil-
lations at the respiratory frequency of a subject and use a
data processing step to determine an amplitude of the
absorption oscillations. Using the oscillation amplitude data,
a venous oxygenation saturation level may be determined.
Methods of the invention do not require that the subject be
ventilated with mechanical ventilation devices or the like, or
that venous perturbations be used. It will be appreciated,
however, that methods of the invention may be used under
such circumstances.

[0010] Preferably, the optical measurements are per-
formed at a plurality of wavelengths. Data processing may
comprise calculating an amplitude at each of the plurality of
wavelengths using particular processing steps. As examples,
particular data processing may comprise performing a Fou-
rier transformation, or applying a band pass filter in com-
bination with a modeling algorithm. A method of the inven-
tion also may comprise steps for verifying the accuracy of
venous saturation level measurement.

[0011] The present invention thereby resolves many oth-
erwise unsolved problems in the art. For example, levels of
venous oxygenation may be accurately measured without
requiring mechanical ventilation or venous perturbation of a
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subject. Additionally, embodiments of the invention offer
novel steps that solve otherwise unresolved problems in the
art related to verifying that measured absorption result from
the venous compartment.

BEST MODE OF CARRYING OUT THE
INVENTION

[0012] Other features, objects and advantages of the
invention will be apparent to those skilled in the art by

reference to the detailed description in view of the drawings,
of which:

[0013] FIG.1is a flowchart illustrating in general steps of
an invention method embodiment;

[0014] FIGS. 2(a)-(c) is a block diagram illustrating a
spectrometer device useful for practice with an invention
embodiment;

[0015] FIG. 3 is a block diagram illustrating a spectrom-
eter device useful for practice with an invention embodi-
ment;

[0016] FIG. 4 is a flow chart illustrating example verifi-
cation steps of invention embodiments; and

[0017] FIGS. 5(a)-(b) are graphs useful for illustrating
measurement verification steps of an invention embodiment.

DETAILED DESCRIPTION

[0018] The present invention is directed to methods and
program products for determining venous oxygen saturation
levels through optical measurements performed at the res-
piratory frequency. More particularly, the present invention
is directed to methods and program products whereby the
amplitude of optical absorption oscillations are determined
at the respiratory frequency, with data processing then
applied to convert the absorption data into oxygenated and
deoxygenated hemoglobin levels.

[0019] Turning now to the drawings, FIG. 1 is a flowchart
illustrating in general the steps of an embodiment of the
method of the invention. The embodiment of FIG. 1 com-
prises a step of measuring optical parameters for tissue
comprising at least an absorption coeflicient x, and a
reduced scatter coefficient 4.’ (block 2). Absorption changes
are then measured over time at a plurality of wavelengths
(block 4), with at least 2 wavelengths required and at least
8 preferred. Using the optical parameters and the measured
absorption changes over time, the amplitudes of absorption
oscillations at the respiratory frequency are then calculated
(block 6). The spectrum of the experimental absorption
amplitude is then fit with a hemoglobin absorption spectrum
to determine an oxygen saturation of venous hemoglobin.

[0020] Referring now to FIGS. 2(a)-(c), an apparatus for
practicing methods of the invention comprises a frequency-
domain spectrometer 10 to obtain time-resolved measure-
ments of phase and amplitude. Artisans will appreciate that
optical measurements can be performed with either continu-
ous wave methods, i.e., using constant light intensity, or with
time-resolved methods. Time-resolved methods include the
time-domain where light intensity is pulsed with a pulse
width in the order of picoseconds or less, and the frequency-
domain, where light intensity is sinusoidally modulated at a
radio frequency. In the time-domain, the time-of-flight dis-
tribution of detected photons is measured, whereas in the
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frequency-domain an average intensity, the amplitude, and a
phase of a detected modulated intensity are measured. The
time-domain and the frequency-domain methods are math-
ematically related by a temporal Fourier transform. Thus,
the time-domain method is equivalent to a collection of
frequency-domain measurements over a band of modulation
frequencies.

[0021] For exemplary purposes, an embodiment of the
present invention is described with the frequency-domain
approach to measurement of venous hemoglobin saturation.
However, the same method described is applicable in the
time-domain. One aspect of the invention is the use of a
time-resolved optical method, which is performed in either
the frequency-domain or the time-domain. Importantly,
time-resolved methods allow the separation of reduced
scattering and absorption coefficients of tissues. The sepa-
ration of reduced scattering and absorption coefficients of
tissues allows for absolute absorption measurements and,
therefore, absolute hemoglobin concentration measure-
ments.

[0022] Artisans will appreciate that in frequency-domain
spectroscopy the intensity of the light source 1s modulated at
a radio frequency f, preferably 110 MHz, and the detector
sensitivity is modulated at a frequency f+Af, where the offset
frequency Af is lower than f, preferably in the kHz range. It
is noted, however, that radio frequencies other than 110
MHz are viable, being limited only by the fact that too low
a radio frequency results in inadequate phase shift and too
high a radio frequency will be outside a range of known
detectors’ capabilities.

