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BLOOD TREATMENT SYSTEMS AND METHODS

RELATED APPLICATIONS
This application claims the benefit, under 35 U.S.C. § 119(e), of U.S. Provisional
Application Serial No.61/489,544, entitled “Blood Treatment Systems and Methods,”
filed on May 24, 2011 and U.S. Provisional Application Serial No. 61/498,394, entitled
“Blood Treaiment Systems and Methods,” filed on June 17, 2011, both of which are

incorporated herein by reference in their entireties.

FIELD OF INVENTION
“The present invention generally relates to hemodialysis and similar dialysis
systems, €.g., systems able to treat blood or other bodily fluids extracorporeally. In
certain aspects, the systems include a variety of systems and methods that would make

hemodialysis more efficient, easier, and/or more aifordable.

BACKGROUND

Many factors make hemodialysis inefficient, difficult, and expensive. These
factors include the complexity of hemodialysis, the safety concerns related to
hembdia]ysis, and the very large amount of dialysate needed for hemodialysis.
Moreover, hemodialysis is typically performed in a dialysis center requiring skilled
technicians. Therefore any increase in the ease and efficiency of the dialysis process
could have an impact on treatment cost or patient ouicome.

Fig. 1is a schematic representation of a hemodialysis syétem. The system 5
includes two flow paths, a blood flow path 10 and a dialysate flow path 20. Blood is

drawn from a patient. A blood flow pump 13 causes the blood to flow around blood

flow path 1(Q, drawing the blood from the patient, causing the blood to pass through the

dialyzer 14, and retuming the blood to the patient. Optionally, the blood may pass
through other components, such as a filter and/or an air trap 19, before returning to the
patient. In addition, in some cases, anticoagulant may be supplied from an anticoagulant
supply 11 via an anticoagulant valve 12.

A dialysate pump 15 draws dialysate from a dialysate supply 16 and causes the
dialysate to pass through the dialyzer 14, after which the dialysate can pass through a
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waste valve 18 and/or return to the dialysate feed via dialysate pump 15. A dialysate valve 17
controls the flow of dialysate from the dialysate supply 16. The dialyzeris a type of filter having
a semi-permeable membrane, and is constructed such that the blood from the blood flow circuit
flows through tiny tubes and the dialysate solution circulates around the outside of the tubes.
Therapy is achieved by the passing of waste molecules {e.g:, urea, creatinine, etc)) and water
from the blood throuph the walls of the tubes and into the dialysate solution. At the end of

treatment, the dialysate solution is discarded.

SUMMARY
The present disclosure generally relates to hemodialysis and similar extracorporeal blood
treatment systems. The subject matter of the present disclosure involves, in some cases,
interrelated products, alternative solutions to a particulaf problem, and/or a-plurality of different
uses of one or more systems and/or articles. Although the various systems and methods

described herein are described in rélation to hemodialysis, it should be understood that the

'various systems and method described herein are applicable to other dialysis systems and/or in

any extracorporeal system able to treat blood or other bodily fluids, such as hemofiliration,
hemodiafiliration, etc.
In one aspect, the present invention provides a method for detecting blood iz a

dialysate circuit of a dialysis system, comprising;

substantially filling a first portion of a chamber (341) with used dialysate, the chamber
having a movable membrane (341¢) that fluidly separates the first portion of the chamber from a
second portion of the chamber;

transmitting light through the first portion of the chamber while the first portion is
substantially filled with used dialysate;

detecting a first light level for light transmitted through the first portion of the chamber;

substantially filling the second portion of the chamber with clean dialysate;

transmitting light through the second portion while the second portion is substantially
filled with clean dialysate;.

detecting a second light level for light transmitted through the second portion of the
chamber; and

determining a presence of blood in the first portion based on a comparison of the
detected first and second light levels. In another aspect, the present invention provides a dialysis

system, comprising;
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a chamber (341) including a membrane (34 1c) that is movable in the chamber and that
fluidly separates a first portion of the.chamber from a second portion of the chamber, the
chamber including a first inlet (341a) to the first portion and a second inlet (341b) to the second
portion;. and

a blood leak sensor (343) associated with the chamber and arranged to detect blood in the
first portion of the chamber, wherein the blood leak sensor is arranged to measure a first level if1
the first portion and a second level in the second portion for comparison of the first and second
levels to each other to determine whether blood is present in the first portion; and

wherein the blood leak sensor is arranged to measure the first level with the first portion
substantially full of fluid and the second portion substantially empty of fluid, and is arranged to
measure-the second level with the first portion substantially empty of fluid and the second
portion substantially full of fluid; and

wherein the chamber includes a wall that defines an interior volume of the chamber, and
the membrane is arranged to contact the chamber wall when the first and second portions are.
substantially full of fluid; and
wherein the blood leak sensor includes a light emitter (343a) positioned outside of the chamber
and a light detector (343b) positioned outside of the chamber,

In some examples, the system includes four fluid paths: blood; inner dialysate; outer dialysate
and dialysate mixing, In some examples, these four paths are combined in a single cassette. Tn
other examples, these four paths are each in a respective cassette. In still other examples, two or
more fluid paths are included on one cassette.

In one example, there is provided a hemodialysis system having at least two fluid paths

integrated into: 1) a blood flow pump cassette, 2) an inner dialysate cassette; 3) an outer dialysate.

cassette; and 4) a mixing casseite. The cassettes may be fluidly connecfed one fo another. In

some examples, one or more aspects of these cassettes can be combined into a single cassette.
Also provided, in another example, is a hemodialysis system including a blood flow path

through which untreated blood is drawn from a patient and is passed through a dialyzer and

through which treated blood is returned to the patient. The blood flow path may include at least

one blood flow pump located in 4 removable cassette.
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The hemodialysis system also can include a first receiving structure for receiving the blood flow
path’s cassette, a dialysate flow path through which dialysate flows from a dialysate supply
through the dialyzer, a second receiving structure for receiving the dialysate flow path’s cassetts,
and a control fluid path for providing a control fluid from an-actuator mechanism to the cassettes
for actuating each of the blood flow pump and the dialysate pump. In some instances, the
dialysate flow path can include at least one dialysate pump located in a removable cassette,

In yet another example, a hemodialysis system is disclosed. The hemodialysis system,
in this example, includes a blood flow path through which unireated blood is drawsn from a
patient and is passed through a dialyzer and through which treated blood is returned to the
patient. The blood flow path may include at least one blood valve. The hemodialysis system.
may also include a control fluid path for providing a control fleid. from an actuator mechanism to
the bloed valve for actuating the blood valve, a dialysate mixing system fluidly connected to the
dialyzer (which may include at least one dialyzer valve), and a heating means or g heater for
heating the dialysate.

Ahemodialysis system is disclosed in yet another cxample that includes a blood flow
path through which untreated blood is drawn from a patient and passed through a dialyzer and
through which treated blood is returaed to the patient. The blood flow path can include at least
one blood flow pump, The hemodialysis system also can include .a‘di&l'ys»"atc Bow path through
which dislysate flows from a dialysate supply through the dialyzer. The dialysate flow path may
include at least one pneumatic pump.

Also disclosed is 2 hemodialysis system. In one set of examples, the hemodialysis
system includes a blood flow path, a first cassefte defining an inner dialysate. fluid path, a
dialyzer in fluid communication with the blood flow path and the inner dialysate fluid path, a
second cassefte defining an outer dialysate fluid path, and a filter fluidly connecting the first
cassette to fhe second cassette,

In another set of examples, the hemaodialysis system, includes a blood flow path, an inner
dialysate fluid path, a dialyzer in fluid communication with the blood flow path and he inner
dialysate fluid path, an outer dialysate fluid path, a filter fluidly connecting the inner dialysate
fluid path and the outer dialysate fluid path, a first dialysate pump for pumping dialysate through
the inner dialysate fluid path, and a
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second dialysate pump for pumping dialysate through the outer dialysate fluid path, where the
second dialysate pump and the first dialysate pump are operably connected such that flow
through the inner dialysate fluid path is substantially equal to flow through the outer dialysate
fluid path.

The hemodialysis system, in yet another set of examples, includes a blood flow path
through which blood s drawn from 2 patient and passed through a dialyzer, and a dialysate flow
path through which dialysate flows from a dialysate supply through the dialyzer. In some cases,
the dialysate flow path comprises a balancing cassette which controls the amount of dialysate
passing through the dialyzer, a mixing cassette which forms dialysate from water, and a directing
cassette which passes water from a water supply to the mixing cassette and passes dialysate from
the mixing cassette to the balancing cassette.

In still another set of examples, the hemodialysis system includes a cassette system,
comprising a directing cassette, a mixing cassette and a balancing cassette. In some cases, the
directing cassette is able to direct water from a water supply to the mixing cassette and direct
dialysate from the mixing cassette to a balancing casseite, the mixing cassette is able to mix
water from the dirccting cassette with dialysate from a dialysate supply precursor to produce a
precursor, and the balancing cassette is able to control the amount of dialysate passing through a
dialyzer.

In one set of examples, the hemodialysis system includes a blood flow path through
which blood is drawn from a patient and passed throuph a dialyzer, the blood flow path including
a blood flow pump, a dialysate flow path through which dialysate flows from a dialysate supply
threugh the dialyzer, where the dialysate flow path includes a dialysate pump, énd a control fluid
path through which a conirel fluid actuates the blood flow pump and the dialysate pump.

The hemodialysis system, in another set of examples, comprises a.blood flow path
through which blood is drawn from a patient and passed through a dialyzer; and a dialysate flow
path through which dialysate flows from a dialysate supply through tbe dialyzer. In some cases,
the dialysate flow path includes at least one pneusmatic pump.

‘The hemodialysis system, in still another set of examples, includes a firsi pump
comprising a pumping chamber and an actuation chamber, a second pump comprising a pumping

chamber and an actuation chamber, a control fluid in fluidic
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communication with each of {lie actuation chambers of the first and second pumps, and a
confroller able fo pressurize the control fluid to control operation of the first and second pumps.

In yet another set of examples, the hemodialysis system includes.a first valve comprising
a valving chamber and an actuation chamber, a second valve comprising a valving chamber and
an actuation chamber, a control fluid in fluidic communication with each of the actuation
chambers of the first and second valves, and a controller able to pressurize the control fluid to
control operation of the first and second valves,

In one set of examples, the hemodialysis system includes a blood flow path.through
which blood is drawn from a patient and passed through a dialyzer, a casseite containing at least
a portion of the blood flow path, and a spike integrally formed with the cassctie, the spike able to
receive a vial of fluid, the integrally formed spike in finidic communication with the bleod flow
path within the cassefte.

The hemodialysis system, in another set of examples, includes a blood flow path through
which untreated blood is drawn from a patient and passed through a dialyzer, a dialysate flow
path through which dialysate flows from a dialysate supply through the dialyzer, the dialyzer
permitting dialysate to pass from the dialysate flow path to the blood.flow path, and a gas supply
in fluidic cothmunication with the dialysate flow path so that, when activated, gas from the gas
supply causes the dialysate to pass through the dialyzer and urge blood in the blood flow path
back to the patient.

In yet another set of examples, the hemodialysis system includes a blood flow path
through which untreated blood is drawn from a patient and passed through a dialyzer, a dialysate
flow path through which dialysate flows from a dialysate supply through the dialyzer, the
dialyzer permitting dialysate 1o pass from the dialysate flow path to the blood flow path, a fluid
supply, a chamber in fluid commumication with the fluid supply and the dialysate fluid path, the
chamber having a diaphragm separating fluid of the fluid supply from dialysafe of the dialysate
flow path, and a pressurizing device for pressurizing the fluid supply to urge the diaphragm
against the dialysale in the chaniber, so as to cause the dialysate to pass through the dialyzer and
urge blood in the blood flow path back fo the patient.

The hemodialysis-system, in still another set of examples, includes a blood flow path
through which untreated blood is drawn from a patient and passed through a
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dialyzer, a dialysate flow path through which dialysate flows from a dialysate supply through the
dialyzer, the dialysate flow path and the blood flow path being in fluidic communication, and a
pressure device able to-urge dialysate in the dialysate tflow path to flow into the blood flow path.

In one set of examples, the-hemodialysis system includes a first housing containing a.
positive-displacement pump actuated by a control fluid, a fluid coniduit fluidly connecting the
positive-displacement pump with a control fluid pump, and a second housing containing the
conirol fluid pump, where the second housing is detachable from the first housing,

Tn-another set of examples, the hemodialysis systen includes a housing comprising a
first compariment and a second compartment separated by an insulating wall, the first
compartment being sterilizable at a temperature of at least'about 80 °C, the second compartment
containing electronic components that, when the first compartment is heated to-a temperature of
at least about 80 °C, are not heated to a temperature of more than 60 °C.

The hemodialysis system, in yet another set of examples, includes a blood flow path
through which untreated blood is drawn from a patient and passed through a dialyzer, the blood
flow path including at least-one blood valve; a control fivid path for providing a control fluid
from an actvator mechanism to'the blood valve for actuating the blood valve; a dialysate mixing
sysiem fluidly connected to the dialyzer, including at least one dialyzer valve; and a heater for
heating the dialysate.

Also disclosed is a valving system. In one set of examples, the valving system includes a
valve housing coritaining a plurality of valves, at least two of which valves each comprises a
valving chamber and an actuation chiamber, each of the at least two valves being actuatable by a
control fluid in the actuation chamber; a control housing having a plurality of flnid-interface
ports for providing fluid communication with a control fluid from a base unit; and a plurality of
tubes extending between the valve housing and the control housing, each tube providing fluid
communication between one of the fluid-interface ports and at least-one of the actuation
chambers, such that the base unit can actuate a valve by pressurizing control fluid in the fluid

interface port.
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In one set of examples, the invention is directed to a valve including a first plate; a
second plate, the second plate having an indentation on a side facing the first plate, the
indentation having a groove defined therein, the groove being open in a direction facing the first
plate; a-third plate, wherein the second plate is located between the first and third plate; and a
diaphragm located in the indentation between the first plate and the second plate, the diaphragm
having a rim, the rim being held in the groove. The second plate may include a valve seat
arranged so that the diaphragm may be urged by pneumatic pressure to seal the valve seat closed,
the groove surrounding the valve seat. In some cases, a valve inlet and a valve outlet are defined
between the second and third plates. In one embodiment, a passage for providing pneumatic
pressure is defined between the first and second plates,

Also-disclosed is a pumping system. The pumping system, in one set of examples,
includes a pump housing confaining a plurality of pumps, at least two of which pumps each
includes a pumping chamber and an actuation chamber, each of the at least two purps being
actuatable by a control flutd in the actuation chamber; a conirol housing having a plurality of
fluid-interface potts for providing fluid communication with a contro} fiuid from-a base unit; and
a plurality of tubes extending between the pump housing and the control housing, each tube
providing fluid communication between one of the fluid-intesface ports atd at Ieast one of the
actuation chambers, such that the baseunit can actuate a pump by pressurizing control fluid in
the fluid interface port.

The disclosure is generally directed to a pumping cassette in ancther aspect. In one set
of examples, the pumping cassette includes at least one fluid inlet, at least one fluid outlet, a flow
path connecting the at least one fluid inlet and the at least one fluid outlet, and 4 spike for

attaching a vial to said cassette. The spike may be in fluidic communication with the flow path

1n some cases.

Also disclosed is a pumping cassette for balancing flow to and from a target. In ane set
of examples, the pumping cassette includes a cassette inlet, a supply line 10 the target, a return
line from the target, a cagsette outlet, a pumping mechanism for causing fluid to flow from the
cagsette inlet to the supply line and from the return lins to the cassette outlet, and a balancing
chamber. In some cases, the pumping mechanism includes a pod pump comprising a rigid
curved
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wall defining a pumping volume and having an inlet and an outlet, a pump diaphragm mounted
within the pumping volume; and an actuation port for connecting the pod pump to a. pneumatic
actuation system so that the diaphragm can be actuated to urge fluid into and out of the pumping
volume, wherein the pump diaphragm separates the fluid from a gas in fluid communication with
the pneumatic actuagion system. In certain-instances, the balancing chamber includes a rigid
curved-wall défining a balance voluwe; and a balance diaphragm mounted within thie balance
volume, where the balance diaphragm separates the balance volume into a supply side and 2
return side, each of the supply side and the return side having an inlet and an outlet. In some
cases, fluid from the cassette inlet flows to the supply side inlet, fluid from the supply side outlet
flows to the supply line, finid from the return line flows to the retnm side inlet, and fluid: from the
return side outlet flows (o the cassette outlet,

In another set of examples, the pumping system includes a systém inlet, a supply line to
the target, a.return line from the target, a system outlet, a pumping mechanism for causing finid
to flow from the system inlet to the supply line and from the return line to the system outlet, and
a balancing chamber.

In one example, the pumping mechanism-includes a pod pump comprising a rigid
spheroid wall defining 2 pumping volume and having an inlet and an outlet, a pump diaphragm:
mounted within and to the spheroid wall, and a port for connecting the pod pump to a pneumatic
actuation system so that the diaphragm can be actuated to urge fluid into and out of the pumping

volume. Iii some cases, the pump diaphragm separates the fluid from a gas in fluid

-communication with the pneumatic actuation system;

In certain instances, the balancing chamber includes a rigid spheroid wall defining:a
balanice volume, and a balance diaphragm mounted within and to the spheroid wall. In one
exatnple, the balance diaphragm separates the balance volume into a supply side and a return
side, each of the supply side and the return side having an infet and an outlet, In some cases,
fluid from the system ialet flows to the supply side inlet, fluid from the supply side outlet flows
to the supply line, fluid from the retutn line flows to the retum side inlet, and fluid from the
teturn side outlet flows to the system outlet. The pumping mechanism may dlso include valving
mechanisms located at each of the inlets and outlets of the supply side and the return side. The

valving mechanisms may be pneumaticaily actuated.
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Also disclosed is a cassette. In one set of examples, the cassette includes a first flow
path.comnecting a first inlet to a first ontlet, a second flow path connecting a second inlet ta a
second outlet, a pump able to pump fluid through at least a portion of the second flow path, and
at least two balancing chambers, each balancing chamber comprising a rigid vessel containing a
diaphragm dividing the rigid vessel into a first compartment and a second compartment, the first
compartment of each balancing chamber being in fluidic communication with the first flow path
and the second compartment being in fluidic communication with the second flow path.

In another set of examples, the cassette includes a first flow path contecting a first inlet
to a first ouflet; a-second flow path connecting a second inlet toa second outlet; a control fluid
path; at least two putiips, each pump comprising a rigid vessel containing a diaphragm dividing
the rigid vessel into & first compartment and a second compartment, the first compartment of
each pump being in fluidic communication with the confrol fluid path and the second
compartment being in fluidic communication with the second flow path; and a balancing
chamber able to balance flow between the first flow path and the second flow path.

The cassetle, in stll ariather set of examples, includes a first flow path connecting a first
inlet to a first outlet, a second flow path connecting a second inlet to a second outlet, and a rigid
vessel containing a diaphragm dividing the rigid vessel into a first compartment and a second
compartment. In some cases, fhe first compartment-are in fluidic communication with the first
fluid path and the second compartment being in fluidic communication with the second flow
path.

Also disclosed is.a pump. The pup includes, in one set of examples, a first rigid
component; a second rigid component, the second rigid component having on a side facing the
first plate a groove defined therein, the groove being open in a direction facing the first rigid
component; and a diaphragm having a rim, the rim being held in the groove by a friction fit in the
groove but without contact by the first rigid component against the rim. In some cases, the first
and second rigid components define, at least pariially, a pod-pump chamber divided by the
diaphragm into separate chambers, and further define, at least partially, flow paths intp the pod-

pump chamber, wherein the groove surrounds the pod-pump chamber.
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‘In another set of examples, the pump includes a substantially spherical vessel containing
a flexible diaphragm dividing the rigid vessel into a first compartment and a second
compartment, the first compariment and the second compartment not in fluidic communication
with each other, whereby movement of the diaphragm due to fluid entering the first.compariment
causes pumping of fluid within the second compartment to oceur.

In another set of examples, the pump is a reciprocating positive-displacement purnp. In
one embodiment, the pump includes a rigid chamber wall; a flexible diaphragm attached to the
rigid chamber wall, so that the flexible diaphragm and rigid chamber wall define a pumping
chamber; an inlet for directing flow through the rigid chamber wall into the pumping chamber;
an outlet for directing flow through the rigid chamber wall out of the pumping chamber; a.rigid
limit wall for limiting movement of the diaphragm and limiting the maximum volume-of the

pumping chamber, the fexible diaphragm and the rigid limit wall forming an actuation chamber;

- pneuinatic actuation system that infermittenitly provides a control pressure to the actuation

chamber. In some cases, flie pneumatic actuation system includes an actuation-chamber pressure

transducer for measuting the pressure of the actuation ¢hamber, a gas resetvoir having a first

‘pressure, a variable valve mechanism for variably restricting gas flowing between the actuation

-chamberand the gas reservoir, and a controller that receives pressure information from the

actuation-chambes pressure transducer and controls the variable valve 5o as to create.the control

‘pressure in the actuation chamber, the control pressure being less-than the first pressure.

Also disclosed is a mettiod. The method, in one set of examples, includes acts of

providing a first pump comprising a pumping chamber and an actuation chatuber, and a second

‘pump comprising a pumping chamber and an actuation chamber, urging a common fluid inio the

actuation chambers of each of the first and second pumps, and pressurizing the common fluid to
pump fluids through each of the first and second pumps.

In another set of examples, the method includes acts of providing a first valve
comprising a valving chamber and an actuatjon chamber, and a second valve comprising a

valving chamber and an actuation chamber, urging a common fluid into the actuation
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chambérs of each of the first and second valves, and pressurizing the common fluid to at least

‘partially inhibit fluid flow through each of the first and second valves.

In yet another set of cxamples, the method.is a mefliod for measuring the clearance of a
dialyzer, the dialyzer being located in-a blood flow path, through which untreated blood can be
drawn from a patient and passed through the dialyzer, and in a dialysate flow path, throngh
which dialysate can flow from a dialysate supply through the dialyzer, the blood flow path being
separated from the dialysate flow path by membranes in the dialyzer. In one embodiment, the
method includes acts of'urging a liquid through the dialysate flow path to the dialyzer, so as to
keep the membranes wet and prevent the flow of a.gas through the membranes, urging a gas
through the blood flow path to the dialyzer so as to fill the blood flow path in the dialyzer with
the gas, measuring the volume of gas'in the dialyzer, and calculating the clearance of the dialyzer
based on the volume of gas measured in the dialyzer.

The method, in still another set of examples, is a method for measuring the cleardnce of a
dialyzer, In one embodiment, the method includes-acts of applying a pressure differential-across
the dialyzer, measuring the flow rate of the dialyzet, and determining the clearance of the
dialyzer based on the pressure differential and the flow rate.

In yet another set of examples, the method is a fuethod for measuring the clearance of a
dialyzer. .Tn one embodiment, the method includes acts of passing water through the dialyzer,
measuring the amount of ious collected by the water afier passing through the dialyzer, and
determining the clearance of the dialyzer based on the amount of jons collected by the water after
passing through the dialyzer, In another set of examples, the method includes acts of passing
water through the dialyzer, measuring the conductivity of the water, and determining the
clearance of the dialyzer based on changes in the conductivity of the water.

In one set of examples, the method is a method for introducing a finid into blood. The
methad includes, in one embodiment, acts of providing a cassette inchuding an integrally formed
spike for receiving a vial of fluid, and a valving mechanism for controlling flow of the fluid from
the vial into the cassette, attaching & vial containing the fluid to the spike, pumping blood
through the cassette, and introducing the fluid from the vial into the blood.
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In one set of examples, the method includes acts of providing a hemodialysis system
comptising a blood flow path through which untreated blood is-drawn from a patient and passed
through a dialyzer, and a-dialysate flow path through which dialysate flows from a dialysate
supply through the dialyzer, putting the blood flow path and the dialysate flow path into fluidic
communication, and urging dialysate through the dialysate flow path to cause blood in the blaod
flow path to pass into the patient.

The method, in another set of examples, includes acts of providing a hemodialysis
system comprising a blood flow path through which untreated blood is drawn from a patient and
passed through a dialyzer, and a dialysate flow path through which dialysate flows from a
dialysate supply through the dialyzer, putting the blood flow path and the dialysate flow path into
fluidic communication, and urging a gas into the dialysate flow path to cause flow of blood in the
blood flow path,

The method is a method of performing hemodialysis, in still another set of examples: In
one example, the method includes sicts of providing a blood flow path, through which untreated
blood can be drawn from a patient and passed through a dialyzer; providing a dialysate flow path,
through which dialysate can flow from a dialysate supply through the dialyzer; providing
ingredienis for preparing a total volume of dialysate; providing water for mixing with the
dialysate ingredients; mixing a volume of water with a portion of the ingredients so as o prepare
-a first partial volume of dialysate, the first pariial volume being less than the fotal volume;
puinping the partial volume of dialysate through the dialysate flow path and through the dialyzer;
pumping blood throiigh the blood flow path and through the dialyzer, while the first partial
volume of dialysate is being pumped to the dialyzer; and mixing a volume of water with'a
portion of the ingredients so as o prepare a second partial voluthe of dialysate and storing the
second partial volume of dialysate within a vessel while the blood and the first partial volume of
dialysate are pumped through the dialyzer.

Tn another example, the method includes acts of passing blood from 4 patient-and

dialysate through a dialyzer contained within a hemodialysis system at a first rate, and forming

‘dialysate within the hemodialysis system at a second rate that is substantially different from-the

first rate, wherein excess dialysate is stored. within a vessel contained within the hemodialysis

systetn.
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Also disclosed is & hemodialysis system comprising a-dialysis unit and a user interface
unit, The dialysis unit comprises an automation computer and dialysis equipment. The user
interface unit comprises a user interface computer and a user interface, the user interface being
adapted to display information and receive inputs. The antomation computer is configured to
receive requesis for safety-critical information from the vser interface computer and to access the
safety-critical information on behalf of the user interface computer. The user interface computer
is configured to display information related to a dialysis process via the user interface using the.
safety-critical information.

Also-disclosed is a method of managing a user interface in a hemodialysis system. The
methed cornprises receiving an input related to a dialysis process at a user interface associated
with a user interface computer and, in response to the input, transmitting 4 request for safety-
critical information from the user interface compufer to an automation computet associated with
dialysis equipment. The method further comprises accessing the safety-critical infermation on
behalf of the user interface computer and, using the safety-critical information, displaying
information related o the dialysis process via the user inferface.

Also disclosed is a computer storage media encoded with instructions that, when
executed, perform a method. The method comprising acts of receiving, from a user interface
associated with a user nterface computer, an input related to a dialysis process and, in
response o the input, transmitting a request for safety-critical information from the user interface
computer to an automation computer associated with dialysis equipment. The method further
comptises accessing the safety-critical information on behalf of the user interface computer,
transmitting the safety-critical information to the user interface computer, accessing screen
design information stored within the user interface computer and, using the safety-critical
infoymation and the screen design information, cauging the user interface to display information
related to the dialysis process.

Also disclosed is amethod of making one or more of the examples described herein, for
example, a hemodialysis system. In-another aspect, the present invention is directed {ca method

of using one or more of the examples described herein, for example, a hemodialysis system.
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Also disclosed is a control architecture for such a hemodialysis system comprising a user
interface model layer, a therapy layer, below the user interface model layer, and a machine layer
below the therapy layer. The user interface model layer is configured to manage the state of a
graphical user interface and receive inputs from a graphical user interface. The therapy layer is
configured to run state machines that generate therapy commands based at least in part on the
inputs-from the graphical user hiterface. The machine layer is configured toprovide commands
for the-actnators based on the therapy commands.

Also disclosed is a method for disinfecting fluid pathways in a dialysis system. The
method comprises storing, on at least one storage medium, disinfection parameters inchuding a
disinfection teraperature and a disinfection time. The method further comprises circulating a
fluid in the fluid pathways, monitoring a temperature of the fluid at each of'a plurality of
femperature sensors, and determining that disinfection of the fluid pathways is complete when
the temperature of the fluid at each of the plurality of temperature sensors remains at.or above the
disinfection temperature for at least the disinfection time.

Also disclosed is at least one computer-readable medium encoded with instructions that,
when executed on at least one processing unit, perform a method for disinfecting fhuid pathways
in a dialysis system. The method comprises electronically receiving disinfection parameters
including a disinfection temperature and a disinfection time. The method further comprises
controlling a plurality of actuators to circulate a fluid in the fluid pathways, monitoring a
temperature of the fluid at each of a plurality of temperature sensors, and determining whether
the temperature of the fluid at each of the plurality of temiperature sensors remains at or above the
disinfection temperature for at least the disinfection time,

Also disclosed is a method for controlling the administration of an anficoagnlantin a
diafysis system, The method comprises storing, on at least one storage medium, an anticoagulant
protocol comprising & maximum amount of anticoagulant, automatically administering the
anticoagulant-according to the anticodgulant protocol, and prohibiting the administration of
additional anticoagulant after determining that the maximum amount of anticoagulant has been

administered.
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‘Also disclosed is at least one computér-readable medium encoded with instructions that,
when executed on at Ieast one processing unit, perform a method for controlling the
administration of an anticoagulant in 2 dialysis system. The method comprises electropically
receiving an anticoagulant protocol.comprising a maximum amount of anticoagulant, controlling,
a plurality of actuators to administer the anticoagylant according to the anticoagularit protacol,
and prohibiting the administration of additional anticoagulant after determining that the
maximum amount of anticoagulant has been administered.

Also disclosed is a method for defermining & fluid level in a dialysate tank of a dialysis
system. The method comprises tracking a first number of strokes delivering fluid 1o the dialysate
tank, iracking a sécond number of strokes withdrawing fluid from the dialysate tank, and
determining a fluid level in the dialysate tank based, at least in part, on the first number of
strokes, the second number of strokes, and & per-stroke valume,

Also disclosed is a method for determining a fluid level in a dialysate tank of a dialysis
system. The method comprises charging a reference chamber of a known volume to a
predetermined pressure and venting the reference chamber fo the dialysate tank, The method
further comprises, after venting the reference chamber to the dialysate tank, determining a.
pressure in the dialysate tank. In addition, the method comprises determining a fiuid level in the
dialysate tank baged, at least in part, on the determined pressure in the dialysate tank,

Also disclosed is-a methed for returning blood to a patient in the event of a power failure
condition in a dialysis system that uses compressed air to actoate pumps and/or valves dining a

dialysis pracess, wherein the dialysis system comprises a dialyzer having a membrane that

-separates a blood flow path from a dialysate flow path. The method comprises identifying a

power failure condition in a-dialysis systemn. The method further comprises, in response to the
identification of a power failure condition, releasing compressed air from a reservoir associated
with the dialysis system. In addition, the method comprises using the released compressed air,
increasing a pressure in the dialysate flow path to cause blood in the blood flow path to return fo

the patient.
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Also disclosed is a method for returning exiracorporeal blood to a patient, in an
exiracorporeal treatment sysiem, using a source of compressed gas in the event of a power
failure, The extracorporeal treatment system comprises.a filter having a semi-permeable
membrane that separates a blsod flow path from an electrolyte-solution flow path. The
compressed gas is In valved communication with an electrolyte solution container, and the
¢lectrolyte solution container. is in valved communication with the electrolyte solution flow path.
The method comprises, in response to a termination of electrical power to one or more
electrically actuated valves that contro! a distribution of compressed gas or a distribution of
elecirolyte solution flow in the extracorporeal treatment system, causing one or more first
electrically actuated valves to-open a first fluid pathway between the compressed gas and the
electralyte solution contalner, causing one or more second clectrically actuated valves to open
a second fluid pathway between said electrolyte solution container and said filter, causing one or
more third electrically actuated valves to close an alternate fluid pathway in said electrolyte
solution flow path if'said alternate fluid pathway diverts electrolyte solution away from said
filier; and using the compressed gas to increase pressure in the electrolyte solution flow path to
cause blood in the blood flow path td return 1o the patient.

Also disclosed is a method for returning extracorporeal blood to a patient, in an
extracorporeal treatment system, using a source of compressed gas in the event of a power
failure. The extracorporeal treatment system comprises a filter having a semi-permeabile
membrane that sepaiates a blood flow path from an electrolyte solution flow path. The
compressed gas is in valved communication with an electrolyte solution container, and the
electrolyte solution container is in valved communication with the electrolyte solution flow path,
The method comprises , in response to a termination of elecirical power to one or more
electrically actuated valves that control a distribution of compressed gas or a distribution of
electrolyte solution flow in the extracorporeal treatment system: causing one or more electrically
actuated valves to open a fluid pathway between the compressed gas and. the electrolyie solution
confaiter, and, using the compressed gas, causing flow: of an electrolyte sohution from the

elecirolyte solution container through the filter to cause blood in the blood flow path to return to

the patient,
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Also disclosed is a pressure distribution module. In certain examples, a pressure
distribution maodule is described that comprises one or more manifold blocks; at least one gasket;
oite or mote output ports; one or more supply lines; and
at least dne valve wherein, a first manifold block includes a face therein in which is formed
multiple chaniiels, the channels being sealed to form fluid passages by compressing a first gasket.
against the channels with a rigid backing plate, wherein
the supply lines are formed as passages through the manifold block that pass under one or more
of the channels, cach supply line being connected to a separate source of pneumatic pressure or
vacuum, and wherein the valve is fluidically connected 1o at least one supply line and an output
port via holes in the manifold block fluidically connecting the one or more channels to the valve,
supply line and output port..

In certain examples the pressure distribution module comprises two or more manifold
blacks; two or more gaskets; one.or more output ports; one or more supply lines; and
at least one valve wherein, a first manifold block includes a face having a plurality of channels
formed thereig, a second manifold block includes a first face having a plurality of channels
formed therein and an opposing second substantially smooth face, wherein
the channels on the first manifold block are sealed to form fluid passagés by compressing one of
the gaskets against the channels Wwith the second substantially smooth face of the second
manifold block, wherein the supply lines are formed by passages through the ihanifold blocks
that pass under at least some of the channels, each supply line being connected to a separate
source of pnenmatic pressure orvacuum when the module is configured in an operative
configuration, and wherein at least one valve is fluidically connected te at Icast one of the supply
lines and to at least one output port via-at least one hole penetrating from one or niore of the
channels to the valve, the supply line and the output port.

Also disclosed is hemodialysis systems. In ¢ertain examples, a hemodialysis system-is
disclosed that comprises a plurality of pneumatically operated diaphragm pumps and valves that
control the flow of blood and dialysate in a'hemodial_ysis apparatus, the pumps and valves being
actuated by a préssure source having a first positive pressure, a pressure source having a second

positive
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pressure that is less than the first positive pressure, or a pressure source having a negative
pressure, wherein the pumps and valves that contact blood in an extracorporeal circuit of the
system, when the system iz connected to a patient, are fluidly connected to the second positive
pressute source or the negative pressure source.

In certain examples, the hemodialysis system comprises a plurality of diaphragm based
reciprocating pumps;.a plurality of diaphragm based valves; and apressure distribution module
comprising a plurality of valves requiring electrical power for actuation and configured for
supplying a pressurized fluid to-operate the diaphragm based reciprocating pumps and the
diaphragm based valves to control the flow of blood and dialysate in the hemodialysis system,
wherein the pressure distribution module is configured to Tacilitate control of the system to
operate the pumps and valves to assume.open or closed positions as necessary to allow blood in

an extracorporeal circuit of the system ag connected to a patient during operation to be pushed

back to the patient upon the loss of electrical power or control in the hemodialysis system.

Also disclosed is heater circuits for a dialysis unit. In certain examples, the heater circuit
comprises a dialysate.path flow for carrying a flow of dialysate for use in a dialysis unit; a heater
arranged to heat dialysate m the dialysate flow path; a heater teﬁnpé}amre sensor arranged 1o
sense a heater tempetature of a portion of the heater; a pump to controllably move fluid in the
dialysate-flow path; )

4 heater control circuit to control the heater using a first control loop. to achieve a des_ir:ed heater
temperature by providing a heater control signal to control a heater power, wherein one-or more
gains are used by the heafer conirol cirenit to generate the heater control signal and the one or-
more gains are varied based on an operating mode of the dialysis unit.

Also disclosed is dialysis units including a field programmable gaie array (FPGA). In

certain examples, the dialysis unit includes a dialysate flow circuit including a dialyzer; and a

field programmable gate array (FPGA) that monitors at least conductivity and temperature of

dialysate in the flow cireuit upstream of a dialyzer and enters a fail-safe state if ‘the measuted
conductivity exceeds a value, and/or is outside of a range of values, wherein the value or range of
values is different for different modes of therapy, or the value or ranige of values is different for

different patients,
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In certain examples, the dialysis unit includes a dialysate flow circuit including a
dialyzer and an ultra-filtration pump; and a field programmable gate array that monitors an
atnount of ultrafiltration fluid withdrawn from a patient during dialysis treatment by the dialysis
unit by setting a given register to.a first value and increasing the value of the register by a first
incremental valie for every pump stroke of the ultra-filtration pump and decreasing the value of
the register by a second incremental valué for each pre-determined increment. of time, wherein
the- field programmable gate array enters a fail-safe state-if the value of the register exceeds a pre-
determined maximum value.

In certain examples, the dialysis unit includes a dialysate flow circuit including a
dialyzer;Aand‘an autematic computer processing unit that verifies before a siart of a treatment that.
a safety system mediated by a field programtmable gate array (FPGA) is operating properly by
exposing sensors in fluid paths in the dialysis unit to temperahires or conductivities that are
outside pre-determined permissible ranges of values, and confirming that the FPGA safety
‘system enters 4 fail-safe state in response to the temperatures or conductivites outside the
predetermified permissible ranges of values, wherein the computer processing unit resets the
FPGA after verifying that the safety system is operating properly by writing to one or more
registers in the FEPGA within a pre~deterinined interval of time,

Also disclosed is methods implemented by an operative set of processor executable
instructions.configured for execution by a computer processor. In certain examples, the method
comprises.deterniining if a tablet is connected to a base through a physical connection;
establishing a first communications {ink between the tablet and the base through the physical
connection; updating, if necessary, an interface program on the tablet and the base thiough the
first communications link; establishing a second communications link between the tablet and the
base using the first communications link; and communicating data from the base fo the tablet
using the second commimications link.

In certain examples, the ﬁethod comprises communicating data between a tablet and a
base as long ag a link quality value is above .a predetermined threshold;
eéntering into a headless state if the link quality value falls below the predetermined threshold;
remajning in the headless staie as ong as the link quality value remains below the predetermined
threshold; and determining if the link quality value retwns-above the
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predetermined threshold,; and exiting the headless state if the link quality value has returned to
above the predetermined threshold.

In certain examples, the method comprises communicating data between a tablet and a
base-as long as a link quality value is above a first predetermined thieshold;
entering into a headless state if the link quality value falls below the first predetermined
threshold; remairing in the headless state as lon-g,as the link quality value remains below a
second predetermined threshold: determing if the link quality value increases above the second
predetermined threshold; z;nd exiting the headless state if the link quality value exceeds the
second predetermined threshold.

Also disclosed arc pumping systems. In certain examples, the pumping system
comprises a reciprocating positive-displacement ﬁump comprising; a rigid chamber wall; a rigid
limit structure; a flexible membrane attached to the rigid chamber wall and interposed between
the rigid chamber wall and the rigid limit structure, such that the flexible membrane and rigid
chamber wall together define a pumping chamber and the flexible membrane and the rigid limit
structure together define an actuation chamber, and wherein the mg1d Himit structure is
constructed and positioned to limit'movement of the tmembrane and limit a maximum Volume of
the pumping chamber; an injet for directing flow through the rigid chamber wall into the
pumping chamber; and an outlet for. directing flow through the rigid chamber wall out of the
pumping chamber; an actuatlon system that alternately- provides either a positive or a nepative
pressure o the actuation chamber; wherein the actuation system includes:

a reservoir containing a control fluid at-either a positive or.a negative pressure, and

a valving mechanism for controlling a flow of control fluid between the aciuation chamber and
the reservoir; an actuation-chamber pressure transducer for measuring a-pressure of the actnation
chamber; and a controller that receiyes pressure information from the actoation-chamber pressure
transducer and confrols the valving mechanism via a valve control signal to provide a given
pressure with a superimposed periodic variation to the actuation-chamber, and caleulates & first
cross-correlation between the said valve control signal and said actuation-chamber pressure and
calculates a second cross-correlation between the said valve control signal shifted a quarter

period and said actuation-chamber pressure and calculates a correlation number by the sum of the
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squares of the said first and second cross-correlation values and uses said correlation number in
evaluating the flow through the pump. &
In certain examples, the pumping system comprises more than one reciprocating

positive-displacement pump comprising! a tigid chamber wall;

a rigid limit structure; a flexible membrane attached to the rigid chamber wall and interposed
between the rigid chamber wall and the rigid limit structure, such that the flexible membranc and
rigid chamber wall together define a pumping chamber and the flexible membrane and the rigid
limit structure together define an'actuation chamber, and wherein the rigid limit structure is
constructed and positioned to limit movement of the membrane and limit a maximum volume of
the pumping chamber; ‘an inlet for directing flow through the rigid chamber wall into.the
pumping chamber; and an outlet for directing flow: through the rigid chamber:wall out of the
pumping chamber; an actuation system that alternately provides either a positive or a negative
pressure to the actuation chamber; wherein the actuation system includes! a reservoir containing
a control fluid at either a positive or a negative pressure, and a valving mechanism for controlling
a flow of control fluid between the actuation chamber and the reservoir; an actuation-chambet
pressure fransducer for measuring a pressure of the actuation chamber; and a controller that
receives pressure information from the actuation-chamber pressure iransducer and controls the
valving mechanism via a valve control signal to provide a given pressure with a superimposed
periodic variation to the actuation-chamber; wherein a frequency of the said supefimposed
periodic variation is different for each reciprocaiing positive-displacement pump.

In certain by evens, the pumping system comprises a reciprocating positive-

displacement pump comprising: a rigid chamber wall; a rigid limit structure;

a flexible membrane attached to the rigid chamber wall and inferposed between the rigid
chamber wall and the rigid limit:structure, such that the flexible membrane and rigid chamber
wall together define a pumping chamber and the flexible membrane and the rigid limit structure
together define an actuation chamber, and wherein the rigid limit structure is constructed and
positioned to limit movement of the membrane and limit a maximum volume of the pumping
¢hamber; an inlet for directing flow through the rigid chamber wall into the pumping chamber;
and an outlet for directing flow through the rigid chamber wall out of the pumping chamber; an

actuafion system that alternately
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provides cither a positive or a negative pressute to the actuation chamber; wherein the actuation
system inchudes: a reservoir containing a control fluid at either a positive or a negative pressure,

and a valving mechanism for controlling & flow of conirol fluid between the actuation chamber

.and the reservoir; an actuation-chamber pressure transducer for measuring a pressuré of the

actuation chamber; and a controller thatreceives pressure information from the actuation-
chamber pressure transducer and controls the valving mechanism via a valve control signal to
provide a given pressure with a superimposed periodic variation to the actuation-chamber, and
caleulates a first cross-correlation between the said valve control signal and said acfuation-
chamber pressure and uses said first cross-correlation value in evaluating the flow through the
pump.

In certain examples, the pumping system comprises a reciprocating positive-
displacement pump comprising: z rigid chamber wall; a rigid limit stricture; a flexible
membrane attached to the rigid chamber wall and interposed between the rigid chamber wall and
the rigid limif structure, such that the flexible membrane and rigid chamber wall together define a
pumping chamber and the flexible membrane and the rigid limit structure together define an
actuation chamber, and wherein the rigid limit structure is constructed and positioned to limit
movement of the membrane and limit the maximum volume of the pumping chamber; an inlet for
directing flow through the rigid chamber wall into the pumping chamber; an outlet for directing
flow through the rigid chamber wall out of the pumping chamber; and an actuation system that
alfernately provides either a positive or a.negative pressure to the actuation chamber; wherein the
actuation system includes: a reservoir containing a control fluid at either a positive ot a negative
pressure, and a valving mechanism for controlling a flow of control fluid between the actuation
chamber and the reservoit; an actuation-chambet pressure transducer for measuring a pressure of
the actuation chamber; and a controlier that receives pressure information from the actuation-
chamber pressure transducer and in a first time period conirols the valving mechanism to
complete a full stroke by moving the diaphragm from a position fouching the rigid limit sicucture
to a position touching the rigid chamber wall and to record the value of a stroke parameter at the
end of said full stroke and in a subsequent time period controls the valving mechanism to

complete partial strokes by
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moving the diaphragm wntil the said stroke parameter is a fraction of the full siroke value,

Also digclosed are methods for performing hemodialysis using and ultrafiltration pump
fo control the volume of fluid removed from the patient, In certain examples, the method
comprises setiing an ultrafil{ration pumping rate over a planned duration of hemodialysis to
achicve a pre-determined volume of fivid to be removed from the patient; periodically
backflushing a pre-determined volume of dialysate from a dialysate source theough a dialyzer
membrane to an extracorporeal blood circuit connected to the patient; and adjusting the
ultsafiltration pamping rate to remove.the volume of fluid backflushed during the courseof
hemodialysis.

Also disclosed are-systems for administering a dose of medication to-a patient whose
vascular system is fluidly connected to an extracorporeal blood circuit comprising an arterial
flow path for delivering fluid from the patient to a dialyzer and a venous flow path for delivering
fluid from the dialyzer to the patient, In certain examples, the system comprises a vial of
medication fluidly connected to a medicafion pump, the medication pump in valved fluid
commusication with a primary fluid pump in the extracorporeal circuit; a first gas bubble
detector for detecting gas bubbles in the arterial flowpath; medication pump valves and primary
fluid pump inlet and outlet vdlves under conitrol of a controller to direct fluid flow from the
dialyzer to the-patient.either via the arterial flowpath or the venous flowpath, wherein in a first
arfangement, the-coniroller arranges the valves o cause medication to flow from the medication
pump to the patient via the arteérial flowpath, and in a second arrangement, the controller arranges
the valves to cauge medication to flow frorm the medication pump to the patient via.the venous
flowpath if the controller receives a signal from the gas hubble detector indicating the presence

of ene or more gas bubbles in the arterial flowpath.

Other advantages and novel features of the present invention will become apparent from
the following detailed description of various non-limiting embodiments.of the invention when
considered in conjunction with the accompanying figures. In-cases where the present
specification and a document incorporated By reference include conflicting and/or inconsistent

disclosure, the present specification shall control. If two



10

15

25

30

-24 .

or more documents incorporated by reference include conflicting and/or inconsistent
disclosure with respect to each other, then the document having the later effective date

shall control.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting embodiments of the present invention will be described by way of
example with reference to the accompanying figures, which are schematic and are not
intended to be drawn to scale. In the figures, each identical or nearly identical
compenent illustrated is typically represented by a single numeral. For purposes of
clarity, not every component is labeled in every figure, nor is every component of each
embodiment of the invention shown where illustration is not necessary to allow those of
ordinary skill in the art to understand the invention, In the figures:

Fig. 1 is a schematic representation of & hemodialysis system;

Figs. 2A-2B are high-level schematics of various embodiments of a dialysis
system;

Figs. 3A-3B are schematics showing an example of a [luid schematic fér a
dialysis system;

Figs. 4A-4B are schematic representations of various embodiments of a blood
flow circunit that may be used in-a hemodialysis system;

Figs. 4C and 4D are perspective and side views, respectively, of the air trap
shown in Fig. 4A;

Fig. 5 is a schematic representation of one embodiment of a balancing circuit that
may be used in a hemodialysis systen;

Fig. 6 is a schematic representation of a directing circuit that may be used in a
hemodialysis systemn;

Figs. 7A-7B are schematic representations of mixing circuits that may be used in
a hemodialysis system; '

Figs. 8A-RC are graphical representations of phase relationships;

Fig. 9 is a sectional view of a valve that may be incorporated into embodiments
of the fluid-control casseties;

' Fig. 10 is a sectional view of 2 pod-pump that may be incorporated into

embodiments.of the fluid-coritrol cassettes;



10

15

20

25

30

-5 -

* Figs. 11A-11B are schematic views of various pneumatic contro] system for a

pod pump;

Fig. 12 is a graph showing how pressures applied to a pod pump may be
controtled;

Figs. 13A-13B are graphical representations of occlusion detection;

Fig. 14 is a diagram of one embodiment of a control algorithm;

Fig. 15 is a diagram of one embodiment of the controller’s standard discrete PI
regulator; ‘

Fig. 16 is a schematic representation of 2 dual-honsing cassette arrangement
according to one embodiment,

Figs. 17A-17C are schematics relating to the priming of a portion of a system, in
one embodiment of the invention; "

Figs. 18A-18B illustrate the fluid flow of dia]ysate. from a dialysate tank, through
the dialyzer and out to drain in one embodiment of the inveation;

Fig. 19 illustrates emptying of a dialysate tank, in another embodiment of the
invention;

Fig. 20 illustrates the purging of the system with air at the end of weatment
according (o one embodiment of the invention;

Figs. 21A-21C illustrate the drawing of air in an anticoagulant pump, in still
another embodiment of the invention;

Figs. 22A-22D illustrate integrity tests according to certain embodiments of the
invention:

Fig. 23 illustrates a recicculating flow path, in another embadiment of the
inveniion; .

Figs. 24A-24D illustrate the priming of a system with dialysate, in yet another
embodiment of the invention;

Fig. 25 illustrates the priming of an anticoagulant pump, in still another
embodiment of the invenﬁon;

Figs. 26A-26F illostrate the removal of dialysate from a blood flow circuit, in one
embodiment of the invention; :

Figs, 27A-27C illustraie the delivery of a bolus of anticoagulant to a patient, in

another embodiment of the invention;
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Fig. 28 illustrates solution infusion, in one embodiment of the invention;

Figs. 29A-29Bare schematic representations showing how an emesgency rinse-
back procedure can be implemented;

Figs. 30A and 30B are isomettic and top views of an outer top plate of an
exemplary embodiment of the cassette;

Figs. 30C and 30D are isometric and top views of an inner top plate of an
exemplary embodiment of the ¢assette;

Fig. 30E is a side view of the top plate of an exemplary embodiment of an
cassette;

Figs. 31A and 31B are isometric and top views of the liquid side of a midplate
according to an exemplary embodiment of the casseite;

Figs. 31C and 31D are isometric and top views of the air side of a midplate
according to an exemplary embodiment of the cassette;

Figs. 32.A and 32B are isometric and top views of the inner side of a bottom plate
according to an exemplary embodiment of the cassette;

Figs. 32C and 32D are isometric and top views of the outer side of a bottom plate
according to an éxemplary embodiment of the cassette;

Fig. 32E is a side view of a bottom plate according to an exemplary émboc!iment
of the cassette;

Fig. 33A is a top view of an assembled exemplary embodiment of a cassette with
a vial attached;

Fig. 33B is a bottom view of an assembled exemplary embodiment of a cassette
with a vial attached; -

Fig. 33C is an exploded view of an assembled exemplary embodiment of a
cassette with a vial;

Fig. 33D is an exploded view of an assembled exemplary embodiment of a
cassette with a vial; ' _

Fig. 34A is an isometric bottom view of an exemplary embodiment of the
midplate of an exemplary embodiment of the cassette;

Fig. 34B is an isometric top view of the midplate of an exernplary embodiment of

a cassette;



10

20

25

30

-7 -

Fig. 34C is an isometric bottom view of an exemplary embodiment of the
midplate of a cassette;

Fig. 34D is a side view of an exemplary embodiment of the midplate of a
cassette;

Figs. 35A-35B are isometric and top views of an exemplary embodiment of the
top plate of an exemplary embodiment of the cassetie;

Figs. 35C-35D are isometric views of an exemplary embodiment of the top plate
of an exemplary embodiment of the cassette;

Fig. 35E is a side view of an exemplary embodiment of the top plate of a cassette;

Pigs. 36A and 36B are isometric bottom views of an exemplary embodiment of

the bottom plate of an exemplary embodiment of a cassette;

Figs. 36C and 36D arc isometric top views of an exemplary embodiment of the
bottom plate of an exemplary embodiment of a cassette;

Fig. 36E is a side view of an exemplary embodiment of the bottom plate of an
exemplary embodiment of a cassetic;

Fig. 37 is an isometric front view of an exemplary embodiment of the actuation
side of the midplate of a cassette with the valves indicated corresponding to Fig. 36;

Fig. 38A is.a view of an exemplary embodiment of the outer top plate of a
cassette;

Fig, 38B is a view of an exemplary embodiment of the inner top plate of a
cassette;

Fag. 38C is a side view c;f an exemplary embodiment-of the top plate of a
cassette; '

Fig. 39A is a view of an exemplary embodiment of the fluid side of the midplate
of a cassette;

Fig. 39B is a front view of an exemplary embodiment of the air side of the.
midplate of a casselte; 7

Fig. 39C is a side view of an exemplary embodiment of the midplate of a
cassette;

Fig. 40A is a view of an exemplary embodiment of the inner side of the bottom

plate of a cassette;
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Fig. 40B is a view of an exempiéry embodiment of the outer side of the bottom
plate of a cassette, '

Fig. 40C is'a side view of an exemplary embodiment of the midplate of a

casselte,

Figs. 41 A and 41B are isometric and front views of an exemplary embodiment of
the outer top plate of an exemplary embodiment of a cassette;

Figs. 41C and 41D are isometric and front views of an exemplary embodiment of
the inner top plate of a cassette;

Fig. 41E is a side view of the (op plate of an exemplary embodiment of a cassette;

Figs. 42A and 42B are isometric and front views of an exemplary embodiment of
the liquid side of the midplate of a cassette;

Figs. 42C and 42D are isometric and front views of an exemplary embodiment of
the air side of the midplate of a cassetie;

Fig. 42E is a side view of the midplate according to an exemplary embodiment of
a cassette; .

Figs. 43A and 43B are isometric and front views of the inner side of a bottom
plate according to an exemplary embodiment of a cassette;

Figs. 43C and 43D are isometric and front views of an exemplary embodiment of
the outer side of the bottom plate of a cassette;

Fig. 43E is a side view of a bottom plate according to an exemplary embodiment
of a cassette; _

Fig, 44A is a top view of an assembled exemplary embodiment of z cassette;

Fig. 44B is a bottom view of an assembled exemplary embodiment of a cassette;

Fig. 44C is an exploded view of an assembled exemplary embodiment of a
cassette,

Fig. 44D is an exploded view of an assembled exemplary embodiment of &
cassette; “ ,

Fig. 45 shows a cross sectional view of an exemplary embodiment of an
assembied casseite;

Fig. 46A is a front view of the assembled exemplary embodiment of the cassette

system;
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Fig. 46B is an isometric view of the assembled exemplary embodiment of the
cassette system;

Fig 46C is an isometric view of the assembled exemplary embodiment of the
cassette system;

Fig. 46D is an exploded view of the assembled exemplary embodiment of the
cassette system;

Fig. 46E is an exploded view of the assembled exemplary embodiment of the
cassetie system;

Fig. 4TA is an isometric view of an exemplary embodiment of the pod of the
cassefte system;

Fig. 47B is an isometric view of an exemplary embodiment of the pod of the

‘cassette system;

Fig. 47C is a side view of an exemplary embodiment of the pod of the cassette
system;

Fig. 47D is an isometric view of an exemplary embodiment of one half of the pod
of the cassette system;

Fig. 47E is an isometric view of an exemplary embodiment of one half of the pod
of the cassetie system;

Fig. 48A. is a pictorial view of the exemplary embodiment of the pod membrane
of the cassette sysiem;

Fig. 48B is a pictarial view of the exemplary embodiment of the pod membrane
of the cassette system;

Fig. 49 is an exploded view of an exemplary embodiment of the pod of the
cassette system;

Fig. 50A is an exploded view of one embodiment of a check valve fluid line in
the cassetie system;

Fig. 50B is an exploded view of one embodiment of a check valve fluid line in
the cassetie system, | )

Fig. 50C is an isometric view of an exemplary embodiment of a fluid line in the
casselic sysietn;

Fig. 51A is one embodiment of the fluid flow-path schematic of the cassette

system integrated;
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Fig. 51B is one embodiment of the fluid flow-path schematic of the cassette
system integrated;

Figs. 52A-52F are various views of one embodiment of the block for connecting
the pneumatic tubes to the manifold according to one embediment of the present system;

Fig. 53is a view of another exemplary sensor manifold;

Fig. 54 is a view of the fluid paths within the exemplary sensor manifold shown
in Fig. 53;

Pig, 55 is a side view of the exemplary sensor manifold shown in Fig. 53;

Fig. 56A is a cross sectional view of the exemplary sensor manifoid shown in
Fig. 53 at cross section A-A of Fig. 56B;

Fig. 56B is a front view of the exemplary sensor manifold shown in Fig. 53;

Fig. 57 is an exploded view of the exemplary sensor manifold shown in Fig. 53;

Fig. 58 is a view of a printed circuit board and media edge connector in
accordance with the exemplary sensor manifold shown in Fig. 53;

Fig. 59 is an exemplary fluid schematic of 4 hcmo'dialys'is system;

Fig. 60 is a perspective view of an exemplary embodiment of a user
interfacefireatment device combination;

Fig. 61 is a schematic view of an exemplary hardware configeration for each of
the dialysis unit and the user interface unit shown in Fig. 60;

Fig. 62 is a schematic view showing exemé]ary software processes that may
execute on the automation computer and user interface computer shown in Fig. 61;

Fig. 62a is a schematic view showing the interactions of the software processes
described in connection with Fig. 62,

Fig. 62b is a schematic view showing an alternative hardware configuration the
dialysis unit of Fig. 61 including a hardware interface board having a field
programmable gate array (FPGA) safety system;

Fig. 63 is a schematic view showing an exemplary flow of information between
and among the hardware and software components of the user interface computer and
automation computer,;

Fig. 64 is a schematic view of an exemplary hierarchical state machine (HSM)

that may be used by the U] Controlier shown in Fig. 63;
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Fig. 65 is a schematic view of normal screen displays and alarm screen displays
that may be displayed by the user interface shown in Fig. 61;

Fig. 66 is a schematic view showing how the Therapy Layer interfaces with other
layers, such as the Machine Layer and User Interface Model Layer;

Fig. 67 is a schematic view showing an exemplary implementation of the
Machine Layer shown in Fig. 66;

Fig. 67a is a schematic view showing an exemplary implementation of the
Dialyzer Impedance Clearance operation;

Fig. 67b is a schematic view showing an exemplary implementation of the
Circulate Dialysate operation;

Fig. 67c is a schematic view showing an exemplary implementation of the
Heparin Vial Connection Test operation;

Fig. 67d is a schematic view showing an exempiary implementation of the
Heparin Bolusing operation;

Fig. 67e is a schematic view showing an exemplary implementation of the Empty
Tank operation;

Fig. 68 is a schematic view showing shows an exemplary implementation of the
Recycle Preparation application;

Figs. 69A-B are schematic views showing shows an exemplary implementation

‘of the Clean Blood Path application;

Figs. 70A-B are schematic views showing shows an exemplary implementation
of the Disinfect application;

Fig. 71 is a schematic view showing shows an exemplary implementation of the
Rinse Endotoxins application;

Fig. 72 is a schematic view showing shows an exemplary implementation of the
Treatment Preparation application; .

Figs. 73A-D are schematic views showing shows an exemplary implementation
of the Paiient Connect application; ’

Figgs, 74A-B are schematic views showing shows an exemplary implementation
of the Dialyze application;

Figs. 75A-E are schematic views showing shows an exemplary implementation

of the Solution Infusion application;
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Figs. 76A-B are schematic views showing shows an exemplary implementation
of the Rinseback application;

Fig. 76C graphically illustrates vitrafiltration fluid flow in one exemplary
implementation of the hemodialysis apparatus;

Fig. 76D graphically illustrates ultrafiltration fluid flow including periodic
backflushing of fiuid across a dialyzer membrane in another exemplary implementation
of the hemodialysis apparatus;

Fig. 76E graphically iliustrates ultrafiltration fluid flow including other infusions ‘
or withdrawals of fluid from a patient during hemodialysis;

Fig. 76F illustrates a screen view for display on a graphical user interface to
samynarize the resuits of a hemodialysis therapy;

Fig. 77 is a schematic view showing shows an exemplary implementation of the
Take Samples application;

Figs. 78A-C is a schematic view showing shows an exemplary impiementation of
the Replace Components application; .

Figs. 79A-B are schematic views showing shows an exemplary implementation
of the Install Chemicals application;

Fig. 80 shows, in the context.of the hemodialysis sysiem, a pathway hetween a
pressurized air tank and 2 dialysate tank;

Fig. 8lisa fluid schematic of a hemodialysis system illustrating the blood side
and dialysate side flow pathways used for measuring dialyzer clearance according {0 an
ernbodiment of the invention;

Fig. 82 is a plot of measured and model conductivity data versus pump stroke
number used in the determination of dialyzer clearance according to an embodiment of
the invention; -

Fig. 83 is a plot correlating a dialyzer parameter K determined from data such as
that illastrated in Fig. 82 with measured urea clearance;

Fip. 84 shows 4 schematic diagram of a balancing circuit that includes a

‘balancing chamber and an associated blood leak sensor;

Fig. 85 shows a cross sectional front view of a balancing chamber and blood leak
sensor in an illustrative embodiment;

Fig, 86 shows a bottom view of the Fig. 85 embodiment;
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Fig. 87 shows a lower left side perspective view of the Fig. 85 embodiment;

Fig. 88 shows a perspective view of a blood leak sensor bracket in this illustrative
embodiment; .

Fig. 89 shows a schematic diagram of a dialysis system including an air trap and
accumulator ina water supply conduit in an illustrative embodiment;

Fig. 90 shows a front view of an air trap in an illustrative embodiment;

Fig. 91 shows a bottom view of the air trap of Fig. 90;

Fig. 92 shows a cross sectional front view of the air trap of Fig. 90;

Fig. 93 shows a front view of an accur.nulator in an illustrative embodiment;

Fig. 94 shows a bottom view of the accurulator of Fig. 93;

Fig, 95 shows a cross sectional front view of the air trap of Fig. 93;

Fig. 96 shows an upper front left perspective view of the air trap of Fig. 93;

Fig. 97 shows a top view of a cassette system in an illustrative embodiment;

Fig. 98 shows a rear view of the cassette system of Fig, 97;

Fig. 99 shows a right side view of the cassette system of Fig. 97;

Fig. 100 shows an upper right rear perspective view of the cassette system of Fig.
9T

Fig. 101 A is an isometric view that shows the front of the pressure distribution
madule according to an embaodiment of the inveation; '

Fig. 101B is an isometric view that shows the back of the pressure distribution
module according to an embodiment of the invention;

Fig. 102 is an isometric view of left and right interface blocks for use with the

pressure distribution module of Fig. 101;

Fig. 103 is an exploded view showing how interface blocks are secnred with
respect to the pressure distribution module of Fig. 101;

Fig. 104 is a detailed isometric view of the back of the pressure distribution
module according to an embodiment of the invention;

Fig. 105 is an exploded view of an embodiment of a multi-part ppeumatic
manifold; ‘

Fig. 106 is an isometric view showing the flow channels of the end-manifold
block; '
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Fig. 107 is an exploded view of an alternative embodiment of the multi-part
pneumatic manifold; 7

Fig. 108 is an exploded view of another alternative embodiment of the multi-part
preumatic manifold;

Fig. 109 is an isometric view of a pressure distribution module showing the vary-
valves and pressure sensor PCB;

Fig. 110 is an isometric view of a pressure distribution module showing the
cartridge-valves and the pressure supply fittings;

Figs. 111A-111D are isometric views showing details of a mid-manifold blocks;

Fig. 112 is a schematic of exemplary pod pump with an FMS system;

Fig. 113 is a'schematic-of 2 pneamatic routing for a blood cassetie;

Fig. 114 is a schematic of a pneumatic routing for an inner dialysate cassette;

Fig. 115 is a schemafic of a ppenmatic rouiing for an ovter dialysate cassefte;

Fig. 116 is a schematic of a pneumatic routing for a mixing cassetie;

Fig. 117 is a schematic of a preumatic routing for an occluder;

Fig. 118is a flow schematic for a blood cassette;

Fig. 119 is a flow schematic for an inner dialysate cassette;

Fig. 120 is a flow schematic for an outer dialysate cassette;

Fig. 121 is a flow schematic for a mixing cassette;

Fig. 122 is a schematic representation of a di@ﬁng circuit that may be used ina
hemodialysis system;

Fig. 123 A is a schematic of a heater temperature control loop;

Fig. 123B is a schematic of a heater temperature contro} Joop nested inside a fluid -
temperature control leop;

Fig. 123C is a schematic of a heater power conirol loop;

Figs. 124-129 show flow chart diagrams illustrating a method for communicating
between a tablef and a base in accorciénce with an embodiment of the present disclosure.

Fig. 130 is a plot of simulated valve conunand and pressure response used in
cross-correlation calculations.

Fig. 131 is a plot of illustrative curves from cross-correlation calculations.:

Fig. 132 is a plot of simulated valve commmands and pressure response where the

phase angle between the command and the pressure changes.
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Fig. 133 1is the a plot of cross-correlations resuits based on simulated valve
command and response including a phase shift.

Fig. 134 is a plot of pressures and cross-correlations from a fill and deliver
stroke.

Fig. 135 is a plot of pressures and cross-correlations from a fill and deliver stroke
with an occlusion.

Fig. 136 is a schematic of a pressure driven diaphragm pump actuated by binary
valyes. '

Fig. 137 is a plot of the valve actuation and the resulting pump pressure during a
deliver stroke.

Fig. 138 is a plot of the pump pressure and integrated pressure change while
valve is closed for a deliver stroke. ‘ »

Fig. 139 is a plot of the pump pressure and integrated pressure change while
valve is closed for a fill stroke.

Fig. 140 is a schematic of a pressure driven diaphragm pump actuated by binary
valves.

Fig. 141 is a cutaway view of a water inlet module used in a hemodialysis
apparatus; '

Fig, 142 is a perspective view of the water inlet module of Fig. 141;

Fig. 143 shows a water sensor used in the water inlet module of Fig. 141;

Fig. 144 shows a location for the water inlet module of Fig. lin a hemodialysis
apparatus

Figs. 145A-145B show a state diagram that llustrates the operation of a dialysis
apparatus when used with a tablet having a user interface for the dialysis apparatus in

accordance with an embodiment of the present disclosure;

DETAILED DESCRIPTION
The present invention generally relates to hemodialysis and similar
extracorporeal blood treatment systems, including a variety of systems and methods that
would make hemodialysis more efficient, easier, and/or more affordable. One aspect of
the invention is generally dh:ectcd to new fluid circuits for fluid flow. In one set of

embodiments, a hemodialysis system may include a blood flow path and a dialysate flow
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path, where the dialysate flow path includes one or more of a balancing circuit, a mixing
circuit, andfor a directing circuit. Preparation of dialysate by the mixing circuit, in some
iristances, may be decoupled from patient dialysis. In some cases, the circuits are
defined, at least partially, within one or more casseites, optionally interconnected with
conduits, pumps, or the like. In one embodiment, the fluid circuits and/or the various
Nuid flow paths may be at least partially isolated, spatially and/or thermally, from
electrical components of the hemodialysis system. In some cases, a gas supply may be
provided in fluid communication with the dialysate flow path and/or the dialyzer that,
when activated, is able to urge dialysate to pass throngh the dialyzer and urge blood in
the blood flow path back to the patient. Such a system may be useful, for example, in
certain emergency situations (e.g., a power failure} where it is desirable to return as.
much blood 1o the patient as possible. The hemeodialysis system may also include, in
anotber aspect of the invention, one or more fluid handling devices, such as pumps,
valves, mixers, or the like, which can be actuated using a control fluid, such as air. In
some cases, the conirol fluid may be delivered to the fluid handling devices using an
external pump or other device, which may be detachable in certain instances. In one
embodiment, one or more of the fluid handling devices may be generally rigid (e.g.,
having a spheraid shape), optionally with a diaphragm contained within the device,
dividing it into first and second compariments.

Various aspects of the present invention are generally directed to new systems for
hemodialysis and the like, such as hemofiltration systems, hemodiafiltratiop systems,
plasmaphergsis systems, etc. Aeccordingly, although the various systems and methods
described herein are described in relation to hemodialysis, it should be understaod that
the various systems and method described herein are applicable to other dialysis systems
and/or in any extracorporeal system able to treat blood or other bodily fluids, such as
plasma. 7

As discussed above, a hemodialysis system typically includes a blood flow path
and a dialysate flow path, It should be noted that within such flow paths, the flow of
fluid is not nccessarily linear, and there may be any number of “branches™ within the
flow path that 2 fluid can flow from an inlet of the flow path to an outlet of the flow path.
Examples of such branching are discussed in detail below. In the blood flow path, blood
is drawn from a patient, and is passed through a dialyzer, before being retumed to the
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patient. The blood is treated by the dialyzer, and waste molecules (e.g., urea, creatinine,

etc.) and water are passed from the blood, through a semi-permeable membrane in the

-dialyzer, into a dialysate schution that passes through the dialyzer by the dialysate flow

path. In various embodiments, blood may be drawn from the patient from two lines
{e.g., an arterial line and a venous line, i_e., “dual needle” flow), or in some cases, blood
may be drawn from the patient and returned through the same needle (e.g., the two lines
may both be present within the same neadle, i.e., “‘single needle” flow). In siil] other
embodiments, a *Y™ site or “T" site is used, where bload is drawn from the patient and
seturned to the patient throngh one patient connection having two branches {one being
the fluid path for the deawn blood, the second the fluid path for the retum blood). In an
embodiment, 8 “Y" or “T” connection can be made with a single-lomen needle or
catheter. In another embodiment, a “dual needle” flow effect can be obtained with the
use of a single catheter or needle having dual lumens. The patient may be any subject in
need of hemodialysis or similar treatments, although typically the patient is a human.
However, hemodialysis may be performed on non-hnman subjects, such as dogs, cats,
mankeys, and the like.

In the dialysate flow path, fresh dialysate is prepared and is passed through the
dialyzer to tweat the blood from the blood flow path. The dialysate may also be equalized
for blood treatment within the dialyzer (i.e., the pressure between the dialysate and the
blood are equalized), t.e., the pressure of dialysate through the dialyzer is closely
matched to the pressure of blood through the dialyzer, often exactly, or in some
embodiments, at least within about 1% or about 2% of the pressure of the blood. In
some cases, it may be desirable t0 maintain a greater pressure difference (either positive
or negative) between the blood fiow path and dialysate flow path. After passing through
the dialyzer, the used dialysate, containing waste molecules {as discussed below), is
discarded in some fashion, In some cases, the dialysate 15 heated priorto treatment of
the biood within the dialyzer using an appropriate heater, such-as an electrical resistive
heater. The dialysate may also be filtered to remove contaminants, infectious organisms,
debris, and the Like, for instance, using an ultrafilter. The ultrafilter may have a mesh or
pore size chosen to prevent species such as these from passing therethrough. For
instance, the mesh or pore size may be less than about 0.3 micrometers, less than about

(.2 micrometers, less than about 0.1 micrometers, orless than about 0.05 micrometers,
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ete, The dialysate is used to draw waste molecules (e.g., urea, creatinine, ions such as
potassium, phosphalé, etc.) and water from the blood inio the dialysate through osmosis
or convective transport, and dialysate solutions are well-known to those of ordinary skill
in the art.

The dialysate typically contains various ions such as sodium chioride,
bicarbonate, potassium and calcium that are similar in concentration to that of normal
blood. In some cases, the bicarbonate, may be at a concentration somewhat higher than
found in normal bload. Typically, the dialysate is prepared by mixing water from a.

water supply with one or more ingredients: an “acid” (which may contain vartous species

-such as acetic acid, dextrose, NaCl, CaCl, KCi, MgCl, etc.), sodium bicarbonate

(NaHCO3), and/or sodium chloride (NaCl). The preparation of dialysate, including using
the appropriate concentrations of salts, osmolarity, pH, and the like, is well-known to
those of ardinary skill in the art. As discussed in detail below, the dialysate need not be
prepared at the same rate that the dialysate is used to treat the blood. For instance, the
dialysate can be made concurrently or prior to dialysis, and stored within a dialysate
storage vessel or the like.

Within the dialyzer, the dialysate and the blood typically do not come into
physical contact with each other, and are separated by a semi-permeable membrane.
Typically, the semipermeable membrane is formed from a polymer such as cellulose,
polyarylethersuifone, polyamide, polyvinylpyrrolidone, polycarbonate, polyacrylonitrile,
or the like, which allows the transport of jons or small molecules (e.g., urea, water, etc.),

but does not allow bulk transport or convection during treatment of the blood. In some

cases, even larger molecules, such as beta-2-micreglobulin, may pass through the

membrane. In other cases, convective transfer of fluid, 1ons and small molecnles can
occur, for example, when there is a hydrostatic pressure difference across the semi-
permeable membrane.

The dialysate and the blood do not come into contact with each other in the
dialyzer, and are usually separated by the membrane. Often, the dialyzer is constructed
according to a “shell-and-tube™ design comprising a plurality of individual tubes or
fibers (through which blood flows), formed from the semipermeable membrane,
surrounded by a larger “shell” through which the dialysate flows (or vice versa in some

cases). Flow of the dialysate and the blood through the diatyzer can be countercurrent,
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or concusrent in some instances. Pialyzers are well-known to those of ordinary skill in
the art, and are obtainable from a number of different commercial sources.

In one aspect, the dialysate flow path can be divided into one or more circuits,

_such as a balancing circuit, a mixing circuit, and/or a directing circuit. It should be noted

that a circuit, in reference to fluid flow, is not necessarily fluidically isolated, i.e., fluid
may flow into a fluid circuit and out of a flnid circuit. Similarly, a fluid may pass from
one fluid circait to another fluid circuit when the fluid circuits are in fluid
communication or are fluidly connected to each other. It should be noted that, as used
herein, “Fluid” means anything having fluidic properties, including but not limited to,
gases such as air, and liquids such as water, aqueous solution, blood, dialysate, etc.

A fliuid circuit is typically a well-defined module that receives a certain pamber
of fluid inputs and in some cases performs one or more tasks on the fluid inputs, before
directing the flnids to appropriate outputs. In certain embodiments of the invention, as
discussed below, the fluid circuit is defined as a cassette. As a specific example, a
dialysate flow path may include a balancing circuit, a directing circuit, and a mixing
circuit, As another example, a blood flow path may include a blood flow circuit, Within
the balancing circuit, dialysate is introduced into the balancing circuit and pumps operate
on the dialysate such that the pressure of dialysate passing throngh the dialyzer balances
the pressure of blood passing throuigh ‘tl_'le, dialysate, as previously discussed. Similarly,
within the directing circuit, fresh Hia]ysate is passed from the mixing circuit to the
balancing circuit, while used dialysate is passed from the balancing circuit to a drain.
Within the mixing circuit, ingredients and water are mixed together 10 form fresh
dialysate. The blood flow circuit is uséd to draw blood from the patient, pass the hiood
through a dialyzer, and retumn the blood to the patient. These circuits will be discussed in
detail below, |

An example of a hemodialysis system having such fluid circuits is illustrated
schematically in Fig. 2A as 2 high-level overview. Fig. 2A illustrates a dialysis system 5
that includes a blood flow circuit 10, through which blood passes from a patient to a-
dialyzer 14, and through which treated blood returns to the patient. The hemodialysis
system in this example alse includes a balancing circuit 143 (part of an internal or inner
dialysate circuit), which takes dialysate after it passes through an ultrafitter 73 and passes
the dialysate through dialyzer 14, with used dialysate returning to balancing circuit 143
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from dialyzer 14. A directing circuit-142 {part of an external orouter dialysate circuit)
handles fresh dialysate before it passes through vltrafilier 73. A mixing circuit 25
prepares dialysate, for instance, on an as-needed basis, during and/or in advance of
dialysis, etc., using various ingredients 49 and water. The directing circuit 142 can also
receive water from a water supply 30 and pass it to mixing circuit 25 for preparation of
the dialysate, and the directing circuit 142 can also receive used dialysate from balancing
circuit 143 and pass it out of system 5 as waste via drain 31. Also shown, in dotted lines,
are conduits 67 that can be connected between blood flow cireuit 10, and directing circuit
142, e.g., for disinfection of the hemodialysis system. In one set of embodiments, one or
more of these circuits (e.g., the blood flow circuit, the balancing circuit, the directing
circuit, andfor the mixing circuit) may include a cassette incorporating the valves and
pumps needed for controlling flow through that portion.” Examples.of such systems are
discussed in detail below,

Fig. 2B is a schematic representation of a hemodialysis system according to one
embodiment of the invention. In this schematic, a blood flow cassette 22 is used to
control flow through the blood flow circuit 10, and a dialysate cassette 21 is used to
control flow through the dialysate circuit. The blood flow cassette includes at least one
inlet valve 24 (in other embodiments, more than one inlet valve is included) to control
the flow of blood through cassette 22 as well as an anticoagulant valve or pomp 12 to
control the flow of anticoagulant into the blood, and a blood flow pump 13, which may
include a pair of pod pumps in some cases. These pod pumps may be of the type (or
variations of the type) as described in U.S. Provisional Patent Application Serial No.
60/792,073, filed April 14, 2006, entitled “Extracorporeal Thermal Therapy Systems and
Methods”; or in U.S, Patent Application Ser. No. 11/787,212, filed April 13, 2007,
entitled “Fiuid Pumping Systems, Devices and Methods,” each of which is incorporated
herein in its entirety. All the pumps and valves in this example system may be controlled
by a control system, e.g., an electronic and digital control system, althongh other control
systems are possible in other embodiments. )

Providing two pod pumps may allow for a more continuons flow of blood
through the blood flow circnit 16; however, 4 single pod pump, such as a single pod
pump may be used in other embodimems. The pod pumps may include active inlet and

outlet valves (instead of passive check valves at their inlets and outlets) so that fiow in
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the blood flow circuit 10 may be reversed under some conditions. For instance, by
reversing flow in the bload flow circuit, the hemaodialysis system can check whether the
outlet of the blood flow circuit is propetly connected to the patient so that the treated
blood is correctly returned to the patient. If, for example, the patient connection point
has been disconnected, e.g., by falling out, reversing the blood flow pump would draw
air rather than blood. This air can be detected by standard air detectors incorporated into
the system,

In another embodiment, blood outlet valve 26 and air trap/filter 19, which are
located downstream of the dialyzer, may be incorporated into blood flow cassette 22,
The pod pumps and all the valves (including the valves associated with the pod pumps’
inlets and-outlets) in the blood flow cassette 22 may be actuated pneumatically. Souarces
of positive and negative gas pressure in onec embodiment, are provided by a base unit
holding cassette or other device holding the cassette. However, in other embodiments,
the positive and negative gas pressure may-be provided by an external device fluidiy
connected to the cassettes, or any device build into the system The pump chamber may
be actuated in the manner described in U.S. Provisional Patent Application Serial No.
60/792,073, filed April 14, 2006, entitled “Extracorporeal Thermal Therapy Systems and
Methods™; or in 17.5. Patent Application Ser. No. 11/787,212, filed April 13, 2007,

entitied “Fluid Pumping Systems, Devices and Methods,” referred to hereinabove. For

instance, the pumps may be controlled and the end of stroke detected in the manner
desr;ribed below. The blood flow cassette 22 may also contain an integrally formed
spike for receiving a vial of anticoagulant.

The anticoagulant pump, in one embodiment, includes three fluid valves (which
may be controlied with a control fluid) and a single pumping compartment (aithough
there may be more than one pumping compartment in other embodiments. The valves
may connect the compartment to a filtered air vent, to a vial of anticoagulant (or other
anticoagulant supply, such as a bag or a bottle, efc.), or to the blood flow path. The
anticoagulant pump can be operated by sequencing the opening and closing of the fluid
valves and controlling the pressure in the pump compartment, €.g., via the control fliid.
When the anticoagulant is removed from the vial it may be replaced with an equal
volume of air, .g., to keep pressure within the vial relatively constant. This replacement

of anticoagujant volume with air may be accomplished, for example, by (i) opening the
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valve from the filtered air vent to the pump compartment, (ii) drawing air into the
compartment by connecting the negative pressure source to the chamber, (iii} closing the
air vent valve, (iv) opening the valve connecting the compartment to the vial, and (v}

pushing air into the vial by connecting the positive pressure source to the compartment.

The anticoagulant can be pumped from the vial into the blood flow path with & similar

sequence, using the valves to the vial and the blood path rather than the valves to the air

vent and the vial.

Fig. 3A is a schematic diagram showing a specific embodiment of the general
overview shown in Fig. 2A. Fig. 3A shows, in detail, how a blood flow circuit 141, a
balancing circuit 143, a directing circuit 142, and a mixing circuit 25 can be
implemented on casseties and made 1o interrelate with each other and to a'dialyzer 14, an
ultrafilter 73, and/or a heater 72, in accordance with one embodiment of the invention, It
should be understood, of cousse, that Fig. 3A is only one possibie embodiment of the
general hemodialysis system of Fig. 2A, and in other embodiments, other fluid circuits,
modules, flow paths, layouts, etc. are possible. Examples of such systems are discussed

in more detail below, and also can be found in the foilowing, each of which is

‘incorporated herein by reference: U.S. Provisional Patent Application Serial No.

60/903,582, filed February 27, 2007, entitled “Hemodialysis System and Methods™; U.S.
Provisional Patent Application Seriai No. 60/904,024, filed February 27, 2007, entitled
“Hemodialysis System and Methods™;, U.S. Patent Application Serial No. 11/871,680,
fiied October 12, 2007, entitled “Pumping Cassetie™; U.S. Patent Application Serfal No.
11/871,712, filed October 12, 2007, entitled “Pumping Cassetie™; U.S. Patent
Application Serial No. 11/871,787, filed October 12, 2007, entitled “Pumping Cassette™;
U.S. Patent Application Serial No, 11/871,793, filed October 12, 2007, entitled
“Pumping Cassette”; or U.S. Patent Application Serial No. 11/871,803, filed October 12, _
2007, entitled “Cassette System Infegrated Apparatus.”

The components in Fig. 3A will be discussed in detail below. Briefly, blood flow
circuit 41 includes an anticoagulant supply 11 and 2 blood flow pump 13 which pumips
blood from a patient to a dialyzer 14. The anticoagulant supply 11, although shown in
the path of blood flowing towards the dialyzer, in other embodiments, may be instead
located in the path of blood flowing towards the patient, or in another sujtable location,

such as upstreém or downstream of blood flow pump 13. The anticoagulaat supply 11
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may be placed in any location downstream from blocd flow pump 13, Balancing circuit
143 includes two dialysate pumps 15, which-also pump dialysaie into dialyzer 14, and a
bypass pump 35. Directing circuit 142 includes a dialysate pump 159, which pumps
dialysate from dialysate tank 169 through heater 72 and/or ultrafiiter 73 to the balancing
circuit. Directing circuit 142 also takes waste fluid from balancing circuit 143 and
directs it to a drain 31. In some cases, the blood flow circuit 141 can be connected via
conduits 67 to directing circuit 142, e.g., for disinfection, as discussed below. Dialysate
flows into dialysate tank 169 from a dialysate supply.

1n certain embodiments, the invention provides methods for making dialysate
from water contained within or supplied to the system and at least one supply of solutes -
contained within or supplied to the system. For example, as is shown in Fig. 34, 3B, 7A
and 7B the dialysate is produced in mixing circuit 25. Water from water supply 30 flows
through directing circuit 142 into mixing circuit 25, Dialysate ingredients 49 (e.g.,

bicarbonate and acid) are also added into mixing circuit 25, and a series of mixing pumps

‘180, 183, 184 are used to produce the dialysate, which is then sent to directing circuit

142. This method, and the control thereof, to ensure acceptable dialysate quality is
produced and maintained during treatment is described in more detail below.

In this example éystcm, ane of the fluid circuits is a blood flow circuit, e.g., blood
flow circuit 141 in Fig. 3A. in the blood flow circuit, blood from a patient is pumped
through a dialyzer and then is returned to the patient. In some cases, blood flow circuit is
implemented on a cassette, as discussed below, although it need not be, The flow of
blood through the blood flow circuit, in some cases, is batanced with the flow of
dialysate flowing through the dialysate flow path, especially through the dialyzer and the
balancing circuit. B

One example of a blood flow circuit is shown in Fig. 4A, Generally, blood flows
from a patient through arterial line 203 via blood flow pump 13 to dialyzer 14 (the
direction of flow during normal dialysis is indicated by arrows 205; in some modes of
operation, however, the flow may be in different directions, as discussed below).
Optionally, an anticoagulant may be introduced into the blood via anticoagulant pump 80
from ap anticoagulant supply. As shown in Fig. 4A, the anticoagulant can enter the
blood flow path after the blood has passed through blood flow pump 13; however, the

anticoagulant may be added in any suitable location along the blood flow path in other
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embodiments. For example, in Fig. 4B, the anticoagulant enters the blood flow path
before the blood has passed through blood flow pump 13. This may be useful, for
example, if a blood pump cassette of the type shown in Figs. 30C-33D is used, and blood
flow is direcled to cause blood {o enter at the top of the cassette, and exit at the bottom of
the cassette. The blood purnp chambers can thus additionally serve to trap air that may
be present in the blood before it is pumped to the dialyzer. In other embodiments,
anticoagulant supply 11 may be located anywhere downstream from the biood flow
pump. After passing through dialyzer 14 and undergoing dialysis, the blood returns to
the patient through venous line 204, optionally passing through air trap and/or a blood
sample port 19.

As is shown in FBg. 44, blood flow cassette 141 also includes one or more blood
flow pumps 13 for moving blood through the blood flow cassette. The puinps may be,
for instance, pumps that are actuated by a control fluid, such as is discussed below, For
instance, in one embodiment, pump 13 may _cbmprise two (or more) pod pumps, 6.2.,
pod pumps 23 in Fig. 4A. Each pod pump, in this particuiaf example, may include a
rigid chamber with a flexible diaphragm or membrane d&vidiﬁg each chamber into a fluid
compartment and control compartment. There are four eniry/exit valves on these
compartments, two on the fluid compartment and two on the control compartment. The
valves on the control compartment of the chambers may be two-way proportional valves,
one connected to a first control fluid source (e.g., a high pressure air source), and the
other connected to a second control fluid source {e.g., a low pressure air source) or a
vacuum sink. The flnid valves on.the compartments can be opened and closed to direct
fluid flow when the pod pumps are pumping. Non-limiting examples of pod pumps are
described in U.S. Provisional Patent Application Serial No. 60/792,073, filed April 14,
2006, entitled “Extracorporeal Thermal Therapy Systems and Methods™; or in U.S.
Patent Application Ser. No..11/787,212, filed Apri! 13, 2007, entitled “Flnid Pumping
Systems, Devices and Methods,” each incorporated herein by reference. i;"unhcr details
of the pod pumps are discussed below. If more than one pod pump is present, the pod
pumps may be operated in any suitable fashion, e.g., s ynchronously, asynchronously, in-
phase, out-of-phase, etc. ‘ '

For instance, in some embodiments, the two-puzﬁp pumps can be cycled out of

phase to affect the pumping cycle, e.g., one pump chamber fills while the second pump
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chamber empties. A phase relationship anywhere between 0° (the pod pumps act in the
same direction, filling and emptying in unison) and 180° (the pod pumps act in opposite

directions, in which one pod pump fills as the other empties) can be selecied in order to

‘impart any desired pumping cycle.

