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

(19) World Intellectual Property Ny
é 0 0 RO

Organization
International Bureau
l__/))/ (10) International Publication Number
= WO 2017/156193 Al
WIPO I PCT

\

(43) International Publication Date
14 September 2017 (14.09.2017)

(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every

wo 2017/156193 A1 [N 00000 A O

AGIM 1/14 (2006.01) GOIL 19/12 (2006.01)
AG6IM 1/16 (2006.01)

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,

(21) International Application Number: PCTIUSI017/021456 DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT.
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
(22) International Filing Date: KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
8 March 2017 (08.03.2017) MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
- . NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
(25) Filing Language: English RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
(26) Publication Language: English TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, M, ZW.
(30) Priority Data:
62/305.212 8 March 2016 (08.03.2016) ys (84) Designated States (unless otherwise indicated, for every
’ kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: FRESENIUS MEDICAL CARE HOLD- GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
INGS, INC. [US/US]; 920 Winter Street, Waltham, MA TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
02451 (US). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
(72) Inventors: FULKERSON, Barry, Neil; 833 Incorrigible DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, I8, IT, LT, LU,
. . LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
Circle, Longmont, CO 80504 (US). PHAM, Nhan, Viet;
. SM, TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ,
17200 Newhope St., #212, Fountain Valley, CA 92708 GW, KM, ML, MR, NE, SN, TD, TG)
(US). HUANG, Alec; 33 Redhawk, Irvine, CA 92604 S ’
(US). Published:
(74) Agent: DALAL, Sona; Novel IP, 191 West Second Street, —  with international search report (Art. 21(3))

Santa Ana, CA 92701 (US).

(54) Title: METHODS AND SYSTEMS FOR DETECTING AN OCCLUSION IN A BLOOD CIRCUIT OF A DIALYSIS SYS-

TEM

PAK Flowpath Diagram

Occlusion
Defecor
12

OF Qut
116 Flessue

Blood Pump I
j Sensor

BF-IN
Pressure(S)

Pafent
il
Fiw[‘)rain
) 154 alve
i e 125

Air Bubble

Dialysate Cireut
104" alysate Circui 146

DaHy P

’/—100

Ammonia
Sensor 138

Reservorr

0150
Sorbent IN
.

1
Pressure Sensor
Heater & Thermistors

140 Elechrolyte Pump
Electolyles =t
Lot =144\ 4,

Sensor

izl

120

Sensor

BF-OUT
Pressure Sensor

Fil | Drain
Port

OFIN Dialysate Pump 2
Pressure Sensor 136 y(DPZ) P

FIG. 1

(57) Abstract: The present specification describes systems and methods for detecting an occlusion in a tubing carrying a patient's
blood through a manifold and into a dialyzer in a dialysis system. A controller measures pressures value of the blood at a predeter -
mined point after exiting the manifold and before entering the dialyzer, calculates a historical running average, calculates a weighted
sum of the most recent pressure values, and determines whether to trigger an occlusion alarm based on a function of the historical
running average and the weighted sum of the most recent pressure values.
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METHODS AND SYSTEMS FOR DETECTING AN OCCLUSION IN A BLOOD
CIRCUIT OF A DIALYSIS SYSTEM

CROSS-REFERENCE
The present application relies on U.S. Patent Provisional No. 62/305,212, titled “Method

for Detecting Occlusion in a Portable Hemodialysis Circuit, filed on March 8, 2016. The

aforementioned application is incorporated herein by reference.

FIELD
The present specification discloses a dialysis system with improved occlusion detection
functionality. In particular, the disclosed dialysis system includes an occlusion detector for

detecting occlusions in a blood circuit with improved accuracy and lower false positive alarms.

BACKGROUND

Blood purification systems, which are used for conducting hemodialysis, hemodiafiltration
or hemofiltration, involve the extracorporeal circulation of blood through an exchanger having a
semi-permeable membrane. Such systems further include a hydraulic system for circulating blood
and a hydraulic system for circulating replacement fluid or dialysate comprising certain blood
electrolytes in concentrations close to those of the blood of a healthy subject.

A common problem with all dialysis systems is the accurate detection, and alarming of, an
occlusion. In the course of a dialysis treatment, blood is extracted from a patient, through a blood
flow circuit that contains a dialyzer, and back to the patient. Flow through the blood circuit may,
at times, become occluded by an increased concentration of gasses, coagulation, or various other
blood components. An occlusion not only inhibits effective dialysis but can also be dangerous if
not detected immediately and cleared.

In cases of an occlusion in the arterial line, or blood circuit, transporting a patient’s blood
to a dialyzer, an accumulation of gasses may lead to the formation of bubbles. U.S. Patent No.
9,320,843 discloses “a device for monitoring an extracorporeal blood circuit in which a blood
pump is disposed to convey blood, comprising: an apparatus adapted to detect an occurrence of
air bubbles in blood that flows in the extracorporeal blood circuit, an apparatus adapted to measure
a negative pressure in the extracorporeal blood circuit upstream of the blood pump, and a

processing unit programmed to deduce a first defective condition when the apparatus adapted
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to detect the occurrence of air bubbles in the extracorporeal blood circuit detects air bubbles and
the measured negative pressure is above a predetermined limit value for the negative pressure,
and/or a second defective condition when the apparatus adapted to detect the occurrence of
air bubbles in the extracorporeal blood circuit detects air bubbles and the measured negative
pressure is below the predetermined limit value for the negative pressure, wherein the first
defective condition differs from the second defective condition.”