[0023] The frequency-domain spectrometer 10 connects to
an optical probe 12 and a processor 14 for analyzing data
from the frequency-domain spectrometer 10 and optical
probe 12. Detector output is passed through a low-pass filter
16 to a fast Fourier transformer 18 to provide an average
intensity (dc), an amplitude (ac), and a phase (P), i.e.,
time-resolved measurement data, of the detected signal at
frequency f.

[0024] The optical probe 12 preferably contains optical
source fibers 20 that guide light to tissue to be examined, and
detector fibers 22 that guide the collected light from tissue
to an optical detector 24, such as a photo multiplier tube or
photo sensor. The probe 12 should preferably be lightweight
and partially flexible to adapt to the surface of the examined
tissue, but its shape should remain substantially unaltered in
order to maintain a well defined and fixed geometrical
relationship between the source fibers 20 and detector fibers
22. The optical probe 12 is designed to afford quantitative
tissue spectroscopy without requiring any sort of instrumen-
tal calibration. To position both the source fibers 20 and
detector fibers 22 of the optical probe 12 on the common
side of the tissue sample, the invention method uses diffused
reflection geometry. This feature allows the optical probe 12
to be applied to any tissue of interest.

[0025] To determine a geometrical arrangement of the
source fibers 20 and the detector fibers 22, the distance a
should be greater than, or in the order of, 1.0 cm to achieve
a sufficient optical penetration depth into the tissue. It is
noted that this separation distance of about 1.0 cm is less
than distances that may be useful for performing arterial
measurements (e.g., about 1.5 cm). It has been discovered
that a lower optical penetration depth is desirable to achieve



US 2004/0122300 A1

a higher sensitivity to superficial veins, which is advanta-
geous for measurement of the venous saturation. In addition,
a+b should be less than, or in the order of, 4 cm to collect
data with a high signal-to-noise ratio. Moreover, b should
assume values between about 0.5 cm and about 2 cm to be
large enough to distinguish different signals at separations a
and a+b, and small enough to ensure that the signals at
separations a and a+b probe essentially the same tissue
volume.

[0026] By way of additional description useful for practice
of methods of the invention, reference is now drawn to FIG.
3 in addition to FIG. 2. The preferred frequency-domain
tissue spectrometer 10 includes a frequency-synthesizer 38
to modulate the intensity of laser diodes at a frequency of x
MHz, e.g., 110 MHz. The frequency-synthesizer 38 also
modulates a second dynode of two photo multiplier tubes
(pmt), pmt a 24a and pmt b 24b, of the optical detector 24
(FIG. 2), at a frequency of y MHz, e.g., 110.005 MHz. An
example of a suitable commercially available frequency
domain spectrometer is Model No. 96208 available from
ISS Inc., Champaign, Ill. Artisans will appreciate that other
optical detectors can be used, but pmt’s are preferred for
their sensitivity.

[0027] The frequency-domain spectrometer 10 operates at
at least two wavelengths in a range from about 600 to 1000
nm. For exemplary purposes, eight discrete wavelengths
n1-n8 (for example 636, 675, 691, 752, 780, 788, 830, 840
nm) may be used in the red and near-infrared spectral region.
Artisans will appreciate that other similar wavelengths may
be used. It is noted that optical spectroscopy in the wave-
length range from 600 to 1000 nm achieves a sufficient
photon penetration depth to non-invasively probe macro-
scopic tissue volumes and remains sensitive to oxygen
saturation of hemoglobin.

[0028] A multiplexer 44 multiplexes the light sources, two
laser diodes contained in a laser driver 46 per each wave-
length, at a rate of z Hz, e.g., 100 Hz, to timeshare the two
photo multiplier tubes. As a result, 50 cross correlation
periods are acquired during the on-time of each laser diode,
and a complete acquisition cycle over the eight wavelengths
is completed every 80 ms (or 160 ms if two lasers per each
wavelength are employed). The multiplexer 44 electroni-
cally multiplexes the light sources at a rate z such that
N/zzP/2, with N total number of light sources, and P period
of oscillation of the time-varying hemoglobin compartment
to be measured. Although practice of an invention method
may be accomplished using as few as a single breathing
cycle, preferably data is taken over a plurality of breathing
cycles, by way of example over about 10 or more cycles.
10-15 cycles has been discovered to be a most preferable
range. Because different animals have different breathing
cycles, this will result in different numbers of data points
being obtained for study of different animals.

[0029] As an example, piglets have a breathing cycle of
from 0.6-0.9 Hz, with the result that 10-15 cycles occur in
a time period of about 20 sec. At a rate of a complete
spectrum being measured in 80 ms, then, about 256 data
points are taken for piglets over the most preferred 10-15
breathing cycle range. Further, it may be desirable to aver-
age successive FFT to obtain more meaningful data. For
example, in a study of piglets it may be desirable to average
about 800 successive fast Fourier transformations, with each
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computed from a data set shifted by one data point with
respect to the previous one. Accordingly, a total of about
1,000 data points may be taken to correspond to one venous
saturation reading corresponding to a data train of 80 s in
length. Humans have a lower breathing frequency of about
0.22-0.26 Hz, with a result that about 40-60 seconds are
required for 10-15 breathing cycles to occur. At a rate of 80
ms for a spectrum to be measured, about 750 data points are
required. Again, it may be desirable to obtain these data
points from averaging a larger number of consecutive fast
Fourier transformation points.

