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SELF CALIBRATING BLOOD CHAMBER

FIELD

[0001] The present invention relates to blood monitoring systems for hemodialysis
patients, and in particular, to methods of measuring hematocrit and/or estimating hemoglobin
levels using a self-calibrating blood chamber. The same approach can be applied to
measurement of other parameters as well, such as oxygen saturation and /or other analyte

levels in the blood.

BACKGROUND OF THE INVENTION

[0002] Patients with kidney failure or partial kidney failure typically undergo
hemodialysis treatment in order to remove toxins and excess fluids from their blood. To do
this, blood is taken from a patient through an intake needle (or catheter) which draws blood
from a vessel such as an artery located ina specifically accepted access location (for
example, an arm, thigh, subclavian, etc.). The needle (or catheter) is connected to
extracorporeal tubing that is fed to a peristaltic pump and then to a dialyzer which cleans the
blood and removes excess water. The cleaned blood is then usually returned to the patient
through additional extracorporeal tubing and another needle (or catheter). (In some cases, the
blood may be returned to the body through the same extracorporeal connections as the intake
—a mode called “single needle dialysis™). Sometimes, a heparin drip is located in the
hemodialysis loop to prevent the blood from coagulating. By way of background, as the
drawn blood passes through the dialyzer, it travels in straw-like tubes within the diaiyzer
which serve as semi-permeable passageways for the unclean blood. Fresh dialysate solution
enters the dialyzér at its downstream end. The dialysate surrounds the straw-like tubes and
flows through the dialyzer in the opposite direction of the blood flowing through the tubes.
Fresh dialysate collects toxins passing through the straw-like tubes by diffusion and excess
fluids in the blood by ultra filtration while leaving the red cells in the blood stream, which

cannot pass through the straw-like tubes due to physical size.

[0003] For patients undergoing hemodialysis treatment, it is typical to monitor the
patient’s blood using a blood monitoring system during the treatment. For example, an
optical blood monitoring system may be used that employs optical techniques to non-

invasively measure, in real-time, the hematocrit level of blood flowing through the
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hemodialysis system. In such a system, a blood chamber may be attached in-line to the
extracorporeal tubing — usually on the arterial side of the dialyzer. The blood chamber
provides a viewing point for optical sensors during the hemodialysis procedure. Waveléngths
of light are directed through the blood chamber and the patient's blood flowing there through,
and one or more photo detectors can be used to detect the resulting intensity of each
wavelength. From the detected light intensity, a hematocrit value can be calculated and a

hemoglobin level can be estimated.

BRIEF SUMMARY OF THE INVENTION

[0004] The present invention is directed to the use of an optical blood monitor including
an optical blood sensor assembly and blood chamber that are constructed in a manner that
reduces the complexity of, or eliminates the need for, calibrating the blood monitor to
account for variance in the light intensity passing through the blood from one monitor to the
next. This is achieved by making two optical measurements through the blood, where all
variables between the two measurements are substantially identical except the distance that
the light travels through the blood. A ratio of the two measurements can then be used to
determine the values needed to calculate certain blood parameters without requiring a precise
value of the light intensity emitted through the blood. Accordingly, various calibration

procedures that are ordinarily required become unnecessary.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

[0005] Exemplary embodiments of the present invention are described in more detail

below with reference to the drawings, in which:

[0006] Fig. 1 shows a perspective view of a hemodialysis system that includes a blood

monitor in accordance with an embodiment of the invention;

[0007] Fig. 2 shows a front view of a controller and display used with the blood monitor

shown in Fig. 1;

[0008] Fig. 3 shows the geometry corresponding to calculations used in optical blood

monitoring;
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[0009] Fig. 4 shows the effect of the structure surrounding the blood on the calculations

used in optical blood monitoring;
[0010] Fig. 5 shows a sample radiation pattern from a light source;

[0011] Fig. 6 shows a perspective view of an optical blood monitor sensor in accordance

with an embodiment of the invention;
[0012] Fig. 7 shows a cross sectional view of the optical blood monitor sensor of Fig. 6;

[0013] Fig. 8 shows a perspective view of a blood chamber in accordance with an

embodiment of the invention;
[0014] Fig. 9 shows a cross sectional view of the blood chamber of Fig. 8; and

[0015] Fig. 10 shows a control system for operating a blood monitor in accordance with

an embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0016] FIG. 1 illustrates a patient 10 undergoing hemodialysis treatment using a
hemodialysis system 12, as well as a non-invasive, optical blood monitor 14. An input needle
or catheter 16 is inserted into an access site of the patient 10, such as in the arm, and is
connected to extracorporeal tubing 18 that leads to a peristaltic pump 20 and then to a
dialyzer or blood filter 22. The dialyzer 22 removes toxins and excess fluid from the patient's
blood. The dialysized blood is returned from the dialyzer through extracorporeal tubing 24
and return needle or catheter 26. Excess fluids and toxins are removed by clean dialysate
liquid which is supplied to the dialyzer 22 via tube 28 and removed for disposal via tube 30.

