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blood with substitution fluid (10) from the source
to obtain a blood/substitution fluid mixture (9),
and a second dialyzer (2) including a second blood
compartment (11) having a second blood inlet which
receives the blood/substitution fluid mixture (9) and
a second blood outlet which expels diafiltered blood
and a second dialysate compartment (12) having a
second dialysate inlet and a second dialysate outlet.
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TWO STAGE DIAFILTRATION METHOD AND APPARATUS

Field of the Invention

The invention relates to blood cleansing systems in general and, more

particularly, to a blood cleansing modality commonly referred to as hemodiafiltration.

Background of the Invention

Hemodiafiltration combines both standard dialysis and hemofiltration mto one
process, whereby a dialyzer cartridge containing a high flux membrane is used to remove
substances from the blood both by diffusi;)n and by convection. The removal of
substances by diffusion is accomplished by establishing a concentration gradient across a
semipermeable membrane by flowing a dialysate solution on one side of the membrane
while simultaneously flowing blood on the opposite side of the membrane. In existing
systems, to enhance removal of substances using hemodiafiltration, a solution called
substitution fluid 1s continuously added to the blood either prior to the dialyzer cartridge
(pre-dilution) or after the dialyzer cartridge (post-dilution). An amount of fluid equal to

that of the added substitution fluid is ultrafiltered across the dialyzer cartridge membrane

~ carrying with it additional solutes.

Substitution fluid is usually purchased as a sterile/non-pyrogenic fluid contained

in large flexible bags or is produced on-line by filtration of a non-sterile dialysate through

-1 -
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a suitable filter cartridge rendering it sterile and non-pyrogenic Techniques for online
production of substitution fluid have been described in the literature, for example, i D.
Limido et al., “Clinical Evaluation of AK-100 ULTRA for Predilution HF with On-Line
Prepared Bicarbonate Substitution Fluid. Comparison with HD and Acetate Postdilution
HF”, International Journal of Artificial Organs, Vol. 20, No. 3 (1997), pp. 153-157.

In general, existing hemodiafiltration schemes us"e a single dialyzer cartridge
containing a high flux semi-permeable membrane, for example see P. Ahrenholz et al.,
“On-Line Hemodiafiltration with Pre- and fosz‘dz'lution: A Comparison of Efficiency”,
International Journal of Artificial Organs, Vol. 20, No. 2 (1997), pp. 81-90. In prior art
systems, substitution fluid is introduced into the blood stream either in a pre-dilution
mode or in a post-dilution mode relative to the dialyzer cartridge. The preferred mode
for maximal removal of both small and large substances from blood, in accordance with
the prior art, is the post-dilutional mode because this mode achieves the highest
concentration gradient between the blood and the dialysate fluid. In a typical pre-dilution
mode with on-line generation of sﬁbstitution fluid, however, the bloodside concentration
is lowered relative to the dialysate fluid. As a result, removal (or clearance) of
substances can decrease, as described in The International Journal of Artificial Organs,
1997, vol. 20, pp. 81-90. This decrease is particularly apparent for smaller mo:lecules,
like urea, where mass transport is driven more by diffusion than by convection. Use of
two dialyzer cartridges in a hemodiafiltration scheme has been reported in J.H. Miller et
al., “Technical Aspects of High-Flux Hemodiafiltration for Adequate Short (Under 2
Hours) Treatment”, Transactions of the American Society Artificial Internal Organs

(1984), pp. 377-380. In this scheme, the substitution fluid is reverse-filtered through the

29 -
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membrane of the second dialyzer cartridge simultaneously with the filtration of fluid
across the membrane of the first dialyzer cartridge. A variation of this method is
described i B. Nederlof, “HEMO(DIA)FILTRATION APPARATUS AND FILTRATE
FLOW REGULATOR”, US Patent 5,600,722 (1997), wherein a dialysate pump between
the dialyzers is used to regulate the amount of reverse-filtration in the second dialyzer
cartridge.

Certain trade-offs exist with respect to removal of different size molecules when
comparing pre-dilution diafiltration and post-dilution diafiltration using a single dialyzer
cartridge. For example, on-line pre-dilqtion diafiltration schemes generally achieve
higher convection filtration rates, compared to on-line post-dilution diafiltration,
enhé.ncing removal of large molecules; however, the increased removal by convection
comes at the expense of reducing the removal of small molecules, such as urea and
creatinine. In on-line post-dilution diafiltration schemes, on the other hand, the amount
of fluid that may be filtered from the blood as it passes through the dialyzer cartridge 1s
limited. Specifically, the filterable amount 1s dependent upon severalwgfactors, which
include blood flow rate, blood hematocrit, and blood protein concentration. Typically,
the filterable amount is 20% to 30% of the incoming blood flow rate. For example, at a
blood flow rate of 300 milliliter per minute (ml/min), the ﬁlterable amount 1s typically
limited to 90 ml/min. In the two dialyzer approach, the filterable amount is also limited
to about 20% to 30% of the blood flow because forward filtration occurs only in the first
dialyzer. The second dialyzer then re-infuses the fluid lost in the first dialyzer by

reverse-filtration, as in on-line post-dilution diafiltration.
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Summary of the Invention = =