[0030] Each one of sixteen laser diodes is coupled to an
optical fiber approximately 400 um in core diameter. The
preferred embodiment groups the two sets of eight fibers
guiding light at the eight wavelengths into two source fiber
bundles 20 having a rectangular section of internal size, for
example, 3.5x1.2 mm®. The optical signal detected on tissue
is guided to two parallel detector channels of the spectrom-
eter by two optical detector fiber bundles 22, for example, 3
mm in internal diameter. The source fibers 20 and the
detector fibers 22 are placed on the common side of the
examined tissue, for example a forehead, in the symmetrical
configuration shown in FIG. 3.

[0031] As discussed above with reference to FIG. 2
above, this geometrical arrangement of the source fiber 20
and the detector fibers 22 features four distinct source-
detector pairs, and two distinct source-detector separations
(a and a+b, e.g., 1 cm and 2 cm, respectively). Artisans will
appreciate that other distances between the source and
detector fibers are contemplated. The outputs of pmt a 24a
and pmt b 24b are processed in the data processing apparatus
16, 18, 14, as seen in FIG. 3, and the results are provided in
a display 48.

[0032] This source-detector configuration affords quanti-
tative spectroscopy independent of source, detector, and
optical-coupling terms, i.e., without requiring instrumental
calibration. To avoid pre-calibration, the present invention
relies on a physical model to quantitatively describe the
relationship between the collected optical signal and tissue
optical properties. This model, which assumes a macro-
scopically uniform distribution of the time-varying hemo-
globin compartment in tissue, is well justified in most cases,
but there may be cases where its assumptions are not
fulfilled. To maximize the signal-to-noise ratio, the calcula-
tion of g, may be regularly updated; e.g. every 10 seconds.
In this way, the contribution of the phase noise to the
measurement of g, is strongly reduced, whereas the acqui-
sition time for the absorption spectrum is maintained.

[0033] Referring now to the process of data analysis, the
processor 14 operates so that a respiratory component of
tissue absorption can be quantified to produce absolute
values of time-varying hemoglobin compartment and/or
tissue saturation. A first step of the analysis consists of a
quantitative determination of a tissue reduced scattering
coefficient (') and an absorption coefficient (u,) (block 26
in FIG. 2). To this aim, a multi-distance method is applied
using two or more source-detector separation distances (a
and a+b). This is achieved by using multiple sources either
multiplexed or modulated at different frequencies to elec-
tronically distinguish the corresponding signals and/or mul-
tiple detectors which can acquire data in parallel, or sequen-
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tially. Additionally, this can be achieved by moving a source
with respect to a detector over the desired range of source-
detector separation.

[0034] The multi-distance time-resolved measurement
method assumes a homogeneous and semi-infinite geometry.
The absolute values of the absorption () and reduced
scattering (u,') coefficients of tissue are given in terms of the
dc, ac, and phase slopes versus source-detector separation
(S4es S,, and S, respectively). In particular, either the S,
and S, pair, or the S, and S, pair can be used to measure
u, and u.'. Using dc and phase:

2
Sde

3

, 2w 2wk
b = @S oSy +S55)? Mo =

[0035] wusing ac and phase:

oS, 3wu§]z
Hs =390 Sac #a—:;#; - —2vS§C

[0036] where w is the angular modulation frequency of the
source intensity, and v is the speed of light in tissue. More
information regarding the application of a multi-distance
method may be had by reference to “Quantitative Determi-
nation of the Absorption Spectra of Chromophores in
Strongly Scattering Media: a Light-Emitting-Diode Based
Technique,” by Fantini et al., Appl. Opt. 33: 5204-5213,
1994; which is incorporated herein by reference.

[0037] The present method averages the u, measurement
on a time scale T, which is longer than a data acquisition
time t, where the data acquisition time t is equal to or less
than about one-half a period of oscillation. For example, for
a data acquisition time of t>250 ms, a ¢’ measurement time
T is approximately 5 seconds. The longer time scale allows
the present invention to maintain a high temporal resolution
in the absorption measurement, while drastically reducing
the contribution of the phase noise because the phase data
only appears in the expression for g, which is averaged over
time T. The only assumption of this method is that the
reduced scattering coefficient 4,' does not vary on a time
scale faster than T, which is generally true for T in the order
of a few seconds.

[0038] To measure tissue saturation Y, the spectrum of the
tissue absorption is fit with a linear combination of the
extinction spectra of oxygenated hemoglobin and deoxygen-
ated hemoglobin. The fitted parameters are the concentra-
tions of oxygenated hemoglobin ((HbO,]) and deoxygen-
ated hemoglobin ([Hb]). Tissue saturation Y is then given by
the expression [HbO,]/[HbO,]+[Hb]), where the sub-
script “t” indicates that the involved concentrations refer to
tissue (block 28). Since tissue saturation Y is determined by
absorption g, and not by scattering g, the present invention
achieves an absolute measurement of tissue saturation Y
with a fast temporal resolution and having excellent signal-
to-noise ratio characteristics.