A typical hemodialysis treatment session takes about 3 to 5 hours in the United States.

[0017] The optical blood monitor 14 includes a blood chamber 32, an optical blood
sensor assembly 34, and a controller 36. The blood chamber 32 is preferably located in line
with the extracorporeal tubing 18 upstream of the dialyzer 22. Blood from the peristaltic
pump 20 flows through the tubing 18 into the blood chamber 32. The preferred sensor
assembly 34 includes LED photo emitters that emit light at substantially 810 nm, which is
isobestic for red blood cell hemoglobin, substantially 1300 nm, which is isobestic for water,

and at substantially 660 nm, which is sensitive to the oxygenation of hemoglobin. The blood
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chamber 32 includes lenses so that the sensor emitters and detectors can view the blood
flowing through the blood chamber 32, and determine the patient's real-time hematocrit value
and oxygen saturation value using ratiometric techniques generally known by those of

ordinary skill in the art.

[0018] FIG. 2 is a front view of a controller 36 for the optical blood monitor 14. The
controller 36 includes a display 100 which provides real-time blood monitoring data for the
patient undergoing hemodialysis. The display in FIG. 2 illustrates the amount of time 102 that
the patient 10 has been monitored while undergoing hemodialysis for the current treatment
session. The display 100 also illustrates real-time values for the optically monitored
hematocrit (HCT) 104 and oxygen saturation (SAT) level 106, as well as calculated values
for hemoglobin (HGB) 108 and change in blood volume (BVA) 110 during the treatment
session. The graph 112 on the display 100 illustrates the change in the patient's blood volume
over the course of the 2 hour and 53 minute treatment session. (Other variants of the graph
112 are possible such as showing a dual graph (upper and lower) with one displaying change
in patient’s blood volume and the other the patient’s oxygen saturation.) These data are often
displayed, as shown in FIG. 1, in a location that is located within the vicinity of the patient
10. These data can also be displayed at a central monitoring location via a wired or wireless
system. Techniques that are used to obtain the values shown on display 100 are known to
those of skill in the art. Certain aspects of these methods are particularly relevant to the
methods and systems of the present invention and are described in further detail in the

following.

[0019] LED emitters corresponding, for example, to the wavelengths described above,
along with respective photodetectors for the optical blood monitor are positioned in place in
the vicinity of the blood chamber. The wavelengths of light are directed through the blood
chamber and the patient’s blood flowing through the chamber so that the corresponding
photodetector, typically the opposite side of the blood, can detect the resulting intensity of
each wavelength. A ratiometric technique, substantially as disclosed in U.S. Pat. No.
5,372,136 entitled “System and Method for Non-Invasive Hematocrit Monitoring”, which
issued on Dec. 13, 1999 and is assigned to the assignee of the present application, uses this
information to calculate the patient's hematocrit value in real-time. The hematocrit value, as
is widely used in the art, is the percentage determined by dividing the volume of the red

blood cells in a given whole blood sample by the overall volume of the blood sample.
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[0020] In a clinical setting, the actual percentage change in blood volume occurring
during hemodialysis can be determined, in real-time, from the change in the measured
hematocrit. Thus, an optical blood monitor is able to non-invasively monitor not only the
patient's hematocrit level but also the change in the patient's blood volume in real-time during
a hemodialysis treatment session. The ability to monitor real-time change in blood volume

helps facilitate safe, effective hemodialysis.

[0021] The mathematical ratiometric model for determining the hematocrit (HCT) value

can be represented by the following equation:

(D

HCT = f [}2{1—0&‘22_)}
o R
where i is the infrared light intensity detected by the photodetector at about 810 nm, iy is
the infrared intensity detected at 1300 nm and o, and Iy are constants representing the
infrared light intensity incident on the blood accounting for losses through the blood
chamber. The function f] ] is a mathematical function which has been determined based on
experimental data to yield the hematocrit value. Preferably, the function f] ] in the above
Equation (1) is a relatively simply polynomial, e.g. a second order polynomial. The above
Equation (1) holds true only if the distance traveled by the infrared light radiation from the
LED emitters to the photodetectors at both wavelengths are constant distances and preferably

the same distance.