This invention seeks to provide a hemodiafiltration method and apparatus that
overcomes the convection limitation associated with on-line post-dilution diafiltration
schemes using a single dialyzer cartridge, as well as the loss of small molecule clearance
associated with on-line pre-dilution diafiltration schemes using a single dialyzer

carfridge.
It is an object of the present invention to provide in a blood dialysis
10 System including a source of substitution fluid and a blood dialysis machine, a
hemodiafiltration system comprising:
a first dialyzer comprising:
a first semi-permeable membrane partitioning said first dialyzer into:
a first blood compartment having a first blood inlet which
receives blood to be cleaned and a first blood outlet which expels
partially diafiltered blood; and
a first dialysate compartment having a first dialysate inlet
and a first dialysate outlet;
means for mixing said partially diafiltered blood with substitution fluid from
20 Said source to obtain a blood/substitution fluid mixture; and
a second dialyzer comprising:
a second semi-permeable membrane partitioning said second
dialyzer in'to:
a second blood compartment having a second blood inlet
which receives said blood/substitution fluid mixture and a second

blood outlet which expels diafiltered blood;

a second dialysate compartment having a second dialysate

inlet and a second dialysate outlet;

an inter-stage dialysate pump that pumps dialysate between

30 the second and first dialysate compartments; and
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means for regulating filtration rates of said first and second
dialyzers including a control unit which controls operation of the
inter-stage dialysate pump based on an input responsive to the
dialysate flow rate between the dialysate compartments, at least
‘one input being received from an inter-stage dialysate flow meter

located in a dialysate path between the first and second dialyzers.

It is also an object of the present invention to provide in a blood dialysis
system including a source of substitution fluid and a blood dialysis machine, a
hemodiafiltration system comprising:
10 a first dialyzer comprising:
a first semi-permeable membrane partitioning said first dialyzer into:
a first blood compartment having a first blood inlet which
receives blood to be cleaned and a first blood outlet which expels
partially diafiltered blood; and
a first dialysate compartment having a first dialysate inlet
and a first dialysate outlet;
means for mixing said partially diafiltered blood with substitution fluid from
said source to obtain a blood/substitution fluid mixture;

a second dialyzer comprising:

20 a second semi-permeable membrane partitioning said second

- dialyzer into:
a second blood compartment having a second blood inlet
which receives said blood/substitution fluid mixture and a second

blood outlet which expels diafiltered blood;:

a second dialysate compartment having a second dialysate

Inlet and a second dialysate outlet:;

an inter-stage blood pump that pumps blood between the
second and first blood compartments; and

means for regulating filtration rates of said first and second

30 dialyzers Including a control unit which controls operation of the

- 43 -
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Inter-stage blood pump based.on an input responsive to the blood

flow rate between the blood compartments.

A further object of the present invention is to provide a method of
hemodiafiltration comprising the steps of:
receiving a blood inflow;
diafiltering said blood inflow in a first stage to provide a partially diafiltered
blood outflow:

mixing said partially diafiltered blood outflow with a substitution fluid to

provide a blood/substitution fluid mixture;

10 diafiltering said blood/substitution fluid mixture in a second stage; and

controlling filtration rates of the diafiltering of said blood inflow and the
diafiltering of said blood/substitution fluid mixture by controlling an inter-stage
pump for pumping blood between said first and second stages, wherein

operation of said inter-stage pump is controlled with a control unit based on an

iInput received by said control unit.

It Is also an object of the present invention to provide an improved method of
hemodiafiltration using two dialyzer cartridges or a single cartridge having two dialyzer
stages. In addition, the present invention provides methods and systems for regulating

20 the amount of ultrafiltration in each of the two dialyzers. It will be understood by persons
of ordinary skill in the art that, although the invention is described herein in the context
of hemodiafiltration using substitution fluid which is produced “on-line”, the
hemodiafiltration methods and systems of the invention can be readily modified to be
used in conjunction with other sources of substitution fluid.
According to an aspect of the invention, a hemodiafiltration system includes at

least two dialyzer cartridges, or a single cartridge with at least two dialyzer stages, which

30 perform diafiltration, and at least one sterility filter which converts dialysate fluid into a

. 4b -
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sterile substitution fluid, preferably on-line. Additional components {e.g. pumps, check
valves, mixing chambers, control units) may also be used in conjunction with the
invention, as described below.

Each dialyzer contains a semi-permeable membrane that 1s embedded within a
jacket or housing. The semi-permeable membrane separates the deﬁice Into a blood

~ compartment and a dialysate compartment. At least two dialyzer cartridges are used to

-4c -
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carry out the diafiltration process in accordance with the invention. Alternatively, the
two dialyzer cartridges may be combined into a single cartridge including two dialyzer
sections. The at least one sterility filter cartridge preferably also contains a semi-
permeable membrane. This filter is used to remove bacteria, endotoxins, and other

D particulate from dialysate in order to generate a suitable substitution tluid stream,
preferably on-line.

During operation of the system, blood enters the bloodside compartment of the
first dialyzer cartridge, wherein a portion of plasma water is filtered across the semi-
permeable membrane into the adjacent dialysate compartment. Upon exiting the ﬁrst:

10 dialyzer cartridge, substitution fluid is added back to the blood at a rate higher than the
rate at which fluid is filtered out of the blood in the first dialyzer cartridge. The diluted
blood then enters the bloodside compartment of the second dialyzef cartridge, wherein
additional plasma water is filtered across the semi-permeable membrane into the adjacent
dialysate compartment at a rate substantially equal to the difference between the rate at

15 which substitution fluid is added to the blood upon exiting the first dialyzer cartridge and
the filtration rate at the first dialyzer. Thus, the substitution fluid acts as a post-dilution
fluid relative to the first dialyzer cartridge as well as a pre-dilution fluid relative to the
second dialyzer cartridge. The advantage of operating the system in this mode is that the
loss of small molecular weight clearance due to the diluted fluid entering the second

20 dialyzer cartridge is compensated by a gain in small molecular Wéight clearance in the
first dialyzer cartridge. Clearance of larger mglecular weight substances is further
enhanced because the total filtration of plasma water can be eftectively increased (e.g.,

40% to 100% ot the incoming blood flow rate) compared to that of a single dialyzer

_5 -
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cartridge operating in a post-dilution mode or two dialyzers in series with the second
dialyzer being operated 1n a reverse-filtration mode.

