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METHODS AND APPARATUS FOR PERFORMING CONTROLLED
ULTRAFILTRATION DURING HEMODIALYSIS

Field of the Invention
The present invention pertains to hemodialysis (artificial kidney)

apparatus and related methods. More specifically, the invention pertains to such
apparatus and methods as used for controlling ultrafiltration of fluid from a
patient.

Background of the Invention
Practical hemodialysis made its debut in the early 1960s with the

essentially simultaneous advent of hemodialysis apparatus capable of producing
dialysate on line and of hemodialyzers exhibiting an acceptable reliability. Since
then, great developments have occurred in hemodialyzers and in hemodialysis
apparatus.

Nephrology clinicians have long appreciated the need for hemodialysis
to remove not only toxic metabolic solutes from the blood but also excess fluid.
Removal of fluid across the semipermeable hemodialysis membrane is termed
"ultrafiltration”.

The ongoing development of improved hemodialysis membranes has
been driven in part by the clinicat need to perform ultrafiltration (along with
hemodialysis) of a patient in a manner that alleviates patient morbidity as much as
possible. With respect to ongoing improvements in hemodialysis membranes, the
general trend has been to produce membranes having increased "flux” by which is
meant water permeability. Such membranes achieve a more rapid ultrafiltration of
water from the blood at a lower transmembrane pressure (TMP). The overarching
requirements of safety and well-being for the patient being treated with such
membranes have driven the development of hemodialysis apparatus that provide
excellent control of ultrafiltration. Such development has been the subject of
intensive research by individuals and corporate entities working in the
hemodialysis field.
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- A notable example of a hemodialysis apparatus that provides control of
ultrafiltration is disclosed in U.S. Patent No. 5,247,434 to Peterson et al., which
is incorporated herein by reference.

Another trend in hemi__;di_al,ysi_s has been various approaches to
achieving more rapid dialysis (w1th ul_trafi!_tration). withoﬁt adversely affecting
patient morbidity. Accordmg to somc' ap;la'ro_a'.ches,' this is achieved by, inter alia,
passing dialysate thrc}ug_h the heniodialy_zer_ ata higher'ﬂi__)w rate than
conventionally. In tlns regard, the 'c_onventionél dialysgt¢ flow rate is 500
mL/min, and some modern dialysis apparatus can achievé a dialysate flow rate of
about 1000 mL/min. However, some clinicians perceive a need for dialysate flow
rates of 3000-4000 mL/min.

Such increased dialysate flow rates impose a need to achieve greater
ultrafiltration rates than"conventionally. For example, whercas conventional
dialysis apparatus ty'p_icaliy achiew)_e an ultrafiltration rate up to about 4000 mL/hr,
some clinicians perceive a need for ultrafiltration rates of up to 10 L/hr.

Despite 'gi'eat advarices in ﬁle art of clinical ultrafiltration, especially
ultrafiltration performed during a hgmodiaIYSis treatment, conventional apparatus

are limited in their ability to satisfy the needs summarized above. - -

Summary of t_he ‘Invention

According to a first aspeét of the invention, hemodialysis apparatus are
provided that prepare fresh dialys_até and deliver the dialysate from a mix chamber
to a hemodialyzer and return spen_t_'.dialysaté from the heﬁlodialyzer to a drain. A
preferred embodiment of such an aﬁpar_ams comprises, in hydraulic order, a first
positive-displacement pump, a first ﬂowmeter, a second flowmeter, and a second
positive displacement pump. The first positive-displacement pump has an inlet
hydraulically connected to the mix chamber. The first flowmeter has an inlet

. hydraulically connected to an outlét Qf the first pump and an outlet hydraulically

connectable to a dialysate inlet of a hemodialyzer. “The first flowmeter produces a
respective output having a characteristic that is a function of a volumetric pumping

rate of the first pump. The second flowmeter has an inlet hydraulically
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connectable to a dfélysate outlet of the hemodialyzét. The second positive-
displacement pump has an inlet hydraulically connected to an outlet of the second
flowmeter and an outlet hydraulically connected to a drain. The second flowmeter
produces a respective output having a characteristic that is a function of a
volumetric pumping rate of the second pump. The first and second pumps define
therebetween a UF loop, wherein a difference in the volumetric pumping rate of
the second pump relative to the volumetric pumping rate of the first pump
generates a volumetric condition in the UF loop that urges a net ultrafiltration of
fluid across a semipermeable membrane in the hemodialyzer. Preferably, the first
and second pumps are gear pumps.