[0022] The preferred wavelengths to measure oxygen saturation level are about 660 nm
and about 810 nm. The mathematical ratiometric model for determining oxygen saturation

level (SAT) can be represented by the following equation:

ln(;;i%;)
=i
where i;3 is the light intensity of the photodetector at 660 nm, i, is the detected intensity at
810 nm and Iy,3 and Ip.); are constants representing the intensity incident on the blood
accounting for losses through the blood chamber. The function g[ ] is a mathematical

function determined based on experimental data to yield the oxygen saturation level, again

preferably a second order polynomial. Also, like Equation (1) for the hematocrit calculation,
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Equation (2) for the oxygen saturation level calculation holds true only if the distance
traveled by the visible and infrared light from the respective LED emitter to the respective
photodetector at both the 660 nm and 810 nm wavelengths are constant distances and

preferably the same distance.

[0023] The above ratiometric models use constants to account for loss through the blood
chamber to determine the light incident on the blood. The more general evaluation of light
through the blood, or any other component of the optical system, is based on Beers Law,
which is demonstrated by Fig. 3 and is set forth as follows with specific regard to a blood

layer:

i=1e* 3)

where: i = the intensity of the received signal of the light after passing through the
blood,
I, = the impressed amplitude of the light wave as it enters the blood,
o = the bulk extinction term including the extinction coefficient of the blood
and the concentration of the blood in the volume under test, and |

d = the distance the light travels through the blood layer being tested.

[0024] As illustrated in Fig. 3, the light enters the volume of blood that is being examined
from one side with an intensity of 1,, passes through the blood 2 after travelling a distance d,
and emerges from the volume of blood 2 with an intensity, i. In the idealized model shown in
Fig. 3, the bulk extinction term o can be easily determined, from which hemétocrit and
oxygen saturation values can be determined by methods known to those of skill in the art.
However, as illustrated by Fig. 4, obtaining the amplitude of the light that enters the volume
of blood within the blood monitoring chamber is not trivial. Each of the elements in the
optical path between the light emission element 4 and the light sensor 8 must be accounted
for in the analysis. In the example illustrated in Fig. 4, these elements include a layer of
epoxy 3 disposed over each of the light emission element 4 and the light sensor 8, a lens 5
disposed on each side of the blood chamber 32, each of the blood chamber walls 6, and air
gaps 7 on either side of each lens. Thus, the evaluation of the complete optical path includes

the application of Beers Law for each of these ten components as well as the blood itself.
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[0025] The foregoing eleven different applications of Beers Law can be combined due to
the evident relationship of the received and emitted light at each boundary. Specifically,
because the light being emitted from one layer is the same as the light being received at the
subsequent layer, these terms are equal and thus, can be substituted for one another. An
example of the combining of the application of Beers Law for two layers is illustrated by
equations (4) through (6). Equation (4) is a representation of Beers Law for the intensity of
the light i,; being emitted from the first air gap 7 shown in Fig. 4. As shown in equation (4),
the light emitted from the first air gap i, is a function according to Beers Law of the light
received at the air gap loa1.

“andal

i =L om€ (4)
where: i, = the intensity of the light after passing through the first air gap,

L,a1 = the impressed amplitude of the light wave as it enters the first air gap,

0, = the bulk extinction term for the first air gap, and

da; = the distance the light travels through the first air gap.

Further, as shown in Fig. 4, and stated previously, the light being received at the air gap loa is
the same as the light being emitted from the epoxy i., which can be expressed as a function of

the light emitted from the light source Lo, as shown in equation (5).

"aedel

I, =i=1I,e (5)

oal
where: i, = the intensity of the light after passing through the first epoxy layer,
I,. = the impressed amplitude of the light wave as it enters the first epoxy
layer,
a. = the bulk extinction term for the first epoxy layer, and

d. = the distance the light travels through the first epoxy layer.

