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(57) Abstract: A measurement system for measuring blood characteristics in-
cludes a controller, an emitter, a sensor, a reference photo sensor, and a mask.
The emitter emits light at a plurality of wavelengths from a first side of a
blood flow channel to a second side of the blood flow channel. The sensor is
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reference photo sensor.
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DIRECT LIGHT DIFFERENTIAL MEASUREMENT SYSTEM

This application claims the benefit of and priority to U.S, Provisional Patent Application
nos. 62/184,680 filed June 25, 2015 and 62/185,373 filed June 26, 20135, which are incorporated

by reference for all that they disclose.

TECHNICAL FIELD
{60011 The disclosure genersily relates to optical blood monitoring sysiems used to
monitor exiracorporeal patient blood flow and take real-time measurernent of hematocerit,
oxygen saturation levels and/or other blood constituents, The disclosure more particularly is

directed to improving the relisbility and accuracy of such systems.

BACKGROUND

{8662} Patients with kidney failure or partial kidney fatlore tvpically undergo
hemodialysis treatment in order to remove toxing and excess fluids from their blood. To do
this, blood is taken trom a patient through an intake needle or catheter which draws blood
from an artery or vein located in a specifically accepted access location - - ¢.g., a shunt
surgically placed in an arm, thigh, subciavian and the like. The needle or catheter is
connected to extracorporeal tubing that is fed to a peristaltic pomp and then to a dialyzer that
cleans the blood and removes excess fluid, The cleaned blood is then returned to the patient
through additional extracorporeal tubing and anocther needle or catheter. Sometimes, a
heparin drip is located in the hemodiaiysis loop to prevent the blood from coagulating.
{8683] As the drawn blood passes through the dialyzer, it travels in siraw-like tubes
within the dislyzer that serve as semi-permeable passageways for the unclean blood. Fresh
dialysate solution enters the dialyzer at its downstream end. The dialysate surrounds the
straw-tike tubes and flows through the dialyzer 1n 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 vitra filtration. Dialysate containing the removed
toxins and excess fluids i disposed of as waste, The red cells remain in the straw-like tubes
and their volume count is unaffected by the process.

{8004] A blood monitoring system is often used during hemodialysis treatment or other
treatroents invelving extracorporeal blood flow. One example is the CRIT-LINE®Y

monitoring system produced by Fresenius Medical Care of Waltham, MA. The CRIT-LINE®
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blood monitoring systerm uses optical technigues to non-invasively measure in real-time the
hematocrit and the oxygen saturation level of blood flowing through the hemodialysis
system. The blood monitoring system measures the blood at a sterile blood chamber attached
in-line to the extracorporeal tubing, typically on the anerial side of the dialyzer.

(LLEIRY: In general, blood chambers along with the tube set and dialyzer are replaced for
gach patient. The blood chamber is intended for a single use. The blood chamber defines an
internal blood flow cavity comprising a substantially flat viewing region and two opposing
viewing lenses, LEE emitters and photodetectors for the optical blood monitor are clipped
into place onto the blood chamber over the lenses. Multiple wavelengths of Hight may be
directed through the blood chamber and the patient’s blood flowing through the chamber with
a photodetector detecting the resulting intensity of each wavelength.

{Ba] Suitable wavelengths to measure hematocrit are about 810 nm, which is
substantially isobestic for red blood cells, and about 1300 mim, which is substantially isobestic
for water. A ratiometric technique implemented in the CRIT-LINE® controller, substantially
as disclosed in ULS. Patent No. 5,372,136 entitled "Svstem and Method for Non-Invasive
Hermatocrit Monitoring,” which tssued on December 13, 1999, and is incorporated herein by
reference, uses this light intensity information to calculate the patient’s hematocrit value in
real-time. The hematocrit value, as is widely used in the art, i3 a percentage determingd by
the ratio between (1) the volume of the red blood cells in a given whole blood sample and (2)
the overall volume of the blood sample.

{80071 in a clinical setting, the actual percentage change in blood volume ocourring
during hemodialysis can be determined, in real-time, from the change in the measured
hernatocrit, Thus, an optical blood monitor is able to non-invasively monitor not only the
patient's hermaatocrit 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 biood volume
helps facilitate safe, effective hemodialysis.

LAY To monitor blood in real time, Light Emitting Diodes {(LED:) and photodetectors
for them are mounted on two opposing heads of a sensor clip assembly that fit over the blood
chamber. For accuracy of the system, the LEDs and the photodeiectors are located in a
predetermined position and orientation each time the sensor ¢lip assembly is clipped into
place over the blood chamber, The predetermined position and orientation ensures that fight

traveling from the LEDs to the photodetectors fravels through a fens of the blood chamber.
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LI in existing systems, the optical roonitor is calibrated for the specific dimensions of
the bload chamber and the specific position and orientation of the sensor olip assembly with
respect to the blood chamber. For this purpose, the heads of the sensor clips are designed to
mate to the blood chamber so that the LEDs and the photodsteciors are at known positions
and orientations with respect 1o one another.

10016 While there are numerous light emitters which can be used, LEDs are often
preferred due to their cost factors with their wide use in industry. In most non-medical
applications, precise amplitiude of the generated light is not important. For example, indicator
tights showing that a device is on is only required to glow so that it s visible to the end user.
Whether the amplitude (brightness) of the hight changes slightly over time or temperature is
of no consequence in this use. Anocther example where precision of amplitude is less eritical
is in driving fiber optic cables fo propagate phone calis, video and the like over extended
distance. In this application, the light source i3 commonly keyed on and off in patierns or
time widths creating modulations where detection is by hight amplitude thresholds, fthe
light amplitude is high enough to exceed the threshold, one digital state is registered. If no,
then the opposiie digital state is registered. A shight change in amphitude where the threshold
is sith crossed 5 of no consequence to the operation of the system,

{8011} However, the use of LEDs {or any light source) in blood monttoring systems such
as described herein requires knowing the precise amplitude. Al small variations in the
amplitude are accounted for. Otherwise, errors can result in the measurements of blood
parameters. For blood parameters to be repeatedly measured with acceptable accuracy,
effects on the amplitude of the fight that are acceptable in some applications such as
telecommunications must be dealt with in blood monitoring systems,

82 Changes in the amplitude of the light from LEDs can be attributed {o three of their
physical properties,

{6813} The first property gives an effect of a “short term” amplitude shift, which affects
the amplitude. During the manufacturing process of LEDs, specially formalated Silicon or
Indivm Gallium Arsenide compounds are melted together to form electrical junctions,
making the device an LED. lmipurities in the environment during the manufacturing process,
although the process is performed in a ¢lean room, can contaminate the junction, The effect
is to change the amplitude that would otherwise be obtained if the junction is pure when

energized with the proper current. Over time, with heat applied during normal operation of
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the junction, the impurities are “burned off)” causing the LED! o change its output amplitude
as the impurities diminish,

6814} The second property causes g “long term™ amplitude shift. This shift results from
the guantum mechanics of the materials in the LEDs as they change with age. There is
nothing to be downe about this effect. The shift is small and requires several years for it io
have an effect on the amplitude that would be noticeable in the context of applications such
gs blood monitoring systems,

18615] The third property causing changes to the amplitude of the light is temperature
sensitivity. The temperature at the internal LED junction directly affects the speed of the
electro-chemical reaction at the junction, which in turn affects the number of electrons
changing orbit. The energy released by this action is selected by the compounds used to
make the LED to yield a specific wavelength of light. For example, at higher temperatures
there is more electron activity in the device junction, resulting in more electron movement
and, thus, greater amplitude of the light,

316} To address the “short term” effect on aroplitude, conventional blood monitoring
systems often rely on a base calibration madel to yield a known, quantified amplitude for an
LED. A “burn-in” process deliberately raises the LED junction ternperatures using high
current {but not high enough to harm the device’s junction) to rapidly dissipaie any
manufacturing impurities in the junction and bring “short term” stability 1o the LED,

HE To address the “long term” effect on aroplitude, the variation is slow enocugh that
conventiona! blocd monitoring systems are usually returned for service or for other reasons
prior 1o this effect become noticeable in the context of the system’s performance.