Dialysate fluid for the system of the invention may be generated using existing
methods. The dialysate fluid enters the second dialyzer cartridge and flows counter-

S current with respect to the blood flow direction. The dialysate fluid acts to set-up a
concentration gradient against the bloodside fluid, thereby inducing diffusion of solutes
across the semi-permeable membrane. As the dialysate traverses through the dialysate
compartment, the dialysate flow rate increases due to plasma water being filtered across
into the ldialysate compartment as described above. Upon exiting the second dialyzer, the

10 dialysate fluid enters the first dialyzer cartridge, flowing counter-current with respect to
the bloodside fluid. The dialysate flow rate increases as the dialysate flows through the
dialysate compartment, due to filtration of plasma water across the semi-permeable
membrane. Upon exiting the dialyzer cartridge, the spent or used dialysate is transported
back to the dialysis machine. By including additional components, for example, an inter-

15 stage pump located either in the dialysate path between the two dialyzers or in the blood
path between the two dialyzers, 1t is possible to regulate the amount of plasma water
filtered across the membranes of the respective cartridges. This improved control enables
the system to achieve even higher effective substitution rates.

Preparation of the sterile/non-pyrogenic substitution fluid may be accomplished

20 by drawing a portion of fresh dialysate solution from a fresh dialysate inlet line and
passing it through at least one sterile filter cartridge prior to introducing it into the blood
between the two dialyzer stages. In the present invention, the dialysis machine generally

pertorms all of its normal functions, such as preparing dialysate, metering dialysate flow

-6 -
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rate, balancing tflow, monitoring pressures, ultrafiltration control, monitoring spent
dialysate for presence of blood etc.

The present invention may be implemented in a number of ways. In one
embodiment, substitution fluid 1s added to the blood between the two dialyzer stages
without additional components to regulate the filtration in each stage. In a second and
third embodiment, an inter-stage dialysate pump is added as a means for controlling the
relative filtration rates of the two dialyzer stages. In the second embodiment, a feedback
control loop based on pressure inputs is used as means for balancing the transmembrane
pressure (TMP) of each dialyzer. In the third embodiment, a feedback control loop based
on a measured inter-stage flow rate is used. In a fourth embodiment, a positive
displacement pump 1s used as an inter-stage dialysate pump, and a feed forward control
loop is used to regulate the relative filtration rates of the two dialyzers. In a fifth
embodimeﬁt, a check valve is used to shunt the flow past the inter-stage dialysate pump.
The advantage of this last embodiment is that the check valve simplifies the control loop
for operating the inter-stage dialysate pump. A sixth and seventh embodiment of the
invention are generally similar to the fourth and fifth embodiments, respecﬁvely, except
for the fact that an inter-stage blood pump is used instead of an inter-stage dialysate
pump. Finally, in an eighth embodiment of the invention, the inter-stage pump 1s

controlled by a feedback loop based on measurement of inter-stage blood hematocrit.

Brief Description of the Drawings

Fig. 1 is a schematic illustration of a two stage hemodiafiltration system in

accordance with an embodiment of the invention;

-7 -
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Fig. 2 is a schematic illustration of a two stage hemodiafiltration system in
accordance with an embodiment of the invention, using an inter-stage dialysate pump
controlled by a feedback loop including pressures inputs;

Fig. 3a is a schematic illustration of a two stage hemodiafiltration system in
accordance with an embodiment of the mvention, using an inter-stage dialysate pump
controlled by a feedback loop including an inter-stage flow meter mput;

Fig. 3b 1s a schematic illustration of a two stage hemodiafiltration system in
accordance with an embodiment of the invention, using an inter-stage blood pump
controlled by a feedback loop including an inter-stage flow meter input;

Fig. 4 is a schematic 1llustration of a two stage hemodiafiltration sy*stem in
accordance with an embodiment of the invention, using a positive displacement type
inter-stage dialysate pump controlled by a feed-forward loop including dialysate, blood,
and substitution flow rate control inputs;

Fig.S1sa schematilc illustration of a two stage hemodiafiltration system 1n
accordance with an embodiment of the invention, using check valve 1n parallel with an
inter-stage dialysate pump, eliminating the need for a substitution flow rate control input;

Fig. 6 is a schematic illustration of a two stage hemodiafiltration system in
accordance with an embodiment of the invention, using a positive displacément type
inter-stage blood pump controlled by a feed-forward loop including dialysate, blood, and
substitution flow rate control inputs;

Fig. 7 1s a schematic illustration of a two stage hemodiafiltration system in
accordance with an embodiment of the invention, using a check valve in parallel with an

inter-stage blood pump, eliminating the need for substitution flow rate control input; and

_8.
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Fig. 8 is a schematic illustration of a two stage hemodiafiltration system in
accordance with an embodiment of the invention, using an inter-stage pump controlled by

a feedback loop including an inter-stage blood hematocrit measurement control input.

Detailed Description of the Invention

In the embodiment of Fig. 1, blood to be cleaned 3 1s pumped by a blood pump
41 and enters a first dialyzer cartridge 1. As shown in Fig. 1, inlet blood circuit pressure
16 ( denoted “Pa”) is measured upon exiting blood pump 41, to be used as a monitoring
and control parameter of the blood flow prior to entering the first dialyzer cartridge. The
blood carrying tubing may be any bloodline tubing known in the art, for example a
flexible polyvinylchloride (PVC) tubing. The blood flow rate is generally in the range of
about 200 to about 700 ml/min, preterably 300 to 600 ml/min.

