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VASCULAR OXIMETRY SYSTEM

BACKGROUND
[0001] This invention relates to optical oximetry systems.
[0002] Pulse oximetry is a technique that is based on the

optical measurement of blood volume changes (photopl-
ethysmography) to non-invasively measure an arterial oxy-
gen saturation, $“, in tissue. The basis of pulse oximetry is
to measure an optical spectral signature of an arterial pul-
satile signal at a cardiac frequency (i.e., a frequency at which
a subject’s heart beats). In some examples, two wavelengths
of light, one in the red and one in the near-infrared region,
are used for illuminating an extremity, such as a subject’s
fingertip, and measuring the transmitted light intensity.

[0003] When the subject’s heart pumps blood, arteries
expand in diameter and arterial blood volume increases.
Such an increase in blood volume results in a greater
hemoglobin concentration in tissue and a higher absorption
of light, resulting in a reduction in the detected light from the
tissue. Since oxygenated hemoglobin and deoxygenated
hemoglobin have distinguishably different wavelength
dependent absorption coeflicients, a ratio of the pulsatile
components of the measured intensities at the two wave-
lengths can be translated into hemoglobin saturation in the
arteries. The pulsatile component of intensity at each wave-
length is defined as the peak-to-peak change in intensity
(due to cardiac pulsation) divided by the average intensity.

SUMMARY

[0004] Insome examples, the blood circulation in biologi-
cal tissues can be conceptually divided into different parts,
each having different characteristics and functional roles: the
collection of blood vessels that have a given characteristic
and fulfill a given functional role in the tissue circulation is
referred to as a “vascular compartment.” Specifically, the
“arterial compartment™ transports blood under high pressure
to the tissues, and have strong vascular walls. The “arteriolar
compartment” comprises the smallest branches of the arte-
rial system (arterioles are less than 100 microns in diameter),
which feature muscular walls that can close or dilate the
arterioles to control blood flow to the tissue. The “capillary
compartment” consists of the smallest blood vessels (capil-
laries are less than 10 microns in diameter), which feature
walls permeable to water and small molecules to exchange
fluid, nutrients, electrolytes, and oxygen between blood and
tissue. The “venular compartment” contains small vessels
(venules are less than 300 microns in diameter) that collect
blood from the capillaries and gradually coalesce into larger
veins. The “venous compartment” consists of larger veins
that transport blood back to the heart, and that have thin
walls (because the blood pressure in the venous system is
low) which can contract and expand to act as a controllable
reservoir of blood.

[0005] Insome examples, the hemoglobin saturation in the
arterial compartment, 8¢, is calculated from pulsatile inten-
sities at two wavelengths by applying the modified Beer-
Lambert law, which yields the pulsatile components of
oxygenated and deoxygenated hemoglobin concentrations,
AO(t) and AD(t), respectively. However, to translate the
pulsatile intensity components at two wavelengths into the
pulsatile components, AO(t) and AD(t), the differential path
length factors at the two wavelengths need to be known. In
the absence of this information, commercial pulse oximeters
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are typically based on an empirical calibration. This is
typically done on healthy volunteers by calibrating optical
measurements with actual S values obtained on drawn
arterial blood, in protocols that involve altering S over a
safe range by modulating the fraction of inspired oxygen
(Fi0,). A key assumption in order to calculate the arterial
saturation through the procedure described above is that the
pulsatile intensity component originates only from the arte-
rial blood volume. The error associated with finger pulse
oximetry systems is typically reported to be about 4% and
even greater for $“<80%.

[0006] In some examples, the pulsatile intensity compo-
nent includes both blood volume contributions originating
from the arterial comparment and blood volume contribu-
tions originating from the venous compartment. Further-
more, it is known that capillary blood flow shows a pulsatile
component that may also affect the measured optical signals.
The hemoglobin saturation in blood changes while the blood
flows through the smaller arterioles and capillary bed due to
oxygen diffusion to the surrounding tissue. Consequently, a
pulsatile capillary blood flow may influence the reading of
S@ by pulse oximetry, because of the flow-related change in
the tissue concentrations of oxygenated and deoxygenated
hemoglobin. Since the amplitude of the pulsatile blood
volume changes are smaller in the brain than other tissues
because of the rigid enclosure of the skull, it is to be
expected that the influence of pulsatile capillary blood flow
on 8 measurements by pulse oximetry may be greater in
the brain than other tissue locations such as the finger, toe,
or ear lobe. As is described above, the underlying assump-
tion to use pulsatile intensity changes for arterial saturation
measurements is that the pulsatile intensity originates only
from arterial blood. Any additional source of pulsatile inten-
sity, be it from venous blood or pulsatile flow, invalidates the
theory and negatively impacts the accuracy of arterial satu-
ration measurements.

[0007] Using the same idea that forms the basis of pulse
oximetry, (i.e., measuring the hemoglobin saturation of a
specific vascular compartment by exploiting blood volume
changes specific to that vascular compartment) near infra-
red spectroscopy (NIRS) methods for measurements of
venous saturation, S, have also been proposed. Microvas-
cular S measurements are especially important for cerebral
monitoring, since they provide indications about oxygen
extraction (the oxygen extraction fraction) and cerebral
metabolic demand. Instead of using pulsations at the cardiac
frequency, which predominantly impact the arterial blood
volume, it has been proposed that respiration-induced blood
pressure changes mostly affect the venous compartment
because of the much larger vascular compliance in veins
with respect to arteries. Therefore, it was proposed that
oscillating hemoglobin concentration changes at the respi-
ratory frequency may be used to measure the venous satu-
ration. This method, sometimes called spiroximetry, has
been validated in animal models and in human skeletal
muscle, and applied to cerebral measurements in healthy
subjects and ventilated patients. Measurements of oscilla-
tory hemodynamics at the respiration rate are practically
appealing for obtaining ™ since they rely on spontaneous
respiration and do not require one to apply any external
maneuvers.