Accordingly, by substituting the function from equation (5) into the unknown value for I in
equation (4), the intensity of the light being emitted from the first air gap i, can be expressed
as a compound form of Beers Law, yielding equation (6), where the intensity of the light after
the first air gap is expressed as a function of the light from the light source Iy and the -

constants related to the epoxy layer and air gap, as follows:
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. -a,d, -a,d,
lal"(loLe ‘)e 1 | 6)

[00206] The foregoing substitution can be applied for all eleven components in the optical
path to arrive at a single equation for the intensity of the light received at the detector iy based
on the emitted light from the light element L,,. This single equation (7) is shown below,
where each of the ten optical components has been represented with a numerical reference

-obdb
s

except for the blood layer component (e as follows:

. —aldy —ard2 -—a3dy -addds —asds o —avdbN —aecds -—a1d7 -asds —asdy -aledno
iy =1,le e e T e (e™™)e e e e ™ e ] (7)

[0027] The static components of the optical path are substantially invariable with respect
to time, and thus their contributions can be considered constant. As such, equation (7) can be
rewritten with all of the components of the epoxy layers, air gaps, lenses and chamber walls

being represented by‘a single constant value A, as shown in equation (8).
ia=1, Ae” ™" (8)

Moreover, since the intensity of the light emitted by the light emission element is consistent
from one reading to the next, the constant A can be combined with the emitted light intensity

I,L into a modified light intensity I,r as shown in Fig. (9).
ia =1, e " 9)

Thus, as illustrated by equation (9) the intensity of the received signal at the light sensor
varies based solely on the bulk extinction coefficient for the blood ay, for a given thickness of

the measured blood and can be calculated so long as Iyt is known.

[0028] However, calculating Iy is not trivial, as it is based on the bulk extinction
coefficient of each of the optical components disposed in the optical path from the light
emission element 4 to the light detector 8. In view of the large number of components
disposed between the emission element 4 and light detector 8, small variances in each these
components, based merely on manufacturing tolerances, cause uncertainty in the value of It
from one blood monitor to the next. To address these variances, blood monitors are typically
calibrated and then validated in a laboratory using actual human blood from a blood bank to
determine the appropriate constants for use with each particular blood monitor. This process

is long, laborious and expensive, and attaining blood can be difficult.
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[0029] The present invention is directed to an optical blood monitoring system and
corresponding method that avoid the need to obtain a precise intensity value of the light
impinging upon the blood layer. This is achieved by taking at least two optical measurements
through blood layers of different thickness but using the same light source for each
measurement. Due to the difference in thickness, each of the measurements can be
represented by a different equation, where the terms for the blood layer thickness and the
received signal differ. However, the terms for both the intensity of the light impinging upon
the blood layer and the bulk extinction coefficient of all the optical elements in the system,
aside from the blood, are the same in both models. For this reason, the two equations can be
combined and the redundant terms can be removed in order to solve for the bulk extinction
coefficient of the blood based only on the known blood layer thicknesses and the

corresponding two measurements.

[0030] In an embodiment, the present invention provides a blood monitor with a light
emission element that projects light along two identical optical paths but through blood layers
of different thickness. Each path is directed to a respective light sensor that measures the
intensity of the light that has passes through the respective blood layer thickness. Preferably,
the positions of the two optical paths are situated such that the intensity of the impressed light
from the light emission element is the same along both paths. Consequently, so long as the
other components in the blood monitor optical paths are constructed substantially identically,
the intensity of the light being directed into the blood layer along each path will be
substantially identical. The components for receiving light intensity are equal in sensitivity
and are integrated into equal optical paths for measurement of the light after blood
penetration for each of the two path measurements. This equivalence allows the components
representing the received light intensity to be removed from a mathematical model that is

representative of a combination of the two measurements, as explained in detail below.

[0031] As already described, light passing through a layer of blood of thickness d can be
represented by equation (9). Thus, two optical paths, passing through blood layers of
thickness dy; and dy; can be represented by equations (9a) and (9b), where the measured

signals will differ due to the difference in only the blood layer thickness.

i = I,e (9a)
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iar=1,e " (9b)
[0032] Dividing (9a) from (9b) allows the equations to be combined, so that the light

impingement term It is included in both the numerator and denominator and can therefore be

removed, as shown in equation (10)

. —ondl
ld1 Io’/‘e ! —atdprrands2 o (b 2-cib1)
L) i —e (10)

. - —abdb?
iz I e

Taking the natural log of equation (10) allows the bulk extinction coefficient of the blood oy
to be isolated and determined based only on the measured signals and respective blood

thicknesses without requiring a value for the light impingement term, as shown in equation