U.S. Patent No. 8,465,641 discloses “ a dialysis liquid circuit comprising: conduits for
conducting a dialysis liquid, and elements for continuously detecting air in the dialysis liquid and
leakage in the dialysis liquid circuit, the elements including at least one gas sensor traversed
continuously by dialysis liquid, the at least one gas sensor being configured such that it measures
at least one property of the dialysis liquid which depends on the presence of air bubbles in
the dialysis liquid, and being arranged downstream of a region to be monitored of
the dialysis liquid circuit in which during operation of the dialysis liquid circuit a negative pressure
exists with respect to atmospheric pressure, and an evaluation unit which is connected with the gas
sensor and is configured such that the property measured via the gas sensor is evaluated with regard
to the presence of air bubbles in the dialysis liquid and based thereon, with regard to the presence
of leakage in the dialysis liquid circuit.”

While prior art systems have used pressure sensors to generally detect pressure changes
and generate alarms or shut down dialysis procedures, they still suffer from excessively high false
alarm rates. There remains a need for an improved occlusion detector that can reliably detect an
occlusion in a blood circuit but not falsely alarm and unnecessarily cause a dialysis treatment to

prematurely terminate.

SUMMARY

The present specification discloses a dialysis system comprising: a manifold comprising an
enclosed blood flow path, wherein said blood flow path comprises a blood inlet port, a blood outlet
port, and a flexible tube positioned between said blood inlet port and blood outlet port; a pressure
sensor in physical communication with manifold at a position proximate said blood outlet port; a
non-transient memory in data communication with said pressure sensor and configured to store
pressure values generated and transmitted by said pressure sensor; at least one pump in physical

contact with said flexible tube and configured to pump blood from a patient’s body, through a tube,
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and through said blood flow path; and a controller in data communication with said pressure sensor,
said non-transient memory, and said at least one pump, wherein said controller is configured to
execute a plurality of programmatic instructions in order to: receive said pressure values;
determine an average of n pressure values, where n is a subset of said pressure values; determine
a sum of m pressure values, where m is a subset of said pressure values and where m < n; apply a
function of said average of n pressure values and said sum of m pressure values to generate an
occlusion indicator value; and based upon said pressure difference value, determine if an alarm
should be triggered.

Optionally, the dialysis system further comprises a housing that encloses said controller,
the at least one pump, and the pressure sensor, wherein said housing is adapted to detachably
receive said manifold.

Optionally, the dialysis system further comprises a dialyzer in fluid communication with
the blood output port of said manifold. The pressure sensor may be positioned between the blood
outlet port and the dialyzer.

Optionally, n is in a range of 10 to 20 pressure values.

Optionally, m is in a range of 3 to 10 pressure values.

Pressure values in the sum of m pressure values may include pressure values that are more
recent than pressure values in the average of n pressure values.

Pressure values in the m subset of pressure values may include pressure values sensed later
in time than pressure values in the n subset of pressure values.

Optionally, said controller is configured to execute a plurality of programmatic instructions
in order to apply a weight to said average of n pressure values. The weight may be in a range of 3
to 10.

Optionally, said controller is configured to execute a plurality of programmatic instructions
in order to apply a weight to each pressure value in said sum of m pressure values. The weight
may be in a range of 1 to 5.

Optionally, said function takes a difference between said average of n pressure values and
said sum of m pressure values to generate the occlusion indicator value. Optionally, said controller
is configured to determine an alarm should be triggered when said occlusion indicator value is
greater than or equal to a predefined threshold number. The predefined threshold number may be

in a range of 200 to 450 mmHg. Optionally, said controller is configured to determine an alarm
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should be triggered when said occlusion indicator value is less than or equal to a predefined
threshold number. The predefined threshold number may be in a range of 200 to 450 mmHg.

The present specification also discloses a dialysis system comprising: a manifold
comprising an enclosed blood flow path, wherein said blood flow path comprises a blood inlet port,
a blood outlet port, and a flexible tube positioned between said blood inlet port and blood outlet
port; a pressure sensor in physical communication with manifold at a position proximate said blood
outlet port; a non-transient memory in data communication with said pressure sensor and
configured to store pressure values generated and transmitted by said pressure sensor; at least one
pump in physical contact with said flexible tube and configured to pump blood from a patient’s
body, through a tube, and through said blood flow path; and a controller in data communication
with said pressure sensor, said non-transient memory, and said at least one pump, wherein said
controller is configured to execute a plurality of programmatic instructions in order to: receive said
pressure values; determine an average of n pressure values, where n is a subset of said pressure
values; determine a sum of m pressure values, where m is a subset of said pressure values, m <n,
and pressure values in the m subset of pressure values include pressure values sensed later in time
than pressure values in the n subset of pressure values; obtain a difference of said average of n
pressure values and said sum of m pressure values to generate an occlusion indicator value;
compare said occlusion indicator value to a predefined threshold number; and based upon said
comparison, determine if an alarm should be triggered.

Optionally, the dialysis system further comprises a housing that encloses said controller,
the at least one pump, and the pressure sensor, wherein said housing is adapted to detachably
receive said manifold wherein upon inserting and installing said manifold and closing said housing,
said at least one pump is placed into physical contact with the flexible tube.

Optionally, the dialysis system further comprises a dialyzer in fluid communication with
the blood output port of said manifold, wherein the pressure sensor is positioned between the blood
outlet port and the dialyzer.

Optionally, n is in a range of 10 to 20 pressure values.

Optionally, m is in a range of 3 to 10 pressure values.

Optionally, said controller is configured to execute a plurality of programmatic instructions
in order to apply a weight to said average of n pressure values. The weight may be in a range of 3

to 10. Optionally, said controller is configured to execute a plurality of programmatic instructions
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in order to apply a weight to each pressure value in said sum of m pressure values. The weight
may be in a range of 1 to 5.

Optionally, said predefined threshold number is in a range of 200 to 450 mmHg,

Optionally, said predefined threshold number is 325 mmHg.

At least five pressure values in the m subset of pressure values may include pressure values
sensed later in time than pressure values in the n subset of pressure values.

Optionally, said controller is configured to execute a plurality of programmatic instructions
in order to determine if a dialysis process should be suspended or terminated based upon said
comparison.