[0008] In addition to using oscillatory, respiration-induced
hemodynamic changes, several methods for eliciting venous
volume changes have been proposed. For example, one
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method for cerebral measurements is based on a head-down
tilting protocol; tilting the head down by 15° results in
venous pooling and hence a venous volume change. In this
approach, the venous saturation is calculated from the dif-
ference in the cerebral concentrations of oxygenated and
deoxygenated hemoglobin before and after head tilting.
Another example, for measurements on upper or lower
extremities, involves eliciting venous volume changes by
venous occlusion. Again, the difference in hemoglobin con-
centration before occlusion and during occlusion is used for
estimation of S,

[0009] The pulse oximetry and spiroximetry techniques
described above have been proposed to measure arterial and
venous saturation, respectively, from optical measurements
of time-varying vascular compartments. These techniques
rely on an assumption that measured optical oscillations are
dominated by blood volume changes, and that blood flow
contributions are negligible. However, this assumption is not
necessarily true for all types of tissues. Indeed, while blood
volume oscillations are a major contributor to the optical
signals at the respiration frequency, blood flow oscillations
may also play a crucial role and need to be accounted for.

[0010] In some aspects, dynamic NIRS measurements of
cerebral hemoglobin concentrations (AO(t) and AD(t)) are
translated into arterial and venous saturations, S and S®
without relying on the assumption that blood volume
changes are the only source of the optical signal dynamics.

[0011] In a general aspect, a method quantifies the hemo-
globin saturation of time-varying vascular compartments.
Depending on the origin of the time variations, the method
leads to absolute measurements of arterial saturation, venous
saturation, or a combination of the two. In some examples,
there are optical measurements of the temporal changes in
the concentrations of oxygenated hemoglobin, AO(t), and
deoxygenated hemoglobin, AD(t), as measured with near-
infrared spectroscopy (NIRS) in the tissue of interest. These
measurements of AO(t) and AD(t) are quantitatively ana-
lyzed using a hemodynamic model to correct for contribu-
tions from blood flow changes in the tissue, which were
never taken into account before in this kind of measurement.

[0012] The method allows for separation of the contribu-
tions to AO(t) and AD(t) from pulsatile blood volume and
pulsatile blood flow, which leads to more accurate estima-
tions of cerebral S and S* values. The method is based on
using a hemodynamic model to identify the blood flow
contributions to the measured hemoglobin concentration
oscillations. From these flow contributions, one can deter-
mine the oscillatory blood volume contributions, which
translate into the hemoglobin saturation of the volume-
varying vascular compartment, be it arterial, venous, or a
combination of both.

[0013] Insome examples, in the case of oscillatory hemo-
dynamics, such as those associated with the heart pulsation
and respiration, the method uses a phasor representation to
decompose the measured oscillations of the tissue concen-
trations of oxygenated hemoglobin (O) and deoxygenated
hemoglobin (D) into their components associated with oscil-
latory blood volume (subscript V) and blood flow (subscript
F): 0=0,40, D=D+D;. The hemoglobin saturation of the
volume-oscillating vascular compartment,
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can be obtained after assuming the value of the phase angle
between the measured oxygenated hemoglobin oscillations
(O) and the flow oscillating component (O).

[0014] In another general aspect, a method for determin-
ing a hemoglobin saturation of a volume-oscillating vascular
compartment in tissue includes receiving data representing
measurements of a number of oscillating hemoglobin con-
centrations from the tissue. The hemoglobin saturation of the
volume-oscillating vascular compartment is determined to
exclude an effect of an oscillating rate of supply of oxygen-
ated blood to a portion of the tissue including removing a
first contribution on one or more of the oscillating hemo-
globin concentration measurements from at least one of the
measurements, the first contribution being phase offset rela-
tive to said measurements.

[0015] Aspects may include one or more of the following
features.
[0016] The number of oscillating hemoglobin concentra-

tions from the tissue may include a measured concentration
of oxygenated hemoglobin, a measured concentration of
deoxygenated hemoglobin, and a total hemoglobin concen-
tration. The number of oscillating hemoglobin concentra-
tions may oscillate at a frequency associated with a physi-
ological function. The number of oscillating hemoglobin
concentrations may oscillate at a cardiac frequency. The
number of oscillating hemoglobin concentrations may oscil-
late at a respiratory frequency. The number of oscillating
hemoglobin concentrations may oscillate at a physically
induced frequency.

[0017] The effect of the oscillating rate of supply of
oxygenated blood to the portion of the tissue may include an
oscillation in the measured concentration of oxygenated
hemoglobin and an oscillation in the measured concentration
of deoxygenated hemoglobin due to oscillations in blood
flow to the portion of the tissue. The oscillation in the
measured concentration of oxygenated hemoglobin and the
oscillation in the measured concentration of deoxygenated
hemoglobin may be at least in part due to diffusion of
oxygen from blood to the portion of the tissue.

[0018] The portion of the tissue may include a capillary
compartment of the tissue. The volume-oscillating vascular
compartment may include an arterial compartment. The
volume-oscillating vascular compartment may include a
venous compartment. The volume-oscillating vascular com-
partment may include a mixture of an arterial compartment
and a venous compartment.

[0019] The method may include determining a first frac-
tion of the hemoglobin saturation associated with the venous
compartment and a second fraction of the hemoglobin
saturation associated with the arterial compartment. The
second fraction of the hemoglobin saturation may be deter-
mined based on a blood pressure measurement. The first
fraction and the second fraction may be determined based on
an empirically determined ratio.

[0020] Removing the first contribution on the one or more
oscillating hemoglobin concentration measurements from
the at least one measurement may include receiving an
empirically derived representation of the phase offset.
Removing the first contribution on the one or more oscil-
lating hemoglobin concentration measurements from the at
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least one measurement may include receiving a representa-
tion of the phase offset, the representation being inferred
using a coherent hemodynamics spectroscopy model.
[0021] In another general aspect, a system for determining
a hemoglobin saturation of a volume-oscillating vascular
compartment in tissue includes an input for receiving data
representing measurements of a number of oscillating hemo-
globin concentrations from the tissue and an oximetry
processing module. The oximetry processing module deter-
mines the hemoglobin saturation of the volume-oscillating
vascular compartment to exclude an effect of an oscillating
rate of supply of oxygenated blood to a portion of the tissue
including removing a first contribution on one or more of the
oscillating hemoglobin concentration measurements from at
least one of the measurements, the first contribution being
phase offset relative to said measurements.