The respective outputs of the first and second flowmeters preferably
comprise respective electrical signals. The electrical signals preferably exhibit a
respective characteristic from which a difference in the respective signals can be
determined, wherein the difference can be used to govern the relative pumping
rates of the first and second pumps. To such end, the first and second pumps as
well as the first and second flowmeters can be electrically connected to a suitable
processor or computer that performs such determinations and provides feedback
control signals to the first and second pumps so as to achieve, for example, a
desired rate of ultrafiltrate removal from a blood compartment to a dialysate
compartment of the hemodialyzer, or (if desired) a2 "zero-UF" operating condition
resulting in zero net flow of liquid from the blood compartment to the dialysate
compartment or from the dialysate compartment to the blood compartment.

With respect to achieving ultrafiltration from the blood compartment to
the dialysate compartment, the volumetric pumping rate of the second pump is set
greater than the volumetric pumping rate of the first pump. The resulting
volumetric imbalance of dialysate entering the dialysate compartment versus
dialysate exiting the dialysate compartment results in a net ultrafiltration of liquid
from the blood compartment to the dialysate compartment.

A "reverse ultrafiltration" condition can be achieved by operating the
first pump to have a volumetric pumping rate that is greater than the volumetric

pumping rate of the second pump. The resulting volumetric imbalance causes a
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net ultrafiltration of liquid from the dialysate 'compa’rtmgnt to the blood
compartment. - SR |

According to another aspect of the invention, methods are provided for
performing ultrafiltration of a quuid'passing through the blood compartment of a
hemodialyzer. According to a prefcfred embodiment of such a method, a
dialysate solution is provided. While passing the liquid through the'blood
compartment of the dialyzer, the dizil'ysate solution is conducted through a first
positive displacement pump, then thrbugh a first flowmeter, then to a dialysate
inlet of a dialysate c_bmpartment of the hemodialyzer. The first pump delivers the
dialysate to the dialysate inlet at a first volumetric pumping rate as measured by
the first flowmeter. After passing the dialysate through ,fhe dialysate
compartment, the dialysate is conducted from an outlet of the dialysate
compartment through a éecond flowmeter, then through a second positive
displacement pump. The second pump pumps the dialysate at a second volumetric
pumping rate, as measﬁred by the second flowmeter, that is greater than the
pumping rate of the first pump.’ The. resulting volumetric imbalance urges an
ultrafiltrate liquid to pass from the blood compartment to the dialysate
compartment. ' _

To provide the dialysate, a dialysate concentrate can be added to a
water stream at a proportioning 1{atio that is a function of the volumetric pumping.
rate of the first pump as measured by the first flowmeter.

According to another aspect of the invention, methods are provided for
priming a blood compartment of a hemodialyzer.' According to a preferred
embodiment of such a method, first a liquid is provided. The liquid is conducted
through a first positive displacement pump, then through a first flowmeter, then to
a dialysate inlet of a dialysate compartment of the hemodialyzer. The first pump
delivers the liquid to thé dialysa_té inlet at a first volumetric pumping rate as
measured by the first flowmeter. After passing the liquid through the dialysate
compartment, the liquid is conducted from an outlet of the dialysate compartment
through a second flowmeter, then through a second positive displacement pump.

The second pump pumps the liquid at a second volumetric pumping rate, as



WO 00/06217 " | PCT/US99/17506

10

15

20

25

30

-5-

measured by the second flowmeter, that is less than the pumping rate of the first
pump so as to urge net flow of the liquid from the dialysate compartment to the
blood compartment of the hemodialyzer. Preferably, the liguid used for priming
is a dialysate solution, thereby eliminating a need to use expensive isotonic saline
solution. The liquid passing from the dialysate compartment to the blood
compartment can also be passed through blood lines connected to the blood
compartment of the hemodialyzer so as to prime the blood lines in addition to the
hemodialyzer.