The aforementioned and other implementations of the present specification shall be
described in greater depth in the drawings and detailed description provided below.

The aforementioned and other embodiments of the present specification shall be described

in greater depth in the drawings and detailed description provided below.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the present invention will be appreciated, as
they become better understood by reference to the following detailed description when considered
in connection with the accompanying drawings, wherein:

FIG. 1 illustrates the fluidic circuit for an extracorporeal blood processing system used for
conducting hemodialysis and hemofiltration according to some implementations of the present
specification;

FIG. 2 is a diagram detailing the fluidic circuit for a compact manifold according to one
implementation of the present specification;

FIG. 3 is a schematic of an exemplary manifold employed in an extracorporeal blood
processing system used for conducting hemodialysis and hemofiltration according to some
implementations of the present specification;

FIG. 4A illustrates a graphical representation of moving averages of multiple blood
pressure values corresponding to a blood flow rate of 300 mL/min over a predetermined period of

time;
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FIG. 4B illustrates a graphical representation of moving averages of multiple blood
pressure values corresponding to a blood flow rate of 500 mL/min over a predetermined period of
time;

FIG. 5 illustrates another graphical representation of moving averages of multiple blood
pressures values corresponding to predetermined blood flow rates over a predetermined period of
time;

FIG. 6 is a flowchart illustrating a method for detecting an occlusion in a tubing directing
a patient’s blood into a dialyzer in a hemodialysis system, in accordance with an implementation
of the present specification;

FIG. 7 is a flowchart illustrating another method for detecting an occlusion in a tubing
directing a patient’s blood into a dialyzer in a hemodialysis system, in accordance with an
implementation of the present specification;

FIG. 8 is a flowchart illustrating a plurality of steps of an occlusion detection method in an
arterial patient out line of a hemodialysis system of the present specification;

FIG. 9 illustrates a graphical representation of continuously recorded running averages of
successive ‘n’ pressure readings at a predetermined flow rate; and

FIG. 10 is a block diagram illustration of the occlusion detection method of FIG. 8 in

accordance with one implementation.

DETAILED DESCRIPTION

While the present invention may be embodied in many different forms, for the purpose of
promoting an understanding of the principles of the invention, reference will now be made to the
implementations illustrated in the drawings and specific language will be used to describe the same.
It will nevertheless be understood that no limitation of the scope of the invention is thereby
intended. Any alterations and further modifications in the described implementations, and any
further applications of the principles of the invention as described herein are contemplated as
would normally occur to one skilled in the art to which the invention relates.

The term “and/or” means one or all of the listed elements or a combination of any two or

more of the listed elements.

29 LC
2

The terms “comprises”, “includes”, and variations thereof do not have a limiting meaning

where these terms appear in the description and claims.
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Unless otherwise specified, “a”, “an”, “the”, “one or more”, and “at least one” are used
interchangeably and mean one or more than one.

For any method disclosed herein that includes discrete steps, the steps may be conducted
in any feasible order. And, as appropriate, any combination of two or more steps may be conducted
simultaneously.

Also herein, the recitations of numerical ranges by endpoints include all numbers subsumed
within that range (e.g., 1 to Sincludes 1, 1.5,2,2.75, 3,3.80, 4, 5, etc.). Unless otherwise indicated,
all numbers expressing quantities of components, molecular weights, and so forth used in the
specification and claims are to be understood as being modified in all instances by the term “about.”
Accordingly, unless otherwise indicated to the contrary, the numerical parameters set forth in the
specification and claims are approximations that may vary depending upon the desired properties
sought to be obtained by the present invention. At the very least, and not as an attempt to limit the
doctrine of equivalents to the scope of the claims, each numerical parameter should at least be
construed in light of the number of reported significant digits and by applying ordinary rounding
techniques.

Notwithstanding that the numerical ranges and parameters setting forth the broad scope of
the invention are approximations, the numerical values set forth in the specific examples are
reported as precisely as possible. All numerical values, however, inherently contain a range
necessarily resulting from the standard deviation found in their respective testing measurements.

The present specification is directed towards multiple implementations. The following
disclosure is provided in order to enable a person having ordinary skill in the art to practice the
invention. Language used in this specification should not be interpreted as a general disavowal of
any one specific implementation or used to limit the claims beyond the meaning of the terms used
therein. The general principles defined herein may be applied to other implementations and
applications without departing from the spirit and scope of the invention. Also, the terminology
and phraseology used is for the purpose of describing exemplary implementations and should not
be considered limiting. Thus, the present invention is to be accorded the widest scope
encompassing numerous alternatives, modifications and equivalents consistent with the principles
and features disclosed. For purpose of clarity, details relating to technical material that is known
in the technical fields related to the invention have not been described in detail so as not to

unnecessarily obscure the present invention.
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In the description and claims of the application, each of the words "comprise" "include"
and "have", and forms thereof, are not necessarily limited to members in a list with which the
words may be associated. It should be noted herein that any feature or component described in
association with a specific implementation may be used and implemented with any other
implementation unless clearly indicated otherwise.

Reference is now made to FIG. 1, which illustrates the fluidic circuit for an extracorporeal
blood processing system 100 used for conducting hemodialysis and hemofiltration. In one
implementation of the present invention, the system 100 is implemented as a portable dialysis
system which may be used by a patient for conducting dialysis at home. The hemodialysis system
includes two circuits: a blood circuit 102 and a dialysate circuit 104. Blood treatment during
dialysis involves extracorporeal circulation through an exchanger having a semi permeable
membrane: the hemodialyzer or dialyzer 106. The patient's blood is circulated in the blood circuit
102 on one side of the membrane (dialyzer) 106 and the dialysate, comprising the main electrolytes
of the blood in concentrations prescribed by a physician, is circulated on the other side in the
dialysate circuit 104. The circulation of dialysate fluid thus provides for the regulation and
adjustment of the electrolytic concentration in blood.