[0022] Aspects may include one or more of the following
features.
[0023] The system may include a sensor for obtaining the

data representing measurements of the number of hemoglo-
bin concentrations from the tissue and providing the data to
the input. The system may include an output for providing
the determined hemoglobin saturation of the volume-oscil-
lating vascular compartment. The system may include a
display device for receiving a representation of the deter-
mined hemoglobin saturation of the volume-oscillating vas-
cular compartment from the output and presenting the
representation of the determined hemoglobin saturation of
the volume-oscillating vascular compartment. The effect of
the oscillating rate of supply of oxygenated blood to the
portion of the tissue may include an oscillation in the
measured concentration of oxygenated hemoglobin and an
oscillation in the measured concentration of deoxygenated
hemoglobin due to oscillations in blood flow to the portion
of the tissue.

[0024] Removing the first contribution on the one or more
oscillating hemoglobin concentration measurements from
the at least one measurement may include receiving an
empirically derived representation of the phase offset.
Removing the first contribution on the one or more oscil-
lating hemoglobin concentration measurements from the at
least one measurement may include receiving a representa-
tion of the phase offset, the representation being inferred
using a coherent hemodynamics spectroscopy model.

[0025] Aspects may have one or more of the following
advantages.
[0026] The methods presented can be used to obtain

accurate estimates of hemoglobin saturation in a volume
varying compartment. In some examples, when the volume
varying compartment is an arterial compartment, accurate
estimates of arterial hemoglobin saturation can be obtained.
In other examples. when the volume varying compartment is
a venous compartment, accurate estimates of venous hemo-
globin saturation can be obtained. In some examples, when
both an arterial hemoglobin saturation and venous hemo-
globin saturation of a tissue can be obtained, the oxygen
extraction fraction of the tissue and hence a measure of the
local tissue metabolic demand, can be obtained. Accurate
measurement of any of the above quantities is clinically and
diagnostically important.

[0027] In conventional pulse oximetry and spiroximetry
approaches, an estimate of hemoglobin saturation in a vol-
ume varying compartment is obtained and then an assump-
tion is made that the estimated hemoglobin saturation in the
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volume varying compartment corresponds to either an arte-
rial hemoglobin saturation or a venous hemoglobin satura-
tion. By using the approaches described herein to obtain a
more accurate estimate of the hemoglobin saturation in the
volume varying compartment, an accuracy of the results
obtained by pulse oximetry and spiroximetry approaches can
be improved.

[0028] Other features and advantages of the invention are
apparent from the following description, and from the
claims.

DESCRIPTION OF DRAWINGS

[0029] FIG. 1 is a schematic diagram of an oximetry
system for determining the hemoglobin saturation of a
volume-varying vascular compartment.

[0030] FIG. 2 is a vasculature model for tissue.

[0031] FIG. 3 shows a volume expansion of an arterial
compartment of the vasculature model of FIG. 2.

[0032] FIG. 4 shows blood flowing into a capillary com-
partment of the vasculature model of FIG. 2.

[0033] FIG. 5 is a phasor diagram for determining a
hemoglobin saturation of a volume of tissue with negligible
blood flow oscillations.

[0034] FIG. 6 is a phasor diagram illustrating measured
hemodynamic quantities for a volume of tissue with non-
negligible blood flow oscillations.

[0035] FIG. 7 is the phasor diagram of FIG. 6 including an
assumed angle between a blood flow contribution to the
oxygenated hemoglobin concentration in the tissue, O, and
the oxygenated hemoglobin concentration in the tissue, O.
[0036] FIG. 8 is the phasor diagram of FIG. 7 with a
magnitude of the blood flow contribution to the oxygenated
hemoglobin concentration in the tissue, O, determined.
[0037] FIG. 9 is the phasor diagram of FIG. 8 with a
magnitude of a blood volume contribution to the oxygenated
hemoglobin concentration in the tissue, O, determined.
[0038] FIG. 10 illustrates the solution to the phasor dia-
gram of FIG. 9.

[0039] FIG. 11 is an alternative representation of the
phasor diagram of FIG. 10.

[0040] FIG. 12 is a schematic diagram of an oximetry
system for determining volume and flow contributions to an
oscillatory hemoglobin concentration.

DESCRIPTION

1 Optical Oximetry Measurement System

[0041] Referring to FIG. 1, an optical oximetry measure-
ment system 100 includes an optical probe 102 secured to a
body part of a subject 104, an oximetry processing module
106 implemented on a computing device 105, and a display
device 118 (e.g., an LCD monitor). In some examples, the
optical probe 102 is a probe of any near-infrared spectros-
copy (NIRS) system, which operates at near-infrared wave-
lengths that are typically in the range of 650-900 nm. In
some examples, the optical probe 102 is secured to the
subject’s head, in an area corresponding to the frontal lobe
of the subject’s brain and is secured in place by a dedicated
cap.

[0042] The optical probe measures optical intensity data at
two optical frequencies, I (t),I-5(t) that reflect blood vol-
ume and/or blood flow oscillations occurring in a vascular
compartment within the probed tissue volume. The optical
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intensity data I, (t),1-,(t) and assumed or inferred oximetry
information 119 (described in greater detail below) are
provided as input to the oximetry processing module 106
which processes the inputs to determine a hemoglobin
saturation, S, of the volume oscillating vascular compart-
ment of tissue. In some examples, the oximetry processing
system 106 includes a low frequency drift removal module
108, optical intensity to hemoglobin concentration translator
module 110, a band pass filter module 112, a Hilbert
transform module 114, and a hemoglobin saturation calcu-
lation module 116.

[0043] In the oximetry processing system 106, the optical
intensity data, 1., (t),],(t) is first provided to the low fre-
quency drift removal module 108 which removes slowly
varying temporal drifts from the optical intensity data. The
optical intensity data with any low frequency drift removed,
I'z (D,]' 5, (1) is provided to the optical intensity to hemoglo-
bin concentration translator module 110 which translates
changes in optical intensity into relative changes of the
oxy-hemoglobin concentration in the oscillating vascular
compartment, AO(t), the deoxygenated hemoglobin concen-
tration in the oscillating vascular compartment, AD(t), and
the total hemoglobin concentration in the oscillating vascu-
lar compartment, AT(t). In some examples, the optical
intensity to hemoglobin concentration translator 110 per-
forms the translation by applying the modified Beer-Lam-
bert law to the optical intensity data.