(11).
of2)

s = (—dgzi"—;ﬂ) (11)
[0033] Based on equation (11) it can be seen that the difference in thickness between the
two measured blood layers is an important value for determining the bulk extinction
coefficient of the blood. Accordingly, it is preferable to make the difference in thickness
substantial. In preferred embodiments, the thickness of the second blood layer is at least twice
the thickness of the first blood layer. However, the mathematical evaluation of the detected
light signal is very sensitive to the thickness of the blood layer, and thus, the difference in
thickness (dy; — dp1) must be considered carefully. When the difference in thickness of the
blood layer is very small, the influence of manufacturing tolerances can be dramatic, as very
slight variances in manufacturing of the chamber thickness can result in significant variance
in the measured values. On the other hand, as the difference in thickness of the blood léyel's
increases, the strength of the signal of detected light diminishes exponentially in the channel
with the widest gap thereby limiting the blood range over which measurements are possible
due to the required dynamic range of the receiver system. Accordingly, large thicknesses in
the blood chamber can also result in unreliable data due to limits in measuring small signals.
Thus, while it is beneficial for the thickness of the first and second blood layers to be

significantly different, each layer must fall within a relatively narrow range of operable

dimensions that are needed to collect accurate data.
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[0034] In order to take advantage of the above relationship of the two measurements, all
of the terms from equation (7), except the term corresponding to the blood ¢ % and the
measured light signal 74, must be substantially identical for each of the two optical paths.
Thus, the intensity of the light being emitted along each optical path and the thickness and
bulk extinction coefficient of all of the optical components (except the blood) between the

light source and the light sensor should be substantially identical for both optical paths.

[0035] The light intensity along each of the two optical paths can be made equal by using
a single light source with a known light pattern for both of the paths. As illustrated in Fig. 5,
the intensity of light being emitted from a typical light source, such as the shown light
emitting diode and lens, is strongest along a central axis extending from the light source. At
angles that diverge from this axis, the intensity of the light decays. In Fig. 5, the solid line 42
is representative of the polar intensity of the light being emitted from light source 40
referenced in angle to the center of the source. At an arbitrary distance from the source (Ds),
the maximum intensity along the central axis is normalized to a value of 1.0. As can be seen
in the figure, the illumination along the central axis 44 is strongest and the designated
intensity by the normalized arc 42 at this location is 1.0. In contrast, the light provided at the
distance Ds from the source and at an angle of 60° from the central illumination axis 44,
corresponding to point 45 on the normalized light intensity diagram, is half the maximum

intensity and corresponds to an intensity of 0.5.

[0036] An important aspect illustrated by Fig. 5 is the symmetry of the decay in light
intensity on either side of the illumination axis at a fixed distance Ds. Embodiments of the
present invention utilize this equivalence to provide identical light intensity along both of the
optical paths being used in this optical system. Specifically, a single light source can be used
to provide illumination along each of two optical paths that are oriented at the same angle
from the illumination axis and the same distance from the illumination source. Based on the
light radiation pattern shown in Fig. 5, the use of such symmetrical optical paths provides
light intensities that are reliably identical in intensity. This method is considerably more
reliable than using two different light sources that are merely rated at the same light intensity,
and it further eliminates the need to calibrate the system to account for any differences in
intensity that are practically inevitable if using separate light sources. Further, use of a single
light source removes any issues with spectral difference that could arise when separate

sources are used.
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[0037] To make the bulk extinction coefficients identical for all of the optical
components along both optical paths, the optical blood monitor is designed to utilize a single
blood chamber with areas that accommodate blood layers of different thickness and receive
light along the two separate optical paths. Aside from the differences in the two blood layer
sections, the components of the blood chamber are made substantially identical, to ensure

identical bulk extinction coefficients of the static optical components within both paths.

[0038] Figs. 6 and 7 illustrate an optical blood monitor 14 in accordance with an
embodiment of the present invention. The blood monitor 14 includes an optical blood sensor
34 and a blood chamber 32. The optical sensor assembly 34 includes at least one light
emission element 4 that provides light along two separate paths through the blood chamber
32. In a typical embodiment, the optical blood sensor assembly 34 may in fact include
multiple different light clements disposed at the same cross section of the blood chamber with
respect to the blood flow. The different light emission elements could thereby be configured
to emit different wavelengths of light, which is advantageous for collecting optical blood
data. An important aspect of the present embodiment, however, is that the respective
wavelength light emission elements, emit light along two different optical paths for making

measurements of the blood.