[0039] In addition to the above measured tissue saturation
Y, the time-resolved measurements may be used to simul-
taneously measure the time-varying hemoglobin venous
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compartment (SvO,). The venous hemoglobin concentration
in tissue oscillates with time as a result of the respiration
induced volume changes in the venous compartment. When
a subject inspires the chest cavity is expanded as air enters
and fills the lungs. This expansion is associated with a
decrease in the intrathoracic pressure that in turn causes an
increased venous return because of the increased pressure
gradient between peripheral and intrathoracic veins. As a
result, the volume of hemoglobin in the peripheral venous
compartment decreases. As the subject expires, the chest
cavity contracts, the intrathoracic pressure is increased,
venous return is decreased, and the peripheral venous com-
partment expands. Hemoglobin volume correspondingly
increases in the peripheral venous compartment. Conse-
quently, the detected oscillations in the optical signal at the
respiratory frequency can be assigned to the venous hemo-
globin compartment. A venous compartment saturation can
then be related to the oscillatory components of the absorp-
tion coefficients at two or more wavelengths.

[0040] To perform absolute venous oximetry using the
time-resolved measurements, the amplitude of the respira-
tion-induced absorption oscillations is quantitatively mea-
sured. Embodiments of the present invention comprise use
of a modified Beer-Lambert law approach to translate the
temporal intensity ratio collected at each wavelength [I(A,
t)/I(2,0)] at a known distance (e.g., 1 cm) from the illumi-
nation point, into a time variation in the tissue absorption
[Au, (M 1)]. More information regarding the application of a
modified Beer-Lambert law approach may be had by refer-
ence to “Estimation of Optical Pathlength through Tissue
from Direct Time of Flight Measurement”, by Delpy et al.,
Phys. Med. Biol. 33:1433-1442, 1988, which is incorporated
herein by reference.

[0041] This approach may be implemented by applying:

I, o]

1
Ao = (10 = gln[m

[0042] where L, is the effective optical pathlength from
the illuminating point to the light collection point. L g is
given in terms of the tissue absorption coefficient (u,) and
tissue scatter coefficient (14, and the source detector sepa-
ration 1 in a semi-infinite turbid medium (where the illumi-
nation and collection points are at the boundary of the turbid
medium) by:

3
2y Gy +1)

Ly =

[0043] Application of this relationship indicates that for
typical values of the near-infrared absorption and reduced
scattering coefficients of tissues (e.g., 4#,=0.1 cm™, and
(1, =10 cm™), the value of I 4 is about 5.5 cm for r=1 cm.

[0044] A multi-distance measurement scheme may be
implemented using data collected by fiber bundle detectors
22 located at two distances (¢.g., 1.0 and 2.0 cm) from the
source fiber bundle 20. At these source-detector distances,
light propagation in tissues occurs according to a diffusion
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regime as per studies previously reported in the literature
(sce, e.g., “Effective Source Term in the Diffusion Equation
for Photon Transport in Turbid Media”, by Fantini et al.,
Appl. Opt. 36: 156-163 (1997); incorporated herein by
reference). Those knowledgeable in the art will appreciate
that empirical methods are available as an alternative to the
diffusion equation model to describe the spatial dependence
of the optical signal. In general, the different sensitivity of
the two channels may be accounted for through a prelimi-
nary calibration measurement on a tissue-like sample.

[0045] The present invention further comprises data pro-
cessing steps for evaluating the amplitude of the respiration-
induced absorption oscillations. One invention embodiment
comprises data processing steps of calculating amplitudes
through a Fourier transform, and preferably a fast Fourier
transform (FFT), of Au, at the respiration frequency (blocks
32 and 34 in FIG. 2). The sum of the amplitudes of the FFT
Au, over the respiratory frequency band yields a measure of
the amplitude of the respiration induced absorption oscilla-
tions. This method assumes that the Fourier spectrum of Au,
shows a discernable peak at the respiratory frequency. The
FFT requires multiple respiration cycles to produce a venous
saturation reading. Of the order of 10-15 respiration cycles
are preferred.

[0046] A second invention embodiment comprises data
processing steps for computing the amplitude of the respi-
ratory induced absorption oscillations through use of a band
pass filter in combination with using a modeling algorithm.
The band pass filter serves the purpose of isolating the
absorption oscillations at the respiratory frequency by sup-
pressing higher and lower frequency components in Au,. A
preferred modeling algorithm comprises a sin-wave model
fit to each respiratory cycle. The amplitude of the fitted sin
wave gives an estimate of the absorption oscillation ampli-
tude

[0047] The FFT and the band pass filter methods each
have characteristics that may make one or the other set of
data processing steps preferable over the other under par-
ticular circumstances. The major advantage of the band pass
filter method is that it can achieve a venous saturation
reading from each individual respiratory cycle. The FFT
method, on the other hand, requires data from multiple
respiratory cycles to produce venous saturation readings.
Consequently, the band pass filter method is particularly
effective during transients. The band pass filter method, on
the other hand, is also susceptible to error from fluctuations
in the respiratory frequency and/or from irregular respiration
patterns. The FFT method proves much more robust in these
instances, as the irregular effects are averaged out over the
multiple respiratory cycles measured.