The line 108 from the patient, which transports impure blood to the dialyzer 106 in the
blood circuit 102 is provided with an occlusion detector 110, as further described below, which is
generally linked to a visual or audible alarm to signal any obstruction to the blood flow. In an
implementation, in order to prevent coagulation of blood, delivery means, such as a pump, syringe,
or any other injection device, for injecting an anticoagulant — such as heparin, into blood may also
be provided. A peristaltic pump 112 is also provided to ensure flow of blood in the normal (desired)
direction.

A pressure sensor 114 is provided at, or proximate to, the inlet where impure blood enters
the dialyzer 106. Other pressure sensors 116, 118, 120 and 122 are provided at various positions
in the hemodialysis system to track and maintain fluid pressure at desired levels at specific points
within the respective circuits.

At the point where used dialysate fluid from the dialyzer 106 enters the dialysate circuit
104, a blood leak sensor 124 is provided to sense and warn of any leakage of blood cells into the
dialysate circuit. A pair of bypass valves 126 is also provided at the beginning and end points of

the dialysate circuit, so that under conditions of start-up, or at other times as deemed necessary by
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the operator, the dialyzer can be bypassed from the dialysate fluid flow, yet the dialysate fluid flow
can still be maintained, i.e. for flushing or priming operations. Another valve 128 is provided just
before a priming/drain port 130. The port 130 is used for initially filling the circuit with a dialysate
solution, and to remove used dialysate fluid after, and in some instances during, dialysis. During
dialysis, valve 128 may be used to replace portions of used dialysate with high concentrations of,
for instance, sodium with replenishment fluid of appropriate concentration so that overall
component concentration of the dialysate is maintained at a desired level.

The dialysate circuit is provided with two peristaltic pumps 132 and 134. Pump 132 is used
for pumping dialysate fluid to the drain or waste container, as well as for pumping regenerated
dialysate into the dialyzer 106. Pump 134 is used for pumping out spent dialysate from the dialyzer
106, maintaining fluid pressure through the sorbent 136, and pumping in dialysis fluid from port
130 to fill the system or maintain component concentration in the dialysate.

A sorbent cartridge 136 is provided in the dialysate circuit 104. The sorbent cartridge 136
contains several layers of materials, each having a role in removing impurities, such as urea and
creatinine. The combination of these layered materials allows water suitable for drinking to be
charged into the system for use as dialysate fluid. It also allows closed loop dialysis. That is, the
sorbent cartridge 136 enables regeneration of fresh dialysate from the spent dialysate coming from
the dialyzer 106. For the fresh dialysate fluid, a lined container or reservoir 138 of a suitable
capacity such as 0.5, 1, 5, 8 or 10 liters is provided.

Depending upon patient requirements and based on a physician’s prescription, desired
quantities of an infusate solution 140 can be added to the dialysis fluid. Infusate 140 is a solution
containing minerals and/or glucose that help replenish minerals like potassium and calcium in the
dialysate fluid at levels after undesired removal by the sorbent. A peristaltic pump 142 is provided
to pump the desired amount of infusate solution 140 to the container 138. Alternatively, the
infusate solution 140 can be pumped into the outflow line from reservoir 138. A camera 144 may
optionally be provided to monitor the changing liquid level of the infusate solution as a safety
check warning of infusate flow failure and/or function as a bar code sensor to scan bar codes
associated with additives to be used in a dialysis procedure. Optionally, an ammonia sensor 146

may be provided.
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A heater 148 is provided to maintain the temperature of dialysate fluid in the container 138
at the required level. The container 138 is also equipped with a scale 150 for keeping track of the
weight, and therefore volume, of the fluid in the container 138.

An air (or bubble) sensor 152 and a pinch clamp 154 are employed in the circuit to detect
and prevent any air, gas or gas bubbles from being returned to the patient.

A saline bag 156 is provided for filling the blood circuit 102 with sterile saline before it is
used for dialysis.

If implemented in a conventional manner, the system would manifest as a mesh of tubing
and would be too complicated for a home dialysis user to configure and use. Therefore, in order to
make the system simple and easy to use at home by a patient, implementations of the present
invention embody the fluidic circuits in the form of a compact manifold in which most components
of the fluidic circuit are integrated into a single piece of molded plastic or multiple pieces of
molded plastic that are configured to connect together to form a single operative manifold
structure. In various implementations a manifold is used to minimize the risk of blood clotting,
and eliminate air-blood interfaces for receiving an injection or administration of an anticoagulant.
In one implementation, the manifold of the present invention includes a composite plastic
manifold, into which the blood and dialysate flow paths are molded. Blood purification system
components, such as sensors and pumps, are placed into pressure, thermal, and/or optical
communication within the fluid flow contained within the molded manifold.

FIG. 2 is a diagram of the fluidic circuit for the compact manifold according to one
implementation of the present specification. The fluidic circuit includes four pump tube segments
P1 3301, P2 3302, P3 3303 and P4 3304 in pressure communication with pumps within the top
controller unit and pump shoes in the top controller unit door. It further includes five pressure
membranes in pressure communication with pressure transducers or sensors 3305, 3306, 3307,
3308 and 3309, and an area in thermal or optical communication with a temperature sensor 3310.
In the implementation illustrated in Figure 2, three two-way valves 3311, 3312 and 3313, each
comprising a pair of membranes, are integrated into the manifold. The two-way valves function
as valves when they are occluded by a pin, member or protrusion from the controller unit.

Grouped in this manner the pairs of membranes form three two-way valves 3311, 3312,
3313. The two-way valves provide greater flexibility in controlling the configuration of a circuit.

When conventional two-way valves are used to occlude portions of a fluid pathway, they are

10
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typically configured to enable two different fluid pathways, one for a first valve state and one for
the second valve state. Certain valve implementations, as disclosed below, used in combination
with the valve membranes or pressure points integrated into the manifold, enable more nuanced
control, enabling the creation of four distinctly different fluid flow paths.