{B318] The teraperature effect on the amplitude of the light from LEDS is addressed in
many conventional blood monitoring systems by emploving a compensation model that relies
on a relationship between temperature and amplitude variations established through
measurements. The blood mnontloring sysiem uses a thermistor sensor mounied in close
proximity to the LEDs to measure the average teraperature of the LEDs. The temperature
signal from the thermistor is provided to the compensation mode! that compensates for
variations in the amplitude of the light from the LEDs as a function of their temperatures,
The compensation model includes empirical data collected for cach LED. The compensation
model of each blood monitor system is calibrated for the temperature profile of its LEDs.
Thus, each monitor channel has 3 temperature calibration model based on the lemperature

protfife for the LED for which it provides compensation. Moreover, the average temperature
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of all LEDs in a system is typically nsed for the compensation, causing errors in measurermnent
in the event of a single LED Huctuation. Also, measuring Hght output by sensing the
temperature profiles of the LEDs and then mapping the actual temperatures to light anmlitude

can become inaccurate as the LEDs age (the “long term” effect).

SUMMARY

133191 According to one aspect of the blood monitoring system described herein, the
system compensates for the variation in the light amplitude level from the LEDs in the optical
monitor without requiring calibration of each monitor 1o account for individual LED
characteristics.

{0024} A first advantage of an embodiment is that the system is self-normalizing.
Regardless of temperature changes, an embodiment provides a ratio of a received light
measurement to an initial reference light measurement. Such an embodiment obviates the
need for ereating a calibration model to account for temperature variations,

{9421} A second advantage of an embodiment is that the system does not become
uncalibrated in the event an LED changes output amplitude due either to age or as the result
of impurities in the manufactoring process, or transients in the LED operating current. That
is, an LED whose light amplitude may have changed over thme for any reason can still be
used for accurate measurerment.

0022} A third advantage of an embodiment is that it avoids the need fo “burp-in” LEDs,
Embodiments of the present invention allow for accurate system operation without such burn-
in because a real {imne reference light measurement normalizes any short term changes in
LED amplitude output.

{623] A fourth advantage of an erobodiment is that it permits the use of LEDs with
minor spectral variations in wavelength energies and bandwidths.

[0024] {n one ilustrated embodiment, the light level from the LEDs is measured divectly
and provided for comparison with light levels measured through a blood flow chamnel.
Measurements are based on the ratio of the hight amplitude before and after the tight is passed
through the blood How channel, thus normalizing the measurement 1o account for variations
in the light from the LEDs. In this regard, one feature of the illustrated embodiment is that
the direct measurement of the LED output amplitudes keeps the monitor in proper calibration

for a longer time and extends the life cycle of the monitor.
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{B8035] Birectly measuring the LED light output eliminates a significant calibration
problem caused by a time dynamic characteristic of monitors using thermistors to map
teyaperature into light ouiput amplitude compensation. Also, direct measurement of the LED
{ight allows for the use of less precise LEDs in contrast to temiperature-tested and stable
LEDs whose costs may make them impractical for commercial use in blood monitoring
systerns, The ability to rely on less precise LEDs leads to the expeditious addition of
wavelengths for measuring absorption characteristics of other blood constituents,

{1261 The blood mounitoring system described herein measures blood characteristics and
includes a controller, an emitter (e.g., an LED}, a sensor, a reference photo sensor and s mask
for optically isolating the reference photo sensor from light other than light directly sourcing
from the emitter. The emitier emits light at a plurality of wavelengths that enters a blood
flow chanuel from a first side of the channel and exits the channel on a second side. The
sensor is provided on the second side of the blood flow channel and detects characteristics of
the light that are affected by the blood constifuents in the channel. The reference photo
senaor is provided on the first side of the blood flow channel and receives light from the
emitier before ts passes through the channel. The mask isolates the reference photo sensor
from light sources other than the emitter {e.g., other light source or reflection). The controller
uses information from the reference photo sensor to compensate for changes in the hight from
the emitter so that measuwrements from the sensor are thereby “normalized” (o be
measurements ouly of the effects on the Hght from the blood constituents.

{027} in an embodiment, the system uses a Indiurn Gallium Arsenide photodiode as the
reference photo sensor to directly measure light from the emitter (e.g., LEE}) and the direct
measurement 15 used to normalize the measurement of the light at the sensor, thereby
clirninating any need for an ndirect normalization such as a lomperature proxy measurement
and associated calibration. By directly measuring LED light amplitude, the blood monitoring
system does not need to wait for the LED temperatures to stabilize before using the system.
if the monitor is used inuynediately afler it is turmned on, this direct measurement ensures the
measured effect on the hight from the blood constituents is free of any influence from changes
at the LED. With the indirect approach to normalizing the measurements, the blood
monttoring system has to stabilize to a condition expected by the electronics providing the
indirect normalization, which usually takes a few minutes. In contrast, the direct
measurement can reliably normalize the measurement immmediately so that no warm up or

stabilizing time period is necessary. Furthermore, in some clinical settings, blood monitoring
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systems are left on continually, which leads to faster aging of the LEDs. Here again, the
direct measurement approach normalizes the measurement (o account for this faster aging.
{B028] An embodiment of the disclosure provides for a system for measuring blood
characteristics, comprising: an emitter emitting Hght at a plurality of wavelengths from a first
side of a blood flow channel to a second side of the blood flow channel; & sensor on the
second side of the blood flow channel; a reference photo sensor on the first side of the blood
flow channel positioned to receive the light from the emitter; and 2 mask on the first side of
the blood flow channel blocking light from external or externally reflected sources, other than
the light directly from the emitier, to the reference photo sensor, a controller configured to
compensate measurements of Hght by the sensor based upon measurements of light by the
reference photo sensor.

[H25] In an embodiment of the syster, the blood flow channel of the measurement
system includes a removable cartridge through which bload flows.

{9038] In an embodiment of the system, a transparent dome covers the emifter and

reference photo sensor on the first side.

3331} Inan embodiment of the system, the mask covers a portion of the transparent
dome,

10032 in an embodiment of the system, the mask is inside the transparent dome.
{6033} Iy an embodiment of the system, the mask covers the reference photo sensor

except In a space between the mask and the emifter.

14034] In an embodiment of the system, a memory stores calibration parameiers used by
the controller to compensate the measurements from the sersor based upon the rweasurements
from the reference photo sensor.

[BB3S) In an embodiment of the system, the controller uses changes in the measurements
from the reference photo sensor to contimucusly compensate for changes in the measurements
from the sensor caused by changes in the light emitted from the emilter.

[6036] In an ercbodiment of the system, the memaory stores a log of the calibration
parameters used by the controler,

130371 In an embodiment of the system, the controller is enabled to perform a calibration
that generates a new sat of calibration parameters for each new biood flow channet used.
{H38] The disclosure further provides for a method for measuring blood characteristics,
comprising: emitting, by an emitier, Hght from a side of a blood flow channel to a second side

of the blood flow channel; blocking, by a mask on the first side, receipt of light sourced other
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than directly from the emitter by a reference photo sensor positioned on the side of the biood
flow channel with the emitier; measuring, at a sensor on another side of the blood flow
channel, characteristics of light received from the emitter afler the light has passed through
blood flowing through the blood flow channel; measuring, at the reference photo sensor
characteristics of light received from the emiiter without the light passing through the blood
flowing through the blood flow chamber; and compensating, by a controller, for
measurements taken from the measuring of the characteristics of the light by the sensor
caused by changes of the light at the emitter using the measuring of light by the reference
photo sensor.

8639 In an erobodiment of the method, the measurement method further comprising:
determining, at a time when blood is not disposed within the blood flow channel, a
calibration ratio between measurements from the reference photo sensor and the
measurements from the sensor; and wherein the compensating by the controller is further
based on the calibration ratio,

{8040} In an embodiment of the method, the amplitude of the light emitted by the emitter
is unknown priov to determining the calibration ratio.