Dialyzer cartridge 1 contains a semi-permeable membrane 6 that divides the
dialyzer into a blood compartment 4 and a dialysate compartment 5. As blood passes
through the blood compartment, plasma water containing blood substances in filtered
across the semi-permeable membrane (denote “UF1” in Fig. 1). Additional blood
substances are transferred across the semi-permeable membrane by diffusion which is
induced by a difference in concentration between the blood compartment and the
dialysate compartmenf. The dialyzer omtﬁdge used may be of any type suitable for
hemodialysis, hemodiafiltration, hemofiltration, or hemoconcentration, as are known 1n
the art. Prc;ferably, the dialyzer contains a medium or high flux membrape. Examples of
suitable cartridges include but are not limited to the Fresenius F60, Baxter CT 110,

Hospal Filtral 16, or Minntech Hemocor HPH 1000.

-0 .
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Partially diafiltered blood 7 exits dialyzer cartridge 1 and mixes with sterile
substitution fluid 10 in a mixing chamber 8. The blood/substitution fluid mixture 9 then
enters a second dialyze;r cartridge 2. The second dialyzer cartridge contains a semi-
permeable membrane 13 that divides the dialyzer into a blood compartment 11 and a
dialysate compartment 12. As blood passes through blood compartment 11, plasma
water containing blood substances 1s filtered across the semi-permeable membrane (noted |
as UF2). Additional blood substances are transferred across the semi-permeable
membrane by diffusion due to concentration gradients between the blood and dialysate -
compartments. The second dialyzer cartridge :can be of any type used for hemodialysis,
hemodiafiltration, hemofiltration, or hemoconcentration. Preferably the dialyzer contains
a medium or high flux membrane. Examples of the suitable cartridges include but are not
limited to the Fresenius F60, Baxter CT 110, Hospal Filtral 16, or Minntech Hemocor
HPH 400. The cleansed blood 14 1s returned to the patient (not shown) through bloodline
PVC tubing, as 1s known in the art. Pressure of the exiting blood may also be monitored
through a pressure sensor 15.

Fresh dialysate solution 39 may be prepared using any method known in the art,
for example the volumetric proportioning method used in the Fresenius 2008 dialysis
machine, available from Fresenius, Léxington, MA, USA. Dialysate fluid is conveyed to
a flow balancing system 36 via fluid path 40. The flow balancing system 36 may include

any suitable devices known in the art, for example, volumetric balance chambers as used

‘n the Fresenius 2008 dialysis machine, or dual flow meters as used in the Baxter 1550

dialysis machine, available from Baxter, Deerfield, IL, USA. Fresh dialysate from the

flow balance system flows through a conduit 34. A portion of the fresh dialysate fluid

U

- 10 -
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may be used as raw substitution fluid for an on-line substitution fluid delivery system 35,
which may include any suitable substitution fluid delivery system known in the art. The
remaining dialysate fluid 17, not used for producing substitution fluid, enters the

dialysate inlet port of the second dialyzer cartridge 2. The pressure of the inlet dialysate

U

fluid may be measured by a pressure sensor 18 (the pressure denoted “Pdi”). The fresh
dialysate fluid 20 enters the dialysate compartment 12 and flows counter current with
respect to the blood flow in the adjacent compartment. During diafiltration, plasma water
filters across the semi-permeable membrane 13 and mixes with the dialysate fluid. A
mixture of the dialysate fluid and the filtered plasma water exits the second dialyzer
cartridge 2 and flows through a conduit 21 that leads to the inlet dialysate port of first
dialyzer cartridge 1. The dialysate fluid entering dialysate compartment 5 of first dialyzer
cartridge 1 flows counter-current with respect to the blood flow in the adjacent
compartment. Plasma water filtered across the semi-permeable membrane 6 is mixed
with the dialysate fluid. The used or spent dialysate fluid exits first dialyzer cartridge 1
and flows through a conduit 30 that leads back to flow balance system 36. Pressure of
the spent dialysate fluid may be measured by a pressure sensor 32 (measuring pressure
“Pdo”).

It will be apparent to those skilled in the art that the hemodiafiltration method and
sy%tem of the present invention is significantly more efficient than current methods and
systems using a single dialyzer, in both pre- and post-dilution modes of operation, as well
as methods using two dialyzers, performing forward filtration and reverse-filtration,
respectively. An advantage of the system of the present invention is the ability to achieve

higher substitution rates than the rates achieved by prior art systems and methods. The

- 11 -
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present invention overcomes the limitation of the prior art systems, in which not more
than about 30% of the incoming blood flow may be filtered by a single cartridge before
adding substitution fluid. In prior art systems, it is not possible to remove or filter more
than about 30% of the incoming blood flow rate without causing the blood to become
hemoconcentrated and overly viscous. In the embodiment of the present invention
described above, by adding the substitution fluid to the blood prior to entering the blood
compartment of the second dialyzer, additional fluid (plasma water) 1s filtered across the
second dialyzer membrane, thus enhancing the overall plasma water filtered from the
blood side to the dialysate side of both cartridges. The higher substitution rate has the
distinct advantage of removing larger molecular weight toxins by convection. In prior art
systems operating in a pre-dilution diafiltration mode, the removal of small molecular
weight toxins is reduced significantly. This is because the concentration gradient
be@een the blood and the dialysate 1s reduced whenever fluid is added to the blood prior
to flowing through the dialyzer cartridge. Since a scheme similar to a pre-dilution
scheme only occurs relative to the u‘second dialyzer in the embodiment described above,
the pre-dilution effect is minimized because most of the small molecular weight toxins
were removed in the first dialyzer stage which 1s operated in a post dilution mode. The
net effect is an improvement in clearance of small molecular weight toxins compared to
pre-dilution diafiltration and an improvement in clearance of large molecular weight
toxins when compared to post dilution diafiltration methods using either a single dialyzer
or two dialyzers with back filtration occurring in the second dialyzer. A fundamental
difference between the two stage hemodiafiltration method described herein and current

methods using two dialyzers 1s that forward filtration of plasma water occurs in both
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dialyzer stages simultaneously with counter-current flow of dialysate through both
dialyzer stages, as opposed to prior art systems which perform forward filtration of
plasma water in one dialyzer and reverse-filtration of dialysate in a second dialyzer, with
a counter-current flow of dialysate through both dialyzer stages. Additionally, in the
5 present invention, substitution fluid 1s added directly to the blood stream between the two
dialyzer stages, in contrast to the reverse filtering of the substitution fluid through one ot
the dialyzer membranes in accordance with the prior art.
It has been discovered by the present inventors that the embodiment described

above may be further improved by incorporating a control scheme to regulate the amount