[0039] The assembly 34 shown in Figs. 6 and 7 includes a housing 35 configured as a
clamp or frame that receives the blood chamber 32 in a cavity 37 disposed between two jaws
38. The jaws 38 can be biased toward one another to secure the blood chamber 32 in place, or

can be configured in any way in order to fit securely around the chamber 32,

[0040] When the blood chamber 32 is disposed in the assembly 34, the light emission
element 4 is configured to emit light through the blood chamber 32 along first and second
optical paths 50, 52 that are disposed at an angle with respect to one another. The description
of two elements or components as being disposed “at an angle” to one another, as used
herein, identifies the components as being neither aligned nor parallel. Thus, the phrase “at an
angle” precludes angles of 0 degrees or 180 degrees. Instead, as used herein, two components
are disposed “at an angle” to one another if the components are angled at between 3 degrees
and 177 degrees with respect to one another. Preferably, the particular geometric relationship
of the first and second optical paths is established to provide light along these paths at

substantially identical intensities. To achieve this similarity of light intensity, the two optical
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paths may be symmetrically disposed on either side of an axis 54 of the light emission
element 4 at substantially identical angles p from the axis 54, as implied by the light intensity
plot show in Figure 5. Each of the optical paths 50, 52 is directed to a respective light sensor
8 disposed on the assembly housing 35. In the illustrated embodiment, the light emission
element 4 is disposed on a first jaw 38 of the housing 35 and the sensors 8 are disposed on the
other jaw 38 of the assembly housing opposite the cavity 37 containing the blood chamber
32.

[0041] During operation, the blood chamber 32 is disposed within the cavity 37 of the
optical blood sensor assembly 34 and receives a flow of blood which is analyzed using the
light emission element 4 and sensors 8. The blood chamber 32 is shown in Figs. 8 and 9 and
includes an internal volume 56 that is filled with blood through an inlet 58 and is drained
through an outlet 68. The internal volume 56 is specifically designed to provide first and
second blood layers 60, 62 of different thickness within the respective optical paths 50, 52 of
the light being emitted by element 4 and received by sensors 8. The blood layers 60, 62 are
formed by the geometry of the internal volume 64 of the blood chamber, which is determined
by the shape of the body 66 of the blood chamber 32. Specifically, the blood chamber 32
includes first and second sections 70, 72 that provide the respective blood layers 60, 62

within the internal volume 356.

[0042] Preferably, the body 66 of the blood chamber 32 includes two opposing walls 74,
76 that substantially define the shape of the internal volume 56 and the orientation and
thickness of the respective first and second sections 70, 72. Each of the walls 74, 76 is
oriented within the optical blood sensor assembly 32 to correspond to one of the assembly’s
jaws 38. Thus, the first wall 74 is disposed on the side of the assembly 32 that incorporates
the light emission element 4 and the second wall 76 is disposed on the side of the assembly
32 that houses the sensors 8. Moreover, the walls 74, 76 respectively provide the boundaries
on the light inlet side and light outlet side of the blood chamber sections 70, 72. Specifically,
the first wall 74, disposed on the light inlet side of the chamber near the light emitting
element, includes a first region 74a that forms part of the first section 70 of the chamber and a
second region 74b that forms part of the second section 72 of the blood chamber. Likewise,
the second wall 76 has a first region 76a that defines part of the first section 70 and a second

region 76b that defines part of the second section 72 of the blood chamber.
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[0043] Advantageously, the two walls 74, 76 can be constructed as a continuous piece so
that the composition and thickness of each wall can reliably be made the same in both
respective first regions 74a, 76a and second regions 74b, 76b. Moreover, the respective first
and second regions of each wall 74, 76 can be fashioned to intersect the respective first and
second optical paths 50, 52 at the same angle as illustrated in Figure 7. Preferably, both of the
walls 74, 76 are shaped so that the optical paths intersect the respective regions of the walls
orthogonally. The term “orthogonal” is used herein to mean intersecting at approximately a
right angle, for example at an angle between 85° and 95°. Due to the identical intersection of
the first optical path with each of the first regions, and the identical intersection of the second
optical path with each of the second regions, the first region of each wall is disposed at the

same angle y with respect to the second region of that respective wall.

[0044] As a consequence of making each of the blood chamber walls 74, 76 as a single
piece, so that the respective first and second regions have identical thickness and
composition, and by orienting the respective regions at the same angle with respect to the
optical paths, the body 66 of the blood chamber is formed to reliably have a substantially
identical influence on the light in each optical path 50, 52. Thus, while the thickness of the
blood layer is different for each section 70, 72 of the blood chamber, the optical impact of the
regions of the blood chamber body that are disposed within the optical paths is substantially
identical. Consequently, the bulk extinction coefficient of the blood chamber itself is the

same for each optical path.