[0048] With these considerations in mind, care should be
taken in choosing which method to use. If a venous satura-
tion level is to be measured that will involve changes
induced by exercise, for instance, the band pass filter method
may be preferred as it will more clearly represent changing
saturation levels. If a subject is to be measured at rest or
where venous saturation is otherwise expected to be in a
relatively steady state, on the other hand, the FFT method
may be preferred.

[0049] Once the amplitude of the oscillations has been
computed, regardless of the method used, the spectrum of
the absorption oscillations at the respiratory frequency must
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be fit to determine time varying hemoglobin saturation
levels. The present invention fits the spectrum with a linear
combination of the extinction spectra of oxygenated hemo-
globin and deoxygenated hemoglobin: [eg,q.(A)A[HDO, ]
RESP e (R )ATHDTREST], where €.4.0,(A) and €, (R;) are
the extinction coefficients of oxygenated and deoxygenated
hemoglobin, respectively. The fitted parameters are the
oscillatory concentrations of oxygenated hemoglobin
((HbO,J**5F} and deoxygenated hemoglobin ([HbRFSF) at
the respiratory frequency. The venous hemoglobin satura-
tion is then given by the expression [HbO,**5*([HbO,
FESEL[HbRESF), where the superscript “RESP” indicates
the respiration origin (block 36).

[0050] The minimization of the sum of the squares of the
residuals (ie., 2 Au,M(h)-Au,"P(A)T) yields a linear
system whose solution gives the best fit concentrations of
amplitude of the oscillatory oxy-and deoxy-hemoglobin
concentrations shown below by EQTN. 1. The oxygen
saturation of the hemoglobin compartment oscillating syn-
chronously with respiration (SvO,-NIRS) is then given by
EQTN 2 shown below.

A[HBO,] ") = EQIN. 1

[Z Al epon (/\;J][Z & (/1;)] -

i
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i
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[Z Al A Emp02 (A )]{ «SHboz (Aidenn (A ]

2
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Sy 0y — NIRS, AlHbO, 1" EQIN. 2
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[Z AP e por (i )][Z E%b(ki)] -

i

[Z AP Qe (N )][Z erpo2(Ai)Emp (A;)]

i

[ZA P emor ) ]

(Z 2up(A)[emp(A) — enpor (/\i)]] -

[ZA P (e )]

(Z £rp02(A)[Emp (X)) — Erpo2 (At )]]



US 2004/0122300 A1

[0051] 1t is noted that for the determination of SvO,-
NIRS,,,,, L& is only required to within a wavelength-
independent factor. In fact, the above equation shows that a
common, wavelength independent multiplicative factor in
Au,(A) cancels out in the expression for SvO,-NIRS, . By
contrast, the wavelength dependence of L g is important for
the measurement of venous saturation with the present
method. Accordingly, L.g is preferably measured at each
wavelength using the multi-distance, frequency-domain

technique.

[0052] It is also noted that in order for the calculation of
this method embodiment to be correct, it is required that: (1)
the oscillations of u, at the respiratory frequency can be
reliably attributed to hemoglobin (and not, for instance, to
motion artifacts); (2) the hemoglobin-concentration fluctua-
tions result from the volume oscillation of a hemoglobin
compartment rather than from periodic fluctuations in the
blood flow; and (3) the fluctuating hemoglobin compartment
responsible for the measured Ay, is the venous compart-
ment. Embodiments of the present invention provide steps
for addressing these three requirements.

[0053] It will be appreciated that steps taken to address
these three points may generally be referred to as “verifi-
cation steps”. That is, insuring that measurements meet with
any or all of the three requirements of points (1)-(3) may be
considered a verification of the accuracy of the measure-
ments. Further, it will be appreciated that these verification
steps will be of utility for other method embodiments that
may comprise different particular calculational methods.
Indeed, a level of uncertainty exists with virtually any
method for optical venous saturation measurement. For
example, it is known that respiratory sinus arrhythmia,
which is present in all healthy human subjects, induces
fluctuations in the arterial compartment at the respiratory
frequency. These fluctuations can confound the isolation of
the venous saturation level at the respiration frequency. Thus
methods that rely on measurement of respiratory oscillations
have an uncertainty associated with them regarding potential
arterial compartment contribution.

[0054] FIG. 4 is a flowchart illustrating some of the
various verification steps contemplated by methods of the
present invention to insure measurement accuracy. It will be
appreciated that the flowchart of FIG. 4 presents these steps
in series for purposes of convenience only, and that different
method embodiments may comprise using any particular
order or number of verification steps. By way of example,
different method embodiments may comprise using only one
of these verification steps.

[0055] With reference now drawn to FIG. 4, one verifi-
cation step 102 comprises requiring that the hemoglobin
spectrum closely fits or matches the absorption data rela-
tively well. It will be appreciated that such a determination
will be of particular use in addressing point (1) above, i.c.
that measured oscillations result from hemoglobin. Those
knowledgeable in the art will also appreciate that there are
a variety of methods for determining whether two data sets
“closely fit or match one another”. For example, a visual
comparison between output data can be indicative of a close
match. Also, a variety of calculational comparison methods
are available. A comparison can be made between the
residuals and the experimental error in the absorption data.
By way of a more particular example, one example of this
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step 102 may comprise requiring that the absolute value of
the relative residuals be at most twice the experimental
percent error in absorption data. A second example step 102
may comprise analyzing the standard deviation of data
collected over a plurality of points, and discarding samples
having an unacceptably high standard deviation. For
example, absorption values obtained over several hundred
successive Fourier transformation data points may be ana-
lyzed to estimate the error. Data having a standard deviation
error greater than 15% or some other suitable level may be
discarded.