{8041 in an embodiment of the method, the amplitude of the light emitted by the emitter
at the time of calibration differs fromn the amplitude of the light emitted by the emitter at the
time of measuring the light passing through the blood flowing through the blood flow
channel.

{0642} The disclosure still further provides a method for calibrating measurements of
ood characteristics, comprising: emitting, by an omitter light at a plurality of wavelengths
from a firs side of 4 blood {ow channel to g second side of the blood flow channeh
measuring, at a reference sensor on the fivst side of the blood flow chansel, quantifiable
characteristics of light received from the emitter; measuring, at a sensor on the second side of
the blood flow channel and while no blood chamber is disposed within the blood flow
channel, quantifiable characteristics of light received from the emitter; determining, by a
controller, a calibration ratio between the measurements from the reference sensor and the
measuremenis from the sensor; measuring, at the sensor and while an empty blood chamber
is disposed within the blood flow channel, quantifiable characteristics of light received from
the eynitter; determining, by the controlier, a profile of light loss as a function of the
calibration ratio, the measurements from the reference dstecior, and the measurements from

the sensor; and determining, by the controlier and while blood is flowing within a blood
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chamber disposed in the blood flow channel, a profile of blood characteristics as a function of
the profile of light loss, the calibration ratio, the measurements from the reference sensor, and
the measurements from the sensor.

83431 In an embodiment of the method, the amplitude of the light emitied by the emitte
is unknown priot o measurement by the system.

8044} In an embodiment of the method, the temperature profile of the emitler is
unknown,

{8645} The disclosure yet further provides a dialysis system for filtering blood of a
patient, the system comprising: arterial extracorporeal tubing for transporting blood from the
patient; a dialyzer, for receiving patient blood via the arterial tubing and filtering the patient
biood; venous extracorporeal tubing for transporting cleaned blood from the dialyzer fo the
patient; a pamp for causing patient blood o be circulated through the arterial tubing, dialyzer,
and venous tubing; and a blood measurement system for measuring characteristics of blood in
the dialysis system, the blood measurement systern comprising:  an emitter emitting light
into the blood fiow channel; a sensor for receiving the light afier it has passed through the
biood fiow channel; a reference sensor recelving the light from the emitter without the fight
passing through the blood flow chanvel; a mask blocking light sourcing other than directly
from the emitter to the reference sensor; and a controller configured {o compensate
measurements from the sensor based upon measurerments from the reference sensor,

[B046] Iy an embodiment of the dialysis system, the emitter and reference sensor are on a
common side of the blood chamber that is opposite another side of the blood chamber
occupied by the sensor.

30471 In an embodiment of the dialysis system, the mask covers a portion of a

tranaparent dome covering the emitter and the reference sensor,

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

HHEER) The present invention will be described in even greater detaill below based on the
exemplary figures and embodiments. The invention is not Hmited 1o the exemplary
embodiments. Al features described and/or illustrated herein can be used alone or combined
i different combinations in embodiments of the invention. The features and advantages of
various embodiments of the present invention will become apparent by reading the following

detailed description with reference to the attached drawings which tlustrate the following:
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{69491 Figure | tlustrates an exemplary blood monitoring system as part of a dialvsis
freatment systenm.

{0058] Fig. 2 illustrates an exemplary control interface of the blood monitoring system in
Fig 1.

(6051} Fig. 3 ts a schematic of an aspect of the blood monitoring system according to an
embodiment in which the system self calibrates by relying on divect measurement of the light
cutput from the systerm s light sources used {for monitoring blood constituents,

{80521 Fig. 4 is 3 flowchart referring to the schematic of Fig. 3 and describing the
calibration of the blood monitoring system,.

LEURY Fig. § is an isometric iHustration of a clip assembly mated o a blood chamber
according to the blood monitoring system in Figure |,

(80541 Fig. 6 is a plan view of the clip assembly and mating blood chamber taken along
the line 6-0 in Fig. §, generally llustrating in gray scale a circuit board housed by the clip
assembly and including the hardware schematically fiustrated in Fig. 3.

[EHERRY: Fig. 7 is a sectional view of the clip assembly and mating blood chamber taken
along the line 7-7 of Fig. 6, showing details of the area where the clip assembly and blood
chamber mate.

(8856} Fig. 8 is an isolated and enlarged view of the Detail A in the sectional view of the
clip assembly and mating blood chamber as illustrated in Fig. 7, showing a sensor for directly
measuring light from a LED in the clip assembly,

{8057} Fig. 9 is an solated and further detail of the detail shown in Fig. 8 of the clip
assembly and mating blood chamber, showing the structure the LED mounted fo a cireuit
board housed in the clip assembly and adjacent the sensor for directly measuring light from
the LED.

{0587 Figs. 102 and 10b illustrate an alternative embodiment of the clip assembly with
respect to that ilustrated in Figs. 7-9 for directly sensing Hight from the light source in the ¢lip
assembly.

REHGM! Fig. 11 illusirates another allernative embodiment for directly sensing the Hght
from the Hght sources in the clip asserobly.

16868} Fig. 12 illustrates still another alternative embodiment for divectly sensing the

Hght from the Hght sources in the olip assembly.



WO 2016/210282 PCT/US2016/039283
B

DETAILED DESCRIPTION

{8061} Figure 1 illusirates an exemplary envivonment usable with embodiments of g
blood monitoring system incorporating the {nvention, It will be sppreciated by those skilled
in the art that the moniioring systent has applications other than in a dialysis systom, such as
for example, measuring hematocrit and oxygen levels during perfusion with a heart-lung
mmachine, or during extracorporeal membrane oxygenation (ECMO), or continuous renal
replacement therapy (CRRT).

[80362] In a conventional manner, a patient 10 in Figure 1 is attached to the dialysis
treatment system 12 via g blood extraction needle 16 and blood injection needle 26, During a
dialysis {reatment with the dialysis treatment system 12, blood is extracted from the patient
10 via blood extraction needle 16, passed through the blood pump 20, the blood chamber 32
and dialyzer blood filter 22 using tubes 18, and then returned back {o the patient 10 via tube
24 and blood injection needle 26, The dialyzer 22 filters the blood by fluid exchange with
dialysis solution frorm fresh dialysis tube 28 and deposits filtered waste out fo used dialysis
tube 30.

{163] A blood monitoring system 14 incorporating the invention is used with a dialysis
treatment systern 12 for monitoring certain blood characteristics relevant to the dialysis
process. The blood monitoring system 14 includes a display 36, a cable 37 and a clip
assernbly 34 that males to a blood chamber 32 1o the blood tlow path provided by the tubes
18, The clip assembly 34 includes light sources and detectors that are positioned on opposite
sides of the blood chamber 32 when the clip assembly is mated to the blood chamber. Light
passing through the blood chamber from the light sources in the clip assembly 34 is absorbed
by the blood undergoing dialysis. Detectors in the olip assembly 34 detect the absorption and
circuitry in either the clip assemibly or the display 36 process absorption signais from the
detectors to provide information at the display meaningful to the clinician responsibie for the
dialysis process.

[0064] Fig. 2 illustrates an embodiment of the display 36 of the blood monitoring system
{4, The illustrated embodiment of the display 36 includes a screen 104 for displaying
information such as, for example, a plot 112 of change of blood volume (BV,) versus time,
current elapsed time 102 of a dialysis session (assuming the system is in place with a dialysis
system), current hernatocrit (HOT) measurement 104, current oxygen saturation (SAT)
megsurement 106, current catimated hemoglobin (HGB) level 108, current BV ) measurement

110, and the like measurements useful 1o the clintcian during the dialysis process. A user
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may operate the blood monitoring system 14 via the display 36, for example, to change the
types of information displayed by the display, or the manner of the display (plots or
alphanumeric texi),

180651 The iHustrated display 36 inclpdes various control butions for control of the blood
monitoring system 14, Alternatively or in addition, the screen 100 may be a touch sereen and
control of the blood monitoring system 14 can be accomplished using the touch sorcen 100 as
a control interface. In other embodiments not illustrated, the blood monttoring system 14 s
controlied or monitored using reraote and/or other non-contact inferface mechanisms, See,
for example US 2014/0267003 Al to Wang of o, entitled "Wireless Controlier to Navigate
and Activate Screens on a Medical Device,” US 2014/0266983 Al to Christensen, entitled
"Wearable Interface for Remote Monttoring and Control of a Medical Device,” and US
2015/0253860 Al 1o Merics et al, entitled "E-field Sensing of Non-contact Gesture Input for
Controlling a Medical Device,” alt of which are incorporated herein by reference in their
entivety and for all they disclose.