A phase rejationship of 180° may yield continuous flow into and out of the pod
pump cassette. This is useful, for instance, when continuous flow is desired, e.g., for use
with dual needle fiow or a “Y” or “T” connection. Setting a phase relationship of 0°,
however, may be useful in some cases for single needle flow, in situations in which a.
“Y* or “T” connection is made with a single needie or single lumen catheter, or in other
cases. In a{° relationship, the pod pumps will first {ill from the needle, then deliver
blood through the blood flow path and back to the patient using the same needle. In
addition, running at phages between 0° and 180° can be used in some cases, to achieve a
push/pull relationship (hemodiafiltration or continuous back flush) across the dialyzer.
Figs. 8A-8C are graphical represéntaﬁons of examples of such phase relationships. In
these figures, the volume or flow of each pod pump, the volumes of each pod pumps, and
the total hold up valume of both pod pumps is shown as a function of time. These times
and flow rates are arbitrarily chosen, and are presented h¢ré £o illustrate the relationships

between the pod pumps at different phasings. For instance, at a 180° phase relationship

- (Fig. 8B), the total hold up volume remains substantially constant.

In some cases, an anticoagulant (e.g., heparin, or any other anticoagulant known

to those of ordinary skill in the art) may be mixed with the blood within blood flow

‘cassette 141 as is shown in'Fig. 14. For instance, the anticoagulant may be contained

within a vial 11 (or other anticoagulant supply, such as a tube or 2 bag), and blood flow
cagsette 141 may be able to receive the anticoagulant vial with an integr_aliy formed spike
201 (which, in one embodimem,-i_s a needie) that can pierce the seal of the vial. The
spike may be formed from plastic, stainless steel, or another suitable material, and may
be a sterilizable material in some cases, €.g., the material may be able to withstand
sufficiently high remperatures and/or radiation 50 as to sterilize the material. As an
example; as is shown in Fig. 4A, spike 201 may be integrally formed with a blood flow
cassetie 141, and a vial 11 can be placed onto the spike, piercing the seal of the vial, su;h
that anticoagulant can flow into Slood flow cassette to be mixed with the blood in the

blood flow path, or in some cases, mixed with dialysate as discussed below.
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A third pump 80, which can act as a metering chamber in some cases, in blood
flow cassette 141 can be used to control the flow of anticoagulant into the blood within
the cassette, Third pump 80 may be of the same or of a different design than pump 13.
For instance, third pump 80 may be 2 pod pump and/or third pump 80 may be actuated
by a control fluid, such as air. For example, third purnp 80 may be & membrane-based
metering pump. For instance, as is shown in Fig. 4A, third pump 80 may include a rigid
chamber with a flexible diaphragm dividing the chamber into a fluid compartment and 2
control compartment. Vaives on the control compartment of the chamber may be
cpnnecte& to a first contrel fluid source (e.g., a high pressure air source), and the other
compartment connected to a second control fiuid source (e.g., a low pressure air source)
or a vacuum sink. Valves on the fluid compartment of the chamber can be opened and
closed in response to the control compartment, thus controlling the flow of anticoagulant
into the blood. Further details of such a pod pump are discussed below. In one set of
embodiments, air may also be introduced into tﬁe blood flow path through a filter 81, as
discussed below.

Fluid Management System (“FMS”) measurements may be used 10 measure the
volume of fivid pumped through a pump chamber during z stroke of the membrane, or {o
detect air in the pumping chamber, FMS methods are described in U.S, Patent Naos, .
4,308,161; 4,826,482, 4,.976,162; 5,088,515; and 5,350,357, which are hereby
incorporated hesein by reference in their entireties. In some cases, the volume of liguid
delivered by an anticoagulant pump, a dialysate pump, or other membrane-based pump is
determined using | an FMS algorithm in which changes in chamber pressures are used to \
calculate a volume measurement at the end of a fill stroke and at the end of a delivery
stroke. The difference between the computed volumes at the end of a fill and delivery
stroke is the actual stroke volume, This actual stroke volume can be compared to an
expected stroke volume for the particular sized chamber. If the actoal and expecied

volumes are significantly different, the stroke has.not properly completed and an error

.message can be generated.

If stroke volumes are collected with a scale, the calcutation can be worked
backwards to determine a calibration vaiue for the reference chamber, FMS systems can
vent to atmosphere for the FMS measurement. Alternatively, the system can vent io a

high pressure positive sburce and a low pressure negative source for the FMS
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.measurement., Doing so provides the following advantages, amongst athers: (1)if the -

high pressure source is a pressare reservoir with a controlled pressure, there is an
opportunity to do a cross check on the pressure sensors of the reservoir and charber to
ensure they are similar when the chamber is being vented to the reservoir. This can be
used to detect a broken pressure sensor or a failed valve; (2) by using higher/lower
pressures {0 vent, there are larger pressure differences for the FMS measurements so
better reslution can be obtained. -

Blood flow circuit 141 may also include an air teap 19 incorporated into blood
flow circuit 141 in some cases. Air trap 19 may be used to remove air bubbles that may

be present within the blood flow path. In some cases, air trap 19 is able to separate any

.air that may be present from the blood due to gravity. In some cases, air trap 19 may.

also include a port for sampling blood.” Air traps are known to those of ordinary skill in
the art.

In accordance with another aspect of the invention, the air trap 19 is placed in
the blood flow path after the blood exits the dialyzer and before it is returned to the
patient. As shown in Figs. 4C and 4D, air trap 19 may have a spherical or spheroid-
shape container 6, and have its inlét port 7 located near the top and offset from the
vertical axis of the contairer, and an outlet O at a bottom of the container. The curved
shape of the inside- wall 4 of the trap can thus direct the blood to circulate along the
inside wall as the blood gravitates to the bottom of the container, fécilitaﬁn g the removal
of air bubbles from the blood. Air present in the blood exiting the outlet 9 of the dialy;";er
14 will enter at the top of the air trap 1% and remain at the top of the container as biood -
flows out the outlet at the bottom and to the venous blood line 204. By locating the inlet
poit 7 near the top of trap 19, it is also possiblé to circulate blood through the trap with

minimal or no air present within the container (as a “run-full” air trap). The ability to

avoid an ait-blood intefface for routine circulation of blood in the trap can be

advantageous. Placing the ';nl-e.t port 7 at or near the top of the container also allows most
or all of the air present in the trap to be removed from the trap by reversing the flow of

fluid through the blood tubing (i.e. from the bottom to the top of the trap. 19, exiting

-through the inlet port of the trap 19). In an esnbodiment, a self-sealing port 3, such as a

self-sealing stopper with a split septun or merabrane, or another atrangement, is located

at the top of the trap, atiowing the withdrawai of air from the container (e.g., by sy,riﬁge)(
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The blood-side surface of the self-sealing membrane can be situated nearly flush with the
top of the interior of the trap, in order to facilitate cleaning of the self-sealing port during
disinfection. The self-sealing port 3 can also serve as a blood sampling site, and/or 10
allow the introduction of liquids, drugs or other compounds into the blood circuit. A
sealed rubber-type stopper can be used if acce;ss with a needle is contemplated. Using a
self-sealing stopper with split sepfum permits sampling and fluid delivery using a
needleless system.

Additional fluid connections 82 may allow blood flow circuit 10't6 also be
comnected to the patient, and/or to a fluid source for priming or disinfecting the system,
including blood flow circuit 10. Generally, during disinfection, arterial line 203 and
venous line 204 are connected directly to directing circuit 142 via conduits 67, such that
a disinfecting fluid (e.g., heated water and in some embodiments, a combination heated
water and one or more chemical agent) may be flowed through dialyzer 14 and blood
flow circuit 141 back to directing circuit 142 for recirculation, this disinfection is similar
to those shown in U.S. Patent 5,651,898 to Kenley, ez al., which is incorporated herein
by reference. This is also discussed in more detail below,

The pressure within arterial line 203, to draw blood from: the patient, may be kept
10 a pressure below atmospheric pressure in some cases. I a pod pump is used, the
pressure within blood flow pump 13 may be inhe_rentiy limited to the pressores available
from the positive and negative pressure reservoirs used to operate the pump., In the event
that a pressure reservoir or valve fails, the pump chamber pressure will approach thé

reservoir pressure. This will increase the fluid pressure to match the reservoir pressure

. until the diaphragm within the pod pump “botioms” (i.e., is no longer is able to move,

due to contact with a surface), and the fiuid pressure will not exceed a safe limit and will
equilibréte with a natural body fluid pressure. This failure naturally stops operation of
the pod pump without any spacial intervention. .

A specific non—iimitiﬁg example of a blood flow cassette is shown in Figs. 30-33.
Referring now to Fags. 30A and 30B, the outer side of the top plate 900 of an exemplary
embodiment of the cassette is shown. The top plate 500 includes one half of the pod
pﬁmps,SZO, 828. This half is the liguid half where the source fluid will fiow through.
The two fluid paths 818, 812 are shown. These fluid paths lead to their respective pod
pumps 820, 828,
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" The pod pumps 820, 828 include a raised flow path 908, $10. The raised flow
path 908, 910 aliows for the fluid fo continue to flow through the pod pumps 820, 828
after the diaphragm (not shown) reaches the end of stroke. Thus, the raised flow path
908, 910 minimizes the diaphragm causing air or flnid to be trapped in the pod pump
820, 828 or the diaphragm blocking the inlet or outlet of the pod pump 820, 828, which
would inhibit continuous fiow. The raised flow path 908, 910 is shown in one exemplary
embodiment having partiéular dimensions, and in some cases, the dimensions are
equivalent to the fluid flow paths 818, 812, However, in alternate embodiments, the
raised flow path 908, 910 is narrower, or in still other embodiments, the raised flow path
908, 910 can be any dimensions as the purpose is to control fluid flow 50 as to achieve a
desired ﬂd_w rate ar behavior of the fluid. In some embodiments, the raised flow path
908, 910 and the fluid flow paths 818, 812 have different dimensions. Thus, the
dimensions shown and described here with respect to the raised flow path, the pod
pumps, the valves or any other aspect are mere exemplary and alternale embodiments,
Other embodiments are readily apparent.

In one exempiary embodiment of this cassette, the top plate includes a spike 902
as well as a container perch 9G4, The spike 902 is hollow in this example, and is fluidly
connected to the flow path. In some embodiments, a needle is attached into the spike, In
other embodiments, a needie is connected to the container attachment.

Referring now to Figs, 30C and 30D, the inside of the top plate 500 is shown.
The raised flow paths 908, 910 connects to the inlet flow paths 912, 916 and outlet flow
paths 914, 918 of the pod pumps 820, 828. The raised flow paths are described in more
detail above. » » ‘

The metering pump (not shown) includes connection to an air vent 906 as well as
connection to the spike’s hollow path 902. In one exemplary embodiment, the air vent
206 includés an air filter {(not shown). The air filter may be a particle air filter in some
cases. In-some embodiments, the filter is a somicron hydrophobic air filter. In various
embodiments, the size of the filter inay vary, in some instances the size will depend on
desired outcome. The metering pump works by taking air in through the air vent 906,
pumping the air to the container of second fluid {not shown) thrbugh the spike’s holiow

path 902 and then pumping a volume of second fluid out of the coniainer (not shown)
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through the spike’s hollow path 902 and into the fluid line at point 826. This fluid flow
path for the metering pump is shown with arrows on Fig. 30C,

Referring now to Figs. 31A and 31B, the liquid side of the rhidplate 1060 is
shown. The areas complementary to the fluid paths on the inner top plate are shown.
These arcas. are slightly raised tracks that present a surface finish tha¢ is conducive to
laser welding, which is the mode of manufacture in one embodiment. The fluid inlet 810
and fluid outlet 824 are also shown in this view.

Referring next to Figs. 31C and 31D, the air side of the midplate 1000 is shown
according to one embodiment. The air side of the valve holes 808, 814, 816, 822

_ correspond to the holes in the fluid side of the midplate (shown in Fig. 31A). As seenin

Figs. 33C and 33D, diaphragms 1220 complete valves 808, 814, 816, 822 while
diaphragms 1226 complete pod pumps 820, 828. The metering pump 830 is completed
by diaphragm 1224. The vatves 808, 814, 816, 822, 832, 834, 836 are actuated
pneurmaticadly, and as the diaphragm is pulled away from the holes, liquid is drawn in,
and as the diaphragm is pushed foward the holes, liguid is pushed through. The fluid
flow is directed by the opening and closing of the valves 808, 814, 816, 822, 832, 834,
836. '

Referring to Figs. 31 A and 31C, the metering pump includes three holes, 1002,
1004, 1006. One hole 1002 pulls air into the metering pump, the second hole 1004
pushes air 1o the spike/source container and alse, draws liguid from the source container,
and the third hole 1006 pushes the second fluid from the ﬁetering- pump 830 to the fiuid
line to point 826, '

Valves 832, 834, 836 actvate the second fluid metering pump. Valve 832 is the
second fluid/spike valve, valve 834 is the air valve and valve 836 is the valve that
controls the flow of fluid to the fluid line to area 826.

Referring next to Figs. 32A and 32B, the inner view of the bottom plate 1100 is
shevén. The inside view of the pod pumps 820, 828, the metering pump 830 and the
valves 808, 814, 816, 822, 832, 834, 836 actuation/air chamber is shown. The pod
pumps 820; 828, metering pump 830 and the valves 808, 814, 816, 822, 832, 834, 836
are actuaied by a pneumatic air source. Referring now to Figs. 32C and 321, the outer
side of the bottom plate 1100 is shown. The sotrce 6{ air is attached to this side of the

cassetie, In one embodiment, tabes connect to the features on the valves and pumps
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1102. In some embodiments, the valves are ganged, and more than one valve is actuated
by the same air line. _

Referring now to Figs. 33A and 33B, an assembled cassette 1200 with a container
{or other source) of a second fluid 1202 is shown, which, in this embodiment, may be an
anticcégu!ant as described above, attached is shown. The container 1202 contains the
source of the second fluid and is-attached to a hollow spike (not shovmn) by a container
attachment 1206. The spike may be situated within the container attachment 1206,
directed upward to penetrate the top of the container 1202, which is held in'an invered
position by the container attachment 1206, The spike is in finid communication with a
fluid channel similar 1o the hollow path 902 depicted in Figs. 30C and 30D. The air filter
1204 is shown attached to the air vent (not shown, shown in Fig. 30A as 206). Although
not visible in Fig. 33 A, the container perch (shown in Fig. 30A as 904) is under the
container attachment 1206.

In some cases, the metering pump is an FMS pump, associated with a teference
chamber and capable of being monitored with a pressure transducer to determine. the
volume of fiuid that it delivers. The FMS algorithm nses changes in pressures to
calculate a volume measurement at the end of a fill stroke and at theend of a deiivery
stroke. The difference between the computed volumes at the end of a fill and deli\.::ery
stroke is the actual stroke volume. This actual siroke volume can be compared to an
expected stroke volume for the particular sized chamber. ¥ the actual and expected
volumes are significantly different, the stroke has not properly completed and an error

message can be generated. FMS systems can vent to atmosphere for the FMS

measurement. Alternatively, the systermn can vent to a high pressure positive source and a

low pressure negative source for the FMS measurement. In one set of embodiments, the
metering pump (e.g., the anticoagulant pump) is primed. Primif:g the pump removes air
from the metering pump and the flow path, and ensures that the pressure in the fluid
container (e.g., the anticoagulant vial) is acceptable.

The metering pump can be designed such that air in the pump chamber flows up
into the vial. The test is performed by closing all of the metering pump fluid valves,
measuring the external volume, charging “thc pump’s FMS chamber with vacuum,
opening vatves to draw from the vial into the pumping chamber, measuring the external

volume (again), charging the FMS5 chamber with pressure, opening the valves to push
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fluid back into the vial, and then measuring the external volume (again). Changes in
external volume resulting from finid flow should correspond to the known volume of the
pumping chamber. If the pumping chamber cannot fill from the vial, then the pressure in
the vial is too low and air must be pumped in. -Conversely, if the pumping chamber
tannot empty into the vial, then the pressure-in the vial is too high and some of the
anticoapgutant must be pumped out of the vial. Anticoagulant pumped out of the vial
during these tests can be discarded, e.g., through the drain.

During routine delivery of heparin or other medication to the blood path, the
pressure in the vial can be measured periodically. Xf the vial pressure is approaching a
predefined threshold value below atmospheric pressure, for example, the metering pump
can first introduce air into the vial via the metering purnp air vent, normalizing the
pressure in the vial and helping to ensure the withdrawal of a reasonably precise amount
of medication from the vial. If the vial pressure approaches a predefined threshold value
above atmospheric pressure, the metering pump can forego instilling any further air into
the vial before the next withdrawal of medication from the vial. ‘

An exploded view of the assembled cassette 1200 shown in Figs. 33A and 12B is
shown-in Figs. 33C and 33D. In these views, an exemplary embodiment of the pod
pump diaphragms 1226 is shown. The gasket of the diaphragm provides a seal between
the liquid chamber (in the top plate 900) and the ais/actuation chamber (in the bottom
plate 1100). The dimpled tciture on the dome of diaphragms 1226 provide, amongst
other features, additional spécé.for air and liguid 1o escape the chamber at the end of
stroke,

A sysiem of the present invention may 2lso include a balancing circuit, e.g.,
balancing circuit 143 aé shown in Fig. 3A. In some cases, blood flow circunit is
implemented on a casseite, although it need not'be. Within the balancing circuit, the
flow of dialysate that passes in and out of the dialyzer may be balanced in some cases
such that essentially the same amount of diais.'sate comes out of the dialyzer as poes into
it (however, this balance can be altered in certain cases, due 10 the use of a bypass pump,
as discussed bejow). .

7 In addition, in some cases, the flow of dialysate may also be balanced through the
dialyzer such that the pressure of dialysate within the dialyzer generally equals the
pressure of blood throﬁgh the blood flow circuit. The flow of blood through the blood
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flow circuit 141 and dialyzer in some cases is synchronized with the flow of dialysate in

the dialysate flow path through the dialyzer. Because of the potential of fluid transfer

‘across the semi-permeable membrane of the dialyzer, and because the pumps of the

balancing circuit run at positive pressures, the balancing circuit pumps can be timed to

synchronize delivery strokes to the dialyzer with the delivery strokes of the biood purnps,
using pressure and control data from the blood flow pumps.

A non-limiting example of a balancing circuit is shown in Fig. 5. In balancing
circuit 143, dialysate flows from optional ultrafilter 73 into one or more dialysate pumps
15 (e.g., two as shown in Fig. 5). The dialysate pumps 15 in this figure include two pod
pumps 161, 162, two balancing chamibers 341, 342, and pump 35 for bypassing the
balancing chambers, The balancing chambers may be constructed such that they are
formed from a rigid chamber with a flexible diaphragm dividing the chamber into two
separate fluid compartments, so that entry of fluid into one compartment-can be used to
force fluid out of the other compartment and vice versa. Non-limiting examples of
pumps that can be used as pod pumps and/or balancing chambers are described in U.S -
Provisional Patent Application Serial No. 60/792,073, filed April 14, 2006, entitted
“Extracorporeal Thermal Therapy Systems and Methods”; or in U.S. Patent Application
Ser. No. 11/787,212, filed April 13, 2007, entitled “Fluid Pumping Systems, Devices and
Methods,” each incorporated herein by reference. Additional examples of pod pumps are
discussed in detsil below. As can be seen in the schematic of Fig. 5, many of the valves
can be “sanged” or synchronized together in sets, so that all the valves in a set can be
opened or closed at the same time.

More specifically, in one embodiment, balancing of flow works as follows. Fig.
5 inciudes a first syachronized, controlled together set of valves 211, 212, 213, 241, 242,
where valves 211, 212, 213 are ganged and valves 241 and 242 are ganged, as well as a
second sync‘h:onized, controlled together set of valves 221, 222, 223, 231, 232, where
valves 221, 222, 223 are ganged, and valves 231 and 232 are ganged. At a first point of
time, the first ganged set of valves 211, 212, 213, 241, 242 is opened while the second
ganged set of valves 221, 222, 223, 231, 232 is closed. Fresh dialysate flows into
balancing chamber 341 while used dialysate flows from dialyzer 14 into pod pump 161,
Fresh dialysate does not flow into balancing chamber 342 since valve 221 is closed. As

fresh dialysate flows into balancing chamber 341, used dialysate within balancing
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chamber 341 is forced out and exits balancing circuit 143 (the used dialysate cannot enter

ped pump 161 since valve 223 is closed). Simultaneously, pod pump 162 forces used

dialysate present within the pod pump into balancing chamber 342 (through valve 213,

‘which is open; valves 242 and 222 are closed, ensuring that the used dialysate flows into

balancing chamber 342). This causes fresh dialysate contzined within balancing
chamber 342 to exit the balancing circuit 143 into dialyzer 14. Also, pod pump 161
draws in used dialysate from dialyzer 14 into pod pump 161. This is-also illustrated in
Fig. 18A.

Once pod pump 161 and balancing chamber 341 have filled with dialysate, the
first set of valves 211, 212, 213, 241, 242 is closed and the second set of valves 221, 222,
223, 231, 232 is opened. Fresh dialysate flows into balancing chamber 342 instead of
balancing chamber 341, as valve 212 is closed while valve 221 is now open. As fresh
dialysate flows into balancing chamber 342, used dialysate within the chamber is forced
out and exits balancing circuit, since valve 213 is now closed. Also, pad pump 162 now
draws. used dia]y-rsatc-from the dialyzer into the pod pump, while used dialysate is »
prevented from flowing into pod pump 161 as valve 232 is now closed and valve 222 is
now open. Pod pump 161 forces used dialysate contained within the pod pump (from the
previous step) into balancing chamber 341, since valves 232 and 21] are closed and
valve 223 is open. This causes fresh dialysate contained within balancing chamber 341
io be directed into the dialyzer (since valve 241 i-sncw open while valve 212 is now
closed). At the end of this step, pod pump 162 and balancing chamber 342 have filled
with dialysate, This pufs the state of the system back into the configuration at the
beginning of this description, and the cycle is thus able to repeat, ensuring a constant
flow of dialysate to and from the dialyzer. This is also illustrated in Fig, 18B. In an
embodiment, the fluid (e.g. pnetmatic) pressures on the control side of the balancing
chamber valves are monitored to ensure they are functioning properly.

As a specific example, a vacnum (e.g., 4 p.s.i. of vacunm) cen be applied to the
port for the first ganged set of valves, causing those valves to open, while positive
pressure (€.8., 20 p.s.i. of air pressore, 1 p.s.i. is 6.89475 kiIOpascais)'is applied to the
second ganged :}:et of valves, causing those valves to close (or vice veisa). The pod
pumpé each urge dialysate into one of the volumes in one of the balancing chambers 341,

342. By forcing dialysate into 2 velume of a balancing chamber, an equal amount of
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dialysate is squeezed by the diaphragm out of the other volume in the balancing
chamber. In each balancing chamber, one volume is occupied by fresh dialyéate heading
towards the dialyzer and the other volume is oceupied by used dialysaté heading from
the dialyzer. Thus, the volumes of dialysate entering and leaving the dialyzer are kept
substantially equal.

it should be noted that any valve associated with a balancing chamber may be
opened and closed under any suitable piessure. However, it may be advantageous to
apply a lower or more controlled pressure to initiate and effect valve closure than the
pressure ultimately used to keep the valve closed (“holding pressure™). Applying the
equivalent of the holding pressure to effectuate valve closure may lead to transient
pressure elevations in the fluid line sufficient to cause an already closed downstream
vilve to leak, adversely affecting the balancing of dialysate flow into and out of the
dialyzer, Cau;ing-the dialysate pump and balancing chamber inlet and/or outlet valves to
close under a lower or more controlled pressure may irﬁpmve the balancing of dialysate
flow into and out of the dialyzer. In an embodiment, this can be achieved, for example,
by employing pulse width modulation (“PWM”) to the pressure being applied in the '
fluid control lines of the valves. Without being limited to the following theories, the use
of moderate or controlled pressure to ‘slow-close’ the valves may be effective for
example, becanse: (1) it is pnssible‘that in some cases, the pressure in a'balancing
chamber can transiently exceed the holding pressure in the closed balancing chamber
outlet valve (caused, for example by applying excessive pressure lo close the balancing
chamber inlet valve against the mass of fluid behind the valve diaphragm). The transient
elevation of pressure in the fluid line can overcome the holding pressure of the closed
outlet valve, resulting in a leak of fluid and an imbalance of fluid delivery between the
two sides of the balancing chamber. (2) Also, ﬁie presence of air or gas between the
batancing chamber and a balancing chamber valve, coupled with a rapid valve closure,
could cause excess fluid to be pushed through the balancing chamber without being
balanced by fluid from the opposite side of the balancing chamber.

As the diaphragms dapproach & wall in the balancing chambers (5o that one
volume in a balancing chamber approaches a minimum and the other volume approaches
& maxirmum), positive pressure is applied to the port for the first ganged set of valves,

causing those valves to close, while a vacuum is applied to the second gan ged set of



HY

20

25

30

-56 -

valves, causing those valves to open. The pod pumps then each urge dialysate imo-oné :
of the volumes. in the other of the balancing chambers 341, 342. Again, by forcing
dialysate info a volume of a balancing chamber, an equal amount of dialysate is squeezed
by the diaphragm out of the other volurne in the balancing chamber. Since, in each

balancing chamber, one volume is occupied by fresh dialysate heading fowards the

dialyzer and the other volume is occupied by used dialysaie heading from the dialyzer,

the volumes of dialysate entering and leaving the dialyzer are kept equal,

Also shown within Fig. 5 is bypass pump 35, which can direct the flow of
dialysate from dialyzer 14 through balancing circnit 143 without passing through ejther
of pod pumps 161 or 162, In this figure, bypass pump 35 is a pod pump, similar to those
described above, with a rigid chamber and a flexible diaphragm dividing each chamber
into a fluid compartment and a control compartment. This pump may be the same or
different from the other pod pumps, metering pumps andfor balancing chambers
described above. For exampie, this purnp may be a pump as was described in U.S.,
Provisional Patent Application Serial No. 60/792,073, filed April 14, 2006, entitied
“Extracorporeal Thermal Therapy Systems and Methods™; -or in U.S. Patent Application
Ser. No. 11/787,212, filed April 13, 2007, entitled “Fluid Pumping Systems, Devices and
Methods,” each incorporated herein by reference. Pod pumps are aleo discussed in detail
below,

When control fluid is used to actuate this purmnp, dialysate may be drawn through
the dialyzer in a way that is not balanced with respect 0 the flow of blood through the
diatyzer. The independent action of the bypass pump 35 on the dialysate outlet side of
the dialyzer causes an additional net ultrafiltration of fluid from the blood in the dialyzer.
This may cause the net flow of liquid away from the patient, through the dialyzer,
towards the drain. Such a bypass may be nseful, for example, in reducing the amount of
fluid a patient has, which is often increased due.to the patient’s inability to lose fluid
{primarily water) through the kidaeys. As shown in Fig, 5, bypass pump 35 may be
controlled by a control fluid (e.g., 2ir), irrespective of the operation of pod pumps 161
and 162. This configuration may allow for easier contrel of net fluid removal from a

patient, without the need o operate the balancing pumps (inside and outside dialysate

- pumps) in a way that would allow for such fluidto be withdrawn from the patient, Us'mg

this configuration, it is not necessary to operate the inside dialysate pumps either out of
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balance or out of phase with the blood pumps in order to achieve a net withdrawal of
fluid from the patient.

To achieve balanced flow across the dialyzer, the blood flow pump, the pamps

-of the balancing circuit, and the puomps of the directing circuit (discussed below) may be

operated to work together to ensure that flow into the dialyzer is generally equal to flow
out of the dialyzer. If ultrafiltration is required, the ultrafiltration pump (if one is
present) may be run independently of some or all of the other blood and/or dialysate
pumps to achieve the desired ultrafiltration rate.

To prevent outgassing of the dialysate, the pumps of the balancing circuit may be
always kept at pressures above atmospheric pressure. In contrast, however, the blood
flow pump and the directing circuit pumps use pressures below atmosphere to pull the
diaphragm towards the chamber wall for a fill stroke. Because of the potential of fluid
transfer across the dialyzer and because the pumps of the balancing circuit run at positive
pressares, the balancing circuit pumps may be able to use information from the blood
flow pump(s) in order to run in a balanced flow mode. The delivery strokes of the
balancing circuit chambers to the dialyzer can thus be synchronized with the delivery
strokes of the blood pumps.

In one set of embodiments, when running in such a balanced mode, if there is no
delivery pressure from the blood flow pump, the balancing circnit ppmp diaphragm will
push fluid across the dialyzer into the blood and the alternate pod of the balancing circuit
will not completely fill. For this reason, the blood flow pump reports when it is actively
delivering a stroke. When the blood fiow pump is delivering a stroke the balancing
pump operates. When the blood flow pump is not delivening blood, the valves that
control the flow from the diatyzer to the balancing pumps (and other balancing valves _
ganged together with these valves, as previously discussed) may be closed to prevent,any;
fluid transfer from the blood side to the dialysate side from occurring, During the time
the blood flow pump is not delivering, the balancing pumps are effectively frozen, and
the stroke continues once the blood flow pump starts delivering again. The balancing
pump fill pressure can be set to a minimal positive value to ensure that the pump

operates above atmosphere at minimal impeciancé_. Also, the balancing pump.delivery

pressure can be set to the blocd flow pump pressure to generally match pressures on
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either side of the dialyzer, minimizing flow across the dialyzer during delivery strokes of
the inside pump. '

In some cases, it may be advantageous to have the dialysate pump deliver

dialysate to the dialyzer at a pressure higher than the delivery pressure of the blood pump

to the dialyzer. This can help to ensure, for example, that a full chamber of ciean
dialysate can get delivered to the dialyzer. In an embodiment, the delivery pressure on
the dialysate pump is set sufficiently high to allow the inside pump to finish its stroke,
but not so high as to stop the flow of blood in the dialyzer. Conversely, when the
dialysate pump is receiving spent dialysate from the dialyzer, in some cases it may also
be advantageous to have the pressure in the dialysate pump set lower than the outlet
pressnré on the blood side of the dialyzer, This can help ensure that the receiving
dialysate chamber can always fill, in turn ensuring that there is enongh dialysate
available to complete a full stroke at the balancing chamber. Flows across the semi-
permeable membrane cansed by these differential pressures will tend to cancel each
other; and the pumping algorithm otherwise attempts to match the average pressures on
the dialysate and blood sides of the dialyzer.

Convective flow that does occur across the dialyzer membrane may be beneficial,

becaunse a constant and repeated shifting of fluid back and forth across the dialyzer in

-smatl increments - resulting in no net ultrafiltration - can nevertheless belp to prevent

clot formation within the blood tubing and dialyzer, which-in turn may allow fora
smaller heparin dosage, prolong the useful life of the dialyzer, and facilitate dialyzer
cleaning and re-nse. Backflushing has the additional benefit of promoting beiter solute
removal through convection, In another embodiment, a form of continuous backflushing
across the dialyzf:ar méembrane can also be achieved by making small adjustments to the
synchronization of the delivery strokes of blood with the delivery sirokes of dialysate
through the dialyzer.

In certain embodiments, the pod pumps 15 (Fig 89) of the inner dialysate cassette
143 may be phaséd to minimize occlusions in the blood side of the dialyzer 14. The
inner dialysate pop pumps 15 may be phased to work with the blood pumps 13 10
alternately fiow liquid into the blood side of the dialyzer 14 and back to the dialysate
side with each stroke of the inner dialysate pump 15. The timing of the pump strokes,

valve openings, valve closings and pop pump aciuation pressures may be controlled by
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the automatic computer 6106. The automatic computer may control the pumps, valves
and receives pressure data via the pnenmatic pressure distribution module 9000. Phasing
the inper dialysate pumps to push the flnid back and forth across the dialyzer membrane
has benefits including but not limited to improved removal of large molecule solutes
from the blood and minimized occlusions of the dialyzer,

The flows through the dialyzer 14 may be controlled by the pumps and valves
shown schematically in Fig 89. One example of the timing and function of the blood and
dialysate pumps are plotted in Fig, 12K. The blocd pumps pod pumps 23a, 23b may
operating 180 degrees out of phase o provide a near continuous flow of bloed to the
dialyzer 14, Cleaned blood and some dialysate fluid may flow from the dialyzer to the
venous line 204 in the BTS. TFresh dialysate may flow into the dialyzer from the
balancing pod 342, while nsed dialysate and fluid from the blood side flow into 2
receiving pod pump 161. Clean dialysate may flow from the balance pod 342 s the
other diatysate pump 162 forces used dialysate into the balancing pod 342. The used and
clean diélysate are separated by a diaphragme. The other balancing pod 341 may be filled
with fresh dialysate from the 6uter dialysate pump 159 in preparation for the next pump
stroke. "

The blood pump 23A may be caused to deliver blood to the dialyzer 14 by
‘opening the downstream valve, closing the upstream valve and raising the pod pressure
measured by 193. The blood pump 23b may be caused to fill from the arterial line by
opening the upstream valve, closing the downstream line and reducing the pressure
below ambient as measured by 197,

One exemplary sequence to push and pull fhrid across the dialyzer membrane
may begin at time 12411 with blood pump 23A delivering blood to the dialyzer, while
blood pump 23b is filled. The measured pressures of the delivering and filling pumps
are ploned as 12420 and 12430 respectively. The pressures 12420, 12430 may vary
periodically in response 1o the vari-valves 198, 199 sinuscidally varying the size of the
valve port.- The automnatic computer 6106 may monitor the pressure traces 12420 and -
12430 to detect end-of-stroke ip the blood pumps.

The purnps and vatves of the inner dialysate may be controlled to allow fiuid
from the-blood in the dialyzer 14 to flow into the receiving dialysate pump p;od 161

between times 12411 and 12412, Valve 231 may be closed to prevent the flow of clean
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dialysate into the dialyzer 14, Valve 232 may be open and the pump pod pressure 12440
may be low to allow fiuid from the blood to flow into the dialysaté pump pod 161. The
blood pump 13 may flow blood through the dialyzer during this period 12410.

The inner dialysate valves and pumps r;aay be controlled between times 12412
and 12413 to flow dialysate through the dialyzer with zero or minimal flow across the
dialyzer membrane. Valves 231 and 213 may be opened Lo allow the pneumatic
pressure 12450 in pump pod 162 to force clean dialysate from the balancing pod.342
through the ‘dialyzer 14 and into pump pod 162. Pomp 162 may force clean dialysate
from the balancing pod 342 by flowing used dialysate into back side of membrane 341C.
The blood purap 13 may continue to flow blood through the dialyzer during this period.

"The pressures in purap pods 161 and 162 may vary periodically in response to the vari-

valves 163, 164 sinusoidally varying the size of the vaive ports. The automatic computer
6106 may monitor the pressure traces 12440 and 12450 o detect end-of-stroke in the
dialysate pumps 135, .

Dialysate may flow into the biood side of the dialyzer during the last part of the
dialysate pump stroke. The receiving pump pod 161 may completely fill at time 12413,
while the delivery pump 162 continues to pump fresh-dialysate from the balancing pod
342 until time 12414. The dialysate from the balancing bod may not be able not enter
the full pump pod 161 and may instead flow across the dialyzér membrane and enter the

biood circuit. The blood pump 13 may continue to flow biood throngh the dialyzer

- during part or all of this period. Without wishing to be bound by any theory, it is

believed that the dialysate fiowing into the blood side of the dialyzer may dislodge the
larger solutes from the pores, centers and ends of the membrane tbes. Once dislodged
from the surface, the larger solutes are then more likely to flow thmugh or across the
membrane. :

In one exemplary method the action of the dialysate pumps 161, 162 may be
stopped, while the blood pump 13 switches from one pump pod to the other, if the
receiving pump pod 161 is not full. The dialysate pumps may be stopped to avoid a
false end-of-stroke due to pressure signals from the switching blood pumps. I the
automatic computer 6106 detects an end-of-stroke condition on the blood pump 13
before the receiving pump pod 161 is fnli, then it may close the baléncin_g chat'nber outtet
valve 231and the pump inlet valve 232, The valves 23] and 232 may be reopened once
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the blood pump restarts. If the blood pump pod completes a stroke afier the receive
pump pod 161 is full, then the biood pump will wait until the delivering pump pod 162
completes its stroke. The automatic computer may determine that pump pod strokes are
complete or that the dialysate pump pod is full based on the correlation number fo
determine an end-of-stroke condition.

The pump pod pressures in the dialysate circuit may be optimally set to assure the
desired direction of dialysate and blood flow without damaging the dialyzer membrane.
The pressure in the deliver pod pump 162 may be set to 54 munHy above the blood
delivery pressure, Thé receiving pump pod 161 may be adjusted to the larger of 25
mmig above ambient pressure or the blood delivery pressure minus the transmembrane
pressure. The delivery pump pod pressure may be increased to the maximum
transmembrane pressure of the dialyzer after the fill or receiving pump pod 162 is full.

In one exemplary method the vari-valves in the blood pump 198, 199 may be
cycled at a different frequency than the vari-valves of the dialysate pump 163, 164 to
alJow the end-of-stroke detection of each pump to be separately measured. As described
elsewhere, the restriction of the vari-valve on a pump pod is varied sinusoidally abont a
mean value. This small change in restriction produces a similar small change in the
measure pressure in the activation chamber. The correlation filter described elsewhere
produces a numerical measure of how well the pressure responds to the vari-valve
variations. The resuiting correlation number may be used to determine end-of-stroke.
The pressure variations in the blood pump pod 23a may be detected bif the sensor on the
fill pump pod 161, which could produce false end-of-stroke readings. However,
correlation filter rejects pressure signals that are at a different frequency than the vari-
valve frequency. In order to isolate the pressure s;ignals from the two pumps 161, 23a,
the vari-valves may be dithered 5;1t a frequency that is 90% of the frequency at which the
blood pump vari-valve is dithered.

In one exemplary method, the deliver pump delay 12410 is optimally adjusted to
deliver the desired amount of diafysate into the blood circuit at the end of the dialysate
stroke. A simple proportional closed loop controller varies the deliver pump delay
12410 to achieve the desired time for diaiysate flow into the blood circuit 1241 6. The

controller may adjust the pump delay iime to adapt to chang?:s in the flow impedances on
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the blood side and or the dialysate side of the flow circuit or changes in the

transmembrane impedance of the dialyzer.
The sequence is then repeated, where pump pod 162 s now the receiving pump

that begins the process by receiving fluid from the blood size of the dialyzer, while the

delivering pump 161 is fixed. Then both pamps 161 and 162 move untj) the receiving

pump 162 is fuil. At this time pump 161 continues and delivers dialysate to the blood
side.

The method to create small periodic flows back and forth across the‘{iia!yzer with
pumps, valves and balancing chambers is one exemplary method. Other methods and
pump/valve embodiments are contemplated.

The described hardware of the inner dialysate and blood cassettes and the method
of phasing the dialysate is one implementation. The same method of phasing one or
more pumps on at least .one side of a semi-permeable {ilter in order to periodically force
fluid back and forth across filter could be appiied to flows of liguid through other semi-

permiable filters including but not limited to ultra filters.

ki is generally beneficial to keep the blood flow as continuous as possible during

. therapy, as stagnant blood flow can result in blood clots. In addition, when the delivery

flow rate on the blood flow pump is discontinuous, the balancing pump must pause its
stroke more frequently, which can result in discontinuous and/or low dialysaie flow
rates.

However, the flow through the blood flow pump can be discontinuous for various
reasons, For instance, pressure may be limited within the biood flow pump, e.g., to +600
mmHg and/or -350 mmHg to provide safe pumping pressures for the patient. Foy
instance, during dual needle flow, the two pod pumps of the blood flow pump can be
progfammed to run 180° out of phase with one another. If there were no limits on
pressure, this phasing could always be achieved.- However to provide safe blood flow far
the patient tﬁese pressures are limited. If the impedance is high on the fill stroke (due 10
a small needle, very viscous blood, poor patient access, etc.), the negative pressure limit
may be reached and the fill flow rate will be slower than the desired fill flow rate. Thus
the delivery stroke must wait for the previous fill stroke to finish resulting in a pause in

the delivery flow rate of the blood flow pump. Similarly, during single needle flow, the
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blood flow pump may be run at 0° phase, where the two blood flow pump pod pumps are
simultaneously emptied and filled, When boih pod pumps are filled, the volumes of the
two pod pumps are delivered. In an embodiment, the sequence of activation causes-a
first pod pump and then a second pod pump to fill, followed by the first pod pump
emptying and then the second pod pump emptying. Thus the flow in single necdle or
single lnmen arrangement may be discontinuous.

One method to contzo! the pressure saturation lmits would be to limit the desired
flow rale to the slowest of the fill and deliver sirokes. Although this wonld resalt in
siower bivod delivery flow rates, the flow rate would still be known and would always
be continuous, which wonld result in more accurate and continaous dialysate flow rates,
Another method to make the blood flow rate more continuous in single needle operation
would be to use maximunm pressures to fill the pods so the fill time would be minimized.
The desired deliver time could then be set to be the total desired stroke time minus the
time that the fil} stroke took. However, if blood flow rate cannot be made continuous,
then dialysate flow rate may have to be adjusted so that when the blood flow rate is
delivering the dialysate flow is higher than the programmed value to make up for the
time that the dialysate pump is siopped when the blood flow pump is filling, The less
centinuous the blood flow, the more the dialysate flow rate may have to be adjusted
upward during biood delivery to the dialyzer. ¥f this is done with the comect timing, an
average dialysate flow rate t}'iken over several strokes can still match the desired
dialysate flow rate. -

A pop-limiting example of 4 ba]z;ncing cassette is shown in Figs, 34-36. In one
structure of the cassette shown in Fig. 34A, the valves are ganged such that they are
actuated at the same time. In one embodiment, there are four gangs of valves 832, 834,
836, 838, In some cases, the ganged valves are actuated by the same air line. However,
in other embodiments, each .valve has its own air line. Ganging the valves as shown in
the exemplary embodiment creates the fluid-flow described above. In some
cfnbodiments, ganging the valves also ensures the appropriate valves are opened and
closed to dictate the fluid pathways as desired. '

In this embodiment, the fluid valvés are volcano valves, as.described in more
detail herein. Although the fluid flow-path schematic has been described with respect to

a particular flow path, in various embodiments, the flow paths may change based on the
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actuation of the valves and the pumps.. Additionally, the terms inlet and outlet as well as
first fluid and second fluid are used for description purposes only (for this cassette, and
other cassettes described herein as well). In other embodiments, an inlet can be an ontlet, '
as well as, a first and second fluid may be different fluids or the same fluid types or
composition.

Referring now to Figs. 35A-35E, the top plate 1000 of an exemplary embodiment
of the cassette is shown. Referring first to Figs. 35A and 35B, the top view of the top
plate 1000 is shown. In this exemplary ‘embodimént, the pod pumps 820, 828 and the
balancing pods 812, 822 on the top plate, ar¢ formed in a similar fashion. In this
embodiment, the pod pumps 820, 828 and balancing pods B12, 822, when assembled
with the bottom plate, have a total volume of capacity of 38 ml. However, in various

embodiments, the total volume cabacity can be greater or less than in this embodiment.

“The first fluid inlet 810 and the second fluid outlet 816 are shown,

Referring now to Figs. 35C and 35D, the bottom view-of the top plate 1000 13
shown. The fluid paths are shown in this view, These fluid paths correspond to the ftuid
paths shown in Fig. 34B in the midplate 900. The top plate 1000 and the fop of the
midplate form the liquid or fluid side of the cassette for the pod pumps 820, 828 and for
one side of the balancing pods 812, 822. Thus, most of the liquid flow paths are on the
top and midplates. The other side of the balancing pods’ 812, 822 flow paths are located
on the inner side of the bottom plate, not shown here, shown in Figs. 36A-36B.

Still referring to Figs. 35C and 35D, the pod pumps 820, 828 and balancing pods
812, 822 include a groove 1002. The groove 1002 is shown having a particufar shape,
however, in other embodiments, the shape of the groove 1002 can be any shape
desirable. The shape shown in Figs. 35C and 35D is an exemplary embodiment. In
some embodiments of the groové 1002, the gro;ove forms a path between the fhiid inlet
side and the finid-outiet side of the pod pumps 820, 828 and balancing pods 812, 822,

The groove 1002 provides a fluid path whereby when the diaphragm is at the end

‘of stroke, there is still a fluid path between the inlet and outlet such that the pockets of

fluid or air do not get trapped in the pod pamp or balancin g pod. The groove 1002 is
included in both the liquid and air sides of the pod pumps 820, 828 and balancing pods
812, 822 (see Figs. 36A- 36B with respect to the air side of the pod pumps 820, 828 and
the opposite side of the balancing pods 812, 822).
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The liquid side of the pod pumps 820, 828 and balancing pods 812, 822, in one

exemplary embodiment, include a feafore whereby the inlet and outlet flow paths are

continuons while the outer ring 1004 is also continuous. This feature allows for the seal,

formed with the diaphragm (not shown) to be maintained.

Referring to Fig. 35E, the side view of an exemplary embodiment of the top plate
1000 is shown. The continuous outer ring 1004 of the ped pumps 820, 828 and
balancing pods 812, 822 can be seen.

Referring now to Figs. 36A-36E, the bottom plate 1100 is shown. Referring first

- to Figs. 36A and 36B, the inside surface of the bottom plate 1100 is shown. The inside.

surface is the side that contacts the bottom surface of the midplate (not shown, see Figs.
34EF). The bottom plate 1100 attaches to the air lines knot showmn). The corresponding
entrance holes for the air that actuates the pod pumps 820, 928 and valves (not shown,
see Fig. 34E) in the midplate can be seen'1106. Holes 1108, 1110 correspond o the
sécond fiuid inlet and second fluid outlet shown in Figs, 34C, 824, 826 respectively. The
corresponding halves of the pod pumps 820, 828 and balancing p.ods 812, 822 ase also
shown, as are the grooves 1112 for the fluid paths. Unlike the top plate, the botiom plate
cormesponding halves of the pod pumps 820, 828 and balancing pods 812, 822 make
apparen! the difference between the pod pumps 820, 828 and balancing pods 812, 822.
The pod pumps 820, 828 include an air path on the second half in the bottom plate; while
the balancing pods 812, 822 have identical construction to the half in the top plate.
Again, the balancing pods 812, 822 balance liquid, thus, both sides of the diaphragm, not
shown, will include a liquid fluid path, while the pod pumps 820, 828 are pressure
pumps that pump liquid, thus, one side includes a liguid fluid path and the other side,
shown in the bottom plate 1100, includes an air actuation chamber or air fluid path.

In one exemplary embodiment of the cassette, sensor elements are incorporated
into the cassette 50 as to discern various properties of the fluid-being pumped. In one
embodiment, thé three sensor elements are included. In one embodiment, the sensor
elements are located in the sensor cell 1114_ The cell 1114 accommodates three sensor
elements in the sensor element housings 1116, 1118, 1120. In ar embodiment, two of
the sensor housings 1116, 1118 accommodaie a conductivity sensor element and the
third sensor element housiné 1120 accommodates a temperatire sensor element. The

conductivity sensor elements and temperature sensor elements can be any conductivity or
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‘temperature seasor elements in the art. In one embodiment, the conductivity sensor

clements are graphite posts. In other embodirmnents, the conductivity sensor elements are
posts made from stainiess steel, ﬁtanium,’piatinum or any other metal coated to be
corrosion resistant and still be electrically conductive. The conductivity sensor elements
can include an electrical lead that transimits the probe information to a controller or other
device. In.one embodiment, the temperature sensor is 4 thermistor potted in a stainless
steet probe. In alternate embodiments, there are either no sensors in the cassette or only
a temperatuge sensor, only one or more conductivity sensors or one or more of another
type of sensor. In some embodiments, the sensor elements are-located outside of the
cassette, in a separate cassetle, and'méy be connected to the cassette via a fluid Jine.

Still referring to Figs. 36A and 368, the actuation side of the metering pump 830
is also shown as well as the ﬁoﬁesmgding air entrance hole 1106 for the ajr that actuates
the pump. Referring now to Figs. 36C and 36D, the outer side of the bottom plaie 1100
is shﬁwn. The valve, pod pumps 820, 828 and metering pump 830 air line cénnectign
points 1122 are shown. ‘Again, the balancing pods 812, 822 do not have air fine
connection poinis as they are not actuated by air. As well, the corresponding openings in
the bottom plate 1100 for the second fluid outlet 824 and second fluid injet 826 are
shown,

Referring now to Fig. 36E, a side view of the bottom plate 1100 is shown. Ini the
side view, the rim 1124 that surrounds the inner bottom plate 1100 can be seen. The rim
1124 is raised and continunous, providing for a connect point for the diaphragm (not
shown)., The diaphragm rests on this continuous and raised rim 1124 providing for a seat
between the half of the pod pumps 820, 828 and balancing pods 812, 822 in the bottom
plate 1100 and thé half of the pod pumps 820, 828 and balancing pads. 812, 822 in the
top plate (not shown, see Figs. 35A-35D).

As mentioned, dialysate flows from a directing circuit, optionally through a
heater and/or throngh an ultrafilter, to the balancing cirenit. In some cases, the direéting
circnit is implemented on a cassette, although it need not be. An example of a directing
circuit can be seen in Fig. 3A as directing circuit 142, Directing circuit 142 is able to
perform a pumber of different functions, in this example. For in;tance, dialysate flows
from a dialysate supply (such as from a mixing circuit, as discussed below) through the

directing circuit to a balancing circuit, while used dialysate flows from the balancing
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circuit to a drain. The dialysate may flow due to the operation of one or more pumps
contained within the directing circuit. In some cases, the ditecting circuit may also
contain a dialysate tank, which may contain dialysate prior to passing the dialysate to the
balancing circnit. Such a dialysate tank, in certain instances, may allow the rate of
production of dialysate to be different than the rate of nse of dialysate in the dialyzer
within the system. The directing circuit may also direct water from a water supply to the
mixing circuit (if one'is present). In addition, as previously discussed, the blood flow
circuit may be fluidically connected to the directing circuit for some operations, e.g.,
disinfection.

Thus, in some cases, dialysdie may be made as it is needed, so that large volumes
of dialysate do not need to be stored. For instance, after the dialysate is prepared, it may
be held in a dialysate tank 169. A dialysate valve 17 may control the flow of dialysate
from tank 169 into the dialysate circuit 20. The dialysate may be filtered and/or beated
before being sent into the dialyzer 14. A waste valve 18 may be used to control the flow
of used dialysate out of the dialysate circuait 20.

One non-limiting example of a directing cixcuit is shown in Fig.-6. In this figure,
directing circuit 142 fluidicaily connects dialysate from a dialysate supply to a dialysate
tank 169, then through dialysate pump 159, heater 72, and ultrafilter 73, before entering
a balancing circuif, as previously discussed. 1t should be understood that although this
figure shows that dialysate in the dialysate flow path flows from the dialysate supply to
the dialysaie tank, the pump, the heater, and the ultrafilter (in that order), other orderings
are also possible in other embodiments. Heater 72 may be used to warm the dialysate o
body temperature, and/or a temperature such that the blood in the blood flow circuit is
heated by the dialysate, and the blood returning to the patient is at body temperature or
higher, Ultrafilter 73 may be used to remove any pathogens, pyrogens, etc. which may
be in the dialysate solution, as discussed below. The dialysate solution then flows into
the balancing circuit to be directed to the dialyzer.

- T Didlysate tank 169 may comipiise any suitable thaterial antd be of any suitable:
dimension. for storing dialysate prior to use. For instance, dialysate tank 169 may
comprise plastic, metal, etc. In some cases, dialysate tank may comprise materials

simnilar to those used to form the pod pumps as discussed herein.,
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The flow of dialysate through directing circuit 142 may be controlled (at least in
part) by operation of dialysate pump 159.‘ In addition, dialysate pump 159 may control
flow through the balancing circuit. For instance, as discussed above with reference to
Fig. 5, fresh dialysate from the directing circuit flows into balancing chambers 341 and
342 on balancing circuit 143; pump 159 may be used as & driving force to cause the fresh
dialysate to flow into these balancing chambers. In one set of embodiments, dialysate
pump 159 includesra pod pump, similar to those described above. The pod pump may
include a rigid chamber with a flexible diaphragm dividing each chamber into a fluid
compartment and contro] compartment. The control compariment may be connected to a
control fluid source, such as an air source. Non-limiting examples of pumps that may be
used as pod pumps and/or balancing chambers are described in U.S. Provisional Patent
Application Serial No. 60/792,073, filed April 14, 2006, entitied “Extracorporeal
Thermal Therapy Systems and Methods™; or in U.S. Patent Applicatio;a Sez. No.
11/787.212, filed Apnt 13, 2007, cnti_tléd “Fluid Pumping Systerns, Devices and
Methods,” each incorporated herein by reference. Pod pumps are also discussed in detail
beiow.

After passing through purnp 159, the dialysate may flow to 2 heater, e.g.. heater
72 in Fig. 6. The heater may be any heating device suitable for heating dialysate, for
example, an eieetrically resistive heater as is known to those of ordinary skill in the art,
'The heater may be kept separated from the directing circiit (e.g,, as is shown in Fig. 34),

or the heater may be incorporated into the directing circuit, or other circuits as well (e.g.,

.the balancing circuit),

~ In some cases, the dialysate is heated to a temperature such that blood passing
through the dialyzer is not significantly chilled. For instance, the temperature of the
dialysaté may be controlled such that the dialysate is at a semperature at or greater than
the témperature of the blood passing ‘through the dialyzer. In such an example, the biood
may be heated somewhat, which fnay be usefu in offsetting heat loss caused by the
blood passing through the various components of the blood flow circuit, as discussed
above. In addition, in some cases as discussed below, the heater may be connecied to a
control system such that dialysate that is incorrectly heated (1.e., the dialysatc is 100 hot
or toé cold) may be recycled (e.g., back to the dialysate tank) or sent to drain instead of
being passed to the dialyzer, for exampile, via line 731. The heater may be‘ integrated as
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part of a fluid circuit, such as a directing cireuit and/or a balancing circuit, or, as is
shown in Fig. 3A, the heater may be a separate component within the dialysate flow
path.

The heater may atso be used, in some embodiments, for disinfection or
sterilization purposes. For instance, water may be passed through the hemodialysis
system and heated using the heater such that the water is heated to a temperature able to
cause disinfection or sterilization to oceur, e.g., temperatures of at least about 70 °C, at
least about 80 °C, at least about 90 °C, at least abous 100 °C, at least about 110 °C, etc.
In some cases, as discussed below, the water may be recycled aroun;i the various
components and/or heat loss within the system may be minimized (e.g., as discussed
below) such that the heater is able to heat the water 1o such disinfection or sterilization
temperatures.

The heater may include a control system that is able to control the heater as
discussed above (e.g., to bring dialysate up to body ternperature for dialyzing a patient,
1o bring the water ternperature up to 2 disinfection temperatures in order to clean the
system, etc.).

A non-limiting example of a heater controller foilows. The controller may be
selected to be capable of dealing with varying inlet fluid temperatures as well as for
pulsatile or varying flow rates. In addition the heater control must function properly
when flow is directed through each of the different flow ﬁaths (dialyze, disinfect, re-
circulate etc). In one embediment, the heater controlier is used on SIP1 boards with an
IR (infrared) temperature sensor on the ultra filter and an IR temperatore sensor on the
tank. In other embodiments, the board is in a box with less heat losses aﬁﬁ o uses
conductivity sensors for the inlet temperature sensor. Another emboediment of the
controller uses a simple proportional centroller using both tank (heater inlet) and

ultrafilter (heater outlet) temperatures, €.g.:
powerHeater = massFlow * ( ( tankPGain * errorTank ) + (UFPGain * errorUF ),
where;

PowerHeater = heater duty cycie cmd (0-100%);

MassFlow = the fluid mass flow rate;
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TankPGain = proportional gain for the tank or inlet temperature sensor;
EmrorTank = difference between the tank or inlet temperature sensor and the
desired temperature;
. UFPGain = proportional gain for the ultrafilter or outlet temperature sensor; and
EmorUF = differené:e between the uf or outler temperature sensor and the desired
temperature.
From the heater duty cycle command (0-100%) a PWM command is generated,
In some embodiments, this controller may reduce the mass flow rate if the given

temperature is not maintained and the heater is saturated.

Heater Contzols

An alternative embodiment of the heater 72 in Fig 122 may include a diatysate
flow path through which, an electrical heater element and a heater temperature sensor are
complemented by temperatures sensors Iocated in the fiuid path upstream and
downstream of the heater. Temperature sensor 254 is Jocated just upstream of the heater
to provide information on the temperature of the entering fluid. Redundant temperature
sensors 252 and 251 are located downstream of the ultrafilter 73 in order to measure the
temperature of the dialysate entering inner dialysate cassette, A temperature sensor 255
may be located on line 731 in order to measure flow diverted from the inner cassette.

Referﬁng to FIG. 123A, in an alternative embodiment, a’Heater Control Mode*
consists of a contrel Joop 608 around the heater. In an embodiment, the Heater Control
Mode uses a closed locp controller to simple prdportional integral controller to bring the
heater temperature 612 to the desired temperature 610 by cutputting & duty cycle
command to the beat-er 72.  Inanother example the closed loop controller is a
proportional controller. The heater temiperature 612 is measured by the heater

temperature sensor. The heater temperature sensor is in thermal contact with the flow

- conduit in the heater 72. the heater temperature sensor may also be embedded in the

heater 72. The duty cycle command may be converted to a pulse width modulation
(*PWM’) command with a base frequency of 1 Hz. The heater current may be comtrolled
by the PWM command with SCR electronics that turn on and off at zero crossing. The.

heater current may also be controlled by a transistor switch {such as a FET, IGBT or
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BIT). Assuming a 60 Hz power line frequency, the 1 Hz PWM frequency allows a
resolution of 1 in 60. ’

The lower limit on heater duty cycle command may be zero. The heater may be
configured to run at 100% duty cycle or at a reduced duty cycle. The maximum duty
cycle may be limited by the electrical power available. In one embodiment, the
maximuom duty cycle for the heater may be 70% for a total current draw of 8 amps,l
allowing adequate powerto run the balance of components in the Dialysis Machine 6001,
In another embodiment, the maximum total current draw is 11 amps and the heat duty
cycle 1§ limited to 100%.. The user or technician may set the maximum duty cycle of the
heater controller and the maximum draw of the Dialysis Machine 6001 (represented in

block form in FIG. 61) by selecting a high or low power setting via software. The Jower

power setting may allow the Dialysis Machine 6001 to be plugged intc the same circuit

as a machine fo prepare water for the Dialysis Machine 6001. The maximum heater
command may be limited by saturation block 619 showa in FlGs, 123A-123C, The
maximum flow rate throigh the heater may be controlled based on the inlet temperature
254 and available power in order to produce dialysate that achieves the minimum
allowed dialysate temperature as measured by sensors 251, 252,

‘ Thé heater conirolier may be considered inherently non-symmetrical as it can
increase the heater temperature by using more electrical power, but depends on heat loss
to the ambient air or flowing dialysate to reduce the heater tempe?at‘u‘re. The control loop
in Fig 123A may be operated with different integral and proportional gains, 618, 616 to
adapt to different levels of heat loss due to external factors, which include but are not
limited to ambient temperatures, incoming dialysate temperature and dialysate flow
rates. '

The Heater Control Mode may select different gains depending on the operating
mode selected in the Therapy Applications 6203 (Fig 62). The gains 616, 618 may be
set higher when an operating mode is selected that calls for high fluid flow through the
heater. The gains 616, 618 may be set lower when an operating mode is selected that
calls for low fluid fiow through the heater. The gains may be set to minimum or zero
values during modes when there is n6 flow through the heater in order to prevent

temperature overshoot. The gains 616, 618 may be set low during a disinfect operating

‘mode to prevent overshoot at high temperatures, as disinfection temperawres may be
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near the material temperature limits and the Jarge temperature Increases associated with
thermal disinfection are more likely to produce temperature overshoots.

A saturation block 619 may limit the output 614 of the heater control loop 608 to
that of the maximum heater duty cycle. In a preferred embodiment the maximum heater
duty cycle is sclectable between about 70% and about 100%.

In another embodiment, to aveid temperature overshoot, the value of an
integrator 620 may be limited. If the heater command is at its upper limit, the integrator
value 620 may not be allowed to increase until the heater command drops below its
upper limit. The integrator value is allowed to decrease at al} times.

In order to minimize heater temperarure fluctuations when fluid flow through the
heater is momentarily stopped, the Heater Control Mode may suspend the heater
operation and save one of more control parameters in memory. In a preferred

embodiment when fluid flow through the heater stops for a short period, the heater may

be turned off and the integrator value 620 may be saved.. The heater subsequentiy maj}

be turmed back on with the gains 616, 618 appropriate for the operating mode and with
the integrator value reloaded from memory. )

An alternative embodiment of the heater controller referred to as a “Fluid Temp
Control Mode" is shown in FIG 123B. The Fluid Temp Conirol Mode may écid, an onfer
control loop 638 around the inner control loop 608 of the Heater Control Mode. The
otiter control loop 638 may bring the actual fluid tempefaturc 632 to the desired fluid
temperature 630 by varying the desired heater temperature 610. The Finid Temp Control
Mode supplies this desired heater temperature 610 to the inner control loop 608, which
produces a signal 614 to control the heater as described above in the Heater Control
Mode. The inner control loop may include changing the ga.iﬁs 616, 618 based on the
operating mode of the dialysis unit, and limiting the integrator when the heater command
reaches the maximum allowed value. The Fluid Temp Control Mode may include a
feed-forward command {(ffCmd) 642 based on the desired temperatare 630, the inlet fluid

temperature 254, the fluid flow rate and a gain factor:
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SfCmd =T, +(T,, —T yxm* ffGain
Where-:

JfCmd is the feed forward command
T, is the desired temperature setpoint

T, is the tempeature at the inlet of the heater
m is the desired mass flow

[fGainis a gain applied to the calculation
The outer control loop 638 may include a saturation block 644 that fmposes on
the feed-forward command 642 an upper and lower lmit to values between the desired

fluid ternperatare point 630 and a maximum allowed heater temperature. A second

.saturation block 639 may limit the output 610 of the outer control loop 638 to the

maximum heater temperatare. In a preferred embodiment the maximum temperature
during dialysis may be set to about70°C, and to about 112°C duﬁng disinfection.

The Fluid Temp Control Mode may seiect different gains 636, 638 depending on
the operating mode selected in the Therapy Applications 6203-‘(Fig 62). The gains 636,
638 may be set higher when an operating mode calls for high fluid flow through the
heater. The gains 636, 638 may be set lower when an operating mode calls for low flows
of fluid through the heater 72. The gains may be'set to minimum or zero values during
modes when there 1s no flow through the heater 72 in order to prevent temperature
overshoot. ' ) A

Fluid Temp Control Mode may Iimit the integrator value 640 in order to avoid
tempé:ature overshoot. If either the heater command 614 or desired heater temperature
610 are at the maximum allowed values, then the integrator value 640 may not be
aliowed 10 ircrease until both the heater command and desired heater temperature drop
below their upper limits. The integrator value js allowed io decrease at all times.

The Fluid Temp Control Mode is optionally able to change the dialysate flow rate
from the outer pump 159 to maintain the dialysate within the desired temperature limits.
If cither the heater command 614 or desired heater temperature 610 are at the maximum

allowed values for a pre-determined minimom period of time, the dialysate flow rate

may be reduced to a rate of, for example, about 30mi/min/stroke. If both the heater

command and desired heater temperature drop below their upper limits for a pre-
determined minimum period of time, the desired flow rate may be ramped up at a rate of,

for example, 30ml/min until the flow rate returns to its original programmed value. In 2
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preferred embodiment, the minimum period of time is set to the time to complete the
current and previous strokes. The Fluid Temp Control Mode uses the minimum period
of time to produce 2 smoother temperature response and reduce temperature overshoots,
The flow through the heater may be limited to a pre-detenmined minimum value. Ina
preferred emibodiment the minimum fiow rate for dialysate througti the heater as
measured by the outer purnp is set to about 100ml/min; 7

In.order to minimize heater temperature fluctuations when fluid flow through the
heater is stopped for a short time, the Fluid Temp Control Mode is programmed to
suspend the heater operation and save one or more control parameters in memory. The
fluid flow may be 'stoppcd periodicalty as the dialysis unit performs functional checks
that include dialysate levels, and performance of the fluid valves. In a preferred
embodiment when fluid flow through the heater stops for a short period, the heater is
wned off, while the preceding dialysate flow rate and the integrator values 640, 620 are
saved in memory. When the flow restarts, the integrator values and diélysate flow rate
are reloaded from memory, the heater is tumed back on, and the pains 616, 618, 636, 638
are set as appropriate for the operating mode . ' '

In an aliernative embodiment; as shown in FIG, 123C, the heater controller has a
'Heater Only Power Mode, consisting of a contro! loop 648 around the heater, The
Heater Only Power Mode may use a simple propertional integral contraller to bring the
heater temperature 612 to the heater set point temperature 610 by outputting a duty cycle
command to the heater 72. The heater set point temperature 610 may be the output of a
feed-forward command 646 limited by a saturation block 644. The feed-forward
command 646 may be based a number of parameters, such as the measured inlet fluid
temperature 647, desired fluid temperature 611, assumed fluid mass flow and a gain
factor. In a preferred embodiment, the feed-forward signal 646 may be calculated as:

FCmd =T, +(T,,, ~T ,yxm, * [fGain
Where :

ffCmd is the feed forward command

T,,, is the desired temperature setpoint

T, is the tempeature af the inlet of the heater
r,is the assumed mass flow

ffGain isa gainapplied to the-ealculation
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The feed-forward command 646 may be limited by a saturation block 644 102
range of values. In a preferred embodiment, the saturation block 644 limits the desired
heater temperatare 610 to values between the desired fluid temperature 611 and a
maximum value, such as, for example, 41°C.

The heater temperature 612 may be measured by the heater temperature seasor..
The inlet temperature is measured by sensor 254, The duty cycle command may be
converted to a PWM command, which in one aspect has a base frequency of about 1 Hz.
The heater current may be controlled by a PWM command with SCR electronics that
twrm on and off at zero crossing ora transistor switch: such as aFET, IGBT or BJT.
Assuming a 60 Hz power line frequency, the 1 Hz PWM frequency allows a resolution
of 1in 60.

The lower limit on heater duty cycle command can be set to zero. The heater

‘may be configured to run at 100% duty cycle or at a reduced duty cycle. The maximum

duty cycle may be limited by the electrical power available. In a preferred embodiment,
the maximum duty cycle is set to about 70%, limiting the total current draw to 8 amps,
which would allow power for running the balance of components in the Dialysis
Machine 6001.. Alternatively, the maximum total coment draw is set to 3} amps and the
heat duty cycle is limited to 100%. The user or technician may set the maximum duty
cycle of the heater coniroller and the maximum draw of the Dialysis Machine 6001 by
selecting via software a high or low power setting. The lower power seiting may allow
the Dialysi¢ Machine 6001 to be plugged into the same electrical circuit as a machine
that prepares water for the Dialysis Machine 6001. Depending on the available power,
the maximum flow rate through the heater may be controlied by monitoring the iniet |

teraperature 254 so that the dialysate produced achieves the minimum aliowed dialysate

temperature as measured at sensors 251, 252,

The Heater Only Power Mode may select different gains depending on the
operating mode selected in the Therapy Applications 6203 (Fig 62). The gains 616, 618
may be set higher when an operating mode is selected that calls for high fluid flow
through the heater. The gains 616, 618 may be set lower when an operating mode is
selected that calls for low fluid flow through the heater. The gains may be set to
mjnimuxﬁ or zero values during modes when there is no flow through the heater in order

to prevent tlemperatare overshoot. ‘The gains 616, 618 may be sei Jow during disinfect
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operating mode to prevent overshoot at high temperatures, as disinfection témperatures
may approach material temperature limits, and the large temperature increases are more
likely to produce temperature overshoots. '

Another method to avoid temperature overshoot involves limiting the integrator
value 620, If the heater command is at its upper limit, the integrator vaiue 620 is not
allowed to increase until the heater command drops below its upper limit. The
integrai:or value is allowed io decrease at all times.

In order to minimize heater temperature fluctuations when fluid flow through the
heater is momentarily stopped, the Heater Only Power Mode may suspend the heater
operation and save one or more control parameters in memory. In a preferred.
embodiment, when fluid flow through the heater stops for a short period, the heater may
be turned off and the imégrator value 620 may be saved in memory. The heater may be
turned back on by reloading the integrator value from memory with the gains 616, 618
set as appropriate for the operating mode |

o In cmé embodiment of the heater controller a number of safety checks are
performed doring start up to confirm the functioning of the heater system, incinding
heater function, temperature sensors, and control elecironics. The startup safety checks
may include checking that temperarure sensor outputs are within an expected range. In
an embodiment, the expected range for temperature seasors'is 0°C o 110°C.

In order to verify that the heater can be turned on and off, the étartup safety
checks may include # heater system test that tums the heater.on for a short period, while
monitoring the heater temperature sensor during this on-period, and then for a longer off-
period. The test may require that the heater sensor value increases doring the on-period
and does not continue to increase during the off-period. In a preferred embodiment, the
Heater is turned on for about 5 seconds while the temperature sensor is monitored during
the 5 second on-period and a subAsequent‘ 20 second off-period. In-an embodiment, the
test is passed if the heater temperature increases by at least about 1.0°C and no less than
about 6.0°C.

In order to verify proper heater function during the operation of the dialysis unit,
the heater temperature js monitored when the heater command 614 is at its maximum-
value. Inorder to pass this test, the heater temperature is expected 10 rise a pre-

determined amount over a specified time period. In a preferred embodiment the heater
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temperature is exﬁected to rise more than about 0.5°C over 2 1 minute period.. This test
may be run during operational modes when the patient is connected to the dialysis unit.

The safety tests may monitor the heater temperature during all operations to
avoid excessive fluid temperatures, If the heater temperature 612 exceeds maximum
allowed heater temperature for a given operating mode, the heater and heater controller
are disabled. In a preferred embodiment, the maximum heater temperatare during patient
connected operations is set to about 70°C. The maximum heater temperature doring
disinfect mode may be set to a higher temperature, such as about 100-110°C, The heater
may include a secondary safety system composed of a thermal fuse on the heater,

The safety fests may monitor two or more of the fluid temperature sensors and
disable the heater 14 and heater controllers if any one of the temperature sensors exceeds
a maximum disinfect fluid temperature. Preferably, all the fivid temperature sensors ‘
251, 252, 254, 255 are monitored, with a maximuom &isinfact fluid temperatore set to
about 100°C. One bencfit of this test is that protects against failures of a single fluid
temperature sensor or failure of the heater temperature sensor.

The safety tests may include monitoring the outer pump 157 during Fluid Temp
Control Mode, and disabling the heater 72 and heater controllers if fluid flow cannot be
verified. The heater 72 and controllers may be disabled in Fluid Temp Control Mode if

the outer pump coniroller detects an occlusion or a pneumatic leak.

It should be understood that the above-described heater controls are by way of
example only, and,fhat other heater control systems, and. other heaters, are aiso; possible
in other embodiments of the invention. -

The dialysate may also be filtered to remove contaminants, infectious organisms,
pathogens, pyrogens, debris, and the like, for instance, using an ulirafilier, The filter
may be positioned in any suitable jocation in the dialysate flow path, for instance,
between the directing circuit and the balancing circuit, €.g., as is shown in Fig. 3A,
and/or the ultrafilter may be incorporated into the directing circuit or the balancing
circuit. If an ulwrafilter is used, it may be chosen to have a mesh or pore size chosen to
prevent species such as these from through the filter. For instance, the mesh or pore size
may be less than about (.3 micrometers, less than about 0.2 micrometers, less than about

(0.1 micrometers, or less than about 0.05 micrometers, etc. Those of ordinary skill in the
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art will be aware of filters such as ultrafilters, and in many cases, such filters may be
readily abtained commercially.

In some cases, the plirafilter may be operated such that waste from the filter (e.g., the
retentate stream) is passed to a waste stream, such as waste line 39 in Fig. 6. In some

cases, the amount of dialysate flowing into the retentate stream may be controlled. For

instance, if the retentate is too cold (L.e., heater 72 is not working, or heater 72 is not

heating the dialysate t0 a sufficient temperature, the entire dialysate stream (or at least &
portion of the dialysate) may be diveried to waste line 39, and optionally, recycled to
dialysate tank 169 using linc 48. Flow from the filter may also bermonitored for several
Feasons, €.8., using temperature sensors (£.2., sensors 251 and 252), conductivity sensors
(for confirming dialysate concentration, e.g., sensor 253), or the like, An example of
such sensors iy discussed below; further non-limiting examples can be seen in U.S.
Patent Application 12/038,474 entitled “Sensor Apparatus Systems, Devices and
Methods,” filed on February 27, 2008, and incorporated herein by reference.

1t should be noted that the ulirafilter and the dialyzer provide redundant screening
methods for the removal of contaminants, infectious organisms, patﬁogens, pyrogens,
debris, and the like, in this particular example {although in other cases, the ultrafilter may
be absent). Accordingly, for contaminants to reach the patieni from the dialysate, the
contarninanis must pass throngh both the ultrafilter and the dialyzer. Even in the event
that one fails, the other may still be able to provide sterility and prevent contaminants
from reaching tﬁe patient’s blood.

Directing circuit 142 may also be able to route used dialysate coming from a ‘
balancing circuit to a drain, e.g., throngh waste line 39 to drain 31 in Fig. 6. The drain
may be, for example, 2 municipal drain or a separate container for containing the waste
{e.g., used dialysate) to be properly disposed of. In some cases, one or more check or
“one-way” valves (e.g., check valves 215 and 216) may be used to cohtrol flow of waste
from the directing circuit and from the éystem. Also, in certain instances, a blood leak
sensor (e.g., sensor 258) may be used to determine if blood is Jeaking through the
dialyzer into the dialysate flow path, In addition, a liquid sensor can be positioned in a

collection pan at the bottom of the hemodialysis unit to indicate leakage of either blood

" or dialysate, or both, from any of the fluid circuits.
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The drain 31 (Fig. 89) may include an air-in-ling detector (AL} 37 to monitor the
balancing and directing circuits for leaks and diaphragm ruptures. The dialysate that
flows passed the AIL detector 37 has previously flowed through 2 pump in the directing
cassette and a balancing chamber and pumyp ip the balancing cassette as well as a number
of valves, I any of the diaphragms on the valves or ped pumps leaked, then the leaked
air would flow past the ATL detector in the drain 31. In addition, the AIL detector 37
may detect gas evolving from the dialysate possibly as it is heated In a preferred’
embodiment, the AIL detector 37 will be positioned on the drain 31, where the flow is
upward. This potentially advantageous position facilitates detection of air bubbles
flowing with the dialysate as the drain path (which may be made as long as suitable)
provides ample opportunity for bubbles to consolidate prior to reaching the detector 37.
The positioning of the AIL detector 37 on the drain 31 allows the detector to identify
diaphragm rupiure from air bubbles.

‘ In addition, directing circuit 142 may receive water from a water supply 30, e.g.,
from a container of water such as a bag, and/or from a device able to produce water, e.g.,
a reverse osmosis device such as those that are commercially available. In some cases,
as is known to those of ordinary skill in the art, the water entering the systern is set ata
certain purity, e.g., having jon concentrations below certain values, The water entexing-
directing circuit 142 may be passed on to various locations, e.g., to a mixing circuit for
producing fresh dialysate and/or to waste line 39. In some cases, as discussed below,
vatves to drain 31, various recycle lines are opened, and conduits 67 may be connected
batween directing circuit 142 and blood flow circnit 141, such that water is able to flow
continuousf‘y around the system. If heater 72 is also activated, the water passing through
the system will be continuously heated, e.g., to a temperature sufficient to disinfect the
systern. Such disinfection methods will be discussed in detail below.

A non-limiting example of a balancing cassette is shown in Figs. 41-45.
Referring now to Figs. 414 and 41B, the outer side of the top plate 900 of one
embodiment of the cassette is shown, The top plate 800 includes one half of the pod
pumps 820, 828. This half is the flnid/liquid half where the source finid will flow
through. The inlet and outlet pod pump fluid paths are shown. These fluid paths lead to
their respective pod pumps 820, 828. . '
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The pod pumps 820, 828 can include a raiéed flow path 908. 910. The raised
flow path 908, 210 allows for the fluid to continme to flow through the pod pumps 820,
828 after the diaphragm (not shown) reaches the end of stroke. Thus, the raised flow
path 908, 910 minimizes the dia;iﬁragm-causing air or fluid to be trapped in the pod
pump 820, 828 or the diaphragm blocking the inlet or outiet of the pod pump 820, 828,
which would inhibit flow. The raised flow path 908, $10 is shown in this embodiment
having particular dimensions. In alternate embodiments, the raised flow path 908,910 is
larger or natrower, or in still other embodiments, the raised flow path 308, 910 can be
any dimension as the purpose is to control fiuid flow so as to achieve a desired flow rate
or behavior of the fluid. Thus, the dimensions shown and described here with respect to
the raised flow path, the pod pumps, the valves, or any other aspect are mere exemplary
and aiternate embodiments. Other embodiments are readily apparent. Figs. 41C and
41D show the inner side of the top plate 900 of this embodiment of the cassette. Fig:
41E shows a side view of the top plate 500,

Referring now to Figs. 42A and 42B, the fluid/liguid side of the midplate 1000 is
shown. The areas complementary to the fluid paths on the inner top plate shown in Figs.
41C and 41D are shown. These areas are sli ghtly raised tracks that present a surface
finish that is conducive to laser welding, which is one mode of manufactaring in this
embodiment, Other modes of manufacturing the casseite are discussed above,

~ Referring next to Figs. 42C apd 42D, the air side, or side facing the bottom plate
(not shown, shown in Figs. 43A-43E) of the midplate 1000 is shown according to this
embodiment. The air side of the valve holes 802, 808, 814, 816, 822, §36, 83;8, 840, 842,
844, 856 comrespond to the holes in the fluid side of the midplate 1000 (shown in Figs.
42A and 42B). As seen in Figs. 44C and 44D, diaphragms 1220 complete pod pumps
820, 828 while diaphragms 1222 complete valves 802, BB, 814, 816, 822, 836, 838,
840, 842, 844, 856. The valves 802, 808, 814, 816, 822, 836, 838, 840, 842, 844, 856
are actuated pneumatically, and as the diaphragm is pulled away from the holes,
liquidffiuid is allowed to flow. As the diaphragm is pushed toward the holes, fluid flow
is inhibited, The finid flow is directed by the opening and closing of the valves 802, 808,
814, 816, 822, 836, 838, 840, 842, 844, 856, Referring next to Figs. 43A and 43B, the
inner view of the bottom plate 1100 is shown. The inside view of the pod pumps 820,
828, and the valves 802, 808, 814, 816, 822, 836, 838, 340, 842, 844, 856 actuation/air
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chamber is shown. The pod pumps 820, 828, and the valves 802, 808, 814, 816, 822,
836, 838, 840, 842, 844, 856 are actuated by a pnenmatic air source. Referring now to
Figs. 43C and 43D, the outer side of the bottom plate 1100 is shown. The source of air is
attached to this side of the cassette. In one embodiment, tubes connect to the tubes on
the valves and pumps 1102, In some embodiments, the valves are panged, and more
than one valve is actuated by the same air line.

Referring now to Figs. 44A and 44B, an assembled cassette 1200 is shown. An
exploded view of the assembled cassetie 1200 shown in Figs. 44A and 44B is shown in
Figs. 12C and 12D. In these views, the embodiment of the pod pump diaphragms 1220
is shown. The gasket of the diaphragm provides a seal between the liquid chamber (in
the top plate 900) and the air/actuation chamber {in the bottom plate 1100). In some
embadiment, texture on the dome of the diaphragms 1220 provide, amongst other’
features, additional space for air and Liquid to eséape the chamber at the end of stroke. In
alternate embodiments of the cassette, the diaphragms may include a double gasket. The
double gasket feature would be preferred in embodiments where both sides of the pod
pnmp- include lizjuid or in applications where sealing both chambers’ sides is desired. In
these embodiments, a rim complementary to the gasket or ;)ther feature {not shown)

would be added to the inner bottom plate 1100 for the gasket to seal the pod pump

* chamber in the bottom plate 1100.

Referring now to Fig. 45, a cross sectional view of the pod pumps 828 in the
cassette is shown. The details of the attachment of the diaphragm 1220 can be seen in
this view. Again, in this embodiment, the diaphragm 1220 gasket is pinched by the
midplate 1000 and the bottom plate 1100. A rim on the midpiate 1000 provides 2 feature
for the gasket to seal the pod pump 828 chamber located in the top plate 900.

Referring next to Fig. 45, this cross sectional view shows éxe valves 834, 836 in
the assembled cassette. The diaphragms 1220 are shown assembled and are heid in
place, in this embodiment, by being sandwiched between the nﬁdplate 1000 and the
bottom plate 1100. Still referring to Fig. 45, this cross sectional view also shows a valve
822 in the assf:’;mbiad cassette. The diaphragm 1222 is shown held in place by being
sandwiched between the midplate 1000 and the bottom plaie 1100.

In.one set of embodiments, dialyéate may be prepared separately and b:.;ought to

the system for use in the directing circuit. However, in some cases, dialysate may be
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prepared in a mixing circuit. The mixing circuit may be run to produce dialysate at any
suitable time. For instance, dialysate may be produced during dialysis of a patient,
and/or prior to dialysis (the dialysate may be stored, for instance, in a dialysate tank.

Within the mixing circnit, water (e.g., from a water supply, optionally delivered to the

ixing circuit by a directing circuit) may be mixed with various dialysate ingredients to

form the dialysate. Those of ordinary skill in the art will know of suitable dialysate
ingredients, for instance, sodium bicarbonate, sodium cbloride, and/or acid, as previously
discussed. The dialysate may be constituted on an as-needed basis, so that large
quantities do not need to be stored, although some may be stored within a dialysate tank,
in certain cases.

Fig. 7A illustrates a non-Jimiting example of 2 mixing circuit, which may be
implemented on a cassette in some cases. In Fig. 7A, water from a directing circuit
flows into mixing_ circuit 25 due to action of pump 180, In some cases, a portion of the
water is directed to ingredients 49, e.g., for use in transporting the ingredients through
the'mixing circuit. As shown in Fig. 7A, water is delivered to bicarbonate source 28
(which may also contain sodium chloride in some cases). “The sodium chioride and/or
the sodium bicarbonate may be provided, in some cases, in a powdered or granular
form, which is moved through the action of water. Bicarbonate from bicarbonate source
28 is delivered via bicarbonate pump 183 foa mixing fine 186, to-which water from the
directing circuit also flows. Acid from a&id source 29 (which may be in a liguid form) is

also pumped via acid pump 184 fo mixing line 186. The ingredients (water, bicarbonate,

acid, NaCl, etc.} are mixed in mixing chamber 189 to produce dialysate, which then

flows out of mixing circuit 25, Conductivity sensors 178 and 179 are positioned along
mixing line 186 to ensure that as each inlgr'cdient is added to the mixing kine, it is added
at proper concentrations. This method, and the control thereof, to ensure acceptable
dialysate quality is produced and maintained during treatment is described in more detail
below.

In one set of embodiments, pump 180 comprises one or more pod pumps, Sinilar
to those described above. The pod pumps may include a rigid chamber with a flexible
diaphragm dividing each chamber into a fluid compartment and contro! compartment.
The control éompartment may be connected to a control fluid source, such as an air

source. Non-limiting examples of pumps that can be used as pod pumps are described in
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U.S. Provisional Patent Application Serial No. 60/792,073, filed April 14, 2006, entitied
“Exrracorporeal Thermal Therapy Systems and Metheds™; or in U.S. Patent Application
Ser. No. 11/787,212, filed April 13, 2007, entitled “Fhuid Pumping Systems, Devices and
Methods,” each incorporated herein by reference. Similarly, in some cases, pumps {83
and/or 184 may each be pod pumps. Additional details of pod pumps are discussed
below.

In some cases, one or more of the pumps may have pressure sensors to monitor

the pressure in the pump. This pressure sensor may be used to énsure that 2 pump

compartment i5 filling and delivering completely. For example, ensuring that the pump
delivers a full stroke of flsid may be accomplished by (i) filling the compartment, (ii)
closing both fluid valves, (iii) applying pressure to the compariment by opening the
valve between the positive pneumatiﬁ reservoir and the compartment , (iv) closing this
positive pressure valve, leaving pressurized air in the path between the valve and the
compartment , {v) opening the fluid valve so the fluid can leave the pump compartment ,

and (vi) monitoring the pressure drop in the compartment as the fluid leaves. The

. pressure drop corresponding to a full stroke may be consistent, and may depend on the

initial pressure, the hold-up volume between the valve and the compariment, and/or the
stroke valume. However, in other embodiments of any of the pbd pumps described
herein, a reference volume compartment may be used, where the volume is determined
through pressure and volume data.

The volumes dcii.vered by the water pump and/or the other pumps may be
directly related to the donducﬁvity measurements, s the volumetric measurements may

be used as a cross-check on the composition of the dialysate that is produced. This may

- ensure that the dialysate composition remains safe even if a conductivity measurement

becomes inaccurate during a therapy. 7

Fig. 7B is a schemaric diagram showing another example of a mixing circuit,
implementable on a cassette in certain cases. Mixiﬁg circuit 25 in this figuse includes 2
pod pump 181 for pumping water from a supply along a line 186 into which the various
ingredients for making the dialysate are introduced inio the water. Another pump 182
pumps water from a water supply into source 28 holding the sodium bicarbonate (e.g., a
container) and/or into source 188 holding the sodium chioride. A third pump 183

introduces the dissolved bicarbonate into mixing line 186 (mixed in mixing chamber
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-189), while a fourth pump 185 introduces dissolved sodium chloride into line 186 (mixed

in mixing chamber 191}, A fifth pump 184 introduces acid into the water before it
passes through the first pump 181. Mixing is monitored using conductivity sensors 178,
179, and 177, which cach measure the conductivity afier a specific ingredient has been
added to mixing line 186, to ensure that the proper amount and/or concentration of the
ingredient has been added. An example of such sensors is discussed below; further non-
limiting examples can be seen in U.S. Patent Application 12/038,474 entitled “Sensor -
Apparatus Systems, Devices and Metheds,” filed on February 27, 2008, and incorporated
herein by reference. This method, and the control thereof, to ensure acceprable
dialysate quality is. produced and maintained during treatment is described in more detail
below.

Referring now to Fig. 3B, in this embodiment, mnung circuit 25 constitutes-
dialysate nsing two sources: an acid concentrate source 27 and a combined sodium

bicarbonate (NaHCO;)} and sodium chloride (NaCl) source. As shown in the

- embodiment shown in Fig. 3B, in some embodiments, the dialysate constituting system

25 may include muitiples of each source. In embodirnents of the method where the
systern is run continuously, the redundant dialysate sources allow for continuous -
function of the system, as one set of sources is depleted, the systerm uses the redundant
source and the first set of sources is replaced. This process is repeated a5 necessary, €.8.,
until the system is shut dowrs. '

A non-limiting example of a balancing cassette is shown in Figs. 34-36. In the
exemplary fluid flow-path cassette shown in Figs. 37, valves are open individualiy. In
this exe;:nplary embodiment, the valves are pneumatically open. Also, in this
embodiment, the fluid valves are volcano valves, as deécribed in more detail elsewhere
in this specification.

Referring now to Figs. 38 A-38B, the top plate 1100 of one exemplary
embodiment of the cassette is shown. In this exemplary embodiment, the Vpod pumps
820, 828 and the mixing chambers 818 on the top plate 1100, are formed in a similar
fashion. In this exemplary embediment, the pod pumps 820, 828 and mixing chamber -
818, when assembled with the bottom plate, have a totat volume of capacity of 38 ml

However, in other embodiments, the mixing chamber may have any size volume desired.
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Referring now to Figs. 38B, the bottom view of the top plate 1100 is shown. The
fluid paths are shown in this view, These fluid paths correspond to the fluid paths shown
in Figs. 39A-308 in the midplate 1200. The top plate 1100 and the top of the midplate
1200 form the lquid or fluid side of the cassette for the pod pumps 820, 828 and for one
side of the mixing-chamber 818. Thus, most of the liquid flow paths are on the top.1100
and midplates 1200. Referring to Fig. 39B, the first fluid inlet 810.and the first flnid
oatlet 824 are shown.