[0056] An additional verification step 104 comprises veri-
fying that the absorption oscillations at different wave-
lengths are in phase with one another. Preferably, this should
be done for each pair of the plurality of wavelengths
measured. In-phase measurements confirm that the oscilla-
tions are a result of volume fluctuations and not flow
fluctuations. That is, if absorption oscillations are not in
phase, then the oxygenated and deoxygenated hemoglobin
oscillations are not in phase, which suggests that what is
being measured results from a blood flow fluctuation due to
an increased rate of blood inflow of oxygenated hemoglobin
and outflow of deoxygenated hemoglobin. Oscillations in
phase, on the other hand, suggest that what is being mea-
sured is a volume fluctuation as opposed to a flow fluctua-
tion. As a result, in-phase absorption oscillations confirm
that the oxygen saturation of a time-varying hemoglobin
compartment is being measured.

[0057] Still another verification step 106 comprises veri-
fying that the amplitudes of the measured oxygenated and
deoxygenated hemoglobin concentration peaks at the heart-
beat frequency are less than those at the respiratory fre-
quency. This provides an objective verification to insure that
the venous compartment dominates measurements.

[0058] Yet another verification step 108 of a method
embodiment comprises verifying that the spectrometer
probe is placed closely adjacent, and preferably directly
over, a visible vein. Experiments conducted indicate that
when the probe is placed directly over a visible vein it is
substantially more likely that the measured oscillations
result from venous contributions than when the probe is
placed not adjacent to a vein. It is noted that in computer
program product embodiments of the present invention, this
step may be carried out through a query of the user, or
through detection means.

[0059] FIG. 5 is useful in illustrating results of this
verification step. FIG. 5(a) illustrates oscillation measure-
ments made using a method embodiment of the present
invention on the calf of a human subject, with the probe
placed over a visible vein. In particular, FIG. 5() illustrates
a summary of measurement of deoxygenated hemoglobin
(Hb) and oxygenated hemoglobin (HbO,), with the oscilla-
tions appearing in phase with the respiratory cycle. Without
moving the probe, a venous occlusion was placed on the
thigh of the subject to suppress venous compartment volume
fluctuations. Resulting data are summarized in FIG. 5(b),
confirming that the venous compartment is dominating
measurements, as the oscillations of oxygenated and deoxy-
genated hemoglobin are suppressed during venous occlusion
even though no blockage of the arteries occurs. It is noted
that FIGS. 5(a) and (b) are data plots representative of data
following processing with one of the amplitude calculation
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methods of the invention, e.g., after application of a band
pass filter and fitting with a sin wave algorithm.

[0060] It has been discovered that the novel method of the
invention, preferably comprising one or more of the verifi-
cation steps, allows for accurate measurements of venous
oxygenation saturation levels to be made without requiring
mechanical ventilation, venous occlusions, or other addi-
tional required elements of methods of the prior art. It is
noted that it may be desirable when using a method of the
invention with a human subject to use a metronome or other
patient frequency guide to regulate breathing frequency.

[0061] The novel methods of the present invention were
tested on a number of subjects including piglets and humans.
In addition to the method of the present invention, for
comparison purposes the test subjects were likewise sub-
jected to known venous saturation measurement methods of
the prior art using venous occlusions and/or invasive mea-
surements. Generally these tests indicated very good agree-
ment between venous saturation levels determined through
methods of the present invention as compared to results
obtained through methods of the prior art.

[0062] The tests” results also provide some useful guid-
ance regarding practice of various aspects of the present
invention. For instance, the tests offer a comparison between
use of FFT and band pass filter data processing steps.
Consistent with the discussion regarding the two methods
made herein above, it was generally observed that the band
pass filter method has significant advantages in terms of its
ability to detect transients and/or changing saturation levels.
Because it is averaged over multiple respiration cycles, the
FFT method was found to be fairly robust during steady state
conditions.

[0063] Also, the tests highlighted the importance of steps
of the invention related to verifying that the venous com-
partment contributions dominated the respiratory oscilla-
tions being measured. As discussed above, this can be
accomplished through one or more of a number of potential
verification steps, including for example by placing the
probe on top of a visible vein, by verifying that the respi-
ratory oxygenated and deoxygenated hemoglobin oscilla-
tions are in phase, and by verifying that the oxygenated and
deoxygenated oscillations have a greater integrated ampli-
tude at the respiratory frequency than at the heartbeat
frequency. These verification steps can be used to greatly
increase the confidence level in optical venous saturation
measurements.