18066} Fig. 3 schematically iHustrates the blood monitoring system 14, The system 14
inctudes a controller 310 that may be located either within the olip assembly 34 or the display
36, The system 14 also includes at the clip assembly 34 an LED emitter 340, a sensor 330 for
sensing Hght from the LED after it passes through the blood chamber 32, a reference photo
sensor 3530 for divectly sensing light from the LED and a mask 370 for shielding the photo
sensor from light other than from the LED 340, The LED emitier 340 ernits lightata
plurality of wavelengths from 2 first side of the blood chamber 32 and through a blood flow
path 900 provided by the chamber. The light exiis the blood chamber 32 at a second side of
the chamber after traveling a fixed distance 380 of “d” between the LED 340 and the sensor
330. The distance “d” can be arbitrary o the system design. But onge the distance is
selected, it remains constant. The LED 340 and sensor 338 are each supported on appo.sing
arms of the elip assembly 34 at the area of the ¢lip assembly that mates with the blood
chamber 32, The reference photo sensor 350 is also supported by the clip assernbly 34 and is
specifically supported on the same side as the LED 340, The mask 370 is also supported by
the clip assernbly 34 and on the same side as the LED 340 and the reference photo sensor
350, The mask may be realized in several alternative embodiments, incloding those
itlustrated herein. In the various embodiments, the mask 370 shields the reference photo
sensor 350 from receiving light other than directly from the LED emitter 340 - - e.g,, no tight

externalty reflected light or light from other sources.
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160671 The controller 310 synchronizes and controls the monitoring system 14 asa
whole, Measurements of the light reaching the sensor 330 are processed by signal processing
hardware and fed to the controller 310, Similarly, supporting signal processing hardware
feeds compensation measurements from the reference photo sensor 330 to the controller 310,
The controller 310 than normalizes the “raw” measurement from the sensor 330 using the
measurement received from the photo sensor 350, The reference photo sensor 350 and the
sensor 330 may each be a Silicon or a Indium Gallium Arsenide photodiode, or each may be
an array of Silicon or Indium Gallium Arsenide photodiodes.

{868} In the tlusirated embodimenis, the emitter 340 includes a light-emitting-dicde
(LED) or an arvay of LEDs. The emitier 340 may include other Hght sources, such as
LASER emitters, fluorescent Hght sources, incandescent Hght sources and the like.

{8069} The blood flow chamber 32 can be made of polvearbonate. The purpose of the
biood chamber is to provide a window into the blood flow during a process {e.g., dialysis} to
be monttored and to mainiain the spacing “d” 380 as a constant during the measurerment
progess involved in the monitoring.

[BG74] In one embodiment as illustrated in Fig. 3, a dome 360 15 covering the LED
emiticr 340, One part of the dome 360 contains the mask 370 surrounding the reference
photo sensor 350 in all divections other than s the direction of the LED 340, The dome 360
may be of various shapes, such as rectangular and semi-spherical, The dome 36{ may also be
of various materials, such as epoxy, plastic, glass or plexi-glass, or other inorganic materials
that are reproducible with respect to their optical propesties. The transparent dome 360
provides some protection for the LED emitier 344, such as against dust contamination,
thermal stress, electrical shorts, and mechanical damages from moving parts while providing
a path for light from the LED to illominate the first side of the blood chamber 32, The dome
360 provides the same protections {or the reference photo detector 350 under the masked 370
partion of the dome.

{8714 In the embodiment iHustrated in Fig. 3, the mask 370 covers a portion of the
transparent dowe 360, The mask 376 may be a portion of the transparent dome 360 that is
coated with a dense, light stopping material, on the outer surface of the dome or on s inner
surface if the dome is hollow, The mask 370 may be an opague coating of the dome 360 that
blocks reflected light, both visible and infrared, ensuring that the only light visible to the

reference photo sensor 350 is light emitted from the LED emitter 340,
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86723 Alternatively, the mask 370 may stand alone without the transparent dome 360 or
separated from the transparent dome 360. The precise mechanical structure of the mask can
have these and other variations as long as the mask funefions 1o jsolate the reference photo
sensor 350 from light originating from sources other than the LED emitter 340,

18673} o the ihustrated embodiment of Fig. 3, the light amplitude intensity for the LED
emitter 340 is controlled by a LED current source 305 with the intensity set by the current set
resistor 313, The controller 310 is able to further adjust the LED current source 305 to
compensate the light intensity using transmitier control 308 based on the reference signal 356
that is developed from the signal provided by the reference photo sensor 3584

{08741 Light passes from the LED emitter 340 through the unmasked portion of the dome
360 in Fig. 3 and the blood chamber 32 body to the photo sensor 330, The blood flow path
300 across the blood chamber has the fixed distance “d” 380 to ensure proper calibration.
Blood parameters absorb and scatier the light, which atienuates the amplitude of the hight at
different wavelengths arriving at the photo sensor 330, The amount of amplitude attenuation
at predetermined wavelengths is used to determine blood properties such as hematocrit, The
determination process is more completely described in ULS. Patent Nos. 5,372,136 and
6,246,894, which are incorporated by reference herein in their entivety and for everything
they describe.

{B075] In response to the Hght reaching it after passing through the blood in the blood
charaber 32, the photo sensor 330 generates in 2 conventional manner a current signal
proportional to the intensity of the light Ut receives and sends the current signal fo signal
procassing circutiry 1o be processed for use by the controbier 316, For exampie, in the
iHustrated embodiment in Fig. 3, a trans-impedance amplifier 331 receives the current signal
and amplifies it as necessary and converts the signal to a voltage signal. The voltage signal is
then applied to a sensor receiver 332 where it s filtered and conditioned for passing on {o an
analog-to-digital (A to B} voltmeter 333, This voltmeter 333 converts the measured voltage
proportional 1o the Hght received at the photo sensor 330 to a final digital sensor signal 336
farmatted 1o be an input to the controller 310,

{33761 Similarty, light from the LED emitter 340 that reaches the reference phota sensor
350 under the mask area 370 of the dome 360 causes the refergnce photo sensor 1o react by
generating a current signal, which is processed by signal processing circnitry in a manner
similar to the current signal from the photo sensor 330, Al material in the optical path from

the LED emitter 340 to the reference photo sensor 350 bave unchanging optical properties
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such that the signal received at the reference photo sensor 350 varies solely with changes in
the emission characteristics of the LED emitter. The mask 370 prevenis reflections from
outside the dome 360 and light sourcing from other than the LED emitter from sununing inte
the direct signal between the reference photo sensor 350 and the LED emitter 344,

{8977} in the embodiment iHlustrated in Fig. 3, the light from the LED emitter 340
received at the reference photo sensor 354 is converted in a conventional manner o &
proportional current signal by the reference photo sensor 350, This current signal is applied
to a trans-irapedance amplifier 351 whaere it is amplified as necessary and converted to a
voltage output signal, The voltage signal is then applied 1o a reference receiver 352 where it
is filtered and conditioned as & voltage measurement by an analog-to~-digital {& to 1)
voltmeter 353, The voltmeter 353 converts the measured voltage proportional to the light
received to a digital reference signal 356, which is read by the controller 310,

8478] The controbier 310 compensates for the measurements from the sensor 330 at the
sensor signal 336 that source from changes in the intensity of the tight at the LED emitter
340, using the measurements provided by the reference signal 356 from the reference photo
sensor 350, The compensation accounts for varigtions in the light emitted from the LED
emitter 340 and is continuous and substantially in real time.