Pump tube segments 3301, 3302, 3303, 3304 are bonded into the compact manifold. A
number of ports are provided in the manifold, which connect with tubes external to the manifold
to allow the flow of various fluids in and out of the manifold. These ports are connected to various
tubes in the blood purification system for carrying fluids as follows:

Port A 3315 — blood to the dialyzer 3330;

Port B 3316 — dialyzer output (used dialysate),
Port C 3317 — blood from the patient;

Port D 3318 - heparin for mixing in the blood;
Port E 3319 —reservoir output (fresh dialysate),
Port F 3320 - dialyzer input (fresh dialysate);
Port G 3321 — dialyzer output (blood);

Port H 3322 — patient return (clean blood);

Port J 3323 — connects to prime and drain line;
Port K 3324 — reservoir infusate input;

Port M 3325 — infusate in from the infusate reservoir;
Port N 3326 — dialysate flow into sorbent.

In one implementation, a tube segment, formed as a pathway molded into the manifold
structure 3300, connects the fluid flow of heparin 3314, entering via Port D 3318, to the fluid flow
of blood, entering via Port C 3317. The combined heparin and blood flow through port 3317a, via
pump segment 3301, and into port 3317b of the manifold 3300. A pressure transducer 3305 is in
physical communication with a membrane, formed in the manifold structure 3300, which, in turn,
passes the blood and heparin fluid through Port A 3315. Fluid flow out of the manifold 3300 at
Port A 3315 passes through dialyzer 3330, which is external to the manifold 3300. The dialyzed
blood passes back into the manifold 3300 through Port G 3321 and into a segment 3307, formed
as a pathway molded into the manifold structure 3300 that is in physical communication with a
pressure transducer. Fluid then passes from the segment through Port H 3322 and into a patient

return line.

11
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Separately, dialysis fluid enters the manifold 3300 from a reservoir via Port E 3319. Fluid
in the reservoir has infusate in it, which first enters the manifold 3300 via Port M 3325, passes
through a segment, formed as a pathway molded into the manifold structure 3300, through another
port 3325a, through a segment 3302 in communication with a pump, and back into the manifold
3300 via port 3325b. The infusate passes through a segment, formed as a pathway molded into the
manifold structure 3300, and out the manifold 3300 at Port K 3324, where it passes into the
reservoir. The dialysis fluid which entered the manifold via Port E 3319 passes through a segment,
formed as a pathway molded into the manifold structure 3300, through another port 3319a, through
a segment 3303 in communication with a pump, and back into the manifold 3300 via port 3319b.

The dialysate fluid passes into a segment, formed as a pathway molded into the manifold
structure 3300, which is in physical communication with two-way valve 3311. A segment, formed
as a pathway molded into the manifold structure 3300, passes the dialysate fluid to two-way valve
3313. The segment is in physical communication with pressure transducer 3308 and optional
temperature sensor 3310. The dialysate fluid passes out of the manifold 3300 through Port F 3320,
and into a line that passes into the dialyzer 3330.

A line out of the dialyzer 3330 passes fluid back into the manifold 3300 through Port B
3316 and into a segment, formed as a pathway molded into the manifold structure 3300, that is in
physical communication with two-way valve 3311, two-way valve 3312, and a pressure transducer
3306. The used dialysate fluid passes out of the manifold 3300 through port 3326b, through
segment 3304 in communication with a pump, and back into the manifold via port 3326a. A
segment in fluid communication with port 3326a is in physical communication with pressure
transducer 3309 and passes fluid through Port N 3326 and to a sorbent regeneration system.

FIG. 3 is a schematic of an exemplary manifold employed in an extracorporeal blood
processing system used for conducting hemodialysis and hemofiltration according to some
implementations of the present specification. As shown in FIG. 3, a blood circuit connection
between the patient and the dialysis system is maintained via tubular segment 302, which connects
to the manifold 300 at port C 304 and the patient at connection point 306. At arterial blood pump
flow rates in the range of 200 ml per minute to 500 ml per minute, if an occlusion is present in
arterial line 302, a pressure drop may be observed at or proximate to point 314 in the manifold
proximate to port A 316 which carries blood to the dialyzer 312 during active operation of the

hemodialysis system. In an implementation, blood flow pressure is measured at point 314 or 318
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which is positioned just before the patient’s blood enters the dialyzer 312. The measured pressure
is correlated with or compared to a pre-defined arterial pressure and an alarm is configured to be
triggered in cases of skewed correlation results.

Abrupt changes in pressure at points 314 and/or 318 may be used to provide an indication
of alarm. In an implementation, an abrupt change in arterial blood pressure is observed if the
arterial line carrying blood from a patient to port C 304 is clamped. Typically, the blood pressure
is negative at point C 304 which is the point of entry of the blood into the manifold 300, and is
positive upon exiting at port A 316. In the case of an occlusion in the arterial line 302, an abrupt
drop in blood pressure is observed at port A 316. In various implementations, a pressure sensor is
employed to measure the sudden pressure drop and cause an alarm to trigger in response.

In an implementation, a pressure sensor 320 is employed in the hemodialysis system as
shown in FIG. 3 to trigger a negative pressure alarm due to an occlusion anywhere in the arterial
line or tube segment carrying blood from the patient to the dialyzer 312. In implementations, the
pressure sensor 320 is positioned proximate point 314 (corresponds to point 3305 of FIG. 2) in the
manifold proximate port A 316 which carries blood to the dialyzer 312. Effectively, the pressure
sensor 320 is positioned at an output point of a blood pump that acts on the tube segment 301
between point 314 and the arterial line 302 (also referred to as a “patient out line”).