10 of filtration in each of the two dialyzer stages. Such control helps avoid the inherent
pressure drop which results from operating in a counter-current flow configuration. It has
been observed that, without filtration control, the transmembrane pressure (TMP) in the
first dialyzer in inherently higher than the TMP in the second dialyzer. Since each
dialyzer has a maximum allowableo TMP, theoretically, it is possible that the system

15 would operate at a substitute fluid rate exceeding the TMP limit. Further, since the TMP
of the second dialyzers is inherently lower than that of the first dialyzer, in essence, the
filtering capacity of the second dialyzer may be underutilized. Theretore, by
incorporating additional fluid path components, the present invention enables higher,
preferably maximal, utilization of the ﬁlterihg c;apacity of both dialyzers. The control

20 schemes described in conjunction with the following embodiments are intended to
regulate the relative filtration rates of the first and second dialyzers, denoted “UF1” and
“UF2”, respectively.

Reterence 1s now made to Fig. 2 which schematically illustrates a system
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generally similar to that of Fig. 1 (Wherein identical elements are indicated by 1dentical
numerals), with the exception that the system of Fig. 2 includes an inter-stage pump, €.g.,
an inter-stage dialysate pump 22, controlled by closed-loop feedback control using
pressure sensor readings, €.g., the inputs indicated in Fig. 2 as Pa, Pv, Pdi, and Pdo,
which are received as control inputs by an inter-stage controller S1. The control

algorithm used by controller 51 may set the rate of inter-stage pump 22 so that the TMP

“of the first and second dialyzers are equalized. An example of such a control scheme

may be a scheme which defines a control set point “Delta TMP” as the TMP of first
dialyzer minus TMP of second dialyzer. A scheme that sets the control set point Delta
TMP to some constant value other than zero may also be used. By defining the TMP of
each dialyzer stage as a three point pressure measurement, 11a1ﬁely blood in (Pa), blood
out (Pv), and dialysate in (Pdi) or out (Pdo), the resulting Delta TMP equation may be
simplified to the following:

Delta TMP = 0.5* (Pa - Pv) + (Pdi - Pdo)

Alternatively, the control algorithm may estimate the total bloodside pressure |
drop, i.e., (Pa - Pv) in the above equation, based on the blood pump flow rate and
substitution pump flow rate. The advantage of this method is that it reduces the number
of feedback control inputs being used to two, namely, Pdi and Pdo. For example, the

equation for set point Delta TMP may be as follows:

Delta TMP = 0.5* (C1*Qb + C2*Qs + C3*[Qs*]/Qb) + (Pdi - Pdo)
wherein Qb 1s the blood pump rate, Qs is the substitution fluid rate, and C1, C2 and C3

are constants for a given dialyzer combination that may predict blood side pressure drop

(Pa-Pv).
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Although Fig. 2 shows an inter-stage dialysate pump, it should be appreciated
that a similar control scheme based on pressures can be used to control an inter-stage
blood pump that pumps fluid 9 prior to entering second dialyzer 2.

Another embodiment of the invention 1s schematically 1llustrated 1n Fig. 3a,
wherein inter-stage pump 22 is controlled by a closed-loop feedback control system using
inter-stage flow rate as a feedback control input to an inter-stage controller 51. The
scheme illustrated in Fig. 3a shows inter-stage dialysate pump 22 and a dialysate flow
meter 24 located in the dialysate path between the two dialyzers. Dialysate flow meter 24
may be of any type suitable for liquid flow, such as turbine flow meters, fixed volume
metering chambers, mass flow meters. For control purposes, the dialysate flow rate,
substitution pump rate, and blood pump rate may be used as feed-forward control inputs
to inter-stage controller 51 to determine the desired set point for the inter-stage flow rate.
The calculation for determining the set point for the inter-stage dialysate tlow rate
(Qd_interstage) may be performed according to the following tormula:

Qd interstage = Qd - Qs*[R/(1+R)]
wherein Qd is the dialysate flow rate, Qs is the substitution fluid flow rate, and R is a
constant defined as the desired ratio of UF1/UF2 (1.e. filtration rate in first dialyzer
divided by filtration rélte of second dialyzer).

Fig. 3b schematically illustrates another embodiment of the invention using a
control scheme based on monitoring flow rate, with the exception that an inter-stage
blood pump 60 is used instead of inter-stage dialysate pump 22. Inter-stage blood pump
60 may be an occluding type, e.g., a peristaltic type pump, or any other suitable pump

type known in the art. As shown in Fig. 3b, blood pump 60 may be placed in the blood
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circuit between first dialyzer 1 and second dialyzer 2. Blood pump 60 may be placed
after the blood exits the first dialyzer 1, as shown in Fig. 3b, or after the blood 1;ixes with
the substitution fluid 9 prior to entering the second dialyzer 2. Additionallﬁr or
alternatively, an inter-stage blood flow measuring device 65, for example, an ultrasonic
flow meter available from Transonic Systems, Ithica, NY, USA, may be placed in the
blood circuit between the first and second dialyzers, instead of the inter-stage dialysate
flow measuring device 24 described above. The output of blood flow measuring device
65 may be provided as a control input to inter-stage controller 51 which controls the
operation of inter-stage blood pump 60. It should be appreciated that, in some
embodiments of the mvention, a blood flow measuring device similar to device 65 may
be used to monitor the blood flow in the embodiment of Fig. 3a, wherein the control
input from the device is used by controller 51 to control the operation of dialysate pump
22. Similarly, in some embodiments of the invention, a dialysate flow measuring device

similar to device 24 (Fig. 3a) may be used to monitor the dialysate flow 1n the

‘embodiment of Fig. 3b, wherein the control input from the device is used by controller 51

to control the operation of blood pump 60.