Still referring to Figs. 38A and 38B, the pod pumps 820, 828 include a groove
1002 (in alternate embodiments, this is a groove). The groove 1002 is shown having a
particular size and shape, however, in other erhbodiments, the size and shape of the
groove 1002 may be any size or shape desirable. The size and shape shown in Figs. 38A
and 38B is one exemplary embodiment. In all embodiments of the groove 1002, the
groove 1002 forms a-path between the fluid inlet side and the fluid cutlet side of the pod
pumps 820, 828. In alternate embodiments, the groove 1002 is a groove in the inner
pumping chamber wall of the pod pump.

The groove 1002 provides a fluid path whereby when the diaphragm is at the
end-of-stroke there is still a fluid path between the inlet and outlet such that the pockets
of finid or air do not get trapped in the pod pump. The groove 1002 is included in both
the figuid/fluid and air/actuation siéies of the pod pumps 820, 828. In some
embodiments, the groove 1002 may also be included in the mixing chamber 818 (see
Figs. 40A-40B with respect to the actuation/air side of the pod pumps 820, §28 and the
opposite side of the mixing chamber 818. In alternate embodiments, the groove 1002 is
either not included or on only one side of the pod pumps 820, 828.

In an alternate embodiment of the cassetie, the liguid/fluid side of the pod pumps
820, B28 may include a feature (not shown) whereby the inlet and outlet flow paths are
continuous and a rigid outer ring (not shown) is molded about the circumference of the

pumping chamber is also continuous. This feature allows for the seal, formed with the

“diaphragm (not shown) to be maintained. Referring to Fig. 38E, the side view of an

exemplary embodiment of the top plate 1100 s shown.’ )
Referring now to Figs. 39A-39B, an exemplary embodiment of the midptate 1200

is shown. The midplate 1200 is also shown in Figs. 37A-37F, where these Figs.

correspond with Figs. 39A-39B. Thus, Figs. 37A-37F indicate the locations of the
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various valves and valving paths, The locations of the diaphragms (not shown) for the
respective pod pumps 820, 828 as well as the location of the mixing chamber 818 are
shown. |

Referring now to Figs. 39A, in one exemplary embodiment of the cassette, sensor
elements are incorporated into the cassette $0 as to discern various properties of the fluid
being pumped. In one embodiment, three sensor elements are included. However, in
this embodiment, six sensor elements (two sets of three) are included. The sensor
elements are located in the sensor cell 1314, 1316. In this embodiment, a sensor cell
1314, 1316 is included as an area on the cassette for sensor(s) elcme,nt's. In one
embodiment, the three sensor elements of the two sensor cells 1314, 1316 are housed in
respective sensor elements housings 1308, 1310, 1312 and 1318, 1320, 1322. In one
embodiment, two of the sensor elements housings 1308, 1312 and 1318, 1320
accommodate conductivity sensor elements and the third sensor elements housing 1310,
1322 accommodates a temperature sensor element.  The conductivity sensor elements
and temperatute sensor elements may be any conductivity or IeMpPEratute Sensor
elements in the art. In one embodiment, the conductivity sensors are graphite posts. In
other embodiments, the conductivity sensor elements are posts made from stainless steel,
titanium, platinum or any other metal coated to be corrosion resistant and still be
electrically conductive, The conductivity sensor elements will include an electrical lead
that transmits the probe information to a controller or other device. Inone embodiment,
the temperature sepsor is a thermistor potted in 2 stainless steel probe. However, in
alternate embodiments, a combination temperature. and conductivity sensor elements is
used similar to the one described in a ULS, Patent Application entitled “Sensor Apparatus
Systems, Devices and Methods,"” filed October 12, 2007 (DEKA-024XX).

In alternate embodiments, there are either no sensors in the cassefte or only a
temperatire sensor, only one ormore conductivity sensors or one or more of another
type of sensor.

Referring now to Figs. 39C, the side view of an exemplary embodiment of the
midplate 120G is shown. Referring now to Figs. 40A-40B, the bottom plate 1300 is
shown. Referring first to Figs. 404, the inner or inside surface of the bottom plate 1300
is shown. The inner ot inside surface is the side that contacts the bottom surface of the

midplate (not shown). The bottom plate 1300 attaches to the air or actuation lines (not
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shown). The corresponding entrance holes for the air that actuates the pod pumps 820,
828 and valves (not shown, see Figs. 37A-37F) in the midplate 1300 can be seen. Holes
810, 824 correspond to the first fluid inlet and first fluid outlet shown in Figs. 39B, 810,
824 respectively. The corresponding halves of the pod purnps 820, 828 and mixing
chamber 818 are also shown, as are the grooves 1002 for the fluid paths. The actuation
holes in the pumps are also shown, Unlike the top plate, the bottom plate 1300
corresponding halves of the pod pumps 820, 828 and mixing chamber 818 make
apparent the difference between the pod pumps 820, 828 and mixing chamber 818. The.
pod pumps 820, 828 include an air/actuation path on the bottom plate 1300, while the
mixing chamber 818 has identical construction to the half in the iop plate. The mixing
chamber 818 mixes liguid and therefore, does not include a diaphragm (not shown) nor
an air/actuation path. The sensor cell 1314, 1316 with the three sensor element housings
1308, 1310, 1312 and 1318, 1320, 1322 are also shown.

Referring now to Figs. 40B the actuation ports 1306 are shown on the outmde or
outer bottom plate 1300, An actuation source is connected to these actuation ports 1306.
Again, the mixing chamber 818 does not have an actuation pori as it is not actuated by
air, Referring to Fig. 40C, a side view of the exemplary embodiment of the botton plate
1300 is shown. .

As described above, in various aspects of the invention, one or more fluid circuits
may be implemented on a casselte, such as the blood flow circuit, the balancing circuit,
the directing circuit, and/or the mixing circuit, etc. Other cassettes may be present, e.g.,
a sensing casseite as is disclosed in U.S. Patent Application 12/038,474 entitled “Sensor
Apparatus Systems, Devices and Methods,” filed on February 27, 2008, and incorporated
herein by reference, In some embodiments, some or all of these circuits are cornbined in
a single casseétte. In alternate embodimerits, these circuits are each defined in respective
cassettes. In still other embodinents, two or more of the flid circuits are included on
one cassette. In some cases, two, three, or ore cassettes may be immobilized relative to
each other, optionally with fluidic connections between the cassettes. For instance, in
one embodiment, two cassettes may be connected viza a pump, such as a pod pump a5
previously described. The pod pump may include a rigid chamber withé flexible
diaphragm dividing each chamber into a first side and a second side, and the sides may

be used for various purposes as noted above.
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Non-limiting examples of cassettes that may be used in the present invention
inciude those described in U.S. Patent Application Serial No. 11/871,680, filed October
12, 2007, entitled “Pumping Cassette”; U.S. Patent Application Serial No. 11/871,712,
filed Qctober 12, 2007, entitled “Pumping Cassette"‘; U.S. Patent Application Serial No.
11/871,787, filed October 12, 2007, entitled *“Pumping Cassette”; U.S. Patent
Application Serial No. 11/871,793, filed October 12, 2007, entitled “Pumping Cassette™;
U.S. Pateat Application Serial No. 11/871,803, filed October 12, 2007, entitled “Cassette
System Integrated Apparatus™; or in U.S, Patent Application 12/038,648 entitled
“Cassette System Integrated Apparatus," filed on Febimary 27, 2008, Each of these is
incorporated by reference herein in their entireties, _

. A cassette may also include various features, such as pod pumps, fluid lines,
valves, or the like. The cassette embodiments shown and described in this description
include exemplary and various alternate.embodiments. However, any variety of
cassettes is contemplated that include a similar functionality. Although the cassette
embodiments described herein are implementations of the fluid schematics as showa in
the figures, in other embodiments, the cassette may have varying fluid paths and/or valve
placement andfor pod pump placements and numbers and thus, is still within the scope of
the invention.. ‘

In one example embodiment, a cassette may includes a top plate, a midplite and 2
bottom plate. There are a variety of embodiments for each platé. In general, the top
plate includes pump chambers and fluid lines, the midplate includes complementary fiuid
lines, metering pumps and valves and the bottom plate includes actuation chambers (and
in some embodiments, the top plate and the bottom plate include complementary
portions of a balancing chamber or a pod pump).

In peneral, the diaphragms are located between the midplate and the bottom plate,
however, with respect to a balancing chamber or a pod pump, a portion of a diaphragm is
located between the midplate and the top plate. Some embodiments include where the
diaphragm is attached to the cassette, either overmolded, captured, bonded, press fit,
welded in or any other process or method for attachment, however, in the exemplary
embodiments, the diaphragms are separate from the top plate, midplate and bottom plate

unti} the plates are assembled.
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The cassettes may be constructed of a variety of materials. Generally, in the
various embodiments, the materials used are solid and non-flexible. In one embodiment,
the plates are constructed of polysulfone, but in other embodiments, the cassettes are

constructed of any other solid material and in exemplary embodiment, of any

" thermoplastic or thermoset,

In one exemplary embodiment, the cassettes are formed by placing diaphragms in
their correct locations (2.g., for one or more pod pumps, if such pod pumps are present),
assembling the plates in order, and connecting the plates. In one embodiment, the plates
are connected using a laser welding techniqoe. However, in other embodiments, the
plates may be glued, mechanically fastened, strapped together, ultrasonically welded or
any other mode of attaching the plates together. .

In practice, the cassetie may be used to pump any type of fluid from any source (o
any location. The types of fluid include nutritive, nonnutritive, inorganic chemicals,
organic chemicals, bodily fluids or any other type of fluid. Additionally, fluid in some
embadiments include a gas, thus, in some smbodiments, the cassetie ié used to pump a
gas.

The cassette serves to pump and direct the fluid from and 1o the desired locations:
In some embodiments, outside pumps pump the fluid into the cassette anc-i the cassetie

pumps the flnid out. However, in some embodiments, the pod pumps serve to pall the

_ fluid into the cassette and pump the fluid out of the cassette.

As discussed above, depending on the valve locations, control of the fluid paths is
imparted. Thus, the valves being in different locations or addi'tionai valves are aliernaie
embodiments of this cassette. Additionally, the fluid lines and paths shown in the figures
described above are mere examples of fluid lines and paths. ‘Other embodiments may
have more, less and/or different fluid paths. In still other embodiments, vglve.s are not
present in the cassette. _

The number of pod pumps (if pod pumps are present within the cass;atté)
described above may also vary depending on the embodiment. For example, although
the various embodiments shown and described above inclhiude two pod pumps, in other
embodiments, the ;:assette includes one pod purﬁp. In-stilt other embodiments, the
cassette includes more than two pod pumps, or there ma;y be no pod pumnps present, The

pod pumps may be single pumps or multiple pod purnps may be present that can work.in
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tandem, e.g., to provide a more continuous flow, as discussed above. Either or both may
be used in vér':ous embodiments of the cassette, However, as noted above, in some
cases, there may be pod phmps not present on a cassette, but contained between two or
more cassettes. Non-limiting examples of such systems can be.seen in U.S. Patent
Application 12/038,648 entitled “Cassette System Integrated Apparatus,” filed on
February 27, 2008, and incorporated by herein reference.

The various fluid inlets and fluid outlets disclosed herein may be flnid ports in
some cases. In practice, depending on the valve arrangement and control, a fluid inlet
may be a fluid outlet. Thus, the designation of the fluid poﬂg as a fluid inlet or a fluid
outlet is only for degcription purposes. The various embodiments have interchangeable
fluid ports. The fluid ports are provided to impart particuiar fluid paths onto the cassette.
These fluid ports are not necessarily alt used all of the time; instead, the variety of fluid
ports provides flexibility of use of the cassette in practice.

Another non-limiting example of a cassette is shown with reference 10 Fig. 46.
Referring now to Fig. 464, the assembled cassette system integrated is shown. The
mixing cassette 500, middle cassette 600 and balancing cassette 700 are finked by fluid
lines or conduits. The pods are between the casseties. Referring now to Figs. 46B and
46C, the various views show the efficiency of the cassette system integrated. The fluid
tnes or conduits 1200, 1300, 1400 are shown in Fig, 50A, Fig. 50B and Fig. 50C
respectively. The fluid flows between the cassettes through these fluid lines or conduits.
Refersing now to Figs. 50A and 50B, these fluid lines or conduits represent larger 1300
and smaller 1200 check valve fluid lines. ?n the e};emjaiary embodiment, the check
vaives are duck bill valves; however, in other embodimenis, any check valve may be
used.. Refgrring to Fig. 30C, fluid line or conduit 1400 is a fluid line or conduit that does
not contain a check valve. For purposes of this description, the terms “fluid line” and
“conduit” are used with respect to 1200, 1300 and 1400 interchangeably.

Referring now to Figs. 46B and 46C, and Fig. 51A, the following is a description
of one embodiment of the fluid flow through the various casseties. For ease of
description, the fleid flow will begin with the mixing cassette 500. Referring now to Fig,
46B and Fig. 51A, the fluid side of the mixing cassette 500 is shown. The fluid side
includes a plurality of ports 8000, 8002, 8004, 8006, 8008 and 8010-8026 that are either

luid inlets or fluid outlets. In the various embodiments, the fluid inlets and outlets may
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include one or more fluid inlets for reverse osmosis (“RO™) water 8004, bicarbonate, an
acid, and a di’aiysate 8006. Also, one or more fluid outlets, including a drain, acid 8002
and at least one air vent outlet as the vent for the dialysate tank. In one emboditnent, a
tube {not shown) hangs off the outlet and is the vent (to prevent contamination).
Additional outlets for water, bicarbonate and water mixtare, dialysate mixture
(bicarbonate with acid and water added) are also incinded.

The dialysate flows ount of the mixing cassette 500, to a dialysate tank (sot
shown, shown as 1502 in Fig. 51A) and then through a conduit to the inner dialysate
cassette 700 (pumped by the outer dialysate cassetﬁe 600 pod pumps 602 and 604 (604
not shown, shown in Figs. 46D and 46E), The fluid paths within the cassettes may vary.
Thaus, the location of the various inlet and outlets may vary with vaxious cassette fluid
paths. )

Referring now to Fig, 51B, in one embodiment of the cassette system, the condo
cells, conductivity and temperature sensors, are included in a separate cassette 1504
outside of the cassette system shown in Figs. 46A —46 C. This outside sensor cassette
1504 may be one of those described in U.S. Patent Application 12/038,474 entitied
“Seﬁsor.Apparatus Systems, Devices and Methods,” filed on February 27, 2008, and
incorporated herein by reference.

The fluid flow-path. for this embodiment is shown in Fig. 51B. In this
embodiment, during the mixing process for the dialysate, the bicarbonate mixture leaves
the mixing cassetie- 500 and flows to an outside sensor cassette, and then flows back into
the mixing cassette 500, If the bicarbonate mixmise meets pre-sstabliéhcd thresholds,
acid is then added to the bicarbonate mixture. Next, once the bicarbonate and acid are
mixed in the mixing chamber 506, the dialysate flows out of the cassette into the sensor
cassette and then back to the mixing cassette 500. This method, and the conirol thereof,
to ensure acceptable dialysate guality is produced and maintained during treatment is
described in more detail below: |

Referring now to Fig. 46D, the mixing cassette 500 include a pneumatic actuation
side. In the block shown as 500, there are 2 p]uralitjr of valves and two pumping
chambers 8030, 8032 build into the cassetie SO0 for pumping or metering the acid or
bicarbonate. In some embodiments, additional metering pumﬁs, or less méterihg pumps,

are included. The metering pumps 8030, 8032 can be any size desired. In some
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embodiments, the pmﬁps are different sizes with respect to one another, however, in
other embodiments, the pumps are the same size with respec't to one.another, For
example, in one embodiment, the acid pump is straller than the bicafhonate pump. This
may be more efficient and effective when using a higher concentration acid, as it may be
desirable to use a smaller pump for accuracy andalso, it may be desirable for control
schemes to have a smaller pump so as to use full strokes in the control rather than partial
strokes, .

The conduits 1200, 1300 include a check-valve. These conduits 1200,1300 allow
for one-way flow. In the exemplary embodiment, these conduits 1200, 1300 all lead to
drain. Referring to the flow-path schematic Fig. 51A, the locations of these check-valve

conduits are apparent. In the embodiment shown, any fluid that is meant for drain flows

through the mixing cassette 500, Referring again to Fig. 46B, a fluid drain port 8006 is

located on the fluid side of the cassette 500,

Once the dialysate is mixed, and afier the dialysate flows to the sensor cassette
(1504 in Fig, 51B) and it is determined that the dialysate is not within set parameters/
thresholds, then the dialysate will be pumped back into the mixing cassette 500, through
a plain conduit 1400 then to the outer dialysate cassette 600, then back through conduit a
check valve conduit 1200 and then through the mixing cassette 500 to the drain fluid.
outlet.

Referring now-to Figs. 46D and 46E, the various pods 502, 504, 506, 602, 604,
702, 704, '3"06, 708 are shown. Each of the pod housings are constructed identically, |
however, the inside of the pod heusing is different depending on whether the pod is a
pod pump 502, 504 602, 604, 702, 704 a balancing chamber pods706, 7ﬁ8 Of 2 mixing
chamber pod 504. '

Refemring now to Figs. 46D and 46E, together with Fig. 51A and 518, the various
pods are shown both in the fluid flow-path and on the casselie system. Pod 502 is the
water.pod pump and 504 is the bicarbonate water pod pump (sends water to the
bicarbonate)} of the mixing cassette 500. Pod 506 is the mixing chamber. Once the

dialysate is mixed in the mixing chamber 506, and then flows from the mixing cassette

500 to-the sensor cassette 1504, and it is determined that the dialysate qualifies as

acceptable, then the dialysate flows to the diai};sate tank 1502 through the mixing

cassette dialysate tank outlet. However, if the dialysate is rendered unacceptable, then
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the fluid is pumped back into the cassette 500, then through a 1400 conduit, to the outer
dialysate casseite 600 and then pumped through a 1200 check valve conduit, through the
mixing cassette 500 and out the drain outlet,

Referring to Figs. 46A-46C, together with Figs. 51A-B, the outer dialysate
cassette is shown 600 between the mixing cassette 500 and the jnner dialysate cassette -
700. Pod pumps 602, 604, pump the dialysate from the dialysate tank 1502 and send- it
to the balancing chamibers 706,708 in the inner dialysate cassette 700 (driving force for
the dialysate solution). The outer dialysate cassette 600 pushes the dialysate into the
inner dialysate cassette (i.e., the pumps in the inner dialysate cassette 700 do not draw
the dialysate in). Thus, from the outer dialysate cassette 600, the dialysate is pumped
from the dialysate tank 1502, through a heater 1506 and through an ultrafilter 1508, and
then into the inner dialysate casgeite 700. "

| _ Still referring now to Figs. 46D and 46E, togcther with Figs. 51A-B, the inner
dialysate cassette 700 includes a metering pod 8038 (i.e., an ultra filtration metering pod)
and includes balancing pods 706, 708 .and pod pumps 702, 704, The inner dialysate -
cassette 700 also includes fluid outlets and inlets. These intets and outlets inclnde the
outlet to the dialyzer 1510, the inlet from the dialyzer 1510, and a diatysate inlet (the
ultrafiiter 1508 connects to 2 port of the inner dialysate cassette). Fluid inlets and outlets
are also included for the DCA and DCV connections during priming and disinfection.
Various conduits (1200,1300,1400) serve as fluid connections between the cassettes 500,
600, 700 and are used for dialysaie fluid flow as well as fluid to pass through in order to
drain through the mixing cassette 500. The largest check valve 1300 (also shown in Fig.
508} is the largest check-valve, and is used during disinfection.. This tube is larger iﬁ

order to accommodate, in the preferred embodiment, blood clots and other contaminants

. that flow through the conduits doring disinfection.

The valves and pumps of the cassetie sysiem are pneumatically actuated in the
exemplary embodiment. The pneumatics attach to the cassettes via individual tubes.
Thus, eacﬁ pump, balancing pod, or valve includes an individual tube connection to a
puneumatic actuation manifold (not shown). Referring now to Figs. S2A-F, the tubes are
connecied, in the exemplary embodiment, to at least one block, 1600. In some

embodiments, more than one block is used to connect the various tubes, The block 1600
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is dropped into the manifold and then commected fo-the pneumatics actuators
appropriately. This allows for easy connection of the pneumatic tubes to the manifold.

Referring again to Fig. 46D, the casseite system includes springs 8034, in one
embodiment, to aid tn holding the system topether. The springs 8034 hook onto the
mixing casseite 500 and inner dialysate cassette 700 via catches 8036. However, in other
embodiments, any othér means or apparatus to assist in maintaining the system in
appropriate orientation may be used including, but not limited (o, latching means or
elastic means, for example.

Referring now to Figs. 47A-47C, the exempiary embodiment of the pod is sh-o,wn.
The-pod includes two fluid ports 902, 904 {an inlet and an outiet) and the pod may be
constructed differently in the various embodiments. A variety of embodiments of
construction are described in U.S. Patent Application Seral No. 1 U'IS’T ,212, filed April
13, 2007, and entitled *Fluid Pumping Systems, Devices and Methods,” which is ﬁereby
incorporated herein by reference in its entirety.

Referring now to Figs. 47 A, 47D and 47E the groove 906 in the chamber is
shown. A groove 906 is included on each half of the pod housing. In other
embodiments, a groove is not included and in some embodiments, a groove is only
included on one half of the pod.

Referring now to Figs. 48A-and 48B, the exemplary embodiment of the
membrane used in the pod pumps 502, 504 602, 604, 702, 704 is shown. This membrane
is shown and described above with respect to Fig. 5A. In other embodiments, any of )
the membranes shown in Figs. 5B-5D may be used. An exploded view of a pod pump
according to the exemplary embodiment is shown Fig. 49..

‘Various aspects of the invention inchude one or more “pod pumps,” useﬁ for
various purposes. The structure of a general pod pump will now be described, although,
as noted above, this structure may be modified for various uses, e.g., 4s 2 pump, 2
balancing chamber, 2 mixing chamber, or the like, In addition, a pod pump may be
positioned anywhere in the system, for instance, on a cassette or between two"or more
cassettes, etc.

‘ Generally, a pod pump includes a rigid chamber (which may have any suitable
shape, e.g., spherical, ellipsoid, etc.), and the pod pump may include a flexible

diaphragm dividing each chamber into a first half and a second half. In some cases, the
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rigid chamber is a spheroid. As used herein, “spheroid” means any three-dimensional
shape that generally corresponds to a oval rotated about one of its principal axes, major

or minor, and includes three-dimensional egg shapes, oblate and prolate spheroids,

spheres, and substantially equivalent shapes.

Each half of the pod pump may have at least one entry valve, and often (but not
always) has at least one exit valve (in some cases, the same port may be vused for both
entry and exit). The valves may be, for_instancc, open/closing valves or two-way
proporiional valves. For instance, vaives on one side of a chamber may be two-way
propomonal valves, one connected to a high pressure source, the other connected to a
low pressure (or vacuum) sink, while the valves on the other half may be opened and
closed to direct fluid flow. 7

In some embodiments, the diaphragm has a variable cross-sectional thickness.
Thinner, thicker or variable thickness diaphragms may be used to accommodate the
strength, flexural and other properties of the chosen diaptiragm materials, Thinner,
thicker or variable diaphragm wall thickness may also be used to manage-the diaphragm
thereby encouraging it to flex more easily in some areas than in other areas, thereby
aiding in the management of pumping action and flow of subject fluid in the pump
chamber, In this embodiment, the diaphragm is shown having its thickest cross-sectional
area closest to its center, However in other embodirnents having a2 diaphragm with a
varying cross-sectional, the thickest and thinnest areas may be in-any location on the
diaphragm. Thus, for example, the thinner cross-section may be located near the center
and the thicker cross-sections located closer to the perimeter of the diaphragm. In one
embodiment of the diaphragm, the diaphragm bas a tangentiil slope in at least one
section, bat in other embodiments, the diaphragm is completely smooth or substantially
smooth. 7

The diaphragm may be made of any flexible material having a desired durability
and coﬁpatibility with the subject fluid, The dizphragm may be made from any material
that mlay flex in response to fluid, liguid or gas pressure or vacuum applied to the
actuation chamber. The diaphragm material may also be chosen for particular bio-
compatibility, temperature compatibi[ityr or compaltibility with various subject fluids that

may be pumped by the diaphragm or introduced to the chambers to facilitate movement

of the diaphragm. In the exemplary embodiment, the diaphragm is made from high
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elongation silicone. However, in other embodiments, the diaphfagm is made from any
elastomer or rubber, including, but not limited 1o, silicone, urethane, nitrile, EPDM or
any other rubber, elastomer or flexible material.

The shape of the diaphragm is dependent on multiple variables. These variables
include, but are not limited to: the shape of the chamber; the size of the chamber; the
subject fluid characteristics; the volume of subject fluid pumped per stroke; and the
means or modeé of attachment of the diaphragm to the housing. The size of the
diaphragm is dependent on multipie variables. These variables inciude, but are not
limited to: the shape of the chamber; the size of the chamber; the subject fluid
characteristics; the volume of subject fluid pumped per stroke; and the means or mode of
attachment of the diaphragm to the housing. Thus, depending on these or other
variables, the shape and size of the diaphragm may vary in various embodiments,

The diaphragrﬁ may have any thickness. However, in some embodiments, the
range of thickness is between 0.002 inches to 0.125 inches (1 inch = 2.54 cm).
Depending on the material used for the diaphragm, the desired thickness ‘may vary. In
one embodiment, high elongation silicone is used in a thickness ranging from 0.015
inches to 0.050 inches. However in other embodiments, the thickness may vary.

In the exemplary embodiment, the diaphragm is pre-formed to include a
substantially dome;shape in at feast part of the area of the diaphragm. Again, the
dimensions of the dome may vary based on some or more of the variables described
above. However, in other embodiments, the diaphragm may not include 2 pre-formed
dome shape,

in the exemplary embodiment, the diaphragm dome is formed using liquid
injection molding. However, in other émbodiments, the dome may be formed by using
compression molding. In alternate embodiments, the diaphragm is substantially flat. In
other embodiments, the dome size, width or height maay vary.

In various embodiments, the diaphragm may be held in place by various m;sans
and methods. In one embodiment, the diaphrapm is clamped between the portions of the
cassette, and in some of these embodiments, the rim of the cassette may include features
to grab the diaphragm. In others of this embodiment, the diaphragm is clamped to the
‘cassefte using at least one bolt or another device. In another embodiment, the diaphragm

is over-molded with a piece of plastic and then the plastic is welded or otherwise
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attached to the cassetie. In another embodiment, the diaphragm is pinchéd between a
mid plate and a-bottom plate. Although some embodiments for attachment of the
diaphragm to the cassette are described, any method or means for attaching the
diaphragm to the cassette may be used. The diaphragm, in one alternate embodiment, is
attached directly to one portion of the cassette, In some embodiments, the diaphragm is
thicker at the edge, where the diaphragm is pinched by the plates, than in other areas of
the diaphragm. In some embodiments, this thicker area is a gasket, in some
embodiments an O-ring, ring or any other shaped gasket,

In some embodiments of the gasket, the gasket is contigzous with the
diaphragm. However, in other embodiments, the gasket is a separate part of the
diaphragm. In some embodiments, the gasket is made from the same material as the
diaphragm. ‘However, in other embodiments, the gasket is made of a materiz{l different
from the diaphragm. In some embodiments, the gasket is formed by over-molding a
ring around the diaph:agml The gasket may be any shape ring or seal desired so as to
complement the pod pump housing embodiment. In some embodiments, the gasket is a

compression type gasket.

Due to the rigid chamber, the pod pump has a generally constant volume.
However, within the pod pump, the first and second compartments may have differing
volumes depending on the position of the flexible diaphragm dividing the chamber.
Forcing fluid into one compartment may thus cause the fluid within the other
compartment of the chamber to be expelled. However, the fluids are typically not abie to
come into direct contact with each other within the pod pump due to the presence of the
flexible diaphragm. '

Accordingly, in ene.embodiment, a pod pump used for pumping is constructed to
receive.a control fluid in a first compartment and a {luid to be pumped in a second
compartment. The control fluid may be any fluid, and may be a liquid or 2 gas. In one
embodiment, the control fluid is air. Drawing control fluid away from the pod pump

(é.g., throngh a vacuum, or at least a pressure lower-than the pressure within the pod

pump) causes the pod pump to draw in fluid (e.g., blood, dialysate, etc.) into the other

éompart'mem of the pod pump. Similarly, forcing control fluid into the pod. pump (e.g.,

from a high pressure source) causes the pod pump to expel fluid. By also controlling the
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valves of the second compartment, fluid may be brought in-throngh a first valve and then

-expelied through a second valve due to action of the control fluid.

As another example, a pod pump may be used for fluid balancing, e.g., of
dialysate as discussed above. In such cases, instead of a control fluid, a fluid may be
directed to each compartment of the pod pump. As mentioned, the volume of the pod
pump remains generally constant due {o the rigid chamber. Accordingly, when a first
volume of fluid is drawn info a first compartment of a balancing pod, an equal volume of
fluid is expelled from the second compartment of the balancing pod (assuming the fluids
to be generally incompressible under conditions in which the ped is operated). Thus,
using such balancing pods, equal volumes of fiuid can be moved. For instance, in Fig. 5,
a balancing pod may allow fresh dialy’sate to enter a first compartment and used dialysate
to enter a second compartment; the volumetric flows of fresh dialysate and used dialysate
can be balanced against each other.

In some cases, a pod pump is used that does not contain a flexible diaphragm
dividing the chamber. In such instances, the pod pump can be used as a mixing chamber,
For instance, mixing chamber 189 in Fig: 7A may be such a pod pump.

A non-lTimiting example of a pod pump is shown in Fig. 9. This figure isa
sectional view of a pneumatically controlled valve that may be used in embodiments of
the casseties. “Pneumatic,” as uséd herein, means using air or other gas to move a
flexible diaphragm or other member. (It should be noted that air is used by way of
example only, and in other embodiments, other control fluids, such as nitrogen (Ny),
CO2, water, an oil, etc. may be used). Three rigid pieces are used, a “top” plate 91, a
middle plate 92, and 2 “bottom” plate. (The terms “top” and “botiom” only refer to the
orientation shown in Fig. 9. The valve may be oriented in any direction in actnal use.)
The top and botiom plates $1, 93 may be flat on both sides, while the middie plate 92 15
provided with channels, indentations and holes to define the various fluid paths, chamber
and pﬂﬁs. A diaphragm 90, along with the middle plate 92, defines a valving chamber
97. Pneumatic pressure is provided through. a pnenmatic port 96 to either foree, with

positive gas pressure, the diaphragm 90 against a valve seat 99 to close the valve, or to

* draw, with niegative gas pressure, the diaphragm away from the valve seat to open the

valve. A control gas chamber 98 is defined by the diaphragm 90, the top plate 91, and
the middle plate 92. The middle plate 92 has an indentation formed on it, into which the
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diaphragm 90 is placed so s to form the contrel gas chamber 98 on one side of the
diaphragm and the valving chamber 97 on the other side.

The pneumatic port 96 is defined by a channel formed on the “top” surface of the
middie plate 92, along with the top plate 91. By providing fluid communication between
several valving chambers in a cassette, valves may be ganged together so that all the
valves ganged together may be opened or closed at the same time by a single source of
pneumatic pressure, Channels formed on the “bottom” surface of the middle plate 92,
along with the bottom plate, define the valve inlet 94 and the valve outlet 95. Holes
formed through the middle plate 92 provide communication between the inlet 94 and the
valving chamber 97 (through the valve seat 99) and between the valving chamber and the
outlet 95,

The diaphragm 90 is provided with a thickened rim 88, which fits ﬁghtIyI ina
groove 89 in the middle i)late 92. Thus, the diaphragm 90 may be placed in and held by
the groove 88 before the top plate 91 is nltrasonically welded to the middle plate 92, so
the diaphragm will not interfere with the ultrasonic welding of the two plates together,
and so that the diaphragm does not depend on the two plates being ultrasonically welded
together in just the right way to be held in place. Thus, this valve may be manufactured
easily without relying on ultrasonic weiding to be done to very tight tolerances. - As
shown in Fig. 9, the top plate 91 may include additional material extending jnto control
gas chamber 98 50 as to prevent the diaphragm 90 from being urged too much in a

direction away from the groove 89, so as to prevent the diaphragm’s thickened rim 88

from popping out of the groove 89.

Pressure: sensors may be used to monitor pressure in the pods.  For instance by
alternating applied air pressuse to the pneumatic side of the chamber, the diaphragm is
cycled back and forth across the total chamber volume., With each cycle, fluid is drawn
through the upstream valve of the inlet finid port when the pneumatics pull a vacoum on
the i)ods. The fluid is then subsequently axgeiled through the outlet port and the
downstream valve when the pneumatics deliver positive pressure to the pods.

Fig. 10 is a sectional view of one embodiment of a pod pump that may be

incorporated into embodiments of the fluid-control cassettes. In some embodiments, the

‘cassette would incorporate several pod pumps and several valves made in accordance

with the construction technigues shown in Figs. 9 and 10. In such embodiments, the pod
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pump of Fig. 10 is made from different portions of the same three rigid pieces used to
make the valve of Fig. 9. These rigid pieces are the “top” plate 91, the middle plate 92,
and the “botiom” plate. (As noted above, the terms “top” and “bottom” only refer to the
orientation shown in Fig. 9.) To form the pod pump, the top and bottomn plates 91, 93
may include generally hemispheroid portions that together define a hemispheroid pod
pump.

A diaphragm 109 separates the central cavity of the pod pump into a chamber
(the pumping chamber) that receives the fluid to be pumped and another chamber (the
actuation chamber) for receiving the control gas that pnezmatically actuates the pump.
An inlet 94 allows fluid to enter the pumping chamber, and an outlet allows fluid to exit
the pumping chamber. The iniet 94 and the outlet 95 may be formed between middle
plate 92 and the bottom plate 93. Preumatic pressure is provided through a pneomatic

port 106 to either force, with positive gas pressure, the diaphragm 109 against one wall

of pod pump’s cavity to minimize the pumping chamber’s volume {as shown in Fig. 10),

or to draw,; with negative gas pressure, the diaphrégm towards the other wall of the pod
pdmp’s cavity fo maximize the pumping chamber’s volume.

In some embodiments of the pod pump, various coiifigurations, inc]ﬁding
grooving on one or more plates exposed to the cavity of the pod pump, are used.
Amongst other benefits, grooving can prevent the diaphragm from blocking the inlet or
outlet (or both) flow path for fluid or air {or both).

The diaphragm 109 may be provided with a thickened rim 88, which is held
tightly in a groove 89 in the middle plate 92. Thus, like in the valving chamber of Fig. 9,
the diaphragm 109 may be placed in'and held by the groove 8% before the top plate 91 is
ultrasonically welded to the middie plate 92, so the diaphragm will not interfere with the
ultrasonic welding of the two plates together, and so that the diaphragm does not depend
on the two plates being ultrasonically welded together in just the right way to be held in

place. Thus, this pod pump can be manufactured easily without relying on ultrasonic

‘welding to be done to very tight tolerances.

Fig. 11A is a schematic view showing an embodiment of a pressure actuation

system 110 for a pod pump, such as that shown in Fig. 10, In this exampie, air is used as

‘a control fluid (e.g., such that the pump is pneumatically driven). As mentioned, other

fluids (e.g., water) may also be used as control fhuids in other embodiments.
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In Fig. 11 A, pressure actuation systern 110 alternately provides positive and
negative pressurizations to the gas in the actuation chamber 112 of the pod pump 101.
The pneumatic actuation system 110 includes an actuation-chamber pressure transducer
114, a variable positive-supply valve 117, a variable negative-supply valve 118, a
positive-pressure gas reservoir 121, a negative-pressure gas reservoir 122;-a positive-
pressure-reservoir pressure transducer 115, 2 negative-pressure-reservoir pressure
transducer 116, as well as an electronic controller 119,

The positive-pressure reservoir 121 provides to the actuation chamber 112 the
positive pressurization of a control gas to urge the diaphragm 109 towards a position
where the pumping chamber 111 is at its minimum volume (i.e., the position where the
diaphragm is against the rigid pumping-chamber watl). The negative-pressure reservoir
122 provides to the actuation chamber 112 the negative pressurization of the control gas
to urge the diaphragm 109 in the opposite direction, towards a position where the
pumping chamber 111 is at its maximum volume (i.e., the position where the diaphragm
is against the rigid actuation-chamber wall).

A valving mechanism is used in this example to conirol {luid communication
between each of these reservoirs 121, 122 and the actuation chamber i]Z. In Fig. 11A,a .
separate vaive is used for each of the reservoirs: a positive-supply valve 117 controls
fluid communication between the positive-pressure reservoir 121 and the actuation -
chamber 112, and a negative-supply valve 118 controls fluid communication between the

negative-pressure reservoir 122 and the actuation chamber 112, These two valves are

controlled by an electronic controller 119. (Alternatively, a single three-way valve may

be used in lieu of the two separate valves 117, 118.) In some cases, the positive-supply
valve 117 and the negative-supply valve 118 are variable-restriction valves, as opposed -
to binary on-off valves. An advantage of using variable valves is discussed below.

The controlier 119 also receives pressure information from the three pressure
transducers shown in Fig. 11A: an actuation-chamber pressure transducer 114, 2
positive-pressure-reservoir pressure transducer 115, and a negative-pressure-reservoir
pressure transducer 116. As their names suggest, these transducers respecﬁve]y measure
the pressure in the actuation chamber 112, the positive-pressure reservoir 121, and the
negative-pressure reserveir 122, The controller 119 monitors the pressure in the two

reservoirs 121, 122 to ensure they are properly pressurized (either positively or
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negatively). A compressor-type pump or pumps may bé used to attain the desired
pressures in these reservoirs 121, 122,

In one embodiment, the pressure provided by the positive-pressure reservoir 121
is strong enough, under nommal conditions, to urge the diaphragm 109 all the way against
the rigid pumping-chamber wall. Similarly, the negative pressure (i.e., the vacoum)
provided by the negative-pressure reservoir 122 is preferably strong enough, under
normal conditions, o urge the diaphragm all the way-against the rigid actvation-chamber
wall. In some embodiments, however, these positive and negative pressures provided by
the reservoirs 121, 122 are within safe enough limits that even with either the positive-
supply valve 117 or the negative-supply valye 118 open all the way the positive or-
negative pressure applied against the diaphragm 109 1s not 50 strong as to harm the
patient.

In one embodiment, the controller 119 monitors the pressure information from
the actuation-chamber-pressure transducer 114 and, based on this information, cantrols

the vzilv‘mg mechanism (valves 117, 118) to urge the diaphragm 109 all the way to its

‘minimum-pumping-chamber-volume position and then after this position is reached to

pull the diaphragm 109 all the way back to its maximum-pumping-chamber-voiume
position. ' \

The pressure actuation system (including the actuation-chamber pressure
transducer 114, the positive-pressure-reservoir pressure transducer 113, the negative-
pressure-reservoir pressure transducer 116, the variable positive-supply valve 117, the

variable negative-supply valve 118, the controller 119, the positive-pressure gas

| Teservoir 12i,¥ and the negative-pressure gas reservoir 122) is located entirely or mostly .

outside the insulated volume (item 61 of Fig. 6). The components that come into contact
with blood or dialysate (namely, pod purnp 101, the inlet valve 105 and the ontlet valve
107) may be located, in some cases, in the insulated volume so that they can be more
eastly disinfected. '

Another example of a pressure actuation system 110 for a pod pump is illustrated

in Fig. 11B. In this example, pod puimp 101 includes a pumping chamber 111, an

- actuation chamber 112, and a diaphragm 109 separating the two sides. Fluid ports 102

and 104 allow access of fluid in and out of pumping chamber 111, e.g., through the use

of fluid valves (not shown), Within pod pump 101, however, fluid ports 102 and 104
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include Q “volcano” port 126, generally having a raised shape, such that when diaphragm
109 contacts the port, the diaphragm is able to form a tight seal against the port, Also
shown in Fig. 1B is a 3-way valve connecting pressure reservoirs 121, 122, The 3-way
valve 123 is in fiuid communication with actuation chamber 112 by a single port in this
example.

It will be appreciated that other types of actuation sysiems may be used 1o move
the diaphragm back and forth instead of the fwo-Teservoir pneumatic aciuation system
shown in Figs. 11A-11B. ' '

As noted above, the positive-supply valve 117 and the negative-supply valve 118
in the pnéumatic actnation system 110 of Fig. 11A are preferably variable-restriction
valves, as opposed to binary on-off valves. By using variable valves, the pressure
applied to the actuation chamber 112 and the diaphragm 109 can be more easily
controlled to be just a fraction: of the pressure in reservoir 121, 122, instead of applying
the full reservoir pressure 1o the diaphragm. Thus, the same reservoir or set of reservoirs
may be used for different pod pumps, even though the pressures for operating the pod
pumps may differ from pod pump to pod pump. Of course, the reservoir pressure needs
to be greater than the desired pressures to be applied to various-pod pump’s diaphragms,
but one pod pump may be operated at, say, half of the reservdir pressure, and another
poﬂ pump may be actuated with the same reservoir but at, say, a quarter of the reservoir
pressure, Thus, even though different pod pumps in the dialysis system are designed to
operate at different pressures, these pod pumps may all share the same reservoir or set of
reservoirs but stilt be actuated as different pressures, through the use of variable valves.
The pressures used in a pod pump may be changed to address conditions that may arise
or change duringva dialysis procedure. For example, if flow through the system’s tubing
becomes constricted because the tubes get twisted, one or both of the positive or negative
pressures used in the pod pump may be increased in order to over compensate for the
increased restriction. '

Fig. 12 is a graph showing how pressures applied to a pod pump -may be
controiled using variable valves. The vertical axis répresents pressure with Pr. and Pg.
representing respectively the pressures in the positive and negative reservoirs (items 121
and 122 in Fig. 11 A}, and Pc; and P representing respectively the positive and negative

control pressures acting on-the pod pump’s diaphragm. As can be seen in Fig. 12, from
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time Ty to about time T;, a pasitive pressure is applied to the actuation chamber.(s0 as to
force fluid out of the pumping chamber). By repeatedly reducing and increasing the flow
restriction caused by the positive variable valve (item 117 in Fig. 11A), the pressure
being applied to the actuation chamber can be held at about the desired positive control
pressure, Pe,.. The pressure varies, in a sinusoidal manner, around the desired control
pressure, An actuation-chamber pressure transducer (item 114 in Fig. 11A) in
communication with the actuation chamber measures the pressure in the actuation
chamber and passes the pressure-measurement information to the controller (item 112 in
Fig, 11A), which in turn controls the variable valve 5o as to cause the actuation

chamber's pressure to vary around the desired control pressure, Pe,. ¥f there are no fault

_ conditions, the diaphragm is pushed against a rigid wall of the pumping chamber,

thereby ending the stroke. The controller determines that the end of stroke has been

reached when the pressure measured in the actuation chamber no longer drops off even

though the restriction created by the variable valve is reduced. In Fig. 12, the end of the

expelling stroke oceurs around time Ty. When the end of stro_ke is sensed, the controller
causes the variable valve to close completely so that the actuation chamber's pressure
does not increase much beyond the desived control pressure, Pey...

After the positive variable valve is closed, the negative variable valve (item 118
in Fig. 11A) is partially opened to a]ldu; the negative pressure reservoir to draw gas from
the actuation chamber, and thus draw fluid into the pumping chamber. As can be seen in
Fig. 12, from a time shortly afier T, to about time T», a negative pressure is applied to the
actuation chamber)., As with the expelling (positive pressure ), stroke described abave,
repeatedly reducing and increasing the flow restriction caused by the negative vanable
valve can cause the pressure being applied to the actuation chamber can be held at about
the desired negative control pressure, Pe. (which is weaker than the pressure in the
negative pressuse reservoir). The pressure varies, in a sinusoidal manner, around the
desirc;l’ control pressure. The actuation-chamber pressure transducer passes pressure-
measurement information to the controlier, which in tum contteols the variable valve so
as to cause the actuation chamber's pressure to vary around the desired control pressure,
Pc..- If there are no fault conditions, the diaphragm is pulled against a rigid wall of the
actuation chamber, thersby ending the draw (negative pressure) stroke. As described

above, the controller determines that the end of stroke has been reached when the partial
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vacuum measured in the actuation chamber no longer drops off even though the
restriction created by the variable valve is reduced. In Fig. 12, the end of the draw stroke
pccurs around time T;. When the end of stroke is sensed, the controler causes the
variable valve to close completely so that the actuation chamber’s vacuum does not
increase much beyond the desirad negative control pressure, Pe.. Once the draw stroke
has ended, the positive variable valve can be partially opened to begin a new expelling
stroke with positive pressure.

Thus, each pod pump in this example uses the two variable-orifice valves to
throttle the flow from the positive-pressure source and into the negative-pressore. The
pressure in the actuation chamber is monitored ard a controller uses this pressure
measurement to determine the appropriate commands to both valves to achieve the
desired pressure in the actuation chamber. Somq advantages of this arrangement are that

the filling and delivering pressure may be precisely controlled to achieve the desired

flow rate while respecting pressure limits, and that the pressure may be varied with a

small sinusoidal signature command. This signature may be monitored to determine
when the pump reaches the end of a stroke.

Another advantage of using variable valves in this way, instead of binary valves,
is that by only partiaily opening and closing the variable valves the valves are subject to
less wear and tear. The repeated “baniging” of binary valves all the way opened and all
the way closed can reduoce the life of the valve. -

I the end of stroke is detected and the integrated value of the correlation function
is very small, this may be an indication that the stroke occluded and did not complete

propetly. It may be possible to distinguish upstream occlusions from downstream

-occlusions by looking at whether the occlusion occurred on a fill or a delivery stroke

(this may be difficult for occlusions that occur close to the end of a siroke when the
diaphrapm is near the chamber wall). Figs. 13A-138 depict occlusion detection (the
chamber pressure drops to © when an occlusion s detected).

Under normal operation, the integrated vatue of the correlation function increases
as the stroke progresses. If this value remains small or does not increase the stroke is
either very short (as in the case of a very low impedance flow or an occlusion) or the

actual pressure may ot be tracking the desired sinusoidal pressure due to a bad valve or
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pressure signals. Lack of correlation can be detected and used for error handling in these
cases.

Under normal circumstances when the flow controlier is running, the control loop
will adjust the pressure for any changes in flow rate. If the impedance in the circuit
increases dramatically and the pressure limits are saturated before the flow has a chance
to reach the target rate, the flow controller will not be capable of adjusting the pressures
higher to reach the desired flow rate. These sitnations may arise if a line is partially
occlnded, such-as when a blood clot has formed in the circuit. Pressure saturation when
the flow has not reached the target flow rate can be detected and used in exror handling:

If there are problems with the valves or the pneumatics such as a leaking fiuld
valve Or a noisy pressure signal, rippie may continue on the stroke indefinitely and the
end of stroke algorithm may pot see enough of a change in the pressure ripple to detect
end of stroke, For this reason a safety check is added to detect if the time to complete a -
stroke is excessive. This information can be used for error handling.

In a dual pump, such as pump 13 in Fig.'SA, the two pump chambers may be
cycled in opposite directions to affect the pumping cycle. A phase relationship from 0°
{both chambers act in the same direction) to 180° (chambers act in oppaosite directions)
can be selected. Phase movement may be modified somewhat in certain cases becanse it
may not be possible to move both chambers in the same direction simultaneously; doing
so could have both input or output valves open and end of stroke will not be detected
properly.

' Selecting a phase relationship of 180° yields continuous flow into and out of the
pod. This is the nominal pumping mode when continuous flow is desired. Setting a
phase relationship of 0° is useful for single needle flow. The pods will first fill from the
needle and then deliver to the same needie. Running at p_imses‘between 0 and 180
degrees can be used to achieve a push/pull relationship (hemodiafiltration/continuous
back flush}-across the dialyzer. Figs. BA-8C are graphical representations of such phase
relationships.

- The peod pumps may control flow of fluid through the various subsystems. For

instance, a sinusoidal pressure waveform may be added to a DC pressure command to

make up the commanded pressure signal for the pod pumps. When the diaphragm is

moving, the pressure in the pods tracks the sinusoidal command. When the diaphragm
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comes in contact with the chamber wall and is no longer moving, the pressure in the pod

remains constant and does not track the sinusocidal input command. This difference in

‘the pressure signal command following of the pods is used to detect the end of a stroke.

From the end of stroke information, the time for each stroke is calculated. Knowing the
volume of the pods and the time to complete a stroke, a flow rate for each pod can be
determined. The flow rate is fed back in a P¥ loop in order to caleulate the required DC
pressure for the next stroke.

The amplitede of the sinusoidal input may be selected such it is large enough for
the actual pressure to reasonably track the command and small enough such that when it
is subtracted from the minimum DC pump pressure and applied to the pod, the pressure
is sufficient to cause the diaphragm to move under expected operating conditions of fluid
viscosity, head height and fluid circuit resistance. The frequency of the sinusoidal input
was selected empirically such that it is paséible to reliably detect end of stroke, The
more cycles of the sine wave per stroke, the more accurate the end of stroke detection
algorithm,

At the end of a pump stroke, or during an occlusion in the outlet line of a pod
pump, the measured pressure deviates from expected pressure. In an embodiment, to
detect a deviation in the measured pressure of a pod pump from a commanded pressure,
the commanded and measured pressure signals in the pods may be sent through a cross
correlation fiiter. Preferab!jr, the size of the sampling window for the cross comelation
filter is equivalent to the period of the input sine wave. For every sample in the wiﬁdow,
the commanded pressure signal is multiplied by the previous sample of the actualt
pressure and’addec.i to the previous correlation value. The window is then shifted by one
frame and the process is repeated. In an embodiment, the resulting product is then
differentiated and passed through a second order filter with a corner frequency the same
as the input sine wave frequency and a damping ratio of one. The effect of this filter is
to act as a band pass filter, isolating correlated signals at the input sinusoidal frequency.
Optionally, the absolute value of the output of this filter may then be passed t]lroﬁgh a
second order low pass filter with the same frequency of the sinusoidal frequency and a
damping ratio of, for example, about 3.0. This second filter is nsed mtegrate the
differentiated signal to and to reduce noise in the resulting signal. If the two signals are

correlated, the resulting filtered value will be large. If the two signals are not correlated
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(for examble at end of stroke), the resulting filtered value will be small. The end of
stroke can be detected when the filtered cross correlation signal drops below a particolar
pre-determined threshold, or when the signal drops off a by & percentage of its maximuam
value throughout the stroke. To tune performance for a particular pumping scenario, this
threshold or percent drop can be varied as-a function of pressure or flow rate.

‘Because the end of stroke algorithm typically takes about one cycle of the
sinusoidal ripple to detect end of siroke, minimizing this cycle time (maximizing the sine
wave frequency) reduces the delay at the end of stroke, Low pressure, high frequency
flows are not well tracked by the controller. Lower pressure strokes tend to have lower
flow rates and thus the delay.at the end of stroke is a lesser percentage of the total stroke
time. For this reason, the freguency can be lower for low pressure strokes. The
frequency of the sine wave can be adjusted as a linear or other function of the delivery
pressures. This ensures minimum delays when the strokes short. When the frequency of
the sine wave for the desired pressure is changed, the filiers for the cross correlation.
function should also be adjusted. Filters are set up to continuously caleulate the filter
coeificients based on this changing frequency.

The pressure in the pod chambers may also be controlied using two variable
solenoid valves; one connecting the pienﬁm to z higher pressure source, the second
connecting the plenum to a lower pressure {or vacuum) sink. Solenoid valves tend to
have a large dead band region, so 10 compensate a non-linear offset term may be added

‘to the algorithmn of the controlier.

Phase-Insensitive Cross-Correlation

A systemn controller 119 (Fig. 1 1A) can analyze in a number of ways the pressure
response Lo changes in the flow restriction of the valves 117, 118 (such as vari-valves)

operating pressure-driven reciprocating pumps 110. One technique is to use a cross-

.correlation filter that is insensitive to phase shifts in the pressure signal of the pump’s

actuation chamber 112 relative to the signals controlling the operaticn of the valves.
Applying a phase-insensitive cross-correlation filter fo the above pressure and valve
signal data generates a set of values that herein will be referred to as the correlation
numbers. The correlation numbers are a quantitative measure of the correlation between

the pressure measured in the actuation chamber 112 and the periodically varying signal
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that operates the bpening_ and closing of either the vari-valve 117 that supplies positive

~ pressure to the pump actuation chamber or the vari-valve 118 that supplies negative

pressure 1o the pumnp actuation chamber.,

In an embodiment the si gnal that operates the vari-valves 117, 118 may be the
output of a closed loop controller that varies the valve command signal in order to
achieve a desired pressure in the actuation chamber 112. In this embodiment, the desired
pressure is varied in a periodic manner and the controller varies the valve command
signal to minimize the difference between the desired anﬁ measured pressure at each

time increment. In this embodiment, the correlation number may be calcuiated between

the desired pressure driving the valve controller and the measured pressure in the

actuation chamber,

In an embodiment, the comelation number may be used to provide an estimate of
the instantaneous flow rate of the liquid being pumped, as well as a number of other
conditions inclnding end-of-stroke, partial occlusions and complete occlusions. The
correlation aumber may be caiculatcd using a number of inputs including, but not limited
to, pressure signals received from the pump pressure sensor 114, the amplitude of the
electronic signal that operates valves 117, 118 (vari-valves in this example) and the
frequency of a time-varying signal (e.g., a ripple wave-form) that is applied to the valve
operating signal. In the exemplary embodiment, this correlation number can be used to
describe various operating parameters of a pod-pump in hemodialysis machine 6001
(represented in block form in FIG. 61). It may also be vsed in other systems in which a
liquid is pumped in or out of a pressure-driven reciprocating pump having a control or
actuating chamber that is subjected to positive or negative finid pressure (e.g., such as
preumatic pressure) through the operation of 2 variable valve fluidly connected to a
positive and/or negative pressure source. .

In one aspect, the correlation number may be considered to be the vector sam of
the cross-correlation between the time-varying command signal to the supply valve and
the responsive pump pressure signal, and 2 second cross-correlation between a delayed
command signal and the unaltered pressure signal. This mathematical operation yields a '
correlation number that may be insensitive to the phase angle between the vari-valve
signal and the signal associated with pressure chaﬁges in the pump acthation chamber.

In one embodiment, the cross correlation is calculated for the pressure signal and the
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valve command signal, in which it has been delayed or shifted by a quarter of a period of
the input sine wave.

The principle underlying the calculation of the correlation number is illustrated in
Figure 130, In this example, a vari-valve is used to supply positive or negative
poeumatic pressure to a pressure-driven reciprocating pump, The size-of the sampling
window 12010 for the cross correlation filter is equivalent to the period of the var-valve
signal 12020, The vari-valve signal is preferably 2 DC signal onto which a sinusoidal
wave~form has been superimposed. In other embodiments, other time-varying periodic
signals may be applied to a DC signal, such as, for example, a triangular of square. wave,
The controller can calculate the cross-correlation between the vari-valve command signal
and pressure signal by digitally sampling the vari-valve command signal and the pump
pressure signal, and multiplying the AC component of the vari-valve signal with the AC
component of the measured pressure signal for each sample in the sampling window.
The products of the two AC signals for each sample point in the sampling window are
then summed, ' ‘

A second cross-correlation is calculatcd from the AC signals of the pressure and
the vari-valve command signal which has been shifted in time one quarier period or 90
degrees. This second cross correlation is calculated by multiplying the AC component of
the shifted vari-valve signal times the AC component of the measured pressure signal for
each sample point in the sampling window. The products of the two AC signals for each
sample point in the sampling window are then summed,

Next, the amplitude of the vector addition of these two cross-correlations is
calculated by taking the square root of the sum of the équares of the first cross-
correlation and the squares of the second correlation to yield the correlation number.
One benefit of doing a vector addition of the first cross-correlation with the second
cross-correlation at a quarter-period shift includes a reduction in the sensitivity of the
correlation number to changes in the phase between the pressure and vari-valve signal.
Finally, in order to rednce noise, the pressure signal may be pzissed through a second

order filter having a cutoff frequency, which for example, can be equal 1o the vari-valve

A correlation angle may be calculated from the first and second cross-correlations

by considering the first cross-correlation as a horizontal vector and the second cross-
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correlation as a vertical vector. The correlation angle is the angle of the summed vector
relative to the first crosg-correlation. The angle can be considered to be a measure the
phase shift of the actuation chamber pressure relative to the valve driving signals,

A controller may be programmed in a number of ways to calculate the correlation
number. For example, the AC component of each signal may be calculated by
subtracting the average value of the signal from the sampled value. The average value of
the vari-valve and pressure signal moay be determined from the first several samples
before the cross-correlation calculations begin. This method helps to reduce the effects of
noise in the pressure- signal. In a preferred embodiment the AC component of the vari-

valve and pressure signals Is determined by taking the derivative of the vari-valve and

" pressure signals with respect to time, The derivative calculation is relatively flexible

and robust. One exemplary implementation of this calculation for the first cross-
correlation (A) for the diserete sampled points of the vari-valve and pressure signals is

given by Equation I:

i

AG) ::Z VO -VG-1 PE-PG-1

T T
j=rn n R
Equation ]

Where V(j) and P(j) are the sampled vari-valve and pressure signals respectively
for sample j, V{j-1) and P(j-1) are the vari-valve and pressure signals for the sample '
before sample j, n is the number of sarnples in the window and T is the window period.
In one example, the width of the window, =, is one period of the input sine wave or -
imposed periodic valve command fluctuation. The value of the first co;”relation, A, may
be calculated at each time step beginning, for example, 1.25%n time stepé after the start
of the stroke command, and continues to the end of the stroke command.

The same calcul.atibns may be repeated to calculate the second cross-correlation

with the vari-valve signal shifted by a quarter period, as shown in Equation 2:
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Equation 2
The value of the second correlation, B, may be calculated at each time step

beginning, for exémple. 1.25*n time steps after the start of the stroke command, and
continues to the end of the stroke command. '

The raw correlation number may be defined as the square root of the sum of
sguares of the first and second cross-correlation values, A and B, as shown in Equation
kA

Raw(i) = AG)> + B
Eguation 3
The correlation number may then be filtered by a 2" order low-pass filter with a
cat-off frequency, for example, equal to the frequency of the varying valve signal, as
shown in Equation 4. ' '
Corr(i) := Raw(i— 1) + o.-(Raw(i) — Corr(i— 1)) |
Equation 4
where 0 is the smoothing factor 0 < < 1.

The correlation angle may be ¢alculated from the first and second cross

8() = aun(E@“) - atar{wB(l))
AQD) A(D

Equation 5

correlation values as:

where A(1) B(1) are the initial values of A(i) and B(i). The correlation angle may
be considered to be a measurement of the phase shift between the valve command signal
and the measured acination pressure signal. 'The correlation angle may be indicative of
the progress of a stroke or the relative location of the diaphra‘ghn 109 within the pumping
chamber. ‘One possible theory among others is that the correlation angle 121471 is small
when the volume of the actuation chamber 112 is small and may increase with the
voleme of the actuation chamber 112.

Graphical representations of the first cross-correlation (A) 12138, the second
cross-correlation (B) 12139, the phase insensitive cross-correlation 12140 and the“ phase

insensitive cross-correlation angle 12141 are shown in Fig. 133. The cross-correlation
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results are calculated from the two sinusoidal sets of values 12106, 12116 plotted in Fig
132. The phase difference between the two sinusoidal sets varies over time in a fashion
that may be similar to the change in phase relationship between the vari-valve command
signal 12105 (Fig 134) and the actuation chamber pressure 12115 in a reciprocating
positive-displacement pump. One possible theory on the changing phase angle between
the vari-valve command signal 12105 and pressure signal is that as the pump chamber
111 fills or empties of liquid, the volume of the actuation chamber gets smaller or larger
respectively which changes the responsiveness of the pressure to the valve command.

The phase insensitive cross-correlation 12140 is approximately constant despite
changes in the phase angle between the two signals 12106, 12116, The first cross-
correlation value 12138 and second cross-correlation value 12139 vary significantly as
the phase angle changes between the two signals.

One exemplary ﬁse of this phase-insensitive correlation number is shown in
Figure 134, in which pressure data and correlation values are plotted for a defiver and fill
stroke fora éressure—dﬁvcn reciprocating pumy esing the hardware deseribed in Figure
11A. The deliver stroke may be initiated by controlling one or both the vari-valves 117,
118 to pressurize the actaation chamber 112 to the desired pressure 2s measured by the
sensor 114, Ounce the pressure rises to the desired level 12110, the pressure is controlled
by only the positive pressure vari-valve 117. The control signal 1o positive pre.;.sure vari-
valve 117 may be a function of the vari-valve signals during pressurization and the

currently measured pressure. The restriction or opening of the positive pressure vari-

. valve may be varied sinusoidally 12105 to produce a responsive variation in the

‘measured pressure 12115, In an embodiment, the controller 119 may be programmed to

begin the calculation of the corretation number (_as'describ_ed above) after a few cycles in
order to allow the signais to stabilize. _

A high correlation number 12140 may indicate that the measured pressuge is
tracking the vari-valve command signal and that the diaphragm is moving. The
controller may store the maximuom correlation number 12145 during the stroke. The

integral of the comelation number over fime 12150 may additionally provide a measure

of the amount of liquid displaced by the pump 110,

In one exemplary method in a membrane-type pressure-driven feciprocating

purnp, the physical end of stroke on the deliver stroke may be defined as occurring when
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the membrane 109 has displaced all or most of the liquid in the pump 101 and has
reached the limit of its excursion against the wall of the pump chamber. A designated
end of stroke may be defined as a point in time at which the correlation number becomes
approximately zero. At the physical end of stroke, the volume of the actuation or conire}

charnber 112 becomes fixed and the pressure within the chamber may stop fluctuating in

response to the valve command signal. At the designated end of stroke 12160, the

correlation number 12140 drops toward zero within a short time after the pressure signal
12115 loses its periodicity. Although slightly delayed from the physical end of stroke,
the designated end of stroke based on the correlation number provides a more reliable
indication of the physical end of stroke, because the effects of signal noise and variations
due to signal strength are reduced. o

The fill stroke follows a similar process as the delivery siroke. The fill stroke
begins when one or both vari-valves 117, 118 -bring the actuation chamber 11210 2
desired low pressure 12102. Once the pressure drops to the desired low pressure, the
actuation pressure may be controlled by only the negative pressure vari-valve 118, The
contro) signal o negative pressure vari-valve 118 may be a function of the vari-valve
signals during pressurization and the currently measured pressure. The negative pressure
vari-valve command signal may be varied sinusoidaliy o produce a responsive variation
in the measured pressure. To improve rehabxhty of the computation, the controller 119
may be programmed io bcgm the calculation of the correlation number (as described
above) after a few cycles.  In one'exemplary method, in 2 membrane-type pressure-
driven reciprocating pump, the physical end of ”s;roice on the fill simk_emay defined as
oceurring when the pump chamber is full of liquid and the membrane 109 has reached
the limit of its excursion against the wall of the actuation chamber. A designated end of
stroke may be defined as a pbint in time at which the correfation aumber becomes
approximately zero. At the physical end of stroke, the volume of the actuation chamber
112 becomes fixed at near zero and the pressure within the chamber stops fluctuating in
response to the valve command signal. At the designated end of stroke 12165, the

correlation number 12140 will drop toward zero within 2 short time as the pressare

signal loses its periodicity.

The d1aiyzer is permeable to pressure waves generated by the inner dialysate

pumps and the blood pumps. The cross-correlation procedure tends to reject pressure
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signals in the dialysate pump, for example, that are at a sufficiently different frequency

from the vari-valve commaid signal. The correlation number calculations for the inner

dialysate pumps and blood puﬁ:ps may therefore be isolated from one another by =~
programming the controller (o vary the vari-valve command sigﬁals of the dialysate and
blood pumps at different frequencies.

The controller 119 may declare an end-of-stroke 12160, 12165 when the
cormrelation number 12140 drops below a pre-determined fraction of the maximum

correlation number 12145, In another exemplary implementation, the controller may

" declare an end-of-stroke 12160,12165 when the correlation number 12140 drops below

a pre~-determined fraction of the maximum correlation number 12145 and is not
increasing with time. In other embodiments, the designated end of stroke may be
declared when the correlation number 12140 drops below a pre-determined fraction of
the average correjation number during a pre-determined interval of time during the pump
stroke (with or without the further condition that the value is no longer increasing over a
pre-determined period of time}. .In another exemplary implementation, the controller
may declare an end-of—stroké 12160 when the correlation number 12140 drops below a
pre-determined threshold value, Inanother exemplary implementation, the controller
may declare an end-of-stroke 12160 when the comelation number 12140 drops below g
pre-determined threshold value and is not incréasing with time.

The instantancous flow rate out of the .pum‘p may be determined from the .
correlation number dl-irin-g most of the pump stroke. The flow rate may be proportional
f{} correlation number. Figure 131 shows three exempiary pressure traces 12050, 1_205'2;

12054 in the actuation chamber }12 in response to the sinusoidally varied restriction

‘ 12020 in valve 117, The pressure responses, 12050, 12052, 12054 in-the actuation

chamber 112 tend to track the varied restriction of the vari-valves 117, 118 when the
actuation chamber volume is changing as the membrane 109 moves. Pressure trace
12050 is an example of the pressure response if flow from the liguid side of the chamber
111 stops during a delivery stroke, If the flow stops, the volume of the actuation

chamber 112 becomes constant and the chamber fills until the pressure 12050 reaches the

reservoir pressure 12051, If the volnme of the actuation chamber 112 is constant,

changes in the restriction of the inlet valve 117 can only change the rate of pressure

inicrease. Pressure trace 12054 is an example of the pressure response when liguid flow
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from the pump is relatively unrestricted, in which the membrane may be moving guickly
and the actvation chamber volume may be quickly increasing, so resiicting the flow of
air significantly reduces the pressure 12054 in fhe chamber 112. Pressure trace 12052 is
an example of low flow, where the pressure 12032 in the chamber changes only slightly
as the valve restriction 12020 varies. The correlation numbers are proportional to the
amplitude of pressure waveforms for a given amplitude of vari-valve restriction. High
amplitude pressure waves may indicate fast mcmbfane movement and high flow rates of
liquid into or out of the pump. Thus high correlation numbers may be proportional to
flow rates, The benefits of this method of measuring the instantaneous flow include
improved reliability of therapies, improved accuracy in the therapies, better flow control
and Jower cost instrumentation. '

In another exemplary implementation, the controller may declare an end of stroke
when the correlation value 12141 is ondefined. The controller may calculate the
progress of the stroked from the value of the correlation angle, The instantaneous flow
rate may be calculated from the rate of change of the correlation angle 12141,

An occlusion is considered to be present when the liguid flow from or to-a pump
chamber is restricted. As shown in Fig. 135, partial and full occlusiuné may be detected
based on the correlation number as calculated above. A partial occlusion may produce '
Jow correlation numbers and a low integrated correlation number. The controller 119

may compensate for the partial ocelusion by commanding more pump strokes or

increasing the maximum applied pressure. A full occlusion may resemble an end-of-

stroke and produce similar responses in the correlation number, integrated coxrél ation
number and correlation ang]e.‘ In an embodiment, the coniroller may monitor for
occlusion detection by tracking the stroke-to-stroke correlation and integrated cotrelation
numbers. A full occlusion may be declared, for example, if any of the the maximum-
correlation number 12145, integrated correlation number 1215C or the absolute value of
the correlation angle at end of stroke are reduced by a pre-determined amount from the
previous full stroke values (such as, for example, a reduction to less than about 70% of
the previous full stroke values). In another aspect, a full occlusion may be declared
when the maximum correlation number, integrated correlation number, or the absolute
value of the correlation émgle‘ af end of stroke are less than 80% of the full stroke values

for 3 sequential strokes. The full stroke maximum correlation number, integrated
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correlation number, or the absolute value of the correlatipn angle at end of stroke may be

taken from the most recent full stroke. In another aspect, a full occlusion may be

declared if the maximum correlation number, integrated comrelation number, or the

absolute value of the correlation angle at end of stroke are less than a pre-determined
minimum value for at least 2 strokes. This last test may be used, for example, 1o detect
chambers that are occluded from the start, rendering stroke-to-stroke comparisons

difficult at best.

Vari-Valve Calibration

The vari-valves may be calibrated to determine the minimuem electrical current
required 1o open the valve for a given pressure difference acress the valve, The
minimum current may be referred to as the cracking current. In some embodiments, the
cracking cusrent may vary linearly with the pressure difference between the actuation
chamber 112 and the reservoir 121,-122. A mathematical relationship between the
measured pump actuation chamber pressure 114 and the cracking current may be
established through a calibration procedure. One example of a calibration procedure
uses one or both vari-valves 117, 118 to establish a pre-determined back pressure in
actuation chamber 112, Afier both valves are closed, the current 1o one valve is
increased as the pressure in the actuation chamber is measured by the pressuse Sensor
114, The cracking current is the measured current when the measured pressure i; found
to increase as the current delivered to the valve gradually increases. The cracking
current may be determined for two or more pre-determined back pressures and the
controfler may use this data to fit an equation that relates the cracking current of the
valve to the existing back pressure in the psmp actuation chamber. In an embodiment of
the pump and valve system, the equation may be a linear equation. '

In one aspect of the calibration procedure, the controller determines the cracking
current at 4 initial back pressure values in the pump actuation chamber for each vari-
valve associated with the pump. This determination may be repeated several times (e.g.,
3 times, for a total of twelve measurements). The controller may be programmed to
ignore outlier current values and to develop 2 linear equation of cracking current as &
function of initial back pressore using the remaining data.

Mitigation of fluid imbalance due to gas bubbles in the dialysate
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The outgassing of air or other gas from either fresh or used dialysate may cause a
curnulative imbalance between the fresh dialysate volume pushed through the dialyzer by
the balance chamber and the used dialysate volume in the balance chamber used to push
the fresh dialysate. For example, if a gas bubble fails to be expeiled from a passageway
on the nsed dialysate side of the balance chamber, its alternating expansion and
contraction may cause an additional amount of used dialysate to be expelied from the
balance chamber that is unaccounted for by the fresh dialysate that is being pushed to the
dialyzer. As the inner dialysate pump pushes used dialysate into the balance chamber,
and as an equivalent volume of fresh dialysate is being pushed to the dialyzer, the gas
bubble becomes compressed under the pressure of the pump. However, at the end of the
pump stroke, as pressure within the balance chamber decreases, the gas bubble may
expand, cansing an additional smail amount of used dialysate to be expelled from the
balance chamber outlet. This small additional amount of used dialysate being expelled
from the used dialysate side of the balance chamber cumulatively over many pump
strokes may result in a significant imbalance between the fresh dialysate being pushed
into the dialyzer and the fresh dialysate being expelled to drain. In an embodiment, this
potential fluid imbaldnce may be mitigated by ensuring that gas bubble expansion at the
end of an inner dialysate pump stroke pushes dialysate back toward the pump chamber,
rather than toward the drain line. The procedure to mitigate this unaccounted fluid flow
may be illustrated by considering a delivery stroke from pump 162 to balancing chamber
342 in Figure 5. At the end of a pump stroke to fill balance chambér 342 with dialysate
from pump 162, outlet (drain) valve 222 is closed. The balancing chamber 342 may then

be fluid Jocked by closing valves 231, 221 while keeping delivery pump outlet valve 213

open. Next, the controller may release the pneumatic pressure on the delivery pump 162,
which allows any gas bubbles in the fluid path to the balanice chamber to expand. Any
liquid displaced by the gas bubble expansion will be free to move back toward pump 162

- rather than io drain. Finally, the controlier may close the outlet valve 2 13 on the deliv ery

pump, and open valve 222 to prepare for expulsion of the dialysate in balance chamber
342 t6 drain. This same procedure may be applied to pump 161 and balancing pump
341, In addition a similar procedure may be used on the fresh dialysate side of the
balancé chambers 341, 342, In thét case, the controller may reiease‘ the pressure in the

puter dialysate pump at the end of its pump stroke to fill one of the balance chambers,
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- while the valve between the outer dialysate pump and-the balance chamber is still open.

Any expanding gas bubbie in the fluid path between the cuter dialysate pump and the
balance chamber will tend to displace dialysate back toward the pump, rather than

downstream toward the dialyzer.

Short Strokes on Blood Pumps

The pod pumps 180 (Fig 3A) in the blood cassette may execute shoriened strokes
to reduce damage to bivod elements. Damage to blood elements may be reduced by
stopping the membrane in 2 pod pump from fully touching the wall of the pumping
chamber at the end of 2 pumping stroke. The blood pump may be short-stroked while a
system controller monitors blood flow rate and monitors for occlusions. At the stast of
pumping, full strokes are performed in order to achieve steady state flow and determine
parameters that are used to contro} short-stroking, including the required delivery
pressure, required fill pressure and time to fill the pumping chamber. The flow rate may
be determined from the time required to deliver a full chamber of fluid. Steady state A
flow conditions may be indicated by a) the average flow changing less than about 3
ml/min, b) the maximum pump flow rate is within about 15 mi/min of the target for both
the fill and deliver pressures and c) the average chamber delivery flow rate is within
about 10% of the pump flow rate at the minimum actuation pressure.

The blood pump may be short-stroked by having the controller reduce the
delivery stroke to a pre-determined fraction {(e.g, 2bout 80%) of the delivery pressure
determined during thé steady state phase. The reduced pressure may cause the delivery
stroke to be, for example, approximately 90% complete by the time the pump diaphragm
turns around and the nearly empty chamber begins the pump fill stroke. The pum§
diaphragm turns around when the chamber executing the fill stroke reaches end of stroke.
The fill stroke oceurs at pressure that was determined by the controller during.the steady
state phase. The nature of the short siroke may be monitored by examining the

maximum and integrated correlation number and time to end-of-stroke of the same

- chamber during the subsequent fill stroke. The controller 119 (Fig 11a) may monitor the

timne to fill the pump using the end-of-stroke detection algorithm described above. The
controlter 119 may adjust the deliver pressure in the actuation chamber 112 so that the

time ¢o fill the chamber is 90% of the fill time that was determined during the steady
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state phase. Alternatively, the integrated correlation value may be monitored, and the
end of fill is deemed to be; for example, 90% of the integrated correlation number
corresponding to a complete end-of-strake cycle.

The blood pump 101 and controller 119 may detect full occlusions either
upstream or downstream of the pump during short-stroking using the coirelation number
during the fill stroke. A full occlusion downstream will result in more blood left in the
chamber, which will shorten the fill time. The end-of-stroke may be detected by a large
drop in the correlation number. The short fill time may be detected by a low integrated
correlation number, Simiarly, an occhesion upstream of the pump will produce a large.

-drop in correlation number and a lower integrated correlation number.

The short stroking scheme assumes the delivery impedance is constant. However

. changes in fiow resistance across the dialyzer 14 or blood Jines or changes in the

patient’s access may cause the blood pump to do full srokes. This problem may be
mitigated by relearning the required delivery pressure, fill pressure and fill time by

returning to full strokes every 100 strokes. If the delivery and fill impedance have not

- changed, the check may not require more than 8 fulf strokes. In order to limit hemolysis,

~ the controller 112 may end the thcrapy if an excessive number or percentage of the bload

pump strokes are full strokes. In one expample, the controller 112 will end therapy if
more than 200 full strokes to oceur or if 20% of the strokes after the initial steady state
phase are full strokes.

EOS. Occlusion and Bac]c Pressure Detection with PWM Valve

A positive or negative pressure source connected to the activation chamber ofa
pod pnmp via a pulsed valve and a pressure sensor coupled to the activation chamber of
a pod pump may be used to determine pump operating parameters including the end-of-
stroke, pcclusions and fluid pressures upstream and downstream of the pump.  One
exemplary configuration is shown in Fig 136. The binary valve 12260 may supply
positive pressure via the FMS valve 12240 to the actuation chamber 12214 of the pod -
pump 12212 to order deliver fluid from purnp through valve 12220. The FMS valve
12240 may rapidly open and close o incrementally increase the pressure in the actuation
chamber 12214. A closely coupled pressure sensor 12230 may measure the pneumatic

pressure m the chamber 12214 and transmits the pressure to a controller 12270. The
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FMS volume 12242 and FMS Pressure sensor 12244 may be present, but are not used to
in this embodiment.

The controlier may control the opening and closing of the FMS valve 12240 and
record the pressure sensor 12230 data in order to produce the time history of the valve
operation 12310 and the resulting pressure 123135 in the actuation chamber shown in
Figure 137. The valve may be pulsed in a periodic fashion with the frequency, duration
of the open period and duration of the closed peried coritrolled by the controlier 12270,
The duty frequency may be selected heuristically, The freqiency may be low enough to
differentiate between membrane movement and system compliance. The frequency may
be selected to be low enough to allow fluid to be displace, but high enoogh to meet the
maximum reguired flow rates.

The response of the membrane 12215 and flow from the pump 12212 'may be
analytically monitored by summing the pressure decrease during each pump step (Fig
138). When the FMS valve 12240 is closed, the controller may calculate the change in
pressure between each time step or sample and sums the differences over one closed
valve period:

APy=%(P}- Piy)

The pressure data may be filtered to refect signal noise. The chamber pressure
may be filtered with & Iow pass filter before calculating the pressure change. A positive.
pressure change may be rejected from the sum. The pressure summation 12320 may be
reset o zero 12321 when the FMS valve 12240 opens. The controller 12270 may detect
flow of fluid from the pump when the absolute value of the sum of pressure change
12320 exceeds a defined value 12325. The controller may detect an end of stroke on the
first summation 12320 that does not meet the défined value 12325 after a summation that
does exceed the defined value, The controller may command the FIMS valve 12240 to
be held open to assure that ali fluid is expelled from the pod pump 12212, The FMS
valve 12240 is held open to improve stroke to stroke repeatability, which in turn
increases flow rate accuracy, | 4 ,

The hardware configuration in FIG. 138 and the pressure data in FIGs. 137 and
138 may provide information on the fluid pressure downstream of the pod pump. The
fluid will not flow out of the pod pump until the pnenmatic pressure in the actuation

chamber 12214 is greater than the fluid pressure downstream of the pump 12212 and
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vatve 12220. The controlier 12270 may detect flow of fluid and movement of the
membrane when the absoiute value of the sum of the pressure change 12320 exceeds a
defined value 12323 as occurs in step 12317.  The controller may store the average the |
pressure 12315 during this step 12317 as the downstream pressure. Alternatively, the
pressure at the end of step 12317 before the FMS valve is reopened may be stored as the
downstream pressure.

Full occlusions downstream of the pod pump 12212 may determined with the
hardware configuration in figure 136 and the pressure plots in figures 137, 138, An
occhusion downstream of the pump 12212 maj} be declared by the controller 12270 when
nao fluid flow or membrane movement is detected as the pressure in the actuation
pressure is increased to the maximum pressure 12312, The controller determines that the
fluid has not flowed, when the pressurc summmation 12320 does not exceed the given
value 12325 .

The hardware configuration in figure 138 and the pressure data in figure 139 may
provide information on the fluid pressure upstream of the pod pump during a fil] stroke.
A ﬁi] stroke may begin by opening the binary valve 12250 to supply negative pressure
via the FMS valve 12240 to the ac.;,tuation chamber 12214 of the pod pump 12212 to
ordes to draw finid into the pomp through valve 12210. The FMS valve 12240 may

 rapidly open and close to incrementally decrease the pressure in the actuation.chamber

12214. A closely coupled pressure sensor 12230 may measure the pnewmatic pressure in
the chamber 12214 and transmits the pressure to a controller 12270. The controller
may control the opening and closing of the FMS valve 12240 and record the Iires sure
sensor 12230 data in order to produce the time history of the valve operation and the
resulting pressure 12315 in the actuation chamber shown in Fignre 139,

Fluid will not flow into the pod pump ﬁnzii the pneumatic pressure in the
actuation chamber 12214 is less than the fluid pressure upsﬁeam of the pump 12212 and
valve 1?210_. The controller 12270 may detect flow of fiuid and movement of the
memﬁrane when the sum of the pressure change 12320 exceeds a defined value 12328 ag
occurs in step 12327, The controller may storgAthe average the pressure 12315 during
the step 12327 zs the upstream pressure. Alternatively, the pressure at the end of step

12327 before the FMS is valve is recpened may be stored as the downstream pressure.
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Full occlusions up stream of the pod pump 12212 may determined with the
hardware configuration in figure 136 and the pressare plot in figure 139, An occlusion
upstream of the pump 12212 may be declared by the controller 12270 when no fluid flow
or membrane movement is detected as the pressure in the actuation pressure is decreased
to the minimum pressure 12332, The controller may determine that the fiuid has not
flowed, when the pressure summation 12320 does not exceed the given value 12328.

One exemplary hardware configuration is shown in Figure 140. The valve 12260
may be used opened and closed rapidly to step-wise increase the pressure in the actuation
chamber 12214. The rapid opening and closing of the binary valve 12260 may produce a
pressure plot similar to figures 137 and 138. The end of stroke, downstream pressure
and downstream occlusions may may be determined by the same methods described
above. The {Jpsﬁeam pressure can be detenmined by closing valve 12260 and rapidly
opening and closing vé}ve 12250 to step wise decrease the pneumatic pressure in the
actuation chamber 12214, The rapid opening and closing of valve 12250 may produce a
pressure plot similar to figure 139. The upstream pressure and upstream occlusions may

be determined in the same method described above.

Air Detection with FMS system

In.some cases, the controller needs to know.if ajr is present in the liquid side
12216 of the heparin metering pump 80 (Fig 4A) because it pumps both liquid from and
air into the heparin vial 11. In one exemplary method to detect air in the metering
pumps, herein named the Air Detect procedure, the coﬁtroller 12270 may execute a first
FMS volume measurement using the positive pressure source 12265 followed by a
second FMS volume measuarement using the negative pressure source 12255. The
differance‘ in the calculated volume of the actuator-chamber 12214 may be named the Air
Volume Metric. The controlier 12214 may declare air is present in the liquid side 12216
of the metering pump if the Air Volume Mctfic exceeds the Air Volume Limit. The Air

" Volume limit may be determined separately by running the Air Detect procedure twice to

determine the Air Volume Metric when the metering pump full of air, then repeating the
procedure when the pump is full of ligunid. The Air Detect Limit may be set at the
average of the two Air Volume Metrcs for the pump full of air and full of Tiquid. The

procedure to determine the Air Detect Limit may be repeated if the two values of the Air
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Volume Metric are toa close or if the Air Volume Metric for a liquid filled pump is
larger than the Air Volume Metne for gas filled pump. The Air Volumne limit may be
determined for each metering pump. This method provides an accurate and reliable way
to detect air without additional hardware and despité large changes in manifold
temperature, tubing volume and flex, or machine to machine reference volume variation.

A diagram of an example control algorithm is shown in Fig, 14, The controller in
this example is a standard discrete P controller. The oucput of the PI controller is split
into two paths; one for the source valve, one to the sink valve. An offset term is added to
each of these paths to compensate for the valve dead band. The resulting command is
then limited to valves greater than zero (after being inverted in the case of the sink
valve).

The offset term is positive in the case of the source valve, and negative in the
case of the sink valve. As a result, both valves will be active even as the error goes to
zero, These offsets do improve the trajectory following and disturbance rejection ability
of the controller, but can also result in Jeakage from both valves at steady state if the
command offsets are slightly larger than the actual valve dead band. If this is the case,
the valves will have equal and opposite leakage mass flows at steady state.b

To eliminate this leakage mass flow when the contro] system is idle, a “power
save” block can be added to turn off the valves if the absolute value of the error term
remains small for a period of time. This is analogous to using mechanical brakeson a
SErvomotor.

Referring now to Fig. 15, the controller in this example uses a standard discrete
Pl regulator; a diagram of the Pl regulator is shown. The integrator can be limited 10
prevent wind up when the commaﬁds are saturated, The integrator will always be
capable of unwinding, Because there are different amounts of air in the pod for a fill
and a deliver stroke, the response of the pod can be very different for a fill and deliver
stroke. The proportional gain is adjasted differentty for a fill and deliver stroke to better
tune for the different pod responses.

The saturation limits chosen for the PI regulator should take into account the
offset that will be added 10 the result. For example, if the valve saturates at 12V and a
5V fized offset will be added after the PI loop, the satuwration limit in the P1 ldop should
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be set to 7V. This positive and negative saturation limits wil! likely be different due to
the different dead band in the source and sink' valves.

During a fill stroke, the upstream fluid valve is closed and the down stream fluid
vilve i3 opened to allow fluid flow into the chamber, During a delivery stroke the
upstream: fluid valve is opened and the downstream fluid valve is closed o allow fluid.
flow out of the chamber. At the end of stroke, and until the next stroke starts, both fluid
valtves are closed,

As discussed, in certain aspects, a pod pump may be operajed through action of a
control fluid, for example, air, nifrogen, water, an oil, etc. The control fluid may be
chosen to be relatively incompressible, and in some cases, chosen to be relatively
inexpensive and/or non-toxic. The control fluid may be directed inio the system towards
the pumps using a sexies of tubes or other suitable conduits. A controller may contro}
flow of control fluid through each of the tubes or conduits. In some cases, the control
fluid may be held at different pressures within the various tubes or conduits. For
instance, some of thé control fluid may be held at positive pressure (i.e., greater than
atmospheric pressore}, while some of the control fluid may be held at nepative pressures
(less than atmospheric pressure) or even zero pressure (i.e., vacuum). As a specific, non-
limiting example, a pod pump such as the one illustrated in Fig. 1TA may be controfled
through operation of the control fluid by the controller, As previously discussed, the
controlier (119) may open and close valves (e.g., valves 117 and 118) to expose the
pneumatic side of the pod pump fo a positive pressure (121) or a vacuum pressure (122)
at different points during a pumping cycle. “

In addition, in certain embediments, the controller {typically _elecm;nic) may aiso
be kept separate from the various fluid circuits, such that there is no electronic contact
between.the controller and the various fluid ciréuizs, although the control fluid (e.g., air)
is able to pass between the controller and the various pumps. This configuration has a
number of advantages, including ease of ‘maintenance (the controller and the various
circuits can be repaired independenily of each other). In one embodiment, the fluid
circnits may be heated to disinfection temperatures and/or exposed to relatively high
temperaures or ather harsh conditions (e.g., radiation) to effect disinfection, while the

electronic controller (which is typically more delicate) is not exposed to such harsh
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conditions, and may even be kept separate by an insulating wall (e.g., a “firewall”) or the
like.

“"Thus, in some embodiments, the system may inciude a “cold” secﬁon (which is
niot heated), and a “hot” section, portions of which may be heated, e.g., for disinfection
purposes. The cold section may be insulated from the hot section through insulation. In
one embodiment, the insulation may be molded foam insulation, but in other
embodiments can be any type of insulation, including but not limited to a spray
insulation or an insulation cut from sheets,

In some cases, the “hot” section may be heated to relatively high temperatures,
e.g., the “hot™ section may be heated to temperatures sufficient to sterilize componenis
within the “hot” section. As many electronics can not go above 50 °C without failing or
other adverse consequences, it may be advantageous in some embodiments to separate
the electronics from-other components that may be disinfected. Thus, in some cases, the
components that may need to be disinfected are kept in the “hot” section, while
components that cannot be heated to such temperatures are kept in the “cold” section. In
one embodiment, the cold section includes a cirenlation system, ¢.g., a fan and/or a grid
to allow air (o flow in and out of the cold box.

All, or a portion of, the “hot” section may be encased in insulation. In some

cases, the insulation may be extended to cover access points o the “hot” section, e.g.,.

_' doors, ports, gaskets; and the like. For instance, when the “hot™ section is sealeﬁ,,the

insulation may completely surround the “hot”™ section in some cases.

Non-limiting examples of components that may be present within the “cold”
section include power supplies, electronics, power cables, pneumatic-controls, or the
like. In some cases, at least some of the fiuids going to and from the “hot” section may

pass through the “cold” section; however, in other cases, the fluids may pass to the “hot”

section without passing through the “cold” section.