In an implementation, a slope of pressure change can be used to determine the type, extent,
and severity of the alarm. A threshold drop of 325mm Hg pressure over 3 seconds observed at port
A 316 indicates an arterial occlusion at all blood flow rates and causes an alarm to trigger. In
another implementation, during a saline bolus or flushing operation where saline is introduced via
saline bag 308 into Port D 310 of Figure 3, a threshold drop of 450mm Hg pressure over 3 seconds
at port A 316 indicates an arterial occlusion at all blood flow rates and causes an alarm to trigger.

The pressure signal data, generated by the pressure sensor 320, is read into a controller that
implements a process of analyzing pressure signal data to detect and alarm a sudden drop in
pressure due to occlusion - at arterial blood pump flow rates extending from 100 ml per minute to
600 ml per min and preferably at flow rates in the range of 200 ml per minute to 500 ml per minute.
It should be noted that pressure signal data is generated at a fast rate (by the pressure sensor 320)
with varying magnitude and having a plurality of positive and negative swings even though an

aggregated resulting signal may look stable. Therefore, to condition the pressure signal data by
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averaging and using the average for detecting a sudden drop in pressure is less optimal since the
averaging creates a delay that in turn causes an unwanted delay in alarm activation.

FIG. 8 is a flowchart illustrating a method of analyzing pressure signal data, generated by
the pressure sensor 320 of FIG. 3 or 3305 of FIG. 2, to detect and alarm a sudden drop in pressure
due to occlusion in an arterial patient line of a hemodialysis system. It should be appreciated that
this method is implemented by a controller comprising at least one processor and a non-transient
memory having a plurality of programmatic instructions stored therein. The pressure sensors,
which may be located in a dialysis machine, are in physical communication with a diaphragm or
valve structure positioned in the manifold at 320 of FIG. 3 or 3305 of FIG. 2. The pressure sensor
senses variations in pressure at the aforementioned points and communicates, in real-time, to a
non-transient memory. The processor retrieves the generated pressure data from non-transient
memory and executes the plurality of programmatic instructions embodying the process described
below.

At step 805, ‘n” number of pressure readings are recorded into the non-transient memory
over a period of ‘T’ seconds and spaced at intervals of ‘t” milliseconds. In some implementations,
n=16, T =8 seconds and t = 500 milliseconds. In other words, 16 pressure readings are recorded
every 500 milliseconds (or twice a second) over a period of 8 seconds. It should be appreciated
that n can be in a range of 4 to 160, T can be in a range of 2 to 80 seconds and t can be in a range
of 125 to 5000 milliseconds, or any increment therein.

At step 810, a mean or an average pressure value is calculated and stored for the recorded
‘n’ pressure readings. At step 815, a running average of successive ‘n’ pressure readings, is
calculated continuously to generate and store past or historic average pressure values over a course
of operation of the hemodialysis system. FIG. 9 is a graph 900 illustrating a curve 905 plotted for
continuously recorded running averages of successive ‘n’ pressure readings at an exemplary flow
rate of 500 ml per minute. Each running average is determined by obtaining the most recent ‘n’
readings and calculating the average of those readings. Therefore the running average at time T+1
will differ from the running average at time T by having incorporated the latest pressure reading
(at time T+1) and eliminated the oldest pressure reading (at time T-n, or ‘n’ readings ago).

To detect occlusion, at step 820, a plurality of recent or current pressure readings are
recorded. Each of these current readings are weighed and aggregated or summed up to obtain a

weighed aggregate recent or current pressure value. In an implementation, 6 recent or current
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pressure readings are recorded and each of these 6 recent or current pressure readings is weighed
using a first weight. In an implementation, the first weight is 1. Thereafter, a pressure drop or
difference is computed between a weighed past or historic average pressure value and the weighed
aggregate recent or current pressure value. In implementations, the past or historic average
pressure value is weighed using a second weight. In one implementation, the second weight is 6.
Referring back to FIG. 9, value ‘A’ 910 corresponds to recorded past or historic average pressure
value. Points 915 (represented as values b, ¢, d, e, f and g) correspond to a plurality of, such as 6,
recent or current pressure readings. Thus, in accordance with step 820, the pressure drop or
difference is calculated as follows:

Pressure drop or difference = (w1 x A) — (w2b+wsctwad+wsetwstf+wrg), where A is a
running average of n historical pressure values, variables b, ¢, d, e, f, and g are the most recently
sensed individual pressure values, and w1, w2, wsc, W, Ws, Ws, W7 are weighting factors, with wi
being in a range of 3 to 10, preferably 6, and w2, wsc, w4, ws, ws, and w7 being in a range of 1 to
5, preferably 1.

For example, upon initiating operation and throughout a dialysis procedure, the pressure
sensor senses, and transmits to the non-transient memory, a plurality of pressure values, 1...... m
where m represents the most recent pressure value. A first variable, A, is calculated using a subset
of those pressure readings. In one implementation, the controller determines A by obtaining n
pressure values, of the entire m pressure value dataset, where n is in a range of 4 to 120 values,
preferably 10 to 20 values, and more preferably 16 values. Additionally, the most recent value in
the n dataset is less recent than m. Stated differently, the n dataset of pressure values includes 10
to 20 values where the most recent value is equal to m-x, where ‘X’ is in a range of 3 to 10,
preferably 5. Consequently, the running average, A, is calculated using a dataset of n values which
comprise recent pressure values, but not the “x’ most recent data values, thereby constituting a
historical running average. This variable, A, is then weighted by a first weighting factor. Because
A is calculated based on historical data, and not the most recent ‘x’ sensed values, it can be
calculated and stored while the most recent ‘x’ sensed values are being concurrently generated,
thereby ensuring that ‘A’ is readily available for use and not delaying the occlusion detection
process and generation of an alarm.