[0064] Those knowledgeable in the art will also appreciate
that the present invention is well suited for practice in the
form of a computer program product. Accordingly, it will be
appreciated that additional embodiments of the invention
comprise computer program products. These computer pro-
gram product embodiments comprise computer executable
instructions stored in a computer readable medium that
when executed cause the compuier to perform prescribed
actions. Generally, the computer program product embodi-
ments of the invention cause a computer to perform the steps
of method embodiments of the invention. Accordingly, it
will be appreciated that discussion made herein regarding
method embodiments may likewise apply to computer pro-
gram product embodiments.

[0065] Examples of computer readable mediums comprise
memories such as magnetic or optical disks and the like,
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electronic circuitry, embedded circuitry, RAM, ROM,
EPROM, SDRAM, and the like. Also, it will be appreciated
that the term “computer” as used herein is intended to
broadly refer to processor based devices capable of execut-
ing instructions. Accordingly, examples of “computers” as
used herein may comprise, but are not limited to, personal
computers, hand held devices, mainframe computers, pro-
cessor based instrumentation such as spectrometers, proces-
sor based data acquisition and control devices, and the like.

[0066] It will also be appreciated that some of the mea-
surement and data processing aspects of the present inven-
tion are consistent with those disclosed in U.S. Pat. No.
6,216,021 issued Apr. 10, 2001 to Franceschini et al. (the
’021 patent), which has been incorporated herein by refer-
ence. While description has been given herein to enable
practice of the known best modes of methods of the present
invention, additional useful information regarding some
consistent aspects, such as measurement and data processing
steps, of the present invention may be had through reference
to the "021 patent.

[0067] From the foregoing description, it should be under-
stood that improved methods have been shown and
described which have many desirable attributes and advan-
tages. For example, a time-resolved measurement approach
is presented to non-invasively measure the absolute value of
time-varying hemoglobin venous compartment saturation
without requiring mechanical ventilation or venous occlu-
sion. Other alterations and modifications will be apparent to
those skilled in the art. Accordingly, the scope of the
invention is not limited to the specific embodiments used to
illustrate the principles of the invention. Instead, the scope
of the invention is properly determined by reference to the
appended claims and any legal equivalents thereof.

What is claimed is:
1. A method for measuring the venous oxygen saturation
comprising the steps of:

illuminating an area of tissue of a subject with intensity
modulated light at at least two wavelengths, said sub-
ject being free from mechanical ventilation devices and
free from venous perturbations

sensing diffusely reflected light caused by said illumina-
tion to acquire time resolved measurement data; and

processing said time resolved measurement data to deter-
mine the absolute saturation of the venous compart-
ment, said processing comprising at least determining
an amplitude of respiration induced absorption oscil-
lations.
2. A method for measuring the venous oxygen saturation
as in claim 1 wherein:

the processing step comprises determining at least ampli-
tudes for oxygenated and deoxygenated hemoglobin
oscillations at the respiratory frequency.
3. A method for measuring the venous oxygen saturation
as in claim 1 wherein:

the step of sensing diffusely reflected light comprises
sensing diffusely reflected light at a plurality of wave-
lengths; and wherein

the processing step comprises determining an amplitude
of respiration induced absorption oscillations at each of
said plurality of wavelengths.
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4. A method for measuring the venous oxygen saturation
as in claim 3 wherein said plurality of wavelengths com-
prises at least eight.

5. A method for measuring the venous oxygen saturation
as in claim 1 wherein:

the processing step comprises quantifying said amplitude
of absorption oscillations at said respiratory frequency
using a fast Fourier transformation.

6. A method for measuring the venous oxygen saturation
as in claim 5 wherein the method comprises acquiring time
resolved measurement data over at least 10 respiratory
cycles.

7. A method for measuring the venous oxygen saturation
as in claim 1 wherein:

the processing step comprises quantifying said amplitude
of absorption oscillations at said respiratory frequency
by using a band pass filter to isolate said absorption
oscillations at said respiratory frequency and subse-
quently applying a modeling algorithm to said absorp-
tion oscillations over each respiratory cycle.

8. A method for measuring the venous oxygen saturation
as in claim 7 wherein said modeling algorithm comprises a
sin wave fitting algorithm.

9. A method for measuring the venous oxygen saturation
as in claim 1 wherein the method further comprises the step
of verifying that said absorption oscillations at said at least
two wavelengths occur in phase at said respiratory fre-
quency.

10. A method for measuring the venous oxygen saturation
as in claim 1 wherein the method further comprises placing
a probe on said area of tissue, said probe for generating said
intensity modulated light for illuminating said area of tissue,
and wherein said probe is placed directly over a visible vein

11. A method for measuring the venous oxygen saturation
as in claim 1 wherein the step of processing said time
resolved measurement data comprises determining an
amplitude of absorption oscillations at the heartbeat fre-
quency and verifying that the amplitude of said heartbeat
frequency absorption oscillations is less than the amplitude
of said respiration induced absorption oscillations.

12. A method for measuring the venous oxygen saturation
as in claim 1 wherein the step of processing said time
resolved measurement data comprises determining absorp-
tion data, and wherein the method further comprises veri-
fying that a hemoglobin spectrum closely agrees with said
absorption data.

13. A method for measuring the venous oxygen saturation
as in claim 1 wherein said steps of illuminating and sensing
are conducted on a common side of said area of tissue.