{6679} The controlier 310 in the embodiment illustrated 1o Fig. 3 also has the option to
adjust the aroplitude of the light at the LETY emitter 340 by adjusting the LED current source
305 to provide more power to the LED enutier, A transmitier control 308 signal from the
controller 310 to the LED current source 303 accomplishes this task.

{BG8G] The LED emitter 340 may experience short {erm or long term variations in the
amplitude of its emitted light for various reasons. For exarple, there may be power
fluctuations in the LED emitter 340, which causes the light intensity from the LED emitter {o
change according to thelpower Huoctuations, Or Hight from the LED emitter 340 may
gradually intensify or fade in infensity due to degradation of the LED emitter. The system in
the iHustrated embaodirment of Fig. 3 continuously compensates for these variations during
operation by providing the controller 310 with the ability to compensate for changes in
measurements from the reference photo sensor 350, which thereby resulis in the system to
maximize s accurate measurements of the attenuation of the light at the photo sensor 330
caused only by the properties of the biood in the blood flow path 904,

{BO81} The schematic illustration of an embodiment of the blood monitoring system 14 in

Fig. 3 includes a memuory 328 for storing calibration parameters and executable instruction
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{such as instructions prograrmed 1o perform the steps shown in Fig. 4) used by the
controlier 31G. The calibration parameters and exccutable instructions compensate for the
attenuation of the light between the LED emitter 340 and the photo sensor 330 across the
fixed distance “d” when there 13 no blood flood in the path 200,

18682 In the embodiment of Fig. 3, the memory 320 stores a log of the calibration
parameters used by the controller 318, The log may be used for system diagnostic purposes.
For example, the memory 320 may keep a running log of compensation parameter values
needed t0 normalize the sensor signal 336, I the log evidences the compensation required to
normalize the sensor signal 336 is gradually increasing while the reference signal 356 from
the reference photo sensor 350 is gradually decreasing over time, then the logged data
suggests the LED ernifter 340 is failing or burning owt and needs to be replaced. In the
illustrated embodiment of Fig. 3, the controller 310 is programmed io detect diagnostic
gvents based upon the log of the calibration parameters used by the controller 316, and to
alert operators.

{BO83] in the emmbodiment of Fig. 3, the éoutmiier 310 performs a calibration to generate
a new set of calibration parameters for each new blood channel used.

{80684} The controtier 310 may include various components, such as a processor, non-
transttory computer readable medium for storing computer code/programs to perform
measurement method and/or calibration methods provided throughout in this disclosure, as
well as user interface devices, such as keyboard, mouse, touchpad, displays, speakers and the
like. For example, in the embodiment Hiystrated in Fig. 3, program memory 320 is a non-
fransitory computer readable medium. Serial interface 311 in Fig. 3 is an example of a
comwnunications interface for the comtroller 310, 1t passes the blood data developed by the
monitoring system to the putside world for display and further analysis. Such as data port
can be any of a variety of known formats and interfaces, including RS-232, Universal Serial
Bus (UBS) and the like.

[8485] io the embodiment lustrated in Figure 1, the blood data is delivered to the
display 36 via cable 37, whare the data is used 1o generate a graphical display of information
usetul to the clinician such as hematoorit values as suggested in Fig. 2. An example of a
suitable display is, for exarmple, the display of the Crit-Line Monitor i by Fresenius Medieal
Care, North America, Waltham, MA.

{086} As an alternative or in addition to the cable 37 in Figure | for communicating

data, the controller 310 may be coupled to a communication module that enables the
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transmitting and/or receiving of data and/or other information that may be controlled or used
by the controlier 310 and/or stored on the memory 320, In an embodiment, the
communication module 318 includes a wireless transceiver that wirelessly transmits or
receives the data or other information. In an example, the wireless transceiver enables
wireless communication between the blood monitoring system 14 and the dialysis freatment
system 12, or component thereof, performing the dialysis treatment and/or other peripheral
devices that record or otherwise use data or other information concerning the dialysis
treatment,

{887 In an embodiment, the communication module 318 includes components for
short-range wireless communications between the blood monitoring system 14 and the
diglysis treatment system 12 via known short-range wireless technology protoca! such as, for
example, 2 Bluctooth protocel or an RFID protocot - - e.g., a near fleld communication
{(NFC) protocol. In other embodiments, wireless communication to and from the blood
monitoring system 12 may be facilitated using other wireless technologies, such as via WiFi
and/or vig an implementation wtilizing telecommunication networks,

{BORS] in connection with the transmission, either via cable 37 or via wireless
fransmission, the data may be secured and/or encrypted via the controtior 310 using
appropriate security and encryption protoceols according to applicable faws and regulations
governing fransmission of sensitive data and/or protected medical information.

{8689} The blood monitoring system 14 eliminates the need for temperature-based
measurements to ealibrate or normalize the sensor signal 336, By directly measuring a
portion of light eritted by the LED emitier 340 for use in compensating for changes in the
light caused by effects such as temperature changes, the system does not need to wait fong for
the LED emitter 340 temperatures to stabilize before performing measurements,

jB90] Additionally, normalizing the sensor signal 336 using direct measurement of the
enutied fight keeps the controlier 310 in proper calibration for a much longer time, making
the life cycle of the system 14 longer. This approach also allows the use of lower cost LEDs
{e.g., LEDs having higher variations in light intensity than would otherwise be possible) for
LED emitter 340, altowing for reduced development fime of many additional possible
wavelengths for measuring additions! biood characteristics,

6691 The LED emitter 340 may be an array of dicdes such that the emitted light
comprises a plurality of wavelengths that enters the blood chamber 32 from a first side,

pasaes through the blood flow channel 800 and exits the blood chamber from a second side.
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The sensor 33{ on the second side of the blood chamber 32 receives the light from the LED
erpiiter 344 after the amplitade of s plurality of wavelength has been affected by passing
through the blood flow channel 9. The reference photo sensor 350 directly measures the
light from the array comprising the LED emitter 340. The mask 370 ensures that only light
from the LED emitter 340 arvives at the reference photo sensor 350, The controller 310
controls the measurement hardware and compensates measuroments from the sensgor 330
based upon measurements from the reference photo sensor 350, for example by measuring 8
ratio between readings from the reference photo sensor 350 and the sensor 330 prior to blood
entering the biood chamber 32, and applying the ratio to readings from sensor 330 during
dialysis while blood is in the channel 800,

(6092} Notably, the intensity of emiited light is inversely proportional to the square of the
distance it travels, Thus, the distance “d” 380 between the LED emitter 340 and the sensor
338 must remain constant so that any change in intensity of sensed light during the
calibration process and during actual usage is dependent entirely on the mediom between the
sensor 330 and LED emitter 340 and not characteristics of light propagation. The distance
“d” is selected to be the distance separating the LED emitter 340 and the sensor 330 when the
blood chamber 32 is inserted into the jaw of the clip assembly 34, which include opposing
arms housing the LED emitter 340 and the sensor 338, The arms of the clip assembly 34 flex
so that they can function as a jaw or clamp fitted over the blood chamber 32 at an area of the
biood chamber that serves as a window into the blood flow channei 900, Because the arms
fiex, the distance hetween the LED emitter 340 and the sensor 330 is variable unless s
fixed such as, for example, by positioning the blood chamber 32 in the jaw formed by the
arms of the clip asserbly 34,

{8693} Referring now to calibrating the monitoring system {4, Fig. 4 iilustrates an
embodiment of a calibration method 400, The method 400 begins at block 410 by obtaining
amphitude measurements af the reference photo sensor 358 of the light from the LED emitter
340 and sending the resulting reference signal 336 (Fig. 3) to the controller 310.