Concurrently, some or all of the ‘x’ most recent data values are used to calculate the values

represented above as b, ¢, d, e, f, and g. Each of these values is weighted by a weighting factor,
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such as 1, and then summed. This sum is then subtracted from A, as shown in the equation above,
to yield the pressure difference. This pressure difference value is referred to as an occlusion
indicator value. It should be appreciated that this occlusion indicator value may be determined
using other functions than subtraction, including logarithmic, division, multiplication, addition,
and other mathematical functions.

At step 825, the pressure drop or difference is compared against a pre-defined threshold
pressure difference value. In one implementation, during a hemodialysis operation, the threshold
pressure difference value is 325mm Hg for all flow rates of the blood pump. In another
implementation, during a saline bolus operation, the threshold pressure difference value is 450mm
Hg pressure for all saline flow rates. Accordingly, at step 830, if the occlusion indicator value is
greater than or equal to 325 mm Hg, the controller is programmed to identify this drop as being
indicative of an occlusion and therefore initiate an auditory or visual occlusion alarm, along with
terminating or suspending the dialysis process. If, at step 835, the pressure difference is less than
325mm Hg, then the controller is programmed to keep operating and not trigger an auditory or
visual alarm because this difference is not attributable to an occlusion. The same process applies
with a saline bolus operation and a threshold pressure difference of 450 mm Hg. It should be
appreciated that since the recent or current pressure readings are aggregated, raw sensed data, and
not subjected to the averaging process of variable ‘A’ (which is concurrently done on historical
data), this leads to a faster response alarm. It should also be appreciated that the controller may
also be programmed to initiate an alarm, or suspend or terminate a dialysis procedure, if the
occlusion indicator value is less than or equal to a predefined threshold number, such as 325 mmHg
or 450 mmHg. In one implementation, the predefined threshold number is in a range of 200 mmHg
to 450 mmHg and any increment therein.

The occlusion detection method of FIG. 8 reliably identifies an occlusion with minimal
false positives or negatives and works for flow rates extending from 100 ml/minute to 600 ml/min
(preferably 200-500 ml/minute). The method also handles or accounts for pressure variance during
flow (which is not attributable to an occlusion but which conventional hemodialysis systems
mistake for an occlusion), which could range up to 50 mm Hg.

FIG. 10 is a block diagram illustration of the occlusion detection method of FIG. 8 in
accordance with one implementation. As shown in FIG. 10, each of the six registries or memory

blocks 1005 respectively store or record present or current pressure values. Each of the pressure

16



10

15

20

25

30

WO 2017/156193 PCT/US2017/021456

values at the blocks 1005 are weighed by a weight, such as 1, and summed up to generate a weighed
aggregate recent or current pressure value. At block 1010, a pressure drop or difference is
calculated between a weighed past or historic average pressure value (‘A’) and the weighed
aggregate recent or current pressure value. Block 1030 stores a historic or past mean or average
pressure value that in an implementation is calculated for 16 pressure readings over a period of 8
seconds and spaced at 500 milliseconds. The past or historic average pressure value is weighed,
using a weight of 6, as represented in block 1015. Finally, the pressure difference is compared, at
block 1020, against a predefined threshold pressure difference value (represented in block 1025)
to detect occlusion and resultantly trigger an alarm.

FIG. 4A illustrates a graphical representation of moving averages of multiple blood
pressure values corresponding to a blood flow rate of 300 mL/min over a predetermined period of
time. Point 402 represent the fluctuation in blood pressure values. Line 404 represents the moving
average of pressure values calculated with an interval value of two.

FIG. 4B illustrates a graphical representation of moving averages of multiple blood
pressure values corresponding to a blood flow rate of 500 mL/min over a predetermined period of
time. Point 406 represent the fluctuation in blood pressure values. Line 408 represents the moving
average of pressure values calculated with an interval value of two.

FIG. 5 illustrates another graphical representation 500 of moving averages of multiple
blood pressures values corresponding to predetermined blood flow rates over a predetermined
period of time.

FIG. 6 is a flowchart illustrating a method for detecting an occlusion in a tubing carrying a
patient’s blood into a dialyzer in a hemodialysis system, in accordance with an implementation of
the present specification. Described with reference to FIG. 3, the blood from the patient’s body is
pumped into the dialyzer via a manifold defining a blood flow path. At step 602 a first pressure
value of the blood before entering the manifold is measured. At step 604 a second pressure value
of the blood at a predetermined point after exiting the manifold, preferably point 3305 of FIG. 2
or 314 of FIG. 3, and before entering the dialyzer is measured. At step 606 it is determined if there
is occurrence of a predefined change, as described above, in blood pressure at the predetermined
point with respect to the blood pressure measurement before entering the manifold. At step 608 an
alarm is triggered upon occurrence of the predefined change in blood pressure, thereby indicating

an occlusion in the tubing carrying the patient’s blood into the dialyzer.
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FIG. 7 is a flowchart illustrating another method for detecting an occlusion in a tubing
carrying a patient’s blood into a dialyzer in a hemodialysis system, in accordance with an
implementation of the present specification. At step 702 a pressure value of the blood at a point
after exiting the manifold and before entering the dialyzer is measured, preferably point 3305 of
FIG. 2 or 314 of FIG. 3. At step 704, a sum of measured pressure values are compared with an
average arterial pressure value, as described above. At step 7006, it is determined if the difference
in pressure values is within a predefined range. At step 708 if the measured pressure value is not
within a predefined range of the arterial pressure value an alarm is triggered, thereby indicating an
occlusion in the tubing carrying the patient’s blood into the dialyzer.

The above examples are merely illustrative of the many applications of the system of present
invention. Although only a few implementations of the present invention have been described
herein, it should be understood that the present invention might be embodied in many other specific
forms without departing from the spirit or scope of the invention. Therefore, the present examples
and implementations are to be considered as illustrative and not restrictive, and the invention may

be modified within the scope of the appended claims.
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CLAIMS

We claim:

1.