Non-limiting examples of components that may be present within the “hot”
section include cassettes (if present), fluid lines, or the like. In some cases, some
electrical components may also be included in the “bot"” section. These include, bur are
not himited to, a heater. In one embodiment, the heater can be used to heat the hot box
itself, in addition to fluid (see, e.g., heater 72 of Fig, 3A). In some embodiments, the

heater heats the entire “hot” section 0 reach a desired temperature.
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In one emboediment, the “hot” section includes some or all of the fluidic lnpes. In
addition, in some cases, the “hot” section may include, but is not limited to, temperamre
and conductivity sensors, blood leak sensors, heaters, other sensors, switches, emergency
Tights, or the like.

In some cases, a manifold may transition from the “cold” section to the “hot™ -
section, £.g., 2 manifold for air or another control flnid.

" Separating the components into “hot” and “cold” sections may offer several
advamntages; those incjude, but are not limited to: longeizity of electrical components,
reliability, or efficiency. For example, by separating the components 'intohot and cold,
the entire hot box may be heated. This may allows for more efficient use of heat which
leads to a more energy efficient system. This also may allow for the use of standard, off
the shelf electronics which leads to lower cost. '

In some embodiments, the control fluid used for controlling the pumps, valves,
eic. is air, and the air may be brought into the system through the operation of one or
moré air compressors. In some cases, the air compressor miay be kept separate from the
blood- flow path and the dialysate flow path systems within the system, and air from the

air compressor may be brought to the various pumps through various tubes, conduits,

pipes, or the like. For example, in one embodiment, a pneumatic interface is used to -

direct air from the air comipressor to a series of tubes or conduits fluidically connected
with the various pumps or chambers.

A non-limiting example can-be seen in Fig. 16, which showé a schematic
representation of 2 dual-housing arrangement according to one embodiment. This
arrangement may be advantageously used with cassettes that inclade many
pneumatically actuated pumps and/or valves. If the number of pneumatically actuated
pumps and/or valves in a cassette is large enough, the cassctie coﬁtairiing these pumps
and valves can become so large, and the pressures involved can become so great, that it
may become difficult to properly seal and position all of the pumps and valves. This
difficulty may be alleviated by using two or more different housings. The valves and
pumps (such as pod pumps 42) are placed in a main honsing 41, from which connecting
tubes 45 lead from pneumatic poris 44. The main housing 41 also has inlet and outlet
tubes 43, which allow liquid to flow into and out of the main hous;mg. The connecting

tubes 45 provide pneumatic communication between valves and pumps in the main
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housing 41 and a smaller, secondary tube-support housing 46, which is provided with &
pneumatic interface 47 for each of the tubes. The proper positioning and sealing of all
the pneumatic interfaces 47 against receptacles in the base unit can be accomplished
more easily with the smaller tube-support housing 46 than it would be if the pneumatic
actuation was applied to the larger main housing directly.

The control fluid (e.g., air) may be supplied to the system with one or more
supply tanks or other pressure sources, in one set of embodiments. For instance, if two
tanks are used, one supply tank may be a positive pressure reservoir, and in one
embodiment, has a set point of 750 mmHg {gauge pressure) {1 mmHtg is about 133.3
pascals). The other supply tank can be a vacuum or negative pressure reservoir, and in
one embodiment, has a set point of -450 mmHg (gauge pressure). This pressure
difference may be used, for instance, between the éupply tanks and the required pod
pressure to allow for accurate control of the variable valves to the pod pumps. The
supply pressure limits can be set based on maximum pressures that can be set for the
patient blood flow pump plus some margin to provide enough of a pressure difference
for control of the variable valves. Thus, in some cases, the two tanks may be used to
supply pressures and control fluids for the entire system.

In one embodiment, two independent compressors service the supply tanks,
Pressure in the tanks can be controlled using any suitable technique, for instance, with a
simple bang-bang controller (a controller that exists in two states, i.¢., in ar on or open
state, and an off or closed state), or with more 'sophisticated control mechanisms,
depending on the embodiment. As an example of a bang-bang controller, for the positive
tank, if the actual préssure is less then the desired pressure minus a hysteresis, the
compressor servicing the positive tank is turned on. If the actual pressure is greater then
the desired pressure plus a hysteresis, the corﬁpresser servicing the positive tank is
turned off, The same logic may be applied to the vacuum tank and control of the
vacuum compressor with the exception that the sign of the hysteresis term is reversed. If
the pressure tanks are not being regulated, the compressor is turned off and the valves aré
closed.

Tighter control of the pressure tanks can be achieved by reducing the size of the
hysteresis band, however this will result in higher cyciing frequencies of the compressor.

If very tight control of these reservoirs is required, the bang-bang controlier couid be
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replaced with a PID controller and using PWM signals on the compressors. Other
methods of control are also possible.

However, other prcssure- sources may be used in other embodiments, and in some
cases, more than one positive pressure source and/or more than one negative pressure
source may be used. For instance, more than one positive pressure source may be used
that provides different positive pressures (&.g., 1000 mmHg and 700 mmHg), which may
be used to minimize leakage. For example, high positive pressure can be used to control
valves, whereas lower positivc pressurés can be used to control pumps.- This limits the
amount of pre.ssu;'e that can potentially be sent to the dialyzer or to the patient, and helps
to keep actuation of the pumps from overcoming the pressures applied to adjacent
valves. A non-limiting example of a negative pressure is -400 mmHg. In some cases,
the negative pressure source may be-a vachum pump, while the positive pressure pump
may be an air compressor.

Pressure Digtribution Module

Figs.. 101 to 121 show the details of one embodiment of a pneumatic actuation
manifold in the form of pressure distribution moduole 9000. The pressure distribution
medule connects the pod pumps and valves of the liquid bandling cassettes of the system
{e.g. as illestrated in Figs, 30-46) to the pressure reservoirs (121,122 in Fig. 11A). The
various pod pumps and valves of the system in various embodiments are controlled and
driven by seiective connection fo one or more pressure reservoirs via t.:li-gizal and
proportional valves, as described previously. These reservoirs may include a high
positive pressure reservoir, a low positive pressure reservoir, a negative pressure or
vacuum reservoir, and a vent to the atmosphere. Safe pressure limits may be defined for
the patient at +600 mmHg and/or -350 mmHg. The lIow Vprcssurc reservoir may be
maintained between atmospheric pressure and the high safe patient pressure. The high
pressure reservoir may be maintained above the low pressure reservoir. The vacunm
reservoir may be maintained between atmospheric pressure and the Jow safe patient
pressure, 7 _

The préssure distribution module 9000 in Figs. 101LA, 101B may comprise a
manifold 9064, cartridge valves 9020, surface-mount valves 9030, pressure sensors
9040, ports 9605 connected to pressure reservoirs and ports 9050, 9055 connected to

corresponding port(s) on fluid handing cassettes such as those shown in FIGs. 30-46.
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The pneumatic module 9000 may be connected to the fluid handling cassettes (FIG. 30-
46) via pneumaiic lines (not shown) that connect tofinterconnect with the several ports
9030, 9055 via a connector. In one example, the pneumatic lines connect directly from
the ports 9050, 9055 on the pressure distribution module 9000 to ports on fluid handling
cassettes. In another example, a group of pneumatic lines connect ports on the fluid
handing cassettes to corresponding ports on one or more interface blocks 9850, 9860
(FIG. 102) that can reversibly mate with the pressure distribution module 9000 via an
interface block 9820 (FIG 103) mounted to the output side of the pressure distribution
module 9000, '

The reservoirs, valves and ports are connected to a multi-part pneumatic manifold
9060. The valves 9020, 9030 are controlled in certain embodiments by electrical signals
from a hardware interface boar;i (see block 6111 in FIG. 6]). The pressure sensors 9040
may be electrically connected to the interface board 6111. An automatic computer 6106

(FIG. 61) may be configured to control the flow of blood, dialysate, water, etc. through

- control-of fluid valves and pumps incassettes in the dialysis unit 6001 in FIG. 60 by

opening and closing the pressure distribution valves 5020, 9030 based in part on the
signals received from the pressure sensors 9040, The pod pumps and valves of the
cassettes are pneumatically actuated by selective connection to the pressure reservoirs by
the operation of electro mechanical valves comptising two-way and three-way digital
valves and proportional valves on the pressure distribution module 9000, The digital
valves have two positions. A two-way digital valve is either openbr closed. A three-
way digital valve connects a comnon port to either a first or second port. The
proportional valves provide a variable resistance to flow that is controlled by a driving
electrical signal-héving a variable current. In arn example the proportional valves may
achieve a variable resistance by varying the area of the minimum opening. In another
example, the proportional valve varies the ﬂdw resisténce by varying the fraction of the
time that the valve is open while the valve rapidly moves between open and closed
positions. In another example, a valve may osciliate between a more closed position and

a more open position without fully closing. The flow resistance is varied by changing

‘the {raction of time that the valve is commanded to be in the more open position.

in one embodiment, the surface-mount valves 9630 shown in FiGs. 101 A, 101B°

and 109 may be proportional valves aiso referred to as *vari-valves”. In the illustrated
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embodiment, the multiple surface-mount valves 9030 mount on the top face 9093 of end-
manifold block 9090, the top face 9093 being parallel to the channeled face 9092. In
certain embodiments, the first port of the surface-mount valve 9030 threads into a first
port 9097 and connects the first port 9097 to the second port 9098 (see F1Gs. 101B,109).
In some embodiments, the surface-mount valves 3030 may be any of a variety of
corruncrciaily available variable valves, such as proportional solencid valves; in one
embodiment, the valves are Clippard Minimatic EV-PM-20-6025 valves available from
Clippard Instrument laboratory, Inc., Cincinmati, OH . In another embodiment, the valve
9030 may be any digital two-way or three-way valve suitable for surface mounting, such
as mode} 11-15-3-BV-12-P-0-0 from Parker Hannifin Corporation in Hollis, NH. The
surface mounted two-way or three-way valves may selectively connect ports 9097 and
9098 or a third port (not shown) on the surface of the top face 9093,

FIGs. 101B, and 110 show an embodiment including a plurality of cartridge
valves 9020 and the connections to the pressure seservoirs 9061-9064. A cartridge valve
is inserted in a manifold port. Cavities 9075 are formed to accommeodate seals on the
outside of the cartridge vatves 9020. The machined cavity may have 2 set of dimensions

defined by the manufacturer of the vaive to assure sealing and proper functioning of the

. cartridge valve 9020. In this embodiment, fifty cartridge valves 9020 mount on the back

face 9074 of the mid-manifold block 5070. The back face 9074 is a side of the mid-
manifold block 2070 perpendicular to the channeled face 9072. In certain embodimemé,
the cartridge valves are three-way valves, such as Lee LHDA Plug-In valves available
from The Lee Company USA, Westbrook, CT. The cartridge valves 9020 may be
inserted into cavities 3075 and fixedly secured by backer plate 9022 (FIG. 104) that is

‘méchanically connected to the manifold mid-piate 9070, The cartridge valves 9020 plug

into circuit board 5021, as shown in FIG. 110.

As shown in FIG. 1018, the pressure sensors 9040 may be directly mounted to
the top face 9093 of the end-manifold block 9090.. The pressure sensors 9040 may be
integrated circuits soldered to a printed cireuit board (PCB) 9044. As shown in FIG.
101 A, a printed circuit board 9044 including one or more pressure sensors 9040 may be
mounted on the top face 9093 that is parallel to the channeted face of the manifold end-
block 2090 with a gasket 9041 to pneumaticaily isolate each sensor, and with a plate
9042 to hold the PCB 9040 in place and compress the gasket 9041 endugh to isolate each
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pressure sensor. In one example, the pressure sensor 9040 may be obtained from
Freescale Semiconductor, Inc. in Tempe, Arizona (part no. MPXCHG6250A).. The PCB

9044 ‘may be mounted as a unit to the end-manifold block 2090. The pressure sensing

. face of each pressure sensor 9040 may be fluidly connected via port 9043 (FIG, 101B)

and channels 9091 (FIG. 106 to the desired pressure sources such as reference volumes
0412 (FXG.106), or more remotély to the actation chambers of pod-pumps, to dialysate
reservoir tank 169, in méuy cases to monitor the liquid pressures in the liqﬂid handling
cassettes. _

The pressore 'reseﬁoirs described above may be fluidly connpected to the
pneumatic manifold via fittings on the mid-manifold block 9070 and the end-manifold
block 9090. A reservoir of negative pneumatic pressure Or vacuum may connect via
Fitting 2062 shown in FIG. 110. A high pressure reservoir may connect via fisting 9061,
The low pressure reservoir may connect o both the mid-manifold block 9070 and the
end-manifoid block 9090. The low pressure reservoir may be connected to the mid-
manifold block 9070 via fitting 9064. The low pressure reservoir may also be connected
0 the end-manifold block 9090 via fitting 9063. There is a flow path (not shown) from
the di'gital-va]ﬁe block through the mid-plate 9080 and the mid-plate gaskets 9081, 9082
to the end-manifold block 3090 (shown in FIG 108). . Both blocks 9070, 9090 have
connections to ambient pressure or.the atmosphere. Each connection or hole may be

covered with a water guide 9065 that does not seal the hole, but directs any water in the

" manifold in & preferred direction. The pressure reservoirs to which the pressure

distribution module 9000 may be connected are volumes maintained at specified or pre-
determined pressures by pumps controlled by a system controlier. In an embodiment, a
high-pressure reservoir can be maintained at a pressure of about 1050 PSY, and a positive
pressure reservoir can be maintained.al a pressure of about 850 PSI.  The pressures
actually delivered to various pneumatically actuated pumps and valves may vary based
on the pressure reservoir ported by the two-way, three-way and vari-valves on pressure
distribution module 9000. Furthermore, intermediate pressures may also be delivered
through a combination of rapid opening and closing of the on-off valves, or through a

variation of the orifices of the vari-valves.

Manifold or Pressure Distribution Module
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The manifold 9060 may comprise one or two end-manifold blocks 9090, one or
more mid-manifold blocks 3070 and one or more mid-plates 9080 and gaskets 9081,
0082. An exploded view of a muiti-part pnenmatic magifold 9060 is shown in Fig. 105.
The two manifold blocks 9090, 9070 may be clamped together with a gasketed mid-plate
9080 between them. The mid-plate 9080 may also be referred to as a backing plate, ag it
provides a rigid surface that forces the gasket to seal against multiple channels 5071,
8091, The channels 9051 on the underside of end-manifold block 9050 are visible in
Fig.106. Each manifold block 5070, 9090 may comprise at Jeast one face 9072, 9092
with channels 9071, 9091 and various ports 9050, 9055 (FIG. 105), 9605 (FIG.106),
9041 (FIG. 109), and 9370 (FIG Pneu 111A) on other faces. The channels %071 (FIG,
108,) and 5061 (FIG.106) may be configured as a groove that includes a solid bottom
and two 3ide walls with an open top. The channel may be cut into one face 9072, 9092
of the manifold block or it may be formed with walls that extend above the surface of the
manifold block face 9072, 9092, As shown in FIG. 107, the opeun top of the channels
may be sealed by clamping a gasket 9081, 9082 backed by a rigid flat- mid-plate 9080
against the channels. The mid-plate 9080 is a backing plate that forces the gasket 9081,
5082 to seal against all of the channels 9071, 9091, The channels 9071, 9091 are linked
to pressure sources 9603, valves 9020, 9030, sensors 9040 and outlet ports 5050, 9055
that reside on other faces of the blocks. The manifold blocks 9070, 9090 may sandwich
the gaskets 9081, 9082 and the mzd-plate 5080 between them with mechanical fasteners
9066 to seal the muluple channels 9071, 9091 on the channeled faces 9072, 9092 of cach
of the manifold blocks. This sandwich construction allows the compact assembly of
multiple manifold biocks with sets of channels 9071, 9091 on one face of each block
9090, 9070. '

In some embodiments, there are ports or channels on five of the six faces of the
manifold blocks. The end-manifold block 9090 may have channels 9051 on face 9092.

~ Pressure sensors 9040 and susface mount valves 9030 may be attached to the top face

9093 of the end-manifold block 9093, The end-manifold biock 9090 may include supply
lines 9606, which run the length of the manifold block. The ports for the supply lines

8606 are at each end of the end-manifold block 9090. The ports 9050, 9053 that connect

to the liquid handling cassettes may be on the front face 9096 (FIG.103,105). The back
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face 9094 may include additional ports to connect to thé liquid handling caséettes or
cavities for cartridge valves. \

The mid-manifold block 9070 may have channels on the top face 9072.

Cartridge valves 902() may mount on the back face 9074. The front face 9076 may
include ports 9050, 9055 that connect to the liquid handling cassettes. Both end faces of
the mid-manifold biock include ports that connect to the supply lines 9605 that are
cavities that run the length of the mid-manifold block 9070. In one embodiment, the
bottom face (not shown) of mid-manifold block 9070 may include additional ports that
connect to the supply lines 9605. In another embodiment, the bottom face (not shown) of
mid-manifold block 3070 may be flat. In another embodiment, the bottom face {not
shown) of mid-manifold block 9070 may include additional charnels that provide fluid
connections between some of the following, but not Fimited to, ports 9050, cartridge
valves 9020 and supply lines.

In certain embodiments, the pneumatic channels 9071 (FI1G.105) connect many of
the ports 9050, 9055 to a cartridge valve 9020 and many of the cartridge valves 9620 to
one of the supply lines 9605. The supply lines 9605 may be in the form of long cavities
that run the length, or a substantial portion thereof, of the manifold block. In the mid-
manifold block the supply lines from the end faces 9076 may run gener.ally perpendicular
to the path of the channels 9071, Thus any channel 9071 may be connected o any one of

the supply lines 9065. The channels also generaily mn from the front face 5074 to the

" back face 9075, thereby allowing connection between the ports to the Tiquid purping

cassettes and (he cartridge valves. In a similar way the channels 091 in end-manifold
block 9090 allow connection to tﬁc supply lines 9065, ports 9055 and surface-mounted ‘
valves 9030. The three supply lines: high pressure 9620, low pressure 9630 and vacuum
9640 (FIG.105) may be plumbed to one of the three pressure reservoirs. The fourth line
9610 may be vented to atmosphere. In certain embodiments, one or more of the channels
9071 connpect a valve 5020 to a reference volum_é in the end-manifoid block 9090, which
is used 10 determine volume changes in remotel}:'_coﬁnected i:neumatically actuated
membrane pumps {viza FMS techniques), The reference or FMS volumes 9412 in the
end-manifold block 9090 are visible in FIG.106.
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An example of the finid connections to and from the channels 9071 (shown, e.g.,
in FIG.105) are shown in FIG 111A-111C, which present 3 views of the same part of the
mid-manifold block 8070. The cariridge valve cavities 9075 (shown, e.g., in FIG. 104
and FIG. 110) may be connected to three channels via vertical holes from each of the
three channels to the cartridge valve cavity 9075. The vertical holes may intersect the
cartridge valve cavity at different axial depth from the back face 9074 so that a three way
cartridge valve may connect the second hole to either the first or the third hole, The
second hole may be connected to the liquid handling cassette where the pneumatic
pressure will open or close a liquid valve or may actuate a pod pump. The first and third
holes may be connected to pressure reservoirs.

An example of the connections between the pressure reservoirs and liquid valves
in the liquid handling cassette can be seen in Figs 111A- 111C. The cartridge valve
cavity 90370A on the extreme right receives valve 9037. The cariridge valve cavity
90380A is connected to the vacuum reservoir via supply line 9620, The channel on the
extreme right of FIG 111A has 2 vertical hole 9620A that connects the channel to the
suppty line 9620 and é second hole 9620B that connects to the cartridge valve cavity
9370A. The second hold 5620B can be seen in FIG 111C. The next channel connects
the Mix Acid In valve 9370D (Fig120) in the mixing cassette 10 the cartridge valve 9370
via a vertical hole 9370C to a port 9050 and a vertical hole 93708 to the cartridge valve
cavity 9370A. The cavity 9370A can be seen in Fig 1114, 111C. The high pressure
flows from supply line 9640 via hole 9640A, through the third channel and into the
cartridge valve cavity 9370A via vertical hole 6940B. Similar connections are made for
the mext 4 valves 9375, 9380, 9385, and 9390. The cartridge valve cavities 9075 are
formed in two rows with one row offset so that the cfanridge valve cavities 9075 are
siaggered. The staggered arrangement allows two cartridge valve cavities 9370A and
93754 to share a single channel that supplies pressure. A single hole 96408 may supply
high pressure to both cartridge valve cavities 93704, 9370B by passing through both
near the back of the cartridge valve cavities. The channel on the extreme right is in part

aligned perpendicuilar to the supply lines and in part parallel to the supply lines to allow

- vertical hole 9620B to passes through both cartridge valve cavities 9375A and 9370A

and to supply vacuum to both valves. The vertical holes 9620B, 9370B and 9640B.
intersect the cartridge valve cavities 9370A, 9375A at different distances from the back
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face 9074 of the manifold block 9070. The arrangcxﬁent of vertical holes allows the
cartridge valves 9370, 9375 to connect the liquid valves 9370E, 9375E on the mixing
cassette fo either the high pressure supply line 9640 or to the vacuum supply line 9620,
The mid-plate 3080 and gaskets 9081, 3082 may include holes 9084 that connect
channels 9071 in the mid-manifold block 9070 1o any of number of elements in the end-
manifold biock 8090 including but pot limited to channels 9091, pressure ports 5041, and
surface mount valve ports 5097, 9998,

An exemplary description of manifold plumbing including a pump with an FMS
system is presented in FIG. 111D and FIG. 112. The mid-manifold block 9070
incorporates channel features to implement different pneumatic control features. The
channel 9726 carries a pneumatic pressure sousce to the hole 9734, which goes down to
valve station 9730. The channel 9735 carries a different pneumatic pressure source to

the hbie 9736, which goes down fo valve station 9729, Hole 9732 does downtoa -

-different port on station 9729, and channel 9727 carries this pneumatic signal over to

hole 9731 which intercepts both valve stations 9728 and 9730. These features
implement a portion of the pnéumaﬁc.schematic (FIG3. 112), with valves 97294, 97304,
and 9728A comresponding to valve stations 9729, 9730 and 9728 respectively.

The channels 5071 are sealed with the gasket 9081 (see, e.g., FIG. 105), which is
advantageously pressed essentially evenly against the channels by the mid-plate S080.
The manifold block and gasket can include features to assure an essentially even -
distribution of pressure on thé gasket. The mid-manifold block 9070 may include raised
sections 9078 (FIG.111A, 111B) that fit through matching slots 9083 (F1G.105) in the
gasket 9081. The mid-plate 9080 sits on the raised features 9072 assuring essentially
even compression of the gasket. In certain embodiments, screws 9066 (Fig.105) are used
to clamp the gaskets and mid-plate between the two manifold blocks 9070, 9090. The
niid-plate 9080 provides a substantially smooth and rigid backing for the gaskets so that
more than one manifold block may be assembled into the multi-part pnenmatic manifold
5060. '

The gaskets 9081, 5082 and mid plane 9080 include holes 9084 to allow pressure
and flow communication between the mid-manifold block 9070 and the end-manifold
block- 9090. Some of the holes. 9084 may allow flow from the mid-manifold block 9070

up to the surface mount valves 9030 and back. Sorme of the holes may allow pressure
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sensors 9040 to measure pressures in channels 9071 on the mid-manifold block 9070.
Some of holes through the gasket 9081, 9082 and mid-plane 2080 may connect the
supply lines 9605 in the mid-manifold block 9070 to supply lines 3066 in the end-
manifold block 9090. The gaskeﬁ in one embodiment are made of ethyléne propylene
diene monomer {(M-class) rubber (EPDM) with a 40 Shore A hardness or similar
elastomer. The mid-plate 9080 is preferably a relatively stiff plate that provides a rigid
and substantially planar surface to urge the gaskets against the grooves in both manifold
blocks. In one embodiment, the mid-plate 9080 is 0.2 inch thick aluminum.

An alternative embodiment is presented in Fig. 106, where a third mid-manifold
block 9070A is added. In this embodiment, the under-side of mid-manifold block 9070
(unseen in Fig. 107) is smooth with holes for communication between the second mid-
manifold block 9070 and the third mid-ranifold block 9070A. A gasket S081A seals the
channels 9071 A of mid-manifald block 9070A. The channets of mid-manifold block
9070A serve thf; same function as 9071 and connect the exhaust poits 30504, va]vés
9020A and supply ports 9605A. The second and third manifold blocks can be stacked
because the cartridge valves 5020A. are or the back face 9074A, the exhaust ports are on
the front face 9075A and the supply ports are on the end faces 9076.

Further alternative embodiments of the pressure distribution system 9060 may
COImMPpFise an end-manifold block and 2 or more mid-manifold blocks with channels on
one face and & smooth surface on the opposite surface. The cartridge valves 9020 may
be mounted on the back face 9074 on one side, while the exhaust ports may mount on the
opposite face, The supply lines may extend the length of the manifold blocks. The .
smooth face 9073 of this embodiment of the mid-manifold block 9070 acts as the
backing plate for the gasket 3081A that-seals the channels 9071A on the second mid-
manifold block 9070A. In other embodiments, multiple mid-manifold blecks can be
added with gaskets 9081 A between to create more channels and more output ports to
control more complex pneumatically or fluidically driven systems.

In another alternative embodiment (F1G. 108), mid-manifold block 9070 has
channels 9071 both on the top visible surface and on the lower (unseen) surface. The
channels on the lower surface of 9970 may be sealed via both a gasket and a mid plate
9080 between 9070 and 9070A. Multiple mid-manifold blocks can stacked together with
channels on both the npper and lower surfaces by placing gasketed mid-plates 9080
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between each. In this way muitiple mid-manifold blocks with channels on two surfaces
can be combined to form more complex pneumatic supply systems. ‘

In another example, the manifold 9060 may comprise one or more mid-manifoid
blocks 9070 between two end-manifold blocks $090. Gasketed mid-plates 9080 may be
placed between each pair of manifold blocks 8070, 9090 to create fluid channels,

The. ports 9050, 9055 for the pnenmatic lines that connect the pressare
distribution manifold to the cassettes are visible on the front face in FIG. 109. In certain
embodiments pneumatic fines from ports 9050 may connect to the integrated cassette
system (e.g. that of Figs. 46A-E) via interface blocks that quickly separate to allow’the

- integrated cassette system io be easily replaced. The fixed interface block 9820 is shown

in relation to the pressure distribution system 9000 in FIG. 103. Two removable
interface blacks 9850, 9860 shown in Fig. 102 are clamped against 9820 by the two
clamps 9830 against the front side 9821 of the fixed interface block. A gasket {not
shown) on the face of the removable interface blocks 9852, 9862 provides an air tight
seal. Alignment pins 9822 pressed into the fixed interface block 9820 align removable
blocks 9850, 9860 so that the matching ports are aligned. The removable interface
blocks 9850, 9860 can 'be located within the ‘hot box’ cavity of the dialysis unit within
which the fluid pumps and valves ave located. This cavity may be subject to a high
temperature environment during disinfection of the dialysate-carrying pumps and valves.
In contrast, the fixed interface block 9820 may be located in a section of the dialysis unit
¢‘cold box' section) that is thermally segregated from the hot box section to protect the
temperature sensitive elements of the dialysis system (electronic and electromechanical
componeats). l

The integrated casseite system, €.g. of Figs. 46A-E, may be conneéted via
flexible linies to the two removable interface blocks 9850, 9860. Alternatively, the
integrated cassette systeﬁa may be equipped with raised rigid ports spatially arranged to
connect and form sealing engagements with mating ports on either fixed interface block
9820 or the removabie interface blocks 9850, 9860. The flexible lines are secured to the
ports 9854, 9864 at the top of the blocks. The blocks may be fabricated from
polysulfone, or another tough thermoplastic with good stability at high temperatures.
The integrated cassette system may be connected to the pneumatic controls of the

dialysis machine 600} by placing the removable blocks 9850 and 9860 against the fixed



10

15

20

25

36

-139-

block 9820 and then turning the handles of the clamps 9830 to secure the removable
blocks. The removable blocks provide a reliable and guick design to align and seal the
many connections between the integrated cassetie system and the pressure distribution
module 3600. They provide for rapid connection to and disconnection from the pressure
distribution module, greatly increasing the efficiency with which the integrated cassette
system is periodically replaced.

The fixed interface block 9820 thermally isolales the pressure distribution system
9000 in the ambient temperature part of the dialysis machine 6001 to reduce heat flow
from the insnlated hot box where the heated dialysate/disinfection fluid flows through
the imtegrated cassette system. In certain embodiments, the fixed interface block 9820 is
fabricated from polysulfone, or another tough thermoplastic material with good stability
at high temperatures. In certain embodiments, the fixed interface block 9820 may be
bolted to pressure distribution system 9000 and the 9050 ports may be sealed with a
gasket 9810, which may also aid in thermally insulating the pressure diswribution module
from the ambient temperatures in the hot box section of the dialysis unit.

Ports 9055 connect the pressure distribution system 9000 te the blood cassette
e.g. of Fig 30-34 and the FMS reservoir for the dialysate tank {not shown). The twelve
ports 9055 shown in FIG. 101 A are connected via flexible tubes to plate 9890 on the
surface of the hot box of the dialysis machine. A second plate with flexible tubes is
bolted to the first plate at the surface of the hot box, The second plate (not shown) is
conmected via flexible tubes to the EMS volume for the dialysate tank and to the control
port assembly (not shown). The control port assembly has pneumatic receptacies that
connect to the ports on the bottom plate of bloed cassette 1100 (Fig 33D).

The manifold block can be fabricated in advance and customized by the installer
or product developer, if desired. A mass produced manifold block may be fabricated
without the vertical holes connecting the channels 2071 and the supply lines 9605, and

then configured for a particular application by connecting a given channel to a specific

supply jine.

Preumatic Schematic‘of Pressire Distribution Moduie

The detailed plumbing schematic of an embodiment of the Vary-val-ve manifold

and digital valve manifold is described in the pneumatic schematics FIGs. 113-117 and
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with corresponding flow schematics of the blood, dialysate and mixing casseties shown
in Figs118-121. In the pneumatic schematics the supply lines 9610, 9620, 9630, 9640
are represented as vertical lines. The three way valves, for example 9210, may be

plumbed to two different supply lines and to a liguid valve 9210E in the liquid handling

cassettes 23, 141, 142, 143. The three-way valve 9210 for a blood pump may connect

the liquid valve 9210E to the vacuum supply lise 9640 when not powered. In the non-
powered position, the liquid valve 9210E is preferably in a default open position so that
the biood is not trapped during a loss of power. In the powered position, the liquid valve
9210E is connected to the low pressure supply line 9630 to close the Jiguid valve, The
blood pumps [3 may be actuated by a pair of proportional valves, for example 9110,
9112, that connect to a low pressure supply line 9630 and vacuum supply line 9640. The
pressure supplied to the biood pump 13 may be monitored by a pressure sensor 8111,
Some pnenmatic circuits for bumps may include a FMS chamber to allow accurate
measurement of the volume pumped. One example is a drug metering or heparin pump
11 actnated by valves 9230 and 9235 connected to the vacunm and high pressure lines
respectively. The actuating fluid path is connected to an FMS chamber 9238 and flows
through a third valve 9233 toward the heparin pump 9233E. Pressure sensors 9239,
9234 may monitor the pressure up and down stream of vaive 5233,

The pressure suppl_y lines.and default valve positions may be selected to achieve
safe conditions in the event of a failure. The liguid valves 9210E, 9215E, 9220E, 92258
and p.umps 13 that handle blood in the blood cassetie 141 may be powered by the
vacuum supply line 9640 and the low pressure suppiy line 9630. Thejow pressure
plumping may be elected for the pumps or valves that handle blood elements to avoid the
possibility of exposing the biological finid and thereby the patient’s vascular system to
pressures in excess of the low pressure reservoir. In the inner dialysate cassette 143, the
dialysate pumps 15 may be connected to the Tow pressure supply line 9630 and the
ambient pressure line 9610, The inner dialysate pumps 15 preferably are not be
connected to the vacuum supply line 9640 to avoid lowering the dialysate pressure below
ambient and therein minimizing the amotnt of gas evolving out of the dialysate solution.
In this case, the outer dialysate pump 159 may supply positive pressure to the dialysate
entering th;e inner dialysate cassette 143, thereby filling the inner dialysate pumps 15
when the upstream valves 9270, 9265 are open.
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The un-powered positions of the three-way valves in the pressure distribution
system 9000 may be selected to provide a safe condition during power loss or failure of
the contvoller or FPGA safety system. The blood pump vaives 9210, 9215, 9220, 9225,
the ODP valves 9350, 9355, 9360, 9365 and the BTS clamp 9430 default to a vacuum
connection which opens the fiquid vatves allowing blood to be pushed out of the blood
cassette. The unpowered position for the heparin pump valves 9230, 9235, ultrafiltration
pump valves 9285, 9290, acid punﬁp valves 9410, 9415 and the bicarbonate pump valves
0420, 9425 disconnects the pump from the pressure reservoirs so they do not pump any
fluid, The balance of the valves may default to connecting high and low pregsure to the
liquid valves.so that the hquid valves close when power is lost. Rinseback of blood to
the patient is possible in a power failure scenario through the default positioning of the
valves leading from the low (or high} pesitive pressurized tank, through the pressure
distribution manifold valve 9325, and into the dialysate tank 169 via valve 9328, for
example. Pressure applied to the dialysate fluid in the dialysate tank 169 can be directed
to the blood side of the dialyzer through the outer dialysate pumps and valves, the
ultrafilter, and the inner dialysate fluid path to the dialyzer, with the appropriate
distribution manifold valves Being arranged in either a default open position for the
pathway to the dialyzer, or a-default closed position for other dialysate pathways
ultimately leading to drain. The dialysate fluid may thus be transferred to the blood side
of the dialyzer membrane through hydrostatic pressure, which allows the blood.in the
blood tubing set to be rinsed back to the patient’s vascular system.

Certain aspects of the invention include various sensors. For exanple, ini various
embodiments of the inventions described herein, fluid handiing may -include sensor
apparamis systems comptising a sensor manifold. The sensor manifold may be asranged
to include most of the fluid sensors used in the system, including, for example, dialysate
conductivity and dialysate temperature sensors. A sensor manifold may include other
types of sensors. Examples of such embodiments may include systems-and methods for
the diégnosis, weatment, or amelioration of various medical conditions, including
embodiments.of systems #nd methods involving the pumping, metering, measuring,
controliing, and/or analysis of various biclogical fluids and/or therapeuntic agents, such as
varions fdms of dial ysis,- cardiac bypass, and other types of exiracorpbreal treatments

and therapies. Further examples include fluid treatment and preparation systems,
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including water treatment systems, water distillation systems, and systems for the

_preparation of fluids, including fluids used in diagnosis, treatment, or amelioration of

various medical conditions, such as dialysate.

Examples of embodiments of the inventions described herein may include
dialysis systems and methods. More specifically, examples of embodiments of the
inventions described herein may include hemodialysis systems and methods of the types
described in U.S. Patent Application Serial No. 11/871,680, filed October 12, 2007
entitled “Pumping Cassette™; or U.S. Patent Application 12/038,648 entitled “Cassette
System Integrated Apparatus,” filed on February 27, 2008, each of which is incorporated
herein by reference,

In such systems and methods, the utilization of one or more sensor manifolds

. may allow subject media to be moved from one environment to another environmenit that

is more conducive to obtaining sensor readings. For example, the cassette manifold may
be contained in an area that is less subject to various types of environment conditions,
such as temperature and/or humidity, which would not be preferable for sensor apparatus
such as a sensing probe. Altematively, sensing apparatus and sensing apparatus system
may be delicate and may be more prone to maifunctions than other comiponents of a
system. Separating the sensor apparatus and the sensor apparatus systems from other
componenis of the system by use of a sensor manifold may allow the sensing apparatus
and sensing aﬁparatus systems to be checked, calibrated, repaired or replaced with
minimal impact to other components in the system. The ability to check, calibrate, repair

or replace the sensor manifold with minimal impact to the remainder of the system may

be advantageous when utilized in connection with the integrated cassette systems and

methods describegi in U.S. Patent Application 12/038,648 entitled “Cassetie System
Integrated Apparatus,” filed on February 27, 2008. Alternatively, the sensor manifold
may be replaced either more or Jess frequently than other components of the system.

7 With reference to Figs. 53-58, various embodiments of an exemplary sensor
manifeld are shown. One or more subject media, e.g., a liquid in these exemplary
embodiments, may be contained in or flow throngh cassette manifold 4100, For
example, one subject media may enter cassette manifold 4100 via pre-molded tube
connector 4101 and exit the cassetie manifold via'p'r&maldedr tube connector 4102,

Between tube connector 4101 and 4102, there is a fluid path though the cassette (best
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shown‘as fluid path 4225 im Fig. 54). Likewise, fluid paths (shown as fluid paths 4223,
4220, 4222, 4224, and 4221 respectively in Fig. 54) extend between sets of tube
connectors 4103 and 4104; 4105 and 4106; 4107, 4108, and 4109; 4110 and 4111; and
4112 and 4113, In certain embodiments, each fluid path may contain subject media of
different compgsition or characteristics. In other embodiments, one or more fiuid paths
may contain the same or similar subject media. In certain embodiments, the same
subject media may be flowed throngh more than one flow path at the same tirme to check
and/or calibrate the sensor apparatus systems associated with such fluid paths.

Referring now to Fig. 53, in these exemplary embodiments of sensor manifold
4100 that may be used in conjunction with the sensor apparatus and sensor apparatus
systems described herein, the cassette includes a top plate 4302 and a base 4301. Fluid
paths, such as the fluid path 4225 (as shown in Fig. 54) extending between tube
connectors 4101 and 4102 extend between the base and top plate. The cassettes may be
constructed from a variety of materials. Generally, in the various exemplary
embodiment, the materials used are solid and non ﬂexiblé. In the preferred embodiment,
the plates are constructed of polysuifone, but in other embodiments, the casseites are
constructed of any other solid material and in exemplary embodiments, of any
thermoplastic, Some embodiments of sensor manifold 4100 may be fabricated uti lizing
the systems and methods described in U.S. Patent Application 12/038,648, entitled
“Cassette System Integrated Apparatus,” filed on February 27, 2008,

Refemng again o Fig. 55, in these exemplary embodiments of sensor manifolds

that may be used in conjunction with the sensor apparatus and sensor apparatus systems

- described herein, the sensor rnanifold 4100 may also mclude printed circuit board (PCB)

4304 and a PCB cover 4305. Varions embodiments may also include connector 4303
(also shown in Figs. 53 and 56B) which may be utilized to mechanically connect the
cassetie manifold 4100 to the system, such as a hemodialysis system. Cassette manifold
£100 may also uiilize varions methods to hold the layers of sensor manifold 4100
together as a unit. In various embodiments, as shown in Fig. 43, connectors 4306 (also
shown in Fig. 56B), which in one embodiment is a serew, but in other embodiments may
be any means for connection, are utilized, but any rmeans known to one of skill in the art,
such as other types of screws, welds, clips, clamps, and other types of chemical and
mechanical bonds may be utilized. »
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Referring now to Fig. 56A, in exemplary embodiments of the sensor manifold
4100, tube connectors, such as tube connector 4401, is utilized to bring subject media
into or remove subject media from fluid path 4492, Sensing probes, such as sensing
probe 4404 extending into fluid path 4402, ave incorporated into sensor manifold 4100 so
as to determine various properties of the subject media contained in or flowing through
the particular fluid path in the sensor manifold. In various embodiments ope sensing
probe may be utilized to sense temperature and/or other properties of the subject media.
In another embodiment, two sensing probes may be utilized to sense tcmperaiure andfor
conductivity and/or other properties of the subject media. In yet further embodiments,
three of more sensing probes may be included. In some embodiments, one or more
combination temperature and conductivity sensing probes of the types generally
described herein may be utilized. In other embodiments, the conductivity sensors and
temperature sensor can be any conductivity or temperature sensor in the art. In one
embodiment, the conductivity sensor elements (or sensor leads) are graphite posts. In
other embodiments, the conductivity sensors elements are posts made from stainless
steel, titanium, or amy other material of the type-typically used for (or capable of being
used for) conductivity measarements. In certain embodiments, the conductivity sensors
wiil include an electrical connection that transmits signals from the sensor lead io a
sensor mechanism, controller or other device. In various embodiments, the temperature
sensor can be any of ths_temperatuze sensors commonly vged (or capable of being used)
to sense temperature.

Referring again to Fig. 564, sensing probe 4404 is electrically connected to PCB
4405. In certain embodiments, an electrically conductive epoxy is utilized between
sensor element 4404 and PCB 4405 to ensure appropriate electrical connection, although
other methods known to those of skill in the art may be used to obtain an appropriate
electrical connection between Sensof element 4404 and PCB 4405. PCB 4405 is shown
with edge connector 4406. In ;raxious embodiments, edge connector 4406 may be used
fo transmit sepsor information from cassette manifold 4100 to the main system. Edge
connectar 4406 may be connected to a media edge connector (such as media edge
connector 4601 shown in Fig, 58). In various embodimcr;ts, media edge connector 4601
may be installed in a hemodialysis machfne {not s_hown}. In such embodiments, guide

tracks 4310 and 4311 (as shown in Fig. 55) may be utifized to assist in the connection of
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edge connector 4406 and media edge connector 4601. Various embodiments may also
include connector 4303 {as shawn in Figs. 53, 55 and 56B) which may be utilized to
mechanically connect the cassetie menifold 4 100 to the system, such as-a hemodialysis
systemn.

Referring again to Fig. 56A, air trap 4410 is shown. In certain embodiments, an
air trap, such as air frap 4410, may be utilized to trap and purge air in the system. As
may be best shown in Fig. 54, subject media may flow through fluid path 4222 between

"tube connectors 4107 and 4109 in sensor manifold 4100. As the flow of the subject

media is slowed around the turn in fluid path 4222 (near tube connector 4108), air may
be removed from the subject media through conmector 4108.

Referring now to Fig. 568, PCB cover 4305 is shown. PCB cover 4305 may be
connected to sensor manifold 4100 by connectors 4306. Edge connector 4406 is also
shown. _

In accordance with certain embodiments, sensor manifold 4100 is passive with
respect to control of the fluid flow. In such embodiments, sensor manifold 4100 does not
contain valves Or pumping mechanisms to control the flow of the subject media. In such
embodiments, the flow of the subject media may be controlled by fiuid control apparatus
extemal to sepsor manifold 4100, Tn other embodiments, the sensar manifold may .
incjude one of More mechanical valves, prenrmatic valves or other tfype of valve
generally used by those of skill in the art: In such embodiments, the sensor manifold
may include one or more pumping mechanisms, inchiding pneumatic pumping
mechanisms, mechanical pumping mechanisms, or other type of pumping mechanisms
generaﬂy used by those of skill in the art. Examples of such valves and pumping
mechanisms may include the valves and pumping mechanisms described in U.S. Patent
Application Serial No. 11/871,680, filed October 12, 2007 entitled “Pumping Cassette™;
or U.S. Patent Application 12/038,648, entitled “Cassette System Integrated Apparatus,”
filed an February 27, 2008. .

Referring now 1o Fig. 57, tube connector 4401 is shown in base 4301. Top plaie
4302 is shown, aloug with connector 4303. Sensing probes, such as sensing probe 4501,
extend throngh top plate 4302 into fluid path 4503, Sensing probe 4501 may be various
types of sensors, including the embodiments of sensing probes generally discussed

herein.
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The sensing probes, such as sensing probe 4561, may be all the same, may be
individually selected from various sensors based on the type of function to be performed,
or the same probe may be individually modified based on the type of function to be
performed. Similarly, the configuration of the fluid paths, such as the length of the fiuid
path and the shape of the fluid path, may be selected based on the function to be
performed. By way of example, to detect the temperature of the subject media in a fluid
path, a temperature sensor, such as a thermistor, may be nsed. Again, by way of
example, to measure the conductivity of the subject media, one sensing probe configured
to measure temperature and conductivity, and one sensing probe configured only to
measure conductivity may be utilized. In other embodiments, two or more sensing
probes configured fo measure both temperature and conductivity may be utilized. In
various embodiments of such conﬁguratinhs, by way of éxampie, the second temperature
sensor may be present but not utilized in normal operation, or the second temperature
may be utilized for redundant temperature ﬁeaéuremcnts, or the or the second
temperamre may be utilized for redundant temperature measurements. )

Referring again to Fig. 57, PCB 4502 is shown with electrical connection 4503.
As further shown in Fig, 58, PCB 4602 is shown with electrical connection 4603 for
connection to a sensing prebe (shown as 4501 in Fig. 45). PCB 4602 also contains
opening 4604 for attachment fo top plate (shown as 4305 in Fig. 57). In certain

embodiments, electrical connection 4603 is mounted onto, or manufactured with, PCB

4602 with air gap 4606. In such embodiments, air gap 4606 may be utilized to provide

protection to the electrical connection-between sensing probe 4301 and PCB 4602 by
allowing shrinking and éxpansion of the various compenents.of sensor manifold 4100 |
with lesser impact to PCB 4602, .

Referring again to Fig, 58, PCB 4602 is aiso shown with edge connector 4605.
As described herein, edge connector 4605 may interface with edge connector receiver
4601, which may be connected to the system, such as the hemodialysis system, to which
sensor manifold 4100 interfaces.

Various embodiments of exemplary sensor manifold 4160 shown in Fig, 53-58
may be utilized in conjunction with hemodialysis systems and methods described in U.S.
Patent Application Serial No, 11/871,680, filed October 12, 2007 entitied “Pumping
Cassette™; or U.S. Patent Application 12/038,648, entitled “Cassette System Integrated
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Apparatus,” filed on February 27, 2008. In certain embodiments, sensor manifold 4100
contains all of the temperature and conductivity sensors shown in Fig. 59, Fig. 59
depicts 2 finid schematic in accordance with one embodiment of the inventions described
in the patent applications reference above. _

By way of example, in various embodiments, the temperature and conductivity of
the subject media at position 4701 as shown in Fig. 59 may be determined utilizing
sensor manifold 4100. In such embodiments, subject media flows into tube connector
4105 (as shown in Fig. 53) through fiuid path 4220 (as shown in Fig. 54) and exits at
tube connector 4106 (as shown in Fig. 53}, The conductivity of the subject media is
measured by two sensing probes (not shown) extending into fluid path 4220, at Jeast one
of which has been configured to include a temperature sensing element, such as a
thermistor. The conductivity measurement or tﬁe temperature measurement of the
subject media may be utilized to determine and/or correlate a variety of information of
utility to the hemodialysis system. For example, in various embodiments at position
4701 in Fig. 59, the subject media may be comprised of water to which a bicarbonate-
based solution has been added. Conductivity of the subject media at position 4701 may
be utilized to determine if the appropriate amount of the bicarbonate based solution has |
been added prior to position 4701, In certzin embodiments, if the conductivity
measurement deviates from a predetermined range or deviates from a predetermined
measurement by more than a predetermined amount, then the subject miedia may not
contain the appropn‘até concentration of the bicarbonate based solution. In such
instances, in certain embodiments, the hemodialysis system may be alerted.

Again, by way of example, in various embodiments, the conductivity of the
subject media at position 4702 as shown in Fig. 59 may be determined utilizing sensor
manifold 4100. In such embodiments, subject media flows into mbe connecior 4112 (as
shown in Fig. 41) through fluid path 4221 (as shown in Fig. 54) and exiis at tube
connector 4113 (as shown in Fig. 53). The conductivity of the subject media is measured
by two sensing probes (not shown) extending into fluid path 4221, at least one of which
has been conﬁgufed to include a temperature sensing element, such as a thermistor. The
conductivity measurement.or the temperature measurement of the subject media may be

utilized to determine and/or correlate a 'variety of informatios of utility to the

_hemodialysis system. For example, in various embodiments at position 4702 in Fig. 59,
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the subiect media may be comprised of water to which 2 bicarbonate-baszd solution and

then an acid based solution has been added. Condactivity of the subject media at

position 4702 may be utilized to determine if thevappropxiaté amount of the acid based
solution {and the bicarbonate based solution in a previous step) has been added prior to
position 4702. In certain embodiments, if the conductivity measurement deviates from a
predetermined range or deviates from a predetermined measurement by more than a
predetermined amount, then the subject media may not contain the appropriate
concentration of the acid based solution ard the bicarbonate based solution. Insuch
instances, in certain embodiments, the hemodialysis system may be alerted.

By way of further example, in vardous embodiments, the temperature and
conductivity of the subject media at position 4703 as shown in Fig. 52 may be
determined utilizing sensor manifold 4100. In such embodiments, subject media may
flow into or out of tube connector 4107 (as shown in Fig. 53) through fluid path 4222 (as
shown in Fig. 54) and may flow into or out of tube connector 4109 (as shown in Fig, 5:;).
As described herein, air may be removed from the subject media as it moves past the turn
in fiuid path 4222. In such instances, a portion of the subject media may be removed
through tube connector 4108 to the deain, bn'n‘ging with it air fromthe air trap. The
conductivity of the subject media is measufed by two sensing probes (not shown) :
extending into fluid path 4222, at least one of which has been configured to include a
temperature sensing element, such as a thermistor. The conductivity measurement or the
temperature roeasurement of the subject media may be utilized to determine and/or
correlate a variety of information of utility to the hemodialysis system. For example, in
various embodiments, the conductivity measurement at position 4703 in Fig. 59 may be
utilized to correlate to the clearance of the dialyzer. In such instances, in certain
embodiments, this information may then be sent to the hemodialysis system.

Again, by way of forther example, in various embodiments, the temperature of
the subiect media at position 4704 as shown in Fig. 39 may be determined utilizing
sensor manifold 4100. In -such embodiments, subject media flows into tube connector

4103 {as shown in Fig. 53) through fluid path 4223 (as shown in Fig. 54} and exits at

tabe connector 4104 (as shown in Fig. 53). The temperature of the subject media is

-measured by one or more sensing probes (not shown) extending jnto fluid path 4223,

The temperature measurement of the subject media at pesition 4704 may be utilized to
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determine and/or correlate a variety of information of utility to the hemodialysis system.
For example, in various embodiments at position 4704 in Fig. 59, the temperature of the
subject media is determined down streamn of a heating apparatus 4706. If the temperature
deviates from a predetermined range or deviates from a predetermined measuremert by
more than a predetermined amount, then the hemodialysis system may be alerted. For
example in certain embodiments, the subject media may be re-circulated through the
heating apparatug 4706 unti} the temperature of the subject media is within a
predetermined range.

Again, by way of further example, in various embodiments, the temperature and
conductivity of the subject media at position 4705 as shown in Fig. 59 may be
determined utilizing sensor manifold 4100. In such embodiments, subject media flows
nto tube connector 4110 (as shown in Fig. 53) through fluid path 4224 (as shown in Fig,
54y and exits at tube connector 4111 {as shown in Fig. 53). The conductivity of the
subject media is measured by two sensing probes (not shown) extending into fluid path
4224, at feast one of which has been configured to include a temperature sensing
element, such as a thermistor. The conductivity measurement or the temperature
measurement of the subject media may be utilized to determine and/or correlate a variety
of information of utility. 1o the hemodialysis system. For example, the temperature and
conductivity measurement at position 4705 may be used as a further safety check to
determune if the temperature, conductivity, and, by cormelation, the composition cf, the
subject media is within acceptable ranges prior to the subject media reaching the dialyzer
4707 and, thus, the patient. In certain embodiments, if the temperatore and/for
copductivity measurement deviates from a predetermined range or deviates from a
predetermined measurement by more than a predetermined amount, then the
hemodialysis system may be alerted.

For the varions embodiments described herzin, the casseite may be made of any
material, including plastic and.métal. The plastic may be flexible plastic, rigid plastic,
semi-flexible plastic, semi-rigid plastic, or 2 combination of any of these. In some of
these embodiments the cassette includes one or more thermal wells. In some
embodiments one or more sensing probes and/or one or more other devices for
transferring information rcg.a.rd-in.g one.or more characteristics of éuch subject media are

in direct contact with the subject media. In some embodiments, the cassette is designed.
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to hold fluid having a flow rate or pressure. In other embodiments, one or more
compartments of the cassette is designed to hold mostly stagnant media or media held in
the conduit even if the media has flow.

In some embodiments, the sensor apparatus may be used based on 2 need to
separate the subject media from the sensing probe. However, in other embodiments, the
sensing probe is used for temperature, conductivity, and/or ofher sensing directly with
subject media.

Another aspect of the invention is generally directed to methods and operations
of the systems as discussed herein. For instance, 2 hemodialysis system may be primed,
flow-balanced, emptied, purged with air, disinfected, or the like.

One set of embodiments is generalty directed to priming of the system with a
fluid. The fluid to be primed is first directed to a dialysate tank (e.g. dialysate tank 169).
Ultrafilter 73 is then first primed by pushing flvid from dialysate tank 169 1o ultrafilter
73,.and caus_ed to exit line 731 through waste line 32 to the drain, as is shown by the
heavy black lines in Fig. 17A. Any air present in ulirafilter 73 naturally rises to the -
priming port and is flushed to the drain. .

Next, as is shown in Fig, 178, the balancing circuit and pump 159 of the
directing circuit are primed by pushing finid through the ulirafilter 73, through the
balancing circuit, and out to the drain. Pump 159 is primed by running fluid forwards
(through the nltrafilier to the drain). Air entering diatyzer 14 bubbles to the top of the
dialyzer and leaves through the dialyzer exit to the drain.

Next, the blood flow pump and tubing are primed by circulating finid through the
blood flow circuit #nd the air trap back to the directing circuit via conduit 67. As can be
seen inFig. 17C, fluid passes throuigh the ultrafilter and dia]yzér, forcing flow through

the air trap and down the drain. The air trap traps air circolating in the biood flow circuit

and sends it to the drain, Priming can be stopped when the air sensors stop detecting aix

(and some additional fluid has been passed through the systerm, as.a safety margin).

Another set of embodiments is directed to adding air to the system, €.g., to emipty

‘the system of various fluids. For example, in one operation the dialysate tank s emptied.

Vent 226 on dialysate tank 169 is opened, and pump 159 is'used to pump fluid from the
dialysate tank to the drain until air is detected in pump 159 (discussed below}. This is
shown in Fig. 19. '
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Air may also be pumped into the balancing circuit in certain embodiments. This
is shown in Fig. 20. Vent 226 on dialysate 16 is opened so that air may enter the
dialysate tank. Pump 159 is used to pump air through the outside of ultrafilter 73. This

" air pressure displaces fluid outside the ultrafilter to the inside, then it flows through the

dialyzer and down the drain, During this operation, pump 159 and the outside of the
ultrafilter will fill with air.

In addition, air can be drawn in through the anticoagulant pump 80 into the blood
flow circuit, as is shown in Fig. 21A. The air is first brought into pod pumps 23 (Fig.
214, then may be directed from the pod pumps to the arterial line 203 and down the
drain (Fig. 21B), or to the venous line 204 (through dialyzer 14) and down the drain (Fig.
21C). - . .

In one set of embodiments, integrity tests are conducted. As the ultrafilter and
the dialyzer may be constructed with membrane material that will not readily pass air
when wet, an integrity test may be conducted by priming the filter with water, then
applying pressurized air to one side of the filter. In one embodiment, an air outlet is

included on one of the blood flow pumps and thus, the pumping chamber may be used to

- pump air for use in the integrity test. This embodiment uses the advantage of a larger

pump. The air pressure pushes all of the water through the filter, and the air flow stops
once the water has been displaced. However, if the air flow continues, the membrane is
ruétured and must be replaced. Accordingly, the system is primed with water. First, the
mixing circuit is primed first to eliminate air prior to the dialysate tank. Then the outside
of the ultrafilter is primed next, as the vltrafilier will not pass water to the balancing
circuit until the outside is primed. The balancing circnit 'and the dialyzer are primed
next. Finally, water is pushed across the dialyzer to prime the blood flow circuit.

The mixing circuit is pﬁmed.by first pushing water with pump 183, throagh line
281 and bicarbonate source 28, then through each of the pumps and through line 186 to
dialysate tank 169. Dialysate tank 169 is vented so air that is pushed throngh bubbles to
the top and leaves through vent 226. Once air has been primed out of dialysate tank 169,‘
the tank is filled with water, then the priming flow continues from the dialysate tank
through ultrafilter 73 to the drain. This can be seen in Fig, 22A. Water is then primed as
previously discussed (see Fig. 17). Néxt, the blood flow pod puﬁps 23 are'filled with
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water from dialysate tank 169, as is shown in Fig. 22B, while balancing pumps 15 are
emptied, as is shown in Fig. 22C, '

The test is conducted by using the blood flow pump to push each chamber of
water across dialyzer 14 to balancing pump chambers 15, which start empty (Fig. 22C)
and are vented to the atmosphere so that they are present at atmospheric pressure on the
dialysate side of dialyzer 14. See Fig. 22D, Each of the blood flow circuit chambers
delivers using a specific pressure and.the end-of-stroke is determined to dcterrﬁinc the
flow rate.

Another integrity test is the ultrafilter flow test. In‘this test, the dialysate tank is
filled with water, the ultraﬁlter is primed by purnping water from the dialysate tank
through the ultrafilter and out line 731, and water is pumped through the ultrafilter,
controlling flow rate, monitoring the delivery pressure required to maintain flow,

Another set of cmbodiments are directed to disinfection and rinsing of the
system. This process removes any material which may have accumulated during
therapy, and kills any active pathogens. Typically, heat is used, although in some cases,
a disinfectant may be added. Water is maintained using the dialysate tank and
replenished as necessary as water is discharged,

A secirculating flow path is shown in Fig. 23, "The fiow along this path ig
essentially continuous, and uses conduits 67 to connect the bloed flow circuit with the
directing circuit. The main flow path is heated using heater 72, which is used 1 increase

the water temperature within the recirculating flow path, e.g., to a temperature that can

- kill any active pathogens that may be present. Most of the water is recirculated, although

some is diverted 10 drain. Note that lines 48 and 731 .are kept open in this example 1o
ensure that these Jines are properly disinfected. In addition, the flow paths through
ultrafilter 73 can be periodicaily selected to purge air from the ultrafilter, and/or to
provide recirculating flow through this path. Temperature sensors (e.g., sahsorsQSl and
252) can be used to ensure that proper temperatures are met. Non-limiting examples of
such sensors can be seen in .8, Patent Application 12/038,474, entitled “Sensor
Apparatus Systems, Devices and Methods,” filed on February 27, 2008, and incorporated
herein by reference. -

Iﬁ <;ne set of embodiments, the ingredients 42 of the mixing circuit 25 may be

primed as follows. Initially and as shown schematically in Fig. 244, a mix water pod
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pump 280 35 filled with water, which is pushed backwards through a bicarbonate pump
183 and into a bottom of the bicarbonate source 28 so that air is expelled from the top of
bicarbonate source 28 and into a line leading to a bicarbonate water supply pump 282,
As a resnit, air in the bicarbonate source 28 is collected in the bicarbonate water supply
pump 282. See Fig. 24B, The air in pump 282 is then transferred to the mix water pump
280, which moves the air into the line 186 toward the dialysate tank 169, See Fig, 24D.
Alr pushed by the mix water pump 280 may be moved iato the dialysate tank 169, where
a vent 226 in the dialysate tank 169 is-opened i0 release the air from the system, or the
air can be pushed toward the drain 31 through suitable valve control. See Fig. 3A. The
process of moving water backwards from the mix water pump 280, through the
bicarbonate pump 183, the bicarbonate source 28, the bicarbonate water supply pump
282 and to the mix water pump 280 may be repeated as'many times as necessary {0
remove air from the flow path and throroughly wet the bicarbonate supply 28 as needed.
Also, by pushing the air and priming liquid from the mix water pump 280 to the drain 31
instead of the dialysate tank 169, the system may avoid adding improperly mixed
bicarbonate/water material to the tank 169,

With the bicarbonate supply 28 and related circuitry (the bicarbonate path)
priméd in reverse, the bicarbonate path may be primed in the forward direction, That s,
water may be moved by the bicarbonate water supply pump 280 into the bicarbonate
source 28, through the bicarbonate pump 183 and to the mix waCeripump 280 as needed
to remove any remaining air and prepare the bicarbonate path for providing bicarbonate
ét a suitable concentiration to the water mix pump 280 for dialysate preparation. Liquid
delivered to the water mix pump 280 during forward priming of the bicarbonate path
may be directed by the pump 280 to the drain 31.

To prime the acid path, i.c., the circuit portion including the acid supply 29 and
the acid pump 184, the acid pump 184 may be operated to deliver iguid to the mix water

pump 280, which can subsequently direct the priming liquid to the drain 31. See Fig.

24C. This can be repeated as necessary until the acid path is suitably primed. Typically,
the acid supply 29 will be in liguid form ready for use (unlike the bicarbonaie supply 28), .
but if not, the mix water pump 280 can be used to direct water in reverse direction
through the acid pump 184 and inte the acid supply 29. (Any needed air venting may be )

performed at the acid supply 29, e.g., through a valve or opening in an acid container,)



10

15

20

30

- 154 -

Afier priming is complets, the mix water pump 280 may direct water through the line
18610 drain 31 to clear the [ine 186 and other comiponents of any remaining air or other
materials,

The acid and bicarbonate solutions {and sadium chloride solution, if a separate
sodium chloride source is present) are then metered with incoming water 1o prepare the
dialysate. Sensors 178 and 179 are used to ensure that the partial mixtures of each
ingredient with water is correct. Dialysate that does not meet specification is exﬁptied o
the drain, while good dialysate is pumped into dialysate tank 14,

As discussed above in the context of Figs. 7A, 7B, 24A-D, 46 D-E and 51B, the
present invention in certain embodiments provides methods and contrel systems
configured for making dialysate “in system” from a water supply and one or more
supplies of concentrated sources of solutes (e.g. bicarbonate source 28 and acid source
29). Described below are exemplary embodiments for implementing and controlling
such methods the incremental assembly of the dialysate o ensure that the épeciﬁcations ‘
on concentration remain within acceptable quality criteria.

Referring to mixing circuit 25 of Fig 7A, in certain embodiments, a hemodialysis
system of the invention is'configured to make dialysate for hemodialysis therapy usiﬁg
standard, commercially available 45X acid concentrate (e.g. from acid concentrate
supply 29). In other embodiments, any of a variety of other standard or custom recipes
may be implemented using the methods described herein. Sodiam bicarbonate is drawn
from a flow-through cariridge 28 (e.g. a Baxter Altracart cartridge or similar).
Essentially pure water is pumped into the top of this cartridge and concenirated solution
is drawn from the bottom. The strength of the concentrated solution varies with the
temperature of the cartridge and may also be affected by any channeting through the
powder that develops while the cartridge is in use.

" Water is drawn into the mixing water pump 180. The concentrated sodium
bicarbonate solution is metesed into the water stream by the bicarbonate pump 183 as the
chamber of pump 180 is filling. This gives the water/bicarb mixture a chance to mix in
the pumping chamber. This partial mixture of water and sodium bicarbonate 15 pumped
out of the pump 180 and through the conductivity measurement cell 178 for conductivity
measureme.nt. The target conductivity of this pariial mixture in one embodiment is

approximately 3.7mS/cm, so, in such an embodiment, conductivity measurement cell
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178 may be oﬁtinﬁzed for measurements near this value. The acid pump 184 then meters
acid concenirate solution (e.g. 45X acid concentrate) into the partial mixture. This flow
proceeds through mixing chamber 189 and then to'the conductivity measurement cell
179. The final conductivity to yield a target dialysate concentration in one embodiment
is approximately 14 mS/cm, so, for such an embodiment, the conductivity measurament
cells for measuring dialysate conductivity (e.g. cells 179 and 253 (see e.g. Fig. 6)) may
be optimized for measurements near this value.

In certain embodiments, because the conductivity measurement cells 178 and 179
measure solutions that may not be homogenous - there still may be significant variations
in concentration of the solutions as they pass through these sensors, to get a more
accurate value for the conductivity, a plurality of individual measurements are taken and
these measurements are a\;etagad at high speed (e.g. 200Hz), only while the solution is
flowing through the conductivity measurement celis. The resulting averaged
measurement has been found to correiate well with a measurement obtained by collecting
the solution in a container and mixing it thoroughly prior to measuring conductivity.

Because the conductivity of these solations may be highly dependent on
temperature, e.g. changing about 2% per degree C, in certain embodiments, to improve
the accuracy of conductivity measurements, 2 temperature correction may be applied. In

certain cases, the effect of temperature change on change in measured conductivity is

- almost linear, but the nonlinear characteristic may in certain cases be significant enough

that a second or third-order curve fit of conductivity-vs-temperature data may provide a
significant benefit in the context of performing temperature correction, In cenain
embodiments, two conductivity-vs-temperature curves are utilized, one for correction of
conductivity measurements of the sodium bicarbonate solution and another for
conductivity measurements of the final dialysate solation. These corrections may be
expressed as a multiplier to be chosen baséd on temperature. By convention,
conductivity is normally expressed at 25C. The comection curves thus may be
constructed to yield a value of 1.0 for 25C with a correction factor other than 1.0 at
different measurement temperatures. The correction factors derived from the curves for
the bicarbonate solution correction and the dizalysate correction can be slightly different
due to the different compeositions, but they both vary in typ'wal’ embodiments, from
about 0.6 at 5C to about 1.3 at 40C, ’
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Conductivity is a strong function of the ion density in solution, so the amount of
sodium bicarbonate in the first solutior and the amount of sodium chloride and other
jons in the final solution may be inferred or directly determined from conductivity
measurements, if desired, in certain embodiments. Like the temperature corrections, the
relationships between measured conductivity and solute concentration may be nearly
linear, but the non-linear characteristic may be significant enough that a second or third-
order curve fit of conductivity vs. concentration data to use as a correlation standard may
provides a significant benefit in determining concentrations from measured conductivity
data.

The desired amount of sedium bicarbonate in the final dialysate may be specified

in grams per liter {or equivalently, milligrams per milliliter). To compute the

compositions from conductivity, the conductivity measurement made by sensor 178 may

first be corrected for temperature as described above, and then the composition may be
computed using the conductivity vs. concentration data curve fits described above. The
determination of an actual concentration from conductivity data can be beneficial, for
certain embodiments, for at least two reasons: it puts the composition into the correct
units for concentration, allowing the controller {0 focus on the refevant measurement;
and it facilitates prediction of the composition on a pump stroke-by-pump stroke basis,

which can facilitate a safety check that prevents off-spec diaiysate from being added 1o

-the dialysate tank 189 (as described in more detail below). The acid concentrate contains

muitiple ingredients, with sodium chloride being the dominant contributor to the
additional conductivity. With the sodium bicarbonate already in solution at
measurement: cell 179, the relevant conductivity measurement for determining just the
contribution of the added acid concentrate is the difference between the conductivity
measured by sensor 189 and the conductivity of the bicarbonate mixture measured by
sensor 178,

In certain embodiments, a controf system for controlling mixing-and production

- of the dialysate may be configured and. implemented as described below. An inner

control loop may be configured to operate the pumps to deliver the concentrated
solutions into the mix stream (e.g. to mixing chamber 189). At this control level, the
target mix fractions may be specified in the target number of pump strokes of each

concentrate to be added for each water pumnp stroke. For each water pump- 180 stroke,
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the meter pumps 183, 184 may deliver the closest integer number of strokes to the
respective target number and carry the leftover fraction forward to the next water pump
stroke. This can allow the control system to adjust the ratios as floating-point quantities,
even though they are implemented as integers.

In certain embodiments, a control system may be configured so that the
conductivity measurements are used as the primary guidance function to make dialysate
that meets a dialysate concentration quality control criteria, e.g. is within an acceptable
range of concentration surrounding a prescription recipe. The strength of the
concentrated ingredients may vary somewhat during the therapy. The stroke volume
delivered by the water puip 180 may vary from stroke to stroke 0 a degree. Volume
metering via use of conductivity feedback can ensure that these effects are mitigated and
the dia}ysaté comes out as close.to the specified composition as possible or desirable.

A bicarbonate control loop of the overall control protocol may be provided that uses the -
composition of the sodium bicarbonate partial mixture determined as described above as
the an input measurement and determined the nnmber of strokes of the bicarbonate pump

per stroke of the water pump for subsequent diatysate mixing as its output. Similarly, an

acid concentrate control loop may be configured to use the measured conductivity

change as a result of adding the acid (as described above) as the input measurement and
the number of strokes of the acid pump per stroke of the water pump for subsequent
dialysate mixing as its output. '

The control loops described above can be configured to correct for and handle
routine variations in pump delivery volume, reagent concentration, etc, that may affect
the diatyate composition.. Additional safety featares may be configured into the system
design and/or control system to mitigatefaccount for significant disturbances and spécial
circumstances that could lead 1o substantially off-spec dialysate. The dialysate stored in
the tank must bv.;, within a certain percentage of a target composition to ensure patient
safety, e.g.in one embodiment, the dialysate 13 maintained within 2.5% of the '
prescriptionftarget composition at all times, Por example, with such a safety criteria for
an exemplary embodiment in which one complete stroke of the water pump 180 is 50ml,
and the mintmum volume of dialysate maintained in the dialysate tank 169 is 1 liter, (i.e.
a pump stroke volume in such case is 1/20 or 5% of the minimum one liter volume in the °

tank), one siroke of pure water inadverently added to the tank could pull the dialysate
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composition off spec by 5%. To prevent such an cccurrence from happenin'g‘,‘the tubing
hold-up volume between conductivity sensor 179 and the valve positioned just upstream
of the dialysate tank (e.g. valve 147 in Fig. 6) is sized to hold a complete stroke of the
mixing water pump 180. In general, if the measured composition of any stroke is
determined by to be off-spec by enough to compromise the acceptahility of the
concentration of dialysate in the tank, should it be added to the tank, that stroke is
diverted 10 drain (e.g. 31 in Fig. 6). '

In one particular example, the following three safety checks are performed by the
system and must all succeed before adding newly mixed dialysate to the tank: (1) the
mix composition for the stroke bolus being measured, as determined by- conductivity
measutéd by sensor 179, must approximately maich the target stroke composition for the
volume of water and concentrate added.—- since, as described above, in cettain
embadiments, these quantities are quantized to full strokes, the target composition of a
given stroke may be significantly different than the prescribed composition of the
dialysate in the dialysate tank; (2) the ranning average composition for the previous 20
mixing strokes (1 liter for a pump stroke volume of 50 ml) must be within an acceptable
percentage of the target prescription dialysate composition, e.g. within 2%; and (3) the
calculated/projected composition of dialysate in the tank after adding the newly mixed
but not yet added stroke bolus must be within an acceptable percentage of the target
prescription dizlysate composition, e.g. within 2%.

‘The control and safety system may also be configured in certain embodiments, to

prevent hazards created by certain user error. For example, for embodiments in which

conductivity is used as a parameter to determine solute concentration in mixed dialysate,

there is a rigk that a uger mistakenly use a container that does not contain the propé: acid
concentrate called for in the therapy and expected by the system (e.g. 45X acid
concentsate) and attempt tq start a therapy with such incorrect reagents. With an
unlimited conductivity feedback systern, there is a significant risk that whatever material
is drawn into mixing circuit could be mixed with water to make the expected
conductivity for dialysate. To minimize the possibility of this happening, the control
system rizy be configured to enforce pre-set limifs on the water/acid concentrate mixing
ratio. Both the pump 180 and the acid concentrate pump 184 are, in preferred

embodiments, reasonably accurate volumetric pumps. The pre-set limits on the
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watet/acid concentrate mixing ratio may be chosen to facilitate therapy in the face of
normal variations while prohibiting therapy if it appears that the acid concentrate is not
that called for by the therapy protocol (e.g. standard 45X concentrate).

In another set of embodiments, the anticoagulant pump is primed. Priming the
pump removes air from the heparin pump and the flow path, and ensures that the
pressure in the anticoagulant vial is acceptable. The anticoagulant pump can be designed
such that air in the pump chamber flows up into the vial, The test is performed by
closing all of the anticoagulant pump fluid valves; measuring the external volume,
charging the FMS chamber with vacuum, opening valves to draw from the vial into the
pumping chamber, measuring the external volume {again), charging the FEMS chamber
with p.ressure, opening the valves o push fiuid back into the vial, and then measuring the
external volume (again). Changes in'extemal volume that result from fluid flow should
correspond 1o the known volume of the pumping chamber, If the pumping chamber
cannot fill from the vial, then the pressure in the vial is too low and air must be ppmped
in. Conversely, if the puomping chamber cannot empty into the vial, then the pressure in
the vial is too high and some of the anticoagulant must be pumped out of the vial.
Anticoagulant pumped out of the vial during these tests can be discarded, e.g...through
the drain. '

In yet another set of embodiments, the system is rinsed with dialysate while the
patient is not connected. This can be performed before or after treatment. Prior to
{;eaaﬁent, dialysate may be moved and a portion sent to the drain to avoid accumulating
sierilant in the dialysate. After treatment, thiﬁ operation rinses the blood path with
dialysate to push any residual blood to the drain. The flow paths used in this operation
are similar to the flow paths used with water, as discussed zbove. '

Acid concentrate may be pumped out of the mixing chamber. Pump 184 is
activated so that pod purmp 280 can draw out acid from pump 184 and acid source 29, to
be mixed in line 186 and sent to the drain. Similarly, bicarbonate may be pumped out of
the rnixing chamber as is shown in Fig. 25. Pump 183 is used to draw water from
bicarbonate source 28, then pod pump 280 is used to pass the water into line 186 to the
drain. .

In still another set of ‘enllbodiments, dialysate prime is removed from the blood

flow circuit, to avoid giving the patient the priming fluid. Figs. 26A and 268 show finid
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leaving each of the balancing pump chambers and being expelled to the drain. Next, the
dialysate side of dialyzer 14 is closed, while blood is drawn into the blood flow path
from the patient (Fig. 26C). The patient connections are then occiuded while the blood
flow pump chambers 23 push the priming fluid across the diatyzer to the balancing
circuit (Figs. 26D and 26E). This fluid is then pushed to drain, as previously discussed.
This operation can be repeated as necessary until sufficient priming fluid has been
removed. Afterwards, the balancing pumps are then refilled with fresh dialysate,
keeping the patient connections occluded, as is shown in Fig. 26F.

In yet another set of embodiments, a bolus of anticoagulant may be delivered to
the patient. Initiaily, a bolus of aﬁticoagulant 1s bumped from the vial {or other
anticoaguiant supply) to one chamber of pump 13, as is shown in Fig. 27A. The
anticoagulant pump alternates between pumping air into the vial and pumping
anticoagulant out of the vial, thereby keeping the pressure relatively constant. The
remaining volume is then filled with dialysate (Fig. 278). The combined fluids are then
delivered to the patient down arterial Hne 203, as shown in Fig. 27B. In some cases, the
same pump chamber may be refilled with dial ysate again (see Fig. 27B), and that volume
delivered to the patient also, o ensure that all of the anticoagulant has been properly
delivered. o _

If air is detected by the air-in-line detector 332 during the arterial bolus delivery,
the bolus may be delivered via the venous Hne 204 {see Fig. 89). The air detected in the
arterial Jine may be pulled back into the pump chamber 13 along with the heparin bolus.
The heparin bolus ray next be sent to the patient by delivering the chamber containing
heparin in pump 13 toward the dialyzer 14 followed by delivering the 2™ chamber of
pump 13 toward the diaiyzer. The heparin bolus and dialysate then flow through the air
trap 19 to remove the air and past the venous air-in-line detector 33b to the patient. The.
path from the pump 13 1o the patient via the venous line 204 has.a larger hold-up.
volume. The heparin bolus may be flushed into the patient with additional dialysate
delive.red from the outer dialysate pump 159 ﬁ;rough the dialyzer 34.

In still another set of embodiments, the system may perform push-pull
hemodiafiltration. In such cases, blood flow pump 13 and balancing pumps 15 can be
synchronized to pass fluid back and forth across the dialyzef. In hemodiafiltration,

hydrostatic pressure is used to drive water and solute across the membrane of the
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dialyzer from the blood flow circuit to the balancing circuit, where it is drained. Without
wishing to be bound by any theory, it is believed that larger solutes are more readily |
transported to the used dialysate dus to the convective forces in hemodiafiltration.

In one set of embodiments, solution infusion may be used to delivery fluid to the
patient. Asisshown in Fig: 28, pump 159 in the directing circuit is used to push fluid
across dialyzer 14 into the blood flow circuit, which thus canses-delivery of fluid (e.g.,
dialysate) to the patient,

According to another set of embodirnents, after repeated use, the dialyzer can Jose
its efficiency or even the ability to function at all as a result of compounds adhering to
and building up on the membrane walis in the diaiyzcr, Any standard measure of
diatyzer clearance determination may be used. However, as noted below, in certain
embodiments, inventive methads of determining diatyzer clearance may be employed.

In one aspect, the invention involves methods for measuring the clearance of a
dialyzer in a hemodialysis system to determine if the dialyzer has degraded to the point
where it should no longer be used. While the inventive methods for determining the
clearance of a dialyzer are described herein in the context of the illustrated blood
treatment systems and methods described herein in the context of other aspects of the
present invention, the inventive methods of determining a measuse of dialyzer clearance
are not limited to use only with the presently described systems and could be employed
in essentially any hemodialysis system using a membranc-based dialyzer.

Also described below are inventive data reduction methods for determining a dialyzer
clearance parameter related to a measured small molecule (e.g. ion) clearance of a
diatyzer and for determining an equivalent urea clearance of the dialyzer from such data.
In ¢certain embodiments, the dialyzer clearance measnrement is determined by measuring
the passage of jons in solution through the semipermeable membrane(s) separating a '
blood side of the diatyzer from a dialysate side of the dialyzer. Conveniently, the ions in
solution used for such methods may be the same as those present in the acid concentrate
contained in acid concentrate source 27 used to form dialysate during operation of the
system for treatment protocols. In certain embod;nments, such as déscribcd below, acid
concentrate S0UrCe 271is used as the source for the jons whose passage through the
diatysis membrane is determined. The acid concentrate typically comprises an agueous

solution of electrolytes, NaCl, CaCl, and other salts at a concentration several times (e.g.,
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40-45x) concentrated over that of the dialysate that is used for treatment, Na® and Cl"are
t_he major ions in solution that contribute to the measurements made in the methods
described herein for determining diatyzer clearance; however, in typical embodiments
described below, it is the total ion clearance that is measured. In-other embodiments,
specific lons, such as Na*, or any other ion chaoice, may be added individually in solution
for measurement of specific ion clearance, if desired. Described below are several
exemplary embodiments of inventive dialyzer clearance measurement technigues, which
are useful in the context of the present hemodialysis system and which aiso may be nsed
in other hemodialysis systems and methods not specifically described herein,

In certain embodiments, in one method of measuring how much build-up has
accumulated on the dialyzer membrane, iLe., how much the dialyzer’s clearance has

cictcrioraied, a gas is urged into the blood side of the dialyzer, while a liguid is held on

. the dialysate side of the dialyzer. By measuring the volume of gas in the dialyzer, the

ciearance of the dialyzer may be calculated based on the volume of gas measured in the

dialyzer.

Alternatively, in.another embodiment, because of the pneumatic aspects of the
present system, clearance may be determined as follows, By applying a pregsure
differential along the dialyzer membrane and measuring the flow rate of liguid through
the membrane (i.c. flux) of the dialyzer, the clearance of the dialyzer may then be
correlated/determined or calenlated, based on the pressure differential and the flow rate.
For exém’plc, based on a known set of correlations or pre-programmed standards
including a correlation table or mathematical relationship. For example, although a look-
up table may be used, or a determined mathematical relationship may also be used.

The diatyzer's clearance can also be measured using a conductivity probe in the

“blood tube plup-back recirculation path andfor in the dialysate flow pathway. After

treatment the patient connects the blood tubes back into the disinfection ports. The fluid
in the blood wubes and dialyzer may be recirculated through these disinfection port
cannections, and the conductivity of this solution may be measured as it passes througﬁ
the conductivity measurement cell in this recircuiation path. Various implementation
cxaﬁplcs of this method are described in more detail below,

- To measure the dialyzer clearance in certain embodimens, substantially pure

water may be circulated thropgh the dialysate path and the conduciivity of the flnid
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flowing through the blood recirculation path may be continuously monitored. The pure
water takes jons from the solution in the blood flow circuit recirculation path at a rate
which is proportional to the concentration gradient and the clearance of the dialyzer. The
clearance of the dialyzer may be determined by measuring the rate at which the
conductivity of the solution in the blood flow circuit recirculation path changes and/or by
measuring the rate at which the conductivity of the solution in the dialysate ﬂgw path
changes.-

In certain embodiments, the dialyzer’s clearance can be measured by circulating
pure water on one side and dialysate on the other, and measuring the amount of fluid
passing through the dialyzer using conductivity.

In certain embodiments, and advantageously, a hemodialysis system of the
present invention is configured to test small molecule clearance (e.g., ion clearance) of a
dialyzer of the system prior to each usage of the system for a therapy treatment protocol.
The dialyzer clearance test may be conducted afier a user of the system provides new

acid and bicarbonate concentrates for an upcoming therapy, and while the blood tubes of

the blood tubing set are still plugged into the disinfection ports on the dialyzer machine

(e.g. at a point in which the blood flow tubing is interconnected with the directing circuit
via conduit 67 (s2¢ e.g., FIG. 17C)). .

In certain embodiments, the method for measuring the clearance of the dialyzer
involves creating ﬂdw of one liquid through the blood flow circuit/pathway of the
hemodialysis system while creating a flow of a second liquid through the dialysate flow
circuit/pathway. In certain embodiments, small molecules, such as ions (or salts yielding
ions in solution) are added to either or both of the liquids in the bleod flow pathway and
the dialysate flow pathway to create 2 time varying change iu the ionic strength of the
Hiquid on onc side of the dialysis membrane with respect to the other side. The liguid
may then be pumped through the dialyzer and a parameter indicative of the concentration
of jons in either or both of the liquid circulating through the blood flow path and the

dialysate flow path may be measured io enable determination of the clearance of the

-dialyzer.

In certain such embodiments, the ions are added only to one of the liquid flow
pathways (i.e., either to the liquid flowing in the blood flow pathway or the liquid
flowing in the dialysate flow pathway), while essentially pure water is initially added to
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and circulated in the other flow pathway. In such embodiments, the measurement of the
conductivity of the liquid in either or both of the blood flow pathway and dialysate flow
pathway can provide a measure of the passage of ions across the dialysis membrane from
the flow path to which the ions have been added to the flow path initially charged with
essentially pure water. Although conductivity is a convenient means 10 dete;mine a
measure of the fonic strength of the liquid in the hiquid flow pathway(s) for
determinacion of dialyzer clearance, it should be understood that in other embodiments,
pther measures pf ion concentration could be used and/or small molecules other than
those that are jonic or charged species could be used for measurement of clearance.

In certain embodiments, ions are added to one of the flow paths and the liquid of
such flow path is pumped through the dialyzer in a manner such that there is a change in
the ionic strength of the liquid flowing through the dialyzer over the time period in which
the dialyzer clearance is determined. As described i more detail below, in certain such
embodiments, a concentrated ion or salt containing solution may be added in one or more
pulses or boluses to water supplied to such flow path of the system in order o create one
or morse boluses or pulses of liguid having a higher jonic strength flowing through such
flow path to facilitate measurement of conductivity and detenmipation of diatyzer
clearance,

in certain embodiments, for example, for those described immediately above
wherein the change, such as a bolus or pulée of high ionic strength solution is added to 2
flow path of the systern, it may be desirable for such flow path to be configared to be
non-recircuiating and pass through the dialyzer a single time. In certain such
embodiments, it may be further advantageous for the flow path in fluid communication
with the other side of the dialysate membrane to be continuously recirenlating. For
example; in one such embodiment, the dialysate flow path is the one to which one or
more pulses of high jonic strength solution are added (e.g., by an acid concentrate
souice), and the dial ysate flow pathway is confipured for once-throngh flow throngh the
dialyzer, while the blood flow circuit is configured for continuous recirculation of lignid
through the blood side of the dialyzer and is initially primed with-essentially pure water,
as described in fusther detail below, ‘7

Advantageously, in certain embodiments in which a change in ionic strength with

time is created in the liquid fiowing on at least one side of the dialyzer dusing
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measurement of clearance, and especially in embodiments wherein one flow path is-
configured to be non-recirculating while the flow path in communication with the
opposite side of the dialyzer membrane is configured to be continuously recirculating,
conditions are created within the dialyzer wherein the ionic strength of the fluid on one
side of the dialysis membrane with respect to the other side will change in magnitude
with respect to time such that, in certain embod'iments, ion passage through the dialysate
membrane will, during certair periods of the test, move from the dialysate flow pathway
across the membrane to the blood flow pathway while, during other periods of the test
will move from the blood flow pathway across the dialysate membrane tothe dialysate
flow pathway.

* As mentioned above, and as deseribed in more detail below, 4 convenient, but not
exclusive, means for measuring small molecule (e.g., jon) clearance of the dialyzer
membrane is afforded by measuring the conductivity of ene or both of the liguid streams
flowing in the dialysate flow pathway and the bloed flow pathway during the course of
the dialysate clearance measurement. Described below i a specific example employed
int the context of an embodiment of the present dialysis system as illustrated, for '
example, in FIGS. 3A-3B. In this exemplary embodiment, condnetivity measurements
are made for both the liquid flowing through the dialysate flow pathway and the liguid
flowing through the blood flow pathway, and both sets of conductivity measurement data
are used in determining dialyzer clearance. However, in alternative embodiments,
conductivity could altematively be measured only for one of the fluid pathways and/or
muitiple measarements of conductivity could be made at different points ia the {luid
circuit than illustrated in the system shown in FIG. 3A-3B and FIG. 81. So long as the
Iocation and number of conductivity measuremém potnts enables detection of a change
in conductivity resuiting from passage of ions.across the dialysis membrane during the
test, such a configuration of measurement may be used in order to obtain a measure of
dialyzer clearance. For example, referring to FIG. 81, in the specific exemplary protoco)
for determining dialyzer clearance discussed below, conductivity of the Hiquid flowing in
the blood side flow pathway of the dialysis systein is measured at point 4703 by
condnctivi_fy probe BO02, while conductivity of the liguid flowing in the dialysate flow
patt_.;way is measured at po‘éition 4705 by conductivity probe 8004, In alternative

embodiments, more of fewer conductivity measurements could be made and/or the
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conductivity probes could be differentiy positioned. For example, in one alternative
embodiment, instead of using conductivity probe 8002 on the blood side circuit, an
additional conductivity probe on the dialysate flow circuit positioned downstrearn of
dialyzer 4707 could be used to measure ion concentration of the liquid both entering and
exiting dialyzer 4707, thereby providing a measure of the ions passing through the
dialyzer membrane during the test.