[0045] Preferably, the optical blood sensor assembly is also constructed to have a |
substantially identical influence on the light along each optical path 50, 52. This can be
achieved by using the same principles as those applied to the blood chamber, for example by
making the lens 80 as a single piece that intersects each of the optical paths at the same angle.
Likewise, the optical sensors 8 are preferably positioned at the same distance from the second
wall 76 of the blood chamber and are oriented at the same angle with respect to the respective
optical path. Again, this similarity of the elements along each optical path allow the optical
blood monitor to have the same influence on the light along each path, so that the

corresponding terms can be removed from the analysis, as explained above.

[0046] During operation, the optical blood monitor14 is used to determine several blood

parameters based on signals provided by the two light sensors 8. The blood being removed
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from the patient for hemodialysis treatment is diverted to the blood monitor 14 before being
returned to the patient. Within the blood monitor 14, the blood is pumped through the internal
volume 56 of the blood chamber 32 where the first and second blood layers are formed. At
least one light emitting element 4 is operated by a controller 90, as shown in Fig. 10, to
provide a light signal along two optical paths that respectively pass through each of the first
and second blood layers 60, 62. The light projected along each optical path is subsequently
received by respective light sensors 8 disposed in each path. Each of the light sensors
produces a signal that is indicative of the influence of the blood within the respective layer on
the intensity of the light. The signals are passed to the controller 90, which evaluates the
signals to determine the bulk extinction coefficient of the blood oy at each of the wavelengths,
as explained in detail above. Based on the bulk extinction coefficient o, ratios and the
appropriate wavelengths, the controller 90 is able to determine various blood parameters,
such as hematocrit, estimated hemoglobin, oxygen saturation and change in blood volume,

which are then presented on a display 92.

[0047]

[0048] The use of the terms “a” and “an” and “the” and “at least one” and similar
referents in the context of describing the invention (especially in the context of the following
claims) are to be construed to cover both the singular and the plural, unless otherwise
indicated herein or clearly contradicted by context. The use of the term “at least one”
followed by a list of one or more items (for example, “at least one of A and B”) is to be
construed to mean one item selected from the listed items (A or B) or any combination of two
or more of the listed items (A and B), unless otherwise indicated herein or clearly
contradicted by context. The terms “comprising,” “having,” “including,” and “containing” are
to be construed as open-ended terms (i.e., meaning “including, but not limited to,”) unless
otherwise noted. Recitation of ranges of values herein are merely intended to serve as a
shorthand method of referring individually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is incorporated into the

specification as if it were individually recited herein. All methods described herein can be

performed in any suitable order unless otherwise indicated herein or otherwise clearly

CA 2935203 2018-06-05
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contradicted by context, The use of any and all examples, or exemplary language (e.g., “such
as”) provided herein, is intended merely to better illuminate the invention and does not vpose a
limitation on the scope of the invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-claimed element as essential to the

practice of the invention.

[0049] Preferred embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.
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CLAIMS:

1. A method of optically monitoring blood, the method comprising:

emitting, by a light source of a blood monitoring system, light through a blood
chamber, wherein an internal volume of the blood chamber contains blood,;

detecting, by a first detector of the blood monitoring system, a light intensity
corresponding to a first optical path of light emitted from the light source, wherein the first
optical path traverses a first path through a first wall of the blood chamber, a first path
through blood within the blood chamber, and a first path through a second wall of the blood
chamber, and wherein the first optical path includes one or more air gaps on each side of the
blood chamber;

detecting, by a second detector of the blood monitoring system, a light intensity
corresponding to a second optical path of light emitted from the light source, wherein the
second optical path traverses a second path through the first wall of the blood chamber, a
second path through blood within the blood chamber, and a second path through the second
wall of the blood chamber, and wherein the second optical path includes one or more air gaps
on each side of the blood chamber, wherein the first and second paths through the first wall of
the blood chamber have a same length, wherein the first and second paths through the second
wall of the blood chamber have a same length, wherein the first and second paths through
blood within the blood chamber have different lengths; and wherein a total length of the one
or more air gaps for the first optical path equals a total length of the one or more air gaps for
the second optical path;

comparing, by a processing system of the blood monitoring system, the light intensity
detected by the first detector and the light intensity detected by the second detector to remove
effects on the emitted light caused by elements along, the first and second optical paths other
than the first and second paths through blood within the blood chamber; and

determining, by the processing system of the blood monitoring system, a
characteristic of the blood within the blood chamber based on the comparison of the light

intensity detected by the first detector and the light intensity detected by the second detector.