Yet another embodiment of the invention is schematically illustrated in Fig. 4. In

- this embodiment, an inter-stage dialysate pump 22 is a positive displacement type pump

controlled by a closed-loop feed-forward scheme. An advantage of this scheme is that it
obviates the need to use a flow meter device as part of the control scheme. In the
embodiment of Fig. 4, the inputs to inter-stage controller 51 may include dialysate flow
rate, substitution pump rate, and blood pump rate. For control purposes, the dialysate

flow rate, substitution pump rate, and blood pump rate may be used as feed-forward
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control mputs to inter-stage controller 51 for determining the desired set point for the
inter-stage dialysate flow rate. The point for the inter-stage dialysate flow rate in (“Qd
interstage”) may be calculated according to tﬁe following formula:

- Qd interstage = Qd - Qs*[R/(1+R)]

S wherein Qd is the dialysate flow rate, Qs 1s the substitution flow rate, and R is the
desired ratio of UF1/UF2 (i1.e., filtration rate of first dialyzer divided by filtration rate of
second dialyzei‘ when no net UF 1s removed from the patient).

Fig. 5 schematically illustrates yet another embodiment of the invention, wherein

inter-stage dialysate pump 22 1s controlled in a closed-~loop feed-forward system similar

10 to that described above with the addition of a check valve 25, or a pressure relief valve,
which 1s placed in parallel with inter-stage dialysate pump 22. In addition to the
advantages of feed-forward control described above, the configuration of Fig. 5 also has
the following advantages. First, the scheme of Fig. 5 does not require use of a positive
displacement type pump, which are typically more expensive than non-occluding type

15 pumps. Second, the inter-stage controller in this scheme is\independent of substitution
rate. Third, the control algorithm for this embodiment may establish the maximum
filtration rate for the first dialyzer stage UF1. For example, in this configuration, the
inputs to inter-stage controller 51 méy include dialysate flow rate and blood pumping
rate. For control purposes, the dialysate flow rate and blood pﬁmping rate may be used as

20 feed-forward control inputs to the inter-stage controller for deterrr}ining a desired set
point for the inter-stage dialysate flow rate. For example, in this embodiment, the set

point for the inter-stage dialysate flow rate (“Qd interstage’) may be calculated based on

‘the following formula:
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Qd interstage = Qd - M1*Qb
wherein Qd is the dialysate flow rate, Qb 1s the blood pump rate, and M1 1s a constant
based on the maximum percent of the blood flow rate that 1s filtered in the first dialyzer
stage (UF1).

The operation of the system in accordance with the embodiment of Fig. 5 may be
as follows. For a given blood flow rate Qb, dialysate flow rate Qd, and a maximum
percentage, M1, of the incoming blood flow to be filtered in the first dialyzer, a desired
set point may be determined based on the equation above for the inter-stage dialysate
pump rate. The inter-stage dialysate pump may be operated at a specified rate, preferably
lower than the dialysate tlow rate Qd. For example, at a biood flow rate Qb of 400
ml/min, a dialysate flow Qd of 800 ml/min, and a maximum percentage ultrafiltration
(UF) rate M1 of 25% at the first dialyzer, the inter-stage dialysate pump rate may be set
to 700 ml/min, based on the calculation: 800 - 0.25*400ml/min. At zero or low
substitution flow rates, the pressure in the dialysate compartment 12 of the second
dialyzer will be higher than the pressure of the dialysate compartment 5 of the first
dialyzer, 'despite the pumping action of inter-stage dialysate pump 22. As a result of this
pressure difference, a portion of the dialysate fluid flows into conduit 24 and through
check valve 25, thus bypassing the inter-stage pump. The rate of ﬁltration. in the first
dialyzer (UF1) 1s substantially equal to the dialysate flow rate (Qd) minus the sum of thez
inter-stage dialysate pump rate (Qd _interstage) and the ﬂow'rate through the check valve
(Qcv). As the substitution flow rate (Qs) is increased, the pressure in the dialysate
compartment 12 of thé second dialyzer 1s deéreased. At some point, this pressure

‘becomes lower than the pressure in dialysate compartment 5 of first dialyzer 1. At this
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point, the flow rate through the check valve (Qcv) is reduced to substantially zero and,
thus, the resulting filtration rate of the first dialyzer (UF1) is substantially equal to the
dialysate flow rate (Qd) minus the inter-stage dialysate pump rate (Qd interstage). An
increase in the substitution fluid flow rate decreases the pressure in the dialysate
compartment of the second dialyzer 2 causing an increased filtration (UF2). Since the
inter-stage dialysate pump rate has not changed, the pressure in dialysate compartment 5

of the first dialyzer remains relatively constant and, thus, does not affect the filtration rate

in the first dialyzer (UF1). According to this scheme, the amount of filtration in the first

dialyzer stage is limited to a maximum value, “UF1 max™, that may be calculated using
the following formula:
UF1 max = M1*Qb