The foregoing and additional features and advantages of the invention
will be more readily apparent from the following detailed description, which
proceeds with reference to the accompanying drawings.

Brief Description of the Drawings

FIG. 1 is a schematic diagram of a portion of the hydraulic circuit of a
hemodialysis apparatus according to the present invention.

FIG. 2 is a schematic diagram of the hydraulic circuit that was the
subject of the Working Example.

Detailed Description
The following detailed description is directed to the current best mode

of the invention, but is not to be regarded as limiting in any way.

The hydraulic system of most hemodialysis apparatus comprises the
following principal components (in hydraulic order): an incoming water pressure
regulator and a water heater with safety thermostat that serve to produce a warm
water stream at a particular flow rate; a first concentrate pump that delivers a
stream of "A" concentrate into the water stream at a predetermined flow rate
refative to the water flow rate to produce a stream of diluted "A" concentrate; a
deieration chamber with air-removal pump and vented air trap for removing
dissolved gas from the stream of diluted "A" concentrate; an "A" conductivity
probe for determining whether the "A" concentrate has been properly diluted; a

second concentrate pump that delivers a stream of "B" concentrate into the water
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stream at a predetermined flow rate relative to the flow rates of water and "A"
concentrate to produ_ée a dialysate solilti_on; a "B" mix chamber and conductivity
probe to achieve thorough mxxmg of the coricentrates w'it;h' the water and for
determining whether the'dialysat_é is at a proper ionic sfx:éngth; the hemodialyzer;
a blood-leak detector; and a d'rai:j line. 'By way of example, reference is made to
the above-cited U.S. Patent No. 5,247,434 (the *'434 patent"), incorporated
herein by reference, specifically FIG_S. 1A-1B of that patént and the accompanying
description, for a depiction and description of these components.

- To achiei'e ultrafiltration in a controlled manher, the hydraulic circuit -
disclosed in the '434 patent utilizi_es a "flow equalizer" comprising "pre-dialyzer"
and "post-dialyzer" chambers, multiple inlet and outlet valves, and pressure
regulators. The flow equalizer ié situated in the hydrauii;: circuit between the "B"
mix chamber and the blood-leak detector (see FIGS. 1A-:1B of the '434 patent in
which the flow equalizer is denoted by the reference number 54, the "B" mix
chamber is denoted by the -referexice-- number 44, and the blood-leak detector is-
denoted by the referé_nce number 78). Experience has shown that the flow
equalizer in the '434 patent, and similar devices found 'in:many other
contemporary hemodialysis apparatus, is éxpénsive to ménufacmre and is limited
in terms of an achievable range of dialysate flow rate and'of ultrafiltration rate.

Hence, éc;:ording to one aspect of the prese_n;-invention, an
ultrafiltration-control apparatus isj provided that is intendéd to be inserted into the
hydraulic circuit of a hemodialysis ip‘paratus between the "B" mix chamber and
the blood-leak detector and replace t_he "flow equalizer” ‘or similar device found in
contemporary hemodialysis apparéuis.

In FIG. 1 of the prese:;_'_lt'disclosure, the hydraulic circuit of the
hemodialysis apparatus including the "B" mix chamber 11 (and components
upstream thereof) and the blood-leak detector 35 (and compon'ents downstream
thereof) is denoted by the block 10. The hydraulic circuitry in the block' 10
functions to prepare a continuous stream of dialysate by é'ppropriately mixing "A"
and "B" concentrates into a- water stream at a particular dialysate flowrate,

temperature (nominally 37 C), concentration (as measured, e.g.,
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conductometricaﬂ;i and pressure for delivery to a'nﬁgiiodialyzer 12. The
hydraulic circuitry in the block 10 also receives spent dialysate from the
hemodialyzer 12, passes the spent dialysate through the blood-leak detector 35 (as
a way of monitoring the structural integrity of the dialyzer membrane), and
delivers the spent dialysate to a drain for disposal.