[0044] The hemoglobin concentration signals output from
the translator module 110, AO(t), AD(t), and AT(t) are
passed to the band pass filter module 112 which band-pass
filters the signals around a frequency of interest (e.g., a
cardiac frequency in a range of 0.96-1.2 Hz or a respiratory
frequency of approximately 0.1-0.3 Hz) using a linear-phase
band-pass filter. In some examples, a greater filter width is
chosen to accommodate possible changes in heart rate,
respiratory rate, or other frequencies of interest over time.
[0045] The filtered hemoglobin concentration signals out-
put from the band pass filter module 112, AO'(t), AD'(t), and
AT'(1), are passed to the Hilbert transform module 114 which
determines the instantaneous amplitudes and phases of the
signals by applying the Hilbert transform to generate a
complex analytic signal for each of the filtered hemoglobin
concentration signals. The output of the Hilbert transform
module 114 includes phasor representations of the filtered
hemoglobin concentration signals, O,D, and T.

[0046] The phasor representations of the filtered hemo-
globin concentration signals, O,D, T, and the assumed or
inferred oximetry information 119 are provided to the hemo-
globin saturation calculation module 116 which determines
the hemoglobin saturation, S, of the volume oscillating
vascular compartment.

1.1 Hemodynamic Model

[0047] In some examples, the hemoglobin saturation cal-
culation module 116 utilizes a hemodynamic model to
account for blood flow contributions to O and D when
determining the hemoglobin saturation, S, of the volume
oscillating compartment.

[0048] One example of such a hemodynamic model (de-
scribed in U.S. patent application Ser. No. 14/654,133,
which is incorporated by reference) describes time depen-
dent expressions of the absolute tissue concentrations of
O(t), D(1), and T(t) (with units of micromoles per liter of
tissue) as a function of dynamic changes of cerebral blood
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volume (CBV) and cerebral blood flow (CBF) normalized to
a baseline (cbv(t)=ACBV(t)/CBV,,cbf(t)=ACBF(t)/CBF).
The hemodynamic model also considers dynamic changes in
the metabolic rate of oxygen, cmro,. However, the dynamic
changes in the metabolic rate of oxygen, cmro, are ignored
in the oximetry measurement approaches described herein.
[0049] The model recognizes that the time evolution of
hemoglobin concentrations in tissue depends on both the
normalized dynamics of cerebral blood volume, cbv, and
cerebral blood flow, cbf.

[0050] For example, referring to FIG. 2, an abstract rep-
resentation of an oscillating vasculature in tissue 200
includes an arterial compartment 220, a capillary compart-
ment 222, and a venous compartment 224. At the cardiac
frequency, the oscillatory volume of blood in the arterial
compartment 220, and in the venous compartment 224 (to
some, usually negligible, extent) results in volume-driven
oscillations in the concentrations of oxygenated hemoglobin
and deoxygenated hemoglobin in the volume of tissue 200.
The volume of blood in the capillary compartment 222 is
substantially constant, but the blood flow through the cap-
illaries oscillates at the cardiac frequency, resulting in flow-
driven oscillations in the concentrations of oxygenated
hemoglobin and deoxygenated hemoglobin in the volume of
tissue 200.

[0051] For example, referring to FIG. 3, when a subject’s
heart beats, oxygenated blood enters the arterial compart-
ment 220, causing the arteries to expand. For simplicity, it
is assumed that expansion of the veins due to blood exiting
the capillary compartment 222 and entering the venous
compartment 224 is negligible. When the oxygenated blood
in the arterial compartment 220 flows into the capillary
compartment 222, the blood volume in the arterial compart-
ment decreases and the arteries contract. This sequence of
increasing and decreasing blood volume in the arterial
compartment 220 causes volume-driven oscillations, at the
cardiac frequency, of the concentrations of oxygenated
hemoglobin and deoxygenated hemoglobin in the volume of
tissue 200. In general, these volume-driven oscillations of
the concentrations of oxygenated hemoglobin and deoxy-
genated hemoglobin are in phase with the volume oscilla-
tions of the arterial compartment 220.

[0052] Referring to FIG. 4, as the oxygenated blood flows
into the capillary compartment 222, the oxygenated hemo-
globin concentration in the capillary compartment 222
increases and the deoxygenated hemoglobin concentration
in the capillary compartment 222 decreases. As the blood
flow into the capillary compartment 222 decreases, the
oxygenated hemoglobin concentration in the capillary com-
partment 222 decreases and the deoxygenated hemoglobin
concentration in the capillary compartment 222 increases.
These fluctuations in the oxygenated and deoxygenated
hemoglobin concentrations in the capillary compartment
222 due to oscillations in blood flow manifest as blood
flow-driven oscillations, at the cardiac frequency, of oxy-
genated and deoxygenated hemoglobin in the volume of
tissue 200. In general, blood flow-driven hemoglobin con-
centration oscillations are time delayed (i.e., phase lagged)
with respect to the driving blood flow oscillations due to the
time required for blood to flow through the capillary com-
partment 222.

[0053] Based on the above-described abstract representa-
tion of the hemodynamics of the volume of tissue 200, the
quantities of absolute oxygenated hemoglobin concentra-
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tion, O(t) and absolute deoxygenated hemoglobin concen-
tration, D(t) in the volume of tissue 200 measurable by the
optical probe 102 are written as a sum of blood flow
(O1),D(1)) and blood volume (O,{t),D (1)) contributions,
indicated with subscripts F and V, respectively. That is, in
the hemodynamic model, the absolute oxygenated hemoglo-
bin concentration, O(t) and the absolute deoxygenated
hemoglobin concentration, D(t) in the volume of tissue 200
are defined as:

O(t)=0,{£)+Og(t)
D(O=Dp()+Dx(1)

[0054] The hemodynamic model explicitly describes how
time-dependent cerebral blood flow, cbf, and cerebral blood
volume, cbv, yield the flow component of the absolute
oxygenated hemoglobin concentration, Ox(t), the volume
component of the absolute oxygenated hemoglobin concen-
tration, O(t), the flow component of the absolute deoxy-
genated hemoglobin concentration, D.(t), and the volume
component of the absolute deoxygenated hemoglobin con-
centration, D,(t). Relative changes of the oxygenated hemo-
globin concentration in the oscillating vascular compart-
ment, AO(t), the deoxygenated hemoglobin concentration in
the oscillating vascular compartment, AD(t), can be deter-
mined by subtracting the baseline concentrations, O (t) and
Dy(t), from O(t) and D(1), respectively.