Figs. 6 and 7 describe two additional embodiments of the invention, using control
schemes generally similar to those used in the embodiments of Figs. 4 and 5,
respectively; with the exception that inter-stage blood pump 60, which may be identical -
to the blood-pump described above with reference to the embodiment of Fig. 3b, 1s used
instead of an inter-stage dialysate pump. Inter-stage blood pump 60 may be an occluding
type, €.g., a peristaltic type pump, or any sﬁitable pump known in the art. In the
embodiment of Fig. 6, inter-stage blood plimp 60 is located on the blood tubing segment
7 after the blood exits the first dialyzer. In this configuration, the inputs to inter-stage
controiler 51 may include the substitution fluid pumping rate and the blood pumping rate.
For control purposes, substitution pumping rate and blood pumping rate may be used as
feed- forward control inputs to inter-stage controﬂer 51 for determining the desired set

point for the inter-stage blood flow rate. The set point for the inter-stage blood flow rate
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(*Qb inter-stage™) may be calculated using the following formula:
Qb 1nterstage = Qb - Qs*[R/(1 + R)]
wherein Qb 1s the inlet blood flow rate, Qs is the substitution flow rate, and R 1s constant
defined as the desired ratio of UF1/UF2 (i.e. filtration rate in first dialyzer divided by
S tiltration rate of second dialyzer when no net UF is removed from the patient).

In the embodiment of Fig. 7, check valve 61 (which is preferably of a type
suitable for blood contact) is placed in parallel with inter-stage blood pump 60. This has
the advantage of alloWing blood flow to be shunted past the inter-stage blood pump, thus
avoiding pressure build ups that may occur when the two blood pumps, 41 and 60, are

10 running at different rates and the dialysate flow is operated at an “isolated” (or “bypass”)
mode. Both pumps 41 and 60Fare preferably occluding type pumps. In this control
scheme, the input to inter-stage controller 51 may include the blood pumping rate: Qb.
For control purposes, the blood pumping rate may be used as a feed-forward input:to the
inter-stage controller to determine the desired set point for the inter-stage blood flow rate.

15 The set point for the inter-stage blood flow rate (“Qb interstage”) may be calculated, for
example, using the following formula:

Qb interstage = Qb - M1*Qb
wherein Qb 1s the blood pump rate, and M1 is a constant defined as the maximum
percent of the blood flow rate that is filtered in the first dialyzer stage (UF1).

20 The operation of the embodiment of F ig. 7 is described as follows. For a given
blood pump rate Qb and maximum percent of the incoming blood flow that is to be
filtered in the first dialyzer M1, a set point for the set point for the inter-stage blood pump

rate 1s determined based on the above equation. The inter-stage blood pump may be
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operated at a Sbeoiﬁed rate, preferably lower than the inlet blood flow rate Qb. For
example, at a blood flow

rate of 400ml/min and maximum UF percentage M1 of 25% at the first dialyzer, the
iter-stage blood pump rate may be set about 300 ml/min, based on the calculation: 400 -
0.25*400ml/min. At zero or low substitution flow rates, the pressure in the blood
compartment 4 of the first dialyzer 1 is higher than the pressure of the blood
compartment 11 of second dialyzer 2, despite the pumping action of the inter-stage blood
pump 60. As a result of this pressure difference, a portion of the blood flows through
check valve 61, thus bypassing inter-stage blood pump 60. At this point, the filtration
rate in the first dialyzer (UF1) is substantially equal to the blood flow rate (Qb) minus the
sum of the inter-stage blood pump rate (Qb interstage) and the flow rate through the
check valve (Qcv). As the substitution flow rate (Qs) is increased, there is an increase in
pressure downstream of the inter-stage blood pump due to the influx of substitution fluid
into mixing chamber 8. At some point, this pressure becomes higher than the inlet
pressure of the inter-stage blood pump. This reduces the flow rate through check valve
(Qcv) to substantially zero, and the resulting filtration rate in the first dialyzer (UF1) is
substantially equal to the inlet blood flow rate (Qb) minus the inter-stage blood pump rate
(Qb_interstage). A subsequent increase in substitution rate causes a pressure increase
downstream of the inter-stage blood pump and in the blood compartment of the second
dialyzer 2 causing an increased filtration rate (UF2). Since the inter-stage blood pump
rate has not changed, the pressure in blood compartment 4 of first dialyzer 1 remains
relatively constant and, thus, does not affect the filtration rate in the first dialyzer (UF1).

Consequently, the filtration rate in the first dialyzer stage is limited to a maximum value
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(“UF1 max’) that may be calculated using the following formula:
UF1 max = M1*Qb

Fig. 8 schematically illustrates yet another embodiment of the invention, wherein
inter-stage dialysate pump 22 is controlled by a closed-loop feedback control system
using a blood hematocrit sensor as a feedback control input to inter-stage controller 51.
The system illustrated in Fig. 8 includes an 1n-line blood hematocrit sensor 62 located 1n
the blood path 7 after the blood exits first dialyzér 1. Blood hematocrit sensor 62 may be
of a non-invasive type, for example, the “Crit-Line” sensor available from Inline
Diagnostics, Kaysville, UT, USA. Control of the inter-stage dialysate pump 1s based on a

set point for the inter-stége blood hematocrit. The advantage of this scheme is that the

system can achieve a higher effective filtration rate in the first dialyzer for situations in

]

which the hematocrit level of the entering blood 1s below normal, thus maximizing
removal efficiency. Additionally, for those situations where the entering blood
hematocrit level is above normal, the system does not over-hemoconcgentrate the blood in
the first dialyzer.