From the "B" mix chamber 11, fresh dialysate enters a first positive
displacement pump (e.g., gear pump, also termed a "pre-dialyzer pump") 14.
Dialysate exiting the first pump 14 paéses through a filter 16 (to remove
suspended particulates) and enters a "UF loop" 18. The UF loop 18 comprises a
first flow meter 20 (also termed a "pre-dialyzer flow meter"), a conductivity probe
22, a bypass valve 24, a flow sensor/pressure transducer 26, the hemodialyzer 12,
a two-way valve 28, a filter 30, and a second flow meter 32 (also termed a "post-
dialyzer flow meter"). The dialysate passes through the pre-dialyzer flow meter
20, the conductivity probe 22, the bypass valve 24, and the flow sensor/pressure
transducer 26 before entering the hemodialyzer 12. As is generally known, the
dialysate passes through a "dialysate compartment" of the hemodialyzer as the
dialysate flows from one end of the hemodialyzer to the other. After passing
through the hemodialyzer 12, the dialysate is termed "spent” dialysate. The spent
dialysate passes through the two-way valve 28, the filter 30, and the post-dialyzer
flow meter 32 to exit the UF loop 18. The spent dialysate then passes through a
second positive displacement pump (e.g., gear pump; also termed a "post-dialyzer
pump™) 34 to the blood-leak detector 35.

As generally known, the hemodialyzer 12 also has a "blood
compartment" that is separated from the dialysate compartment by the
semipermeable dialysis membrane. During use of the hemodialyzer 12,
extracorporeal blood from a patient passes through a blood pump 36 and through
an "arterial” blood line 46a to the blood compartment of the hemodialyzer 12. As
the extracorporeal blood passes through the blood compartment, metabolic solutes
and excess water are removed from the blood by passing from the blood to the
dialysate flowing through the dialysate compartment. Thus the blood is "treated".

"Treated" blood exits the hemodialyzer 12 through a "venous" blood line 46v and
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drip chamber 38 (normally provided in an extracorporeal blood-tubing set) before
being returned to the patient. The drip chamber 38 is the locus of blood-pressure
measurements. | ' '
The pre- and post-dialyzer pumps 14, 34, respectively, not only

deliver fresh dialysate to and rerh_ove spent dialysate from the hemodialyzer 12,
respectively, but also control the hmount of water (ultrafiltrate) removed from the
patient. The rate at -which the ultrafiltrate is removed ftgﬁl the patient is equal to
the difference, if any, in the dialysate flow rate through the pre-dialyzer pump 14
versus the dialysate flow rate throqgh the pOst—dialyzér pump 34. More
specifically, if these dialysate flow rates are equal, then _:jo net ultrafiltration
occurs; if the flow rate of the post—dialyzei' pump 34 is greater than the flow rate
of the pre-dialyzer pump 14, then ultrafiltration of the blood passing through the
blood compartment 6ccurs at a rate equal to the differen@:e in flow rates of the pre-
and post-dialyzer pumpé, 14, 34, _respc_activély. If the ﬂd§v rate of the pre-dialyzer
pump 14 is greater than the flow rate of ih’e post-dialyzer pump 34, then a net
movement of fluid occurs from the dialysate to the blood across the dialysis
membrane. _ |

* The pre- and post-dialyzer flow meters 20, 32 are used to measure and
provide an indication of the actual dialysate flow rate thr_dugh the pre- and post-

- dialyzer pumps 14, 34, respectively. The difference in flow rates measured by the

pre- and post-dialyzer flow meters 20, 32 provide a measurement of the
ultrafiltration rate. -

As disclosed by way of example in the '434 patent, dialysate is |
produced by an on-line. proportion_ing systt_:in comprising two fixed-volume pumps
(e.g., piston pumps) for pumping dialysate concentrates at respective flow rates at
respective ratios relative to the flow raite. measured by the pre-dialyzer flow meter
14. A conductivity probe is located at eac_h' of three 1ocations: the "A" mix
chamber, the "B" mix chamber 11, and just downstream of the pre-dialyzer flow
meter 20. - '

The filters 16, 30 upstream of the respective flow meters serve to

remove large particulates from the dialysate and thus prevent such particulates
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from entering thé ;i'ési)ective flow meters where suCh ﬁarticulates could otherwise
affect the accuracy of the flow meters 20, 32.