[0055] Based on the above definitions of O(t) and D(t), the
hemodynamic model can be used to describe the temporal
dynamics of hemoglobin changes (expressed in the time
domain), as well as sinusoidal hemodynamic oscillations as
a function of the angular frequency, w (expressed in the
frequency domain). In the approaches described herein, the
frequency domain version of the model for describing
oscillating hemodynamic signals such as those related to
cardiac pulsation and respiration is utilized. Sinusoidal
oscillations in the relative changes of the oxygenated hemo-
globin concentration, AO(t), the relative changes of the
deoxygenated hemoglobin concentration, AD(t), and the
relative changes of the total hemoglobin concentration,
AT(t) in the volume of tissue 200 are represented as phasors:
O(m), D(w), and T(w). In the hemodynamic model, O(w),
D(m), and T(w) are expressed as a function of phasors that
describe the oscillations of cerebral blood volume and blood
flow (cbv(w) and cbf(w)) as follows:

Oxygenated Hemoglobin Concentration

[0056]

O(w) = Oy () + Of(w)
where
Oy () = ctHB[S CBVE ebv@ (1) + SV CBV ey ()]
and
Op(w) =

S(C) :
ctHb % (5@ = SNFO BV HE Y (w) + (5@ - SCBV H S (w)

[ebf ()]
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Deoxygenated Hemoglobin Concentration

[0057]

D(w) = Dy(®) + Dr(w)
where

Dy(w) = ctHb[(1 - S)CBYS? cbv (o) + (1 - SV)CBV{ by ()]
and

S(C)
Dr(w) = —ciHb <S(—V)>(<5‘C)> — S FOCBYE Hi N w) +

(5@ = SOYCBV H ) |[ebf ()]

Total Hemoglobin Concentration

[0058]
T(0)=0p{)+D ) =ctHb[CBV ;@cbv@()+CBV,,
Oebv™(w)]
[0059] Note that the total hemoglobin concentration, T(w)

does not include contributions from flow components of the
oxygenated or deoxygenated hemoglobin concentration,
Og(w) and Dx(w). The reason that Ox(w) and Dz(w) do not
appear in T(w) is that any flow change results in equal and
opposite changes in the tissue concentrations of oxygenated
hemoglobin and deoxygenated hemoglobin. In other words,
it is generally true that O (w)=-D (®) so that the flow-
induced change in total hemoglobin concentration is zero
(i-e., Op(W)+Dx(w)=0)

[0060] In the above equations, H,,“(w) is a complex
transfer function associated with blood circulation in the
capillary bed and is approximated by a resistor-capacitor
(RC) low-pass filter which includes as a parameter the
capillary transit time, 1. H,,*(w) is a complex transfer
function associated with blood circulation in the venous
compartment and is approximated by a time-shifted Gauss-
ian low-pass filter, which includes as parameters the capil-
lary transit time t© and the venous transit time t*. ctHb is
the hemoglobin concentration in blood. F* is the Fahraeus
factor which represents a ratio of capillary-to-large vessel
hematocrit. The superscripts (a),(c), and (v) for CBV, cby,
and hemoglobin saturation S indicate partial contributions
from the arterial, capillary, and venous compartments,
respectively. The total, steady state blood volume is given by
CBV,=CBV,“+F©CBV,©+CBV,". In the approaches
described herein c¢bv“(@)=0 due to the negligible dynamic
dilation and recruitment of capillaries in the particular
volume of tissue being measured (e.g., brain tissue).
[0061] Due to the high-pass nature of the cerebral auto-
regulation process that regulates cerebral blood flow in
response to blood pressure changes, the following high-pass
relationship between cbf and cbv is considered:

cbflw)=

(a) (v)
CBYV, CBY,
(AR) — (AR 0 (@) 0 V)¢
kHyp (0)cbv(w) = kHyp () —CBVO eV (w) + —CBVO e w)
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where k is the inverse of the modified Grubb’s exponent, and
H,,,“®() is an RC high-pass transfer function with cutoff
frequency, £,“®, that describes the effect of autoregulation.
Note that, in the following description, the above equations
are only considered at a specific frequency (e.g., the cardiac
frequency or the respiratory frequency) and the notation ()

is dropped, thus being implied.

1.2 Determining Hemoglobin Saturation with Negligible
Blood Flow Oscillations

[0062] As was previously mentioned, for certain types of
tissue, the dynamics of the tissue concentrations of oxygen-
ated and deoxygenated hemoglobin are dominated by blood
volume changes, with the effects of blood flow changes on
the dynamics being negligible. In these types of tissues, the
hemoglobin saturation of the volume oscillating compart-
ment, S, (where the subscript V refers to a volume-oscil-
lating compartment), can be calculated from the ratio of
hemoglobin oscillation amplitudes as follows:

(a) )
Sy gl ol _ 1o

7] 7~ 7

[0063] Note that subscript, V, is not used for the phasor T
since the total hemoglobin concentration does not depend on
the cerebral blood flow, cbf. Furthermore, since capillaries
do not dilate, the capillary contribution to the volume
oscillating hemoglobin saturation is negligible. Also note
that it is assumed that the oscillations of arterial blood
volume cbv'® and the oscillations of venous blood volume
cbv™ are in phase with each other. Since the only volume
oscillating compartments are the arterial and the venous
compartments, the volume oscillating hemoglobin satura-
tion falls within the values of the venous hemoglobin
saturation, S and the arterial hemoglobin saturation, S

[0064] At the cardiac frequency (i.e., a heart rate of
w,,,/2m=~1 Hz), oscillations in venous blood volume changes
are negligible, so the oscillations of venous cerebral blood
volume, chbv*’=0 and SVeS(“). Furthermore, when it can be
assumed that oscillating blood volume contributions to O
and D are much greater than oscillating blood flow contri-
butions (ie.. [0,>>0z and IDI>>IDgl), the arterial
hemoglobin saturation, S can be calculated from the
magnitudes of the O and D phasors as follows:

O\ = 0y = ctHB[S® CBVE cb/@]

D = Dy = ctHB[(1 - S)CBV chv'@)]

g 1071 _lovl 1oyl ol _ ol
71 171 [0y +Dyl 7] |0+|D|
[0065] In this case, since oscillations in blood flow are

negligible and blood volume changes are the only source of
contributions to O and D, oscillations in oxygenated and
deoxygenated hemoglobin are in phase (i.e., Arg(D)-Arg
(©)-0).