The following is a description of one exemplary ernbodiment of an inventive
conductivity-based dialyzer clearance test according to the invention. Reference is made
to FIG. 81, which reproduces the embodiment of the dialysis system of FIG. 3B with the
fluid lines and- equipment corresponding to the setup used for performing the dialyzer
clearance test highlighted with thickened lines. In the figure, the dialysate flow pathway
is shown in solid lines, whiie the blood flow pathway is shown in dashed lines. In
summary, in the present example, flow pathways of the system are first primed with
essentially puse water all the way throngh the blood set, which is interconnecied for
recirculation at location 4703 as shown. The test is conducted while the dialysate and
blood flow circuits contain liquid flowing at a specific flow rate, which may be chosen to
be similar to that used during dialysis treatment protocols (e.g., between about 250
ml/min ~ 500 mY/min in certain embodiments, and in one particular example at about 350
ml/min), In certain embodiments, the flow rate of liguid through the dialysate flow
circuit is maintained to be essentially the same as the flow rate recirculating in the blood
flow circuit. During the test, the conductivity of the liquid in the blood flow pathway is
measured using conducﬁvify probe 8002, while the conductivity of the liquid flowing in
the dialysate flow pathway is measured using conductivity probe 8004. During the test,
as is described in more detail below, one or more pulses or boluses of higher
conductivity dialysate are generated by the mixing circuit (e.g., see FIG, 7A) and added
to the liquid pumped through the dialysate flow circuit, and the transfer of ions across the
membrane in dialyzer 4707 to the blood side results in a corresponding puise of higher
conductivity fluid flowing through the blood flow circuit, After passage of the pulse, the
conductivity of the liquid returns toward Jower values and may approach zero in certain
instances, as the lguid supplied by the mixing circuit switches from concentrated
diatysate to water. The smatl molecule (e.g., ion) clearance of the dialyzer may be

computed by analyzing a transfer function of ion passage from the dialysate side to the
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blood side of the dialyzer measured during passage of the pulse of higher conductivity
liquid. The dialyzer clearance test may be used.to verify that the dialyzer is capable of
providing adequate ¢learance for additional therapy sessions in certain embcdimcnts.'
Certain metheds deseribed lr;erein measuring dialysate clearanceé based on conductivity
measurements are useful in approximating urea clearance, which is a clinically
conventional means for determining and expressing dialyzer clearance. As described in
moré detail bélow, one aspect of the present invention also involves techniques and
algorithms for converting conductivity-based dialyzer clearance measurements into
estimated urea clearance determinations, _

As noted previously, in certain embodiments, the dialyzer clearance test oceurs
prior to conducting a treatment protocol, but after a user has connected the acid
concentrate and bicarbonate reagents to the system. At this boint in time, the lines of the
system typically will contain a certain amount of water with residual disinfectant and a
certain amount of air. Asan initia]_ step, water may be supplied to the system via water
supply line 8006 {see FIG.VSD to fill the lines with water and prime both the dialysate
flow pathway and the blood flow pathway as illusirated, for example, in FIGS. 174 —
17C and FIG. 22A and described above in the context of those figures.

Water may be supplied via supply inlet 8006 to water pump 180 and is pumped to
the outer dialysate/directing circuit to dialysate tank 169. The dialysate tank is filled and
the water is pumped from the dialysate tank to the balancing ciréuit via pumps 159, the
water in transit passing through ultrafilter 73. The water then flows into dialyzer 4707 és
shown and through the dialyzer to fill the dialyzer and to fill the remaining portions of
the dialysate flow pathway, as illustrated. . During at least a portion of the prime
sequence, flow exiting the diaiysate pathway via drain 8008 may be restricted to force
water through the dialyzer membrane and into the hlood flow pathway. The blood flow
pathway may be initially dh;ected to drain until it is completely primed with water and
residual aiy-and disinfectant has been removed. At the conclusion of the priming, the
dialyzer flow pathway is configured so that liquid éntering the pathway makes a singie

loop around the dialysate flow circuit and exits the-systern via drain 8008. By contrast,

- the blood flow pathway is configured for continuous recirculation, as illustrated. It

shotld be undersiood, that in alternative embodiments, the blood flow pathway could be

configured for non-recirculating flow, while the dialysate flow pathway is configured for
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recirculating flow or both fiow pathways conld be either recirculating or non-

tecircuiating. At the conclusion of the priming sequence, all of the lines, the dialysate
tank, wltrafilter 73, and dialyzer 4707 should be completely filled with water and
substantially free of air. )

After priming with water, the system can be prepared for performing the
clearance test. In certain embodiments, to reduce the degree of dilution of the high
conductivity pulse added to the dialysate side fluid, dialysate tank 169 is emptied (see,
¢.g., FIG. 19 and associated discussion for process to do so) and then only partially
refilled with water so that it contains enough water to perform the test but not so much to
dilute the high concentratiou pulse(s) to an undesirable degree — e.g., for an embodiment

in which the dialysate tank 169 has a capacity of about 2 liters, it may be filled at this

 stage with 100 milliliters to a few huadred milliliters of water. A small portion of this

liquid may, prior to taking measurements, be pumped to drain as illustrated in FIG. 19, in
order to re-prime ultrafilter 73. .

To perform the test, the blood flow pathway is configured for continuous
recircujation and the dialysate flow pathway is configured fo pump once through to
drain, a5 described previously. In certain embodiments in which the blood flow pathway

flow rate is maiched to the dialysate flow pathway flow rate, each of the pumps

_ operating on the blood side and dialysate side circuits in the system, (e.g., pumps 180,

159, 161, 162 and 23) are operated in concert to provide a desired matched flov rate on
the dialysate side and blood side of dialyzer 4707, In order to create the

bolus(es)/pulse(s) of high concentration dialysate, during certain strokes of water pump

180, acid from acid source 29 is pumped into the dialysate flow pathway via acid pump

184, described previously, For example, in one particular embodiment, the acid pump
184 supplies 2 — 3 full strokes of acid concentraie for every 20 - 40 strc-nke.s of water
supplied via water pump 181, ‘

In centain embodiments, the flow direction of the recirculating flow in the biood
flow pathway is counter-current to the flow direction of liguid in the dialysate flow

pathway, In Qti'mr embodiments, the flow may be circulated in a co-current fashion. The

. bolusfesi/pulse(s) of high coﬁducﬁ'vity liquid formed. by the mixing circuit passes to the

outer qia}ysate/direcdng circuit into partially filled dialysate 1ank 169 and is pumped
from there through dialyzer 4707. During the pumping of the liquids through the
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dialysate side and blood side pathways during the test, during each pump stroke of the
aforementioned pumps utilized for creating fluid motion, a plurality of conductivity
measurements may be made by blood side conductivity probe 8002 and dialysate side
conductivity probe 8004 and, for each pump siroke, the plurality of conductivity
measurements {e.g., 100-200+ measurements) may be averaged to produce an average
conductivity for the particular pump stroke number. Such measurements continue to be
made during some or all of the course of the testing. -

In certain embodiments, the test comprises passage of a single bolus/pulse of high
conductivity/high-ionic strength dialysate through the dialysate flow pathway (the results
of such a test are shown and described below in the context of FIG. 82). However, in
other embodiments, multiple pulses may be adde& to create more complex conductivity
versus time/pump stroke number functions. In yet other embodiments, instead of spiking
the dialysate flow pathway with high concentration dialysate, such addition of
concentrated solution may be made to the blood side flow pathway instead of, or in
addition to, spiking of the liquid circulating in the dialysate fiow pathway. Accordingly, -
if desired, a wide variety of functional forms of conductivity versus fime/pump stroke
number may be generated for analysis. For example, in certain embodiments, the
conductivity versas time/pump stroke number data may take the form of a sine wave or
other periodic function,

An example of data generated by the above-described exemplary dialysate

clearance test, in which a single bolus/pulse of concentrated dialysate was passed

through the dialysate flow pathway and dialyzer against a recirculating blood flow

pathway containing water is shown in FIG. 82, The graph in this figure plots the
measured conguctivity verses pump stroke number, which correlates to the time of
measurement and the total volume that has passed through the dialyzer during the test.
Each data point for pump stroke number represents the average of a plurality of -
individual conductivity measurements made duﬁn g the test, as described above. The
plot showing the conductivity of the dialysis side liguid as:measured by conductivity
probe 8004 is shown by line 8350, while the plot of the conductivity measured in the
Biood side recirculating liguid as measured by conductivity probe 8002 is shown by line
8052.
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As is apparent from the graph, the reactive conductivity measured on the blood
side compared to the stimulus conductivity measured on the dialysate side is

characterized both by having a Jower maximurn corductivity amplitude and by a

‘measurement time lag (i.e., the maximum conductivity occurs at a later pump stroke

number). The time lag displacement of the data is believed to be, in the system
illustrated in FIG, 81, caused prirnarily by hold-up volume effects in the system, as
opposed to being primarily caused by the kinetics of ion fransport across the dialyzer
membrane. In other embodixﬁcnts, one or bothof conductivity probes 8004 and 8002
could be placed in closer proximity to dialyzer 4707 in order to reduce or minimize the
iltustrated phase lag behavior. It is believed that the difference in amplitude between the
dialysate side conductivity measurements and the blood side conductivity measurements
is a factor that is primarily related to the dialyzer clearance. In certain embodiments, the
measured amplitude difference and, optionally, the phase lag/phase shift, can be used
directly as a measure of clearance and may be employed by the control circuitry/software
of the system as a parameter by which to determine suitability of the dialyzer for
continued use. However, in certain embodiments, and as described in mote detail below,
it may be desirable to develop a mathematical model correlated to the transfer function
and fitting the measured blood side conductivity data, so that a single, optionally
dimensionless, parameter may be derived from the data that may be utilized or further
manipulated (o determine a parameter used as the measure bf diatyzer clearance by the
system. Depending on the functional form of the data and the desired number and type
of fitting parameters, it wil} be apparent to those skilled in the art that a very wide variety
of statistical and mathematical data fitting protocols and algorithms could be potentially
used for fitting the data and deriving a parameter indicative of dialyzer clearance. In
certain embodiments, however, an inventive method and protocol are used to deri{:a a
single coefficient K, representing a dimensionless ion clearance, which parameter is -
substantially linearly related to measured urea clearance for the same diaiy:zer. In certain
such embodiments, the mode} may be based on a weighting function and may have the

functional form given below in Equation 6:

Modelii} = f1-x ) + AveragelModelli —n i~ 1}) + K * CondDialysate]i ~m]  (Equation
6)
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In the above equation, K is a dimensionless fitting constant indicative of the ion
clearance of the dialyzer membrane. iis a selected time interval (e.g., purap stroke
number), Model[i] is a calculated value of a conductivity measured in the blood flow
pathway liguid at time interval { (plotted in FIG. B2 as curve 8054),

Average(Modelli —n:i—1]) is the average value of previous values of Modeli]

determined over a range of intervals from i-n to i-1, CondDialysate(i-m] is a measured
value of the conductivity of the dialysaie side fluid determined at a time m intervals prior
10 interval i (e.g., the average of measwred conductivity values that particuiar pump
stroke number as described above), whesein n is greater than or equal to 2 and m is
greater than or equal to zero. X is determined by fitting the equation for Modelli] to
CondBloodSide[i] data (i.e. curve 8052) over the tested range of measurement intervals.
The portion of the equation indicated by { K + CondDialysite[i—m]) represents 2 ’
correction due to the phase shift behavior discussed above, and the value of m may be
seiected such that the phase of the measured dialysate side conductivity 8050 curve is
approximately aligned with that of the measuréd bloed side conductivity curve 8052.
For the illustrated data shown in FIG. 82, m may be chosen for this purpose to be about
7. In certain embodimentis, r is chosen to be greater than m. In one pariicular
embodiment, n = m + 1. In certain embodiments, data over the entire ran ge of measured
pump stroke number may by utilized for fiting the model; however, in certain .
embodiments, it zhay only be necessary or desirable to fit data bracketing the maximum
peak amplitude (e.g., data for pump stroke nunbers between about 30 and about 45 'in
the graph shown in FIG. 82).

The model form shown above in Equation 6 is fitted to the data, in certain
embodiments, by determining the value of K which minimizés, to a desirable degree, the
total error between the model calculation Model[i] and the measured values of
conductivity for blood side liquid over the range of data analyzed (i.e. the data
represented by curve 8052). As mentioned above, there are a number of statistical and
curve-fitting algorithms that may be used for determining an optimal value for K. In one
particular method, an iferative process is used in which a pairof model estimates for X
are éalculated and it is determined which of the two model estimates yields a lower error

between the observed data points and the model. For exampie, a first pair of model
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estimates may use a value of K = 0.0 and a value of K = 1.0. Whichever model is closer
to the actual measured data point is next used to nasrow the range of possible values of
K. Thus, if a better fit is obtained with a value of K = 1.0, the next set of model estimates
may be K = 0.5 and K= [.0. If this set of estimates shows the optimum value of K to be
c’]bser to 0.5, the next set of model estimates may use X = 0.5 and K =0.75. This
procedure may be repeated vntil the two estimates of X chosen are equal to each other
within, for exampie, three decimal places.

In one aspect of the invention, it has been determined that the coefficient K {a
dimmensionless clearance coefficient related fo jon clearance) is essentially linearly related
{0 urea clearance of the dialyzer. This linear relationship may be used to fransform
clearance coefficient X into an estimated urea clearance for a desired combination of
blood and dialysate flow rate for a particular dialyzer. The graph shown in FIG; 83
shows data comparing the clearance coefficient K determined as described previously on
the X axis versus measured urea clearance of the same dialyzer tested using a

commercially available device used for guantitatively measuring urea clearance (Baxter

Model no. — insert model no. here ~ . insert model no. here ). This

substantially linear relationship may be used to transform the dimensionless conductivity
based clearance coefficient K into an estimated urea clearance. This may be
advantageons in that clinicians and patients are typically familiar with the concept of

urea clearance. The system controller and software may then be configured to suggest
that the user replace the dialyzer after the next therapy if such estimated urea clearance is

below a clinician’s settable percentage of the nominal urea clearance for a new dialyzer

of the particular mode! being utiii\zed.

In one set of embodiments, in case of a power failure, it may be desirable to
return as much blood to the patient as possible. Since one embodiment of the
hemodialysis system uses compressed gas (o actuate various pumps and valves used in
the system, a further embodiment takes advantage of this compressed gas to use it in case
of powe failure to returri biood in the system to the patient. In accordance with this
procedure and referring to Fig. 29A, dialysate is pushed across the dialyzer 14, rinsing
blood ré;siding in the blood flow circuit 10 back to'the patient. Coxﬁpressed gas (which
in‘a preferred embodiment is compressed airy can be used to push dialysate across the

dialyzer 14, A valve 77 releases the compressed air to initiate this function. This
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method may be used in situations where eiecﬁcﬂ power logs or some other failure
Qrevenis the dialysis machine from rinsing back the patient’s biood using the method
normally employed at the end of treatment.

As compressed air is used to increase the pressure on the dialysate side of the
dialyzer 14 and force dialysate through the dialyzer to the blood side, thereby pushing
the patient’s blood back to the patient, the patient, or an assistant, monitors the process
and ¢lamps the tubes betw;:an the blood ftow circuit and the patient once adequate rinse
back has been achieved.

In one embodiment, 2 reservoir 70 is incorporated into the hemodialysis systemn
and is filled with compressed air prior to initiating treatment. This reservoir 70 is
connected to the dialysate circuit 20 through a manaally actuated valve 77. When the
treatment is finished or aborted, this valve 77 is opened by the patient or an assistant to
initiate the rinse-back process. The membrane of the dialyzer 14 allows dialysate to pass
through, but not air. The compressed air displaces dialysate until the patient tubes are
clamped, or the diaiysate side of the dialyzer is ﬁlle& with air.

In-another embodiment, a reservoir containing compressed air is provided as an

accessory to the dialysis machine. If the treatment is terminated early due to a power

failure or system fallure of the dialysis machine, this reservoir may be attached to the
dialysate circuit on the machine to initiate the rinse-back process. As in the previous
embodiment, the rinse-back process is terminated when the patient tbes are clamped, or
the dialysate side of the dialyzer is filled with air. '
In yet another cmbédimcnt shown in Fig. 29B, an air reservoir 70 is incorporated
into the system and attached to a fluid reservoir 75 with a flexible diaphragm 76
separating the air from the dialysate fluid. In this case, the compressed air pushes the

diaphragm 76 to increase the pressure in the dialysate circuit 20 rather than having the

‘compressed air enter the dialysate circuit. The volume of the dialysate that is available to

be displaced is determined by the volume of the fluid chamber 75, The rinse-back

process. is terminated when the paticﬁt tabes are clamped, or when all of the fluid is

expelled and the diaphragim 76 bottoms out against the wall of the fluid chamber 75.
In any of these embodiments, the operation of the systems or methods may be

tested periodically between treatments by running-a program on the dialysate machine.
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During the test the user interface prompts the user to actuate the rinse-back process, and
the machine monitors the pressure in the dialysate circuit to ensure successful operation.

In the systems depicted in Figs. 29A and 29B, blood is drawn from the patient by
the blood flow pump 13, pushed through the dialyzer 14 and returned to the patient.
These components and the tubing that connects them together make up the blood flow
circuit 10. The blood contained in the blood flow circuit 10 should be returned to the
patient when the treatment is finished or aborted.

The dialysate solution is drawn from the dialysate tank 169 by the dialysate pump
159, and passed through the heater 72 to warm the solution io body temperature. The
dialysate then flows through the ultrafilter 73 which removes any pathogens and
pyrogens which may be in the dialysate solution. The dialysate solution then flows
through the dialyzer to perform the therapy and back to the dialysate tank.

The bypass valves 74 may be used fo isolate the dialyzer 14 from the rest of the
dialysate circuit 20. To isolate the dialyzer 14, the two valves connecting the dialysate
cireuit 20 to the dialyzer are closed, and the one shunting dialysate around the dialyzer i’
opened.

This rinse-back procedure may be used whether or not the dialyzer 14 is isolated
and is used when the treatment is ended or aborted. The dialysate machine is turned off
or deactivated 5o the pumps are not running. When the patient is ready for rinse-back,
air valve 77 is opened by the patient or an assistant. The air in the compressed air
reservoir 70 flows toward the dialysate circuit 20, increasing the pressure on the
dialysate side of the dialyzer 14. This increase in pressure may be achieved by allowing
the air to cntér. the dialysate circuit directly, as shown in Fig. 29A or indirectly by 7
phshing on the diaphragm 76 shown in Fig. 29B.

The air pressure on the dialysate side of the dialyzer forces some dialysate
solution through the dialyzer 14 into the bjood flow circuit: This dialysaie solntion
digplaces the b;nond, rinsing the blood back to the patient. The patient or an assisiant can
observe the rinse process by Iooking at the dialyzer 14 and the biood tubes. The
dialysate solution starts in the dialyzer, displacing the blood and making it appear much
clearer. This clearer solution progresses from the dialyzer toward the patient. When it
reaches the patient the blood tube clamps 7! are used to pinch the tubing to terminate the
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rinse-back process. If one line rinses back sooner than the other the quicker line may be
clamped first and the slower line may be clamped later.
Once the rinse-back is completed and the blood lines are clamped the patient may

be disconnected from the dialysis machine.

* The implementation of one embodiment of the system and method is shown in
Fig. 28A takes advantage of the hydrophilic nature of the material vsed to make the tiny
tubes in the dialyzer 14. When this material is wet, the dialysate solution can pass
through but air cannot. Where the embodiment shown in Fig. 29A is implemented, air
may enter the dialyzer 14 but it will not pass across to the biood flow circuit 10.

In either implementation, the volume of dialysate that may be passed through the
dialyzer 14 is limited. This limitation is imposed by the size of the compressed air
seservoir 70, the volume of diélysatc solution contained in the dialyzer 14 and iﬁ the case
of the implementation shown in Fig. 7B the size of fluid reservoir 75. It is advantageous
to limit the volume of dialysate that may be pushed across the dialyzer because giving
too-mauch-extra fluid to the patient counteracts the therapt_aﬁtic benefit of removing fluid
during the therapy. .

In another embodiment, in a Joss of power, the air pressare to move dialysate
from the dialysate circuit through the dialyzer can be derived from a pressurized air
reservoir that normally powers the membrane pumps and also provides a pressure source
for FMS measurements, As shown in Fig. 80, for example, this source of air pressure
can be accessed via the FMS pathway 170 used to monitor the dialysate tank 169. In an

embodiment, the manifold valves that direct air pressure or vacuum to the various pumps

" and valves in the liquid flow paths of the hernodialysis machine are electrically operated.

In some embodiments, the valves in the liquid flow paths of the hemodialysis machine
can themselves be electrically actuated. In the absence of elecirical power, they can be
chosen or pre-set to have default open or ciosed positions. If the default position of a
manifold valve is closed, for example, then no air pressure {(or vacuum) can be

transmitfed to its target. Similarly, if the defanlt position of a manifold valve is open,

- then the pressure or vacunm source to which it is connected can pressurize the

downstream device (such as a membrane-based pump, a membrane-based valve, or

-'an,othcr type of valve). If a valve that directly controls flow in a liguid flow path is itéelf' '

electrically actuated, the vatve can be chosen 1o have a default position either o close off
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OF to open its respective flow path. In the example-iilastratéd in Fig. 80, by configuring

the manifold valve 170a and the FMS valve 170b to have a default open position, for
example, presswre from a pressurized air tank can be transmitted to the dialysate tank

169. By configuring various other manifold valves to the appropriate default positions,

‘the comresponding flow path valves controlled by the manifold valves can be made to

open a pathway from the dialysate tank. 169, through the outer dialysate pump circuit
159, the ultrafilter 73, a partion of the balancing circuit 143, and ultimately fo the
dialyzer 14. Thus, in the absence of electrical power, and if the blood flow side of the
dialyzer 14 offers no impedance, dialysate from the dialysate tank 169 can be made to
flow to the dialyzer 14, allowing for rinseback of blood. During normal dialysts, the
control software can ensure that there is a sufficient supply of dialysate in the dialtysate
tank 169 to aliow for the rinseback of all of the blood residing in the blood tubing set.
In aliernative embodiments, if the valves that directly control ﬁow‘in the

dialysate flow paths between the dialysate tank and the dialyzer are themselves

—elcctrica!!j; actuated, they can be chosen to have an open defanlf positien. Conversely,

other valyes that control flow in pathways that divert flow away from the dialyzer can be
selected to have a default closed position.
For example, in Fig. 80, the default configuration for the appropriate manifold

valves can cause the inlet and outlet valves 171 of the outer dialysate pump circuit 159,
and the balancing circuit valves 172 to remain in an ‘open’ position, providing a flow
path to the dialyzer 14. Conversely, the inlet feed valve 173a and the recirculation valve
173b of the dialysate tank 169, and the drain vaive 174 of the ultrafilter 73 can be made
to have ‘closed’ default positions in an unpowered state, to prevent the dialysate from
being pushed to drain. In addition, the inlet valves 173 of the inner dialysate pump
circuit 15 and the inlet vaive 176 of the bypass or ultrafiltration pump circeit 35 can be
made to have ‘closed’ default positions to prevent dialysate flow into those pathways
from the dialyzer 14 in an unpowcred state.

| In order to avoid uincontrolled rinseback, the arterial supply and venous return

lines of the blood tubing set can be compressed by an occluder mechanism thar maintains

" a default ‘occhuded’ position in the absence of power, and that is moved to an

‘unbccluded' position during normal dialysis. The occluder can be positioned to

simultaneously occlude both the arterial line before it reaches the blood pump cassette,
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and the venous line after exiting from the dialyzer or an air bubble trap. In a preferred
embodiment, before rifzseback is allowed, a patient, operator or assistant withdraws the
arterial line from the patient’s vascular access site when a rinseback is planned or a
power-loss related rinseback is initiated. A suitable connector (such as a needle or
needle-less spike, or Luer lock connector) is placed on the end of the arterial line, and is
then connected to an air trap (such as air trap 19) in the venous return line. This helps to
preveni any air caught in the blood flow path at the top of the blood pump cassette or the
top of the dialyzer from being inadvertently rinsed back toward the patient’s vascular
access. Once the arterial line is connected to the air trap, the patient, operator or assistant
may then manually move the occluder to an ‘unoccluded’ position, decompressing the
venous return line and sllowing the pressurized dialysate from the diatysate circuit to

push the blood in the blood tabing set toward the patient’s vascular access, If the patient

observes air in the venous line downstreamn from the air trap, he or-she may simply re-

engage the occluder and stop the rinseback process.

Althongh the above rinseback procedures are described with dialysate as the
solution that ultimaiely moves the blood in the blood flow path toward the patient’s
vascular access, any electrolyte solution that is physiologically compatible and can safely
be mixed with blood can be used in a rinseback procedure. Funthermore, rinseback
technology need not be limited to 2 dialysis system. Any system that circulates a
patient’s blood extracorporeally could potentially benefit from an emergency rinseback

system and method. It would therefore be possible to introduce a filter having a

-semipermeable membrane (such as a diatyzer or ulirafilter) intd the blood flow path of

the extracorporeal system. The other side of the semipermeable membrane would then
be exposed to an electrolyte solution ir; a ﬂd;v path that can be pressurized by a
compressed gas source with which it is in valved communication.

In one aspect of the invention,.? diaiysis system may inciude a chamber, such as a
balancing chamber in a dialysate circuit, that has a membrane which is movable in the
chambey and fluidly separates a first portion of the chamber from a second portion of the
chamber. One such bajéncing chamber is discussed ahove with reference to FIG. 5 and
reference numbers 341 and 342. The chamber may include a first inlet_ltov the first
portion and a second inlet to the second portion, e.g., so that fiuid may enter and exit the

chamber via the first inlet to fill the first portion of the chamber, and may enter and exit
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the chamber via the second inlet to fill the second portion of the chamber. The first and
second portions and the membsane may be arranged so that a volume of fluid provided
into the first portion displaces a corresponding volume of fluid in the second portion, and
vice versa. Thus, when the first chamber is substantially filled, the second chamber may
be substantially empty, and vice versa.

A blood leak sensor may be associated with the chamber and arranged to detect
bloed (either red blood cells, hemoglobin, other cellular constitzents or other proteins,
among other elements) in the first portion of the chamber. For example, the blood leak
sensor may include a light emitter and detector arranged to measure an amount of light
that is absorbed, attenuated or otherwise operated on by fluid in the chamber, which may
be indicative of the presence of blood or its constituent elements in the chamber. In one
embodiment, the Jight emitter may introduce light having a wavelergth of about 370nm,
which is generally absorbed or otherwise attenuated by hemoglobin and/or other blood
components, Thus, by determining 2 light level of illumination transmitted through the

first portion of the chamber, and comparing it to a reference level of illumination, a

' determination may be made whether blood is present in the chamber or not.

- In one arrangement; the first inlet may be fluidly coupled to receive used
dialysate from a dialyzer so that used dialysate may be introducsd into the chamber.
Since the used dialysate is received from Ehc dialyzer, this may allow the blood leak
sensor to make 2 determination whether blood is present in used dialysate exiting the
dialyzer, e.g., whether the dialyzer is leaking blood or blood components across the
diatyzer membrane. It is also possible to have the second inlet connected to receive
clean dialysate, e.g., which i 10 be provided to the dialyzer. Thus, the blood leak sensor
may be operated to determine a reference level of signal detection associated with ciean
dialysate, thereby allowing the blood leak sensor to continually or periodically compare
the signal transmission characteristics of used dialysate to clean (blood-free} dialysate,
holding substantially all other variables affecting the signal transmission constant, since
the only variation in the iransmission media will be attributable to the unique
characteristics of the used dialysate. That is, optical and other characteristics of clean
dialysate, as well as portions of the balancing chamber optionally involved in blood
detection such as the transparént or translucent portions of the walls of the balancing

chamber and/or of the chamber membrane, may vary during treatment, which may in
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some cases affect the operation of the blood Ieak sensor. For example, chamber
structures may.become increasingly opacified over the course of a single treatment,
maltiple treatments, or disinfection processes, and may attenuate detection Hght.
However, by allowing the blood leak sersor to operate alternately on clean and used
dialysate in the same chamber during the treatment process, the blood leak sensor may be.
desensitized to variations other than those atiributable to the used dialysate itself,
allowing the sensor to reliably and accurately detect the presence of blood in dialysate
flowing from the dialyzer.

Althoegh in the embodiments discussed above the blood leak sensor detects
optical characteristics of fluid to determine a presence or absence of blood, the blood
leak sensor may detect other characteristics that may indicate a defect in the dialyzer
membrane, such as chemical characteristics (such as binding of blood compdne’ms to an
antibody or other receptor), electrical characteristics (such as changes in fluid
conductivity), the effects of leaked large proteins on the turbidity of the used dialysate,
and others. Moreover, the blood leak sensor may also be used to detect the presence of
other non-blood compounds that may affect the transmission of a signal from emitter to
detector. Therefore, aspects of the invention are not necessarily limited 1o detecting
optical characteristics of a fluid to determine the presence of blood, orto its sole use as a
biood sensor where other compounds may affect signal transmission through the fluid.

In one embodiment, the blood leak sensor may be arranged to measure the
transmission of a signal agsociated with a biood level (a first measurement) in fluid
occupying the first portion of the chamber and 10 measure the transmission of a similar
signal iﬁ blood-free fluid (a second measurement) oceupying the second portion of the
chamber for comparison of the first and second measurements to each other. By
comparing the first and second measurements (e.g., where the first measurement is
associated with used, potentially blood-contaminated dialysate and the second
measurernent is associated with clean blood-free dialysate), any confounding or biasing"” '
effects on light transmission and detection may be elimninated from blood detection, The
blood leak sensor may be arranged to make a first measurement of the blood level with
the first portion substantially foll of fluid {c.g., of used dialysate) and the second portion

substantially empty of fluid, and may be arranged to make a second measurement with
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the first portion substantially empty of fluid and the second portion substantially full of
fluid (e.g., of clean dialysate). '

In one embodiment, the blood leak sensor may be arranged to measure a first

level in the first portion of the chamber and a second level in the second postion of the

chamber for comparison of the first and second levels to each other. By comparing the
first and second levels (e.g., where the first level is associated with used dialysate and the
second level is associated with clean dialysate}, any affect of dialysate variation may be
elimninated from blood detection. The blood leak sensor may be arranged to measure the
first level with the first portion substantially full of fluid (e.g., of nsed dialysate) and the
second portion substantially empty of fluid, and may be arranged 1o measure the second
level with the first portion substantially empty of flnid and the second portion
substantially full of Auid (e.g., of clean dialysate).

The chamber may include a wall that defines an interior volume of the chamber,
and the membrane may be amranged to contact a chamber wall when the first and second
portions are substantially full of fluid. For example, the membrane may be arranged so
that flnid may be introduced into the first portion so that the membrane moves to expel
fluid from the second portion until the second portion is substantially empty and the
membrane is in contact with one aspect of the chamber wall. Conversely, fluid may be
introduced into the second portion so that the membrane moves fo expel fluid from the
first portion until the first portion is substantially empty and the membrane is in contact
‘with another aspect of the chamber wall (e.g., on an opposite side of the chamber). Thus,
the chamber may be alternately éubsmntiall y filled with clean or used dialysate, allowing
the blood leak sensor to operate to detect a signal associated with the presence of blood
while the first portion is substantially full of used dialysate and to detect a sigﬁal
associated with the absence of biood when the second portion is substantially full of
clean dialysate. . .

The blood leak sensor may include a light emitter arranged to emit light into the
chamber and a light detector arranged to detect light emitted by the light emitter. For
exampie, the light emitter and light detector may be arranged on opposed sides of the
chamber so that a straight light path extends from the fight emitier to the light detector.
As aresult, the emitter may emit light that passes through fluid in the chamber and is

received at the ii ght detector. In one embodiment, the light emitter and the light detector
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may be arranged so that light emitted by the light emitter and received by the light
detector passes through the membrane. For example, the membrane and suitable
portions of the chamber wall may be transparent, or have a ransparent or otherwise
suitably translucent portion, so that light may pass through the first portion of the
chamber, through the membrane and through the second portion of the chamber. Thus,
the same emitter/detector pair may be used to detect the transmission of the emitter
signal in both the first and second chambers. In one embodiment, the light emitter and
the light detector may be arranged so that light emitted by the light emitter and received
by the light detector passes through a wall of the chamber. Thus, the blood leak sensor
may include a light emitter positioned outside of the chamber and a light detector
positioned outside of the chamber so that light passes through the wall of the chamber
and into the chamber interior space. In one arrangemeﬁt, the blood leak sensor may be
arranged to detect blood in 2 dialysate solution where the blood has a hematocrit of 40%
aﬁd is in a concentration of about 0.4375mi blood per liter or more. In another
arrangement, the biood leak sensor may be arranged to detect blood in a dialysate
solution where the blood has a hematocrit of 40% and is in a concentration of about (0.2
mi blood per liter or more. In other arrangements, the blood leak sensor may be arranged
te detect blood in a dizlysate solution where the blood is in a concentration cquai to or
less than half the threshold concentration specified by international standards setting
organizations for dialysis cquipmént.

In another aspect of the invention, a méthod for &etecting blood in a dialysate
circuit of a dialysis system includes transmitting light through a first portion of a
chamber having a movable membrane that separates the first portion of the chamber
from a second portion of the chamber, and determining a presence of blood in liquid in
the first portion based on a Hght level detected for»light transmitted through the first
portion. For'example, the chamber may be a balancing chamber in the dialysate circuit,
and the first portion of the balancing chamber may be fluidly coupled o receive used
dialysate from the dialyzer. Attenuation or other effect on light wransmitted through the
first portion may be detected and represent a presence of blood componcms (or other
compounds) in the used dialysate. - In one arrangement, a first light level may be detected
for light-transmitted through fluid in the first portion of the chamber, and a second light
level may be detected for light transmitted through fluid in the second portion of the
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chamber. A presence of blood in the first portion may be determined based ona
comparison of the detected first and second light levels. For example, the first light level
may be determined by filling the first portion of the chamber with used dialysate and
transmitting light through the first portion of the chamber while the first portion is
substantially filled with used dialysate. Similarly, the second light level may be
determined by filling the second portion with clean dialysate and transmitting light
through the second portion of the chamber while the second portion is substantially filed
with clean dialysate. As a result, a single emitter/detector pair may be used to measure
blood or turbidity levels in the used dialysate volume, using the second light level as a
reference measurement associated with biood-free or turbidity-free fluid.

In another aspect of the invention, a method for detecting blood in a dialysate

' circuit of a dialysis system includes providing a chamber having a movable membrane

that separates the first pbrtiem of the chamber from a second poi:tion of the chamber,

providing used dialysate received from a dialyzer into the first portion of the chamber,

and determining whether blood is present in the used dialysate in the first portion based

on a detected characteristic of the used dialysate in the first portion. For example, a
characteristic of the used dialysaie detected may inciude an absorption of Light by the
used dialysate, which may indicate the presence of blood. As also discussed above,

clean dialysate for delivery to the dialyzer may be provided into the second portion of the

chamber, and 2 characteristic of the ciean dialysate in the second portion may be

easured, e.g., based on impairment of light transmission by the clean dialysate, the

chamber walls and the membrane in the chamber as represented by a light level detected
for light fransmitted through the clean dialysate. The detected characteristics of the wsed
dialysate and the clean dialysate -mefy be compared, and any difference may be used to -
determine a presence of blood in the used dialysate. The characteristic of the used

dialysate may be detected with the first portion substantially filled with wsed dialysaie

and the second portion substantially empty (e.g., with the membrane in contact with the

chamber wall an one side of the chamber), and the characteristic of the clean dialysate ,

the chamber and the membrane may be detected with the second portion substantially

filled with clean dialysate and the first portion substantially empty (e.g., with the

mermbrane in contact with the chamber wall on another side of the ch_amber)'.



10

15

20

25

30

- 183 -

In another aspect of the invention, a method for detecting blood in a dialysate
circuit of a dialysis system includes providing a blood leak sensor associated with a
chamber having a:membrane that separates a first portion of the chamber from a second
portion of the chamber. The chamber may be 2 balancing chamber nsed to balance -
inflow of clean dialysate with outflow of used dialysate with respect to a dialyzer. The
blood leak sensor may determine a blood-free reference measurement by detecting a
characteristic of clean dialysale in the second portion of the chamber, such as by
detecting ad absorption or atienuation of light passing through the clean dialysdte (as
well as potentially through other elements such as the membrane and/or-chamber wall)
from a light emitter to a light detector. Determining a reference level for-use in blood
detecting may be as simple as detecting and storing a light level at a light detector, or
may involve other processes, such as adjusting a detector sensitivity, calculating a
correction value to be applied to measured light values, determining a concentration of -
Iight absorbing constituents in the clean dialysate, and so on. Additionally, the blood-
sensing operation may include adjusting the radiant output of the light emitter in order
for the detector to receive a reference signal sufficient to discriminate berween blood-
contaminated dialysate and clean dialysate. A. controller may be used to continually or
periodically adjust the radiant output of the light emitter to aliow :a reference signal of

pre-determined strength to be received by the detecior. For example, the reference signal

-may be adjusted to be at a high end of the operating range of the detector, so that a

degradation of the received signal intensity will more Iikely remain within the operating -
range of the detector.

The reference signal-adjusted blood leak sensor may be used to determine
whether bjood is present in used dia]ysate in the first portion of the chamber. For
example, the blood leak sensor may be used to measure light attenuation or other
characteristics of used dialysate in the first portion of the chamber which is received
from the dialyzer. The detecied light level or other characteristic may be compared to a
light level or-other characteristic detected for clean dialysate in the same chamber with
the same membrane, and a difference between the two values vsed 10 determine whether

blood is ﬁrcsent in the used dialysate. As.discussed above, the light leve! or other

‘characteristic of the clean dialysate may be detected fora conditio_ﬁ in which the second

portion of the chamber is substantially filled with clean dialysate, and the characteristic
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of the used dialysate may be detected for a condition in which the first portion of the
chamber is substantially filled with used dialysate.

In another aspect of the invention, a method for detecting blood in a dialysate
circuit of a dialysis system includes operating the dialysis system to provide dialysis
treatment to a patient by, at least in part, circulating dialysate through a dialysate circuit
including a balancing chamber and a dialyzer. A blood leak sensor may be provided
which is aranged to determine a presence of blood in used dialysate flowing from the
dialyzer. In one embodiment, the blood leak sensor may be used to measure a
characteristic of clean dialysate while the dialysis system is in operation to provide the
diatysis treatment to the patient. For example, the blood leak sensor may measure light
absorption or attenuation by clean dialysaie in a balancing chamber while the éystem is
in operation during a treatment. This characteristic may be-used to determine whether
blood is present in used dialysate. For example, the biood leak sensor may be arranged
to detect light attennation — or the absorption of light within a specified frequency range
—caused by blood present in the used dialysate in the balancing chamber. Thas, the
blood leak sensor may employ a potentially variable reference measurement representing
blood-free dialysate by causing the blood leak sensor t operate to determine the amount
of light transmitted through clean dialysate in a chamber while the dialysis system is in
6pe:ation 1o provide the dialysis treatment to the patient. That is, the blood leak sensor

may repeatedly make a reference measurement during normal system operation when

- providing dialysis treatment for & patient. This arrangement may provide for accurate

measurement of blood in used dialysate occupying the same chamber, potentially
reducing false positive or other erronecus operation of the blood leak sensor. Moreover,
the repeated reference measurement process may make the blood sensor insensitive to

changes in clean dialysate nsed in the treatment process, or in changes in the

transparency or translucency of portions of the chamber wall or of the flexible

membrane,

“In one embodiment, the dialysis systern may be .operated 50 as to alternately
substantially fill the balanciag chamber with clean dialysate and with used dialysate, As
wil} be understood from the discussion of the operation of the balancing chamber herein,
the baiancing chamber may be operated during.treatment 50 that the Balancing chamber

atternately fills with clean dialysate and used dialysate, with the membrane in the
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chamber moving to maintain separation of the clean and used dialysate. When the
balancing chamber is substantially filled with clean dialysate, the biood leak sensor may
be operated to determine a signal 3s§o§iated with transmission through a blood-free or
tubidity-free balancing chamber. Since no blood is present in clean dialysate, a
characteristic of the clean dialysate detected by the blood leak sensor can provide a
baseline or reference value which can be used in subsequent measurements of used
dialysate to determine if blood is present.

In one aspect of the invention, a blood leak sensor may be used to determine
whether blood is passing or has passed across the dialyzer membrane from the blood
Flow circuit 10 to the balancing circuit 143 or other dialysate circuit in a dialysis systemn.
The ability to detect such blood leakage is required for hemodialysis systems, and has
previously been done using an optical detector {e.g., like the sensor 258 shown in FIG. 5)
associated with a piece of translucent tubing through which spent dialysate passes when
moving to the drain. Some such detection techniques bave suffered from problems with
accuracy and reliability, €.g., as the drain tube with which the sensor is associated
becomes dirty or opacified orotherwise affects the optical transmission-of light,
necessitating frequent re-calibration or adjustinent.

In one illustrative embodiment, blood may be detected at a balancing chamber in
the balancing circnit 143 or other dialysate flow path. One potential advantage of
detecting blood in a balancing chamber is that the sensing system can be continually or
periodicél!y adjusted in relation to known clean dialysate at any desired frequency, such
as for every filling and emptying cycle of the balancing chamber. That is, since a
balancing chamber will alternately fill with clean dialysate, then fill with used dialysate, |
followed by another fill of clean dialysate, and so on, a sensor used to detect blood in the
balarcing chamber can determine & baseline or reference blood-free measurement ievel
when the chamber is filled with clean dialysate and compare the reference level with a
detected level sensed when the chamber is filled with used dia{iysate; As aresult, it is
possible 1o effectively adjust the blood sensor for every dialysate inflow and outflow
cycle during patient treatment, although less frequent adjustment frequencies can be
used. The sensor used to detect blood in the balancing chamber can operate on the same
or similar principles used by prior blood sensors, e.g., the sensor can include a fight

emitter that introduces light into liquid in the balancing chamber and a detector that
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detects light transmitted through the liquid. However, other sensors may be used 1o

" determine the presence of biood, such as chernical detectors that detect the presence. of

biood proteins or other compounds, and be subject to similar re-adjustenent with respect
to repeated determinations of a reference measurement using clean dialysate.

FIG. B4 shows a schematic diagram of an aiternate balancing circuit 143 that may
be used in a hemodialysis system such as that having circuitry lfkc that shown in FIG.
3A. The balancing circuit 143 in FIG. 84 is nearly identical to that of FIG, 5, with the
difference being that a blood leak sensor 343 is provided with one of the balancing
chambers 341, Although in this embodiment a blood leak sensor 343 is provided for
only one balancing chamber 341, a sensor 343 may be provided for both chambers 341
and 342, or only with the balancing chamber 342, Also, as will be apparent from the
detailed description below, a blood leak sensor may be used with one or both of the pod
pumps 161 dr 162, if desired, since these pumps 61, 162 may alternately fill with used
dialysate and fill with air. While detexmining a measured blood baseline level using air
as a reference fluid instead of clean dialysate may not be as desirable as using clean
dialysate {e.g., because the optical properties of the clean dialysate may vary during
treatment without having any effect on the dialysate’s ability to remove impurities from
blood), air or other finid uged to drive the pod pumps 161, 162 may provide a suitable
reference representing a zero blood level in the pump 161, 162. As discussed in more
detail below, a system controller may use the detected blood level in controlling the
systern operation, such as stopping or otherwise modifying treatment if blood is detected
in the balancing circuit 143. '

FIG. 85 shows a cross sectional view of an illustrative embodiment of a
balancing chamber 341 associated with a blood leak sensor 343, While in this
embodiment the balancing chamber 341 has a general arrangement like that of the pod
shown in FIGs. 47A to 49, other arrangements for a balancing chamber 341 are possible.
In this embodiment, the balancing chamber 341 has a used dialysate port 3412 and a
clean dialysate port 341b. As will be understood from FIG. 84, the used dialysate port
341a is finidly coupled to an outlet of a pod pump 161, 162 and the drain 31, and the
clean dialysate port 341b is fiuidly coupled to the line between the ultrafilter 73 and the
dialyzer 14 inlet. A membrane 341c separates the used diaiysate»port 3412 and the clean ‘

dialysate port 341b from each other, and is arranged to move as fluid enters and exits the
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ports 341a, 341b. The membrane 341c may have any suitable arrangement, such as
having a hemispherical shell shape like that shown in FIGs. 48A and 48B. As a result,
flow caused by the pump 161 can cause the Baiancing chamber 341 to substantially fill
with used dialysate that enters through the used dialysate port 341a (thereby displacing
any ¢clean dialysate in the chamber and discharging the clean dialysate through the clean
dialysate port 341b), and/or substantially fill with clean dialysate that enters through the
clean dialysate port 341b (thereby displacing any used dialysate in the chamber and
discharging the used dialysate through the used dialysate port 341a). When the
balancing chamber 341 is filled with used dialysate, the membrane 341c will be moved
to the left as shown in FIG. 85 (shown in dashed line), and in some cases, will be pressed
inio contact with the wall of the balancing chamber 341. Altemnately, when the
balancing chamber 341 is filled with clean dialysate, the membrane 341c will be moved
to the right as shown in FIG. 85 (shown in dotted line}, and in some cases, will be
pressed into contact with the wall of the balancing chamber 341,

The blood leak sensor 343 in this embodiment includes a light emitter assembly
343a (including, e.g., a light emitting diode (LEDY}) that emits a suitable wavelength or
set of wavelengths of light into the balancing chamber 341 in the direction of a light
detector assembly 343b {including, e.g., a photodiode or other suitable detecting

element), The light emitted by the emitter assembly 343a may be suitably arranged to be

-absorbed or otherwise altered by blood components in the fluid in the chamber 341, but

generally not be affected, or least affected less, by dialysate that is free of biood. For
exartiple, the light may be generally green in color (e.g., include iight having a
wavelength of around S?Ohin}, which is an approximate peak absorption wavelength for
hemoglobin. -Of course, other wavelengths or sets of wavelengths rﬁay be used, e.g., t0
exploit other optical characteristics of biﬁod components, as desired. In this
embodiment, the blood leak sensor 343 can detect th_e presence of blood in used dialysate

based on attennation of light passing thwough the used dialysate. That is, light emitted by

* the emitier assembly 343a passes through the membrane 341c and used dialysate (or

clean dialysate depending on the measuréement cycle) to the detector assembly 343b. If

. hemoglobin or other suitable blood components are present in the used dialysate, those

components will absorb, scatter or otherwise reduce the amount of I ght that reaches

detector assembly 343b. The detected light levels for used and clean dialysate volumes
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may be used, e.g., compared to each other, to determine whether bload is present in the
used dialysate.

The intensity of the illuminating ¢lement in emitter assembly 343a (e.g., an LED)

“can be controlled to provide enough Jight to obtain a clear and unambiguous signal

intensity at the receiving detector assembly 343b. For example, the intensity of an LED
output can be controlied by having a controller adjust the current flow through the LED
using pulse-width modulation. This may allow the blood leak sensor 343 to continue to
provide optimal functionality if the optical pathway is degraded for any reason. The
corrent to the LED can be set when clean dialysate is present in the chamber and in the
light path, and then left at this value when used dialysate is introduced into the chamber
and the light path. The current may be set such that the intensity observed by the
detector assembly 343b is toward the high end. of its range of sensitivity for clean
dialysate. This makes most of the range of sensitivity available to observe the
attenuation caused by the transition to used dialysate.

In this illustrative embodiment, the membrane 341¢ and the wall of the balancing
chamber 341 are made of z transparent material (or at least transparent to light emitted
by the emitter assembly 343a). Thus, light from the emitter assembly 343a may pass
through the ¢chamber wall and the membrane to the detector assembly 343b, However,
other arrangements are possible. For example, the chamber wall may be made of an
opaque material, and the emitter assembly and detector assembly 343z, 343b may be
embedded in the wall (e.g.. co-molded with the wall) sothat light emitter/detector
sections are exposed to the interior of the chamber 341, In another embodimant, the
chamber wall may be formed to have a ﬁanspa:ent w'indow, Iight tube, or other pathl
through which the emitter assembly and detector assembly 343a, 343D are exposed to the
chamber 341 interior.

In other embodiments, the membrane 34 1c may be opaque and include one or
more windows or other portions in suitable locations on the membrane 341¢ that are
transparent to the light used by the blood leak sensor 343, Alternately, the emitter
assembly and detector assembly 343a, 343b may be arranged 10 transmit light through
portions of the chamber 341 without passing light through the membrane 341c. For

" example, a first emitter assembly and detector assembly pair 343a, 343b may be

positioned on one side of the membrane 34 1c (e.g., on a used dialysate side) and a
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second emitter asserbly and detector assembly pair 343a, 343b may be positioned on the
other side of the membrane 341c (e.g., on a clean dialysate side). While this
arrangement may not be ideal, e.g., becanse the emitter assembly and detector assembly
pairs use different light paths in the chamber 341, the pairs may be suitably calibrated
relative to each other at the time of manufacture of the hemodialysis system (e.g., by
making measurertents with each pair using identical solutions in the respective chamber
341 portions), or at other times (such as by circulating clean dialysate through the
balancing circuit 143 prior to providing treatment to a patient). In another embodiment,
a single emitter assembly and detector assembly pair 343a, 343b may be used to measure
the presence of blood in the chamber 341 without passing light theough the membrane
341c,e. g.,-byv-us'ing a suitabie light pipe arangement (e.g., having a “Y" shape) that
splits light from a single emitter assembly 343a 1o opposite sides of the membrane 341¢c
and directs the two light beams into the chamber 341, and another suitable light pipe
arrangement that receives the two light beams on an opposite side of the chamber 341
and conducts the light beams to a single detector assembly 343b.

Wﬁile in the embodiments discussed above, light from an emitter assembly 343a
traverses a portion of the chamber 341 1o an ‘opposed detector assembly 343b, other
arrangements are possible. For example, light emanating from ap emitter assembly 3433
may raverse the chamber 341, and be reflected by the opposite chamber wall and/or a
portion of the membrane 341c so the reflected beam transits to a detector assembly 343D
located on a same side of the chamber 341 as the emitter assembly 343a, This
arrangement may provide advantages, such as allowing electrical and other connections '
to the emitter assembly and detector assembly 343a, 3435 on a same side of the chamber
341, In addition, or alternately, transiting the light beam through a dialysate volume two
or more times may increase the sensitivity of the blood leak sensor 343, e.g., by allowing
the sensor 343 to detect the presence of relatively small concentrations of biood
components.

As described above, when dialysaie is c-ircu!ated through the dialyzer 14, the pod
pumps 161, 162 pull nsed dialysate from the dialyzer 14 and push the used dialysate to
the drain 31 via the balapcing chambers 341, 342. That is, the pod pumps 161, 162
essentially drive (with coordinated control of the valves 211, 212, 213, 221, 222, 223,
231) the balancing chambers 341, 342 to act as pumps themselves so that the balancing
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chambers 341, 342 aliernately substantially fi§] completely with used dialysate, followed
by a substantial fill with clean dialysate. The blood Jeak sensor 343 operation may be a
timed so that the emitter assembly 343a emits light, and the detector assembl y 343b
detects light while the respective balancing chamber 341 is substantially filled with
either used dialysate or clean dialysate, During each of these stages, which may be
momentary, the membrane 34 lc may be pressed into contact with the chamber wall 50
that little or no fluid is between the membrane 34 1c and the adjacent emitter or sensor
343a, 343b. Thus, the membrane 34 {c may have fittle or no effect on Iight vsed to detect
a blood component level in the chamber 341,

A iight level measurement made while the chamber 341 is filled with clean
dialysate may be compared to a light level measurement made while the chamber 341 is

filled with uscd dialysate, and a difference, if any, between the two signals may be used

- to determine if blood is included in the used dialysate. For example, if a difference

batween the two measurement signals exceeds a suitabie threshold, the presence of blood
may be determined, and the system control may take snitable action. Blood presence
detection may be performed by comparing light level measnrements for consecutive
balancing chamber fill operations, or each light level measurement for used dialysate
may be compared to a different stored threshold. Comparison of a light level
measurement made for a balancing chamber filled with clean dialysate to a stored
threshold may be nsed to determine whether the threshold should be changed {(e.g.,
replacement of the stored threshold with the recent light level measurement for clean
dialysate or some other adjustment). On the other hand, comparison of a light level
measurement made for a balancing chamber filled with used dialysate to a stored
threshold may be used to determine whether sufficient biood is présent in the used
dialysate to irigger an alarm condition. How ever the light measurements are used, the
system may be able to update or otherwise verify suitable meassrement discrimination of
the blood leak sensor 343 by the regular measurement of light transmission in the
chamber when filled with clean diatysate. Thus, if the optical characteristics of the
chamber, membrane or ciean Gialysa'tc change during a treatment, the blood level sensor
343 may take such changes into account on a ongoing basis, and avoid false positive

blood detections or other problems due to improper sensor reference level.
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While the embodiments described above detect the presence and/or absence of
blood based on absorption of light by blood components, other optical characteristics or
propertics may be exploited. For example, the blood leak sensor 343 may determine the
presence of blood based on scattering or reflection of light by blood compohents, by light
emission from blood components (e.2., caused by an excitation illumination), etc.
Alternately, or in addition, ihe blood leak sensar 343 may include other sensor types
than, or in atidition o, an optical detector. For example, one or more sensors associated -
with 2 balancing chamber 341 may use a chemical detector to sense the presence of
blood components, ¢.g., by the binding of a blood protein with a suitable receptor. Thus,
aspects of the invention are not necessarily limited to optical detection of bigod, but
rather may employ any suitable sensor to detect the.presence and/or absence of blood
components in used diéiysate. 7

FIGs. 86 and 87 show a bottom view and a lower left side perspective view of a
balancing chamber 341 having a blood leak sensor 343 mounted to the chamber 341,

The balancing chamber 341 has the same general arrangement ke that of the pod shown
in FIGs. 47A to 49, and the blood leak sensor 343 may inclode a bracket 343c that
carries both the emitter assembly and detector assembly 343a; 343b and that is attached
to the balancing chamber 341. The bracket 343c, which is shown in isolation in FIG. 88,
may engage with the balancing chamber 341 in any suitable way, such as being molded
as a single unitary piece with a portion of the chamber 341, being adhered or otherwise
fasiened 1o the chamber 341, engaged with the balancing chamber 341 by a friction or
interference fit, and so on. Thas, the bracket 343¢ may be removable from the chamber
34], or ma}' be permanently attached to-the chamber 341. In this embodiment, the
bracker 343c.includes a pair of opposed slots 343d (see FIG. 88) that receive the annular
mating rib of the balanci ng chamber 341 (i.¢., the rib formed at the joint between the two
hemisphesical wall portions whea joined together). The emitier assernbly and: detector
assembly 343a, 343b may be mounted to the bracket 343c and arranged 56 that light
emitting and receiving éreas, respectively, are appropriately oriented with respect to the
intemnal volume of the balancing chamber 341 and are approptiately oriented with each
other, e.g., are diametrically opposed on opposite sides of the chamber 341. In this
embodiment, the emitter assembly and detector assembly 343a, 343b are mounted to the
bracket 343c and to the balancing chamber 34! so that the light emitting and receiving
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regions may be placed close to or into contact with the wall of the balancing chamber
341. While not necessarily required, an optically coupling material, sich as a grease,
glue, or other, may be provided to optically couple the emitter assembly and detector
assembly 3432, 343D 1o the chamber wali. This may help reduce optical losses and/or
help prevent dist or other materials from ﬁotentially nterfering with optical
communication of the emitter assembly and detector assembly 343a, 343b with the
balancing chamber 341.

As shown in FIG, 88, the emitter assermbly and detector assembly 343a, 343b
may be removably mounted to the bracket 343¢. Although other arrangements are
possible, in this embodiment, the emitter assembly and detector assembly 3432, 343b
each include a generalty pi anar body, which may conveniently be the circuit board to
which opticaL electronic and other components are mounted, and which is received in a
corresponding slot of the bracket 343c. The planar body (e.g., circuit board) of the
emitter assembly and detector assembly 343a, 343b may also include a cutout, forming a
flexible or spring-like tab 343¢ with a distal jog that keeps the emitter assembly and
detector assembly 343a, 343b engaged with the bracket 343c. Manufacturing a circuit
board to include a cutout to create a spring tab may obviate the need to attach additional
parts to the emitter and detector assemblies 343a and 343b in order 1o mount them
reliably and accurately onto bracket 343c. To remove the emitter and/or detector
assembly 343a, 343b, the spring tab 343 may be depressed ‘to release the jog, allowing
the emitter assembly and detector assembly 343a, 343b o be removed from its slot on
the bracket 343c. This arrangement may allow for the replacement of a damaged or |
otherwise faulty emitter assembly and detector assembly 343a, 343b, as needed.

Although not shown, the emitter assembly and detector assembly 343a, 343b may
include any suitable optical, electrical or other components as needed to perform desired
functions, For example, the emitter assembly 343a may inciude a suitabie LED light
source, a filter to remove unwanted light frequencies from light emitted into the chamber
341, alens (e.g., to focus, collimate, disperse, or-otherwise operate on the emitted light in
a desired way), electronic deive. circuitry (such as a circuit capable of using PWM or
other technigue to control the intensity, 'timing or other characteristics of light emitted by
the' LED), electronic circuitry for comimunication with a system controller, and so on.

The detector assembly 343b may likewise include any suitable light detector {such as a
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photodicde or other light sensitive device), an optical filter and/or lens, suitable circuitry
to smooth, sample, or otherwise process signat data from the optical sensor, circuitry for
communication with the system controller, and so on.

The blood jeak sensor 343 may be arranged to detect any suitable biood
concentration where the blood has a hemocrit percentage at any suitable level. For
example, the blood leak sensor 343 may be arranged to be capable of detecting a leak
rate across the dialyzer of 0.35m/min or more (or less) of blood having a hematocrit of
25% where the flow rate of dialysate out of the dialyzer is at a rate of abont } L per
minute. Thus, in onc embodiment, the blood Icak sensor 343 may need to be configured
to detect a concentration of 25% hematocrit blood equivalent to about 0.35mll blood per

liter of clean fluid, such as a saline solution. In annther embodiment, the blood leak

sensor may be arranged to detect blood having a 40% hematocris at a concentration of

about 0.2 mi per 1 1. of fluid. In other embodiments, the biood leak sensor may be
arranged to determine the signal strength associated with dialysate having a pre-
determined concentration of blood relative to & reference signal strength associated with
blood-free fluid (e.g. clean dialysate). This relative or differeniial signal strength may be
chosen as the threshold measurement that triggers an alarm condition. As the reference
signal strength varies over time, the threshold value for triggering an alarm will also
change to maintain the pre-determined relative or differential signal strength associated
with the presence of blood at the speciﬁéci concentraiion. In some armangements, the
blood leak sensor is capable of reliably discrirminating between blood-free clean diaiysate
and used dialysate having a blood concentration less than half that specified by
international standards sefting organizations for hemodialysis equipment (e.g.
ANSVAAMI-RDS5-2003 section 4.2.4.7). Moreover, a controller may be programmed to
adjust the curtent to the emitter element (e.g. LED) in order to generate a pre-determined
minimum reference signal strength received by the detector. This may help to prevent
the reference signal strength received by the detector from becoming too weak to permit
reliable signal strength discrimination between used dialysate and clean dialysate,

In another aspect of the invention, a dialysis system may include a water supply
air trap arranged to remove air from water that is provided to the dialysis system, e.g., for
usein rﬁﬁkingdialysate for treatment. The remaval of air from water may heipimprove

system performance, e.g., by reducing the interference of air with conductivity or other
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measurernents made to confirm that dialysate has been properly formed. For example,
air that is released from or othemise‘presenvt in dialysate may attach to an arca between
clectrodes used to make a conductivity measurement of the dialysate. These air bubbles
may cause an artificially low conductivity measnrement, or otherwise fauity
measurement, which may Jead the system to improperly determine that the dialysate was
not properly made and/or cause the system to improperly adjust the dialysis production
process. That is, the dialysis system controller may use conductivity readings of
dialysate o control amounts of acid, bicarbenate or other ingredients that are
subsequently added to water to form dialysate. Faulty conductivity readings may cause
the system o add improper amounts of such ingredients, causing the system to create
unusable dialysate, or may cause the system to discard good dialysate that was identified
as improperly made because of the fanlty conductivity reading, Although improperly
formed .diaiysate may be identified by another sensor, such as a safety conductivity
sensor in the balancing circuit downstream of the ulwafilter, the improperly formed -
dialysate may cause 2 disruption in patient treatment as the unusable dialysate is cleared
and replacement dialysate made.and supplied.

Air bubbles can cause other problems as well, such as disrupting the system's
ability to balance an amount of clean dialysate supplied to a dialyzer with an amount of

used dialysate received from the dialyzer. This balance can be important, e.g., to-ensure

‘that a patient receives no excess fluids during the dialysis process, or when operating the

systern to remove fiuids from the patient during treatment. For example, air bobbles pui-
gassing from the clean dialysate being delivered to the dialyzer after leaving the clean
dialysate side of a balance chamber may be wansported to the used dialysate side of the
balance chamber, ultimately capsing more liquid to be delivered to the dialyzer than is
being pulled from the dialyzer.

As will be appreciated from the above, air may be present in water provided to
the dialysis system in at least two possible ways, e.g., as air bubbles in the water flowing
from the water supply and/or as dissolved gas that is carried in the water and released to
form bubbles within the mixing circuit or other locations in the system. Aspects of the
invention may involve the removal of air bubbles in water supplied to the system and/or
remova) of dissolved air from water supplied tothe system. Thus, aspects of the

invention may not only remove air bubbles, but also dissolved gas from a water supply.
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In one illustrative embodiment, a dialysis system may include a mixing circuit
arranged to combine at least water and one ingredient to form dialysate used in a dialysis
treatment, a water suppty arranged to provide water to the mixing circuit via a water
supply conduit, and a water supply air trap arranged to trap air in the water supply
conduit. The air trap may be provided in fiuid communication with a water suppiy
conduit that is fluidly coupled between the water supply (such as a bag or other container
of water, z reverse osmosis filtration system or other sujtable arrangement) and a mixing
circuit of the dialysis system. In one embodiment, the air trap may inclade a chhamber
having an inlet near a top of the air trap and an vutlet near a bottem of the air trap. Thus,
the air trap may capture air at the top of the chamber and release only lignid at the
bottom of the chamber to the outlet, thereby removing air from the water as it passes
from the water supply to the mixing circuit. '

It should be understood that aspects of the invention are not necessarily limited to
use in systems that include a water supply and mixing circuit. For example, aspects of
the invention involved with air removal may be used in systems that include a dialysate
supply (such as a reservoir of dialysate ready for use in treatment) and a directing circuit
or other dialysate circuit that receives the dialysate from the dialysate supply and
provides the dialysate to a dialyzer. In this case, aspects of the invention may be used to
remove air from dialysate supplied from the dialysate supply. Thus, in one aspect, a
dialysis system may include a liquid supply arranged to provide liquid for use in dialysis
treatment, a liquid supply conduit fluidiy coupled between the liquid supply and a
directing circuit or other dialysate circuit of the dialysis system, and a water supply air
i:rap arranged 1o trap air in ﬁle water supply condnit. The liquid supply may be a water
supply or dialysate supply, and may provide the Tiquid (whether water or dialysate) in
any suitable way.

In one embodiment, a relatively low pressure may be present, at least during
some periods, in the water supply conduit thak tends to release dissolved gas from the
water. This gas, once releagsed from dissolution, may be captered by the air trap. For
example, the water supply may include a pressure reguator, flow restrictor, vent, or
other arrangement o provide a suitable supply pressuic for water provided to the water
supply conduit. In addition, or alternately, the water supply conduit itself and/or ather

components may be arranged, e.g., with a suitably small cross sectional size for its flow
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path, flow restrictor, etc., that helps to provide a relatively low pressure in the water

‘ supply conduit to help release dissolved gas from the water,

The mixing circuit may include one or more pumps that draw water from the
water supply conduit, such as pumps that intermitiently draw water from the water
supply conduit. For example, the mixing circuit may include one or more pod pumps
like those discussed above, a reciprécating piston pump, a syringe pump or other
arrangement that intermittently draws fluid from the water supply conduit. This
arrangement may aliow the mixing circuit to peniodically create a relatively low
{negative) pressure in the water supply conduit to cause the release of dissolved gas
without necessarily requiring constant flow in the water supply conduit. (A negative
pressure may be a pressure below that experienced by the water or dialysate in the water
supply and/or elsewhere in the dialysis system. In some embodiments, the negative
pressure may be a pressure below atmospheric pressure.) Of course, other arrangements
are possible, such as peristaltic or other pumps in the mixing chamber that provide an
approximately constant draw of water from the water supply conduit. Alternately, a
gang of two or more pod pumps or other intermitient-type pumps may be operated to
provide a constant or approximately constant draw of water from the water supply
conduit. In contrast to the pumps of the mixing cireuit (at least in some embodiments),
the water supply may be arranged to provide w.ater on a continwtous basis. The water
supply may do this by using a continnous flow pump, a copnection to city water or other
plumbed connection, a water storage reservoir or other, _ ,

The air trap may be arranged to trap any suitable volume of air, e.g., up to abont
1.5 ml of air or more, depending on requirements. For example, the air trap may be
arranged to {rap air at a rate of up to about 10 mi/hour with a flow of water of about 1200
ml/minute throngh the air trap. Other capture rates for the same or different water flow

rates may be used, depending on system requirements. Adr in the air trap may be purged

" in any suitable way, such as reversing flow in the wates supply conduit so as to force air

from the air trap into the water supply, into a drain line, or other suitable location. A
controller may actuate one or more valves in the fieid path to allow diversion of reversed
flow through the air trap to a drain line. Placing the inlet of the air trap at or near the top

of the air trap helps to ensure that most or all of the air within itis preferentiél}y pushed
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to drain. Alternately, the air trap may have a discharge port that can be opened to vent
the trapped gés. :

In another aspect of the invention, a method for operating a dialysis system ‘
includes receiving water from a water supply at a mixing circuit via a water supply
conduit, and trapping air in the water at an. air trap in communication with the water
supply conduit. As discussed above, the step of receiving water may include drawing
water from the water supply conduit using ane or more pumps in the mixing circuit. For
example, the one or more pumps may be operated to intermittently draw water from the
water supply conduit. In one embodiment, a negative pressure may be created in the air
trap during at least a portion of a period in which the mixing chamber receives water
from the water condnit. The negative pressure may cause air in the water 1o be released
from the water and be trapped in the air trap. The negative pressure may be created in
any suitable way, such as, at least in part, by one or more pumps of the mixing circuit
drawing water from the water supply conduit. In some embodiments, valves or other
flow control elements may also cooperate with the pump operation to create a desired
negative pressure in the air trap. For example, the water supply or water supply conduit
may include & flow regulator, valve or other element that slows or otherwise adjusts flow
of water during a period when the mixing circuit draws water from the water supply

conduit. This reduced flow in water supply conduit may cause a negative pressure to be

. produced in the water supply eonduit,

Water Inlet Module

A“ function of the water inlet module 12505 (Fig 141) may be o connect the
water ports 30,31 (Fig 3A) on the cassette system to the water ports 12510, 12520 on the
outside of the hemodialysis machine 6001 while protecting the electronics in the cold
section from water leaks. The water mlet module 12500 may be located in the cold
section of the hemodialysis machine 6001 with connections 12530 and 12531 to connect
1o the water supply 30 and drain 31 of the casseite system. The external ports 12510 and
12520 may extend through the exterior of the hemodialysis machine 6001 (Fig 144).

. The bing and connections between the ports are all contained in a case 12540 with a

cover {not shown) that directs any leaked finid to exit out the drain slot 12550 (Fig 142).

Water exiting the drain slot may collect in the botiom of the cold sectionp away from the
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electronics. The water inlet module 12500 may include a water detector 12560 placed a
given distance above the bottom of the case 125410 and able to discriminate between
condensation and a significant leakage.

A number of functional elements are located in the water inlet module 12500
including, but not limiied to, a water supply valve 12560, a water supply pressure
regulator 12560, drain air-in-fine detector 37 or a pneumatic line from dialysate tank
12570. The water suppiy valve 12560 may be a normally clesed electro-mechanical
valve that may prevent the flow of water through the dialysate circuit in the event of a
power failure. In one example, the water supply valve 12560 may be located
immediately downstream of the supply port 12510. The regulator 12366 may limit the

_water pressure supphied to the liquid handliing cassettes shown in Figs 30-46 to pressures

against which the liquid valves can close. In one example, the regulator 12565 may be
Jocated immediately downstream of the water supply valve 12560. In an example
reguiator 12565 and valve 12560 may be hard plumbed together and to the intet port
12510 without flexible lines, The drain air-in-line 37 may be located on a vertical
portion of the drain line downstream of a p-trap 12537. The p-trap 12537 followed by a
vertical section mady serve to collect gas bubbles and allow them to coalesce in order to
improve the detectability of the bubbles by the AIL sensor 37.

In order-to protect the elecironics in the cold section from water damage it is
important to detect water leaks or Hreaks in the lines, components and fittings between
the external ports 12510, 12520 and the-hot box ports 12530, 12531, When a water leak-
is detected, the AC processing unit 6109 may.close the water supply valve 12560 and
initiate a shutdown procedure to minifmize the amount of water entering the cold section.
It is.also importam' 1o only signal the AC pfoce‘s.sing unit 6109 when a significant leak
has occurred. In the event of operating in a hamid ambient environroent, the cold water
flow through iine 12512 may condense significant amounts of water that may migrate io
the bottom of the ¢ase. The water sensor 12580 (Fig 143) may be a liguid level sensor
that signals the AC processing unit 6109 when the tip 12581 is immersed in water. One

example water sensor is the LLE105000 sensor from Honewell Sensing and Control in

Gpiden Valley, Minnesota, USA. The water sensor 12580 may be mounted a given

distance above the base 12541 next io the drain sfot 12550, The water sensor 12580 may -

detect water if the leak of water is Jarger than the allowable flow out the drain stot 12550.
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Smaller Jeaks and condensation may not trigger the water sensor 12580, but will drain

out and evaporate in the hemodialysis machine 6001.

In another aspect of the invention, a dialysis system may include an accumulator
arranged to receive and release water in fluid communication with the water supply
conduit. The accumulator may be arranged, for example, so that when a negative
pressure is present in the water supply conduit, the accumulator may release water into
the water supply conduit, e.g., at a rate that helps to maintain a negative pressure in the
water supply conduit to.cause dissolved gas to be released from the water. In addition,
the accumulator may be arranged so that when a positive pressure is present in the water
supply conduit, water may be received into the accumulator. Thus, an accumblator may
be used with an ajr trap, e.g., in cooperation to help establish and maintain, at least
temporarily, a hegative pressure in the water supply conduit and/er the air trap, to help
remove dissolved gas from the water.  Alternately, an accumulator may be used without
an air wap, e.g., to help smooth a pressure or flow rate in the water supply conduit when

the mixing circuit includes an intermittently operating pump to draw water from the

-water supply conduit.

As with aspects of the invention related to an air trap and/or removal of dissolved
gas from a liguid for use in dialysis treatment, aspects of the invention related to an
accumulator may be used with any liguid provided to a dialysis system for use in
treatment, For example, a dialysis system may erploy the use of an accumalator in a
supply_conduit that provides dialysate from a dialysate supply 16 a directing circuit of
other dialysate circuit of the diatysis system. Accordingly, aspects of the invention
relating to an accumulator may be eéually applicable to systems that do not include a
water supply or mixing circuit, but instead use a pre-prepared dialysate supply. A

I one embodiment, the accumulator may include a moveable diaphragm that
separates a liquid side of the accurnulator from a gas side of the accumulator. For
example, the accumulator may include a spherical chamber »-with a diaphragm thét has a
hernispherical shape and is movable to. accommodate variabie volun;es of water in the
liguid side of the accumulator. Ti}e gas side of the accumulator may be vented to
atmospheric pressure or otherwise have a static or variable pressure in the gas side to

provide a desired pressure or other flow affect on the water supply conduit. The
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accumulator may be arranged to store a volume of water of any suitable size, such as
equal to about 27 ml. In onc embodiment, the volume of liquid capable of being stored
in the accumulator may be equal to about half or more of a stroke volume of a pod pump
used by the mixing circuit to draw water from. the water supply conduit. Thus, the
accumulator may be arranged to receive and hold water from the water supply conduit
during periods when the mixing circuit is not drawing water from the water supply
conduit, and be arranged to supply water to the water supply conduit during pericds
when the mixing circuit is drawing water from the water supply conduit.

In another aspect of the invention, a method for operating a dialysis system
includes receiving water from a water supply at 2 mixing circuit via a water supply
conduit, providing water from an accumulator into the water supply conduit when the
mixing circuit draws water from the water supply conduit, and receiving water from the .
water supply conduit in the accumulator when the mixing circuit does not draw water
from the water supply conduit, In one embodiment, a water sepply may provide water to
the water supply conduit at a pressure that is greater than a-maximurmn negative pressure
that is used by the mixing circunit to draw water from the water supply conduit. Asa
result, when the mixing circuit draws water from the water supply circuit, the
accumulator may provide water to the supply circuit, and when the mixing circuit stops
drawing water, the accumulator may receive water from the water supply. This
arrangement may smooth and/or help maintain a hcgative pressure in the water supply
circait, e.g., to help remove dissolved gas from the water for trapping in an air trap, if
present. The mixing circuit may intermittently draw water from the water supply ¢ircuit
where, for example, the mixing circuit includes one or more pod pumps or other similar
device to draw water from the water sapply circuit.  Thus, the accumulator may provide

water to the water supply conduit when a pegative pressure is present in the conduit (e.g.,

‘when the mixing circuit draws water from the water supply conduit), and may receive

water from the water supply conduit when a positive presstre is present in the conduit
(e.g., when the mixing circuit does not draw water from the water supply). In one
embodiment, the water supply may be arranged to provide water to the water supply

conduit at a flow rate that is less than an instantaneous flow rate émployed by the mixing

circuit when drawing water from the water supply conduit. In this case, the accumulator

may provide water to the water supply conduit to make up for a flow rate deficiency of
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the water supply. Water may be provided from the accumulator in a way that helps to

maintain a negative pressure in the water supply conduit, e.g., the gas side of the

accumulator may be vented to provide a desired total amount of liquid to the water

supply conduit.

FIG. 89 shows a schematic block diagram of a dialysis system that is very similar

to that in FIG. 3A with the difference being that the system in FIG. BS includes an

accumulztor 33 and an air trap 32 in a water supply conduit between the water supply 30
and the pumps 180 of the miXing circuit 25. As discussed above, although the dialysis
system in this illustrative embodiment includes both an air trap and accurnulator, the
dialysis system may be arranged to have only an accumulator 33 or only an air trap 32.
However, combining the accumutator 33 and air trap 32 together may provide operating
advaniages for the system. _ ‘
In this embodiment, the water supply 30 may inclode a}sy suitable source of
water, such as a reverse osmosis filtration systermn connected to a plumbed water line
(e.g., “eity water™), a bag or other container of water, and/or others. The water source 30
may be arranged to provide water to the water supply conduit at a desired pressure, such
as about 7psi, and/or at a desired flow rate, so that a desired negative pressure may be
created in the water supply conduit, such s in the air trap 32. For example, the pumps

180 may be operated to draw water from the water supply conduit and into the mixing

 circnit 25, é_g., for nse in making dialysate and or supplying water to the ingredients 49

as needed. The negative pressure created by the pumps 180 in the water supply conduit
may be greates, in an absolute sense and at ieast momentarily, than a positive pressure-
provided by the water supply 30 to provide water to the water suppiy conduit, Asa
result, the pump 180 may generate a desired negative pressuse in the air trap 32 or other

locations, e.g., 2 pressure below atmospheric pressure or other suitable reference level

‘pressure. For example, a suitable referénce level pressure may be a lowest pressure that

the water or dialysate experiences when coursing through the dialysis system,
Accordi’ngly, the water supply may provide waier to the water supply conduitata .

positive pressure that is less (In an absolute sense) than a negative pressure used by the

mixXing circuit 1o draw water from the water supply conduit,

“The negative pressure created in the water supply conduit, e.g., a pressure below

atmospheric pressure, may help to release dissolved gas from the water. Various
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components of the system may cooperate with the pump 180 operation to create a

desired negative pressure, such as closing or otherwise controlling valves leading from

the water supply 30 to-control a flow rate of water from the water supply, providing flow

resirictors or other components in the water supply conduit, venting or otherwise
controlling a-gas side of the accumulator 33 so as to help maintain a negative pressure
induced by the pump 180, and others. For example, the accumulator 33 may be arran ged
to store a volume of water equal to about half or more of a volume drawn by the pump
180 in a singje stroke. At some point before or during the draw stroke of the pump 180,
a valve leading from the water supply 30 may be closed, allowing the pump 180 to
dévelop a negative pressure in the water supply conduit and drawing water from the
accumulator 33. (In other embodiments, a valve leading from the water supply 30 need
not be closed, but may be left open and other élements, such as a flow restrictor, may
allow a suitable negative pressure to be developed at the accumulator 33.) The
accumulator 33 gas side may be vented 1o aimospheric pressure with a suitably sized
orifice so that air may enter the gas side of the accumulator 33 at a rate that allows a
desired negative pressure to be established and maintained over a period of time at the
aceuminiator 33 and in the air trap 32, This sustained period of negative pressure may
help bring dissolved gases in the water out of solution, which can then be trapped in the
air trap 32.

Once the pump 180 stops drawing water from the water supply conduit, e.p.,
because a pump membrane has bottomed out, the positive pressure of water supplied by
the water supply 30 may cause water to flow iinto the accomulator 33, causing air in the
gas side of the accamulator 33 to be vented and the accumulator 33 to be filled with
water in preparation for a next draw stroke of the pump 180. Thus, the pump 180, the
water supply conduit (e.g., by way of a flow restrictor, cross sectional size of a portion of
the water supply conduit, etc.}, the accumulator 33, and/or the water supply 30 {e.g.,
including one or more valves, pressure- regulators, etc.) may be arran ged to provide a
sttitable negative pressure to refease-dissolved gases for removal from the water. Of
course, not all of these elements need be specially arranged, or even provided, to provide
a negative pressure in the water supply conduit. For example, the accumulator 33 may
be omitied and a negative pressure established in the air trap 32 and/or in other regions

of the water supply conduit by the pump 180 and operation of a valve or pressure
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~ regulator in the water supply 30. In other arrangements, the accumulator 33 may be

operated to provide a negative pressure, e.g., by exposing the gas side of the accumulator
33t0a suitably low pressure.

While the discussion above mainly relates to the release of dissolved gases from
water in the water supply conduit, the air trap 32 may function to trap air bubbles that are
already present in the water provided from the water supply 30. Thus, the dialysis
system may include an air trap 32 that is arranged o trap air, and yet not necessarily
operate to establish a negative pressure in the water supply conduit or ¢lsewhere to help
liberate dissolved ga;es from the water. Also, aspects of the invention may be used with
systems that receive prepared dialysaie for use in treatment. For example, the water
supply 30 may actually provide prepared dialysate (e.g., from a reservoir), and the
mixing circnit 25 may be eliminated from the system. Thus, the air trap 32 and/or
accummulator 33 may be provided in a supply conduit between the water supply 30
(dialysate supply) and the directing circuit 142 or other dialysate circuit of the syétam.

FIGs. S0 — 92 show a side view, bottom view and cross sectional view of an air

trap 32 in one-illustraiive embodiment. The air trap 32 in this embodiment includes an

inlet 32a for connection to the water supply 30 and an outlet 32b for connection to the

mixing circuit 25. As can be seen in FIG. 91, the air trap 32 has a generally cylindrical .
shape, but may be arranged 10 have other shapes, such as a cylinder, a box, and others.
The air trap 32 may generally be oriented With the inlet 32a pdsitioned above the outlet
32b so that any air introduced into the air trap 32 or liberated in the air trap 32 may
remain at  top of the air trap 32, while air-free water at the bottom of the air trap 32 may
exit the outlet 32b. Of course, other arrangements are possible, such as having the inlet. '
32a and outlet 32b at a same level, or different levels, with suitable baffles, serpentine
flow arrangements or other features in the air trap to help prevent air from héing
conducted 1o the cutlet 32b. Ascan be seen in the cross sectipnal view of FIG. 92, the
air trap 32 may be formed of two parts, e.g., each having a generally hemispherical
shape, that are joined together, .g., using an O-ring seal or other engagement to help
prevent Jéaking at the joint.

Air coliected in the zir trap 32 may be removed in any suitable way. For
example, the air trap 32 of FIG. 96 may have the air removed by reversing the flow »_of

water from the outlet 32b to the inlet 32a, which may cause air to exit the inlet 32a and
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travel in the water supply conduit toward the water supply 30. The air may be forced to
the drain 31 (e.g., by suitable control of valves), to the water supply 30 (where the air
may be released, for example, into a reservoir), or may be released via a vent of other
feature, whether in the air trap 32 or another location in the water supply conduit.
Reversed flow of water in the air trap 32 may be caused by the pump 180 of the mixing
circuit 25 reversing operation 50 as to push water fowaid the water supply 30.

Referring to FIG. 89, for example, a controller may periodically reverse through
air trap 32 by first opening valves 265 and 271, and having pump 280 fili with water.
Then valve 265 may be closed, and valves 266 and 263 opened. The chamber of pump
280 may then be delivered backward to drain by closing altemnative Tlow paths, for
example, by ensuring that valves 270, 272, 274, and 264 remain closed. Preferably, the
inlet of air trap 32 is located above the fluid inlet of accumulator 33, as shown in 98 and
99.

The air trap 32 may have any suitable volume, such s an arrangement to trap an
air volume of up to 1.5ml or more. In one embodiment, the air trap 32 may be arranged
10 trap air at a rate of up to 10 ml/hour when experiencing water flows of up to about
1200 mYminute. Of course, other air volume and/or air trapping rates may be used for
the air trap 32. .

FIGs. 93 — 96 show an illustrative embodiment of an accumulator, The
accumulator 33 in this exampic includes an approximately spherical body with a liquid
side port 332 to a liquid side of the accumulator 33, The port 332 may be fluidly coupled

to the water supply conduit so that water may flow between the accumulator 33 and the

-water supply conduit. As can be seen in FIG.-95, a diaphragm 33d separates the liquid

side of the accumulator 33 from a gas side. A gas side port 33b of the accumulator 33
includes an orifice 33c'arranged Lo allow air fo pass into and out of the gas side of the
accumulator 33 depending on whether water is flowing into or out of the liquid side of
the accumalator. While in this embodiment the orifice 33c is open to atmospheric
pressure, the orifice 33¢ may communicate with any saitable static or variable pressure

source. In addition, the orifice 33¢ may include a valve that can be controllably opened

-or closed, as desired. As discussed above, the orifice 33¢ may be arranged Lo help

_ provide a suitable negative pressure in the air trap 32 or elsewhere in the water supply-

conduit. Forexample, the orifice 33c may be sized so that when the pump 180 draws
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water from the water supply conduit, the orifice 33c allows air to flow into the gas side
of the accumulator at a suitably slow rate so as to help maintain a negative pressure in'
the water shpply conduit. in other embodiments, the accumuiator 33 itself may provide a
desired negative pressure, e.g., by exposing the orifice to a saitable vacuum that induces
a drop in pressure in the water supply conduit.

While in some embodiments the-accumulator 33 may be arranged to help provide

anegative pressure in the water supply conduit, the accumulator 33 need not be so

arranged, and instead may function to help maintain a relatively constant positive
pressure in the wate.r supply conduit. For example, the gas side of the accumulator 33
may be charged with a positive pressure so that when the pump 180 draws water from
the water supply conduit, the accamulator 33 expels water from the port 33a to help
maintain a positive pressure in the water supply conduit. '

The accumulator 33 may have any suitable volume, such as a capability to store.
at Jeast 27rnt of water, or up to half or more of a volume drawn from the water supply
conduit by a single stroke of the pump 180. Of course, the accumulator may be arranged
to store smaller or larger volumes of water, if desired. Also, while the orifice 33c in one
embodiment has a size of about 0.004 inches, the orifice 33¢ may have other sizes or
arréngenwnts, such as including a controllabie valve that is operated to provide a desired
fiow rate into/out of the gas side of the accumuiator 33. The diaphragm 33d may have
an arrangement fike that used for the membrane in the pod pumps discussed above,
Thus, the diaphragm 33d may have a hemispherical shell arrangement and be made of 2
flexible matenial, such as a silicone mbher. Again, the diaphragm 33d may be aqanged
in any svitable way. ' ‘ ,

" FIGs. 97-100 show various views of a cassette assembly that is nearly identical to
that shown and de;scﬁbad with reference to FIGs. 46A to 46E. Two of the major
differences between the embodiment of FIGs. 97-100 and that of F1Gs, 46A46E is that
the embodiment of FIGs. 97-100 includes an airtrap 32 and accumulator 33,
Accafding]y, the cassette assembly of FIGs. 87-100 may be arranged to have a fiow path
like that shown in FIG. 89. As can be seen in FIGs. 97-100; an air {rap 32 like that
shown in FIGs. 90-92 is added to the cassette assembly between the outer dialysate
cassette 600 and the inner dialysate cassette 700 on.a rear side of the cassette assembly,

Also, an accumulator 33 like that shown i FIGs. 93-95 is added at a right side of the
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cassette assembly, adjacent the inner dialysate cassetts 700. Although fluidic
connections (e.g., made by silicone mbber tubing) are not shown for clarity, the air trap
32 and accumulator 33 are fluidly coupled to each ather, and to a water supply 30 and to
the mixing cassette 500 (for connection to the mixing circuit pumps 502 and 504). In
addition, FIGs. 97-100 show that one of the balancing chambers 706 may include a
blood leak sensor like that described with refersnce to FIGs. §5-88. Other than these
additions and changes, the cassette assembly operates in the same way as that described
with respect to FIGs. 46A to 46E.

Another aspect of the invention is generally directed to a user interface for the
system. The user interface may be operated by an individual, such as the patient, a
family member, assistant, professional care provider, or service techmician, to input
options, such as treatment options, and to receive information, such as information about
the freatment protocol, treatment status, machine status/condition, andfor the patient
condition. The user interface may be mounted on the teatment device apd controlied by
one or more processors in the treatment device. In anofher embodiment, the user
interface may be a remote device that may receive, transmit, or transmit and receive data
or commands related to the {reatment protecol, treatment status, and/or patient condition,
etc. The remote device may be connected to the ireatment device by any suitable
technigue, including optical and/or electronic wires, wireless communication utilizing
Bluetooth, RF frequencies, optical frequencies, IR frequencies, ultrasonic frequencies,
magnetic effects, or the like, to transmit and/or receive data and/or commands from or to
the treatment device. In some cases, an indication device may be used, which can
indicate when data and/or a command has been received by the treatment device or the
remote device. The Aremote device may include input devices such as a keyboard, tonch
screest, capacitive input device,; or the like to input data and/or commands to the
treatment Qevi ce.

In some embodiments, one or more progessors of the weatment device may have
a unique identification code, and the remote device may include the capability to read

and learn the unique identification code of the treatment. Altematively, the user can

program in the unique identification code. The treatment device and the remote device

may use a unique identification code 1o substantially avoid interference with other

receivers, including other treatment device.
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In one set of embodiments, the treatment device may have one or more
processors that are conﬁectcd_ to a web-enabled server and the vser interface device may
be run on this web-enabled server. In one embodiment, the device uses an external CPU
{e.g., a GUI, graphical user interface) to communicate via Internet protocol to the
embedded web server in or connected to the treatment device, The web page may be
served up inside the device and the GUI may communication directly via 8G2.11b or
other such wired or wireless Ethernet equivalent. The GUT may be operated by an
individual, such as the patient, a family member, assistant, professional care provider, or
service technician, to input options, such as treatment options, and to receive
information, such as information about the treatment protocol, treatment status, machine
status/condition, and/or the patient condition.

In another embodiment, the embedded web server in or connected to the
treatment device may communicate to an appropriate site on the Internet. The Internet
gite may require a password or other nser identification to access the site. In another
embodiment, the nser may have access to different information depending on the type of
user and the access provider. For example, a patient or professional caregiver may have
full access to patient treatment options and patient information, while a family member

may be given access to certain patient information, such as the status and dyration

- remaining for a given treatment or frequency of treatments. The service technician,

dialysis center, or treatment device provider may access other information for

troubleshooting, preventive maintenance, clinical trials, and the like. Use of the web-

enabled server may allow more than one individual to access patient information at the
same time for a variety of purposes.