The two-way valve 28 is preferably automatically actuatable to prevent
cross flow of dialysate from or to the dialysate compartment of the hemodialyzer
12 during events such as calibration of the hemodialysis apparatus, bypass, and/or
alarm conditions.

The flow meters 20, 32 can be any of various types such as, for
example, laminar-flow types, turbine types, and gear types. By way of example
and not intended to be limiting in any way, representative types include: Model
ZDM positive-displacement gear flowmeter manufactured by Kobold; various
flowmeters manufactured by Alicat Scientific Inc., Tucson, Arizona including
Models PVM and M12 laminar flow flowmeters, Models PVL and L12 volumetric
flowmeters, Models PVUL and UL12 liquid flowmeters, Model TFM turbine
flowmeters, and Model TVM turbine flowmeters; and Models DFS-2 and DFS-
2W turbine flowmeters manufactured by Digiflow Systems. Preferably, the flow
meters 20, 32 provide a measurement accuracy of at least +/- 0.5% and a
precision of at least +/-0.1 %.

The pre- and post-dialyzer pumps 14, 34 are preferably gear pumps
(e.g., but not limited to, Model 3002Q1TT manufactured by XOLOX, Fort
Wayne, Indiana) exhibiting a sufficiently low back flow to be considered "positive
displacement". However, any of various models of, e.g., vane pumps and piston
pumps can be used. The pumps 14, 34 are preferably capable of delivering a
dialysate flow rate through the hemodialyzer 12 within a range of 100 mL/min to
4000 mL/min.

The hemodialyzer 12 is connected into the "UF loop" by dialysate

- lines 40, 42. Whenever the hemodialyzer 12 is not being used (e.g., when the

dialysis apparatus is being rinsed), the dialysate lines are connected to a "rinse
block” 44 that is simply a conduit allowing dialysate flow to bypass the
hemodialyzer 12.

Before beginning a dialysis treatment, the dialysate lines 40, 42 are
typically connected to the rinse block 44. The pre- and post-dialyzer pumps 14,
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34 are run simultaneously at the same speed (same pump rate) at a desired
dialysate flow rate for rinsing, as indicated by the flow meters 20, 32. The flow
meters 20, 32 are preferably connected to a processor (see, e.g., the '434 patent
disclosure) that calibi'ates, by execution of appropriate sc}ftware, the two flow
meters 20, 32 relative td the i'espective speeds of the pl_ui_ips 14, 34. l.e.,
whenever the pumps 14; 34 are runmng at exactly the saine speed, the processor
calibrates the flow meters 20, 32 to have the same flow reading.

In preparation for performing dialysis, the hemodialyzer 12 is
connected to the dialysate lines 40, 42. Also, the dialyzqt-IZ is connected to the
patient via the "arterial” blood line 46a and the "venous “ blood line 46v. To
facilitate priming of the blood lines 46a, 46v and of the blood compartment of the
hemodialyzer 12, the pre-dialyzer pump 14 can be -opcraiéd‘ at a speed greater than
the speed. of the post-dialyzer pump 34. This urges pass_z':\_ge of dialysate from the
dialysate compartment to the blodd compartment of the ﬁémodialyzer 12 and thus
eliminates the conventional need fo consunie a bag of isotonic saline for priming.