[0066] Referring to FIG. 5, a phasor diagram includes a
first arrow 526 representing the oscillating deoxygenated
hemoglobin concentration phasor, D, a second arrow 528
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representing the oscillating oxygenated hemoglobin concen-
tration phasor, O. and a third arrow 530 representing the
oscillating total hemoglobin concentration, T.

[0067] In the scenario depicted in FIG. 5, since the oscil-
lating blood flow contributions, O and D are negligible
and O and D are in phase, the arterial hemoglobin saturation,
S@ is determined by the hemoglobin saturation calculation
module 116 of FIG. 1 as a ratio of a magnitude of the
oscillating oxygenated hemoglobin concentration phasor, O
to a magnitude of the oscillating total hemoglobin concen-
tration phasor, T as follows:

S(g) _ @ _ |0V|

Tn o

1.3 Determining Hemoglobin Saturation with Non-Negli-
gible Blood Flow Oscillations

[0068] For certain types of tissues (e.g., brain tissue) the
dynamics of the tissue concentrations of oxygenated and
deoxygenated hemoglobin are affected by both blood vol-
ume changes and blood flow changes (i.e., the effects of
blood flow changes on the dynamics are not negligible). In
such cases, to achieve an accurate measurement of the
hemoglobin saturation for a volume oscillating vasculature,
Sy, the oscillating blood flow contribution, O to the oxy-
genated hemoglobin concentration O, the oscillating blood
flow contribution, Dy to the deoxygenated hemoglobin con-
centration, D, and hence the cerebral blood flow, cbf, terms
in the model equations described above are taken into
account.

[0069] In general, the effects of cerebral blood flow, chf
introduce a frequency dependent phase shift between the
measured oxygenated hemoglobin concentration, and
deoxygenated hemoglobin concentration. That is, the phase
difference, Arg(D)-Arg(O), between the phasor representing
the oscillating oxygenated hemoglobin concentration, O and
the phasor representing the oscillating deoxygenated hemo-
globin concentration, D is not equal to 0°. Due to this phase
difference, the magnitude of the measured oscillating oxy-
genated hemoglobin concentration is not simply equal to the
magnitude of the oscillating blood volume component of the
measured oscillating oxygenated hemoglobin concentration
(i-e., 0I=lO) but instead must account for the oscillating
blood flow component (O). Thus, the model equation for
the oscillating oxygenated hemoglobin concentration at the
cardiac frequency, hr, taking oscillating blood flow into
account is:

O(hr) = ctHE[S® CBVSD cbv® (hr)] +

9 © 1)
ctHb) W«s% —SNYFOCBVE H(hr) +

(5~ 5BV Hi(hr) | [ebf (hr)]
and the model equation for the oscillating deoxygenated

hemoglobin concentration at the cardiac frequency, hr, tak-
ing oscillating blood flow into account is:
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D(hr) = ctHb[(1 = S)CBV O cbv (hr)] -

6

S (S = S FOCBYE R hr) +

ctHb)

(59 = SNCBVS HE) () |[cbf (hr)]

[0070] The hemoglobin saturation for the volume oscil-
lating vasculature in tissue, taking oscillating blood flow
into account is:

_lovl , 1ol

y = s
mn

[0071] Furthermore, since the O and D phasors are not in
phase,
10| 0]
|01 +1D] * [0+D|

1.3.1 Phasor Based Approach

[0072] Referring to FIG. 6, based on the above informa-
tion, the hemoglobin saturation for a volume oscillating
vascular compartment in tissue, S,, is determined by the
hemoglobin saturation calculation module 116 of FIG. 1 by
first measuring O, D, and T. From the measured O, D, and
T, the phase angle between D and O (i.e., Arg(D)-Arg(0))
and the phase angle between T and O (i.e., Arg(T)-Arg(0))
can be determined. With O, D, T, Arg(D)-Arg(O), and
Arg(T)-Arg (O) known, the phasor diagram 600 of FIG. 6
can be constructed.

[0073] As is noted above, T=0,+D,, where O -and D are
in phase. Thus, the O,-and D, phasors extend in a direction
along the T phasor. Note, however that the magnitudes of O,
and D, are yet to be determined.

[0074] Referring to FIG. 7, to determine the magnitude of
O,, a value for the phase angle between O, and O, Arg
(0p)-Arg(0) is assumed or inferred using the hemodynamic
model. That is, Arg(O,)-Arg(O) is the assumed or inferred
value corresponding to element 119 of FIG. 1.

[0075] A first line 732 is drawn on the phasor diagram 700
extending from the origin at the angle Arg(O)-Arg(O).
Note that, in the phasor diagram 700 of FIG. 7, the phase
angle of O is assumed to be known, but the magnitude of
O is unknown.

[0076] Referring to FIG. 8, knowing that O, is in phase
with T, the magnitude of O is determined by drawing a
second line 834 in the phasor diagram 800 parallel to the T
phasor and intersecting with the tip of the O phasor. The
point of intersection of the second line 834 with the first line
732 is the tip of O. With the tip of O identified, both the
magnitude and phase of O are determined.

[0077] Referring to FIG. 9, with both the magnitude and
phase of O determined, O is determined by drawing a third
line 936 parallel to O, and intersecting with the tip of the O
phasor. The point of intersection of the third line 936 with
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the T phasor is the tip of the O, phasor. With the tip of O,
identified, both the magnitude and phase of O, are deter-
mined.

[0078] With O, and T known, the hemoglobin saturation
calculation module 116 of FIG. 1 determines the hemoglo-
bin saturation S, as:

_ 1oyl

Sy = —
I

[0079] Note that, at the cardiac frequency, the venous
contribution to the hemoglobin saturation, S, is negligible,
so the hemoglobin saturation S, is considered to be approxi-
mately equal to the arterial hemoglobin saturation, S*.

[0080] Referring to FIG. 10, with O, and O, determined,
the phasor diagram 1000 can be fully solved using phasor
algebra to determine D and Dy

1.3.2 Algebraic Phasor Diagram Analysis Approach

[0081] Referring to FIG. 11, in some examples an alge-
braic analysis of the phasor diagram for O, D, and T yields
the following set of equations:

0y =SA0A+D,)

Oy =SD,)
Op=(1-5,)0~(Sy)D,
Or=(Sp)D,
Dy=(1-5)(0+D,)
Dy=(1-Sp)(D,)
Dr=[(1-5,)0,~(5y)D,]
DFy: s V)Dy

where the subscripts x and y indicate the x and y compo-
nents, respectively, of corresponding phasors. There are 8
equations in the set of equations and there are 9 unknowns
(i.e., the two components of the phasors Oy, D, Opand Dy,
and S,). If S ,~8“ is known or assumed, O, D, O and D,
can be determined using the above equations. Alternatively,
one may assume another quantity (e.g., the angle between
O and O) and then solve the set of equations to determine
the value of S;.