At block 420 of Fig. 4, the sensor 330 obtains measurements of Hght from the LED emitter
340 with the blood chamber 32 removed while holding the distance “d” 380 between the
sensor and the LED emitter. The sensor 330 provides a sensor signal 338,

{0094} At block 434, the controller 310 determines a calibration ratio between gach
processed signal derived from reference signal 356 and the sensor signal 336 while nothing is

between the sensor 330 and the LED emitier 340 held at the distance “d” 380,
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GRS At block 440, the photo sensor 330 obtains a light measurement from LED emitier
3440, with the blood chamber 32 in the measurement path but with the blood flow channe! 906
being empty (only air present).
{8896} At block 450, a controller 310 determines a calibration constant between each
received and processed reference signal 336 and each sensor signal 336 with the blood
chamber 32 in the Hght path but with nothing in the blood flow path 900 except air.
1971 At block 460, the controller 310 determines a composite ratiomeiric Calibration
Coefficient for cach wavelength from the measurements at blocks 430 and 458, These
composite Calibration Coefficients are used to normalize the measurements of light across
the blood tlow 900 in the blood chamber 32 by lluminating the blood with LED emitters 340
and receiving the modified amplitude of the light at the photo sensor 330 through the
absorption and scattering of the blood., At the same time, variations in the amplitudes of the
LED emitters 340 themsclves are measured by the reference photo sensors 350 to complete
the normalization.
{B98] The modeling of calibration and compensation functions for each wavelength ts
ithustrated as follows:
{6899} Light measured by the reference photo sensor 350 may be a function according (o
Beer’s Law:

iy = g(}e“as;-da';f: {1

where,

i, is measurement of Hight intensily at the refercnce photo sensor 356,

{ is the actual intensity of light radiated by the LED emitter 340,

@ g, is light loss coefficient from the LED emitier 340 to the reference photo

sensor dug to the material of the dome 360, and
di&} is the distance light travels from LED emitter 340 to the reference photo
sensor 350 in dome 360,

g~ CEr e, may be considerad a constant K.

Which simplifies 1o

o= LK, {£)
(80188  Beer’s Law equation may be similarly applied for Hght measured by the photo

sensor 338 with more loss components:
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= [03"“Emdr‘fme"aﬂ’vs;dmzt g " Fmybmy g ¥y Apy o dpidy o —Hp,dp, (3)
where,

{y, is measurement of light intensity at the photo sensor 338,

Qg s light Joss coefficient from the LED emutter 346 to the epoxy~-aiv boundary
ofthe dome 360 along a ray toward sensor 330 within the dome due to the material of the
dome 360 {in the example, the same as &g ),

d £, i8 the ray distance light travels from LED ernitter 340 to exit the transparent
dome 360,

Uy, 18 the light loss cosflicient from the exit (surface) of the dome 360 o the side
wall of the blood chamber 32 on the first (Hhumination) side due to the medium material light
properties through which the light travels,

dmi is the distance light travels from the surface of the dome 360 to the blood
chamber 32 on the first (llumination) side,

fy, i light loss coefficient from the second (roveiving) side walt of blood
chamber 32 toward the photo sensor 330 due to the medium material light properties through
which the light travels,

- , is the distance light travels from second side (receiving) wall of the blood
chamber 32 to the photo sensor 338,

(fy, is light loss coefficient of first side (Hlumination) thickness of the blood
chamber 32 outside wall to the blood flow channel 960 hased on the light propagation
properties of the bloced chamber 32 material,

dm is the distance light travels in the first side (Ulumination} from the outside
side wall of the blood chamber 32 to the blood flow channel 204,

o is Hght toss coefficlent of the blood in the blood flow channe] 900,

dy, is the distance light travels through the blood in the blood flow channel 900
{which is the inside channel thickness of the bloed flow channel 508),

{p, 18 light logs coetficient of second side {receiving} thickness of the biood
chamber 32 from the blood flow channel 900 o the outside wall based on the light

propagation properties of the blood chamber 32 material, and
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dpz is the distance light travels in the second side {receiving) from the blood flow
channe! 800 to the outside side wall of the blood chamber 32,
{80181]  Equation {3) can be simplified to:

im — I,;,Kme“a?’ld?’? g"“xbdbe'“apzd'pz {4)
{801827  Combining equations {2} and (4):

ToKme P18 e~ Hp s o %y py

{
M 1L

- (5}

iy IOK'.*' t ’
{00183] Canceling {; from equation (5) vields:

; b ey Wy el S s il
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o j=y i‘.())

iy &y
[60184]  Without the presence of blood and the blood chamber in the flow channel 504, the

ratio becomes;

i’f& = me (’7:;
Ky *

001957 During calibration, the Composite Calibration lght propagsation constant for cach
wavelength S, for K, /K, may be derived by taking calibration measurements of the
reference photo sensor 350 and the sensor 330 {obtaining 1,/1,), without the presence of
blood and the blond chamber in the flow chanoel and holding constant the distance “d” {380}
between the LED 340 and the photo sensor 330,
861061 Plugging in S¢=K /K, into equation (), the function for photo sensor 330
measurements becomes:

by = {SC;'T,)@“'“m Api o~ by o Cp,dyp, (%)

Pz is also consiant.

where ¢ "%p1% 10 %2
[60187]  Assigning constant K, = emwr’idl’lﬁ"af"?sd"p‘z, K, may be derived by taking
calibration measurements of the reference photo sensor 358 and the photo sensor 330, with
the blood flow channel 900 of the blood chamber 37 being empty ond present in the optical
path between LED emitier 340 and sensor 330,
(86168 During calibration, K, can be derived for gach new blood chamber 32 with the
hicod flow channel 900 being empty. Assuming fight controls are possible in the molding of

the blood chamber 32, Kp can be assumed {0 be constant across different blood chambers

unless there is a change in the molding properties of the blood chamber. This is another
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feature of this embodiment in that changes in the blood chamber 32 can be made and the
biood monitoring systems 14 in the field can compensate for any change in calibration rather
than having to return the systema to the factory for completing calibration adjustments.

{80109} Thus, equation {8) can be simplified to:

b, = (Sc:ir)l{pgmabdb {(H
and
i
K, = i )
P s 4o

when ¢y, equals zero {no blood equals blood chamber empty) and dy, is the normal light path
fength through an empty blood chamber which is in the sensor.

801181 Additionally, e~ iy 3 function dependent upon blood characteristics, and
may be profiled independently shead of time and stored in controller 310 for use, for
exampie, by using a standard set of biood samples for calibration in labs, and pre-

~%5%b into controller 31 {3, as algorithms or a set of

programming the profile function of €
lookup tables. A set of these calibrations is unique and required for each active wavelength.
#8111} As dy, is also assumed to be constant and could be measured and/or nputted into

controfler 310, the controller 310 can solve for Ay

(i

gy

[(8112] Eguation {11} can be used to derive &y, for blood of various blood characteristics
at various concentrations and different Hight wavelengths. For example, polynomial fitting

may be used to derive HUT value, using the following:

(1)

where,

Hong 18 (g derived from measurerments taken at a wavelength of 800 nm emitted
from LED emitier 340,
[8113] 4300 18 Op derved from measurements taken at a wavelength of 1360 nim
emitted from LED emitter 340,
{81141 Standard samples of kaown HOT levels are measured in Human blood and are

used to derive the HOT calibration polynomial coefficients A, B, and C through regression
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techniques, These coefficients A, B, and C are then programmied into the coniroller 310
algorithm for ongoing HOT calculations.

[60118] During operation, the controlier 310 may take measurcments to derive @gpg and
4300 tor a specific blood sample of a specific patient, and solve for the HCT results,
{86116]  Thus, according to the embodimenis above, the differential measurement system
based upon direct LED emitter 340 light monitoring and the resulting normalization of photo
sensor 330 readings can provide accurate blood characteristic measurements with simple
calibration.

{81171 The identical sysiem can be used with the ratio of similarly derived light loss
coefficients for an approximately 560nm wavelength and an approximately 300nm
wavelength to create the mode! and algorithms for measurement of oxygen saturation of the
blood.