For the impending dialysis treatment (or duri_ng treatment), the
operator elects a desi_red.'ultrafiltratidn volume to be achieved. The operator
enters such data, along with data concéming the dialysat_é:?‘ flow rate to be used
during the treatment, into the processor (see, e.g., the '434 patent which discloses
entering data using a touch screen). The processor detef@ines, in view of the
dialysate flow rate, the ultrafiltration rate required to achieve the desired
ultrafiltration volume. Based on such a determination, tﬁe‘ processor controls the
relative speeds of the pre- and post-dialyzer pumps (typically the post-dialyzer
punip 34 runs at a faster speed than the pre-dialyzer pump 14 to perform -
ultrafiltration) during the treatment. - The actual rate of .uit;aﬁltration is the
difference in flow rates indicated by the pre- and post-dialyzer flow meters 20, 32.

Such data can be processed by the processor to provide an indication of the actual
ultrafiltration rate.

At any time during operation, such as during an actual treatment, the
pre-dialyzer flow meter provides a reéding of dialysate flow rate that is the

reference for determining the rate at which the "A" and "B" concentrate pumps
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deliver "A" and-%‘"hfi:oncentrate, respectively, to tixe water stream. Le., the "A*
and "B" concentrate pumps deliver the respective concentrates at respective fixed
ratios of the pre-dialyzer dialysate flow rate.

At the conclusion of the treatment, the apparatus is placed in "bypass”
(thereby diverting dialysate flow around the hemodialyzer 12). The post-dialyzer
pump 34 slows down to the speed of the pre-dialyzer pump 14 and the djalysate
pressure is thus maintained at around atmospheric pressure.

Apparatus according to the invention eliminate a need for a "UE-
removal pump" as used in contemporary hemodialysis apparatus for removing
ultrafiltrate (UF). Specifically, contemporary hemodialysis apparatus that perform
ultrafiltration control empioy a "flow equalizer” or analogous component to
establish a baseline condition in which volumetric flow of dialysate into the
hemodialyzer is exactly equal to the volumetric flow of dialysate out of the
hemodialyzer (termed a "zero-UF" condition). Any ultrafiltration is achieved by
employing a UF-removal pump to remove fluid, relative to the baseline condition,
that must be replaced by net movement of fluid from the blood compartment to the
dialysate compartment of the hemodialyzer. An apparatus according to the present
invention, in contrast, does not rely upon a constant baseline (zero-UF) condition.
Rather, by simply changing the speed of one of the pumps 14, 34 relative to the
other, a condition can be established in the dialysate compartment urging net flow
of liquid from the blood compartment to the dialysate compartment or from the
dialysate compartment to the blood compartment.

It is also noted that contemporary dialysis apparatus relying upon a
flow equalizer cannot produce a condition favoring net passage of liquid from the
dialysate compartment to the blood compartment (a so-called "reverse-
ultrafiltration” condition). Apparatus according to the present invention, in
contrast, can achieve a reverse-ultrafiltration condition (as used, e.g., for priming
as described above) by simply causing the pre-dialyzer pump 14 to operate at a
faster speed than the post-dialyzer pump 34.
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Working Example

A test setup as shown in FIG. 2 was constructed. The test setup
comprised. a first liqﬁid vessel 50 and a second liquid vessel 52, as well as the first
and second pumps 14,-34 and first and second flowmeters 20, 32. Each of the
pumps 14, 34 was pdwered by 24 VDC, and the speed of each pump was
controlled by a separate 0-5 VDC ppwér supply. The sp'__eed of each pump 14, 34
was continuously rec@prded’. The ﬂowr_neters 20, 32 Wer’e’powered by separate 12

~ VDC power supplied. Indicated flowrates were continuo_usly recorded. To begin,
‘the line 56 was clamped using a first hemostat 58, and a second hemostat 60 was

removed from the line 62. Both pumps 14, 34 were run at 600 RPM (20 Hz,

- representing a "zero-UF" condition) for a period of time (1 minute) to ascertain

the ability of the system to provide consistent zero-UF performance. Ten identical
trials were performed. Results are tabulated in Table 1.
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Table 1
Flow Pump 2 Flow Flow
meter speed, Hz Pump meter 1 meter 2
Trial Drive Pump 1 at Control  speed, Hz  speed, Hz