1.4 Determining Hemoglobin Saturation of Volume Oscil-
lating Vascular Compartments with Non-Negligible Blood
Flow Oscillations

[0082] In the examples above, oscillations at the cardiac
frequency are leveraged to measure hemoglobin saturation
in a volume oscillating vasculature in tissue, S,. Since
oscillations in the venous compartment at the cardiac fre-
quency are generally considered to be negligible, S, at the
cardiac frequency. However, in some examples, the hemo-
globin saturation of volume oscillating vascular compart-
ments may be representative of the venous hemoglobin
saturation, S (a desirable measure, for example, to assess
the local tissue oxygen consumption). In particular, at the
respiration frequency, venous blood volume oscillations are
the dominant source of oxygenated and deoxygenated hemo-
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globin concentration dynamics. Using venous blood volume
oscillations at the respiration frequency to calculate ¢ is
referred to as spiroximetry.

[0083] As was the case in previous examples, since blood
flow contributions are not negligible for brain measure-
ments, S, can not be determined as:

0]
|0l +1D|

from data collected during paced or normal breathing, or
from data reflecting other kinds of spontaneous or induced
hemodynamic oscillations. Thus, to determine S,, a value
for the phase difference between the flow component of the
oxygenated hemoglobin concentration phasor (Og) and the
measured oxygenated hemoglobin concentration phasor (O)
is assumed. In some examples, the value for the relative
phase (Arg(O.)-Arg(0)) is estimated by using the hemo-
dynamic model. Based on the assumed or inferred relative
phase, and after considering that Arg(O,)=Arg(T), S, is
determined in the manner as above with the equations for the
algebraic phasor diagram analysis approach, resulting in the
expression:

Otan(Arg(Op) - Arg(0))
(0; + Dy)tan(Arg(Op) - Arg(0)) - D,

Sy =

[0084] Alternatively, S, can also be determined by the
hemoglobin saturation calculation module 116 of FIG. 1
using the phasor based approach described above.

[0085] Note that the hemodynamic model can identify a
range of physiological values for the relative angle, Arg
(Op)-Arg(0), from which S, the saturation of the volume
oscillating compartments, can be determined. When arterial
volume oscillation at the respiration frequency cannot be
considered to be negligible, the oscillating total hemoglobin
concentration has both arterial and venous contributions
(i.e., T=T4T®)). It is assumed that the arterial and venous
volume oscillations are in phase with each other (i.e.,
Arg(T)-Arg(T®)=0° and ITI=IT@I+HTOI=TO+T.
Therefore, a factor, p® is introduced (where 0=p™’<1), the
factor specifying the venous fraction of the total oscillating
blood volume. In other words,

o |T(V)|
M P
and
(a)
PPN L B
[T@] + |70

Thus, the hemoglobin saturation of the volume oscillating
compartment can be written as:

_lovl _ 10f1+ 10

() (V)
_1ovl _ ) 1081, 10V
7~ e+ 7]

_ M
(d-p )IT“’"I L o)

v
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[0086] Since S“=10,“N/T“! is the arterial saturation,
and SM=10,1/|T™| is the venous saturation, S can be
expressed as:

Sf(l—p(v))S(“)+p(V)S‘V)

[0087] If IT(a)l=IT(v)l, hence p“’=1/2, the resulting vol-
ume oscillating saturation, S is a simple average between
the arterial and venous saturation. If, however, the venous
hemoglobin oscillations are greater than the arterial hemo-
globin oscillations, such that p*’>1/2, S, will be skewed
towards the venous saturation. In the case of spiroximetry,
where it is assumed that p“’~1, S, is an accurate measure of
the venous saturation, S®.

2 Alternatives

[0088] In certain examples described above, the hemoglo-
bin saturation, S is determined based on an assumed or
inferred phase angle between O and O (i.e., Arg(Oz)-Arg
(0)). However, in other examples, the value of the hemo-
globin saturation of the time-varying vascular compartment,
S,-1s assumed or inferred using the hemodynamic model and
other quantities are determined based on that assumption.
[0089] For example, referring to FIG. 12, an optical oxi-
metry measurement system 1200 includes an optical probe
102 secured to a body part of a subject 104, an oximetry
processing module 1206 implemented on a computing
device 1205, and a display device 118 (e.g., an LCD
monitor). The oximetry processing module 1206 includes a
low frequency drift removal module 108, optical intensity to
hemoglobin concentration translator module 110, a band
pass filter module 112, a Hilbert transform module 114, and
a hemodynamic model based calculation module 1216.
[0090] The oximetry processing module 1206 operates in
much the same way as the oximetry processing module 106
of FIG. 1 but instead of determining the hemoglobin satu-
ration, S, the hemodynamic model based calculation mod-
ule 1216 of the oximetry processing module 1206 deter-
mines the Oy, O, Dy, and D phasors (using the techniques
described above) based on an assumed or inferred hemo-
globin saturation of the volume oscillating vascular com-
partment, S,. For example, O, and D, are drawn along the
direction of T, as given by O,=S, T and D;=(1-S,)T. Then,
since O=0,+0, and D=D 4D, O and D can be drawn as
the phasors from the tip of O to the tip of O and from the
tip of Dy, to the tip of D, respectively.

[0091] In some examples, blood pressure measurements
(i.e., mean arterial pressure or ‘MAP’ measurements) are
used to obtain an estimate of an arterial component of
oscillations in blood volume. The venous component of the
oscillations in blood volume can then be determined based
on the estimate of the arterial component of the oscillations.