[G0118] Turningto Fig. 3, an enlarged and isolated view is shown of the clip assembly 34
mated 1o the blood chamber 32 as shown more generally in Figure 1. The clip assembly 34
may incorporate components of the blood monitoring svstern 14 as discussed hereinalter. In
azccordance with one or more embodiments, the LED emitier 340 {(e.g., an array of LE{Ds) is
jocated on a circuit board within one side 530 of the clip assembly 34, while the photo sensor
330 is located on a circuit board within the opposing side 540 of the assernbly. The reference
photo sensor 350 is co-located with the LED cmitter 340 on side 530, When the clip
assembly 34 is attached to the blood chamber 32, light emitted from the first side 5330 by the
LED emiiter 340 passes through the blood flow path 900 of the blood chamber 32 and is
detected by the photo sensor 330 on the opposing side 540 of the clip assembly. Various
physical properties of blood flowing through the chamber 320 in the blood fow path affect
the intensity of the Hight received at the photo senser 330 on the second side 540

{68118]  Fig. 6 illustrates the chip assembly 34 and mating blood chamber 32 in Fig. §,
showing the interior of the side 540 of the clip in accordance with an embodiment. The
circuit boards 535 amd 541 are housed in side 540 of the assembly 34, Circuit board 541
supports the photo sensor 3308 and circuit board 5335 supports substantially all of the circuitry
iHustrated 1o Fig. 3.

{0801208] A circuit board $37 5 housed in side 530 of the clip assembly 34 as best
itlustrated in the cross sectional view of Fig, 7. The circuit boards 536 and 337 support the

light transmiiter portion of the monitoring system ifustrated in Fig. 3. In particular, the
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circuit board 536 supports the light emitters 340 {e.g., LEDs) and the reference sensor 35{ in
an area within the side 5330 of the clip assermbly 34 that positions the emitters and the photo
smmmﬁﬁﬂonmewﬁeﬂ&ﬁofm@bboddmmbw32as&hmnmkdbdﬂuﬁmmdhiEg.3
A ribbon cable 538 connects the cireuit board 537 to the circuitry supported on the circuit
board 535 housed in side 540,

{80121} The cross section of the mated clip assembly 34 and blood chamber 32 illustrated
in Fig. 7 provides additional information about the spatial relationships among the light
emitters 340, the photo sensor 330 of the clip assembly 34 and the blood flow path 800 of the
blood chamber 32, One side 330 of the clip assembly 34 mates to one side of the blood
chamber 32, while the second side 540 of the ¢lip assernbly mates to the other side of the
blood chamber. The first side 530 of the clip assembly 34 includes the circuit boards 537 and
536 with mounted light emitters 340 {e.g., LEDs), while the second side 540 contains the
photo sensor 330 for detecting light passing through the blood flow path 200 of the biood
chamber 32,

[00322] Fig 8 is an enlarged view of the area in Fig. 7 that inchudes the interface between
the sides 83{ and 540 of the clip assembly 34 and the blood chamber 32, Each of the sides is
an arm of the clip assembly 34, On the first side 330 {or arm 530) of the clip assembly 34,
the circuit board 536 supports baoth the LED emitters 340 and the reference photo sensor 350
under g light diffusing window 542. Similardy, a light diffusing window 539 in the side 340
allows light from the emitters 340 that passes through the blood chamber 34 to be veceived by
the photo sensor 330 mounted on a circuit board 541 within the side 540, A ribbon cable 543
best seen in Fig. 7 connects the circuit board 541 to the board 535, Further detail of the clip
assembly 34 and the blood chamber 32 can be found at US Patent No. 8,743,334, which is
herein incorporated by reference in its entivety and for everything it teaches. Specifically, the
embodiment of the clip assembly 34 and the blood chamber 32 illustrated herein is shown in
further detail in Figures 25A through Z9E of the “354 pateni.

1681231 The partially transparent epoxy dome 360 covers the emitter 340 and reference
sensor 350, A portion of dome 360 is used as the mwask 370, which shields the reference
sensor 350 from any externally retlected light or other light other than direct light from the
LED emitter 340. The reference photo sensor 350 may be each be a Silicon or an Indium
Gallium Arsenide photodiode, or each an array of Silicon or Indiorm Gallium Arsenide
photodiodes, such as those manufactured by Hamamatsu Photonics KK, Hamamatsu City,

Japan.
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[#3124]  Light passes from the LED emiiter 340 through the unmasked portion of the dome
360 to the blood chamber 32 and the blood flow path 800 inside the chamber to the photo
sensor 330 located on the seeond side (recetving side or arm 540) of the chip assembi/y 34,
Biood b path 900 and its paramcters absorb and scatter the Hght, thereby modifying the
amplitedes of hight at different wavelengths arriving at the photo sensor 338,

{081381  In still further detail, an enlarged and 1solated view of the dome 360 is shown in
Fig. 9. The epoxy dome 360 is placed on the circuit board 536, covering the light emitter 340
and the reference photo sensor 354, The portion of the dome 368 over the reference photo
sensor 350 1s coated with an opaque surface 370 so that any reflected light from outside dome
360 that otherwise might reach the reference photo sensor 350 is blocked, o this
erbodiment, the reference photo sensor 350 is placed on the circuit board 336 ina
canventional manner such that its direction of primary detection is approximately
perpendicular to the light emitier 340, However, sufficient light from the light emitter 340
reaches the reference photo sensor 330 to effectively detect light from the emitier when the
detecior is protected from ambient or external reflected light by the mask 370, Alternatively,
and as Hustrated in Figs. 11 and 12 discussed hereinafter, a reference photo sensor (1144 and
1230, respectively) can be mounted to the civeuit board 536 to face the light emilter 340,
which then increases the sensitivity and noise immunity of the sensor. However, the edge
mounting of the sensor is typically a more expensive mounting technique.

[B38126]  Additional emnbodiments are described with reference to Figs. 18- 13,

[68127] Referring to Fige. 10a and 10b, an array of LEDs 1010 are mountad to a circuit
board 1020, which is located approximately where the cireuit board 836 is located i Figs. 6-
9. The LEDs 1010 need not be of any particular brighiness or quality standard, In this
embodiment, a shield [030 is spaced at 3 fixed distance from the circuit board 1020 through
the use of spacers 1040, The shicld 1030 is made of material such that it blocks all reflected
fight from the LEDs 1610, which light passes through an opening 1050 in the shield that
atiows the Hght to pass to the blood chamber. A reference photo sensor 1060 is mounted on
the underside of the shield 1030, Mot shown in Fig. 10 is the blood chamber 32 or the photo
sensar 330 in the arm of the clip assembly 34 opposite the arm housing the LEDs 1010, The
calibration and measurement work in a similar manner as described above in reference to the
embodiment of Figs. 6-9, using the difference in light intensity between the reference photo
sensor 1060 and the photo sensor 338 {o determine levels of hematocrit, oxygen saturation,

and/or ather blood constituents.
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1601281 1o avother alternative embodiment, not shown, the reference photo sensor is
placed directly next to the LEDs on the circuit board, or sufficiently close to the LEDs that
the intensity of the direct light from the LEDs themselves is much greater than any optical
noise from reflections and/or ambient light. Using such an embodiment increases the
sensitivity of the reference photo sensor and may reduce or render insignificant the optical
noise such that the mask is unnecessary.

{66129} The embodiment in Fig. 11 uses an epoxy dome 1110 hike the embodiment of
Figs. 6-9. The dome 1110 is placed on the circuit board 1120, which is positioned in the clip
assembly 34 similarly to the position of the cireuit board 536 in Figs. 6-8. The dome 1110
covers the array of LEDs 1130 and a reference photo sensor 1140, The reference photo
sensor 1140 is preferably a photo diode placed on its edge, so that the sensor more directly
faces the light emitted by the LEDs 1130 then it would otherwise if mounted flat on the
circuit board 112{. The portion of the dome 1110 over the reference photo sensor 1140 is
coated with an opague material, so that any external reflected light that otherwise might reach
the reference photo sensor 1140 (both visible and infrared) s blocked, Not shown in Fig. 11,
the blood chamber 32 runs parallel to the circuit board 1120, such that light {upwardly
pointing arrow) from the LEDs 1130 passes through the non-opague portion of the dome
P11, through the blood chamber, and is detected by the photo sensor (not shown) in the
opposing arm of the clip assembly 34,

{681308]  In accordance with another embodiment, a solid enclosure 1210 in Fig, 2 is
mounted on a cireuit board 1220 positioned in the arm 530 of the clip assembly 34 similarly
1o the position of the circuit board 335 i1n Figs. 6-9. Like the embodiment iHlustrated in Fig.
11, the reference photo sensor 1230 is placed on its edge on the circuit board 1220, The solid
enclosure 1210 surrounds the reference photo sensor 1230 on all sides, with the exception of
an opening facing the array of LEDs {240, In this embodiment, the solid enclosure 1210 may
be made of metal, or other material that is impervious to all light. Not shown in Fig. 12, the
blood chamber 34 is oriented to be paratlel to the circuit board 1220, such that Hght from the
LEDs 1240 passes through the blood chamber for measurement by the photo sensor on an
opposing side.