2. The method of claim 1, wherein comparing the light intensity detected by the first

detector and the light intensity detected by the second detector includes evaluating a ratio of

CA 2935203 2018-06-05
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the light intensity detected by the first detector and the light intensity detected by the second

detector.

3. The method of claim 2, wherein comparing the light intensity detected by the first
detector and the light intensity detected by the second detector further includes determining a

bulk extinction coefficient of the blood within the blood chamber.

4. The method of claim 1, wherein the determined characteristic of the blood within the

blood chamber is a hematocrit value.

5. The method of claim 4, further comprising:

estimating a hemoglobin value from the hematocrit value.

6. The method of claim 1, wherein the determined characteristic of the blood within the

blood chamber is an oxygen saturation value.

7. An optical blood monitoring system comprising:

a blood chamber including a first wall, a second wall, and an internal volume for
receiving blood, an inlet for supplying blood to the internal volume, and an outlet for
withdrawing blood from the internal volume; and

a light source, configured to emit light through the blood chamber;

a first detector, configured to detect a light intensity corresponding to a first optical
path of light emitted from the light source, wherein the first optical path traverses a first path
through the first wall of the blood chamber, a first path through blood within the blood
chamber, and a first path through the second wall of the blood chamber, and wherein the first
optical path includes one or more air gaps on each side of the blood chamber;

a second detector, configured to detect a light intensity corresponding to a second
optical path of light emitted from the light source, wherein the second optical path traverses a

second path throueh the first wall of the blood chamber, a second path through blood within
CA 2935203 2018-06-05
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the blood chamber, and a second path through the second wall of the blood chamber, and
wherein the second optical path includes one or more air gaps on each side of the blood
chamber, wherein the first and second paths through the first wall of the blood chamber have
a same length, wherein the first and second paths through the second wall of the blood
chamber have a same length, wherein the first and second paths through blood within the
blood chamber have different lengths, and wherein a total length of the one or more air gaps
for the first optical path equals a total length of the one or more air gaps for the second
optical path; and

a processing system, configured to: compare the light intensity detected by the first
detector and the light intensity detected by the second detector to remove effects on the
emitted light caused by elements along the first and second optical paths other than the first
and second paths through blood within the blood chamber; and determine a characteristic of
the blood within the blood chamber based on the comparison of the light intensity detected by
the first detector and the light intensity detected by the second detector.

8. The optical blood monitoring system recited in claim 7, wherein the first and second
optical paths are disposed at an angle with respect to each other and are symmetrically
disposed about an axis of the light source such that an initial intensity of the light emitted for
the first optical path is substantially equal to an initial intensity of the light emitted for the

second optical path.

0. The optical blood monitoring system recited in claim 7, wherein the light source 1s
configured to emit light of substantially equal initial intensity for the first optical path and for

the second optical path.

10.  The optical blood monitoring system recited in claim 7, wherein the first path through
the first wall of the blood chamber is orthogonal to the first wall of the blood chamber, the
first path through the second wall of the blood chamber is orthogonal to the second wall of
the blood chamber, the second path through the first wall of the blood chamber is orthogonal
to the first wall of the blood chamber, and the second path through the second wall of the

hlnnd rhamher ic nrthna
cxlaadchamber ic arthaconal to the second wall of the blood chamber.
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11. The optical blood monitoring system recited in claim 7, wherein comparing the light
intensity detected by the first detector and the light intensity detected by the second detector
includes evaluating a ratio of the light intensity detected by the first detector and the light

intensity detected by the second detector.

12.  The optical blood monitoring system recited in claim 7, wherein comparing the light
intensity detected by the first detector and the light intensity detected by the second detector
further includes determining a bulk extinction coefficient of the blood within the blood

chamber.

13. The optical blood monitoring system recited in claim 7, wherein the determined

characteristic of the blood within the blood chamber is a hematocrit value.

14.  The optical blood monitoring system recited in claim 13, wherein the processing

system is further configured to estimate a hemoglobin value from the hematocrit value.

15. The optical blood monitoring system recited in claim 7, wherein the determined

characteristic of the blood within the blood chamber is an oxygen saturation value.

CA 2935203 2018-06-05
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