number  voltage  speed, Hz  calibration  Voltages * AVG * AVG

1 12.04 20.03 20.03 1,600 66.95 68.10
2 612

2 12.04 20.02 20.02 1,600 67.09  68.38
2 611

3 12.04 20.01 20.01 1,600 67.33 68.01
2 611

4 12.04 20.01 20.00 L 599 66.98 67.79
2 611

5 12.04 20,01 20.00 ' 600 66.88 671.73
2 611

6 12.04 20.03 20.03 1,601 66.95 68.28
2 612

7 12.04 20.03 20.02 1,600 66.70 68.45
2 612

8 12.04 20.03 2003 ' .600 66.96 68.64
2 612

9 12.04 20.01 20.04 1,598 67.36 68.62
2 611

10 12.04 20.04 20.01 !.600 61.37 68.81

2 610
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After obtaining data corresponding to a zero-UF condition for each trial, the line
62 was re-clamped using the second hemostat 60. The speed of the pump 34 was
adjusted so as to obtain a pressure reading of 0 PSIG .by the pressure gauge 64.
After recording readihgs from all pumps and flowmeters, the first hemostat 58 was
removed. After one 'm'ixiute, the graii_metric scale 66 supporting the second liquid
vessel 52 was "tared". The second pump 34 was adjusted to obtain 0 mL/min
flow from the second liquid vessel 52 (as monitored by the scale 66). The speed
of the pump 34 was then increased to a desired value (5 trials performed with the
second flowmeter 32 indicating about 70 Hz, and five trials performed with the
second flowmeter indicating about 72 Hz); the scale 66 tared again, and the
beginning of a 10-minute time duration was noted (using a stopwatch). During the
time duration, readings from the flowmeters 20, 32 were continuously recorded.

~ After the 10-minute period for each trial, a reading from the scale 66 was

recorded to provide a measure of "ultrafiltration”. Results are set forth in Table
2.
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Table 2
Flow Flow
~ Flow Flow Pump meter]  meter
Trial meter ] meter2 Pumpl Pump2 2 speed, 2 Vol.
number  speed, speed, speed, speed, Contr Hz speed, removed
Hz Hz Hz Hz ol (mean) Hz
{mean) (mean) volta (mean)
ge

1 65.52 66.60 20.01 19.94 0.669 65.63  70.08 256 g
2 65.64 66.70 20.01 20.13 0.614 65.67 70.10 259 ¢
3 66.54 66.79 20.01 20.30 0.620 67.85 69.96 260 g
4 66.36 66.70 20.01 2047 0.625 66.36 69.97 230¢g
5 66.47 66.99 20.01 20.59 0.625 66.54 70.15 20¢g
6 65.57 66.90 20.03 20.68 0.631 65.73 T72.10 387¢
7 65.70 67.22 20.02 20.84 0.636 65.76 72.10 357¢g
8 66.42 67.95 20.02 20.83 0.635 66.50 71.95 352¢g
g 65.67 67.42 19.98 20.56 0.626 65.71 7200 367¢
10 66.15 67.53 20.02 20.72 0.631 66.62  71.96 337g

The foregoing results indicate that the “ultrafiltrate” removed from the
5 second vessel 52 is a function of the relative speeds of the pumps 14, 34 as
indicated by the flowmeters 20, 32.

Whereas the invention has been described in connection with a
preferred embodiment, it will be understood that the invention is not limited to
such an embodiment. On the contrary, the mvention is intended to encompass all

10 alternatives, modifications, and equivalents as may be included within the spirit
and scope of the invention as defined by the appended claims.
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1. In a hemodialysis apparatus that prepares fresh dialysate and

delivers the di_alysan_é from a mix chéunber to a hemodialyzer and returns spent
dialysate from the hemodialyzer to a drain, an impfovement comprising:

(a) a first positive-displacement pump having an inlet hydraulically
connected to the m1x chamber;

®) a ﬁrst flowmeter having an inlet hydraullcally connected to an
outlet of the first pump and an outlet hydraulically connectable to a dialysate inlet

- of a hemodialyzer, the first flowmeter producing a re_speétive output having a

characteristic that is a function of a volumetric pumping rate of the first pump;