A dialysis system comprising:

a manifold comprising an enclosed blood flow path, wherein said blood flow path
comprises a blood inlet port, a blood outlet port, and a flexible tube positioned between said
blood inlet port and blood outlet port;

a pressure sensor in physical communication with manifold at a position proximate said
blood outlet port;

a non-transient memory in data communication with said pressure sensor and configured
to store pressure values generated and transmitted by said pressure sensor;

at least one pump in physical contact with said flexible tube and configured to pump blood
from a patient’s body, through a tube, and through said blood flow path; and

a controller in data communication with said pressure sensor, said non-transient memory,
and said at least one pump, wherein said controller is configured to execute a plurality of
programmatic instructions in order to:

receive said pressure values;
determine an average of n pressure values, where n is a subset of said pressure values;
determine a sum of m pressure values, where m is a subset of said pressure values and
where m <n;
apply a function of said average of n pressure values and said sum of m pressure values
to generate an occlusion indicator value; and
based upon said pressure difference value, determine if an alarm should be triggered.
The dialysis system of claim 1 further comprising a housing that encloses said controller, the
at least one pump, and the pressure sensor, wherein said housing is adapted to detachably
receive said manifold.
The dialysis system of claim 1 further comprising a dialyzer in fluid communication with the
blood output port of said manifold.
The dialysis system of claim 3 wherein the pressure sensor is positioned between the blood
outlet port and the dialyzer.
The dialysis system of claim 1 wherein n is in a range of 10 to 20 pressure values.

The dialysis system of claim 1 wherein m is in a range of 3 to 10 pressure values.

19



10.

11

12.

13

14.

15.

16.

17

18.

WO 2017/156193 PCT/US2017/021456

The dialysis system of claim 1 wherein pressure values in the sum of m pressure values include
pressure values that are more recent than pressure values in the average of n pressure values.
The dialysis system of claim 1 wherein pressure values in the m subset of pressure values
include pressure values sensed later in time than pressure values in the n subset of pressure
values.

The dialysis system of claim 1 wherein said controller is configured to execute a plurality of
programmatic instructions in order to apply a weight to said average of n pressure values.

The dialysis system of claim 9 wherein said weight is in a range of 3 to 10.

. The dialysis system of claim 1 wherein said controller is configured to execute a plurality of

programmatic instructions in order to apply a weight to each pressure value in said sum of m
pressure values.

The dialysis system of claim 11 wherein said weight is in a range of 1 to 5.

. The dialysis system of claim 1 wherein said function takes a difference between said average

of n pressure values and said sum of m pressure values to generate the occlusion indicator
value.

The dialysis system of claim 13 wherein said controller is configured to determine an alarm
should be triggered when said occlusion indicator value is greater than or equal to a predefined
threshold number.

The dialysis system of claim 14 wherein said predefined threshold number is in a range of 200
to 450 mmHg.

The dialysis system of claim 13 wherein said controller is configured to determine an alarm
should be triggered when said occlusion indicator value is less than or equal to a predefined

threshold number.

. The dialysis system of claim 16 wherein said predefined threshold number is in a range of 200

to 450 mmHg.
A dialysis system comprising:

a manifold comprising an enclosed blood flow path, wherein said blood flow path
comprises a blood inlet port, a blood outlet port, and a flexible tube positioned between said
blood inlet port and blood outlet port;

a pressure sensor in physical communication with manifold at a position proximate said

blood outlet port;
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a non-transient memory in data communication with said pressure sensor and configured
to store pressure values generated and transmitted by said pressure sensor;
at least one pump in physical contact with said flexible tube and configured to pump blood
from a patient’s body, through a tube, and through said blood flow path; and
a controller in data communication with said pressure sensor, said non-transient memory,
and said at least one pump, wherein said controller is configured to execute a plurality of
programmatic instructions in order to:
receive said pressure values;
determine an average of n pressure values, where n is a subset of said pressure values;
determine a sum of m pressure values, where m is a subset of said pressure values, m
<n, and pressure values in the m subset of pressure values include pressure values sensed
later in time than pressure values in the n subset of pressure values;
obtain a difference of said average of n pressure values and said sum of m pressure
values to generate an occlusion indicator value;
compare said occlusion indicator value to a predefined threshold number; and
based upon said comparison, determine if an alarm should be triggered.
The dialysis system of claim 18 further comprising a housing that encloses said controller, the
at least one pump, and the pressure sensor, wherein said housing is adapted to detachably
receive said manifold and wherein upon inserting and installing said manifold and closing said
housing, said at least one pump is placed into physical contact with the flexible tube.
The dialysis system of claim 18 further comprising a dialyzer in fluid communication with the
blood output port of said manifold, wherein the pressure sensor is positioned between the blood
outlet port and the dialyzer.
The dialysis system of claim 18 wherein n is in a range of 10 to 20 pressure values.
The dialysis system of claim 21 wherein m is in a range of 3 to 10 pressure values.
The dialysis system of claim 18 wherein said controller is configured to execute a plurality of
programmatic instructions in order to apply a weight to said average of n pressure values.
The dialysis system of claim 23 wherein said weight is in a range of 3 to 10.
The dialysis system of claim 23 wherein said controller is configured to execute a plurality of
programmatic instructions in order to apply a weight to each pressure value in said sum of m

pressure values.
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The dialysis system of claim 25 wherein said weight is in a range of 1 to 5.

The dialysis system of claim 18 wherein said predefined threshold number is in a range of 200
to 450 mmHg.

The dialysis system of claim 18 wherein said predefined threshold number is 325 mmHg.

The dialysis system of claim 18 wherein at least five pressure values in the m subset of pressure
values include pressure values sensed later in time than pressure values in the n subset of
pressure values.

The dialysis system of claim 18 wherein said controller is configured to execute a plurality of
programmatic instructions in order to determine if a dialysis process should be suspended or

terminated based upon said comparison.
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