It should be appreciated that although the embodiment of Fig. 8 1s described 1n
conjunction with an inter-stage dialysate pump, a similar control scheme based inter-
stage blood hematocrit exiting the first dialyzer may be readily implemented to control
an inter-stage blood pump instead of the inter-stage dialysate pump. For example, the

inter-stage blood pump may be placed after the blood exits the first dialyzer 1 or after the

blood is mixed with the substitution fluid 9 prior to entering the second dialyzer 2.

It will be appreciated by persons skilled in the art to which this invention pertains

that the invention is not limited to the preferred embodiments and configurations
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described above and with reference to the accompanying drawings. Rather, the scope of

the invention is limited only by the following claims.

- 723 -



CA 02427251 2008-03-26

WHAT IS CLAIMED IS:

1. In a blood dialysis system including a source of substitution fluid and a
blood dialysis machine, a hemodiafiltration system comprising:
a first dialyzer comprising:
a first semi-permeable membrane partitioning said first dialyzer into:
a first blood compartment having a first blood inlet which
receives blood to be cleaned and a first blood outlet which expels

partially diafiltered blood; and

10 a first dialysate compartment having a first dialysate inlet
and a first dialysate outlet;
means for mixing said partially diafiltered blood with substitution fluid from
said source to obtain a blood/substitution fluid mixture; and

a second dialyzer comprising:

a second semi-permeable membrane partitioning said second
dialyzer into:

a second blood compartment having a second blood inlet

which receives said blood/substitution fluid mixture and a second
blood outlet which expels diafiltered blood: and

20 a second dialysate compartment having a second dialysate

inlet and a second dialysate outlet;

an inter-stage dialysate pump that pumps dialysate between

the second and first dialysate compartments; and

means for regulating filtration rates of said first and second
dialyzers including a control unit which controls operation of the
inter-stage dialysate pump based on an input responsive to the
dialysate flow rate between the dialysate compartments, at least
one input being received from an inter-stage dialysate flow meter

located in a dialysate path between the first and second dialyzers.

30 2. A hemodiafiltration system according to claim 1, wherein said means for

regulating the filtration rates includes the control unit which controls the
- 24 -
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operation of said inter-stage dialysate pump based on an input responsive to a

transmembrane pressure of at least one of said first and second dialyzers.

3. A hemodiafiltration system according to claim 2, wherein said means for
regulating the filtration rates includes a control unit which controls the operation
of said iInter-stage dialysate pump based on an input responsive to the

hematocrit level of the blood being cleaned.

4. In a blood dialysis system including a source of substitution fluid and a
blood dialysis machine, a hemodiafiltration system comprising:
a first dialyzer comprising:
10 a first semi-permeable membrane partitioning said first dialyzer into:
a first blood compartment having a first blood inlet which
receives blood to be cleaned and a first blood outlet which expels
partially diafiltered blood; and
a first dialysate compartment having a first dialysate inlet
and a first dialysate outlet;
means for mixing said partially diafiltered blood with substitution fluid from
sald source to obtain a blood/substitution fluid mixture:
a second dialyzer comprising:
a second semi-permeable membrane partitioning said second
20 dialyzer into:

a second blood compartment having a second blood inlet
which receives said blood/substitution fluid mixture and a second

blood outlet which expels diafiltered blood:

a second dialysate compartment having a second dialysate

inlet and a second dialysate outlet;

an inter-stage blood pump that pumps blood between the
second and first blood compartments:; and

means for regulating filtration rates of said first and second

dialyzers inCIuding a control unit which controls operation of the
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~inter-stage blood pump based on an input responsive to the blood

flow rate between the blood compartments.

5. A hemodiafiltration system according to claim 4, wherein the control unit
controls the operation of said inter-stage blood pump based on an input
responsive to a transmembrane pressure of at least one of said first and second

dialyzers.

6. A hemodiafiltration system according to claim 4, wherein the control unit
controls the operation of said inter-stage blood pump based on an input

responsive to the hematocrit level of the blood being cleaned.

7. A method of hemodiafiltration comprising the steps of:

receiving a blood inflow;

diafiltering said blood inflow in a first stage to provide a partially diafiltered
blood outflow;

mixing said partially diafiltered blood outflow with a substitution fluid to
provide a blood/substitution fluid mixture;

diafiltering said blood/substitution fluid mixture in a second stage; and

controlling filtration rates of the diafiltering of said blood inflow and the
diafiltering of said blood/substitution fluid mixture by controlling an inter-stage
pump for pumping blood between said first and second stages, wherein
operation of said inter-stage pump is controlled with a control unit based on an

input received by said control unit.

8. A method according to claim 7, further including the step of pumping said
blood/substitution fluid mixture before diafiltering said mixture.

0. A method according to claim 7, further comprising the step of controlling
the rate of said pumping based on an input responsive to a transmembrane

pressure effective during at least one of said diafiltering of the blood inflow and
said diafiltering of the blood/substitution fluid mixture.

- 96 -



CA 02427251 2008-03-26

10. A method according to claim 7, further comprising the step of controlling

the rate of said pumping based on an input responsive to the hematocrit level of
the blood being cleaned.

11. A method according to claim 7, wherein the step of diafiltering said
blood/substitution fluid mixture comprises the step of providing a first
countercurrent flow of a dialysate solution in diffusion communication with said

blood/substitution fluid mixture, and wherein the step of diafiltering said blood

inflow comprises the step of providing a second countercurrent flow of the
dialysate solution in diffusion communication with said blood inflow.

10 12. A method according to claim 11, further comprising the step of pumping

said dialysate solution after providing said first countercurrent and before
providing said second countercurrent.

13. A method according to claim 12, further comprising the step of controlling

the rate of said pumping based on an input responsive to a flow rate of the blood
being cleaned.

14. A method according to claim 11, further comprising, before the step of
providing a first countercurrent flow, the step of sterilizing said dialysate solution,
thereby to generate said substitution fluid.
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