3 Implementations

[0092] Systems that implement the techniques described
above can be implemented in software, in firmware, in
digital electronic circuitry, or in computer hardware, or in
combinations of them. The system can include a computer
program product tangibly embodied in a machine-readable
storage device for execution by a programmable processor,
and method steps can be performed by a programmable
processor executing a program of instructions to perform
functions by operating on input data and generating output.
The system can be implemented in one or more computer
programs that are executable on a programmable system
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including at least one programmable processor coupled to
receive data and instructions from, and to transmit data and
instructions to, a data storage system, at least one input
device, and at least one output device. Each computer
program can be implemented in a high-level procedural or
object-oriented programming language, or in assembly or
machine language if desired; and in any case, the language
can be a compiled or interpreted language. Suitable proces-
sors include, by way of example, both general and special
purpose microprocessors. Generally, a processor will
receive instructions and data from a read-only memory
and/or a random access memory. Generally, a computer will
include one or more mass storage devices for storing data
files; such devices include magnetic disks, such as internal
hard disks and removable disks; magneto-optical disks; and
optical disks. Storage devices suitable for tangibly embody-
ing computer program instructions and data include all
forms of non-volatile memory, including by way of example
semiconductor memory devices, such as EPROM,
EEPROM, and flash memory devices; magnetic disks such
as internal hard disks and removable disks; magneto-optical
disks; and CD-ROM disks. Any of the foregoing can be
supplemented by, or incorporated in, ASICs (application-
specific integrated circuits).
[0093] Itis to be understood that the foregoing description
is intended to illustrate and not to limit the scope of the
invention, which is defined by the scope of the appended
claims. Other embodiments are within the scope of the
following claims.
What is claimed is:
1. A method for determining a hemoglobin saturation of
a volume-oscillating vascular compartment in tissue, the
method including
receiving data representing measurements of a plurality of
oscillating hemoglobin concentrations from the tissue;

determining the hemoglobin saturation of the volume-
oscillating vascular compartment to exclude an effect
of an oscillating rate of supply of oxygenated blood to
a portion of the tissue including removing a first
contribution on one or more of the oscillating hemo-
globin concentration measurements from at least one of
the measurements, the first contribution being phase
offset relative to said measurements.

2. The method of claim 1 wherein the plurality of oscil-
lating hemoglobin concentrations from the tissue include a
measured concentration of oxygenated hemoglobin, a mea-
sured concentration of deoxygenated hemoglobin, and a
total hemoglobin concentration.

3. The method of claim 1 wherein the plurality of oscil-
lating hemoglobin concentrations oscillate at a frequency
associated with a physiological function.

4. The method of claim 3 wherein the plurality of oscil-
lating hemoglobin concentrations oscillate at a cardiac fre-
quency.

5. The method of claim 3 wherein the plurality of oscil-
lating hemoglobin concentrations oscillate at a respiratory
frequency.

6. The method of claim 1 wherein the plurality of oscil-
lating hemoglobin concentrations oscillate at a physically
induced frequency.

7. The method of claim 1 wherein the effect of the
oscillating rate of supply of oxygenated blood to the portion
of the tissue includes an oscillation in the measured con-
centration of oxygenated hemoglobin and an oscillation in
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the measured concentration of deoxygenated hemoglobin
due to oscillations in blood flow to the portion of the tissue.

8. The method of claim 7 wherein the oscillation in the
measured concentration of oxygenated hemoglobin and the
oscillation in the measured concentration of deoxygenated
hemoglobin are at least in part due to diffusion of oxygen
from blood to the portion of the tissue.

9. The method of claim 1 wherein the portion of the tissue
includes a capillary compartment of the tissue.

10. The method of claim 1 wherein the volume-oscillating
vascular compartment includes an arterial compartment.

11. The method of claim 1 wherein the volume-oscillating
vascular compartment includes a venous compartment.

12. The method of claim 1 wherein the volume-oscillating
vascular compartment includes a mixture of an arterial
compartment and a venous compartment.

13. The method of claim 12 further comprising determin-
ing a first fraction of the hemoglobin saturation associated
with the venous compartment and a second fraction of the
hemoglobin saturation associated with the arterial compart-
ment.

14. The method of claim 13 wherein the second fraction
of the hemoglobin saturation is determined based on a blood
pressure measurement.

15. The method of claim 13 wherein the first fraction and
the second fraction are determined based on an empirically
determined ratio.

16. The method of claim 1 wherein removing the first
contribution on the one or more oscillating hemoglobin
concentration measurements from the at least one measure-
ment includes receiving an empirically derived representa-
tion of the phase offset.

17. The method of claim 1 wherein removing the first
contribution on the one or more oscillating hemoglobin
concentration measurements from the at least one measure-
ment includes receiving a representation of the phase offset,
the representation being inferred using a coherent hemody-
namics spectroscopy model.

18. A system for determining a hemoglobin saturation of
a volume-oscillating vascular compartment in tissue, the
system including

an input for receiving data representing measurements of

a plurality of oscillating hemoglobin concentrations
from the tissue; and

an oximetry processing module for determining the hemo-

globin saturation of the volume-oscillating vascular
compartment to exclude an effect of an oscillating rate
of supply of oxygenated blood to a portion of the tissue
including removing a first contribution on one or more
of the oscillating hemoglobin concentration measure-
ments from at least one of the measurements, the first
contribution being phase offset relative to said mea-
surements.

19. The system of claim 18 further comprising a sensor for
obtaining the data representing measurements of the plural-
ity of hemoglobin concentrations from the tissue and pro-
viding the data to the input.

20. The system of claim 18 further comprising an output
for providing the determined hemoglobin saturation of the
volume-oscillating vascular compartment.

21. The system of claim 20 further comprising a display
device for receiving a representation of the determined
hemoglobin saturation of the volume-oscillating vascular
compartment from the output and presenting the represen-
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tation of the determined hemoglobin saturation of the vol-
ume-oscillating vascular compartment.

22. The system of claim 18 wherein the effect of the
oscillating rate of supply of oxygenated blood to the portion
of the tissue includes an oscillation in the measured con-
centration of oxygenated hemoglobin and an oscillation in
the measured concentration of deoxygenated hemoglobin
due to oscillations in blood flow to the portion of the tissue.

23. The system of claim 18 wherein removing the first
contribution on the one or more oscillating hemoglobin
concentration measurements from the at least one measure-
ment includes receiving an empirically derived representa-
tion of the phase offset.

24. The system of claim 18 wherein removing the first
contribution on the one or more oscillating hemoglobin
concentration measurements from the at least one measure-
ment includes receiving a representation of the phase offset,
the representation being inferred using a coherent hemody-
namics spectroscopy model.
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