The vse of a remoie device, e.2., via wired or wireless commiunication, Internet
protocol, or through an Internet site utilizing a web enabled server, could allow a dialysis
center to mare effectively monitor each patient and/or more efficieatly monitor a larger
number of patients simultaneously. In some embodiments, the remote device can serve
as a nocturnal monitor or noctumal remote alert 10 monitor the patient during nocturnal

dialysis treatment and to provide an alarm if the patient’s condition does not meet certain

" parameters. In'some cases, the remote device may be used to provide alarms to the

patient, a family member, assistant, professional care provider, or service technician,

These alarms could alert an individual to certain conditions such as, but not limited to, a
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fluid feak, an occlusion, temperature outside normal parameters, and the like, These
alarms may be audible alarms, visua) alarms, and/or vibratory alarms.

An exempiary embodiment of a user interface/treatment device combination is
shown in Fig. 60. In particular, Fig. 60 shows a perspective view of an exemplary
hemodialysis system 6000 comprising.a dialysis tnit 6001 and a user interface unit 6002.
In this embodiment, the dialysis unit 6001 comprises a housing 6004 that contains
suitable components for performing hemodialysis. For example, the dialysis unit 6001
may include the mixing circuit 25, bloed flow circuit 10, balancing circuit 143 and
external or outer dialysate circnit 142 described, for example, in connection with Fig,
2A. The dialysis unit 6001 may also include all patient access connections and dialysate
fluidic connections needed for operation of the system 6000.

The user interfacé unit 6002 comprises a user interface 6003 that g user, such as a
hemodialysis patient, may use to control operation of the dtalysis unit 6001 via a
connection 6006. The comnection 6006 may comprise any Suitable data connection such
as a bus, a wireless connection, a connection over a local area network (e.g., an Ethernet
local area network), and/or a connection over a wide area network (e.g., the Internet).
The user interface anit 6002 further comprises a housing 6005 that contains components
for enabling operation of the user interface. In the example of Fig. 60, the user interface
6003 comprises a display screen with a touch sensitive overlay to allow touch control
and intaracficn with a graphical user interface presented on the scfeen. However, many
other types of user interfaces are possible, such as a screen with 2 separate input
mechanism, such as a keyboard and/or pointing device. ‘The user interface 6002 may
also include other features, such as push buttons, a speaker, a microphone for receiving.

voice commands, and s0 on.

Wireless Communications with a User Interface

FIGs, 124-129 show flow chart diagrams illustrating 2 method 1 for
commaunicating between a tablet and a base in accordance with an embodiment of the

present disclosure. For example, the method 2001 may be a method for cominunicating

- between a tablet and a hemodialysis apparatus.

Method 2001 can.facilitatecdnununications between 2 tablet and a base by using

a wired connection to establish a wireless connection through a pairing protocel. For



10

15

20

30

- 209 -

example, the tablet may be physically connected to the base through a USB cable which
is used pair the two devices together using the Bluetooth protocol; after pairing, the
devicés can communicate with each other wirelessly using the Bluetooth protocol. The
tablet may provide the user interface to the base. For example, an interface program
running on the tablet may provide an interface to 2 hemodialysis apparatus to control
and/or monitor a dialysis reatment of 2 patient.

Method 2001 may be implemented by an opetative set of processor executable
instructions configured for execution by one or more processors. The one or more
processors may be on the base and/or on the tablet. The operative set of processor
executable instructions may be stored in a non-transitory processor-readable memory,
such as a random-access memory, a read-only memory, a disk memory, an EEPROM, an
opticél-based drive, or other memory, The: memory may be in the base, in the tablet,
and/or the base and the tablet may each have a respective memory and one or more
respective processors. The one or more processors may be.in operative conununication
with tha/memory to read the operative set of processor executable instructions from the
memory. The one or more processors can execute the instructions ko perform the method
2001 of FIGs. 124-129.

The one or more processors may be one or more of a microprocessor; a
microcontroller, an assembly-based processor, a MIPS processor, a RISC processor, 4
CISC processor, a parallel or multi-core processor, a CPLD, a PLA, a FPGA, a virtual
processor, the like, or some combihation thereof.

In some embodiments of the present disclosure, method 2001 includes acts 2002-
2015. Act 2002 determines if a tablet is connected to a base through a physical
connection. For example, a tablet may be conaectable to 2 hemodialysis apparatus
through a dock, a cable, a wire, a fiber optic link, or the like. The tablet and/or the base
may determine that the tablet and the base are physically connected to each other through
a TJSB connection, for example. Act 2003 establishes a first comrnunications link '
between the tablet and the base throngh the physical connection. For example, act 2003
may establish the appropriate software interfaces and/or may perform handshaking
between the tablet and the base such that data may be communicated therebetween,

Act 2004 updates, if hece:ssary, the interface program of the tabist through the

first communications link. Fig. 126 illustrates one specific embodiment of act 2004 and
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is described below. Act 2004 may, for.example, determine if the tablet includes the

{atest version of the interface program. If the tablet does not inciude the latest version of
the interface program, the base and/or the tablet dowriloads (e.g., from a server) the latest
version of the interface software which replaces (e.g., overwrites) the oid version of the
interface software, The interface software on the tablet provides a user interface (e.g., a
touchscreen, a keyboard, and/or a microphone to receive voice commantds) 'and
functionality for a userto commﬁnicate with the base using the tablet.

Act 2005 establishes a second communications link between the tablet and the
base using the first communications link. Fig. 127 illustrates one embodiment of act
2005 and is described below. In one specific embodiment, act 2005 establishes a second
communications link by pairing the tablet and the base together using a Bluetooth
protocol. After pairing, data may be communicated using the second communications
fink, The data may be communicated over the second communication link using 'any
know encryption algorithm, include symmetrical encryption, asymmetrical encryption,
public-key infrastructure encryption, and the like. Act 2006 transmits data from the base
to the tablet using the second communications tink. The data may include information
concemning the treatment progress of the base, the operation of the base, and/or any error
messages from the base. Act 2007 displays data on the tablet in accordance with the data
communicated from the base. Act 2008 initializes treatment of a patient using the tabiet.
For example, 8 user may select treatment parameters for treating a patient using the base,
e.g., hemodialysis parameters. The treatment parameters may be communicated via the
first or second communications fink. In some embodiments, the treatment parameters
may be communicated using a predetermined preferred one of the first and second
communications link. For example, the second communications link may communicate
the treatment parameters when the first communications link is unavailable. However, in

another specific embodiment, treatment parameters are ajways communicated via the

" second commanications link.

In act 2009, the base proceeds to operate.. For example, the base may bea
hemodialysis apparatus and the tablet communicates a start command to the
hemodialysis apparatus. In another exemplary embodiment, a start button on the

hemo&ialysis apparatus may be pressed to commence treatment of a patient, In yet
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additional embodiments, the user is not required to commence operation and the base
automatically starts to operate. _

Act 2010 removes the physical connection between the tablet and the base. For
example, a user may disconnect or undock the physical connection between the tablet
and the base. Act 2011 communicates data between the tablet aﬁd the base as long as &
link guality value of the second communications link is above a threshold. Act 2012
enters into a headless state if the link quality value falls below the threshold. The
headless state'is described below with reference to FIGs. 128 and 129. The tablet and
the base may hoth or individually enter into a headless state when the link quality value
falls below a threshold. The link quality value may be part of the Bluetooth standard,
may be based upon a bit-error rate, a throughput rate, signal strength, or may use any
metric known to one skilled in the relevant art.

In act 2013, the tablet andfor the base remain in the headless state as long as the
link quality value remains below the threshold. Act 204 determines if the link quality
value returns above the predetermined threshold and act 2015 exits the headless state
when the link quality value returns above the predetermined ﬂveshdld. In some
embodiments, once the tablet or the base enter into a headless state, a second link quality
value greéter than the first link quality value caunses the tablet and/or the base exit the
heddiess state.

FIG. 126 shows a flow chart diagram of an embodiment of act 2004 of FIG, 124.
Act 2004 includes acts 2016-2019. Act 2016 communicates a version number of the
interface program from the tablet to the base through the first communications link. Act

© 2017 determines if the interface program on the tablet is the latest version. For example,

the base may communicate with a server to determine what version number Is the newest
version of the interface program. in-acl 2018, the base retrieves an updated version of
the interface program from a server, e.g., if there is an updated version of the interface
program. Act 2019 overwrites the interface program with the updated version of the

interface program. For example, the tablet 19 may inclide a program which ¢an retrieve

the updated interface program from the base and overwrite the previous interface

program with the updated interface program. _
Fig. 1D shows a flow chart diagram of an embodiment of act 2005 of FIG. 124,
Act 2005 of FIG. 127 includes acts 2020-2025. Act 2020 determines if the base is paired
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with another tablet. Act 2021, if necessary, interrupis any pairing between the other
tablet and the base. For example, in act 2021, any other pairing between another tablet
and the base is interrupted so that the tablet that is physically connected te the base can
be paired to the base. In act 2022, the base generates a configuration file which is
communicated from the base to the tablet in act 2023 using the first communications
link, In act 2024, the tablet reads the configuration file which is used in act 2025 to pair
the base to the tablet for wireless communications to establish the second
communications link between the tablet and the base in accordance with the
configuration file. .

'FIG. 128 shows a flow chart diagram illustrating an embodiment of act 2011 of
FIG. 125. Act 2011 of FIG. 128 includés acts 2026-2027. Act 2026 suspends
communications of the data between base and the tablet. In act 2027, the tablet displays a
message on a user interface requesting a user to move the tablet closer to the base,
FIG. 129 shows a flow chart diagram illustrating an embodirnent of act 2012 of FIG.
125. Act 2012 of FIG. 128 includes acts 2027-2028. Act 2027 suspends
communications of the data between the base and the tablet. Act 2028 indicates that the
base has entered into the headless state. For example, the base may flash an indicator
light and cause a speaker to beep.

Figs. 145A-145B show a state diagram 1145 that illustrates the opefation of 2
dialysis apparatus when used with a4ablet having a user interface for the dialysis

apparatus in accordance with an embodiment of the present disclosure. The state

diagram 1145 includes states 1146-1160.

In Fig. 145A, alegend 1161 is shown to facilitate undérstanding of the state
diagram 1145. The legend displays the operation of each of the buttons 1162, 1163, and
a status light 1164 on the dialysis apparatus for each of the states 1146-1160, including
the operation of a respective backlighting LED for the buttons 1162, 1163 and the status
light 1164. Additionaily, the Jegend 1161 may be used in conjunction with each of the
states 1146-1160 to determine the state of a speaker 1165 of the dialysis apparatus.
Circles with the letters “A,” “B,” “C,” or “D” therein are used to link the states of Fig,
145A with the states of g, 1458." For example, the arrow leading into the circle
designated “A" shown in Fig, 145A continues from the circle desigﬁated “A” in Fig.
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1458. That is, each Jetter designation within each circle is used to link two states where
one state is in Fig. 145A and the other state is in Fig. 145B.

As previously mentioned, the state diagram 1145 illustrates the states that a
dialysis apparatus (e.g., 2 hemodialysis apparatus) may exists in when used with a tablet
having a user interface. The tablat may be used to! (1) monitor the operation of the
dinlysis apparatus, (2) contro) the operation of the dialysis apparatus, (3) receive error
conditions from the dialysis apparatus, (4) monitor the operation of the dialysis apparatus
to determine if any error conditions exits, (5 monitor the operation of the dialysis
apparatus to determine if an unsafe condition exists, (6) store an error or operating
parameter for transmission to a server, (7) store an ervor or operating parameter for
transmission 1o the dialysis apparatus for storage therein or for relaying to a server, (8)
and/or provide the patient entertainment {(e.g., video games, movies, music, or web
browsing) while receiving treatment.

In some embodiments of the present disclosure, the tablet is used with a dialysis

- apparatus having a redundant user interface coupled thereto, such as 2 redundant,

graphical user interface. In yet additional embodiments of the present disclosure, the
tablet includes-a graphical user interface and the dialysis apparatus includes buttons and
lights, but no graphical user interface.

The state diagram 1145 may be implemented as a method or process.
Additionally, a machine may be configured to exist in the states of the state diagram
1145. For example and as previously mentioned, a hemodialysis apparatus may be
configured to exist'in states }146-1160 in accordance with the siate diagram 1145 of
Figs. 145A-1458. '

The state diagram 1145 of Figs. 145A-1458 may implemented by an operative
set of processor executable insiruction configured for execution by one or more
processoss (e.g., a method implemented by a processor). The one or more processors
may be on the dialysis apparatus, The operative set of processor execuiable instruction
may be stored in a memory, such as a non-transitory processor-readable memory, a
random-access memory, a read-only memory, a disk memory, an EEPROM, an optical-
based drive, or other memory. The memory may be in the dialysis apparatus, The one
or more processors may be in operative communication with the memory to read the

operative set of processor executablé instructions from the memory. The one or more
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processors can execute the instructions to perform the state diagram 1145 of Figs. 145A-
145B.

The ane or mare processors may be one or more of a microprocessor, a
microcontrolier, an assermnbly-based processor, a MIPS processor, a RISC processor, a

CISC processor, a paralle] or multi-core processor, a CPLD, a PLA, 2 FPGA, a virtual

~ processor, the like, or some combination thereof.

Referring again to Figs. 145A-145B, in state 1146, the dialysis apparatus is in a
wreatment operation and communication between the dialysis apparatus and the tablet is
gccurring. That is, in state 1146, the dialysis apparatus is treating a patient and the tablet’
is in sufficient communication with the dialysis apparatus. The communications
between the dialysis apparatus may be throngh a wircless link, such as a Bluetooth link,
The protocol of the wireless link may require pairing between the dialysis apparatus and
the tablet. The ps;iring may be configured or initiated utilizing 2 wired link, such as.
through 2 USB connection. In some embodiments, the wireless commuaications may be
one of Biuetooth LE, WiHi, Zigbee, X-bee, ultra-wideband cornmunication, wideband
communication, code-division multiple access, time-division multiplexing, carrier-sense
mujtiple-access multiplexing with or without collision avoidance, space-division
muktiplexing, frequency-division multiplexing, circuit-mode wireless muiiipiexing,
wireless statistical multiplexing, orthogonal frequency-division multiplexing, or the like.

When a link quality indicator thar described the quality of the wireless link
b"etweeﬁ the tablet and the dialysis apparatus falls below a predetermined threshold, the
dialysis appafatus enters into state 1147, In state 1147, the dialysis apparatus continues
to treat a patient and ignores communications from the tablet. When an atarm occurs, as
long as the alarm is net a blood-pump-stop evel alarm, the state diagram 1145 will
continue to operate in state 1147 (e.g., if an alarm occurs that is pot a “stop pump” Jevel
alarm, -ihe diaiysis apparatus will re-enter state 1147 as is shown by the loop-back arrow -
1166). '

If the link quality valee returns to above the predetermined threshold, the dialysis
will return to state 1146, However, state 1147 may go to states 1148, 1152, 1151, 1153,
or 1154. The dialysis apparatus will enter into state 1148 if a user presses and holds the
étop button 1163 for 5 seconds. If the Heatmeﬁt completes prior to leaving siate ‘I 147,
the dialysis apparatus will enter into state 1152 (sée Fig, 145B), If while in state 1147,
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the user presses the infuse fluid button 1162, the hemodialysis apparatus will enter into
one of state 1152 (if the infusion limit or tank limit have been reached) or into state 1151
when additional infusion fluid is available (e.g., neither of the infusion limit nor the tank
limit has been met). The infusion limit is a limit on the amount of fluid that may be
infused into a patient during a treatment session. The tank limit is a threshold amount of
fluid (e.g., about 1 to 1.1 hiters) that may be removed from the tank. After the tank limit
has been reached, an infusion of fluid into the patient’s blood is pot permitied becanse
there needs to be sufficient fluid to perform the rinseback operation. If the a blood-
pumnp-stop level alanm has occurred, the dialysis apparatus will enter into one of state
1153 if a rinseback flag indicates that a rinseback is allow or into state 1154 if the
rinseback flag indicates that a rinseback is ot allowed.

If the dialysis apparatus enters into state 1148, it is because the patient or nser has
requested from the dialysis apparatus (using the stop button 1163) to stop treatment.
State 1148 is.an entryway into a trap formed by states 1149 and 1150 form “trap”™ states
for the dialysis apbaratﬁs. That is, once the dialysis apparatus enters into state 1148, the
dialysis apparatus can only enter into one of state 1149 or 1150 thereafter. A resetor
reboot of the dialysis apparatus is the only ‘way to leave this trap. State 1148 is a patient
initiated failsafe (“PIF"). In state 1148, the speaker 1165 will audibly beep. If the user
preési:s the stop button 1163 again, the dialysis apparatus will enter into state 1149, in
which case the dialysis apparatus is in a PIF state, but the speaker 1165 is not beeping. If
the patient or user presses the stop button 1163 yet again, the dialysis apparatus will
enter imto state 1150 and turn off the front panel light 1167. An additional stop button
1163 press will return the dialysis apparatus to state 1149 which will turn the front panel
light 1167 back on.

As previousty mentioned, if the dialysis apparatus is in state 1147, and the user
presses the infose fluid button 1162, the dialysis apparatus will enter into state. 1151 if
there is additional fluid availableto deliver across the dialyzer’s membrane and into the
patient’§ biood. If in state 1151, after the fluid infusion has been infused inio the
patient’s blood, the dialysis apparatus remmns to state 1147,

In state 1147, if an alarm that is predetermined to be a stop-blood-pump level
afarm, the dialysis apparatus enters from state 1147 into one of states 1153 -and 1154;

State 1153 is entered intc when the rinseback flag indicates that rinseback is allowed,



10

15

20

25

30

-216-

and state 1154 is entered into by the dialysis apparatus if the rinseback flag indicates that
rinseback is not allowed.

Referring again to state 1152, the dialysis apparams enters into state 1152 when
either the reatment completes from siate 1147 or when the user presses the infuse fluid
button 1162 and one of the infusion limit or the tank 1imit has been reached. In state
1152, the dialysis apparatus performs a rinseback operation. In the rinseback operation,
a blood pump of the diatysis apparatus is stopped and fluid is infused into the dialyzer to
displace the blood from the dialyzer such that blood is returned back into the patient via
both of the arterial and venous blood tubes.

After rinseback has completed in state 1152, the dialysis apparatus enters into
state 1155 if additional rinseback is allowed or state 1156 if no further rinseback is
allowed. A ninseback-allowed flag may be vsed to indicate whether or not a rinseback is
allowed.

If a further rinseback is allowed, the dialysis apparatus enters inte state 1155, at
which time the use can press the infuse fluid button 1162 to retumn to state 1152 if a user
closes the door which in tums cuases the dialysis apparatus to enter into state 1157.

If no further rinseback is allowed and the dialysis apparatus entess into state 1156
from state 1152, the front panel speaker 1165 will beep 3 times every 3 minutes to notify
the user that the rinseback operation completed. From state 1156, when the door is shut
the dialysis apparatus enter into state 1157.. A closed door prevents the patient from
being connected to the arterial or venous tubes.

The dialysis apparatus may transition from state 1153 into state 1152 if the user
presses the infuse flaid button 1162 to perform additional rinseback. Otherwise, the
dialysis apparatns will leave state 1153 and enter into state 1157.

In state 1154, the dialysis apparatus will enter info state 1157 when the door is
closed. When the dialysis apparatus is in state 1157, various routines are performed
within the dialysis apparatus including self-test, checks to determine if the arterial drain
connecior ié coupled to the arterial tube (e.g., a patient has disconnected this tbe from
themseives), check to determine if the venons drain connector is conpled to the venous
tuSe., cleaning the blood path, disinfect the fluid pathways, and the like. While in state

1157, if the door is opened, the dialysis apparatus will enter into state 1160 to issue a
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' door open alarm by beeping the front panel speaker 1165 continuously until the door is

shut where the dialysis apparatus returns to state 1157.

If the communications link between the tablet and the dialysis apparatus has a
link guality value that retnrns above the predetermined threshold while in state 1157, the
dialysis apparatus will enter into state 1159 for normal recycle operation which
commences communication between the 1ablet and the dialysis apparatus. If while in
state 1159, the tablet again has the link quality that is below a predetermined threshold,
the dialysis apparatus will enter into-state 1158, which may return back to staie 1159 if
the link quality returns to above the predetermined threshold. States 1158 and 1159
continue the recycle operation. While in state 1158, if the treatment is stiil preparing for
a treatment and the door closed signal is detected, the apparatus wiil return to state 1157.

While the hemodialysis system 6000 of Fig. 60 comprises a uéer interface unif
6002 remote from and physically coupled o a dialysis unit 6001, many alternative
arrangements are possible. For example, the user interface unit 6002 may be mountedio
or within dialysis unit 6001. For convenience, a user interface unit 6002 so mounted -
may be movezble from its mount for use in different locations and positions.

Fig. 61 shows an exemplary hardware configuration for each of the dialysis unit
6001 4nd the user interface unit 6002. Each of these is controlled by a separate CPU,
allowing for the separation of time and safety critical software from the user experience
software. Once a therapy has begun, it can be completed even if the user interface
computer fails or 18 disconnected. This can be supported by having some physical
contral buttons and indicator lights redundant to thogse implemented by the user interface
unit 6002 and connected to the control processor of the diaiysis unit 6001. The dialysis
unit 6001 comprises an automation computer (AC) 6106 that controls hardware actuators
and sensors 6107 that-deliver and monitor hemodialysis-related therapy, The antomation
computer 6106 comprises a control unit 6108 that includes a processing wnit 6109 and
computer readabie media 6110, The procéssing unit 6109 comprises one or more
processors that may execute instiuctions and operate on data stored on the computer
readable media 6110. The data may, for example, relate to hemodialysis processes that .
have been or may be performed on a pafient. The system architecture provides the
automation computer 6106 with software accessible safety sensors 6107 and the ability

to command a fail-safe state (allowihg for suspension or discontinuation of therapy inva
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safe manner). A parallel independent semiconductor device-based system can perform
checks gimilar to those controtled by the software in order td_ provide a redundant safety
system. This can be implemented, for example in a field-programmable gate array
(“FPGA”), and it can also command a fail-safe staic independently of the software
system if one or more safety checks is not satisfied. The integrity of the pneumatic,
hydraulic and electrical systems can be checked both during and between treatment
sessions. The instructions may compnsge, for example, an operating system (e.g., Linux),
application programs, program modules, and/or other encoded instructions that perform
particular processes. '

The computer readable media 6110 may comprise any available media that can
be accessed by the processing unit 6109. For example, computer readable media 6110
may comprise computer storage media and/or communication media. Computer storage
media may incliude any one or more of volatile and/or nonvolatile memory and
removable z;nd!or non-removable media implemented in any methed or technology for
storage of information, such as computer readable instructiong, data structures, program
modules or other data. Examples of such computer storage media includes, but is not
limited to, RAM, ROM, solid state disks, EEPROIM, flash memory or other memory
technology, CD-ROM, digital versatile disks {DVID) or other optical disk storage,
magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage
devices, or any other medium which can be used to store the desired information and
which can be accessed by the processing unit 6109. Communication media typically
embodies computer readable instructions, data structores, program moduies or other data
in 2 modulated data signal, such as a carrier wave or other transport mechanism, and
includes any information delivery media. The term “modulated data sign;:x ” means a
signal that has one or more of its characteristics set.or changed in:such a2 manner as to
encode information in the signal. By way of example, communication media may
include wired media, such as a wired network or direct-wired connection, and/or wireless
medig, such as acoustic, RF, infrared and other wireless media,

The various components of the automation computer 6106, including the
computer readable media 6110 and the processing unit 6109, may be electrically coupled
via a system bus. The system bus may comprise an‘j};’of several types of bus émzcturas

including a memory bus or memory controller, a peripheral bus, and a Iocal bus using
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anycfa \}an'ety of bus architectures. By way of example, such architectures may include
Indusiry Standard Architecture (ISA), Micro Channel Architecture (MCA), Enhanced -
ISA (EISA), Video Electronics Standards Associate (VESA), and Peripheral Component
Interconnect (PCI).

" The automation computer 6106 may further include a universal serial bus (USB)
interface 6113 so that various input and/or output devices may be coupled to the control
unit 6108, Examples of such input and/or output devices include a monitor, speakers, a
printer, a keyboard, a pointing device (e.g., 2 mouse), a scanner, personal digital
assistants, a microphone and other peripheral devices. USB is merely one exemplary
type of interface that may be used to connect peripheral devices. Other interfaces may
alternatively be used.

As discussed above, dialysis unit 6001 includes components for performing and
monitoring hemodialysis processes. Such components include sensors and actuators
6137.. To couple the control unit 6108 to the sensors and actuators 6107, the automation |
computer may include a bardware interface 6111. The hardware interface 6111 may
provide inputs to and receive outputs from the sensors and actuators 6107,

Automation computer 6106 may Further comprise a network interface 6112 to
allow the computer to connect with networked devices, such as those within a focal area
network (LAN) and/or a wide area network (WAN). For example, the network interface
6112 may allow the dialysis unit 6001 to exchange dafa with the user interface unit 6002
over a network 6114, which may comprise a LAN, such an Ethernet LAN, and/or a
W AN, such as the Internet, and may be wired or wireless. Of course, the dialvsis unit
6001 may alternatively or additionally exchange data with the nser interface unit 6002
over a bus or-other data connection.

The user interface unit 6002 comprises a user inteffécc computer 6119 that
controls a user interface, such as graphical user interface 6115 that displays information
to and receives inputs from the user. Like the automation computer 6106, the user
interface computer 6119 comprises a control unit 6116 having a processing unit 6117
and computer readable media 6118, 2 USB interface 6121 and a network interface 6120,

each of which may be the same as or similar to their counterparts in the automation

* computer 6119, In additidn, the user interface compuiter 6119 may include a praphics

interface 6122 to couple the control unit 6116 to the graphical user interface 6115. Ina
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preferred implementation, the user interface computer 6119 software is not tasked to
interpret data received from the automation computer 6106, but rather is tasked to
display the data in a user-friend)y manner.

¥ig. 62 schematically shows various exemplary software processes that may
execute on the processing units 6109 and 6117 of automation computer 6106 and user
interface computer 6119, respectively. The processes shown may be launched and
monitored by an executive process. For example, the AC processing unit 6109 and UIC
processing unit 6117 may respectively include AC Executive 6201 and the UIC -
Executive 6207 to launch the processes within the given processing unit and provide a
communications mechanism to determine the running status of the child processes. The
executives monitor each child process to ensure that each starts as expected and
continues to run. In particular, the AC Executive 6201 and the UIC Executive 6207 may
detect hung processes. When a child process terminates or fails, each executive pracess
may take appropriate action to ensure that the system continues to operate in a safe
manner. This may involve terminating processes and informing the UIC executive 6207,
leading to system shutdown, or restarting processes that are not safety-critical . On the
UXC processor, this may entail informing the operator and allowing the treatment to be
completed using the hard-keys. The AC Executive 6201 and the UIC Executive
G207may use a Linux parent-child process relationship to receive notifications from the
operating system about the termination of child pfocesses. This allows handling of
anomalous process terminations as well as expected terminations during a power-off

sequence. The automation cormputer 6106 and the UIC Executives 6201 and 6207 may

‘have a message interface between them to share information about theis running

. processes. The status information may be shared on a periodic basis to allow a coherent

view of state of all system processes on both processor units 6109 and 6117. The AC
executive 6201 controls a watchdog signal to the electronics, allowing it to place the
machine in a fail-safe state when any child process becomes unresponsive or requests a
fail-safe state. Preferably, this contro! does not require an Input/Output server, but can |
oceur directly via a hardware register.

As shown in the example of Fig. 62, the AC processing unit 6109 includes an IO

‘Server Process 6205. The IO Server Process 6205 directly accesses hardware, such as

sensors and actuators, of the dialysis unit, and provides an interface to allow other
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processes to request read and write operations. For example, the YO Server Process
6205 may provide an interface for the Machine Controller 6202 to read from and write to
the sensors and actuators, thereby isolating the Machine Controller from the details of
the hardware. In the embodiment described, onty the Machine Controlier 6202 may
communicate with the FO Server Process 6205, The interface may be a synchronous
message queve.

The Machine Controller 6202, mentioned above, serves as an interface for
controiling machine operations and reporting machine operational status. In particular,
the Machine Controlier 6202 implements controllers that réad sensors and set actuators
via the /O Server Process 6205, These controllers are designed to zllow functions (e.g.,
pumping and heating) to be programmed with a variety of parameters (e.g., flow rates,
phases, pressures, and temperatures) in order to support the various hemodialysis
therapies that may be performed: The configuration of the controllers may be established -
by state machines that implement high-level machine functions, such as priming and
disinfection. The state machines configure flow paths and controller set points based on
the capabilities of the machine and the high level commands received from the Therapy
Applications 6203, described below. The Machine Controller 6202 may also perform
safety cross checks on various sensors to maintain a safe, effective therapy. Machine
status and health information may be recorded by the Machine Controller 6202 to a
database. ' -

The Therapy Applications 6203 drive the patient’s therapy by commanding the
Machine Coniroller 6202 to perform individual operations relating to herhodialysis
processes. In particular, the Therapy Apphications 6203 may run state machines that

implement therapies and control the modes of the system. The state machines may, for

“example, control priming the system with dialysate, connecting the patient to the

machine, dialyzing the pagient, rinsing the patient’s blood back to their body, cleaning
the machine, disinfecting the machige, running tests on the machine components,
replacing old or worn out components, and waiting for the patient to return for their next
weatment. The Therapy Applications 6203 issue commands to and request status
information from the Machine Controller 6205 in order to implement the thegapy
operations. In order to obtain patient, therapy and machine information the Therapy

Applications 6203 may interface with a database to access information and store
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treatment statas information. The Therapy Applications 6203 may be used as an
interface by the User Interface Model 6206 process, discussed below, to forward user
selections and report therapy status back to the user interface. The Therapy Appii_caticns
6203 implements state machines that include treatment preparation, patient connection,

dialysis, solution infusion, patient disconnect, recycle preparation, disinfect, rinse, and

-disposable replacement. The Therapy Applications 6203 process also contains a master

control module responsible for sequencing the activity of all other therapy applications
that prepare for and deliver daily treatment. '

Like the Therapy Applications 6203, the User Interface (UT) Model 6206 runs on
the AC processing unit 6109, The Ul Model 6206 aggregates information describing the
current state of the system and patient, and snpports changes 10 the state of the system
via operator input. The UI Model 6206 separates the content of the user interface display
from non-content related aspects (e.g., presentation) by allowing the conient of the user
interface to change without affecting the underlying software that controls the user
interface display. Thus, changes to the UI Model 6206 may be made without affecting
the visual experience provided by the user interface. The Ul Mode! 6206 does not have a
display directly associated with it; rather, it commands the GUI 61135 of the user
interface unit 6002 (Fig. 61) to display s'creens and return information. For example,
when a user navigates to a new screen, the Ul Model 6206 may send information to the
user interface unit 6062 to be used in generating the new screen. The UI Model 6206
may also validate user data received from the user interface unit 6002 and, once
validated, and forward the user data or commands based thereon to the Therapy
Applications 6203.

To create the inferactive displays for the GUIL 6115 of the user interface unit 6002
(Fig. 61}, the Ul View Process 6208 runs on the UT processor. 6117 of the user interface
computer. The UT View Process 6208 need not keep track of screen flow or therapy
state. Instead the Ul View Process 6208 may receive from the Ul Model 6206 running
on the AC processing unit 6109 information specifying what and how to display the

current state of a treatment to the user, as well as what may be input. As a result, the

‘GUI 6115 may terminate and restart without impacting the system’s operation. In

addition, the GU1 6115 need pot be responsible for validating user iupots. Al inpuots and
commands received by the UT View 6208 may be sent to and validated by the Ul Model
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6206. Thus, all safety-critical aspects of the user interface may be handled by the UI
Model 6206. Certain prbccsses, such as those not safety-related, do not require the
patticipation 51“ the UT Model 6206. For example, allowing access to information stored
in a database on the user interface computer may not require any functions to be
performed by the Ul Model -6206.

Also running on the Ul processor 6117, a Remote Access Application 6210
provides an interface for external equipment. For exampie, the Remote Access
Application 6210 may provide an interface for therapy monitoring, remote service,
online assistance, and other external services, when authorized by a user. The Remote
Access Application 6210 may be responsible for initiating a remote connection,
validating the access, and supporting the communication from the remote site to the Ul
Model 6206,

A Database Access Application 6209 stores data to and retrieves data from one or
more databases which may, for example, be located on the user interface computer 6119
(Fig. 61). The Database Access Application 6209 allows for record storage and retrieval,
and provides a commeon access point for information required by the system, such as
prescription, schedule, and history information. The Database Access Application 6209
may also manage database files to ensure they are backed np periodically.

As discussed in connection with Fig,. 62, the x;unctianality of the user interface
software may be divided between the AC processing unit 6109 and the UIC processing
unit 6117. The Ul Model 6206 and Ul Controller 6204 may cooperate to isojate the
control of the UI data and state information on the automation computer 6106 so that
software and screen design changés to the Ul Viéw 6208 witl only affect the non-safety-
critical software on the user interface computer 6119, Thus, while the Ul Model 6206
may be tested and run at a safety-critical level, the UL View 6208 may run as a non-
safety-critical process, _ ' '

In general, therapy and machine state information displayed on the user interfacé
computer 6119 originates only from the Ul Model 6206. According to one exemplary
embodiment, all data disptayed on the user interface computer 6119 origi;'lates from the
Ul Model 62(}6 is taken directly from a database layer, or is ternporary editing data
estered by a user. Ths only local state information displayed or stored in the Ul VIB‘W

6208 may be this temporary editing data and details that allow for the local rcndanng of
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the information. In this manner, the UI Model 6208 may maintain and control the
display of all validated data. Non-safety related data may be handled solely by the UI
View 6208, if desired. For example, changes in the display language, or other display
changes that do not impact safety-related content, may be performed using the Ul View
6208 without any effect on the UI Model 6206.

It shouid be appreciated that the software processes shown in Fig. 62 and their

‘association with processing enits 6109 and 6117 represents just one example of 2

software configuration for performing the functions described above. The processes may
be distributed in various alternative manners among processing units 6109 and 6117 .
and/or other focal or remote processors. Further, not all processes may be required in the
hemodialysis system. Certain processes may be omitted or modified while maintaining
the functionality of & hemodialysis system.

Fig. 62a schematically shows the interactions of the software processes described
in connection with Fig. 62 in the context of the automation computer 6106 and the user
interface computer 6119. In addition to the processes shown in Fig. 62, Fig. 62b shows
an AC Logging Process 6211 and a UI Logging Process 6212, which handle logging
functions. In particular, the AC Logging Process 621! may be configured to allow
messages from the automation computer 6106 to be logged tog lo-g file created on a user
interface file system.. -The AC Logping Process 6211 may also be configured to allow
engineering Jogging and black box logging. The UI Logging Process 6212 may be
configured to log system messages from the automation computer 6106 and user
interface computer 6119 processes to create the message logs. Additionally, the UT
Logging Process 6212 may be configured fo receive and log engineering and black box
datz from the antomation computer 6106 processes.

Referring agﬁin to Fig, 61, an exemplary hardware configuration for the dialysis
unit 6001 and the user interface unit 6002 is shown wherein the automation computer

6106 of the dialysis unit includes & hasdware interface 6111 that provides inputs to and

‘receives outputs from sensors/actuators 6107. According to an alternative

implementation, & hardware interface may be provided separate from the automation
computer 6106, This interface may provide an alternative safety sysiem or a redundant

safety system, as discussed in connection with Fig. 61.
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Fig. 62b shows an exemplary dialysis unit 6001a wherein sensor and hardware
control signals pass between sensor/actuators 6107 and an interface board 6124 that is

separate from the automation computer 6106a. In alternative embodiments, the interface

‘board 6124 may be master board with one or more daughter boards. The interface board

6124 may be connected by a data bus 6126 to the AC processing unit 6109, The data bus
may, for example, be a Serial Peripheral Interface (SPT) bus, which provides a low cost,
fast and reliable connection.

The interface board 6124 may include a safety system independent of the
automation computer 6106a. For example, the interface board 6124 can command 2 faii-
safe condition if any of a set of electrical sipnals is outside of an acceptable range. The
safety system may be programmed at the start of each therapy by the O Server Process
6205 of the AC processing unit 6109 described in connection with Fig. 62. The I/O

Server Process 6205 may set the acceptable ranges of values for selected sensors, and the

’ écceptable ranges for these sensors may be read back to the I/O Server Process 6205 to

confirm that they were correctly transmitted and stored. According to one exemplary
implementation, the interface board 6124 communicates with only the automation
comptiter 6106a of the dialysis unit 6001a so that the dialysis unit enters. a fail-safe
condifion when unsafe conditions occur, regardless of the automation computer, the UL

computer 6119, or the state of the control software.

FPGA Safety Board
In one embodiment, the interface board 6124 includes Field Programmable Gate

Asrays (FPGAs). The FO Server Process 6205 of the AC processing unit 6109 may load

patient or dialysate formula specific limits, including acceptable conductivity levels, for

. selected sensor signals. The use of patient or dialysate formulza specific safety levelsin a

gate-array safety system may allow the safety system to be customized for each patient
or dialysate formula, while providing the robustness, independence and speed of a safety
system operating substantially independently from a main Sj'stam pracéssor.

The FPGA safety system on the interface board 6124 may monitor one or more
of the following measurements dialysate temperature and conductivity , ultrafilerate flow
rate, valve states, door, front panel, and Occluder door switches, air leaks, fluid leaks,

and/or the absence of.cﬂmmunication from the AC processing unit 6109, The FPGA
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may enter a fail-safe state if one or more measurement exceeds its pre-prograimmed
acceptable value or range of values indicating the presence of an unsafe.condition. The
FPGA safety system on the interface board 6124 may cormmand a fail-safe state that
allows manual rinse-back of blood to the patient for a first set of measurement values
that are outside of their acceptable ranges. For a second set of measurement values that
are furthet outside their ‘acce,ptab}e ranges or indicative of unsafe fluid conditions, the
interface board 6124 may command a fail-safe state in which blood cannot be rinsed
back. The integrity of the FPGA safety system may be checked via operational tests that
expose the sensors to physical conditions that produce measurements that may be ountside
the allowed range of acceptable condifions, and in which the entry into a fail-safe stateis
verified by the automatic computer. The automatic computer may reset the FPGA by
writing to two or more registers within a given time limit.

In one example, the conditions that may generate a fail-safe state without rinse-
back in the FPGA safety system include but are not limited to; conductivities more than
about 7% outside the nominal conductivity specified by the formula for a period of seven
seconds while the patient is connected; temperature exceeds 41.5°C, air at the
AIL_Venous or ATL_Arterial ahd the patient is connected and the occluder does not
closﬁ within 200 ms; the heprarin BTS valve and the heparin Vial valve are baith open; or
the heparin BTS. valve and the heparin Air valive are both open.

The FPGA safety system may be programmed 1o enter a fail-safe state when the
patient is connected if the measured conducti_vity of fluid (e.g., dialysate) fails outside &
range predefined by a formula programmed into the device (the calcalated range of
acceptable conductivity being desermined by, for example, the temperature of the flnid,
ot the stage of dialysate production). In one example the allowable range for final
cor'tducﬁvity is 13.6 to 14.6 mS/cm. In some conditions, the AC processing unit 6109
may alert the user of a potentially unsafe condition and work with the user to resolve the
condition. One exampie of an unsafe condition that the AC processing unit 6109 works
with the user to resolve is air in the blood lines. The FPGA safety system will only
initiate a fail-safe state if the AC processing vnit 6109 does not react properly. In the
examnple of air in the bléod fines, the AC processing urit 6109 should close the occluder.
The FPGA safety system .will initiate a fail-safe state f it does not detect a-closed

occluder.
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In an embodiment, the FPGA calculations are limited (o integer calculations to
improve the processing speed and reduce the cost and complexity of the interface board
6124. The VO Server Process 6205 of the AC procéssing unit 6109 may be responsible
for performing the calculations to convert conductivities, temperatores and/or pressures
into analog-to-digital (A-D} values. Acceptable values, such as for the various
conductivities, termperatures, and/or pressures, may be store& as A-D converted integer
values. )

The safety shutdown functionality of the FPGA safety system may be tested prior
to every therapy by intentionally exposing the sensors to conditions that should trigger
safety shutdown (also referred to as a fail-safe state). The verification of the safety

shutdown functionality is performed by the AC processing unit 6109, while the patient is

not connected, In one example, the AC processing unit 6109 sets the patient connected

status to yes, and pumps fluid from the dialysate that does not have the correct.

conductivity through the condo_safety sensor at position 47035 (Fig 59), and verifies that
the safety monitor enters a fail-safe state. In another exaznﬁ!e the AC processing unit
6109 sets the patient connected status to yes, and pumps dialysate that has been heated 1o
42°C and that does not have the correct conductivity past the Temperature_Safety sensor
at position 4705, and verifies that the safety monitor enters a fail-safe state. In another
example the AC. processing unit 6109 sets the patient connected status 1o yes, sets the
nitrafiltration or UF pump rate register to 60 mi/hr, operates ﬂie UF pump at 120 ml/hr
and verifies that the safety monitor enters a fail-safe state. In another one of several
possible examples, the AC processing unit 6109 sets the patient connected status o yes,
and opens the outlet valves of both inner dialysate pumps to drain (i.e., the DP_Outsidel
9255 and the DP Qutside2 9260 valves shown in FIG. 118) and verifies that the safety
monitor enters a fail-safe state. In another example the AC processing unit 6109 sets the
patient connected status to yes, and ensures that air is present in at the AIL_Venus a;xd
AIL_Arterial sensors, sets the occluder open and verifies that the safety monitor enters a
fail-safe state.

The AC processing unit 6109 may reset the FPGA safety circuit in order to
perform the next checkout test or to arm the FPGA safety cirenit for use when a patient is
connected {o the dialysis ;init. The the AC processing unif 6109 may reset the FPGA

safety circuit by writing to two registers within a given time frame. In one example the
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AC processing unit 6109 toggles a first signal from a first value to a second value and

_ then back to a first value, while a second signal is held constant at given value. Then the

second signal is toggled from a first value to a third value and back to the first value

within a pre-determined period of time.

Conductivity, temperature and yalve state checks

The electrical conductivity of heated dialysate and partially mixed dialysate may
be measured in connection with a dialysis treatment. The conductivity of the fluid may
indicate the concentration of acid, bicarbonate and other additives in the dialysis

solution. Although allowable concentrations for a given patient or dialysate formula may

be known, the electrical conductivity changes as a function of temperature. The FPGA

safety system may be programmed with a table of high and low acceptable conductivities
for a plurality of temperatures.  The high and low conductivity mits for different
temperatures may be specific to selected dialysate formulae. A user or clinician may

select a dialysate formula and the AC processing unit 6109 may download the

corresponding high and low conductivity limits to the FPGA. These high and fow

conductivity limits may be stored as A-D counts for each temperature range in order to

minimize computing time and demand on computing resources. In one embodiment,

-these temperatures are selected to.be about 1°C apart. Temperatures may be measured

next to each of the conducﬁ(rity sensors, The FPGA safety system may compare the
measured conductivity to the high and low acceptable conductivity values éonespOnding
to the measured temperature. In an exemplary implementation, the electrical
conductivity of the media may be determined at positions 4701, 4702 and/or 4705
described in connection v;uith Fig 59. Temperatures may be measured in the vicinity of
these positions. ‘

The temperature of the dialysate leaving the nitrafilter may be monitored. In one

embodiment, a ail-safe state is trigged if this temperature is outside an acceptabie

_temperature set by the VO Server Process 62035 of the AC processing unit 6109. A fail-

safe state may also be riggered.if an unacceptable combination of valves is commanded

_open-and or-closed. This safety mechanism may prevent the balancing circuit from

geiting into a hydraniic lock andfor preirant unsafe flows in the blood and dialysate

circuits.
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The FPGA safety system may include logic to monitor the average flow rate
through the ultrafiliration pump and enter 2 fail-safe state if the a?erage flow is too high.
The maximum allowed ultrafiltration flow rate can be fixed, or it can be one of the
parameters that is programmable on the FPGA, being either therapy-specific or patient-
specific, or both. ‘A challenge of calculating the average flow rale is that flow through
the ultrafiltration pump may be intermittent, only occurring during set time intervals,
Thus, 2 cumulative average flow rate may be very low until the UF pump is activated, at
which peint the high instantaneous flow rate will quickly exceed a maximum allowed
flow rate. In one example, the logic of the FPGA safety system calculates the average
flow rate by crealing a register with a maximum value (either fixed or programmable),
and initializing the register at a second intermediate value. The register value is
decreased by one for each vltrafiliration pump stroke and increased by one for each pre-
determined time period when the pump can be active. ¥ the register value either drops to
Zero or increases to the maximurn value, the interface board 6124 may comumand a fail-
safe state. o |

Certain fail-safe states can be implemented through commands from the interface
board 6124. In one example, the fail-safe state with manual rinse back may be achieved
by commanding pneumatic manifold vaives 6020 with the interface board 6124 io close
the occluder, turning off the binary pneumatic valves 6620, and holding the high pressure
valve closed. The pneumatic valves 6020 in the pressure distribution module 20800 may
be sélected to be either normally-closed or normally-open so that in the powered down
condition, manual rinse-back can be achieved. In another -example, the fail-safe state
without rinse back may be achieved by commanding the pneumatic manifold valves
6020 with the interface board 6124 to close the occluder, and ‘d'e—pressurizing the positive
pressure supply reservoir (either by venting it, or by opening a pesitive pressure valve to
a negative pressure valve on the pressure distribution manifold) so that there is no
pneumatic pressure available to the dialysétc tank to push dialysate across the dialyzer
membrane, and blood in the blood tubing Sét toward the patient. The pneumatic valves
may aiso be unpowered during a fail-safe state without rinse back.

Fig. 62b also shows an Emergency Power Off (EPQ) board 6128 coupled to the
interface board 6125 within the dialysis unit 6001a. It should be appreciated that while
the interface board 6124 and EPO board 6128 are shown within dialysis unit 6001a and
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separate from the automation computer 61062, alternative configurations are possibie,
The EPO board 6128 may be bonﬁgured to enable ﬁghtiﬁg and alarming m the case of a
power ountage. En particular, the EPO board 6128 may include a microcontrolier and

embedded software configured to sound a buzzer, lluminate waming lights and/or

iluminate flood lights in response to a loss of power. Such light and alarm systems may

be electrically coupled to the EPO board, In the event of a loss of power, the EPO board
may be commanded on by a signal from the 10 Server Process 6205 of the AC
processing unit 6109, Other exemplary functions of the EPO board 6128 include
reporting “stop” and “infuse” button states to the AC contro] unit 6108, illuminating
lights (e.g., button, warning, and flood light LEDS) in response to commands from the
AC processing unit 8109, and reporting a battery voltage level when requested by the AC
processing unit 6109,

Fig. 63 shows an example of how information relating to the user interface may
flow between and among the hardware and software components of the user interface
computer 61 19 and automation computer 6106. Information may flow and be handled so
that safety-critical information is processed only at or below the UI Model layer. Safety-

critical information relates to operations of the hemodialysis system. For example,

safety-critieal information may comprise a state of a dialysis process, a screen state of

the graphical user interface, and/or the algorithms for implementing or monitoring
therapies. In some cases, safety-critical information may be displayed by the graphical
user interface. In such cases, the safety-critical information may comprise content that is

material to the operations of the hemodialysis system. Non safety-critical information

displayed by the user interface may comprise aspects of the display that relate to visual

presentation and are not material to the operations of the hemodialysis system.
As shown in Fig. 63, the Ul Model 6206, Ul Controlier 6204 and Therapy

Applications 620, discussed in the connection with Fig. 62, run on the automation

~ computer 6106. The Ul View 6208 runs on the user interface computer 6119, along with

Auxiliary Applications 6301, A database 6302, or an'interface thereto {¢.g., 2 database
server) may also reside on the user interface computer 6119, The Ul Model 6206
aggregates the information describing the curreit state of the system and patient, and
commands .the graphical user interface to display screens and retum information. It

validates and forwards user data and commands to the therapy applications in order to



10

20

25

30

- 231 -

give the user controf over the system. The U1 Model 6206 keeps the content of the user
interface independent from the display. The graphical user interface préfcrably does not
maintain machine staté information; atlowing the user interface to be changed or
temporarily disconnected without affecting the underlying software. Although the
graphical user interface is not responsible for validating user inputs, it may constrain
ranges of various inputs, the validation being the responsibility of the UI Mode! 6206.

Considering first the flow of information between the Ul View 6208 and Ul
Model 6206, the Ul View operates as a client of the UI Model, as expiained below. The
UI View 6208 requests the current screen state from the UI Mode} 6206, and the Ul
Model answers the reguest,. The answer dictates the major screen state of the Ul View
6208. The Ul Model 6206 may publish data and state information in sufficient detail so
that the UI View 6208 can present varions subsets of display information according to a
level of detail requested by a user. For example, the Ul View 6208 could present the
same therapy staie as either a summary or a step-by-step guide using the same

information from the Ul Model 6206. The presentation of the information may. be based,

for example, on a mode selected by a user-(e.g., “expert” or “novice”}. The Ul Mode)
6206 may provide the ability for the Ul View 6208 to record sub-state information, such
as a correat presentation mode, in the UL Model. This allows the GUI to resume
operation in its prior state in the event of a user interface computer 6119 reset.

The U1 Model 6206 may accept user-input data and requests, such as a request to
start a therapy, from the Ul View 6208. Data integrity of any information submitted via
the U1 View 6208 may be enhanced or ensured in several ways, such as by sending data
éubmitted-via the UI View 6208 through the Ul Mode] 6206 for verification. That is,
while data may be edited locally in the UL View 6208, the accepted data may be
transferred to the UI Model 6206 to be verified and recorded intc database 6302 and/or
sent to the Therapy Applications 6203. Verification may comprise, for example,
verifying that entered data is within an expected range. Any entered information may be
then read back from the database 6302 by the Ul Mode! 6206, and sent to the Ul View
6208 for display to the user. This process may be used to ensure that data stored in the
database 6302 is correct or as a user intended. Data integrity may also be enhanced by

requesting verification, by the user or another party, of entered data.
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As shown in Fig. 63, direct authority to control the Therapy Applications 6203 in
response to inputs received from the user interface, and thereby affect machine state,
may be limited to the Ul Model/UI Controller 6303 running on the antomation computer
6106. In addition, direct authority to change information in the database 6302 may be
limited 1o the Ul Model/UT Controller 6303. In this case, the Ul View 6208 and
Auxiliary Applications 6301 may have read access to the database for actions such a
viewing a Jog, but-may not have write access to the database 6302, at least under most

circumstances, In this way, actions that could have safety-critical implications may be

isolated on the automation computer 6106. Of course, in some situations, it may be

desirable to allow the Ul View 6208 and Auxiliary Applications 6301 to have limited

. write access to the database 6302, such as io write 1o a particular portion of the database

or to write non safety-related data to the database. In addition, in some embodiments, it
may-be desirable to allow the UI View 6208 to directly control aspects of the Therapy
Applications 6203.

The Auxiliary Applications 6301, discussed above, may comprise log or -
documentation viewers, for example. These Applications 6301 may run on the user
interface computer 6119 and operate in their own process space. However, to enable the
UI View 6208 to control these applications, the Auxiliary Applications 6301 may be
clients of the Ul View 6208. This allows the UI View 6208 to communicate with the
applications in & standard manner and allows the UI View to monitor these processes.

The UI Controlier 6204 may comprise a table-based hierarchital state machine
(HSM) that determines the state of the screens displayed by the Ul View 6208 based on
data polléd from the Therapy Applications 6203, local timeouts, and command requests
or-data received from the UI View 6208. As represented in Fig. 63, the UL Controler
6204 may access and write data to the database 6302 as required. The state of the HSM
in the UI Controller 6204 may determine the major state of the set of screens displayed
by the UL View 6208,

An ex'emp}azy HSM that may be used by the Ul Controller 6204 to determine the
state of the screens displayed by the Ul View 6208 is schematically shown in Fig. 64
As shown, the HSM 6400 determines the state of "normal” (i.e., non-alarm;) level
interactions 6401, including the current functional state 6402 of the user interface and the

current menu state 6403. The HSM 6400 shown in Fig. 64 is merely exemplary, and
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may be implemented in a much rﬁore detailed manner. For example, the state-designated
“Prepare” 6404 may involve several states relating to preparation for treatment, including
a-“gather supplies” state, an “install chemicals” state, the entering of patient information,
and a validation screen. The validation screen gives the nser the opportunity 1o return o
any of the prior data entry screens so that inaccurate information can be corrected before
the “Prepare” state is exited. The HSM 6400 also shows an alarm state 6405 that may be
triggered. The alanm state is described in connection with Fig. 65,

The UI View 6208 may have the ability fo take over the screen display at any
time in order to display alarms. An alarm condition may be triggered in certain
circumstances to notify a user or other individual of ap abnormal or otherwise
noteworthy condition, such as a fluid leak, an occlusion, or an out-of-range temperature.
When an alarm condition occurs, the state of the Ul Controller 6204 may change. As -
shown in Fig. 65, when the Ul View 6208 polls the Ul Model 6206 for the current state,
the U View will change the display view from a normal state 6501 to an alarm state
6502 displaying alarm information 6503, When in an alarm condition, the Ul View 6208
may prevent other information from blocking the display of the alarm. However, even
during an alarm condition, the display may be configured such that a user may activate a
“help” button to access additional information. In this case, help information 6504 may
be laid out so that the help information covers only a portion of the view. Safety-critical
logic of the alarm display, such as silencing logic, may be controlled in the antomation
computer 6106, For example, if a user would like an alarm to be silenced, ap indication
of the silencing request may be relayed back to the Ul Model/UI Controtler 6303, which

can allow the andible alert to be silenced temporarily. In each of the alarm state and the

" normal state, alternate views 6503 and 6506, respectively, may be possible.

As explained above, when an alarm occurs, the normal Ul View state is
terminated so that the alarm state information can be displayed. Any local screen
selection and/or editing data may be lost when the screen is changed. Since it may i:-e
desirable to preserve this information, the Ul View 6208 may request that the UT
Mode/UI Controller 6303 stores information related to the screen displayed just prior to

the alarm condition (i.e., the screen related to the normal state). At the conclusion of the

 alarm, if the normal state has not changed, the UI View 6208 may retrieve the stored

information dnd restore the screen display. As an additional benefit, this feature may be
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used 10 restore the prior view in the event that the user interface compater 6119 is
inadvertently reset.

Therapy behavior is modeled and implemented as hierarchical state machines that
define each activity and user interaction as discreie states. As shown.in Fig. 66, the
Therapy Layer 6601 is between the User Interface Model Layer 6602 and the Machine
Layer 6603. The Therapy Layer both generates data and uses data stored in the Database
6604, which also shares data with the User Interface-Model Layer.

The Therapy Layer 6601 controls the state of the system as a whole, and dictates
available user interface interactions. The Therapy Layer 6601 is polled for state/status
information by the User Interface Model Layer 6602.. The Therapy Layer 6601 accepts
user state change requests and changes to the Therapy Settings 6605 from the therapy
settings 6606 on the User Interface Model Layer 6602, The Therapy Layer 6601 directs
the Machine Layer 6603 in controlling the fluid path flows by issuing commands 6607
from _Therapy Control and Applets 6608. The Therapy Layer 6601 polls status
information 6609 from the Machine Layer 6603 to dete;mjne the state of processes.

information read from and written to the Database 6604 may include Component
Status 6610, Component History 6611, User Parameters 6612, Thsrapy Limits 6613,
Therapy Settings 6614, and Therapy History 6615, For example, replaceable component
information may be read from and updated to the Database 6604, and required fluid use
and disinféc; information may be read from the Database 6604. The TharapyA Layer 6601
periodically writes Therapy Status 6616 information fo the Database 6604 for logging
purposes and to facilitate recovery in the event of a temporary power loss. The Therapy
Layer 6601 also updates the Database 6604 with Component Status information 6617

All inter-processor conununicalio.ns may'be performed via server-defined client
application programming interfaces (APIs) as remote process calls. The Therapy Layer
6601 may block when making Machine Layer and Database mterface calls via their
respective Client APIs. Ht)wevs;, during critical functions, such as while pcrfoﬁning
patient therapy, the Therapy Layer generally will not perform any E]ocking database
accesses. Generally, only non-critical updates fo the database are performed using

asynchronous (one-way) wiites.
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The User Interface Model Layer 6602 may block when making Therapy Layer
calls via the Thcj:apy Client APL The processes of the Therapy Layer may be considered
higher-priority than those of its clients, such as the User Interface Model Layer 6602.

The system may handle exception conditions or ervors generally in one of at least
three ways. A system error detected in the software or associated with the CPU (such as,
for example, a memory faiture) call the reliability of the system into question, and trigger
a failsafe staie. A therapy error or condition may occur if a therapy variable approaches
or exceeds permissible bounds. At least an alert or alarm (an event requiring user action)
are triggered, and the condition is logged. Finally, system operation conditions can be
triggered and logged to the database for later retrieval and anaiysis if problemns are
reported by an operator or service technician. :

Generally, the Machine Layer 6603 will not change state unless explicitly
requested by the Therapy Layer 6601, Thus, the Machine Layer 6603 generalty should
not generate an exror in response to a change requested by the Therapy Layer 6601,
assuming that the Therapy Layer 6601 makes change requests that are vaiid for the

current operating state. As a result, Machine Layer 6603 command errors may not be

. tolerated. An exception is when a "Pause-Freeze-Stop” button is acted upon directly by

the Machine Layer 6603 prior to Therapy Layer 6601 interaction. In this case, the
Machine Layer 6603 will ignore any subsequent Therapy Layer 6601 commands until
the Therapy Layer confirms the “Pause-Stop-Freeze” action.

Exception cases (e.g..in the event of a blood leak, or air in a line) and orthogonal
states-may be prioritized such that the state presented to the external User Interface
Mode! Layer 6602 can be resolved to a unique cunrent state. If multiple orthogonals

attempt to set the user interface state, generally only the last orthogonal processed will be

_ presented. Unexpected exceptions may be handled by commanding a Fail Safe state.

As explained above, the Therapy Layer 6601 software is a state-based contro}
layer between the Machine Layer 6603, and the User Interface Model Layer 6602. The
interface and access methodology that the Therap& Layer 6601 pre.saﬁts 1o the User
interface Model Layer 6602 are discussed below.

The Therapy Layer 6601 is a state-based layer that receives command requests
from the User Interface Mode! Layer 6602. Some commands are valid from any state.

Others are state specific, and the Therapy Layer 6601 will decide if the current command
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request will be acted upon or not. If the carrent state is not valid for the command
request, the request from the User Interface Model Layer 6602 will be rejected and an
appropriate reason for the rejection will be retumed to the client. In this way, safety-
critical operations will be protected from commands that are inappropriate in the current
state. Only safe and validated operator command activities may be processed.

The Therapy Layer 6601 interface to the User Interface Model Layer 6602 may be a
server, and the User Interface Model Layer 66U2 may access it as a client process using
standard JPC client/server connection methods.

Synchronization between the Therapy Layer 6601 and the User Interface Model
Layer 6602 may be based on two state-based enumerated types: the “Master State” and
the “Sub-State.” The Master State indicates the currently active Therapy Layer 6601
state machine. The Sub-State provides a unigue state indication that can identify aiI of
the alarms, user interaction, or the therapy sub-states that have duraﬁon. These state
vaniables are updated in Therapy: Status messages. This allows the Therapy Layer 6601
to verify what the active nser operation is in a response to and provides the context o
commands like “continue.”

Tuming now to the Machine Layer 6603 shown in Fig. 66, an exemplary
implementation of the Machine Layer is shown in Fig. 67. The machine software is a
layer of abstraction that provides the ability to implement a specific set of operations.
These operations include primiqg the system, performing dialysis, disinfecting, draining
and self testing, 'Ehe machine software operates specific valves, runs pumps, controls
flow paths and takes measurements, During the operations of the Machine Layer, status
information can be requested at any time without inteifering with operations.

With reference to Fig. 67, one state of the Machine Layer Sta'té Machine 6701 is
the Primed With Water state 6702, This state is reached by sending the primeWater
command 6703 énd allowing the operation Prime with Water 6704 o complete. In the

Primed With Water state 6702, the fluid paths are filled with reverse osmosis (RO) water

and purged of air. In addition; this state 15 used to rinse, disinfect and perform various
tests including flow tests and hydraulic integrity tests.
The Air Filled state 6705 is used to run the dialyzer and ultra filter integrity tests

and for replacing components. In this state, the system may have had as much of the

fluids removed as practically possible.
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Dialysis treatment is performed in the Treatment state 6706. ‘This state is entered
by sending a co’ﬁtmand 6707 to set up the parameters of the dialyzer and the ultrafiiter,
For example, the setupDialyzeParams command 6707 may communicate the parameters
of the installed disposable filters and the size of the needle/catheter. The initial state of
the Treatment state 6706 is the Setup Dialyze Parameters state 6708,

The command issued by the Setup Dialyze Parameters state 6708 depends on the
dialysate source. If the source is bagged dialysate, the primeDialysate command 6711 is
issued and the process procesds directly to Prime with Dialysate 6709, If the system is
making dialysate from a bicarbonate cartridge and acid, the connections have to be
verified. In this case, the CheckChem command 6712 is issued and the process proceeds
to the Check Chem Connections state 6710. A dry test can be used to verify that an
empty chemical container is connected. A wet test can be used to verify that a primed
chemical conitainer is connected by detecting the presence of no or minimal air in the
container. Positivé or negative pressure can be applied to the chemical container to

detect the presence of loase connections or leaks. Couversely, a “CheckBypass™ test can

" 'be performed to verify that the bypass connector is in.place. Positive or negative

pressure in the flow path can be measured to determine whether the chemical concentrate
containers and tubing or the bypass connector are present. Positive or negative pressure
can also be applied to determine the presence of any leaks associated with the connector.
When this state is complete, the primeDialysate command 6711 is issued and the process -
proceeds to Prme with Didlysate 6709.

When using bagged dialysate, the priming process begins immediately. When

‘ making dialysate from reverse osmosis water, the system should prime the bicarbonate

cartridge and cause the conductivity of the dialysate to stabilize at the requested level.
Then, the dialysate tank should be filled to a minimum level, The system primes itself

by running the pumps in the dialysate circuit forward and backward to drive air out of

the cassette. The conductivity sensors can be checked during priming to ensure that their
readings remain consistent. The system finishes priming by driving dialysate through the
dialyzer and into the blood loop. Priming here can also involve forward and backward
flow to help purge any air from the blood loop. The arterial and venous lines can also be

isolated at times to purge the air more efficiently. Priming of the blood loop also serves
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1o meet the minimum rinse volume required for the diatyzer before treatment. When this
process is complete, the patient can be connected.

Before the start of a treatment, a Set Fluid Production Parameters command may
be sent to the machine [ayer 6701. This command communicates the necessary
information to either make dialysate or use pre-made dialysate. For example, the
following dialysate information may be provided: bicarbonate cartridge priming volume
(ml), bicarbonate volumetric ratio (mg/ml), target dialysate conductivity (mS/cm @
25°CY after addition of acid and salt (final dialysate composition), and acid volumetric
mixture (m! acid/ml water). The following dia]_ysate, source information may be
provided: reverse osmosis (RO} water or premade dialysate (RQ/ Bagged), and pre-made
dialysate volume (mi). o

The Pneumatic Integrity Test operation 6715 verifies the pneumnatic devices in
the system. This operation may check for leaks and verify‘ sensors. This operation may
comprise the following individual tests, which may be run individually or all in
sequence: a cassetie leak test, & pressure pump test, a dialysate tank test, and a valve
speed test. The system may be prevented fromn initiating a therapy if any of these tests
fails. s

The cassetie leak test is configured to identify gross pneumatic leaks in the system
and determine whether they exist in the cassette or the manifold. An exemplary
implementation of the cassette leak test is described béiow. At the beginning of the test,
the prieumatic tank controller is disabled so that the test can control the positive and
negative compressors manually. First, all valves and pumps are opened tg positive
pressure, while all pathways to negative pressure are closed off. The tanks are charged
and then mrned off in order to perform a Jeak down test. A leak may be detected by
monitoring system pressures with respect to & predetermined threshold for a

predetermined period of time. A leak in the positive reservoir pressufe reflects a leak in

‘the cassetie, since everything is opened to the positive source. A leak in the negative

reservoir pressure reflects a leak in the manifold, since little is drawing off the negative
source. Next, all valves and pumps are opened to negative pressure, while zl} pathways
to positive pressure are closed off. The tanks are again charged and turned off iﬁ order to
perform a leak down test. In this case, a leak in the negati ve-reservoir pressure reflects a

leak in the cassette, since everything is opened to the negative source. A leak in the
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positive reservoir pressure reflects a leak in the manifold, since little is drawing off the
positive source, The pneumatic tanik controller is then re-enabled, the fluid valves are
closed, and the pumps are closed off from both pressure sources.

The cassette leak test also tests the air flow capacity of the positive and negative

compressors. To test the negative air-flow, a positive valve and a negative valve

associated with the bicarbonate pump 183 (Fig. 3A) are opened at the same or
substantially the same time. The negative reservoir pressure is then monitored while the
negative compressor is turned on. The test may fail if the negative pressure exceeds a
predetermined threshold. To test the positive air flow, a positive variable valve and a
vent variable valve associated with pod pump 161 (Fig. 5) ae opened to a full open
position at.the same or substantially the same time. The positive reservoir pressure is
then monitored while the positive compressor is being controlled by the pneamatic tank
controller. The test may fail if the positive pressure is less than a predetermined
threshoid.

The metering pump test is configured to detect pneumatic leaks in the reference

and pump chambers of the metering pumps described herein. According to an

exemplary implementation of the metering pump (est, all feference and pump chambers
are first charged with positive pressure by opening the positive source and FMS valves.
The test verifies that each charnber reaches 2 predetermined pressure and that the
reference and pump chamber pressure readings are in agreement. Nexkt, the positive
source valve is closed and a leak down test is performed on the pump and reference
chambers at the same or substantially the same time. The same test may be repeated
using the negative source valve. Afterwards, each pump chamber is charged with
negaﬁve pressure, The FMS valve is then closed and the reference chamber is charged’
positive.. The chamber pressures are checked against their target pressures before the
positive source valve is closed to perform a jeak down test on both chambers. In some
cases, the pressure decay rate is-uséd to determine whether a leak test passes;

The pressure pump test is configured to detect pneumatic leaks in the eight
pressure pummp chambers, According o an exemplary implementation of the pressere
pump test, the chambers are first charged close to the low posifive pressure and a leak
down test is performed, Next, tﬁe chambers sire charged close to the negative pressure

and another leak down test is pefformed. An additional leak down test on the inner
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pump chambers is then performed at a lower pressure with tighter constraints. Finally,
ali chambers are actively controlled to four different pressures to.check that the pads can
be accurately charged and controlled.

The dialysate tank test is configured to detect pneamatic leaks in the dialysate
tank and the FMS reference chamber used to take floid l‘ével readings. According toan
exemplary implementation of the dialysate tank test, the reference chamber is first
charged with the two-way binary FMS valve associated with the dialysate tank in a
closed position. A leak test is then performed. Next, the dialysate tank is charged by
closing the surrounding valves, and then stepping np the pressure by repeatedly charging
up the reference chamber and opening the two-way binary FMS vaive associated with
the dialysate tank., Once the tank is sufficiently charged, a leak down test is performed.
Afterwards, the three-way low pressure vent valve associated with the dialysate tank is
opened and it is verified that the tank can successfully vent preésure.

The valve speed test is configured (o measure the open speed of the variable
valves, metering pump vaives and select fluid valves. The close speed of the select fluid
valves may also be measured. '

The Hydraolic Integrity Test operation 6716 verifies the fluid valves i ihe
system. In particular, the operation tests whether each of the fluid valves opens and
closes properly. If the operation reveals that any of the fluid valves is not operating
propetly, as evidenced by a failure, the dialysis system may be prevented from initiating
a therapy. The operation is divided up into test sets based on which pump chambers
drive fluid through which vaives. Each tast set comprises a pump chamber, a set of test
valves,and a sét of valves 10 open. The pump chamber is used to fill and charge the test
pathway with fluid. The set of test valves are the valves that are under test for that test
set. The set of valves to open are the valves that are left open in order to create a path to
drain or back to the tank.

In this test, the fiuid pathways associated with a puinp chamber ave first primed
with a fluid (é.g., water), and the purnp chamber is filled with the fluid. Then the pump
chamber is pressurized. The steps involved in pressurizing the pumping chamber may

compriée, for example: (1} closing the valves associated with the pump chamber, (2)

opening any valves necessary to provide a clear path away from the valve under test to

atmospheric pressure (e.g., to drain or back fo the tank), (3) pressurizing the pump
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chamber (o a predetermined pressure (e.g., 600 mmHg above atmosphere) from the
pnsitivé prassure gas reservoir, and (4) closing the connection to the reservoir. After
pressurizing the pump chamber, a test may be performed to verify proper operation of |
the test valves in the closed state. In particular, the pressure of the pump chamber may
be monitoted, and a failure may be logged if the pressure decays more than a
predetermined maxirnum decay limit over a predetermined minimum decay time. Such a
failure may indicate that one or more valves is leaking sufficiently to allow the current
pomp chamber to deliver fluid,

Next, for each test valve, the following test may be performed to verify proper
operation of a test valve in the open position. First, the pump chamber may be
pressurized according to steps (1) through (4), described above, and the test valve may
be opened. Next, the pressure of the pump chamber may be monitored, and a failure
may be logged if the pressure decays less than a predetermined minimum decay limit
over a predetermined maximum decay time. Once this test is completed for 3 current test
valve, the test valve is closed, and the test is performed for another test valve. If all the
valves in the current test set have been tested, ali the test valves and opened valves are
closed; and the test set n‘iay be deemed complete. '

. One, some or al] of the test sets, o portions thereof, may be tested during the
Hydrautic Integrity Test operation 6716. It shonld be appreciated that any of the
predetermined maximum decay limit, predetermined minimum dccajr Timit,
predetermined minimum decay time and predetermined maximum decay time may
correspond to a particular test set, such that the predetermined values may vary from one
test set to the next. Further, it should be appreciated that the-operation deseribed above

is merely exemplary, and that variations are possible. For example, the test valves may

 be tested in just one of the open position and the closed position, and different factors

may be used to determine a failure.

The Ultrafilter Integrity Test operation 6717 is a pressure test of the ultrafilier
membrane to.check for leakage. Air pressure is applied to the inlet side of the ultrafilter.
Air pressure is maintained, since air generally will not pass through a wet intact filter.
This test is performed in the “Air Filled” state, and verifies the ultrafilier by pressurizing

the outer dialysate side and measuring the pressure drop over time.
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The BTS/Dialyzer Integrity Test operation 6718 is a pressure test of the blood
loop including the dialyzer. In this test, the blood loop is pressurized with air drawn
from thé anticoagulant pump air filter 81 (e.g., Fig. 4A) and the pressure is monitored
over time, If the measured pressure drop is less than the input decay threshold, the test
passes. As the blood tubing, pump and dialyzer are replaced as a unit, this test need not
determine where the leak is.

The Dialyzer Impedance Clearance operation 6719 verifies that the blood path
throngh the dialyzer has low enough resistance to-provide efficient dialysis therapy.
Before starting the impedance test, the systcrﬁ is primed with water. During the test,
floew is forced across the dialyzer. As water flows across the dialyzer, the pumping
pregsures will be monitored, which provides a measure of the dialyzer impedance.
Alternatively, a constant pressure can be applied, and the time taken for a fixed volume
ie cross the filter membrane can be measured. The dialysate circuit is set to provide a
constant low impedance destination of the fluid being pushed through the membrane. If
the dialyzer impedance is too high, a failure will be reported and the dialyzer will need to
be replaced. An Ultrafilter Flow Test operation 6724 may be atso performed to ensure
that the ultrafilter impedance is low enough to support the flow rate required for therapy.
This test has the benefit of ensuring that the result of the integrity test will be valid.

The Empty Dialysate Tank state 6720 may stop fluid production and run the
dialysate pump at the fastest reasonable rate to pump the contents of the dialysate tank to
drain unti} some amount {e.g., 3000 ml) has been transferred, or air is-detected in the
drain.. The Deprime. operation 6721 is used to purge the system of fluid, filling the
blood wbe set and the diélysate circuit outside of the ultrafilter with air, "This condition
is used to perform pressure-decay tests to verify the integrity of the dialyzer and
ultrafilter, as well 25 to change the fluid components and to prepare the unit for transport.
The inner dialysate circuit generally cannot be deprimed because it may not be possible
to pump air through an intact dialyzer or ultrafilter, and there may be no air vent in the
imner circuit. However, if depriming the inner dialysate circuit is necessary, then one
may first deprime all other components, and then remove the top of the ultrafilter to
allow air to enter the system, The dialysate mixing water pump (e.g., pump 280 in Fig.

89) can then be used fo.pull air from the ultrafilter connection and to deliver it to the
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inner dialysate circuit, alternating the inner dialysate pump flow paths to puil as much
water out of the system as possible.

The Prime with Water operation 6722 filis the systemn with water and purges the
air. It may fill the system in stages, starting with the fluid production section, and
moving to the outer dialysate, inner dialysate, and then the blood loop. The bicarbonate
cartridge and acid bag should be removed, and 2 bypass connector should be in place
before this operation is performed. According to one exemplary implementation, the
bypass connector comprises three connection points respectively corresponding to a
bicarbonate charge line, an acid flow line and a bicarbonate retum line of the mixing
circuit 25. The bypass connector hias three parallel prongs respectively corresponding to.
the three connection points. Chanmels in the prongs of the bypass connector terminate
within a common chamber within the bypass connector. Thus, during a disinfect
procedure, the bicarbonate charge line, acid flow Jine and bicarbonate refurn line are all
interconnected, permitting disinfection of each of these flow lines during the disinfect
procedure. Agp exemplary embodiment of such a bypass connecior is the “disinfect
connector” described in U.5. Patent Application No. 12/199,055 filed on August 27,
2008 and incorporated by reference herein.

The Disinfect/Rinse state 6723 is used to run reverse osmosis water through all
Fluid paths at a specified temperature. Before this operation, the system should be in the
“Primed With Water” state 6725, Disinfection occurs when this operation is performed

at an elevated temperature, The tank is filled with reverse osmosis (“RO™) water at the

start of the operation. The water in the dialysate tank is recirculated from the Dialysate

Circuit disinfect path through all Fluid Production fluid paths and blood tubing set paths,
and back into the dialysate tank. As recirculated water is lost (sent to drain), reverse
osmosis water may be added to maintain a minimum level in the dialysate tank.
Alternatively, irg a preferred embodiment, no further water is introduced in order to avoid
the possibility of contamination. The chemical cartridge is not atiached during this
gperation.

The Prime with Dialysate operation 6709, described above, is used 1o flush

dialysate through all fluid paths and remove any air or water in the system. This

" operation must be completed before the system can move on to the Patient Connected

state 6713, This operation activates the fluid production sub-system, which is
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responsible for mixing the RO water with the chemicals, and fér maintaining the
dialysate tank level. If the tank is less than 75% full, priming may be delayed unti! that
level is reached. The tank level is preferably maintained at more than 1.1 liters;
otherwise, a signal may be generated to stop therapy. This amount allows for a sufficient
rinseback volume and a sufficiently large averaging volume needed for mixing contro}
accuracy. During prime, the air-in-line sensors, the blood-leak sensor and the safety
system are tested.

In the Patient Connected state 6713, a dialysis treatment can be performed. Prior
io issuing the RinseDialysate command 6714, the blood tubes are returned to drain
connections. For safety purposes, while in the Patient Connected state 6713, the
dialysate temperature may be constrained, and the Oialysate conductivity and flow rates
may be monitored.

The Prime With Blood operation 6726 removes dialysate from the blood circuit
and replaces it with patient blood. Dialysaie is pulled across the dialyzer membrane into
the dialyze circuit and is discarded to drain.‘ Blood is pu!'led into the blood circuit from

the patient to replace the dialysate pulled across the membrane. Thus most of the

* priming fluid occupying the BTS need not be administered to ;the patient at the start of

dialysis. Optionally, the patient can choose 10 be administered the priming fluid by
canceling this operation. This may be desirable, for example, if the patient is in need of
additional fluid at the start of dialysis. This operation transitions the machine software
into the Patient Connected state 6713, activating safety constraints such as temperature
limiting. »

The Heparin Bolus operation 6727 defivers a bolus of heparin before treatment
without requiring patient interaction, Before normal dialysis operation, and to minimize
the amount of fluid administered to the patient, the bolus can be delivered down the
arterial line, which is a shorter route to the patient’s vascular access. In the event of the
detection or presence of an air-in-line condition, the heparin bolus can optionally be
delivered down the venous line, which incorporates air-trapping mechanisms or devices.
Prior to the Heparin Bolus operation 6727, a Heparin Vial Connection test may be
performed to verify that a heparin vial is attached to the hepm'nfniedication mfusion

spike on the blood pump cassette.
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The Dialyze operation 6728 is used 10 administer dialysis treatment fo the patient.
"The rate of the blood circuit and the dialysate circuit may be specified independently.
This operation can have a time limit or be terminated with a stép com}nand. By way of
example, the following parameters may be specified: the temperature at which the
dialysate flowing through the system is heated and maintained, the rate at which
dialysate is circulated through the blood circuit, the rate at which basal or maintenance
heparin is 2dded to the blood circult, the rate at which dialysate is circulated through the
dialysate circuit, and the rate at which dialysate is pumped rthmugh the ultrafiltration
pump, among other parameters. During dialysis, the ultrafilter is periodically ‘burped’ to
remnove any gas that has accumulated within it during treatment. This can be
accomplished by opening the pathway from the top of the ultrafilter to drain while
closing the pathway from the top of the ultrafilter to the dialysate circuit. Any air
trapped in the top of the dialyzer can then be flushed to drain. After two of more pump
strokes to divert the air and fluid to drain, the valves are reset and dialysis operations can
confinue.

During dialysis, the flow of dialysate may be adjusted, automatically based on one
or more factors. One such factor is the amount of remnaining diafysate, which may
include both the dialysate in the tank 169 (Fig. 3a) and the dialysate that can be produced
from the remaining dialysate ingredients 49 (Fig. 3a). For example, if it is determined
that the remaining dialysate would be exhausted before the tr,eatinent was completed at
the current dialysis flow rate, the rate can be slowed so that the remaining dialysate will
last for the full length of treatment. According to an exemplary implementation, the
dialysis system automaﬁcally adjusts dialysate production based on the actual or
predicted dialysate tank level and/or the actual or predicied remaining in gredient's used in
dialysate production. Another factor that rﬁay serve as the basis for adjusting the flow of
dialysate is the potential for clogging the dialyzer. In particular, the flow of dialysate
may also be adjusted automatically to minimize clogging of the dialyzer during therapy.

For examgple, to avoid ciogging the dialyzer fibers, the flow back and forth across the.

dialyzer may be timed and balanced. In addition to antomatically adjusting the flow of

dialysate, the dialysis system may automatically adjust dialysate production based on one-

or raore factors.
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For example, using.a current or average rate of use of dialysate and an expected .
length of treatment remaining, an estimate of the volume of dialysate sequired to
complete 3 treatment may be calenlated, To caleulate the amount of additional dialysate
that needs te be produced to complete the treatment, the liquid volume of dialysate in the
tank may be subtracted from the estimate of the volume of dialysate required to complete
a treatment, as calculated above. The determination of how much additional dialysate
should be produced may be implemented, for exarmple, by a processor applying the
glgorithm described above, It should be appreciated that the determination is not limited
to the amount of additional dialysate that necds to be produeced to complete a treatment,
as the amount of additional dialysate that needs to be produced to complete some other
operation may be performed in a corresponding manner.

The amount of remaining didlysate may be calculated from the amount of dialysis

ingredients 49 (Fig. 3A) that have been used. Full containers with known masses of

bicarbonate powder and acid liquid may be installed in the dialysis unit at the start of a

therapy. With reference to Fig. 3A, the mix cassette 25 adds these chemicals to the RO

water to make dialysate. Some RO water flows through the bicarbonate container to
produce a saturated bicarbonate water mixtare, The bicarbonate pump 183 and acid
pumyp 184 each have RMS systems to accurately measure the flow rate of these
chemicals into the water to form the dialysate that flows into the dialysate tank 169. The
amount of remaining chemicals can be calculated from the assumed full container
amount minus any material pumped out by the two pumps 183, 184. The amount of
bicarbonate removed by the pump 183 may be calculated by assuming the fluid is a fully
saturated mixture. The amount of water used may be measvred based on the sumber

strokes by the water pump 180. The automation computer 6106 (Fig, 61) calcnlates the

.. remaining amount of dialysate that can be produced using the remaining amount of

bicarbonate and acid and the amount of these chemicals it takes to produce a unit of.
dialysate, According to one exémpl_ary- implementation, the amount of dialysaté
produced per unit of chernical is a known mymber. Altamétively, the amount of dialysate
produced per unit of chemical can be determined from the measured flow of chemicals
through the pumps 183, 184 and the measured flow of water in the water pump 180,

The Power Loss Recovery 6733 command may be sent to tel) the machine

software that there was loss of power while it was in the Patient Comnected state 6713,



15

20

25

30

- 247 -

This forces the machine software into & Patient Disconuected state 5o that the dialysis
machine can recover properly and prepare itself for the next treatment (e.g., Recycle
Preparation).

The Solution Infusion operation 6729 delivers dialysate into the patient.
Drialysate is pushed across the dialyzer by the outer dialysate pump and delivered to the
patient by the blood pump. This command causes the system to prepare for the infusion
by stopping dialyzing, freezing the inner ppmp, and filling the outer pump with dialysate

to deliver to the patient. Afier recelving this command, the machine software expects

-one of the following commands: Sclution Infusion Confirm (proceed with solution

infusion), Solution Infusion Stop {do not perform solution infusion, resume dialyzing
instead), or StopCma (return the sysiem to an idle state). Preferably, the blood pump
continues to rup doring solution infusion. |

& Backflush operation can be programmed during dialysis to pertodically flush
dialysate backwards across the dialyzer membranes in order to help prevent clogging of
the membranes. The Rinse Back operation 6730 pushes dialysate into the patient to
return their blood in preparation for disconnection.. Dialysate is pushed across the.
dialyzer by the outer dialysate pump and delivered to the patiedt. This is automated for
both venous and arterial paths. The arterial path can use the blood pump for delivery.

The Check Bypass operation 6731 checks for the presence of the bypass

connector for the acid container and the bicarbonate cartridge or container. In a

preferred embodiment, the operation causes a VACUum (o pull on the bypass connector to

detect leaks. Referring to Fig. 89, an exemplary method of perferming the Check Bypass

operation 6731 to detect the presence of bypass connector 276 may include filling the
bicarbonate water pump 282 with air obtained by opening the dialysate tank 169 air vent
valve 260, dialysate tank recirculation valve 264 and the disinfection pathway valve 266.
The pump chamber may then be filled with air and positively pressurized. The contents
of the dialysate mixing water pump 280 may then be delivered to drain via dialysate T
drain 262. Acid metering pump 184 is also depressurized in this step. A flow path is
then established between the bicarbonate water pump 282, bicarbonate cartridge 28, and
bypass cm;nector'z’}ﬁ, through acid metering pump 184 1o the dialysate mixing water

pump 280 {closing dialysate mix drain valve 262). Having set the dialysate mixing water
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pump 280 to atmospheric pressure, a pre-determined increase in pressure measured by
pressure sensor 286 indicates that bypass connector 276 is properiy installed.

The Drain Chemicals operation 6732 empties the contents of the chemical
comntainers to the drain. In a preferred embodiment, the contents of the chemical
containers are discarded after each treatment, making cleanup easier for the patient and
discouraging potential problems in trying to reuse chemicals, Referring to Fig. 89, for
example, the controller can initiate an Acid Drain state in which the dialysate mixing
pump 280 can pump fluid from the acid container 29 to drain via valve 262, This can be
accomplished by opening the valves 277, 278 of the acid pump 184, and using the outlet
of acid pump 184 as the inlet of dialysate mixing pump 280 by opening valve 274,
closing valve 271 and actuating a fill stroke in pump 280. After filling pump 280, its
contents can be discharged by closing valves 277 and 261 and opening valve 262.
Pressure sensor 286, for example, can be used to determine whether acid container 29 is
empty by detecting that air.is being purnped by pump 280. The pressure signal generated
by the pumping of air (e.g., rapid movement of the flexible membrane to an end-of-
stroke position) is sufficiently different from the signal generated by pumping of liquid
that the controller can be programmed to distinguish them. Upon this determination, the
controlier can infer that the acid container 29 is empty, and that further pumping from
the acid container 29 can be halted,

The coantroller can initiate a Bicarb Drain state in which the dialysate mixing
pump 280 can also pump fluid from the bicarbonate container 28 to drain via vatve 262,
This ¢an be accomplished by first venting the top of the bicarbonate container 28. For
example, 2 fluid path can be opened from the top of the bicarbonate container 28,

through the bicarbonate mixing pump 282, valves 270, 266, 264 and 260 at the dialysaie

tank 169. Bicarbonate pump valves 272 and 273 can be opened, and pump 280 can then
draw-fluid from the bottom of bicarbonate container 28, and pump it to drain via valve
262. In an embodiment, the éump 280 can be set to pump about twice the volume
contained in bicarbonate container 28 in order to ensure that it has been completely
emptied of liquid.

A CheckDoors operation verifies that the doors of the hemodialysis machine are |
closed, iaelping to ensure that the patient is disconnected. A CheckDCA aperation can

then verify that the patient has plugged the vascular access connectors of the blood
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tubing set back into the DCA/DCV ports of the machine for rinsing and disinfecting after
a treatment session. A

Referring-to Figs. 5 and 89, the system can automatically check that the venous
and arterial line conneciors have been plugped back into the DCA/DCY pons of the
machine by selectively pressurizing the lines and mionitoring for a pressure decay. For
example, valves 231, 232, 221,222, and 223 may be opened, and valves 263, 264, 266
and 267 may be closed, to allow outer dialysate pumps 159 to pump dialysate from
dialysate tank 169 through dialyzer 14 and into blood flow circuit 141. Both blood
pumps 13 may be filled with fiuid. Then valves on the dialysate side may be closed to
prevent fluid from crossing over from the blood side to the dialysate side of the dialyzer
14. For example, valves 211, 212, 213, 221, 222, 223, 231, 232, 241, 242 and 210 may
be closed on the dialysate side,

To dstermine that the venous line 204 is properly pluggéd inte its port, tubing

- clamp 202 and valve 207 may be opened, and valve 206 may be closed. Then blood

pumnp valve 195 may be opened, while blood pump valves 192, 193, 154 are closed,
Blood pump chamber 23a may then be pressurized with a p;re-detemined amount of
pressure (e.2., 400 mm Hg). The test may be considered to have failed if the pressure
monitored by pressure sensor 197 drops at 2 pre-determined rate or greater {e.g., 130 mm
Hg drop over 1 sec.). The proper operation of valve 206 may then be tested by opening
the valve and having pressure sensor 197 monitor the pressure drop {(e.g., test considered
to fai) if the monitored pressure does not drop by at least about 130 mm Hg over 1 sec.).

To determine that the arterial line 203 is properly plugged inio its port, both’
valves 206 and 207 may be ciose&. Then blood pump valve 192 may be opened, while
blood pump valves 193, 194, 195 are closed. Blood pump chamber 23b may then be
pressurized ‘with a pre-detersnined amount of pressure {e.g., 400 mm Hg). This test may
be considered to have failed if the pressure monitored by pressure sensor 196 drops at a
pre-determined rate or greater (e.g., 130 mum Hg drop over I sec.). The proper operation
of valve 207 may then be tested by opening the valve and having pressure sensor 196
monitor the pressure drop {(e.g., test considered to fail if the monitored pressure does not
drop bj' at least about 130 mm Hg over 1 sec.).