(c) a second flowmeter havmg an inlet hydrauhcally connectable to a
dialysate outlet of the hemodlalyzer

@d a secpm_i positive-displacement pump having an inlet hydraulically
connected to an outlet of the second flowmeter and an outlet hydrautically _
connected to a drain, the second flowmeter producing a réspective output having -ﬁ
characteristic that is a functxon of a volumetric pumping rate of the second pump,
the first and second pumps defining therebetween a UF- loop,

(e) wherein a difference in the volumetnc_: pumping rate of the second
pump relative to the volumetric pumping rate of the first pump generates a
volumetric condition in the UF loop that urges a net ultrafiltration of fluid across a

semipermeable membrané in the hemodialyzer.

2. The apparatus of claim 1, wherein the first and second pumps are

gear pumps.

3. The apparatus_ of claim 1, wherein the respective outputs of the

first and second ﬂowmé_ters comprise respective electrical signals.
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4. Thé :.af:"paratus of claim 3, wherein tfxg'glectricai signals have a
respective characteristic from which a difference in the respective signals can be
determined, the difference being usable to govern the relative pumping rates of the
first and second pumps.

5. The apparatus of claim 1, wherein:

the dialyzer comprises a dialysate compartment and a blood
compartment; and

a volumetric pumping rate of the second pump that is greater than a
volumetric pumping rate of the first pump causes a net ultrafiltration of liquid
from the blood compartment to the dialysate compartment.

6. The apparatus of claim 1, wherein:

the dialyzer comprises a dialysate compartment and a blood
compartment; and

a volumetric pumping rate of the first pump that is greater than a
volumetric pumping rate of the second pump causes a net ultrafiltration of liquid
from the dialysate compartment to the blood compartment.

7. A method for performing ultrafiltration of a first liquid passing
through a blood compartment of a hemodialyzer, the method comprising:

(a) producing a dialysate solution;

(b) while passing the first liquid through the blood compartment of the
dialyzer, conducting the dialysate solution through a first positive displacement
pump, then through a first flowmeter, then to a dialysate inlet of a dialysate
compartment of the hemodialyzer, the first pump delivering the dialysate to the
dialysate inlet at a first volumetric pumping rate as measured by the first

flowmeter;
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* (c) after passing the dialysate through the dialysate compartment,
conducting the dialysate from an outlet of the dialysate cj;mpénment through a
second flowmeter, theﬁ'thrOugh a second pdsitive displa__té‘ement pump, the second
pump pumping the dialysate at a second v_blumctric puini)'ing rate, as measured by
the second flowmeter, that is greater than the pumpmg ré_te of the first pump so as
to urge an ultraﬁlirat_é liquid to pass from the blood compartment to the dialysate
compartment. o -

8. The method of claim 7, wherein step'('_a) {;fompﬁses continuously
adding a dialysate concentrate with water at a proportioning ratio that is a function
of the volumetric pumping rate of the first pump as méaéiired by the first
flowmeter. | o

9. In a hemodialysis method, a method for priming a blood
compartment of a hemodialyzer, the method comprisinlgzi

(@) providing a liquid; -

(®) conductmg the liquid through a first positive displacement pump,
then through a first flowmeter, then to a dialysate inlet of ‘a dialysate compartment
of the hemodialyzer, 'th§ first pump delivering the liquid to the dialysate inlet at a
first volumetric pumping rate as measured by the first ﬂoiivmeter;

(c) after 'pas'sing the liquid through the 'dialyégte' compartment,
conducting the liquid from an outlet of the dialysate compartment through a
second flowmeter, then through a second positive disp_lﬁéément pump, the second
pump pumping the liquid at a second volumetric pumping'.'f rate, as measured by the
second flowmeter, that is less than the pumping rate of the first pump so as to urge
net flow of the liquid from the dialySate compartment to tile blood compartment of
the hemodialyzer. | ' '

10. The method of claim 9, wherein the liquid is a dialysate solution.
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11. THe Fethod of claim 9, including thE'step of circulating the liquid
through blood lines connected to the blood compartment of the hemodialyzer.
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