{08131]  Although the embodiments of Figs. 11 and 12 are ilustrated as including masks or
shrouds intended to optically isolate the reference photo sensors, the increased sensitivity
achieved by edge mounting the sensors to the circuit boards may increase the signal o noise

immnity of the sensor such that the masks or shrouds are not reguived.
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[00132]  All references, including publications, patent applications, and patents, cited
herein are hereby incorporated by reference to the same extent as if each reterence were
individually and specifically indicated to be incorporated by reference and were set forth in
its entirely hergin.

{30133]  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 o be construed o cover both the singular and the plural, unless otherwise
indicated herein or clearly contradicied by context. The use of the term “at least one”
followed by a list of one or more tems (for example, “at least one of A and B”) iz to be
construed o mean one itemn selected from the listed tems (A or B) or any combination of two
or move of the listed wems (A and B}, unless otherwise indicated herein or clearly
contradicted by context. The terms “comprising,” “having,” “including,” and “containing”
are (o be construed as open-ended terms (i.e, meaning “including, but not limited t0,”) unless
otherwise noted. Recitation of ranges of values herein are merely intended to serve as a
shorthand method of reforring individually to sach separate value falling within the range,
unless otherwise mndicated herein, and sach 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
contradicted by context. The use of any and all examples, or exemplary language (2.8, “such
as”)y provided hersin, is intended merely to better illuminate the invention and does not pose 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.

{08134] Preforred embodimenis of this invention are described herein, including the best
mode known to the inventors for carrying out the mvention. Variations of those preferred
embodiments may become apparent to those of ordinary skil 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. Morecover, any combination of the above-described clements 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:

i, A measurement system for measuring blood characteristics, comprising:

an emitter emitting light at a plurality of wavelengths from a first side of a blood flow
channel to g second side of the blood flow channpel;

a sensor on the second side of the bood flow channel;

a reference photo sensor on the first side of the blood flow channel positioned to
receive the light from the emitter; and

@ mask o the first side of the blood flow channel blocking light from external or
externally reflected sources, other than the light directly from the emitter, to the reference
photo sensor,

a controller configured to compensate measurements of light by the sensor based upon

measurements of fight by the reference photo sensor.

2. The measurement system of claim 1, wherein the blood flow channel includes
a removable cartridge through which bload flows,

“ TR " B oo rads A s A ERTEEN Yoy N 3 -

3. the measurement systers of elaim 1, further comprising a transparent dome

covering the emitter and reference photo sensor on the first side.

4, ‘The measurement system of claim 3, wherein the mask covers a portion of the

transparent domse,

3. The measurement system of claim 3, wherein the mask is inside the

transparent done,

8. The measurement system of claim i, wherein the mask covers the reference
photo sensor except in a space between the mask and the emitter.

7. The measurement systom of claim 1, further comprising a memory storing
calibration parameters used by the controller to compensate the measurements from the

sensor based upon the measurements from the reference photo sensor,
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g The measurement system of claim 1, wherein the controller uses changes in
the measurements from the reference photo sensor o continuousty compensate for changes in

the measurements from the sensor caused by changes in the light emitted from the emitter.

4, The measurement system of claim 7, wherein the memory further siores a log

of the calibration parameters used by the controiler,

10, The measurement system of claim 7, wherein the controlier is enabled to
perform a calibration that generates a new set of calibration parameters for each new blood

flow chanvel used.

11 A measurement method for measuring blood characteristics, comprising:

ernitting, by an emiiter, light from a side of a blood flow channel to a second side of
the biood {low channel;

blocking, by a mask on the first side, receipt of light sourced other than directly from
the emitter by a reference photo sensor positioned on the side of the blood flow channel with
the emitter;

measuring, at a sensor on another side of the blood flow channel, characteristics of
tight received from the emitter after the light has passed through blood flowing through the
hiood flow channel;

measuring, at the reference photo sensor characteristics of light received from the
emitter without the Hight passing through the blood flowing through the blood flow chambar;
and

compensating, by a controller, for measurements taken from the measuring of the
characteristics of the light by the sensor caused by changes of the light at the emitier using

the measuring of light by the reference photo sensor.

12. The wmeasurement method of claim 11, further comprising:

determining, at a time when blood ts not disposed within the blood flow channel, a
calibration ratio between measurements from the reference photo sensor and the
measurements from the sensor;

and whersgin the compensating by the controller is further based on the calibration

rafic.
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13, The measurement system of clabr 12, wherein the amplitude of the light

emitied by the emitier is unknown prior to determining the calibration ratio.

t4.  The measurerment system of claim 13, whereln the amplitude of the light
emitted by the emitter at the time of calibration ditfers from the amplitude of the ight emitted
by the emitier at the time of measuring the Hght passing through the blood flowing through

the blood flow channel.

15, A measurerment method for calibrating measurements of blood characteristics,
comprising:

emitting, by an emitter light at a plurality of wavelengths from a first side of a blood
flow channel to a second side of the blood flow channel;

measuring, at a reference sensor on the first side of the blood flow channel,
quantifiable characteristics of light received from the emitier

measuring, at a sensor on the second side of the blood flow channel and while no
blood chamber is disposed within the blood flow channel, quantifiable characteristics of light
received from the emitter;

determining, by a controller, a calibration ratio between the measurements from the
reference sensor and the measurements from the sensor;

measuring, al the sensor and while an emipty blood chamber is disposed within the
blood flow channel, quantifiable characieristics of light received from the emitter;

determining, by the controlier, a profile of Hght loss as a function of the calibration
ratio, the measurements from the reference detector, and the measurements from the sensor;
and

determining, by the controlier and while blood is flowing within a blood chamber
disposed in the blood flow channgl, a profile of blood characteristics as a function of the
profile of light loss, the calibration ratio, the measurements from the reference sensor, and the

measurements from the sensor.

6. The measurement system of claimn 15, wherein the amplitude of the light

emitied by the emitter is unknown prior to measurement by the system.
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17.  The measurement systern of clalm 15, wherein the temperature profile of the
emitter 15 unknown.
18. A dialysis systern for filtering blood of a patient, the system comprising:

arterial extracorporeal tubing for {ransporting blood from the patient;
a dialyzer, for receiving patient blood via the arterial tubing and filiering the patient
blood:
venous extracorporeal tubing for transporting cleaned blood from the dialyzer to the
patient;
a pump for causing patient blood to be circulated through the arterial tubing, dialyzer,
and venous tubing; and
a blood measurement system for measuring characteristics of bood in the dialysis
systern, the blood measurement system comprising:
an emitter emitting light into the blood flow channel;
a sensor for receiving the light after i has passed through the blood flow
channel;
a reference sensor receiving the light from the emitter without the Hght passing
through the blood flow channel;
a mask blocking light sourcing other than directly from the emitter to the
reference sensor; and
a controller configured to compensate measurements from the sensor based

upon measurements from the reference sensor.

19, The dialysis system of ¢laim 1§, wherein the emitier and reference sensor arg
on a common side of the blood chamber that te opposite another side of the blood chamber

occupied by the sensor.

26, The dialysis system of claim 18, wherein the mask covers a portion of a

transparent dome covering the emiiter and the reference sensor,
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