14. A method for measuring the venous oxygen saturation
as in claim 1 wherein said processing step comprises fitting
said amplitude of respiration induced absorption oscillations
with a linear combination of extinction spectra of oxygen-
ated and deoxygenated hemoglobin.

15. A method for measuring the venous oxygen saturation
as in claim 1 wherein said processing step comprises deter-
mining an effective optical path length between an illumi-
nation source and an illuminated point in said illuminated
area of tissue, said effective optical path length being used
1o determine said amplitude of respiration induced absorp-
tion oscillations.

16. A method for measuring the venous oxygen saturation
as in claim 1 wherein said processing step comprises deter-
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mining a tissue scattering coefficient and a tissue absorption
coefficient, said scattering coefficient and said absorption
coefficient being used to determine said amplitude of respi-
ration induced absorption oscillations.

17. Amethod for measuring the venous oxygen saturation
as in claim 1 wherein the time resolved data processing step
comprises:

determining a reduced scattering coefficient and an
absorption coefficient for said tissue; and

using said reduced scattering coefficient and said absorp-
tion coefficient to determine an effective optical path
length between an illumination source and an illumi-
nated point in said illuminated area of tissue, said
effective optical path length being used to determine
said amplitude of respiration induced absorption oscil-
lations.

18. A method for measuring a venous oxygen saturation

comprising the steps of:

illuminating an area of tissue of a subject with intensity
modulated light in the visible and near infrared spectral
range at at least two wavelengths on a common side of
said area of tissue;

sensing diffusely reflected light caused by said illumina-
tion to acquire time resolved measurement data for
each of said at least two wavelengths; and

processing said time resolved measurement data at each
of said at least two wavelengths to determine the
absolute saturation of the venous compartment, said
processing comprising determining a reduced scatter-
ing coefficient and an oscillation absorption coefficient,
quantifying an amplitude of respiration induced
absorption oscillations using said reduced scattering
coefficient and said oscillation absorption coefficient
and using one of either a Fourier transformation or a
band pass filter, and fitting said amplitude of respiration
induced absorption oscillations with a linear combina-
tion of extinction spectra of oxygenated and deoxygen-
ated hemoglobin.

19. A method for measuring a venous oxygen saturation
level as in claim 18 wherein said subject being free from
mechanical ventilation devices and venous perturbation.

20. A method for measuring the venous oxygen saturation
comprising the steps of:

illuminating an area of tissue with a probe generating
intensity modulated light at a plurality of wavelengths;

sensing diffusely reflected light caused by said illumina-
tion to acquire time resolved measurement data,

processing said time resolved measurement data to deter-
mine the absolute saturation of the venous compart-
ment, said processing comprising at least determining
an amplitude of respiration induced absorption oscil-
lations; and

verifying that said measurement data is accurate.

21. A method for measuring the venous oxygen saturation
as in claim 20 wherein the step of verifying that said
measurement data is accurate comprises measuring time
resolved absorption oscillation data at said plurality of
wavelengths and verifying that said oscillations are in phase
at the respiratory frequency.
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22. A method for measuring the venous oxygen saturation
as in claim 19 wherein the step of verifying that said
measurement data is accurate comprises verifying that said
probe is located directly over a visible vein.

23. A method for measuring the venous oxygen saturation
as in claim 20 wherein the step of verifying that said
measurement data is accurate comprises determining ampli-
tudes of oxygenated and deoxygenated hemoglobin concen-
tration oscillations at a heartbeat frequency and at a respi-
ratory frequency, and verifying that said amplitudes at said
heartbeat frequency are less than said amplitudes at said
respiratory frequency.

24. A method for measuring the venous oxygen saturation
as in claim 20 wherein the step of processing said time
resolved data comprises determining absorption data, and
wherein the step of verifying that said measurement data is
accurate comprises verifying that a hemoglobin spectrum
closely agrees with said absorption data.

25. A computer program product for causing a computer
1o measure the venous oxygen saturation, the program
product comprising computer executable instructions stored
on a computer readable medium, the program instructions
when executed causing the computer to:

illuminate an area of tissue using a probe generating
intensity modulated light at a plurality of wavelengths;

Jun. 24, 2004

sense diffusely reflected light caused by said illumination
to acquire time resolved measurement data;

process said time resolved measurement data to determine
the absolute saturation of the venous compartment, said
processing comprising at least determining an ampli-
tude of respiration induced absorption oscillations; and

verify that said time resolved measurement data repre-

sents venous compartment data.

26. A computer program product as in claim 25, wherein
the program instructions when executed cause the computer
to verify that said probe is properly located by causing the
computer to perform one or more of the steps from the group
of steps consisting of: measuring time resolved absorption
oscillation data at said plurality of wavelengths and verify-
ing that said oscillations are in phase at the respiratory
frequency, and determining amplitudes of oxygenated and
deoxygenated hemoglobin concentration oscillations at a
heartbeat frequency and at a respiratory frequency and
verifying that said amplitudes at said heartbeat frequency are
less than said amplitudes at said respiratory frequency.

27. A computer program product as in claim 25 wherein
said subject being free from mechanical ventilation devices
and venous perturbation.
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