In addition, a Clean Blood Path operation may be performed to push the contents
of thé dialysate tank through the blood circuit and out the drain, Rinsing is used to flush
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residual blood from the blood circuit and dialyzer after the dialysis treatment. In an
embodiment, air is introduced into the fluid to enhance the mechanical action of
Ioosening debris from the diatyzer and tubing components. During this operatios, fluid
production may deliver water, which will dilute the dialysate in the tank. '

A Circulate Dialysate operation may be used to maintain the temperature and
dialysate freshness in the system after it has been primed when the patient is not yet
counected. This is accomplished by running dialysate through the heater, ultrafilter into
the inner pump, and passing it through the dialyzer, while also running the blood pump.
A small amount of the dialysatecan be constantly sent to drain.

The Machine Layer 6701 may also respond to stop, freeze, resume, and shut
down commands. The stop command terminates the operation being performed by
machine. When the stop command 15 issued, the current pump cycle is completed, then
the appropriate valves are closed. Because the stroke is completed, all fluid accounting
will be accurate. After the valves are closed and pumping completes, the state machine
returns to the “idle” condition where it waits for the next command. This command does
not affect the getStatusCmd, setupDialyzeParams or setupFluidParams commands
because they do not start operations. .

The freeze command canses the system 1o close all valves on its current cycle.
This includes the fluid production valves. The heater is turned off to prevent overheating
of the fluid within it. Fluid volume accounting will be correct if the resume command is
issued after the freeze command. If the free;ze command is followed by a stop command
and then another command to enter an operation other than the one that was frozen, fluid

volumes are assigned to the new operation regardless of the fact that there may be partial

fluid delivery in the originat siate, State history of the current operation is retained so the

“resume” command can be used to continue the operation. The resume command causes
the machine to continue processing the command that was frozen. The shut down
command is used 1o terminate the machine software process.

The operations deseribed above in connection with Fig. 67 may be implemented

by corresponding state machines at the machine layer level. Describzd below in

" connection with Figs. 67a-67¢ are exemplary implementations of state machines

performing the following operations: (1) Dialyzer Impedance Clearance, (2) Circulate

Dialysate, (3) Heparin Vial Connection Test, (4) Heparin Bolusing, and (5) Empty Tank.



10

15

20

25

30

-251 -

(1), Dialyzer Impedance Clearance

The Dialyzer Impedance Clearance operation may be used to measure the water
permeability of the dialyzer, which may indicate the fitmess of the dialyzer for
performing additional treatments. A failure of a Dialyzer Clearance operation may
indicate that the dialyzer is clogged and needs to be replaced. According to one
exemplary implementation, ;the Dialyzer Impedance Clearance operation is performed
prior to each treatment before a patient is connected. There may be two modes of
operation; one checking the flow of fluid across the dialyzer fiber membranes, and one
checking flow along the hollow fibers.

- During the operation, water is forced across the dialyzer. As water flows across
the dialyzer, the pumping pressures are monitored, which gives a measure of the dialyzer
impedance. An impedance above a i)redelemﬁned threshold may indicate that the
dialyzer needs to be replaced. The dialyzer im}')edance is measured from the blood side
flowing to the dialysate side. To prepare for the test, both chambers of the biood pamp
are filled with water and both chambers of the inner dialysate pump are emptied to drain,
Fig, 67a shows an exemplary implementation of the Dialyzer Impedance Clearance
operation 6719 described in connection with Fig. 67.

Referring to Fig. 67a, the operation transitions to the Run state 6735 from the Idle
state 6734, Once idle, the test‘transitions to the Start state 6736. The Start state 6736
configures the outer, inoer, and blood pump. .

Next, the Fill Blood Pumps 6738 state sets up the valves so that the blood pumps
may be filled. A first biood pump chamber is filled with water from the outer dialysate
pump, which is used to pump dialysate through the outer dialysate flnid path. Then, a
second blood pump chamber is filled with water from the outer dialysate pump. Each
chamber is filled individually, with a path being opened through'the inner pump from the
outer pump to the blood pump.

In the Empty Inner Dialysate Pumps state 6739, the valves are set up based on the
flow path (e.g., across the dialyzer fibers). In the Empty Inner Dialysate Pump I state
673%a, a first iﬁnerdialysatc pump is emptied to the drain. Similarly, in the Empty Inner
Dialysate Pump 2 state §739b, a second inner dialysate pump is emptied to the drain.
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To conduct the dialyzer impedan'ce clearance test, the blood pump pushes each
chamber of water across the dialyzer to the inner dialysate pump chambers. The inner
dialysate pumnp chambers start out empty, and are vented to atmosphere during this test
so the chambers present atmospheric pressure on the dialysate side of the dialyzer. Each
blood pump chamber delivers water using a specific pressure and monitors for end-of-
stroke {0 determine the flow rate. Each chamber provides one pressure/flow data point,
and the process is repeated io obtain additional data points.

In the First Blood Pump Chamber Test Flow state 6740, the valves are set up

‘based on the flow path. If the flow path is across the dialyzer fibers, the inner dialysate

pump is opened to the drain. If the flow path is along the dialyzer, a flow path is opened
to the blood tubing set drain. In state 6740a, the first blood pump chamber is delivered,
Once the chamber is idle, test data is calculated. The state 6740a then transitions back to
the Fill Blood Pumps 6738 state, so that the second blood pump chamber can be fested.
In the Second Blood Pump Chamber Test Flow state 6741, the valves are set up
based on the flow path. Again, if the flow path is across the dialyzer fibers, the fnner.
dialysate pump is opened to the drain. If the flow path is along the dialyzer, a flow path
is opened to the blood ubing set drain. In staie 6741a, the second blood pamp chamber
is delivered. Once the chamber is idle, test data is calculated. The state checks how
many total passes are needed through the test (e.g., 9 passes) before it can average out
the test data and determine a pass/fail condition. If the test needs to run through again,

the operation transitions to the Fill Blood Pumps 6738 state, If the test is complete, the

average impedance is calculated and the operation transitions to the Stop state 6742.

The Freeze command 6743 is commanded from the therapy layer to freeze the
operation. This command is handled in the Run state 6735. The Freeze state 6744

‘pauses the running pumps, and closes the valves used in this operation. The state of the

pumps and valves do not rieed to be saved in response to the Freeze command 6743,
since the test and check operétions may be restarted when the operation is resumed.
The Resume command 6745 is commanded from the therapy layer to resume the
operation from a frozen state, This command transitions the Operation to the Resume
state 6746, A’é’noted above, when the operations resumes, the Dialyzer Impedance

Clearance operation may be restarted so that the test bagins anew.
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- The Stop command 6747 is commanded from the therapy layer to terminate the
test. ‘This state is also called at the end of the operation to insure that all pamps are
stopped and all valves are closed. In.particuiar, this state stops fluid production, the
outer pump, the inner pump, and the blood pump. The state then waits for the pumps to

be idle and closes the operation valves before transitioning to the Idle state 6734.

) Circulate Dialysate

Once the dialysis system is primed with dialysate, a user may connect to the
system. While waiting for the user to connect, the dialysis sysiem may circulate
diatysate to keep the dialysate warm and remove any air that arises in the blood tubing
set. The system may refresh the dialysate by pumping the biood circuit backwards with
respect t(; normal therapy flow at a predetermined rate (e.g., 200mL/min} and pumping
fresh dialysate from the tank to the blood tubing set at another predetermined rate (e.g.,
100mL/min). Backwards flow in the blood circuit encourages any air that arises from
the dialysate to migrate (o the air trap between the arterial and venous lines. Pumping
fresh dialysate all the way to the blood tubing set drain refreshes the entire prime.

Fig. 67b shows an exemplary implementation of a Circulate Dialysate operatioti
6748, which may correspond to the Circulate Dialysate operation described in
connection with Fig. 67. Referring to Fig. 67b, the initial state of the operatiﬁn is the
Idle state 6.?'49. In response t¢ the Circulate Dialysate machine command 6750, the -
operation transitions to the Run'state 6751, The Run state 6751 catches the Stop
command 6752 and the Freeze command 6762. The Run state 6751 is the super state fot
all operation code of this operation (e.g., start, freeze, siop). The Start state 6754, which
is under the Run state 6751, is the super state for alf running operation code.

According to one exemplary implementation, there are four different paths
through which dialysate may be circalated. These paths are as follows: (1) the “Dilute -
Blood Path,” which is used to keep dilute blood that is in the blood tubing system
circulating and warm; (2) the “Dialysate Path,” which is used to keep fresh dialysate in
the blood tubing set and in the inner pump which would push to the user; (3) the “Blood

Sample Patﬂ," which is used to circulate the blcod tubing set for a blood sample and to
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keep the fluid in the tank fresh; and (4) the ““Fank Path,” which 1s used to keep fluid in
the tank fresh. |

From the Stari state 6754, the operation transitions to the Check Tank Level state
6755. This state ensures that the outer pump is stopped and, if dialysate is being
circulated through the Dialysate Path, also ensures that the blood pump is stopped. The
Check Tank Level state 6755 initiates a tank FMS reading and waits forthe tank to be
full. .

The Park Pumps state 6756, which is used only in connection with the Diaiysate
Path, parks the biocd pump so that blood pump chamber 1 is full and blood pump
chamber 2 is empty.

Likewise, the Recirculate Diajysate state 6757 is. used only in connection with the
Dialysate Path. This state uses.a flow path through the bottom of the inner pump to the
blood wbing set. The blood pump is chamber level driven according to outer pump fill
strokes 5o that the pumps can remain synchronized, X a fluid production operation
requests a tank level reading, the Recirculate Dialysate state 6757 may transition to the
Check Tank Level state 6735.

The Recirculate Dialysate state 6757 may also monitor aspects refated {o a user
connection to the dialysis system. For exarnple, this state may notify the therapy layer
when the system is at a predetermined temperature. Thus, the therapy layer may notify a
user who wishes to connect to the system that the systern is not as warm as desired if it
has not yet reached the predetermined temperature, In addition, this state may perform
checks to ensure, for example, that ai,u_ser is not-connected if the conductivity is out of
range or the temaperature is too hot. If one of the checks fails, the operation will
transition to the Stop state 6758.

A patient may be connected after the Circnlate Dialysate operation 6748 if
dialysate is being circulated through the Blood Sample Path or the Dilute Blood Path.

Safety checks may be performed, the machine layer may send a freeze command to the

application and notify the therapy layer if a check fails. For example, if monitored

sensors such as temperature or dialysate conductivity go out of range, a frecze command
may be issued and the therapy layer may be notified. The therapy layer may then inform

the user and/or instruct them 1o disconpect from the machine.
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The Recirculate Ultrafilter Prime state 6759 is used to keep fresh dialysate in the
tank. In particular, this state is used in connection with the Blood Sarnple Path so that
fresh dialysate is kept in the tank while the blood pump is circulating for a-biéod sample.
In this case, dialysate shounld noi make it to the inner pump.

The Refresh Inner Pump Ultrafilter Prime Drain state 6760 is used ¢o keep fresh
dialysate in. the inner purap and in the tank. This state is used in connection with the
Dilute Blood Path to run the blood pump backwards so that dialysate does not stagnate.
This state is also used in connection with Tank Path to keep fresh dialysate in the tank
and the inner pump.

The Freeze command 6762, which is handied in the Run state §751, is
commanded from the therapy layer to freeze the operation. The Freéze state 6761
freezes the blood pump and outer pump. The Freeze state 6753 may be exited by the
Resume command 6761 or the Stop command 6752. If a patient connect flag is set
during this operation, indicating that a user may be connected to the dialysis system, the
machine layer may freeze itself by transitioning to the Freeze Machine state 6753a. This
state will ignose all commands until the therapy layer sends another Freeze command
6753b causing the operation to transition to the Freeze Therapy state 6753c. Likewise, if
the therapy layer, rather than the machine layer, sends a freeze command, the operation
will transition to the Freeze Therapy state 6753c.

The Resume command 6761, which may be handled from the Freeze Therapy
state 6753c, is commanded from the therapy. Jayer to resume the operation from a frozen
state. This command resumes the pumps and transitions the operation to its prior saved
state. The Stop state 6758 is commanded from the therapy layer to cause dialysate to
stop circulating, and is handled in the Run state 6751, The Stop state 6758 stops the

‘biood pump and outer pumnp. It then waits for the pumps to be idle and closes the

operation valves. Once completed, the operation transitions to the Idle state 6749.

3 Heparin Vial Connection Test

As discussed herein, a Heparin Vial Connection test may also be peiformed to
verify that a vial is attached to the heparin/medication infusion spike on the blood pump

cassette. A patient is typically not connected during this operation. Fi g'. 67c shows an
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exemplary implementation of the Check Heparin Vial operation. Throughout this
application, the words “heparin” and “anticoagulant” are used interchaﬁgeabiy. It should
be appreciated that reference to “heparin” is not limited to thal particuiar anticoagulant.
It refers to an 'exemplary anticoagulant that may be suitably substituted for another
anticoagulant.
The initial state of the Check Heparin Vial operation 6763 is the Idle state 6764.

In response to the Check Heparin Vial machine command 6765, the operation transitions
to the Run state 6765. The Run state 6766 catches the Stop command 6767 and the .
Freeze command 6768. The Run state 6766 is the super state for all operation code of
this operation (e.g., start, freeze, stop). The Start state 6769, which is under the Run state
6766, is the super state for all running operation code. The Start state 6769 stops the
anticoagulant pump (e.g., anticoagulant pump 80),

The Check for Vial state 6770 opens a flow path to the blood tubing set drain and
commands the anticoagulant pump to check the anticoagulant (e.g., heparin) vial. Once

the heparin pump is complete, the state checks if the vial is detected and will register a

fail if 1t is not.

The Freeze command 6768 is commanded from the therapy layer to freeze the
operation. This command is handled in the Run state 6768, The Freeze state 6771
freezes the anticoagulant pump. The Freeze state 6771 may be exited by the Resume
Command or the Siop Command 6767.

The Resume command is commanded from the therapy layer to resume the

operation from a frozen state. This command wansitions the operation to thg Start state-

- 6769, which will restart the check for the anticoagulant vial.

The Stop state 6772 is commanded from the therapy layer to te’rminaté the test.
This state is also called at the end of the operation to insure that all pumps, such as the
anticoagulant pump, are stopped. The state then waits for the pumps to be idle and
closes the operation valves before transitioning to the Idle state 6764. If the Stop state
6767 is called before the operation finishes, the operation will fail.

Other checks of the anticoagulant vial, not shown in Fig, 67¢, may aiso be

performed. For example, the system may check for: (1) an empty anticoagulant vial, (2) .

an occluded anticoagulant vial, (3).excessive anticoagutant delivery, (4) a.leak in the

articoagulant purnp valves and/or (3) excessive presswre inside the anticoagulant vial.
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If an empty anﬁcoagu[ant vial is detected during therapy, the system may halt
operation of the anticoagulant pump aﬁd alert the patient. This prevents the
anticoagulant pump from adding air io the blood flow. ‘Similarly, 1f the anticoagulant
vial becomes occluded during' a therapy, the sysiem may halt operation of the
anticoagulant pump and alert the patient.

If the anticoagulant delivered to the patient exceeds the prescribed value by a
particular amount (e.g., more than 1mL), the system may perform a forced disconnect
and rinse back. This mitigates the risk that the machine subsystem executes the
anticoagulant delivery erroneously, e.g., due to isolated data comruption. In some cases,
for exarnple where the anticodgulant bolus is potentially unsafe, a forced disconmect
without rinse back may oceur prior to delivering any anticoagulant to the patient,

Ifany of the anticoagulant pump. valves Jeak fluid while in the closed state and
while the patient is connected, the system may perform a forced disconnect without rinse
back. This mitigates the risk that anticoagulant is pulled from the vial into the blood
flow in an uncontrolled fashion., This check may be run freguently during therapy while
the patient is connected,

If the pressure inside the anticoagulant vial is observed to be more th;m a
predetermined threshold (e.g., 50 mmblg above atmosphere) during a-therapy, the system

may perform a forced disconnect without rinse back. The vial pressure may be observed

when filling for 2 basal delivery stroke. This check may protect the patient from an

unsafe off-label usage.

4 Heparin Bolusing

The Heparin Bolus operation is responsible for administering a heparin bolus to

the patient before treatment begins. Conventionally, a heparin bolus is administered by a

_nurse via syringe into an access line. Advantageously, the Heparin Bolus operation

allows a heparin bolus to be delivered by the dialysis system itself, without intervention
by a nurse orother individual. Fig. 67d shows an exemplary implementation of the
Heparin Bolus operation 6727 described in connection with Fig, 67, ]

Rt;.ferring to Fig. 674, the operation transitions to the Run state 6774-from the
Idle state 6773, then (o the Start state 6775, and finally to the Remove Dialyzer Air state
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6776. The Remove Dialyzer Air state 6776 mitigates the air at the iop of the dialyzer.
To-do so, both chambers of the blood pump are delivered down the dialysate drain. An
air settle time helps the air come together before it is mitigated. The Ieft blood chamber
{i.c., chamber 2) is filled with dialysate. This dialysate is then transferred into the right
blood chamber {(i.e., chamber 1) over the top of the bloed pump. The outer pump
chamber is left full of fluid so that it can be used to guickly fill blood pump chamber 2
after the air mitigation.

Next, the Prep Blood Pump Chamber 2 for Heparin state 6777 sets blood pump
chamber 2 to atmosp.h.ere. “To do this, the chamber is delivered to a pressure of 0.0, This
is done so that the heparin pump can pump the bolus volume into blood pump chamber 2
in the Draw Heparin state 6778. The Fill Blood Pump Chamber 2 with Dialysate state
6779 fills what is remaining in blood pinp chamber 2 with dialysate so that a known
volume can be pumped to the patient.

According to one implementation, the bolus is delivered down the arterial line,
which is a shor{er route to the patient’s vascuolar access than the venous line. As a result
of the shorter route, less fluid needs to be delivered to and subseqguently removed from
the patient when the arterial line is used. The Deliver Bolus down Arterial Line state
6780 delivers both blood pump chambers down the arterial line to the patient. Blood

pump chamber 2, which contains the bolus, is delivered first. Next, blood pump

‘chamber 2 is filled with dialysate from the outer dialysate pump, and blood pump

chamber 2 is delivered. The net result is that two full blood pump chambers containing
the prcscriﬁed heparin, or about 56mL of fluid total, is_ given to the patient.

If air is detected during the arterial bolus delivery, or if venous delivery is selected
by the patient, the bolus may alternatively be delivered down the venaus'h'ne, which
incorporates air-trapping mechanisms ot devices. The Deliver Bolus down Venous Line
state 6781 first delivers blood pump chémber 2, which contains the bolus, then delivers
blood pump chamber | down the venous line toward the dialyzer. The remainder of the
bolus is chased down the venous line across the dialyzer by a set volume of dialysate
{e.g., 200mL) of the outer pump. Before the outer pump is started, it may need to be
“parked,” since filling the chambers with dialysate could leave it in 2 state where both
chambers are delivered. The Park Pumps state 6782 parks the blood pump and outer

pump so that one chamber is full and the other is empty.
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The Run Quter Dialysate Pump To Drain Hot state 6783 is used when the dialysate

gets too hot to deliver to the patient. In such a case, a path is opened down the dialysate

drain (through the ultrafilter prime path). Once the temperature of the dialysate s back
within range and the heater has cooled off, the operation transitions back to its prior
state. |

The Freeze command G784 is comman;:led from the therapy layer to freeze the
operation. This command is handled in the Run state 6774. The Freeze state 6785

freezes the blood pump and outer pump. The only exit from the Freeze state 6785 is by a

Resume command 6786 or Stop command 6787.

Since the patient is connected during the Heparin Bolus operation, the safety
system is enabled. The machine layer monitors patient-connected checks and informs
the therapy layer of pass or fail results. If 2 patient disconnection is detected during the
Heparin Bolus operation, the machine layer may freeze itself. I this happens, the
operation will tranisition to the Freeze Machine state 6785a. The cperation will remain in
this state until the therapy layer sends another Freeze command 6785b, which will
transition the algorithm to the Freeze Therapy state 6785¢.

The Resume command 6786 is commanded from the therapy layer to resume the

operation from a frozen state. This command, which is handled in the Freeze Therapy

state 6785¢, causes the pumps to resume and the operation to transition to the saved state

to continue the operation. \

If the machine layer sees air in the air sensors, it will send a freeze command
preventing the operation from deliverin g air to the patient. If air_ is detected during an
arterial line deliver, the chambers are forced idle and the remainder of the-heparin bolus
is delivered down the venous line.

The Stop state 6788 is commanded either from the therapy layer or antomatically

when the when the operation is complete. After all the pumps are stopped and valves

closed, a transition to the Idie state 6773 occurs.

{3) Empty Tank

The Empty Tank operation is used to drain a fluid tank of its contents {e.g.,

dialysate, water and/or citric acid). For example, the Empty Tank operation may be used
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to drain the dialysate tank 169, Fluid is pumped out of the tank down the dialﬁsate drain.
This operation may be performed after a treatrnent is complete, when the patient is not
coanected to the dialysis system. Fig. 67¢ shows an exemplary implementation of the
Empty Tank operation 6720 described in connection with Fig. 67.

Referring to Fig. 67e, the operation transitions to the Run state 6790 from the Idie
state 6789, The Start state 6791 is under the Run state 6790. The Start state §791
transitions to the Empty Tank state 6792 once fluid production and the outer pump are
idle.

The Empty Tank state 6792 configures the outer pump in a manner so that
occlusions can be detected and it can be known when the tank is empty. A flow path is
opened via the ultrafiiter prime line down the dialysate drain. According {o one
exemplary implcmsntatic;n, the pump is started with a flow rate of 1000.0 mi/min, and is
pumped for a total of 40 strokes (.e. g-, 2 Liters) fo empty the tank. if an occlusion is
detected, the pump may be stopped. Following the Empty Tank state 6792, the operation
transitions to Pump a Few More Strokes state 6793.

The Pump 2 Few More Strakes state 6793 is ased to ensure that the tank is empty.
The same flow path that is used in the Empty Tank state 6792, that is the ultrafilter primé
line down the dia!ysate drain, is used in this state. According to one exemplary
implementation, the outer pump is started with a flow rate of 600.0 mL/min for a total of
10 strokes. Since the fluid tank is pre.shmcd empty, ait is expected in the drain line. A

drain air-in-line sensor is used to detect the presence of air. If air is detected, the Empty

~Tank operation 6792 passes. If air is not detected, the Empty Tank operation 6792 fails.

A failore could jndicate"!hat the drain line is occluded, such that the tank did not empty,
or that the drain air-in-line sensor is not working,

In response to the Freeze command 6798, the Freeze state 6794 freezes the onter

pump. This state may be exited by either the Resume command 6795 or the Stop

command 6796. The Resume command 6795 resumes the operation from the frozen
state. In particular, the outer pump is restarted and transitions to the state that was saved
when the Start state 6751 was exited. 'The Stop state 6797 stops the outer pump, waits

for the outer pump to be idle, and closes the operation valves. The operation then

transitions to the Idle state 6789, If the Empty Tank operation is stoippéd prematurely,

the operation fails,
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Attention is now turned to the Therapy Applications shown in Figs. 62 and 63,
The Therapy Applications 6203 shown and described in connection with Figs. 62 and 63
run state machines that implement therapies implemented by the Machine Controller and
I/O Server Process. The state machines may perform such funciions as treatment

preparation, patient connection, dialysis, solution infusion, patient disconnect, recycle

_preparation, disinfect, rinse, and disposable replacement. The Therapy Applications

6203 zlso comprise a master control module responsible for sequencing the activity of all
other therapy applications that prepare for and deliver daily treatment.

Referring to Figs. 62 and 63, the Therapy Applications 6203 provide an interface
that aliows the Ul Model 6206 to start, stop and configure therapies, as well as report

therapy status. The Therapy Applications 6203 also interface with the Machine

Controller. In particular, the Therapy Applications 6203 issne commands to'and request
status from the Machine Controller in order to implement the therapy operations. In

‘order to access patient, therapy and machine information, the Therapy Applications 6203

interface with the database 6302. 1t also uses this inferface 10 store treatment status
information.

Described below are individual applications of the Therapy Applications 6203.
These applications are (1) Recycle Preparation, (2) Clean Blood Path, (3) Disinfect, (4)
Rinse Endotoxins, (5) Treatment Preparation, (6) Patient Connect, {7) Dialyze, (8)
Solution Infusion, (9) Rinseback, (10) Take Samples, (11} Replace Components, and
(12) nstall Chemicals,

(L Recycle Preparation

Fig. 68 shows an exemplary implemeniation of thé Recycle Preparation

application. The Recycle Preparation application prepares the system for recycling.

Prior to initiating recycling, the system confirms that the doors are closed. This will

allow the system to clean and disinfect successfully, but also ensures that the patient has
not inadvertently failed to disconnect. '

Next the system prompts the user to remove and discard the cheamcal
concentrate carmdge The system first drains any remammg chermcals to minimize any

spiliage upon removal. The user may elect to bypass this draining step if they wish to
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remove their cartﬁdgc tmmediately. Once the cartridge is removed and discarded, the
user prepares the system for recycling by installing the chemical bypass connector,
During chemical cariridge drain and removal, the system simultaneously
performs pressure tests to ensure that the operator has connected the blood tubing set
(BTS) properly, including installing a vial on the heparin connector. In this way, the
operator can be notified of and correct any problems while they are present. Then, the
system can successfully navigate through the remainder of recycling unattended. Testing
is achieved by sequentially pressurizing the various sections of the BTS to ensure there
are no kinks, clamps closed, or clots. BTS integrity can-also be checked by pressurizing
the entire BTS and dialyzer with air after the dialyzer has been wet, and monitoring for a

- threshold pressare decay value that would indicate a leak in the blaod tubing, blood

tubing connections, dialyzer or dialyzer connections. The d.isinfecfion' ports are also
checked to confirm that the venous and arterial lines are securely locked into their ports.
If any of these tests fail, the user may be notified of the specific faiiure and instructed on
how to correct it. The tests are repeated uniil ali have passeﬁ.

If the dialyzer and blood tubing set have reached the treatment or disinfection
usage limits or the operator chooses to replace them, then lﬁey may be replaced prior to
reéycling. If the ultrafilter has exceeded the ultrafilter transmembrane pressure (TMP) or
impedance fest limit, reached its disinfection usage limit, or the operator chooses to

replace it, then the wltrafilter may be replaced prior to recycling. To replace these

‘components, the user may invoke the Replace Components application described in

connection with Fig. 78.

With reference to Fig. 68, Recycle Preparation application 6801 is shown. The
‘Monitor state 6802 monitors for a Pause request 6803 or a dialysate leak 6804. Further
during this state 6802, the system will confirm that the doors are closed. The fact that
the doors are closed implies that the patient is not currently connected to the machine.
This check will be performed in the Checking Doors state 6805, If the doors are closed,
the process' proceeds to the P_ost Treattnent Data Entry state 6806,

'!‘;'he_rPost Treatment Data Entry state 6806 may prompt the patient/operator io
enter miscelianeous post treatment data. If system indicates that pre treatment data-was
entered, the :sys'tém will prompt the operator/patient to enter the post tream}ent‘ data. The.

following post treatment data may be requested: Post Treatment Weight, Blood Pressure,
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and Puise Rate. The information from these entries may be included in a-systems log of
treatment-rcpoﬁ information. In addition, the system will not require this information to
be entered in order to continue on with the recycling process. If the system indicates that '
pre treatinent data was not entered, the system will not prompt the operator/patient to
enter fhe post treatment data.

“The Check Source And Drain state 6807 confirms that the inlet water source and
drain are properly connected. This ensures that the system can suceessfully perform
recycling. The Check Source And Drain Recovery state 6808 provides the operator with
information pertaining o a source/drain failure detected as well and required corrective
actions. For example, the user may be notified that the inlet water source or drain is not
installed properly and may be instructed on-how to correct the problem,

The Chemical Concentrate Removal & Check BTS state 6809 will run two
operations concurrently, Completion of both operations will allow the system to
continue on with the recycling operations. The operations that take place during this
state are: disposal and removal of the chemical concentrates and checking the BTS

connections. The BTS and Dialyzer replacement is also evaluated at this time. In the

first operation, the Checking Chemical Concentration Presence state 6810 detects

whether chemicals are present or not to deterrnine the next step. In particular, through
the use of an air integrity test, the system will be able o deteet the presence of the
chemical concentrate container. This may be achieved for the bicarbonate cartridge, for
example, by applying a negative pressure or vacuuimn to the air inside the bicarbonate
chemical cartridge 28, isolating cartridge 28 while in fluid communication with water
pump 280, and monitoring the pressure in pamp 280 to determine whether the cartridge
28 isableto hold a negétive préssure. (Ai)plying a negative pressure may be preferable
1o a positive pressure when testing the integrity of the cartridge connections, in order to
avoid unintended external leaking of chemicals if the cartridge connections are lopse).

For example, referting to Fig. 89, and assuming that bypass connector 276 is not

_ present, a path for air to be introduced into the bicarbonate water pump 282 (which

pravides water to bicarbonate cartridge 28 to create a saturated solution of bicarbonate)
can be created by opening the dialysate tank vent valve 260, dialysate tank recirculation
valve 264, disinfection path valve 266, and the inlet valve 270 of the bicarbonate water

pump 282. The path may be isolated by closing dialysate tank inlet valve 261, dialysare
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drain vaive 262, water inlet valve 265 and ultrafiiter priming valve 267. Bicarbonate
water pump 282 may then be actuated to fill the pumping chamber with air. The inlet
valve 270 of bicarbonate water pump 282 may then be ciosed. The pressure in the
bicarbonate water pamp 282 can then be set to atmosphers. Next, the inlet valve 271 of
the dialysate mixing pump 280 may be closed, whereas the inlet valve 273 of the
bicarbonate metering pump 183 and the dialysate mixture drain valve 262 are opened.
Then using the bicarbonate metering pump 183 outlet vaive 272 as an inlet valve to
dialysate mixing pump 280, air may be pumped out of bicarbonate cartridge 28 to drain.
The decreasing pressure in bicarbonate cartridge 28 can be monitored by the pressure
transducer 284 connected to bicarbonate water pump 282. When a pre-determined
negative pressure has been generated, the dialysate mixing pump 280 outlet valve 274
can be closed and the pump turned off. The pressure transducer 284 can then be used to
monitor the pressuere in bicarbonate water purnp 282 pump chamber and bicarbonate

cartridge 28, 10 ensure that the vacuum generated is held. I not, an alarm condition may

" be triggered by the controller, and an appropriate message may be provided to the

graphical user interface to advise the user.

In the Chemical Drain state 6811, the system will perform the necessary
operations to drain any residual chemicaj concentrates from the containers, The purpose
is to make removal and disposal of the containers cleaner and easier, producing as little
waste as possible. The user may be prompted that they can choose to bypass draining.

The Removal of Chemical Concentrates state 6812 provides instructions to the user to

remove the chemical concentrates and close the chemical bypass doors, and may provide

instructions, Included in the instructions may be how to configure the machine so that it
will be able o effectively disinfect the chemical concentrate ports. The Wait for Check
BTS state 6813 is an end point for the Chemical Disposal and Removal operations. The
system will remain in {hi§ state until other cuncuhem!y performed operations are
complete. |

Turning fo the second operation that is ran by the Chemical Concentrate Removal
& Check BTS state 6809, during the Check BTS state 6814 the system evaluates whether
BTS and Di;ﬂyzer replacement is required. Aﬁ option may also be displayed-allowing
the operator to choose dialyzer and BTS replacement. This option may include data’

entry as to the clotting status of the dialyzer, and may remain available to the user unti
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the Chenical Concentrate Removal & Check BTS state 6809 is complete, If no
rsp}aécment of the BTS and Dialyzer is required or requested, the system ensures that the
BTS is properly connected for recycling and then recirculates the BTS fluid to prevent
clotting. The BTS Connection Test 6815 confirms that the. BTS has been connected
properly for recycling. This may include ensuring that the patient connectors have been
property installed into their disinfection ports, that the clamps have been opened and the
BTS is not kinked, and that the BTS is properly installed in the air detectors and
occluders. The Connection Recovery state 68 16 provides the user with information that
pertains to the failure detected, as well as corrective actions that are required. For
example, the user may be notified that the BTS is not installed properly, and indicate the
sPeciﬁé problem. The notification may inclnde corrective actions that shouid be
performed based npon a failure code from the BTS Connection test 6815.. A DC
Connection test may be performed to verify that the patient has plugged the vascular
access connectors of the blood tubing set back into the DCA/DCY ports of the machine

for rinsing and disinfecting after a treatment session. A Heparin Vial Connection test

may also be peffo’rmed to verify that a vial is attached to the heparin/medication infusion
spike on the blood pump cassette. This ensures that disinfection fluid can enter and exit
the vial and clean the vial spike and heparin fluid path in the process,

' The Recirculate BTS Fluid state 6817 will start recircolating the fluid in the BTS
to prevent the residual patient blood from becoming stagnant and developing clots. The
system may be configured such that this process can only be performed once the system |
has detccted that the BTS connections are properly inserted into the disinfection ports.
The Wait for Chemical Concentrate Removal state 6818 acts as a wait state that will
allow the other operations that are concurrently taking placé to complete. Once the
systemn indicates that chemical concentrate removal is complete, the system will
continue,

Regardless of which components are being replaced, the Check Component
Replacement state 6819 may act as a transition point for the component replacements. It
also evaluates whether ultrafilter replacement is required. If the vitrafilter has exceeded

its TMP test limit or reached its disinfection usage fimit, then ultrafilter replacement may

‘be required. If BTS and dialyzer replacement was previously determined to be required

or was requested by the user, then the BTS and dialyzer shouid be replaced. If any
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replacement is required, this data is.transferred to the Pause st:;té: 6820 where Replace
Components 6821 executes the activity,. Once the replacement process has been
completed by the system and the operator, the Recycle Preparation ap;:;lica:icn will
resume.

The Final Door Check state 6822 will perform a final check of the doors o
confirm that the doors are still closed. This is intended to prevent any unnecessary
alarms that might prevent the machine from recycling. The Doors Open Recovery state
6823 notifies the patient the doors are open, and prompts the user to close the door.

The Pause state 6820 will halt operation and may allow the patient to choose to
perform additional activities. The Stop for Pause state 6824 halts all machine operations,
For exanple, the state may stop all flows. The Pause Menu state 6825 allows the patient
to choose to perform additional acﬁvities, and may display the following options:;
Replace Components 6821, Shutdown 6826, Power Standby 6827, and Resume
Recycling Prep 6828.

The Dialysate Leak Alarm state 6829 will stop operation and notify the user thas
a dialysate leak has been detected. The Leak Resolution state 6830 waits for the user to

clear the leak, and for an indication from the user of the same,
(2 Clean Biood Path

Next, a method may be performed to clean blood and dialysate from pathways
prior to disinfection. Residual blood and dialysate, left over from treatment, is rinsed
from the dialysis unit prior to performing disinfection. It is desirable to remove these
substances because the disinfect process makes subséquent removal more difficult,
Further, is desirable to remove residoal blood and dialysate, as they are sources of
bacteria, Special care maf/ be taken to-clean the dialyzer effectively so that its
performance degrades as Tittle as possible over multiple reuses. -

Cleaning the blood and dialysate pathways may be accomplished by flushing a
certain amount of fluid through those pathways-and directing that fluid to 2 drain.
Cleaningthc blood pathways may take more effort and require more thoroughness than
cleaning the dialysate pathﬁvays &uc to the blood and blood clots that reside in the biood.
pathways. Clots typically atach themselves 10 the venous and arterial headers of the
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dialyzer, which may reduce dialyzer efficiency by obstructing its fibers. Cleaning the
arterial and venous headers may be difﬁéult because their large volumes provide spaces
of low flow where clots can migrate. In order 1o remove these residual clots from the
dialyzer headers, it is desirable to first loasen or dislodge them. This may be
accomplished by pushing fluid both through the dialyzer and across it, while increasing
or maximizing flow rates, thereby creating or maximizing turbulence. Turbulence or
other disruption in flow may also be caused by the addition of air to the BTS, and
circulating the air-containing liquid so as to increase mechanical action in loosening clots
or other debris. Blood clots may also be loosened by moving fluid inside the BTS back
and forth by controlling each blood pump chamber individually. In this case, the inner
dialysate pumps and the BTS drain are closed, and blood chamber 1 (one of the blood
pump pods) is made to deliver fiuid as blood chamber 2 (the other blood pump pod) fills.
Once both are idle, blood chamber 1 fills as blood chamber 2 delivers. This cycle may
be repeated a number of times (e.g., approximately 20 cycles). To introduce air into thé
BTS, air may be drawn through the anticoagmlant air filter (see filter 81 in FIG. 4A) by
the anticoagulant pump 80 and subsequently provided to one or both of the blood pumps
23. For example, the valve between the pump 80 and the air filter 81 may be opened
and the pump 80 operated to draw air into the pump 80 with the valves between the
punp 80 and the anticoagulant source L1 and the main blood circuit closed, Thereafter,

the vaive between the pump 80 ;md the air filier 81 may be clased, and the valve between

- the purmp 80 and the main blood circuit opened to aliow the pump to deliver the air to

one of the pumps 23 or other portions of the BTS. Any fluid in the BTS that is
disiﬂaced by the air introduced into the BTS may be discharged to the drain 3t. With air
introduced into one or both of the pumps 23, the blood pump(s) 23 can then bevun for a
number of cycles {e.g. 40 cycles) at a specified rate and direction (e.g., 500 mi/min in a
backwards direction).

- Figs. 69a and 69b show an exemplary implementation of the Clean Blood Path
application. With reference to Fig. 69a, Clean Blood Path 6901 is the top level state
which coordinates the actions of the overall process. This state uns concurrently with
the data handling elements of the state machine. During this siate, residual blood and
dialysate, left over from treatment, are rinsed from thp machine. Updates to data of

interest 1o the application will be processed by the daia handling elements of the state
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machine. The Pause and Dialysate Leak Monitor state 6902 watches for certain failures
and pause requests. Dialysate leak monitoring may be requested. The Alarm Monitor
state G903 watches for certain failures. Complete blood-side occlusion monitoring is
requested, and inlet water monitoring is enabled. The Flush Arterial Line with Dialysate
state: 6904 takes a portion of the residual dialysate left over from treatment and flushes it
through the arterial line and out to a drain. Flushing bicod out with physiological fluid,
such ’as dialysate, prior to sending water to the blood tubing set (BTS) may be done in
order to minimize the hemolysis and foaming that occurs when blood is exposed to
water. When blood foams, it typically makes cleaning more difficult. Similarly, the
venous line may be flushed with dialysate in state 6919, The Ermpty Tank state 6905
removes any residoal dialysate from the dialysate tank by sending it 1o a drain, The

Prime Fluid Production state 6906 primes the fluid production module with water in

‘preparation for rinsing. The Prime Flowpath state 6907 primes the entire flowpath with

water in preparation for rinsing. The Stop Fluid Production state 6908 primes the entire
flow-path with water in preparation for rinsing, and stops fluid production.

The Rinse Pathways state 6909, shown in Fig. 69b, riases all fluid pathways in
order to flush residual biood and dialysate out of the system. This state will also start
flnid production. With reference 1o Fig. 69b, the Recirculate state 6910 recirculates fluid

" in both the blood circuit and the dialysate circuit. The Blood Circuit Drain — Arterial

state 6911 flushes fluid out through the arterial blood circuit line to a drain. The Blood'

Circuit Drain — Venous state 6912 flushes fluid out through the venous blood cirenit line

to drain. Flushing blood out with physiological fluid such as dialysate prior to sending
water to the BTS is done in order to minimize the hemolysis and foaming that occurs

when blood is exposed to water,

Turbowash feature

A ‘swishing’ procedure, in which the cleaning fluid (e.g., water) is pushed back
and forth within a fluid fiov\r_path. may improve the distodgment of debris (e.g., blood
components or proteinaceous materiaf) from the flowpath. The 'swishing procedure may
be further enhanced by using an increased pressure gradient in the flowpath by having a
system controller direct the application of a negative pfessﬁfe to a receiving or

downsiream pump and a positive pressure to a delivering or upstream pump. In an
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embadiment, the flow velocity of the water used to clean the fluid flow paths in a
cassette housing a pair of reciprocating positive displacement pumps, in a connected

tubing set, and in any other connected components may be enhanced by applying a

" negative pneumatic pressure to the diaphragm of of the receiving or downstream pump

(whose pumping chamber has been emptied of fluid) and then applying 2 positive
preumatic pressure to the diaphragm of the delivering or upstream pump (whose
pumping chamber has been filled with fluid). The valving within the flowpath is
arranged to cause the upsiream pump 1o deliver its fluid charge nitimately to the
downstream pumgp that is under negative pressure. During this time, the valves in the
flowpath defining a desired cleaning path are open, while valves in other flow paths
remain closed. The application of positive and negative pressure on the pumps may be
reversed (o cause a reverse high pressure fluid flow from one pump to the other in order
10 ‘swish’ the fluid back and forth and increase the effectiveness of the cleaning. This
cycle ﬁay be repeated a pre-determined number of times to ensure adequacy of the
cleaning process. In an alternate embodiment, the increased pressure gradient may be-
created by applying a negative pressure on the downstream pump while applying a
positive pressure on the upstream pump, while the pump inlet and outlet valves are
ciosed, and then opening the valves corresponding to the flowpath that is intended 1o be
cleaned.

Referring to Fig. 69C, in order to dislodge debns or proteinacecus material from
the blood pump cassette 13, a system controlier may establish an isolated flow path that
includes the outlet vaives 193, 195 or the inlet valves 192, 194 of the blood pump
cassette 13. Fluid present in one of the pump chambers may be swished back and forth
between the two pumps using an increased pressure gradient by applying a negative
pressure to the downstream pump diaphragm and applying a pbsitive pressu-re to the
upstream pump diaphragm. The pressure gradient may then be reversed to allow
enbanced flow velocity in alternating directions along the flowpath being cleaned.

For example, to clean outlet path 400, a flowpath is created by closing the inlet
valves 192, 194 of the bleod pump cassette 13 and the flow path leading to the dialyzer,
The flow path leading to the dialyzer may be closed In 2 number of ways, one of which is
accomplished by activating the arterial and venous iiﬁe occluder 202 and closing off :'f]ow

through the dialyzer by closing valves associated with thé inner dialysate pumps (e.g.,
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valves 232, 242) and the ultrafiliration purnp (e.g. valve 210), and by closing valves
associated with the balance chambers (e.g., valvés 231, 241). . The system controlier
may control the opening and closing of the various valves above, an‘d may then direct the
application of a negative pneumatic pressure on pemp 23a, for example, and finally
direct the application of positive pneumatic pressure on pump 23b. In an embodiment,
negative pressure (or vacuum) is first applied, placing the fully extended diaphragm of
pump 23z under tension. Afier a short time (e.g., about one second to allow for full
development of negative pressure from the diaphragm of pump 23a through the flowpath
to be cleaned), the pneumatic manifold valve supplying pump 23b may be actuated to
supply positive pressure on the fully retracted diéphragm of fluid-filled pump 23b. The |
pre-existing negative’ pressure.on pump 23a magnifies the pressure differential in the
selected flow path, and pump 23b rapidly delivers jts chamber of fluid to the pumping
chamber of pump 23a, while producing highly turbulent flow through the selected path
400 and enhancing the dislodgment of any debris therein. The time delay between the

application of negative pressure on the downstream pump and positive pressure on the

upstream pump may depend, among other things, on the length of the fluid path between
the upstream and downstream pumps. The controller may then reverse the application of
positive and negative pressure on pumps 232 and 23b once the fluid in pump 23b has
been transferred to pump 23a. In this example, the controller causes the application of a
negatwe pressure on the diaphragm of pump 23b, adds a short delay (£.g., one second),
and then cavses the application of positive pressure on the diaphragm of pump 23a,
causing a feversal of flow along path 400 under a heightened pressure differential. This
cycle may be repeated several times to ensure a thorough washing of path 400.

Debris dislodged in path 400 may then be sent to drain via arterial line 203 or
venous line 204. Preferably, line 203 is used first in order to prevent any large fragments
of debris from passing through dialyzer 14 on its way to drain. Whichever pump 23a or
23b contains the residual ﬁuid from the washing procedure may deliver the fluid to line
408, thence 203 via that pump’s inlet valve 192 or 194, Pumps 23a and 235 may then be
re-filled with water from dialysate tank 16§ via dialyzer 1'4 this water then.being used
for repeated rinses to drain fora pre—selected number of times, This can be accomplished
by the contro!ler directing the opening of valves 231 and/or 241, and the activation of

outer dialysate pump set 158 io draw water from dialysate tank 169 and deliver it
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through dialyzer 14 to flowpath 402. In the illustrated embodiment shown in Fig. 69C,
for each rinse 1o drain via arterial line 203, the controller is programmed 1o open
occluder 202, close venous line valve 206 and open drain valve 207. Of course, the
specific opening and closing of valves may vary depending on how the hemodialysis
flowpath has been structured and where valves have been positioned.

An additional rinse 10 drain may optionally be performed via line 404 to dialyzer
14, through line 406, then to venous line 204. In this case, pumps 23a and 23b can be
primed with water through dialyzer 14 from dialysate tank 169 through the opening and
closing of the appropriate valves. Both pumps 23a and 23b may then deliver fluid to
venous line 204 by ciosing inlet valves 192, 194, opening valves 193, 195, blocking flow
across the dialyzer 14 membrane by closing the appropriate valves on the dialysate side,
opening occluder 202, venous line valve 206 and drain valve 207. This scquence may be
repeated a pre-selected number of timnes.

As shown in Fig. 69D, the procedure to clean flowpath 402 may follow an
equivalent procedure to that used for flowpath 400, this time having the controHer direct
the closure of outlet valves 193, 195 and the opening of inlet valves 192, 194, The back-
and-forth swishing procedure between the pumps 23a and 23b may be enabled by

- aiternating the application of negative and positive pressure to the respective pumps in

ordet to enhance the pressure gradient in alternating directions. Following the high
pressure swishing of fivid in flowpath 402, a rinse to drain via arterial line 203 may be
performed a pre-determined rumber of times as discussed above. Optionally, a rinse to
drain may alsc be performed via venous line 204 following a procedure similar to that
discuséed above.

The high pressure cleaning procedure may aléo be applied to the arterial and
venous tubing, and any attached components, such as the dialyzer 14 and an air trap 19.
As shown in Fig. 69E, a flowpath comprising the iniet path of one pump and the outlet
path of the opposing pump allows for 2 back-and-forth swishing procedure under high
pressure involving the entire arterial 203, 408 and venous 204, 404, 406 blood tubing, In
this case, the circuit is completed by having the controller close drain valve 207 and open.
venous line valve 206, The inlet path of the pump 23a or 23b may be selected, a8 long as
the outlet path of the opposing pﬁmp 23b or 23# is also sejected. In the example
illustrated in Pig. 69E, the inlet path of the pump 23a and the outlet path of the pump 23b
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have been selected. Alternatively, the inlet path of the pump 23b and the outlet path of
the pump 23a may be selected. As in the procedure described to rinse to drain via the
venous line 204, flow through the dialyzer 14 to the dialysate circuit is prevented by the
closure of the appropriate valves in the flowpaths on the dialysate circuit side of the
dialyzer 14, As described above for the cleaning of flowpaths 400 and 402, the upstream
pummp 232 or 23b is charged with a chamber full of cleaning fluid (e.g., water) with its
diaphragm in a retracted position, and the opposing downstream pump 23b or 23a is
empty with its diaphragm in an extended position. The coniroller first directs the
app}icatién -of negative pressure to the downstream diaphragm and then directs the
application of positive pressure to the upstream diaphragm, with the appropriate valves
closed (such as, for example, valves 193, 194 and 207 in Fig. 69E). The controller may
then switch the application of the positive and negative pneumatic pressures to cause a
reversal of fluid flow through the selected flowpath under high pressure. The cycle may
be repeated a pre-determined number of times to achieve an adeguate amount of cleaning
of the venous and arierial lines. Finally, the venous and arterial lines may be rinsed to .

drain using the rinsing procedures described above.

The Dialysate Circuit Drain state 6613 flushes fluid out to drain from the
dialysate circuit, while recirculating finid in the blood tubing set. The Fluid i’rep Circuit
Drain state 6914 flushes fluid out to drain from the fluid preparation circuit, while
reverse recirculating fluid in the blood tubing set. The Recirculate UFTR state 6915

recirculates fluid through the ultrafilter flush port, while recirculating fluid in the blood

tubing set, The fluid optionally may be recirculated to the dialysate tank or to drain, In
choosing whether to recirculate fluid to the 6iajysat'e tank, one consideration is the
amount of time spent in this state, because as dialysate ages, some of its characteristics
(such as pH) may change, which may prompt the system to direct the fluid to drain in
favor of continued production. of fresh dialysate. The Dialysate Tank Upper Level state
6916 maintains the dialysate tank at a full level. Cycling the fluid level in the tank up
and down acts to rinse the tank. The Diatysate Tank Lower Level stale 6517 maintains
the dialysate tank at a near empty level. | ‘.

Either at this stage or near the beginning Disinfect, the metering pump (e.g.

heparin pump)-ori the blood pump cassette may be directed to empty the medication (e.g.
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heparin} container. The medication may be replaced with either dialysate or water, but
preférably the container is filled with airin preparation for the instillation and
withdrawal of disinfection fluid during Disinfect. If the medication is heparin, any
residual heparin remaining im the container or vial after a treatment session-can be
emptied into the BTS at this stage. Circulating the residual heparin through the BTS
during Clean Blood Path or Disinfect may help to reduce clot formation and thus
increase the efficiency of the cleaning process. Alternatively, the heparin may be
discarded to drain.

Referring again to Fig. 69a, the Stop Rinse state 6918 stops the rinsing process.
The Completion state 6920 finishes the application by emptying the diatysate tank. The
Occlusion Recovery state 6921 handles the correction of any occlusions that have been
detected by the gystem. The Occlusion Alarm state 6922 will stop Clean Blood Path

6901 and notify the patient there is an occlusion. The Occlusion Resolution state 6923

waits for the patient to clear the occlusion,

The Inlet Water Recovery state 6924 may handle the correction of any inlet water
occlusion that has been detected by the systern. The Inlet Water Alarm state 6925 will
stop Clean Blood Path 6901 and notify the patient there is a problem with the incoming
water. The Fill Dialysate Tank state 6926 atiempts_t’o fill the diajysate tank, The Pause
state 6927 will halt operation. Additionally, the paﬁenE can choose to perform additional
activities. The Stop for Pause state 6928 will halt all machine operafion. The Pause
Menu state 6929 allows the patient to choose 10 perform additional activities. The
following options may be displayed: Take Samples (RO Sample} 6930, Replace
Component 6931, Power Standby 6932, Shutdown 6933 and Continue Operation 6934.

The Dialysate Leak Alarm state 6935 will stop operation and notify the patient a
dialysate leak has been detected. The Leak Resolution state 6936 waits for the patient to
clear the jeak, and may allow the continue button to be dispiayed on the GUL

(3 Disinfect

Following the recycle preparation and the cleaning-of the blood path, the
Disinfection Application may implement the disinfection of fluid pat’hwajrs. Disinfection

is performed.to provide fluid that is of infusible quality. To achieve this goal, the
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disinfection process may kill all vegetative bacterial cells, fungi, and all small or non-
lipid viruses. Because the machine is generally dedicated to one patient, it is not
imperative that the disinfection process eliminate viral contamination., Switching the
machine between patients may require steps beyond this process, Disinfection may be
achieved by bringing all fiuid pathways to a certain temperature and holding that
temperature for 2 minimum amount of time. For example, water circulated through the
dialyzer, blood treatment set, ultrafilter, and dialysate set may be heated to a temperature
of 85° C, £5° C for approximately one hour. Hot water pasteurization may be suitable
for high-level disinfection. Exemplary conditions for hot waier pasteurization may
comprise a temperature of approximately 68°C for a miriimum of about 30 minutes. The
Disinfect state is able to monitor the temperature at various points in the systern and
delays disinfection until the sensors are at least about 1°C above the target temperature,
for example, at pre-determined temperature thresholds, such as 85 degrees C and 75
degrees C. The state monitors the temperature at various points and takes action to
mmcérease fluid heating if any sensor falls below the target temperatuore, for example, for
more than 10 consecutive seconds. ‘

The various circuits through which fluid is routed during disinfection may be
arranged in any suitable way, e.g., to.help ensure that all desired portions of the system
reach a suitable temperature for a suitable period of time, to help flush endotoxins and

other debris from the system, to help ready the system for 2 next treatment, and so on. In

_ one illustrative embodiment and with reference to Fig. 3A, a primary flow path of fuid

during disinfection may inciude:

- the water supply conduit leading from the water supply 30 and drain 31 to the
pumps 180 of the mixing circuit 25,

- lines leading from the j)ﬁmﬁs'lBO to the bicarbonate pump 183, the
ingredients 49 (for disinfection, a connector is provided in place of the
ingredients 49 that fluidly connects the three lines into and out of the
ingredients 49), the acid paomp 184 and the bicarbonate water supply pump '
(the lower pump 180 in Fig. 3A — that is pump 282 in Fig, 24B),

- the dialysate supply lne from the pumps 180 to the dialysate tank 169,

- lines from the dialysaté tank 169 chro.ugh the outer dialysate pumps 159 and
the heater 72 to the ult;raﬂ!ter 73,
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- lines Jeading from the ultrafilter 73 to the balancing chambers of the dialysate
circuit 143 and the dialyzer 14,

- lines from the dialyzer 14 through the inner-dialysate punips 15 and bypass
pump 35 to the drain 31 and water supply 30, and

- the entire blood flow circuit 141 with the venous and arterial patient condisits
67 connected-to the directing circuit 142,

During disinfection, finid may be circulated around the main flow path
continuously, with some amount of the disinfecting liquid being optionally directed to
the drain 31, e.g., to help purge endotoxins and other materials and help disinfect
additional flow circuits of the system. However, in some embodiments no liguid exits or
enters the system during disinfection. Instead, liquid may be directed to drain 31 during
a cleaning or rinsing operation prior to, or after, disinfection. For example, liguid may
be directed from the venous and arterial patient condueits 67 to the drain 31, e.g., as
shown in Fig, i?C, p}im‘ to, dufing or after disinfecton. In addition, liquid flowing from
the mixing circuit 25 to the dialysate tank 169 may be at least partially directed along a
path 48 (as shown in Fig. 23), and/or liquid may be directed from the ulirafilter 73 to
along a path 731 (as also shown in Fig.23) during disinfection as desired. While flow
through these secondary pathways may be intermittent, the circuits through which fluid
is moved during disinfection may include those circnits shown in bold in Fig. 23.

To cause flow in the main disinfection flow path, all of the pumps in the mixing
circuit 25 except for the mix water pump (see pump 280 in Fig, 24A), the pumps in the
directing circuit 142, the bypass pump 35 in the dialysate circuit 143 and the blood
purmps 13 in the blood circuit 141 may run continuocusly. The mix ‘;;aater pumyp 280 and
the inner dialysate pumps 15 may remain completely open to ac;co-mrriédale continuous
flow through the main disinfection flow path. In addition, various valves are opened and

closed to cause desired flow in the system, e.g., to cause flow into and out of the

- balancing chambers of the dialysate circuit 143. Flow may also be permitted in the paths

48 and 731 by suitable valve contro} to allow these flow paths to received disinfecting
fluid. Although the mix water pump 280 may normally remain open, the pump 280 may
be exercised along with suitable valve control to ensure that disinfecting fiuid flows into

and out of an accumulator 33, if provided, (See Fig, 89.)
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Flow through the heater 72 in the directing circuit 142 allows the heater 72 to
heat the liquid to a suitable temperature for disinfection, e.g., 1o 85 degrees C +/- 5
degrees. The control system may monitor the fluid or other system component
temperature at a plurality of locations, e.g., to help ensure that portions of the system are
exposed to suitably high temperatures for a sufficient time period to achieve disinfection.
For example, the temperature immediately downstream of the mix water pump 280, the
temperature at the mixihg chamber foracid with water/bicarbonate, the temperature at
the ulirafilter, and/or the temperature at a front panel connection where the venous and
arterial conduits 67 are connected may be monitored. In one embodiment, if any of these
tempetatures vary relative to each other {or relative to some other reference) by more
than about 5 degrees C, the system may take suitable action, such as alerting a vserto a
problem, stopping the disinfection process, attempting to identify a problem causing the
temperature variation, etc. Temperature variations may indicate that flow in one or more
sysiem components is not suitably high or low, which may be caused by a pump, valve
or other matfunction, a clog or kink in a flow line, or other problem. When temperatures
at a desired pumber of system locations have excéeded a threshold, such as 85 degrees C
for fluid temperatures in the main flow path and 75 degrees C for a system front panel
temperature, the system may start a time accumulation, and continue disinfection until a
desired time, such as 1 hour, has elapsed. If at any point in the disinfection process a
temperature at one or more locations drops below a particular value, such as below 76.5
degrees C for fluid temperatures in the main flow path or 67.5 degrees C fora
temperature at the system front panel, the system may take suitable action, sach as
discontinving disinfection, preventing future use of the system until a repair or other
comrectjon is made and the system successfully completes a disinfection procéss,
notification of a user, or other, Similarly, if any system temperature exceeds a particular
value, such as 100 degrees C, the system may take suitable action, such as discentinuing
disinfection, preventing future use of the system prior to system repair, efc.

" As mentioned above, the zlmticoagulam vial 11 (shown, for example in FIG. 4A)
may be emptied prior to disinfection, duﬁng disinfection and/or after disinfection. In
addition, disinfecting liguid may be introduced into the anticoaguiant vial 11 during the
disinfection process, e.g., 1o help raise the temperature in the vial I1 to a desired level.

Emptying of the vial 11 may be done by forcing air into the vial 11 so as o pressurize
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the vial 11, and then releasing the pressure to cause the pressure to force any liuid in the
vial 11 to exit the spike 201. Disinfecting liquid may be intreduced into the vial by
lowering a pressure in the vial, e.g., below atmospheric pressure, and pumping iiquid
into the vial. Subseguently, the vial 11 may be emptied of the disinfecting Hquid.

Figs. 70a and 70b show an exemplary implementation of the Disinfect
application. Fig. 70a shows the Disinfect state 7001, which enables the dialysis unit to
disinfect itself. The Data Handler Init state 7002 handles reading data values from the
database. The values may be in the following tables: Instrument, Dialyzer Use and
Reuse, Ultrafilter Use and Reuse, Blood Tubing Set Use and Reuse, Disinfection,
Expiraﬁons, and Treatment Flow shest. The Data Handler Update Complete state 7003
handies updating data values in the Database once Disinfect has been completed. During
the Tdle state 7004, the history of the Disinfect state 7001 is cleared upon performance of
Clear Disinfect History 7005. Start Disinfect 7006 transitions the process to the Active
state 7007. The Active state 7007 waiches for Disinfect Stop 7008. Disinfect Stop 7008
transitions the process back 1o the Jdle state 7004. The Monitor state 7009 watches for
the doors of the dialysis unit being opened, occlusions, and requests to Pange 701!
dialysis unit operations. I the user requests Pause 7011, the application proceeds to the
Pause state 7010. .

In the Maonitor state 7009, the Fill Tank state 7012 stans reverse osmosis (RO)
water production and fills the tank prior to priming the flow path. The Prime Flow path
state 7013 primes the entire flow path with water in preparation for disinfection. The
Disinfect Flow path staté 7014 oversees disinfection of the machine and determines
when it is complete. 1t starts flows and recirculates fluid in both the blood circuit as well |
as the dialysate circait. Disinfection may be deemed complete when all temperature -
sensors remain at Jeast 1°C above the target temperature, or in another agpect, at or above
a threshold temperature at the heater (e.g., 95 degrees C) for a selected number of
conseéutive minutes. . Of course, alternative parameters may be used to deem the
disinfection complete. When such a determination is made, the event Disinfect
Complete 7015 is genersted. The Warm Up state 7016 monitors the temperature at

various points and waits for portions of the dialysis unit to heat up. When all

" temperature sensors are at least 1°C above the target temperature, the event Flowpath At

Temp 7017 may be is generated. The Hold Temperature state 7018 monitors the
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temperatire at varjous points and takes action if the monitored temperatures drop too
low. For example, the event Flowpath Below Temp 7019 may be generated when the
temperature at any sensor falls below the target temperatuse for more than 10
consecutive seconds. Other parameters may alternatively be used. The Empty Tank
state 7020 empties the dialysate tank. In this way, the drain line receives a final round of
disinfection. Purther, an empty tank end condition allows for future applications to start
with a known tank level. The Done state 7021 is the completion state for Disinfect.

The Occlusion Stopping state 7022 stops all flows and noiifies the user that an
occlusion has been detected. The Occlusion state 7023 waits for the user to indicate that
the obstruction has been cieared. Once the User indicates that the problems have been
corrected, the event User OK 7024 is accepted. The Doors Open Stopping state 7034
stops all flows. The Doors Open state 7025 prompts the user to close the doors of the
dialysis'unit. Once the user indicates the doors have been closed, the event User OK.
7026 is accepted.

Referring now to Fig. 70b, the pause behavior will be discussed. The Pause Wait
for Stop state 7027 waits for all operations to stop. When the machine is stopped, the
event 7028 is gencrated. The Pause Wait For User Choice state 7029 prompts the user to
choose ti'lf;, next step and waits for the user to choose what they want to do. The patient
will have the following options: Take RO Sample 7030, Power Standby 7031, and
Shutdown 7032, The User Take RO Sample state 7030 waits while the user takes an RO
Sample, the Power Standby state 7031 waits for-Power Standby, and the Shutdown state
7032 waits for Shutdown. The user may also select & Resume operations option to

generate a Resume Requested event 7033 (Fig. 70a).

(4)  Rinse Endotoxins

Following disinfection of the fluid pathways, endotoxins and dead biofilm may
be rinsed from the pathways via the Rise Endotoxins Application. Endotoxins are part of
the outer cell wall of bacteria and are released when bacteria are killed. Biofilm isa
complex collection of microorganisms that attach to available surfaces. While the
disinfection process kilis viable biofilm bacteria, it may pot remove all the biomass

components, including endotoxins.
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To remove dead biofilm and endotoxins, a certain amount of fluid is flushed
throughout the flow path at a certain flow rate. This application is designed to rinse each
tubing segment with at least three times the holding volume of that segment, although
other implementations are possible. According to one exemplary implementatior, the
dead biofilm may be removed to achieve a Reynolds number of at least 100. According
to another exemplary implementation, the Rinse Endotoxins application may be designed
to achieve a Reynolds number of 200 or more.

Fig. 71 shows an exemplary implementation of the Rinse Endotoxins application.
It the Rinse Endotoxins application 7101, the Prime With Water state 7102 introduces
fresh cool reverse osmosis water into the gystem that has just completed disinfect., Fiuid
Circuit Rinse 7103 is designed to rinse every fluid line of the system. The Recirculation
state 7104 flushes the Fluid Production, Fluid Preparation, Recirculator, Diatyzer, Blood
Circuit and access lines with reverse osmosis water. The flushing of these circnits rinses
the systern of endotoxins and biofilm that remain in the system after disinfect is
complete. - ‘

Each of the remaining states are alternative path\;vays of the flow path that allow
certain segments {0 be drained. The subseguent §lates will be performed for a percentage
of the time or a percentage of floid delivered. The Dialysate Circuit Drain 7105 state
flushes fluid out to drain from the dialysate circuit, while recirculating fluid in the blood
tubing set. The Fluid Prep Circuit Drain state 7106 flushes fluid out to drain from the
fluid preparation circuit, while reverse recir&ulating fluid in the blood tubing set. The
Ultrafilter Recirculation state 7107 recirculates fluid through thé ultrafilter flush port,
whiie recirculating fluid in the blood tubing set. The Blood Circuit Drain state 7108
flushes finid out through the blood circuit 1o drain. The Dialysate Tank Upper Level
state 7109 mainrains the dialysate tank at a full level. Cycling the fluid fevel in the tank
up and down acts o rinse the tank. The Dialysate Tank Lower Level state 7110
maintains the dialysate tank at a near empty level, )

The Erhpty-'l‘ank state 7111 removes any residual dialysate from the dialysate
tank by sending it io drain. The Ocelusion Recovery state 7112 notifies the user that an
occlusion has been detected, but does not stop any flows, The Pause state 7113 will halt
operation. AddumnalEy the pauent can choose to pcrform additional activities. The

patient will have the following options: Replace Components (uitrafilter or
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Dialyzer/blood tubing set), Take Samples (RO Sample), Restart Recycling, Power
Standby, and Shutdown.

(5 Treatment Preparation

The Treatment Preparation application performs a series of actions that prepare
the system to perform a dialysis session. During this application, the chemical

concentrates are installed, dissolved, and mixed to produce the prescribed dialysate

" composition. The system also tests the integrity of the ultrafilter, the dialyzer and blood

tubing set, as well as key valves, pumps, and pneumatics. Fresh dialysate is used 1o folly
prime the system, and then flush the blood tubing set and dialyzer. Further during this
application, the clearance of the dialyzer and the transmembrane pressure of the
ultrafilter are tested, and the protective systems are self-tested by simulating trigger
conditions throngh electrical offsets.

When the user requests that a dialysis session be initiated, the system will allow

A Lhe user to collect any scheduled samples. The user is also prornpted to install their

prescribed chemical concentrate cartridge. To mitt gate possible user errors, the system
prompts the user to verify that their chemical concentrate canridge matches their
prescription. Furthermore, the system checks to ensure that the cartridge is present and
installed properly once the user indicates it to be so. 7

Reverse osmosis water is added to the powder chemicals and they are agitated to
uniformly dissolve them. Once the powder chemicals are dissolved, they are mixed with
the acid concentrate and the conductivity of the finished dialysate solution is checked
against the expecied conductivity. Acceptable dialysate is routed to the dialysate tank
while snaccepiable dialysate is routed to drain.

While the dialysate is being mixed, a series of integrity tests are performed, In

-each case, the component under test is pressurized and then isolated, while the pressure

decay is measured over time. If pressure escapes too quickly, the component fails the
test and shouldlba' replaced. The dialyzer, biood tubing set, and ultrafilter are penerally
replaced by the user, while other items are generally replaced by service peréormel. The
functionality of the blood line clamps is verified to ensure that the system can

successfully isolate the patient from the machine in the event of a hazard detection.
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Daily integrity testing of the uitrafilter is desirable because repeated heat disinfection and
high pressure flow may damage the filter fibers. If the ultrafilter fails integrity testing,
endotoxins may be present downstream, including the dialyzer and blood wbing set.
Therefore, all three components should be repiaced in this case. Next, daily integrity
testing of the dialyzer and blood tubing set is desirable because repeated treatments and
heat disinfections may damage these disposables. A broken dialyzer fiber could cause a
blood leak out of the blood side of the dialyzer and intq the system and/or compromise

its ability to prevent endotoxins from crossing from the dialysate side of the dialyzer and
into the bleod. '

Key valves, pumps, pnenmatics, and various replaceable cartridges are tested

‘using pressure and vacuum tests. Either a pressure or a vacuum may be delivered to the

component in test and then isolated while the pressure decay is measured over time. If
bressure escapes too quickly, the component fails the test, indicating that it should be
replaced.

The system is primed with the fresh dialysate. The dialyzer cieﬁaran;:a is
measured to determine wl-aether its solute removal performance is acceptable. As the
dialyzer is reused, the fibers can become clogged with blood clots and biofilm, reducing
the effective surface area available for solute transfer (diffusion ﬁnd convection). As this
happens, the dialyzer's ability to “clear” the blood of toxins is reduced, hence the term
clearance, If the clearance value has declined more than the allowable prescribed
percentage, the operator may.be notified and replacement may be performed following
the completion of treatment. ,

The uitrafilter transmembrane pressure (TMP) may be tested daily to ensure that
it does not exceed the maximum operating limit. The TMP limit is typically a
manufacturer’s specification used to pfevent damage to the vlirafilter fibers or housing,
which could lead to an external leak or endotoxins crossing the ultrafilter. Over time, ;he
ultrafilter gradually becomes clogged with biofilm and other debris which causes the
pressure drop across its fibers to increase. The TMP test sends the maximum system
fiow rate used through the uirafilter and measures the pressure drop. If the pressure
drop exceeds the maximum operating limit, the uitrafilter should be replaced following

the completion of treatment.
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The reverse osmosis water in the dialyzer and blood wbing set should be replaced
with physiological fluid prior to treatment in order to prevent hemolysis. Further, any
residual ethylene oxide (ETO) that may be present in the dialyzer prior to treatment
should be flushed out in order to prevent First Use Syndrome-1 (FUS-1). Since dialysate
is a microbial growth medium, the blood tubing prime is late in the application process to
reduce stagnant time in the set.

Protective system self tests may be performed. This is accomplished by creating
offsets in safety sensors to simulate unsafe condifions and then confirming that each
protective system reacts as intended.

Fig. 72 shows an exemplary implementation of the Treatment Prepatation

application, Referring to Fig. 72, states of the Treatment Preparation application 7201

are described. The Chemical Concentration Replacement state 7202 will perform the
necessary operations to aliow the user to conmect the chemical concentrates to begin the
process for preparing the dialysate. This state will indicate when the machine is ready to
receive the chemical concentrates. Also durin g this time, the system will verify that the
chemical concentrate containers are present and connected properly. During the
Chemical Installation state 7203, the system will prompt the user to install the chemical
concentrates when it indicates it is ready. Included in the prompt may be instructions on
how to perform the instaliation” The system may display an instructional prompt to
install the chemical concentrates whether they are in a cartridge or bottle form. The
operator may confirm instalation by indicating their prescription us'{ng the user
interface. The Chemical Presence Test 7204 detects whether the chemicals have been
instalied properly in the system. The system may verify that the chemicals have been
instafled by using a presence sensor to detect whether the chemicals have beén installed
ornot. If the system indicates that the cartridges are not present, the system will
transition to Connection Recovery 7205. In addition, the system monitors whether the
chemical bypass door is opened, which implies that the chemical tubing is connected.
The connections may also be verified by drawing a vacuum on the chemical contziner fo
confirm that the chemical addition ports are not open to atmosphere. Connection
Recovery 7205 will handle the user interaction in the event tha{ the system detects that
the chemical concentrates are not installed properly. This recovery need Dn'fy' be.

performed in the event that the sysiem is unable to detect the presence of the chemical
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concentrates or the vacuum integrity test fails. When the system indicates that the
chemical concentrates are not installed properly, the system will instruct the ﬁser to
verify that the chemicals are properly installed and that all connections are securely
fastened, The system will then wait for the user to indicate that the connections have
been checked and allow the system to perform the Chemical Presence Test 7204 apain.

Upon successful completion of the Chemical Presence Test 7204, the system will
transition to Chemical Dissolution and Integrity Tests 7206, During the Chemical
Dissolution and Integrity Tests state 7206, the system will start the process of dissalving
and combining the chernical concenirates to achieve the prescribed dialysate
prescription. In addition, this state will perform routine daily integrity iésts of the
particular componenis. The actions of Dialysate Preparation and performing the
Integrity Tests will be performed by the system concﬁrrently to use time more
efficiently.
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The Integrity Tests state 7207 will handle the integrity testing of the Ulrafiler,
Blood Tubing Set and Dialyzer, and the dialysate circuit. The Ultrafilter (UFTR)
Integrity Test 7208 verifies the integrity of the Ultrafilter. The water in the housing is
forced out, and then the air is pressurized and held against the fibers from the outside. If
the allowable decay limit is exceeded, the filter should be replaced, During this state, in
the event that the UFTR integrity test returns an indication that the test has failed, the
system will relay this information to the user. The user will be instructed to Replace the
UFTR via the transition to Replace Components. Upon completion of the installation of
the new ulirafilter, the system will re-peffonn the integrity test and resume normal
operation. The Blood Tubing Set (BTS)/Dialyzer Integﬁ'ty Test sub-state 7209 is
intended to test the integrity of the Blood Tubing Set and Dialyzer. This is accomplished
by generafing a préssure, and then measuring the decay. If the dialyzer/blood tubing set
fails the integrity test, the user is notified to replace the dialyzer and biood tubing set.

During this state, if the system returns a Failed status for the BTS and/or Dialyzer

Integrity, the system wil} notify the operator that the BTS and/or Dialyzer Integrity test
failed. The user will be provi-dcci with information and the ability to replace these
components through the Replace Components option. Once the component(s) have been
replaced, the system will re-perform the integrity test. If desired, a general system
integrity test .may be performed during 2 Valves/Pumps/Pneumatics Integrity state 7210.

* The Integrity Test Failure Recovery state 7211 provides instructions to handlel
any integrity test failures identified during the integrity tests. If the system indicates that
there was an integrity test failure, the user wiil be notified by the system of the failure, as
well which component failed. The user may then perform the necessary actions to
perform the replacement. Upon the user’s indication that the new component has been
instatled, the system will resume normal operation. '

The System Prime with Dialysate state 7212 will perform the necessary actions to -
prime the sysiem with dialysate. This state includes a Prime with Dialysate state 7213, a
Diatyzer Clearance state 7214, an Ultrafilter Transmembrane Pressure (UFTR TMP)
state 7215, and a Flush ETO Prime state 7216. The Prime with Dialysate state 7213
begins chémica] production and primes the system with dialysate. The Dialyzer
Clearance state 7214 quantifies the amount of sodium clsa;“ance, used as a surrogate for

urea clearance, that can pass across the dialyzer membrane under given flow rate and
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temperature conditions, The UFTR TMP state 7215 measures the transmembrane
pressure {TMP) across the ultrafilter at the maximum system flow rate, to ensure that is

does not exceed the specified maximum uitrafilter TMP. In the event that the UFTR

TMP exceeds the acceptable limit, the system may continue with its normal operation,

The user will be notified that the ultrafilter (UFTR} requires replacement due to a failed
TMP test and that the replacement will be performed during Recycle Preparation. The
Flush ETO Prime state 7216 flushes the dialyzer of ethylene oxide (ETO) that may have

leached ont.

During the Sample Notification state 7217, the system will identify if any i
samples have been previously scheduled by the patient or clinical representative. This
state also notifies the operator of the samples scheduled. The following are samples that
the operator may be notified to collect: Blood Samples, Chlorine Samplc/’[‘est,
Chioramines Sample/Test, and RO Water Sample. During the Perform Sample state
7218, the system will notify the user that thci:c are samples scheduled to be taken.
During this state, the user will have the opportunity to accept or decline taking these
samples. Thesystem will evaluate whether there are samples scheduled or not. ¥f the
system indicates that there are sample(s) scheduled-and the user elects 1o perform the
sample, the system will transfer responsibility to Panse 7219, where each of the samples -
will be handled, _

The system will create conditions that allow self-testing of the protective systems
before & patient is connected to the machine. Upon the detection of a protective systerns
test failure, the Protective Systefns Tests state 7220 will initiate corrective action if
api:alicable. The following protective systems may be tested prior to patient connection:
Air Detection (Venous and Arterial), Dialysate Conductivity, Dialysate Temperature,
Blood Leak Tést, Fluid Leak Test, and Doors Open. This may be accomplished by
Effsctting each of the sensors 10 simulate a condition where the protective system wil)
trigger. The systemn will confirm that the proper protective system was jnitiated.

The Protective Systems Test Failure Recovery 7221 is triggered in the event that
one of self tests returns a failed status. This state is entered upon the compietion of all of
the Protective System Tests 7222. In the event that any of the Dialysate Conductivity
Protective System Test, Dialysate Temperature Protective System Test, Blood Leak
Protective System Test, and Fluid Leak Protective System T ést. return the failed status,
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the operator may be instructed that operation cannot continue. In the event that either of

" the Air Detection Protective System Test or the Door Protective System Test return the

failed status, the operator may be instructed to perform the corrective actions related to

the failure.
6) Patient Connect

Following the treatment preparation, the patient connection o the system is made
and the extracorporeal blood tubing circuit is primed with blood. There are at least two
priming prescription options: the first method is “Prime Discarded” (or Prime Not
Remrned) where the dialysate priming solution is drawn into the machine as blood is
introduced into the extracorporeal circuit. The second method is “Prime Returned”
where the dialysate priming solution is given to the patient as blood is introduced into the
extracorporeal circuit. Choice of these two methods depends on how much volume the
patient wants fo remove during the priming process and whether their venous access can
tolerate fluid being drawn from it.

For Prime Discarded, blood is drawn from the patient’s arterial and venous ac:céss
sites simultaneously into the machine as the priming solution is discarded to drain. This
priming method is often preferred, because patients typically begin dialysis treatment
volume overloaded and therefore wish to accomplish priming without taking on
additional finid. The user may chose to switch priming methods to Primé Returned if

their access cannot tolerate the reverse flow up the venous line. The arterial and venous

.flow rates may be matched as closely as possible such that the blood fronts just meet-

inside the dialyzer fibers. The extracorporeal circuit may be purposefully shghtly
“underprimed” in order to avoid jocalized hemoconcentration that could occur if the
bload is ultrafiltrated during the priming process.

For Prime Returned, blood is drawn up the arterial Jine and the priming solution
is displaced down the venous line to the patient. This priming method may be prescribed
for those patients whose accesses cannot tolerate the reverse flow up the venous line
used during Prime Discarded, or who are sensitive to hypovolemia. I the patient cannot
tolerate losing volume guickly, this method allows thermi to keep their volume during

prime.
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Additionally, if the patient still needs extra volume, they can initiate a sohition
infirsion any time théy are connected. Especially for patients who are sensitive to
hypovolemia, they may choose to start treatment with a slight excess of fluid.

For either priming method, the operator may choose 1o change the priming blood
flow rate at any time. However, any changes do not affect the prescribed setting for the
subsequent treatment. Access site compromise and pressure/flow problems are common
at the initiation of reatment, and therefore the operator may wish to slow down the blood
fiow rate during priming.

While the dialyzer and blood tubing set have already been flushed to match the

dialyzer manufacturer’s instructions sheet, there is an industry concern about further

leaching of sterilant out of dialyzers when they sit with floid stagnate in them.
Therefore, if the dialyzer sits stagnant for too long, it may be re-flushed.

Figs. 73a-d show an exemplary implementation of the Patient Connect

application. With reference to Fig, 73a, the Connection and Priming state 7302 of the

Patient Connection application 7301 allows the patient to take a priming sample if
scheduled, connect to the machine, and prime the blood tubing set with blood. Within
the Connection and Priming state 7302, the Connection state 7303 encompasses taking a

priming sample and connecting to the machine. During this state, the system may

" determine whether the priming solution has expired. For brand new dialyzer, priming

solution expires approximately 15 minutes after the last flush of dialyzerand blood
tubing set. For a dialyzer that has at least one heat disinfect, priming solation may expire
approximately 30 minutes after the last fiush of dialyzer and blood tubing set.

There is an industry concern about leaching of sterilani out of dialyzers when .
they sit with fluid stagnant in them. Therefore, if the previous flush of the dialyzer
occurred 15 minutes ago for a new dialyzer, or 30 minutes ago for a dialyzer that has one
or more disinfects, the dialyzer may be re-flushed. This flush will remove any residual
ethylene oxide (ETOQ) that may be present in the BTS in order to prevent First Use
Syndrome-1 (FUS-1). The rationale for differing times between a brand new dialyzer
ahd a dialyzer with one or more heat disinfects is that a brand new dialyzer will likely
have more ETO that can leach out. A used dialyzer will have little or no residual ETO.

The Collection Decision state 7304 determines whether a pi;irrxjng sample is

scheduled or not, based on certain database items. The Connect to Machine state 7305
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prompts the patient to enter their weight and connect to the machine. It waits until they
indicate they are connected. The state will post a message indicating the connection
prbcedure and the means for entering patient weight. If heparin is prescribed, it will also ‘
prompt the patient {0 Joad a heparin vial into the pump,

The Priming Sample Collection state 7306 allows the patient to collect a priming
sample. The priming solution sample is used to perform a microbiological evaluation of
the dialysate fluid used to prime the dialyzer and blood tubing set. Within the Priming
Sample Collection state 7306, the Prompt for Sample state 7307 prompts the patient to
collect a priming sample. The Deliver Sample state 7308 pushes fluid across the dialyzer
and out the venous line, providing the patient with a-sample of the priming solution. A
notice may be provided to the patient allowing them to terminate sample collection at
any time.

The allowable volume for a priming solution sample may be 500 ml, for example.

Typically, a sample of 150 mi is needed for microbiological evaluation. Sterile sample
‘collection generally requires that some fluid flow into a waste container prior to taking

- thesample. A maximum volume of 500 mi also allows the user to take an additional

sample if the first sample gets contaminated.  The request. for sample collection duration

may be.approximately 30 seconds or less. To obtain a 150-mk sample, the desired flow-

rate from the venous line may be 300 mU/min. The dialysate may be heated to the
p‘rcécribcd temperature in preparation for prizﬁing with blood. Should the patient elect to
receive the dialysate prime in the blood tubing set, it will be a comfortable temperature.

The Stop Collection state 7309 stops fluid flow and waits for the machine stop to
be completed. This state is entered either due to a sample volume limit being reached, or
due'to péﬁent request. When the machine has stopped, a Coliection Stopped event 7310
is triggered, causing a transition te the Collection Stopped state 7311. The Collection
Stopped state 7311 waits for the patient to indicate they are ready to move on to
connection, Alternatively, the patient may request additional sample coliection.

The Reprime state 7312 ensures the patient reconnects the blood tubing set and
closes the doors.. The diatysate and blood tubing set are then re-flushed. The Close

Doors state 7313 ﬁrompts the user 1o close the doors. Referring to Fig. 73b, The Doors

Wait For Stop state 7315 issues a stop comumand and waits for the machine to stop. The

Doors Wait For User state 7316 waits.for the common monitoring application to indicate
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that the doors are closed, either becanse the user or a detector indicated that the doors are
closed. The Repriming blood tubing set state 7314 re-flushes any residual ETQ that may
havedeached out during a period of inactivity.

A Referring again to Fig, 733, the Dialysate Predoction Recovery state 7317 allows
the machine to recover from a scenario where the dialysate temperature is out of
specification. Once the temperature of the dialysate is within 1°C of the prescription

temperature, for example, the process may transition to the Reprime state 7312.

The Prime With Blood state 7318 primes the blood tubing set and dialyzer using
either the Prime Returned 7319 or Prime Not Returned 7320 method. If a blood leak is
detected, an alarm event is generated. The Prime Not Returned state 7319 primes the
blood tubing set by pulling biood up both the arterial and venous lines, and displacing
the dialysate through the dialyzer and down to drain. The system may notify the patient
that at any time during the state they can select Prime Returned 7320 or modify the
priming blood flow rate. The arterial priming rate is a prescription item and may be
modified by the patient, The blood tubing set and dialyzer volume may be slightly less
than nominal in order to reflect dialyzer bundle volume decreases over time and also to
avoid hemoconcentration. - The Monitor Prime Not Returned state 7321 monitors
priming of the blood tubing set by checking the status of the priming process.

The Stop Discard Prime 7322 state stops fluid and waits for the machine stop to
be completed. When the machine has stopped, the Discard Stopped event 7323 is
triggered, causing a transition to Prime Retumed 7320, The Prime Returned state 7320

primes the blood tubing set by puliing blood vp the arterial fine and displﬁcing dialysate | h

down the venous line to the patient. Arterial air may be monitored. The patient may be
notified of the ability to modify the priming blood flow rate at any time during the state.
The Start Prime Returned state 7324 starts priming the blood tbing. While blood is
being drawn up the arterial line, the priming solution will be given to the patient through
the venous line. lRate is'a prescription ifern and may be modified by the patient. The
Monitor Prime Returned state 7325 monitors primiﬁg of the blood tabing set by
accumulating the total volume pumped and compating it to the total volume in the '
dialyzer and blood tubing set. When the volume pumped is greater than total dialyzer
and biqod circuit volume, priming is coinplete. If the patient started Prime Nl){ ﬁletﬂmed

7319, the amount primed during that state will be carried forward to this state. The
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patient is notified when they can begin treatment. If the patient indicates they are ready
to begin treatment, the Patient Connection application is stopped and the Dialyze
Application will be started.

"The Air Recovery state 7326, shown in Fig_ 73c, allows the user (o recover from
air intrusion into the blood twbing set. The Air Wait for Stop state 7327 waits for the

flow 1o stop. The Air Wait For User state 7328 waits for the common monitoring

application to indicate that the alarm is cleared.

The Occlusion Recovery state 7329 notifies the user that an occlusion has been
detected, but does not stop any flows. Within the Occlusion Recovery state 7329, an
Occlusion Wait For Stop state issues a stop command and waits for the machine to stop.
An Occlusion Wait For User sta;e waits for the common monitoring application to
indicate that the occlusion is cleared. _

Referring to Fig. 734, the Pause state 7330 is shown in detail. The Panse state
7330 will halt dpefation. Additionally, the patient can choose to perform additional
activities. In particular, the pétieut may have the following options: Take RO Sample,
Resume Active, Rinseback, Disconnect, Power Standby, and Shutdown. Since the Pause
state 7330, does. not have history, the state machine transitions to Pause Wait For Stop
7331, which issues the stop functions. Again, if the patiént selects to resume operation,
the process retumms to the Connection And Priming state 7302, which dis,patéhes 10 the
prior sub-state(s) via a history mechanism. When the user selects a Pause button, the

User Requests Pause event 7332 may be sent, causing the Patient Connect state machine

‘to iransition into. Pavse and then into the initial staie Pause Wait.For Siop, The entry

action on Pause Wait For Stop calls the machine stop functions. - Once the machine has
stopped, the state machine transitions to Pause Wait For User Choice 7334. If the user
selects Resume, the event User Requests Resume 7333 is accépted.

If the patient chooses to run another application, such as the Replace Components
Application 7335, the Master Control triggers the Patient Connect Stop event 7336,
causing the Patient Connect state machine to transition o the Idle state 7337, Once the

machine has stopped, the state machine transitions to Pause Wait For User Choice 7334.

‘When the User Requests Resume event 7333 is triggered, e.g., by the user pressing the

resumé button, the state machine iransitions back 1o Conmection And Priming 7302, and

will resume according to the history within that state and its sub-states.



10

15

30

=291 -

Referring again 1o Fig. 73a, the Nonrecoverable Alarm 7340 state notifies the

patient that there is an unrecoverable alarm. The current application stops, and the

patient may be instructed to disconnect from the system after acknowledging the alarm.

)] Dialyze

Following connection to the dialysis unit, dialysis therapy may be delivéred to a
patient. Dialysis therapy removes toxins and excess fluid from a patient's blood, using
diffusion, forward ultrafiltration and backward filtration {(convection). In addition,
heparin may be administered to the blood to prevent coaguiation during treatment.

Diffusion is accomplished by exposing the patient’s blood to a dialysate solution
through a semi-permeable membrane. Blood may be (.iraw.n from the patient’s arterial
access and refurned to their venous access. Simultaneously, fresh dialysate may be
produced from reverse osmosis water and chemnical concentrates, heated to the prescribed
temperature, and delivered to the dialysate side of the dialyzer while spent dialysate is
routed to drain. The concentration gradient at the dialyzer membrane causes toxins of
varions molecular sizes to equilibrate, by moving from the blood into the dialysate. The
prescribed blood and dialysate flow rate settings and their accuracy is important in
achieving the desired amount and rate of toxin removal, The flow of the blood and
dialysate is countercurrent in order to maximize the.conceniration gradient at all points,
increasing the amount of diffusion that will occur. Diffusion is also enhanced by the fact
that dialysate delivered to the dialyzer is fresh rather than recirculated. Further factors
that m;ay affect dial ysis therapy dose delivered include patient size, prescribed treatment
durarion, dialyzer effective surface arez and dialyzer clearance.

Forward ultrafiltration removes excess fluid from the patient’s blood. The

prescribed fluid volume is removed by generating a lower pressure on the dialysate side

of the dialyzer, thereby pulling fluid from the blood. The ulirafiltration rate is calculated
using the prescribed fluid volume to be removed and also takes into account any
dialysate volumes delivered to the patient during the priming, b_ackﬂﬂshirig, and
rinseback processes. o

Backwaré filtration, or baci{ﬂushing, is the inverse of forward uitrafiltration.

Instead of pulling fluid from the blood side of the dialyzer to the dialysate side, fluid is
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pushed from the dialysate ;ﬁde to the blood side. This pracess helps to prevent clot
formation withiq the blood tubing and dialyzer, which in turn may atlow for a smaller
heparin dosage, prolong the useful life of the dialyzer, and facilitate dialyzer cleaning
and re-use. Backflushing has the additional benefit of promoting better solute removal
thiough convection, Like diffusion, convection removes toxins from the blood. But
uniike diffusion, which relies on a concentration gradient, convection relies on the active
movement of fluid across the dialyzer to carry solutes. Backflushing is controlled by the
synchronization of the blood and dialysate portions of the flow path. By changing the
phase between blood and dialysate sides, there is constant and repeated shifting of fluid
across the dialyzer in small increments. This shifting of fluid pushes dialysate into the
biood circuit and then pulls it back, but resuits in no net ultrafiltration.

While dia!ysis is occurring, heparin may be administered. This administration
can be handled either as a series of one or more boluses of fluid, or on a continuous
basis. The patient may also choose 1o recetve an additional bolus or boluses of hieparin
in the event that unexpected coagulation oceurs.

Figs. 74a and 74b show zn exemplary implementafion of the Dialyze application.
Referring to Fig, 74a, the Dialyze state 7401 is the top level state that coordinates the
actions that lead to the overall dialysis thesapy. This state runs concuorrently with the
data handling elements of the state maching. During this state, dialysaie will be
produce& and an ‘adeguate buffer will be maintained in the &ialysate tank. Updates to
data of interest to the dialyze apb!ication will be processed by the data handling elements
of the state machine.

"The Active state 7402 of the dialyze application is where all dialysis related
processing occurs. Dialysis is complete when the dialysis time remaining expires. The
Monitor state 7403 is responsible for initiating the Elood and dialysate flow rates so that
treatment ¢an be performed. Blood leak monitoring and air monitoring may be
requested, and ultrafiltration monitoring may be enabled. The Initial Blood Flow state
7404 starts the blood pump at a low rate in order for the patient to check their access
before starting treatment. The Start Blood and Dialysate Flow state 7405 increases the
bload flow rate to the prescribed flow rate. It also starts didlysate flow by heating the
fluid from the dialyséte tank and diverting it around the dialyzer.
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The Dialysts and UF Control state 7406 is responsible performin g_hcmndialysis.
Dialysis will ocenr with ultrafiltration and heparin administration. A dialysate
temperature alarm may be generated if the temperature is not within acceptable limits.
Complete blood side occlusion monitoring may be is requested, and partial blood side
occlusion monitoring may be requested to stop. The Steady State Dialysis state 7407
performs dialysis by circulati.ng blcod and dialysate throogh the dialyzer. It also collects
certain treatment related information. The Partial Occlusion state 7408 notifies the user
that an occlusion has been detected, but does not'stop any flows. The Administer
Heparin state 7409 wiil administer heparin at a prescribed rate. Heparin will be stopped
if the amount of heparin delivered is equal to the prescribed amount or the patient
requests that heparin delivery be stopped, The Heparin Bolus state 7410 will deliver a
bolus of heparin.

The Ultrafiltration state 7411 performs ultrafiliration. The ultrafiltration rate is

7 determined by taking the amount of fluid needed 1o be removed divided by the time

remaining in the treatment. If the target ultrafiltration volume differs by more than 560
ml from the current ultrafiltration volume, an ultrafiltration alarm may result. I either of
the following is true, ultrafiltration may be stopped: (1) the amount of ultrafiltration is
greater then or equal to Prescribed velume needed to be removed + Rinseback Velume +
Priming Volume, or (2) the patient requests ultrafiltration to stop and the amount of
nltrafiltration i§ greater then or equal to the Rinseback Volume + Priming Volume.

A counting algorithm may be_u;s.ed to compare-the actual strokes of the
ultrafiliration (“UF") pump with the predicted number of strokes to achieve the target
volume of ultrafilirate. The expected number of strokes can be synthesized based on the
requesied volume and r_a{[e_of ultrafiltration. The actual strokes of the pump can be
counted by having the controller monitor the valve states of the ultrafiltration pump. In
one implementation, if the actual strokes exceed the expected strokes by preater than a
safety threshold, the machine can be placed in a safe state. If the actual strokes fall
behind the expected strokes by a threshold amount, the pumping rate or duration can be
extended to avoid having the treatment session undershoot the desired ultrafiltration

amount,
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The Recirculate Blood and Dialysate state 7412 recirculates blood and dialysate,
with dialysate bypassing the dialyzer, in order to bring the temperature of the dialysate

into treatment limits.

The Occlusion Stopping state 7413 stops blood flow if the blood flow rate drops
100 far notifies the user that a problem exists. When no occlusion is detected in the
Occlusion state 7414, the machine will continue fo the Initial Blood Flow state 7404,
The Air Recovery Stopping state 7415 notifies the user that air intrusion into the
blood tubing set has occurred and waits for the function to stop. The Air Recovery state
7416 allows the user o recover from air intrusion into the blood tubing set. '
The Pause Monitor state 7417 is responsibie for pausing the devicc and
displaying pause menu options. Referring to Fig. 74b, the Monitor Stopping state 7418
will stop the device and give visual feedback to the user that the paunse button was
pméessed. The Pause Monator Opiions state 7419 will display all the Panse menu
options. The Monitor Disconnect application 7420 will wait in the state to be stopped by
master control, The Monitor Solution Infusion applicadon 7421 will wait in the state o
be stopped by master contral. The Monitor Take Sampies application 7422 will wait in
the state to be stopped by master control. The Monitor Power Standby application 7423
will wait in the state to be siopped by master control, The Monitor Shutdown application
7424 will wait in the state to be stopped my master control. | '
Refesring again to Fig. 74a, the Data Handler Init state 7425 is responsibie for
inittalizing all the data of interest for the Dialyze application. Upon completion of this
initialization it will generate a Dialyze Launch Ok event 7426 to indicate to Master
Control the application is ready to be started. The Update Data state 7427 is rcsponsi.blc

for maintaining up to date values or all the data of interest for the Dialyze application.
(8)  Solution Infusion

To counieract a hypotensive event, the system may deliver a bolos of fluid
volurie to a patient. As the system removes fluid volume from the patient during
treatment, it is possible that an unexpected drop in pzitiént systemic hlood pressure may

oceur, This hypotensive event can jead to patient lightheadedness, fainting, or even
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more sericus complications. To prevent these outcomes, the user need only request a

solution infusion. The system may then deliver a prescribed bolus of uitrapure dialysate.
Once the user has requested a solution infusion, the blood pump may be left

running to prevent clotting. The Solution Infusion application will assess whether there

is enongh dialysate volume available to deliver the infusion and still have enough reserve

. volume to rinse back the patient’s blood. If not, the user may be notified that infusion is

not possible, and may be instrucied to either select rinseback or resume treatment. If
there is enovgh dialysate, a short countdown be displayed to the user prior to starting the
infusion. Since solution infusion is available via a single button press, it is possible that
the user may have pressed the button in error. This delay gives them the opportunity to
cancel the infusion before it begins.

Following the delay, fresh, heated dialysate fluid is sent across the dialyzer and
down the verious line to the patient. At the same time, the blood pump is slowly run
forward to continue circulating blood and prevent clotting. In order to deliver relief as
quickly as possible, the flow rate used for the infusion is as fast as reasonably tolerable

by most patients’ accesses and vasculature, A flow rate that is too high may create high

-pressures in the blood tubing set and lead to-nuisance interruptions of the infusion

delivery. Further, the infusion flow rate approximates the flow from a saline bag that a
nurse might hang to connteract a hypotensive épisode on other devices.

After the prescribed solution infusion v&lﬁme_has been delivered, if the patient
continues o experience hypotensiveness, they may choose to infuse smaller additional
boluses as iong as enough dialysate volume is available. Orice the patient leaves this
application and returns back to the previous activity (e.g., Patient Connect or Dialyze),
subsequent requests for a solution infusion may be for the full prescribed solution
infusion volumes. '

Figs. 75a-¢ show an exemplary implementation of the Solution Infusion

application. With reference to Fig. 75a, Scolution Infusion 7501 is the top level state

" which coordinates the actions that lead to the delivery of a solution infusion. This state

runs concurrently with the data handling elements of the state machine. Updates to data
of interest to the Solution Infusion application will be processed by the data handling
elements of the state machine. The Idle state 7502 is the state of the Solution Infusion

application during all other system processing. Upon receiving a Solution Infusion Start
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event 7503 the Solution Infusion application will transition to the Active state 7504. The
Solution Infusion application will indicate it has started when transitioning to the Active
state. Upon receiving a Solution Infusion Clear History event 7505, the Solution
Infusion application will clear the history and remain in the Idle State 7502. During the
Active state 7504 of the Solution Infusion application, the solution infusion volume to be
delivered is set.

"The Monitor state 7506 watches for common hazards, such as Blood Leak 7507,
Arterial and Venous Air 7508, and Occlusion 7509, The Monitor state 7506 starts the
monitors by sending events 10 the monitoring process, and Starts dialysate production in
case it has been stopped by a Pause or other interruption.

The Delay for Possible Cancellation state 7510 allows the patient to cancel the
Solution Infusion if they choose. During the delay (e.g., 3 seconds), the user interface
may give the user an updating visual indication of the time until the infusion will start
and the ability to cancel the infusion. If the delay elapses without cancellation, the Delay
Done 7511 event will occur.

The Fluid Delivery Evaluation state 7512 evaluates whether there is sufficient
dialysate available to deliver the requested infusion. It also calculates the solution
infusion volume o be given in the Infusing Fluid state. The Fluid Unavailable state
7513 will notify the patient that there is not enough fluid to perform the requested

infusion. The blood pump will continue to circulate while the patient responds, If there

is sufficient fluid, the Stop Circulation state 7514 will stop the circalation of blood so

that the solution infusion may begin. _

The Enfusing Fluid super-state 7515 encapsulates the behavior of the application
while the solution infusion machine layer command is running. The solution infusion
operation pushes ulirapure dialysate across the dialyzer and down the venous line to the
patient. Dialysate is heated before it is pushed across the dialyzer. At the same time, the
blood pump is slowly run forward to minimize blood clotting. The volume of fluid left
to be infused may be updated during this state. A siatic variable representing this
volume may be initially set in the Finid Delivery Evaluation state 7512 and then updated
in this state as volume 1§ accumuiated in the machine layer status variable, Dialysate
Circuit Volume. The volume to be infused should be decremented by the delivered

volume. If the Dialysate Temperature Out of Spec 7516 event occurs, the transition will
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be to the Dialysate Temperature Recovery state 7517. If the volume to be infused is less
than 25 ml due to interruption and re-entrance, the Pump Stopped event 7518 may be
immediately issued and no infusion should be given.

In the Start Infusing state 7519, the solution infusion machine layer command is
started. The volume to be infused is being continnally updated as volume is delivered so
that the correct volume is entered whenever the infusion is started or restarted. When the
machine layer status indicates that the command has been started, the SI-Started event
7520 is issued to canse the transition to the next state.

The Dialysate Temperature Recovery state 7517 allows the machine to recover
from a situation in which the dialysate temperature is out of specification. Dialysate is
routed directly to the drain, while the temperature is monitored for a retumn to its
acceptable range. If the temperature of the dialysate is within the target range for five
consecutive readings, for example, the récovery is complete and the Dialysate

Temperatre Recovered event 7521 is issued.

The Completion super-state 7522 starts blood circulation t¢ prevent clotting, and
waits for the patierit 1o either indicate they would like an additional infusion, or that they
are done with infusions. If a Panse occurs during any state within this super-state, the
Pause state 7523 will stop the circulation. Upon returning froin Pause, circulation will
be restaried and the user will again be asked whether an additional bolus is required. The
Wait for Response state 7524 waits for the patient {o either indicate they would like an
additional infusion, or that they are done with infusions, ,If_no further infusions are .
desired, this application is ended. The patient will be notified by the user interface that
Solution Infusion is compleie and they have the option of performing additional bolus
infusions. If the user indicates that an additional infusion is needed, the local variabié
solution infusion volume may be set to deliver equal to 100 ml and transition to the Fluid
Delivery Evaluation state 7512. '

Referring to Fig. ;ISb, the Air Recovery state 7525 aliows the user to recover
from air intrusion into the blood tubing set. The machine layer fluid delivery function
will be stopped, the user will be notified that air is present, and the application will
remain in this state until the usef-ipdicates that the air has been cleared and the sensors
do mot detect air. The state machine history will return the application to the state that

was interrupted. Following the Air Wait for Stop state 7526, the Air Wait for User state
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7527 notifies the user that air is present in the bloed tubing and pmvidés instruction for
removing the air, then waits for the user to indicate that the air is no longer present.
When the user indicates that the air has been removed, the application wil{ transition o
the Recheck Air state 7528,

Referring to Fig. 75¢, the Occlusion Recovery state 7529 notifies the user that an
occlusion has been detected and waits for the user to respond. Following the Occlusion
Wait for StoP-7530, the Occlusion Wait for User state 7531 notifies the user that an
occlusion is presc‘nt in the blood tubing and provides instruction for removing the
occlusion, then waits for the user to indicate that the occlusion is no longer present.

Refeﬁn g to Fig. 75d, the Pause state 7523 will halt operation. Additionally, the
patient can choose to perform additional activiti;es. When the Pause operation has
finished and the user chooses to resume this appiication, the history mechanism will
return this application o the interrupted state. Following the Panse Wait for Stop state
7532, the Pause Wait for User Choice state 7533 presents options for the user and waits
for the user to choose an option. In particular, the following options may be presented:
Rinscback 7534, Patient Disconnect 7535, Resume Treatment 7536, Interrupt Treatment
7537, Power S'tz_mdby 7538, and Resume Solation Infaston 7539.

Referring to Fig. 75¢, the Blood Leak state 7540 stops the current operation in

state 7541 and notifies the patient that there is a nonrecoverable alarm in state 7542,
9} Rinseback

The Rinseback application implements the process of returning the patient’s
blood and guiding the patient through disconnection from the exiracorporeal circuit.
This process occurs at the end of treatment. Treatment may end once the prescribed
dialysis duration has elapsed, at any time as requested by the vser, or due to a hazard
detection by the system.

 When the patient has requested that their blood be rinsed back, the system forces

a FMS reading of the dialysate tank as discussed below to confirm that actual dialysate

“level, Next, the system begins sending fresh, heated, vltrapure dialysate across the

dialyzer to send the blood back to the patient. At the same time, the blood pump is run

slowly in reverse such that both the arterial and venous lines clear simultaneously, The
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prescribed rinseback volume includes the total volume of the blood tubing set and
dialyzer plus additiona] dialysate volurne fo {lush the patient access and rinse the tubing
lines clear of nearly all blood traces. ' '

After this volume has been delivered, the user may choose to infuse an additional
smaller rinseback bolus. This may be done to counteract patient hypotensive sensations
and/or return visibie blood traces remaining in the ftubing. The user can request
additional rinseback boluses in 50ml increments until, for example, the total additional
bolus volume delivered reaches 500 mL. The limit may be selected to prevent operator
misuse, leading to fluid overload. Furthermore, rinseback fluid delivery may be limited
by fresh dialysate availability.

in order to complete rinseback as quickly as possible, the flow rate used may be
as fast as reasonably tolerable by most patients’ accesses and vasculature, A flow rate
that is too high may create high pressures in the blood tubing set and lead to nuisance
intermptions of the rinseback process. Further, the flow rate may approximate the flow
from a saline bag that a nurse might hang to rinseback blood on other devices.

‘The air trapped in the blood pumps 13 (Fig. 4A) and the top of the dialyzer 14
must be segregated before any fluid can be pushed back along the arterial line 82 toward
the patient. The system isolates any air trapped in the bleed pump 13 and dialyzer

header 14 by collecting this air in-one of the blood pod pumps (e.g., the upper pump 23)

and isolating that pod, while using the other blood pod pump (e.g., the lower pump 23) to
flow dialysate back through the arterial line 82. Alternatively, the air is collected in
lower blood pod pump 23 and the uppcr pump 23 is-used to flow dialysate back through
the arterial fine 82 . The steps to collect and isolate the ir are: 1) Deliver both upper and
lower blood pump chambers 23 toward the dialyzer 14 (this will force all the air in blood
pumps 23 into the dialyzer 14, where it will collect at the top); 2) Fili a first blood pod
pump 23 by pulling liquid and any air back from the dialyzer; 3) Fill a second blood pod
pump 23 by delivéring the liquid and any air in the first blood pod pump 23 thrdugh the
two inlet valves 192 and 194 (Fig. 85) (this step sweeps any air in the first pod pump 23
along with the air from the dialyzer into the second pod pump 23); 4) Isolate any
collected air in the second pod pump 23 by leaving it full and closing the inlet and outjet
valves of the second pod pump 194, 195. 5) Use only the first bleod pod'pump to push
fluid to the patient via the arterial blood line.
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H air-in-line detector 33a detects air in the arterial line, the operator will be
notified, and rinseback will continue down the venous line only, where air can be trapped
by the air trap 19.

Figs. 76a and 76b show an exemplary implementation of the Rinseback
application. ‘'With reference to Fig. 76a, the Active state 7602 of the Rinseback
application 7601 is the state in which Rinseback processing occurs. The state 7602
generates the event Rinseback Stopped 7603 on transitioning to Idle 7604.

With reference to Fig. 76b, the Maonitor state 7605 monitors for Panse requests
7606, venous air in the l;lood tubing set 7607, dialysate leaks 7608, and dialysate
production problems 7609,

The Adrninister Floid state 7610 adminisiers the infusion and monitors for
occlusions, dialysate temperature out of limits, conditions of unavailable fluid and inlet
water out of limits. The Arterial and Venous Infusion state 7611 pushes ultwrapure
dialysate across the dialyzer. Dialysate may be heated as it is pushed across the diafyzer.
Arterial air and venous air may be monitored by air-in—liﬁe detectors 33a, 33b (Fig. 86).
. The Arterial Air Recovery staté ‘7612 handles a recovery from an arterial air alarm.

The Stop A&V Infusion state 7613 stops:the infusion and posts an alarm to the GUL

The Arterial Air Resolution state 7614 waits for the vser to indicate they are ready to
continue with Venous-only Rinseback. The Venous Infusion state 7615 pushes uitrapure
dialysate across the dialyzer. Again, dialysate may be heated as it is pushed across the
dialyzer.

- Therapy and Ultrafiltration Profiles

Ultrafiltration (UF) may be considered to be 2 process that removes water from
the blood across a semi-permeable. membrane of a dialyzer in the presence of either an
oSmotic or hydrosfatic trans-membrane pressure gradient. It is a measure of the net
amount of fluid that is remeved from the patient’s body while on dialysis. Typically,
patients with renal failure receiving dialysis begin treatment sessions with some degree
of fluid overload, manifested by their ‘wet weight,” and have a goal of achieving their
‘dry weight’ (a weight representing 2 euvolemic state) by the end of treatment. UF can be

measured as the amount of net fiuid flow out of the dialyzer via the dialysate outflow

path that exceeds the net fluid flow into the dialyzer via the dialysate inflow path. A
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system controller can adjust the UF flow rate to meet a prescribed.net patient fluid
removal goal over the planned duration of dialysis therapy. Generally, a goal of dialysis
is to refum a patient to his or her target weight — an-established *dry’ weight based on the
patient’s particular physical and medical characteristics. The UF flow rate is primarily
determined by the rate at which the UF pump draws finid from the dialyzer when the
biood pumps are circulating blood through the dialyzer. The activity of the UF pump is
generally independent of the overall dialysate flow through the dialyzer, which is
controlled by the inner and outer dialysate pumps. The UF flow rate may be subject to
an upper safety limit for each treatment session, and may additionally be subject to an
upper operational limit to avoid excessive hemo-conceniration on the blood side of the
dialyzer membrane during treatment. Furthermore, a clinician may modify a prescription
for clinical reasons to limit the maximum UF rate. For example, the average UF flow
rate may be set at less than orequal to about 10% of the blood flow rate through the
dialyzer. The maximum instantancous UF flow rate, on the other hand, may be
somewhat higher {for example, about 15% of the instantaneous Blood flow rate) because
of various interroptions in altrafiltration that Imay occur during a dialysis treatiment. Asa

first approximation, the UF pumping goal can be considered 1o be the amount of fluid

~ removal desired, plus volume of dialysate or other electrolyte selution nsed to rinse back

blood to the patient at the end of therapy, minus the volume of priming solution
‘discar-d_e'd from the blood circoit (blood tubing, dialyzer, blood pumps, air trap, etc..) at
the start of treatmeént when the patient’s blood is being pulled into these components of
the hemodialysis machine. The UF pumping goal may also be adjusted up to account for
fluid infusions during treatment (IV medications such as heparin, oral fluid intake, IV
solution infusibns, etc...), or adjusted down to account for fluid losses during treatment
(such as, e.g., gastrointestinal or urinary fluid losses). The rinseback volume should be
sufficient to deliver nearly all of the paﬁent‘s biood back into his or her circulation, by
ﬁiiing the blood circuit with dialysate, and optionally adding an additional nominal
rinseback volume. A .

A system controller can set the UF pumping rate by dividing the UF pumping .
géal by the estimated treatment time. In éome'embodimems, the UF pumping rate may

be limited by the maximum prescribed UF pumping rate, the blaod pumping rate, as well
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as by the available flow rate of the dialysate flowing through the dialyzer via the inner
and outer dialysate pumps.

In addition, in some embodiments, the system controlier may adjust the UF .
pumping rate to account for planned periodic pauses in dialysis and ultrafiltration. For
example, dialysis may be suspended periodically to allow one or more controllers to
perform maintenance functions on components of the hemodialysis machine. In one
aspect, the hemodialysis system may be programmed to pause dialysis every 50-100
pump strokes of the outer or inner dialysate pumps to purge air from an inline uitrafilter,
to tun integrity checks on valves in the system, and to perform FMS-based volume
measurements of the dialysate tank to ensure an accurate accounting of dialysate in the
tank. During this pracess, the outer, inner and UF pumps may be halted, while the blood:
pumps continue to pump blood on the blood side of the dialyzer. These maintenance
fanctions typically. may take several seconds to a minute or more. The duration of
maintenance procedures may occasionally be greater, for example, if the system
determines that additional dialysate should be produced and placed in the dialysate tank
prior to resumption of dialysis. The system controller can account retyospectively for
variable maintenance periods, as well as for projected future maintenance periods during
treatment to adjust the UF pumping rate to meet the UF pumping goal,

In an embodiment, the hemodialysis system is also capable of performing

periodic backflushing of dialysate solution through the membrane of the dialyzer.

Periodic backflushing may be useful, for example, in keeping proteinaceous or other
debris from accumulating en the dialyzer membrane, and maintaining or extending its
operational life. In additi‘on, a backflushing feature may aliow the use of high-flux
dialyzers in convective filtration (such as, e.g., hemodiafiltration), in wfiich high UF flow
rates are used to enhance the flow of larger selutes across a dialyzer membrane (through
convective flow or other mechanisms). Backflushing can be accomplished, for exampie,
by byﬁassing the inner dialysate pumps and balancing circuit and having the outer
dialysate pump push a pre-determined amount of fresh dialysate (e.g., about 100-206 ml
of fhiid) into the dialyzer via the dialysate inlet of the dialyzer, while closing the
appropriate valves on the dialysate outflow path of the dialyzer. The controller may be
programmed to perform a backflushing operation, for example, every 10 to 40 minutes

during a dialysis treatment session. The UF pump flow rate may be adjusted between
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backflushes to recover over a defined _period of time the amount backflushed plus an
amount of fluid to maintain a pre-determined base raﬁe of ultrafiltration. The controller
may be programmed to perform backflushing at pre-determined intervals of time during
treatment; and preferably, the controller is programmed to have the UF pump pull off the
fluid necessary for a backflushing operation prior to the backflush. Opticnally, the
controlier may delay a backflush procedure if the UF pump has not met its expected
pumping volume by the time a backflush procedure is schednled to occur. Optionally,
the timing of each backflush procedure may be reset at a pre-determined time interval
from the last-performed backflush, so that the interval berween backflushing operations
remains relatively constant.

In an embodiment, backflushing may be terminated if the amount of fluid
removed from the patient exceeds a pre-determined threshold volume at any time, or if
the controller predicis that it will be exceeded within the next backflush period. For
example, the controller can estimate whether the volume ulirafiltered at the cusrent rate
will likely exceed the threshold amount before the next backflushing operation. In
another embodiment, the controller may terminate a backflush procedure if it eccurs
within a pre-determined amount of time before the expected ead of treatment, For
example, the contreller may be programmed to terminate backflushing if it occurs within
50% of a backflush duration of the expected end of treatment.

In one embodiment, the user may request 2 solution infusion via a user interface
on the hemodialysis machine. A solution infusion may be characterized as a pre-
determined volume of dialysate solution that.the sysiem controller can deliver to-the
patie:i[ across the dialyzer membrane. The user may be permitted to request and obtain
two or more solution infusions during the course of a dialysis treatment. In an
embodiment, an enul'y by the user on a user interface device (e.g., touch-sensitive
graphical user interface) requesting a solution infusion automarically iniggers the
controller to reset the UF pumping goal to the amount already pumped, and set the
remaining UF pumping rate to zero. If the user has obtained fluid through a request for a
solution infusion, the volume infused may be subiracted from the UF pumping goal, or
the amornt of fluid that the user planned to have removed. In one aspect, the user has
the option'to reset the UF pumping goal to the oﬁéinal UF pumping goal, which may be

interpretéd by the controller as a command to remove from the patient the originally
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planned volume of fluid plos the amount of the solution infusien. In this case, the UF
pumping rate is adjusted to ultimately remove the additional fluid infused through the
solution infusion. Optionally, the user may set the UF pumping goal 1o the original UF
pumﬁing goal minus the amount infused. This optional mode allows a user to preserve
the volume of fluid gained from a solution infusion during treatment,

Both backflushing and solution infusions may be performed by turning off the
inner dialysate pumps and the UF pump, and pushing dialysate fluid across the dialyzer
membrane using the outer dialysate pump. In a preferred embadiment, the outlet valves
of the blood pumps may be closed during a solution infusion in order to maximize the
amount of dialysate solution being pushed through the venous blood line into the patient.
In contrast, it may be preferable to keep the outlet valves of the blood pumps open during
a backflushing procedure to help take up the volume of dialysate being backflushed.

In another embodiment, a user may enter a new UF pumping goal at any time
during treatment, adjusting, for example, for liquids he or she may consume during
treatment, or for intravenous infusions of medications, or for unanticipated
gastrointestinal or urinary fluid losses. The system controller may then re-calcuiate and
reset the UF pumping rate to achieve the new UF pumping goal before the remaining
treatment time has expired. If the new UF pumping goal is less than or equal to the
ultrafiltration volume already pumped, then the UF pump mﬁy be halted for the
remainder of the ireatment session.

Additionally,,thé system controlier may be programmed to automatically adjust
the UF pumping rate upon the occurrence of an unplanned addition of fluid to or loss of
fluid from the user. For example, the system controller may be programmed to account
for the infusion of a pre-determined amount of fluid to the patient when a heparin bolus
is administered at the start of treaiment. The amount of this fluid is generally a function
of the volume of blood tubing and blood pump conduit between- the location where
heparin enters the blood pump and the intravenous catheter connected to the blood
tubing. In general, the most direct route to the paﬁeﬁt is via the arterial blood tubing, and

in one embodiment, this volume can be approximately 65 cc’s. However, if air is

* detected at the air-in-iine detector of the arterial tubing, a systém controller may be
* programmed to stop the blood pump from infusing heparin via this route, cause the blood

pump to pull the fluid (and aif) back toward the blood pump, and then configure the
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blood pump valves to cause the heparin to be administered to the patient via the venous

tubing, In one embodiment, the venous tubing route to the patient from the blood pump

includes the blood-side volume of the dialyzer, as wel] as the volume of the air trap in
the blood circuit. In this case, the volume of fluid necessary to deliver a bolus of heparin
to the patient may be significantly greater than via the arteria} tubing route. (In one
embodiment, this venous route may require as much as 260 cc’s of fluid to deliver the
heparin bolus to the user). Thus, the system controller can be programmed to adjnst the
UF pumping goal to be greater than the original goal if the alternate venous tubing route
is used for the heparin bolus.

In some embodiments, the maintenance periods are timed according to the
number of dialysate pump strokes, and their number may therefore increase or decrease
depending on the dialysate flow rate through the dialyzer, as well as the total planned
treatment time. The dialysaie flow rate can vary for each patient, and can be a function
of the blood flow rate achievable, the rate of dialysate production and storage, and the
duration of a dialysis therapy desired by the patient. The system controller may calculate
the predicted cumulative effect of the number and length these delays in determining the
time of actual treatment, and adjust the UF pumping rate accordingly. In an
embodiment, the controller may be programmed to set the TUF pumping rate at a
calculaied base rate plus an additional factor (e.g,, about 5-10% above the basal rate) in
order to ensure that the UF pumping goal is reached before the predicted end of therapy.
If a maximum UF pumping rate is reached, then the controller may increase the total
planned treatment time and so inform the user via a message or other alert on the
graphical user interface.

In addition, the system controller may adjust the UF pumping rate to account for’
unanticipated pauses in dialysis and ultrafiliration. For example, if the monitored
temperature of the dialysate exiting the ulirafilter is outside of a pre-determined range
{e.g., abi:;ve 41 deg.C.), the output of the outer dialysate pumps may be diverted to dréin :
or to the dialysate tank until the monitored temperature of the dialysate retums to the -
specified range. During this time, the system may enter a state (e.g., a ‘DivertHot” stale)
in which the inner dialysate bumps and. UF pump are paused, and the inner pump valves

are closed. Furthermore, the system may account for any péuse in diaiyéis caused by a

user request for dialysaie solution infusion, by a user request to pause dialysis treatment,
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or by alarm states that may occur (e.g., air-in-line detection or fluid leaks). Calls for 2
solution infusion may prompt the system to undergo a maintenance check of the
dialysate tank level after the infusion. ‘Thus, a solution infusion state may trigger an
additional delay in dialysis ireatment. Following any of these or other pauses in dialysis
treatment, the.system controller may then adjust the UF pumping rate upon resumption
of dialysis to meet- ﬁﬁe originaily calculated UF pumping goal.

In an embodiment, the system controller may periodically pesform a UF re- |
assessment, recalculating the remaining treatment time as well as the remaining UF
pumping volume pericdically during therapy (e.g., about every 20 minutes}, to adjust the
UF purnping rate and to ensure that the UF pumping goal can be achieved. The
remaining {reatment time méy be extended, for example, because the comulative
duration of one or more suspensions of dialysis has exceeded 2 minimum value. In an
embodiment, the UF re-assessment can be programmed to occur in approximate 20-

mingte intervals, At the time of re-assessment, the controlier will have tracked (1) the

amount of fluid alreédj pumped by the UF pump, {2) the UF pumping goal (whether as

originally entered or updated by the user during treatment), and (3) the remaining
treatment time. From this data, the controller may then adjust the UF pumping rate (with
or without the 5-10% additional margin described above) to ensure that the UF pumping
goal will be achieved by the end of treatrnent. Once the UF pumping goal has been
reached, the system may cease further ultrafiltration and Backﬂushing.

The total available treatment ime may be Hmited, Howaver, because of other
system consiraints 6r because of medical ¢constraints. For example, to reduce the risk.of
complications, total treatment time may be limited to about 10 hours from the start of a
dialysis treatment seséion, and to about 16 hours from the time that anything (such as
reverse 0Smosis wat.ér) is'brought into the hemodialysis system. Should the calculated
treatment time approach a maximam, the sysiem controlier may default to a lowered UF
pumping géai, and 50 inform the vser via the graphical user interface.

Thus, during dialysis weatment, the system may be programmed to:
1) stop ultrafiltration if the user modifies the UF pumping geal down to the UF volume

already removed;

2) lengthen the planned total treatment time if the user modifies the UF pt’xmping goal

above that which can be achieved at the maximum allowable UF pumping rate;
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3) adjust the UF pumping rate up to reach the UF pumping goal if the user decreases the
planned treatment time, or change the UF pumping goal downward if the maximum UR

pumping rate has been reached;

4) reset the UF pumping goal to the UF volume actually removed in response to a user
cormmand to suspend forther ultrafiltration (unless the UF pumping goal is later reset by

the user); and

5) in response to a user command for a solution infusion, reset the UF pumping goal to
the UE volume actually removed minus the solution infusion voleme (unless the UF
pumping goal is later reset by the user).

Fig. 76 illustrates an example of fluid movements across a dialyzer during a
typical course of dialysis. In this example, the patient has entered a target volume of net
fluid to be removed of 400 cc's (400). At the start of treatment, some‘of the priming
soiuticm in the blood circuit is discarded to drain as blood is drawn into the blood circﬁit -
from the patient. The system at time zero automatically withdraws approximately 130
¢c’'s of priming fluid (402) from the blood side of the dialyzer to load the blood circuit
with the patient’s blood. The prime discard volume is a function of (among other things)
the hold-up volume of the blood circuitvcompanents (tubing, dialyzer, Mood pump, air
trap, etc..), minus a safety factor to prevent excessive hemo-concentration in the dialyzer.
Some dilution of the patient's blood in the blood circait may be acceptable in order to
avoid possible complications tj]rough the primme discard operation. For example, the
holdup voluime of the blood circuit may be about 257 c¢'s, but the prime discard volume
may only be about 130 cc’s. At the end of treatment, the controller may direct the outer
dialysate pump to push a volume of dialysate approximately equal to the entire hold-up
volume of the blﬁ;ud circunit components (e.g., in this case about 257 cc’s.) to move the -
blood in the blood circuit back to the patient. Optionally, a larger amount of fluid may

be rinsed back through the dialyzer membrane, in order to ensure that most of the red

cells in the blood circuit are retumned to the patient. For example, an additional nominal
rinseback volume of about 100 cc’s may be pushed through. Thus, in an émbodimem, a
total rinseback volume of dialysate amountiﬁg t about 35"7 cc’s may be pushed to the
blood side by the outer dialysate pump through the dialyzer membrane at the end of
treatment {404). In this case the UF pumping goal (408) includes only 227 cc's (406) of

the 357 cc rinseback volume, because the remaining 130 cc’s (404) is accounted for by
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the initial prime volume. discarded (402) at the start of treatment. From these pre-
determined conditions (which are a function of the volume of the blood circuit
components, the amount of prime vojume to be discarded, and the nominal rinseback
volume chosen to assure nearly complete return of the patient’s blood cells at the end of
treatment), a system controller can calculate 2 UF pumping goal of about 630 cc’s (408),
which in this case is the sum of the fluid the patient desires 1o have removed (400 cc’s)
plus that portion of the of fluid returned in the rinseback operation that is not accounted
for by the prime volume initially discarded (about 227 cc’s). In this way, by the end of
dialysis treatment, 2 sufficient amount of ultrafiltration has taken place to account for the
rinseback volume planned at the end of treatment, minus the amount already removed
through prime discard (402). The system controller ¢an therefore calculate and set the
UF pumping rate needed to reach the UF pumping goal over the anticipated total
treatment time (which 1:3 approximately 120 minutes in this example). In this
embodiment, the priming volume discarded at the start of treatment, and the rinseback
volume ré—infnsr:d at the end of treatment are performed by the outer dialysate pump
rather than the UF pump. In other embodiments, the UF pump can be used to perform

some or all of these tasks.

Fig. 76D illustrates the flnid movements across a diatyzer during a course of
treatment that includes periodic backflushing through the dialyzer membrane. In this
example, the expected net fluid to be removed is 1000 cc’s {410}, the priming volume to
be discard-ed is about 130-cc's (4 12), and the rinseback volume is about 357 cc’s (414),
In the example shown, the outer diéiysate pump pushes a volume of dialysate (416} {e.g.,
approximately 200 cc's) back across the dialyzer membrane about every 30 minutes
during treatment. In this case each backfiush operation (e.g., 416) is preceded by UF
pumping (e.g. 417) that is-sufficient to account for the following backflush. In one

aspect, a system controller may calculate the initial UF pumping rate (420) as: {the base

. UF pumping rate] plas [the anticipated backflush volume divided by the backftush

period}. The base UF ‘pumping rate may be calculated as: {the volume of fluid to be
removed from the patient (410}, pius the rinseback volume (414} at the end of treatment,
minus the prime volume discarded (412) at the start of treatment] divided by [the total
treatment time].. (Optionally, a margin, such as 2-10% of the base rate, may be added to

this base UF pumping rate to ensure completion of ulrafiltration before the end of
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treatment). In one embodiment, before the end of treatment, the system controtler may
be programmed to terminate backflushes at a time (418) early enough to ensure that fluid
removed from the patient does not exceed at any time the fluid removal goal (410} plus
the rinseback volume {(414). Alternatively, the controller may be programmed to prevent
fluid from being removed from the patient at any time in an amount that exceeds the
fluid removai goal (410) plus the rinseback volume {414), minus the prime discard
volume (412). After the last backflush operation, the controller may then adjust the UF
pumping rate (422 to the base UF pumping rate caiculated above, with or without the
added margin. Alternatively, the controller may calculate the difference between the UF
pumping goal (424} and the UF volume actually pumped by the time of the last
backflush operation (418), and divide this arnount by the remaining treatment time. The
controller may calculate the UF pumping goal (424) as the patient flzid removal goal
(410), plus the total velume of backflushes (approximately 1600 ccs’ in this example),
plus the rinseback volume (414), minus the prime discard volume (412). The terminal
UF pumping rate (422) may then be calculated by dividing this quantity by the remaining
treatment time (treatment end time at 424 minus backfiush end time at 418).

Fig. 76E illustrates the fluid movements across a dialyzer during a course of
therapy in which the user requests a solution infusion of 200 cc’s foi'ty,zrlinzltes into
therapy, and requests resumption of vitrafiltration after a twenty minute delay. In this
scenario, the user requests re-establishment of the original UF pumping goal, in which
the controller is programmed to have the UF purnp reclaim from the blood compartment
an amount equal toithe solution infusion by the time treatment has ended, In this
example, the patient’s fluid removal goal is set at 400 cc’s (426). At the stast of
reatment, the expected UF pumping goat is about 630 cc’s (428) (i.e., the fluid removal
goalvof 400 cc’s plus the rinseback volume of about 357 cc’s, minus the prime discard
volume of about 130 cc’s), However, at the 40-minute point, the user initiates a solution
infusion of 200 cc’s (430). In cne embodiment of the invention, the controfler s
programmed to halt further UF pumping. The user has the option to ;_e—establish the
originally intended UF pumping goal; and in this example, does so at the 60-minute point
in treatment. Optionally, the user may choose an alternate UF pumping goal for
resumption of ultrafiltration, as long as it has not already been achieved, and as long as

the maximum permissible UF pumping rate will not be exceeded. In response to a user.
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entry of the original UF pumping goal, the controller may be programmed in one
embodiment to perform a total volume of ultrafiltration that includes the original UF
pumping goal plus the amcunt of solution infused at the 40-minute point. To set the UF
pumping rate under this scenario, for example, the controller may add the volume
infused {i.e;, 200 cc’s) to the UF pumping goal (630 cc’s) to yield anew UF pumping
goal of 830 cc’s at the end of treatment (432). The new UF pumping rate (434) may then
be calculated to be the new UF pumping goal (432) minus the accuﬁnulated.UF pumping
volume af resumption of therapy (436), divided by the estimated remaining treatrment
fime,

In pther embodiments, the system ¢ontroller may adjust the. UF pumping raie
periodically to catch up with temporary or unexpected suspensions of dialysis, and the
caich-up period may be programmed to occur before the next scheduled maintenance
pause (subject to the maximum UF pumping rate, set by prescription or otherwise).

Also, in cases in which backflushing is enabled, the controlier may adaptively reduce the
number of backflushes depending on the available remaining ultrafiltration volume. For
example, the high limit for nltrafiitration volume may be set to be no more than a small
percentage above the-patient’s fluid loss goal, plus the total of the backflush volumes,
plus the rinseback volume, in order to keep the net fluid loss by the patieﬁt at or only
slightly above the final rinseback volume plus the patient’s fluid loss goal.

In other embodiments, the system controller may be programmed to vary the UF
pumping rate during treatment. For example, the controller may be programmed to set
the UF pumping rate higher at the start of therapy (at a time in which it is presumed that
the patient may be relatively floid overloaded and able to comfortably sustain a higher
rate of fluid removal), and to reduce the UF pumping rate later in the course of therapy,
keeping the average UF pumping rate sufficient to-meet the UF pumping goal by the enﬁ
of therapy, In other cases, more compliex patterns of ultrafiltration may be desirable, and
the controller may be programmed to accommodate sucﬁ pattems when setting the UF
pumping goal. In some embodiments, a UF pumping rate profile may be individualized
for a particular patient as part of the patient’s prescription parameters, initially set and
modifiable by the patient’s physician at any time. - 7

Fig. 76F is an exemplary screen view for display on a graphical user interface

that sumnarizes the results of # dialysis treatment session. At the end of treatment, the
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system controller will have tallied — and may display — the total dialysis time 440, the
total amount of fluid lost by the patient (reflected in the ending wei ght) 444, the final UF
pumping goal after any adjustments 446, the amount of actual ultrafiltration 448, the
volume of fluid delivered to the patient at the end of treatment to account for the priming
volume of the blood ¢ircuit and a nominal rinseback amount 450, any net adjustments of
the ultrafiltration 452 and the corresponding amount of fluid infused or withdrawn 454.
The patient's starting weight 442 may also be displayed to provide a convenient
reference point for the patient. This summary information may assist the patient andfor

patient’s physician in planning his or her next dialysis reatment.

The Dialysate Tank Empty Alarm state 7616 will stop Rinseback and notify the
patient there is not enough dialysate to continue with Rinseback. A diaiyéate tank low
alarm may be posted to the GUI. Fluid preduction may be restarted, if stopped. The
Wait for Fluid state 7617 waits for fluid to become available, Once the dialysate tank
volume reaches a certain level, e.g., 300 ml, a Diaiysatc Tank Filled event 7618 may be
generated, Jf the tank hés: not reached the given level in a selected pedod of time, e.g., 2
minutes, an enror event may be generated,

It may be possible to impreve the accuracy of liquid volame determinations in the
dialysate tank by using at least two independent methods of measurement. One method,
for example, counts the mumber of pum;; chamber strokes that deliver liquid to the tank,
and subtracts the mumber of pump chamber strokes that withdraw fluid from the tank.
Assuming that each pump stroke moves a known, fixed quantity of liquid, a cumulative
net liguid volume in tBe tank can be tracked. A sccond exemplary method involves
taking an FMS measurement by charging a reference chamber from a reservoir,
measuring the resulting pressure, and then venting the reference chamber to the dialysate

tank. The volume of air in the dialysate tank can then be calenlated from the equalized

" pressure between the tank and the reference chamber, A third exemplary method

involves taking an FMS measurement by charging a reference chamber to a
predetermined pressure, and then venting the reference chamber to the dialysate tank.
The volume of air in the dialysate tank can then be calculated from the equalized
pressure between the tank and the reference chamber. -Although an FMS-based method

may yield more accurate results, it may also be more time-consuming. Thas it may be
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desirable to have the system controller keep track of the tank volume continuously by
pump stroke accounting, and have it perform an FMS measurement periodically to verify
the ongoing accuracy of the pump stroke accounting. A controller appliying one or both
of these methods can use this data fo determine whether fluid shonld be added to or
removed from the tank, and whether the fiuid Jevel is below the minimum deemed
necessary to safely continue therapy.

The following section describes a method of measuring the volume of dialysate
in-a container by a first method of counting known volumes pumped into or cut-of the

container, and a second method using an improved FMS measorement. The improved

'FMS measurement is used periodically to correct the first method, if necessary. The

improved FMS method assumes a form of an equation that relates FMS pressure drop
and the gas volume in the container. In one embodiment, constants in the cquation are

correlated to measured FMS pressure ‘drop.and measured volumes during a calibrated

filling of the container.

Pump stroke accounting operates by polling th& pumps that can deliver fluid into
and out of the tank, continuously accounting for completed strokes and discounting
incomplete strokes doe to occlusions. New fiuid can be supplied to the dialysate tank by
the mixing pumnp 180 (Fig 3A) and the bicarbonate and acid purnps 183, 184, and pump
strolces may be tallied when the outflow valve 155 1o the tank 169 is registered as being
open and the mix drain valve 154 is registered as being closed. The state of the valves
can be monitored by reading the valve state via the YO subsystem; or in a simpler
amrangement, the valve state can be assurmned according to the particular operation being
performed at the machine level. ‘Fluid can be removed from the dialysate tank by the
outer dialysate pump 159 when the dialysate drain valve 151 is open and the tank
recirculation valve 152 and disinfection valve 153 are closed. ' Fluid is also removed by
the outer dialysate pump 159 when the disinfect path is open (tank recirculation valve
152 and dialysate drain valve 151 are closed, while the disinfection valve 153 and mix
drain valve 154 are open). The pumps 180, 159 can be polled for completed strokes, and
strokes can be discounted if a chamber fill occlusion is detected. In 2 second exemplary
method, incomplete strokes by the mixing pump 180 are discounted, but all incomplete
strokes by the dialysate pump 15% are counted as full strokes, The incomplete strokes

are discounted only on the fill side in order to bias the measured tank level low, so the
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dialysate tank is more likely to be overfilled than empty. Should an occlusion be detected.
with any of the pumps, the pump stroke accounting value can be flagged as suspect or
imvalid, and a tank volume measurement can be taken using an independent method, for
example the FMS method. )

The FMS method of measuring the air (and therefore the liquid) volume in the
dialysate tank is based on Boyle's law. A reference volume is pressurized and then
vented into the closed dialysate tank, the volume then being calculated from the final
pressure reached by the combined reference and tark air volumes. This method may be
prone to some error because of delays in or incomplete closures of the valves that
communicate with the tank, or because of physical distortion of the tank under pressure,
The measurement may also take a substantial amount of time, which could reduce the
efficiency of dialysate delivery for dialysis. Thus some of the physical characteristics of
the.dialysate tank and valves may introduce measurement error if the classical FMS
equation P1V1 = P2V2 is used, e.g., distortion of tﬁe dialysate tank may introduce error
in a measurement using this equation as a model of the system.

The FMS measurement method may be improved by using a third order equation,
which may increase the accuracy of the volume determination at the target tank fluid
level of 50-75%. Such an equation can take several forms, and js based on fitting
experimentally derived pressare-volume data 1o a curve defined by the third-order
equation. The measurement of the volume in the dialysate tank can be calibrated, for

example, by incrementally filling the tank and performing FMS measurements on the

" tank at each increment. Dara points are collected and a mathematica! model correlating

the FMIS ddta to the actual fleid volume within the tank can then be generated. For
example, the contreller can perform an “AufoCal" or other calibratien function that
empties the tank, and then fills it incrementally with seven 300m! volumes of liquid,

making an FMS volume measurement with each incremental fill. These measurements

* can then be inputted in the form of a vector into a function that calculates the coefficients

for the third order -equation using 2-least squares algorithm, for example, to minimize the
error between the observed and predicted volumes. The fonction may then update the
coefficients used in the third order EMS equation that are stored.in a calibration data file

on a hard drive or.in the system memory. Thereafter, the third order equation, including
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the coefficient values determined during calibration, may be used with an FMS measured
pressure difference value to determine a volume of liquid in the dialysate tank.

In one illustrative embodiment, the FMS measurement is not used for primary
dialysﬁte tank level determination, e.g., because the measurement takes approximately 20
seconds to perform and performing this measurement on every outer pump stroke could

degrade pumping capacity. Instead, a primary determination of the volume of dialysate

" in the dialysate tank is computed based on an accounting of the number of pump strokes

.used to place dialysate into the tank and the number of pump strokes used to remove

dialysate from the tank. In addition, FMS is used to measure the volume of dialysaie in
the dialysate tank, for example, about every 20 minutes during treatment, or '
approximately once for every 100 pump strokes of dialysate placed into the dialysate
tank. The FMS determination of the dialysate volume is compared to the volume
predicted by the accounting of the number of pump strokes of dialysate into and out of
the dialysate tank. If the difference between the measured volume and the volume from
pump stroke accounting is greater than a threshold amount (e.g., 100 ml), an error is
returned and therapy may be discontinued. If the difference is smaller (e.g., less than
100 ml), then the accounting volume is adjusted and updated to the newly measured
value and therapy may be continued..

As mentioned above, in this embodiment, a third order equation is used to
determine volume in the dialysate tank. Coefficients for the third order equation are
determined during a calibration function by providing known quantities of liquid to the

tank and effectively plotting the liguid volumes for a plurality of measured pressure

differences and minimizing the error between the curve representing the known liquid

voiumes and the measured pressure differenées and a curve representing calculated
volumes and measured pressure differences using the third order equatiun. In one
example, a pressure measurement may be taken every time an additional fixed amount of
liguid (e.g:, 150 or 300 ml) is placed into the dialysate tank, where the caiibrétion
process is limited to a typical operating range of the dialysate tank volume (e.g., between
1-2 liters of a 2-liter tank). The FMS pressure differences measured at each volume step
are plofted and the sum of the squares of the errors between the known volume/pressure
difference at each steb énd'tfxa caleulated volume/pressure differénce using the third

order equation at each step is minimized to determine the coefficients of the third order
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equation which are stored in a calibration data file and used in future FMS |
determinations of lguid velurhe in thi dialysate tank. The accuracy.of the coefficients.
may be checked, e.g., by again filling the dialysate tank with known volumes of liguid,
measuring the liquid volome using the FMS pressure measurements and the third order
equation, and comparing the known and determined volumes. If a difference between
the knownand determined volumes is below a threshold, e.g., a difference of 5% or less,
a determination may be made that the calibration process was accorately done and the
coefficients for the third order-equation can be used for accurate measurement.

In one illustrative embodiment, to perform the calibration function and determine
the coefficients for the th@rd order function, the system initially empties the dialysate
tank, and adds 300ml amounts of liquid to the tank in seven intervals. After each 300ml
interval, the system makes an FMS pressure difference measurement of the dialysate
tank, e.g., determines a pressure difference before and after the fank is fluidly coupled to
the pressurized reference chamber; These measvrements are inputted in the form of a
vector into a function that calculates the coefficients for a least square fit curve for the
third order equation that closely approximates a curve defining the known volumes for
each of the seven fill intervals, )

In this illusirative embodiment, the third order function x) is shown in Equation
7,

f(x) = ax; +bx}+cex,+d
M
where f{x) gives the calculated fluid volume in the dialysate tank based on the
measured FMS pressure difference, x is the measured FMS pressure difference, and a, b,'
¢ and d are coefficients to be determined in the calibration process. (Note fhat the liquid
volume in the dialysate tank is equal to the total tank volume less the gas volume. Thus,
by determining a gas volumae in the tank, a liquid volume in the tank is determined.)

" To obrain the least sguare fit of the third order eguation to the actual fluid
volumes for each measured FMS pressure difference, the error [e] of third order equation
f(x) in relation 1o the known volume / measured pressure difference curve is determined
and minimized. The solutions that minimize error are the coefficients a, b, ¢ and d for

the third order equation. Equation (8) givés the error g.in this embodiment
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=3 (3~ FGx)F o ®)

i=l

where y is the known liquid vo!umé . X; 15 the measured pressure difference
between the initial pressure of the dialysate tank before being coupled to the reference
chamber and the final pressure after being coupled to the reference chamber {i.¢., the
FMS pressure difference), i is the current iteration, and » is the total number of instances.

By inserting the third order function for fx) of Equation 7 into Equation § we get
Equation 9

e=Y(y, ~axt -t~z —df 0

To find the minimum error, the partial derivative of the error function is taken

with respect o each coefficient and set equal to zero as shown in Equation 10.

Fora-——»mm _a_ﬁ'*éf_héﬁ_waﬁ,_o ) (19)

da ob ¢ od

After substituting Equation 9 into Equation 10, Equation 11 results.

Ef:Z»Zn:'( i_g‘xis "bxiz"cxi —d)'(xf:)=0

aﬂ #=

% 0 Syt me-a) ()0 |
an -

iimz.z(y - ax} —bx! —cxe-d) (=)= |

dc pe

% 2.3 [y, ~ax ~bxf —cx, ~d)- 1) =0

ad i=1

From the partial derivatives, the following set of linear equations results, as
shown in Equation 12,
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The linear equations of Equation 12 are put into a matrix, as shown in Equation
13, '
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And an augmented matrix is formed from Equation 13, as shown in Equation 14.
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A least square fit function uses the augmented matrix in Equation 14 to solve for
the'coefﬁcieﬁts of the third order equation. Specifically, the AutoCal function first

declares two vectors and inputs in them the measured pressure differences and the known
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volume values for each fill and measurernent interval. AutoCal then calls a
leastSquareFit function, which calls an inputMatrix function to make a matrix, a
makeResutVeécior function to make the result vector for that matrix, an augmentedMarrix
function to combine the two into an augmented matrix, a rriangularMatrix function to
reduce the augmented matrix info a triangular méu*i.x {matrix with only one pivot per
column), a reduceEchelonForm function to reduce the tfiangular matrix into its echelon
form (matrix with only one pivot per row and column) and a coefficients function to
update and display the calculated coefficients. inputMatrix and makeResultVector
perform the summations before inpuotting the pressure difference and volume values so
that the end augmenied matrix only has numbers. -

Some of these operations called by the leastSquareFir function call smaller

functions as well; inputMatrix calls sumVectorPower, triangularMatrix calls swapRows,

normalizeRow, subtractRows, and absoluteValue, and reduceEchelonForn calls
backwardskfultiply. inputMatrix inputs sumimation terms into-a matrix,
makeResultVector inputs summation terms into the result vector for the augmented
matrix. dugmentedMatrix converts the 4x4 matrix and the result vecior into an
augmented mateix. trigngularMatrix reduces an augmented matrix into a 'U‘iangular
matrix. reduceFchelonForm reduces a trianguiar matrix to Echelon form by backwards
multiplication. coefficients updates the defanit coefficients to the new ones and displays
them. sumVectorPower performs a summation of the elements of a vector raised to the

desired power. swapRows swaps the elements from two rows in a matrix, rormalizeRow

divides all the elements of a row in a matrix by the first element, making that element

equal one, substractRows subtracts the elements in one row from the corresponding ones
from another. absoluteValue returns the absolute vaiue of a number. backwardsMultiply
subtracts one row from another after multiplying one of the rows by the integer needed
so that the subtraction makes one of the elements in the row egual zero.

Having determined the values for the coefficients a, b, ¢, and d, the control
system may use the third order equation £x) along with the measured FMS pressure
difference to determine the liquid volume in tﬁe dialysate tank. That is, for a given FMS
measurement, f(x) of Equation 7 calculates the liqpid volume using the values for a, b, ¢

and d deterrnined in the calibration process,
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The Occlusion Alarm state 7619 will stop Rinseback and notify the patient there
is an occlusion, e.g., by posting an occlusion alarm to the GUL The Qeclusion
Resolution state 7620 waits for the patient to clear the occlusion.

The Dialysate Temperature Alarm state 7621 will stop R_ihseback and notify the
patent the dialysate temperature i out of range, e.g., by posting a temperature alarm to
the GUL The Recirculate Dialysate state 7622 aliows the machine to recover from a
scenario where the dialysate temperature is out of specification. At the same time, blood
may continue to circulate to prevent clotting. In this state, dialysate may be routed
directly to drain as the machine attempts to bring the limits within range.

The High Inlet Water Temp Alarm state 762.3 will stop Rinseback and notify the

patient the water entering the machine is too hot, e.g., by posting an inlet water

" temperature high alarm to the GUL This state diverts hot water to drain and waits for the

water 1o reach nominal temperature,

The Wait state 7624 is intended to handle the transitions between Rinseback and
Disconnection. This state will essentially put the system into an idle state. Besides
handling the wansitions between Rinseback and Disconnection, this state will also
contro] the ability to perform additional bolus infusions. The Wait for User state 7625
waits for the user to either request an additional Rinseback or to indicate they are done
with this process. If the patient indicates they are.done with Rinseback, an event may be -
generated 1o erminate Rinseback.

The Venous Air Alarm state 7626 will stop Rinseback and notify the patient
venous air has been detected. The Venous Air Resolution state 7627 waits for the patient
to clear the air bubble and for an indication of the same from the patient.

The Dialysate Ieak Alarm staté 7628 will stop operation and !}Qﬁfj; the patient a
dialysate leak has been detected. A dialysate leak alarm may be posted 1o the GUL The
Leak Resolution state 7629 waits for the patient to clear the leak and for an indication of
the same from the patient.

The Dialysate Production Alarm state 7630 will stop operation and notify the
patient a dialysate leak has been detected. A dialysate production alarm may be posted

10 the GUI. The End Rinseback state 7631 waits for the patient to acknowledge the

alarm. 'Upon acknowledgement of the alarm, an event may be generated to end
Rinseback.
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The Pause Menu state 7632 allows the patient to choose to perform additional
activities, The following options may be displayed-and selected by a user: Patient

Disconnect, Power Standby, and Shutdown.

{10) Take Samples

The Take Samples application gives the operator the ability to take certain fluid
samples. In order to safely and effectively administer dialysis treatment, it may be
necessary to pertodically collect samples of dialysate and reverse osmosis water for
laboratory analysis. This application aliows the user to more easily collect these samples
by presenting the fluid for sampling at a convenient location for collection.

For dizlysate sample colecticn, dialysate is circolated through the dialyzer. For

- reverse osmosis (RO) sample collection, the reverse osmosis system is torned on and

flushed for a predetermined amouat of time to initiate production of reverse osmosis

water. Then the user is pfompted to collect the sample by tapping into this flow.

Fig, 77 shows an exemplary implementation of the Take Samples application.
The Evaluate Dialysate Sample state 7702 of the Take Samples application 7701
determines whether a dialysate sample is scheduled. The Stait Dialysate Sample state
7703 starts dialysate flow, allowing the patient to take a sample. The Evaluate RO
Sample state 7704 determines whether a reverse osmosis sample is scheduled. The Start
RO Production state 7705 starts RO production in preparation for an RO sample. A
timer may allow the reverse 0smosis membrane to be adequately flushed such that water-
quality is acceptable. The Collect RO Sample state 7706 allows the patient to collect an
RO Sample.

Coli.ectidﬁ of a blood sample by the user can occur during or at the end of a
therapy. In one arrangement, the system mag;v set a blood flow rate of about 100 ml/min.
in the blood set, while setting the ulirafiliration pump flow rate and dialysate pump flow
rate to zero. Optionally, during this time, dialysate production may continue at a pre-
determined rate to maintain fresh dialysate, and additions of fresh dialysate to the
dialysate tanic may be used to replace an equivalent amount of dialysate sent from the
dialysate tank and from the outer dialysate circuit 16 drain.
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(11)  Replace Components

The Replace Compenents application gives the user the ability fo replace certain
components when they have reached the end of their life. Fig. 78 shows an exemplary
implementation of the Replace Components application,

The Requesting Component Replacement state 7802 of the application 7801
shows which components should be replaced and allows the user to request additional
replacements. The Deprime Flow path state 7803 decides which, if any, part of the
machine needs to be deprimed. The Evaluating Blood Side Drain state 7804 determines
if the blood side needs to be drained. K evaluates the different ways in which the
diatyzer and blood tubing set could require replacement. If the dialyzer and blood tubing
set need to be changed, but are not clotted off, then the state may request that they be
drained of fluid. The Evaluating Dialysate Side Drain staté 7805 determines if the
diatysate side needs to be drained. It evaluates the different ways in which the dialysate-
side components could require replacement; if so, then the state will request they be
drained of fluid. The Empty Dialysate Tank state 7806 removes any residual dialysate or
reverse osmosis water from the dialysate tank by sending it to drain. When the Empty
Tanks command has completed, the event Tank Empty 7807 is emitted. The Draining
Dialysate Side state 7808 removes fluid from the ultrafilter,

The Evaluating Dialyzer Replacement state 7809 determines whether the dialyzer ‘
and blood tubing set require }eplacement. The Replacing Dialyzer state 7810 steps the
patient throngh dialyzer {(and blood mbiﬁg set) replacement. For example, directions for
replacing the dialyzer may be displayed. When the user indicates the dialyzer has been
replaced, the Dialyzer Repla@ event may be emitted. The Evaluating Ultrafiiter
Replacement state 7811 determines if the ultrafilter requires replacement. The Replacing
Ultrafilter state 7812 steps the patient through ultrafifter replacement, The Replacing
Drain Cassette state 7813 steps the patient through ultrafilter replacement. For example,
directions for replacing the drain cassette may be dispiayed. When the user indicates the
drain cassette has been replaced, a Drain Cassefte Replaced event 7814 may be emitied.
The Evaluvating Dialysate Cariridge Replacement state 7815 determines if the Dialysate
Cartridge requires replacement. For example, diréctions for replacing the dialysate
cartridge may be displayed. When the user has indicated they have completed

replacement, the Components Replaced event 7816 may be emitted.
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The Evaluating Dialyzer Connections state 7817 deterines whether the dialyzer
and blood tubing set connections require testing. The Checking Dialyzer state 7818 may
ensure that the dialyzer has been replaced correctly and that there are no leaking
conmections. If the dialyzer check is okay, the Dialyzer Check Okay event 7819 may be
emitted. The Fixing Dialyzer Connections state 7820 allows the patient to correct a
misplaced connection. For example, instructions for fixing the dialyzer connection may
be displayed. The Evaluating Ulrafilter Connections state 7821 determines whether the
dialyzer and blood tubing set connections reguire testing. The Fixing Ultrafilter
Connections state 7822 allows the patient to correct a misplaced connection. For
example, instructions for fixing the ultrafilter connection may be displayed. If the
ultrafilter check 7823 is okay, the Ultrafilter Check Okay event 7824 is emitted. The
Evaluating Drain Cassette Connections state 7825 determines whether the drain cassette
connections require testing. The Fixing Prain Connections 7826 state allows the patient
to correct a misplaced connection. Instractions for fixing the drain cassette coﬂnections
may be displayed. The Checking Dia]yséte Cariridge state 7827 ensures the dialysate
cartridge has been replaced correctly and that there are no leaking connections. If the
dialysate cartridge check is okay, the Connections Checked event 7828 may be emitted.
The Fixing Dialysate Cartridge Connections state 7829 allows the patient to corract a

misplaced connection.

{12y  Install Chemicals

The Install Chemicals application allows the user to install chemical concentratés
in preparation for dialysate production. Dialysate is made from chemical concentrates
that are diluted with reverse osmosis-water. The chemical concentrates are connected to -
the machine prior to dialysate production, but not during recycling. -The machine checks
the connection of the chemical concentrates following their installation. In the case that
the chemical concentrates are not propesly connected to the machine, the nser will have
the opportunity to correct the situation. -

Figs. 79a and 79b show an exemplary implementation of the Install Chemicals
appﬁcatidn. The Active state 7902 of the application 7901 is the state in which Install
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Chemicals processing occurs. The state generates the event Install Chemicals Stopped
7903 on transitioning to the Idle state 7904.

Referring to Fig. 75b, the Install new Concentrates state 7905 prompts the user to
replace the chemical concentrate container. The Ensure Connection test 7906 detects
whether the chernicals have been instalied properly in the system. The Connection
Recovery state 7907 handles the user interaction in the event that the system detects that
the chemical concentrates are not installed properly. The system may notify the user to
verify that the chemicals are properly instalied and all connection are securely fastened.
The Dilute:Chemicals state 7308 fills the chemical bags with water to dilute the
chemicals. The Start Dialysate Production state 7909 is responsible for starting
Dialysate production. ‘ )

The Dialysate Leak Alarm state 7910 will stop Operation and notify the nsera -
dialysate Jeak has been detected, The Leak Resolution state 7911 waits for the user to
clear the leak, and for an indication from the user of the same.

Referring again to Fig. 79a, the Datg Handler Init state 7912 is responsible for
initializing the data items for Install Chemicals. On completing this initialization, it will
generate a Install Chemicalé Launch OK event 7913 to indicate that Install Chemicals is
ready for aétivatian. The Update Data state 7914 is responsible for maintaining up to
date values for the data items for Install Chemicals, such as the treatment prescription
and mix. |

A number of features or atéributes may be desirable in the hemodialysis system
embodiments described herein. These features or attributes may relate, for example, to
automation, safety, usability, the oser interface, therapy programming, prescription data,
patient entry data, summary data, andfor therapy display data. Exemplary features or
attributes of the hemodialysis system embodiments are deseribed below. Various
features or attributes or combinations of snch features or attributes may be incorporated
in cinbodiments of the hemodialysis systems described herein. Hﬂ\h;evcr, such features
and attributes may not be reguired by the systein. Thus, while the features or attributes
described may be advantageously incorporated into one or more hemodialysis system
embodiments in some circumnstances, the hemodialysis systemn need nof include any of
the described feanires or attributes, and the system is not limited to the inclusion of any
such features or attributes. "
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Exemplary features or attributes of the automation of the system will be
described first. Embodiments of the hemodialysis system descrived herein may be
designed to permit the patient to operate the sysiem and/or be treated from a standing,
sitting and/or reclining position. As described herein, the hemodialysis system may
automatically perform a nember of functions, including: priming the blood set and
dialysate pathways prior to treatment; rinsing and disiﬁfecting; testing the integrity of
ultrafilters and dialyzers; priming blood into the blood set, either through a prime
returned or prime discarded aperation; and rinsing back blood at the conclusion of a
treatment. The hemodialysis system may minimize the residual ved blood cells in the
blood set at the completion of rinseback, and may ensure that the per-treatment red cell
loss is less than or equal to the per-treatment red cell loss for traditional thrice weekly
hemodialysis treatments. The hemodiatysis system may automatically perform a
solution infusion, upon request, at any time from the moment priming has started vntil

rinseback is completed. The treatment device may automatically deliver heparin during

‘treatment. The hemodialysis system may automatically record ﬁatiem bload pressure

and weight. This may be accomplished through the use of wireless communications with
external, stand-alone sensor modules. The hemodialysis system 'r'nay confirm that
components have been loaded correctly and: tha't‘the correct and sufficient supplies (i.e.
solutions, concentrates, etc.) have been connected. The hemodialysis system may verify
?hat the blood treatment set has been loaded correctly.

The hemodialysis system may comply with the FDA and AAMI gmde].mes on
dialyzer reuse in testing and monitoring of the dialyzer’s performance. The hemodialysis
system may allow the patient to schedule their next treatment to reduce preparation fime -
at the time of treatment. The hemodialysis system may provide a feature to allow the
user to safely disconnect temporarily with a rinse back during treatment for 30 minutes
or less. Alternatively, the hemodialysis system may permit a user to temporarily
disconnect without rinseback of blood to the user. Upon disconnecting from the anerial
and venous lines, the user can connect the arierial ine 1o the venous line via a pass-
through connector. The system may then circulate the blood in the blood set, pause the
dialysate pemps, and pause heparin infusion for the duration of the disconnect period.
The hemodialysis system may. provide the ability. for the Healthcare Professional to

disable the temporary disconnect feature. The hemodialysis system may minimize
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therapy interruptions by preventing or astempting to self-resolve conditions that may lead
to an inferruption (i.e. an alarm). ' )

Next, exemplary safety features and attribufes will be described. The -
hemodialysis may be designed to meet certain safety standards. For example, the
hemodialysis system may meet all relevant AAMI and IEC safety requirements for
hemodialysis machines, and may be designed such that exterior exposed surfaces stay
below the levels indicated in the IBC-60601-1 standard during operation. Further, the
user interface for the dialysis system may certain safety control features. For example,
the hemodialysis system may provide 2 mechanism for the patient to terminate a therapy
and rinseback at any point during weatrent. Further, a method for the patient to rinse-
back their biood even if a nonrecoverable alarm occurs or power is lost may be provided.
The user may also be able to bring the instrument to a safe state (i.e. pause all instrument
activities) at any time during operation with a single button press.

As described herein, air bubbles may be dangerous {o a patient. Thus, the
hemodiatysis system may be constructed o prevent air bubbles sized 20 microliters or
larger from reaching the patient. The hemodialysis system may trigger an alarm when ,
streams of bubbles greater than or equal to 1 microliter accumulate to exceed 20
microliters total within 30 sec. Further, the hemodialysis system may trigger an alarm
when streams of bubbles greater than or equal to 3 microliters accumulate to exceed 20
microliters total within 30 sec.

* The hemodial ysis system may include a number of safety detectidn features. For
example, the hemodialysis system may include, or interface to, a feature to detect venous
needie disibdgement. The hemodialysis system may detect the passage of blood across
the dialyzer membrane. The hemodialysis system inay also detect and alert the user to
dripping leaks from the portions of the blood circuit contained within the confines of the
device. In addition, fluid in the blood circuit that the patif{nt is exposed to may be of
“dialysate for injection” quality.

The hemodialysis system may be designed to be nsable to patients of varying
physical and mental abilities. For example, the hemodialysis systern user interface may
be compatible with dialysis operators suffering from retinopathy and neuropathy and
readzable by someone who is cvolor blind. In pa:ticule;r, critical infofrnation diép]ayed by

the user interface may be viewable from a distance of 3 feet by a user with 20/70 vision,
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and non-critical information displayed by the user interface may be viewable from &
distance of 2 feet by a user with 20/70 vision. The hemodialysis system user interface
may be designed to be intuitive, so that it may be understood by an operator with 2 Sm
grade reading level, In addition, the hemodialysis system may be designed to be
operated one-handed, incinding during therapy. This assists patients who have one arm
immobilized due to needles being present in the access site:

The user interface may also be désigned to be flaxible and functional. For
example, the hemodialysis system user interface may be splash/spill resistant and
cleanablé with the following cleaning solutions without degradation of operation: wiped
5.25% sodium hypochlorite bleach diluted 1:10, wiped accé}erated hydrogen peroxide
(made by Virox Tech Inc), and wiped PDI Sani-Cloth Plus.

Ilumination may be controllable by the user or based on certain factors. For

‘example, the hemodialysis systemn may be provided with a mechanism to dim the user

interface and minimize all other light emissions either by request or automatically. In

addition, it may be possible to turn off all light emitting sources except those necessary
{o locate safety-critical controls such as the stop button. In the event of a power outage,
ilumination of the blood set and dialyzer may be provided to support the patient
managing their blood lines and access. The hemodialysis system may provide
illumination to the appropriate controls when user interaction with the controls is
necessary. This assists the user in finding necessary controls when performing therapy .
in a dark environment. '

As discussed herein, alarms may be triggered during use of the dialysis system.
The hemodialysis systein may provide auéibie and visual indication of alarm conditions.
Further, the hemodialysis system may distinguish the importance of an alarm condition,
The audio abilities of the hemodialysis systern may allow for a range of frequencies and
sound levels, e.g., for alarm and alert situations, which may be adjostable by a user. The

hemodialysis system may provide the ability for the user to mate an alarm. The

‘hemodialysis system may have a visual indicator, in addition 16- the GUIL to call attention

to alarms and alerts. For example, the hemodialysis system may generate a "light pole”
or other such visual alarm indicator that can be viewed from a significant distance in al)

directions (e.g., 20 feet).
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The hemodialysis system GUI may explain possible causes of an alarm and
whether the alarm is correctable or not comrectable. If an alarm is correctable, the
hemodialysis system user interface may guide the user through resolving the alarm. The
hemodialysis system may also provide instructions on when to call service or a
Healthcare Professional.

The user interface and [abeling may support a number of different languages and
alternative character sets. Further, the hemodialysis systern may provide voice guidance
in the supported languages. Where possible, connections may be keyed and color-coded
to facilitate correct connections.

The hemodialysis system user interface may provide the user with an option to

receive a notification at the end of treatment, and may allow the user to review relevant

_ treatment data at the end of the tieatment.

It may be desirable that the hemodialysis system be easy to operate and user
friendly for non-professionals. The user interface and industrial design of the
hemodialysis system may allow the device to ook and feel like a home product, and
have a simple interface. Operations to be performed by a patient may be graphically
simulated on-screen. A properly trained patient may be able to initiate tre:atmeri; within
10 minutes of requesting a therapy. The hemodialysis system user interface may be
configurable info "novice" and "advanced" modes that help encourage and guide novice
users, while providing quick navigation for advanced users. _

The hemodialysis system may allow the user to recover from missteps and
mistakes, for example through use of back navigation in the user interface or an undo -
function. Further, the hemodialysis system user interface may minimize the user time
and effort required 1o obtain help. The hemodialysis system may provide Healthcare
Professional-specific training manuals, patient-specific training manuals, and an
operator's manual.

The hemodialysis system may support Healthcare Professional localization of the
device consisting of setting the language for display of text element's,"setting the tms,
an—d sefting units for parameters (i.e. Jbs or kgs). The bemodialysis system may support
Healthedre Professional configuration of the patient prescﬁption, including setting the
patient’s tarpet weight, the allowable therapy ,conﬁ_gurarj ons (i.e. short daily, extended

* treatment) and the associated blood flow rate, the flexibility to set either dialysate flow



it

15

20

25

30

- 328~

rate and time or the dialysate volume and time for each therapy configuration (i.e. short
daily, extended tréatment), the presctibed heparin protocol, the maximum ulirafiltration
rate, the dialysate composition, the dialyzer identification, solution infusion bolus size
and limits, arterial and venous pressure limits, rinseback volume, and prime method
(prize return or prime.dump). The hemodial ysis system may provide the option to
prevent the patient adjustment of each prescription parameter and provide
maximun/minimum limits on patient adjustment of the prescription parameters.

" The hemodialysis system may support manual and electronic input of the patient
prescription. The hemodialysis system may be designed to minimize the amount of
information that is required to be manually entered for each therapy.

The device may require the patient to provide the following inputs at the start of
therapy: therapy type (e.g. short daily, extended duration) and pre-dia]ysis weight. Prior
to and during therapy, the hemodialysis sysiem may allow the user to-adjust the therapy
end time. The hemodialysis system may provide the ability for input of the sitting -and/or
standing patient blood pressure both prior to therapy and after therapy completion.

The device may display, for confirmation, the following calculated parameters, at
& minimum, on the summary screen prior to the start of treatment: therapy duration/end
time and the patient's end weight. The hemodialysis system may allow the user to adjust
the end weight for the therapy prior to and during therapy. in addition, prior to and
during therapy, the hemodialysis system may allow the user to adjust the therapy end
time/duration for the therapy. .

Unless superseded by an.alarm or vser request, the hemodialysis system may

always display the following information: current system stete (i.e. priming, therapy,

etc.), current blood flow rate, current patient weight and target patient weight,

cumulative therapy time and therapy end time, and volume of heparin delivered. When
using an associated blood pressure monitor {cuff), the hemodialysis system may display
anew blood pressure measurement for 5 minutes after that measurement was taken. The
hemodialysis system may display, on demand, real-time feedback on actual blood flow.
This facilitates needle adjustment for optimal blood flow, On demand, the hémodialysis
system may provide a means for the user to view the following information: dialysate

conductivity and-flow rate, the most recent blood pressure measurement, current
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ulirafiltration removal rate, cumulative bolus volume infused, dialysate temperature,
current arterial and venous pump pressures, and the blood volume processed.

The following are each incorporated herein by reference in their entireties: U.S.
Provisional Patent Application Serial No. 60/903,582, filed February 27, 2007, entitled
“Hemodialysis Sysiem and Methods™; U.S. Provisional Patent Application Serial No.
60/904,(24, filed February 27, 2007, entitled “Hemodialysis System and Methods™; U.S.
Patent Application Serial No. 11/787,213, filed April 13, 2007, entitled “Heat Exchange
Systems, Devices and Methods™; U;S. Patent Application Serial No. 11/787,212, filed
April 13, 2007, entitled “Fluid Pumping Systems, Devices and Methods™;, U.S. Patent
Application Serial No. 11/787,112, filed April 13, 2007, entitled “Thermai and
Conductivity Sensing Systems, Devices and Methods™; U.S. Patent Application Serial
No. 11/871,680, filed October 12, 2007, entifled “Pumping Cassette”; U.S. Patent
Application Serial No. 11/871,712, filed October 12, 2007, entitled “Pumping Cassette™; .
U.S. Patent Application Serial No. 11/871,787, filed October 12, 2007, entitled
*‘Punﬁping Cassette™; U.S. Patent Application Serial No. 11/871,793, filed October 12,
2007, entitled *“Pumping Cassette™; and U.S. Patent Application Serial No. 11/871,803,
filed October 12, 2007, entitled “Cassette System Integrated Apparatus.” In addition, the
following are incorporated by reference in their entireties: U.S. Patent No, 4,808,161,
issued February 28, 1989, entitled “Pressure-Measurement Flow Control System™; U.S.
Patent No. 4,826,482, issued May 2, 1989, entitled “Enhanced Pressure Measirement
Flow Control System”; U.S, Patent No. 4,976,162, issued December 11, 1990, entitled
“Enhanced Pressure Measurement Fiow Control System”; U.S. Patent No. 5,088,515,

issved Febroary 18, 1992, enti;}ed"‘Valve System with Removable Fluid Interface™; and

U.S. Patent No. 5,350,357, is-éued .Sepsember 27, 1994, entitled "Peﬂfoneal Dialysis
Systems Employing a Liguid Distribution and Pumping Cassette that Emulates Gravity
Flow.” Also incorporated herein by reference are 1.5, Patent Applicatior Serial No.
12/038,474, entitied “Sénsor Apparatus Systems, Devices and Methods,” filed on

. February 27, 2008; U.S. Patent Application Serial No. 121038.,648, entitled “Cassette

System Integrated Apparatus,” filed on February 27, 2008; and U.S. Patent Application
Serial No., 12/072,908, filed February 27, 2008, entitled “Hemodialysis Systems and
Methods.” '
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In addition, incorporated herein by reference in their entireties, aﬁd filed on an
even date herewith, are the following: U.5. Patent Application Serial No. 12/198,947,
entitled "Occluder for a Medical Infusion System"; U.S. Patent Application Serial No.
12/199,055, entitled “Enclosure for a Portable Hemodialysis System"; U.S. Patent
Application Serial No. 12/199,062, entitled "Dialyzer Cartridge Mounting Amangement
for a Hemodialysis System"; U.S. Patent Application Serial No. 12/199,068, entitled
“Modular Assembly for a Poriable Hemodialysis System”; U.S. Patent Application Serial
No. 12/199,G717, entitled "Biood Circuit Assembly fora Hemodialysié System"; U.S.
Patent Application Serial No. 12/199,166, entitled "Air Trap for a Medical Infusion
Device"; U.S. Patent Application Serial No. 12/195,176, entitled "Blood Line Connector
for a Medical Infusion Device"; U.S. Patent Application Serial No. 12/199,196, entitled
“Reagent Supply for.éﬁemoéiarysis- System"; and U.S. Patent Application Serial No.
127199452, filed August 27, 2068, and entitled "Hemodialysis System and Methods."

While several embodiments of the present invention have been described and
illustrated herein, those of ordinary skill in the art will readily envision a variety of other
means and/or structures for performing the functions and/for obtaining the results and/or
one or more of the advantages described herein, and each of such variations and/or
modifications is deemed to be within the scope of the present invention. More generaily,

those skilied in the art will readily appreciate that all parameters, dimensions, materials,

" and configurations described herein are meant to be exemplary and that the actual

parameters, dimensions, materials, and/or configurations will depend upon.the specific
application or applications for which the teachings of the present invention isfare ased. -
Those skilled in the art will recognize, or be able to ascertain using no more than routing
experimentation, many equivalents o the specific embodiments of the invention
described herein. It is, therefdre, to be understood that the foregoing embodiments are
presented by way of example only and that, within the scope of the appended claims and
equivalents thereto, the invention may be practiced otherwise than as specifically
described and claimed. The present invention is directed to each individnal feature,
system, article, maierial, kit, andfor method described herein. In addition, any
combination of two oF more such feaiures, systems, articles, materials, kits, andfor
methods, if such features, systems, articles, materials, kits, and/or methods are not

mutually inconsistent, is included within the scope of the present invention.
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All definitions, as defined and used herein, should be understood to control over _
dictionary definitions, definitions in documents incorporated by reference, and/or
ordinary meanings of the deﬁnc& terms.

The indefinite articles “a” and *“an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least
one.”

The phrase “and/or,” as used herein in the specification and in the claims, should
be understood to mean “either or both” of the elements so conjoined, i.e., elements that
are conjunctively present in some cases and disjunctively present in other cases.

Muitipie elements listed with “and/or” should be construed in the same fashion, i.e., “one
or more” of the elements 50 conjoined. Other elements may optionally be present other
than the elements specifically identified by the “and/or” clause, whether related or-
unrelated to those elements s;pcciﬁcally identified. Thus, as a non-limiting example, a
reference to “A and/or B”, when used in conjunction with cpen-ended language such as
“comprising” can refer, in one embodiment, to A only (optionally including elements
other than B); in another embodiiment, to B (m]jf {optionally including elements other
than A); in yet another embodimeni, to both A and B (optionally including other
clements), etc, '

As used herein in the specification and in the claims, *or” should be understood
to have the same meaning as ‘;and}or” as defined above. For example, when separating
items in a list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion
of at least one, but also including more thap oné, of a number or list of elements; and,
optionally, additional unlisted items. Only terms clearly indicated to the contrary, such

as “only one of” or “exactly one of,” or, when used in the claims, “consisting of,” will

. refer to the inclusion of exactly one element of a number or list of elements. In general,

the term “or” as used herein shall only be interpreted as indicating exclusive alternatives

(i.e. “one or the other but not both”) when preceded by terms of exclusivity, such as

- “gither,” “one of,” “only one of,” or “exactly one of.” “Consisting essentially of,” when

used in the claims, shall have its ordinary meaning as used i the field of patent Jaw.

As used herein in the specification and in the claims, the phrase “at least one,” in

- reference o a list of one or more clements, should be understood to mean at Ieast one

element selected from any one or more of the elements in the list of elements, but not
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necessarily including at least one of each and every element specifically listed within the
Tist of elemem_s and not excluding any combinations of elements in the fist of elements.
This definition also allows that elements may optionally be present other than the
elements specifically identified within the list of elements to which the phrase “at least
one” refers, whether related or vnrelated 1o those elements specifically identified. Thus,
as a non-limiting example, “at least one of A and B” (or, equivalently, “at least one of A
or B,” or, equivalently “at least one of A and/or B”) can refer, in one embodiment, to at
least one, optionally including more than one, A, with no B present (and optionally
including elements other than B); in another embodiment, (o at least one, optionally
including more than one, B, with no A present (and optionally including elements other
than A); in yet another embodiment, to at Jeast one, optionally inclading more than one,
A, and at least ong, optionally includin g more than one, B (and optionally including other
elements); etc.

It should also be understood that, unless clearly indicated to the contrary, in any
methods claimed herein that include more than one 'step or act, the order of the steps or ;
acts of the method is not necessarily limited to the order in which the steps or acts of the
method are recited. ' '

In the claims, as well as in the specification above, all transitional phrases such as
“comprising,” “including,” “carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean
including but not limited to. Onlsr the transitional phrases “consisting of ' and -
“'coasisting essentially of”* shall be closed or semi-closed transitional phrases,
respectively, as set forth in the United States Patent Office Mannal of Patent Examining
Procedures, Seciion 2111.03.
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CLAIMS

1. A method for detecting blood in a dialysate circuit of a dialysis system,
comprising:

substantially filling a first portion of a chamber (341) with used dialysate, the
chamber having a movable membrane (341c) that fluidly separates the first portion of the
chamber from a second portion of the chamber;

transmitting light through the first portion of the chamber while the first portion
is substantially filled with nsed dialysate;

detecting a first light level for light transmitted through the first portion of the
chamber;

substantially- filling the second portion of the chamber with clean dialysate;

transmitting light through the second portion while the second portion is
substantially filled with clean dialysate;

detecting a second light level for light transmitted through the second portion of
the chamber; and

determining a presence of blood in the first portion based on a comparison of the

detected first and second light levels.

2. The method of claim 1, wherein the step of substantially filling a first portion
of a chamber with used dialysate includes providing used dialysate received from a

dialyzer into the first portion of the chamber.

3. The method of claim. 1,

wherein the first light level is detected with the first portion substantiaity filled
with used dialysate and the second portion substantially empty, and the second light level
is detected with the second portion substantially filled with clean dialysate and the first
porfion substantially empty.

4. 'The method of claim 1, wherein the step of transmitting light through the first
portion comprises transmitting the light through a wall of the chamber.

5. The method of claim 1, wherein the step of transmitting light through the first
portion of the chamber while the first portion is-substantially filled with the used
dialysate includes passing the light through the first portion of the chamber and the

-membrane; and the step of transmitting light through the-second portion while the second
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portion is substantially filled with clean dialysate includes passing the light through the

second portion and the membrane.

6. The method of claim 1 further comprising:
circulating dialysate through a dialysate circuit including a balancing chamber

(341) and a dialyzer (14), wherein the chamber comprises the balancing chamber.

“7. The method of claim 6, further comprising:
operating the dialysate circuit to alternately substantially fill the balancing
¢hamber with clean dialysate and with used dialysate

8. A dialysis system, comprising:

a chamber (341) including a membrane (341c) that is movable in the chamber
and that fluidly separates a first portion of the chamber from a second portion of the
chamber, the chamber including a first inlet (341a) to the first portion-and a second inlet
(341b) to the second pertion; and _

a blood leak sensor (343) associated with the chamber and arranged to detect.
blood in the first portion of the: chamber, wherein the blood leak sensor is arranged to
measure a first level in the first portion and a second level in the second portion for
comparison of the first and second levels to each other to determine whether blood is
present in the first portion; and

wherein the blood leak sensor is arranged to measure the first level with the first

_portion substantially full of fluid and the second portion substantially empty of fluid, and

is arranged to measure the second level with the first portion substantially empty of fluid
and the second portion substantially full of fluid; and

wherein the chamber includes a wall that defines:an interior volume of the
chamber, and the membrane is arranged to contact the chamber wall when the first and
second portions are substantially full of fluid; and

wherein the blood leak sensor inchides a light emitter (343a) positiornied cutside
of the chamber and a light detector (343b) positioned outside of the chamber.

9. The'system of claim 8, wherein the blood leak sensor (343) is arranged to
detect blood in a dialysate solution where the blood is in a concentration of about 0.2 ml

blood per liter or more, where the blood has a hematocrit of about 40%.
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10, The system of claim: 8, wherein the chamber (341) has a substantially
spherical or spheroidal shape and the membrane has a substantially hemispherical shape
or dome shape in at least one configuration, and

‘wherein the light emitter (343a) is arranged to emit light into the chamber; and

the light detector (343b) is arranged to detect light emitied by the light emitter,
wherein the light emitter and light detector are arranged on diametrically opposed

sides of the chamber.

11. The system of claim 8, wherein the chamber (341) is a balancing chamber
arranged to receive used dialysate from a dialyzer into the first portion of the chamber,
and arranged to receive clean dialysate for delivery to the dialyzer into the second
portion of the chamber, and

wherein the blood leak sensor (343) is arranged to determine a presence of blood
in the first portion by comparing a light level detected when the first portion is
substantially full of used dialysate to a light level detected when the second portion is
substantially full of clean dialysate.

12.  The system of claim 8, wherein the light emitter (343a) and light detector
(343b) are arranged on opposed sides of the chamber (341) such that a straight light path
extends fromi the light emitier to the light detector.

13.  The system of'claim B, wherein the light emitter (3432) and the light
detector (343b) are arranged so that light emitted by the light emitter and received by the
light detector passes through the chamber wall.

14.  The system of claim 8, wherein the membrane (341c¢) is transparent and
the blood leak sensor (343) is arranged to detect light transmitted through the first or
second portion and at least a part of the membrane, and wherein the light emitter and the
light detector are arranged so that light emitted by the light emitter and received by the
light detector passes through the membrane..



