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(57) ABSTRACT 
A multipurpose hemo?ltration system and method are dis 
closed for the removal of ?uid and/or soluble Waste from the 
blood of a patient. The system continuously monitors the 
?oW rates of drained ?uid, blood, and infusate. When 
necessary, the pumping rates of the infusate, drained ?uid 
and blood are adjusted to remove a preselected amount of 
?uid from the blood in a preselected time period. A super 
visory controller can monitor patient parameters, such as 
heart rate and blood pressure, and adjust the pumping rates 
accordingly. The supervisory controller uses fuZZy logic to 
make expert decisions, based upon a set of supervisory rules, 
to control each pumping rate to achieve a desired ?oW rate 
and to respond to fault conditions. An adaptive controller 
corrects temporal variations in the ?oW rate based upon an 
adaptive laW and a control laW. 
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HEMOFILTRATION SYSTEM AND METHOD 
BASED ON MONITORED PATIENT PARAMETERS, 
SUPERVISORY CONTROL OF HEMOFILTRATION, 

AND ADAPTIVE CONTROL OF PUMPS FOR 
HEMOFILTRATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of patent appli 
cation Ser. No. 10/030,011, Which is the National Stage of 
International Application No. PCT/US00/11620, ?led Apr. 
28, 2000, Which claims the bene?t under 35 U.S.C. §119(e) 
of US. Provisional Application No. 60/131,995, ?led Apr. 
30, 1999, each disclosure of Which is hereby expressly 
incorporated by reference herein in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention is directed to a system and 
method of blood ?ltration, and more particularly supervisory 
control systems and methods and an adaptive control sys 
tems and methods for controlling the continuous ?ltration of 
?uid and/or soluble Waste from the blood of a patient based 
on one or more monitored patient parameters and ?uid ?oW 
rates. 

BACKGROUND OF THE INVENTION 

[0003] For various reasons, including illness, injury or 
surgery, patients may require replacement or supplementa 
tion of their natural renal function in order to remove excess 
?uid or ?uids containing dissolved Waste products from their 
blood. Several procedures knoWn for this purpose are dialy 
sis, hemodialysis, hemo?ltration, hemodia?ltration and 
ultra?ltration; another related procedure is plasmapheresis. 
The speci?c procedure employed depends upon the needs of 
the particular patient. For example, dialysis is used to 
remove soluble Waste and solvent from blood; hemo?ltra 
tion is used to remove plasma Water from blood; hemodia 
?ltration is used to remove both unWanted solute (soluble 
Waste) and plasma Water from blood; ultra?ltration is a 
species of hemo?ltration; and plasmapheresis is used to 
remove blood plasma by means of a plasmapheresis ?lter. 
Because the replacement of renal function may affect nutri 
tion, erythropoiesis, calcium-phosphorus balance and sol 
vent and solute clearance from the patient, it is imperative 
that there be accurate control of the procedure utiliZed. The 
accurate control of the rate of removal of intravascular ?uid 
volume is also important to maintain proper ?uid balance in 
the patient and prevent hypotension. 

[0004] Various systems have been proposed to monitor 
and control renal replacement procedures. For example, US. 
Pat. No. 4,132,644 discloses a dialysis system in Which the 
Weight of dialyZing liquid in a closed liquid container is 
indicated by a scale. After the dialyZing liquid ?oWs through 
the dialyZer, the spent liquid is returned to the same con 
tainer and the Weight is again indicated. Since the container 
receives the original dialyZing liquid plus ultra?ltrate, the 
amount of ultra?ltrate removed from the patient is equal to 
the increase in total Weight in the container. This system is 
not driven by a Weight measuring device and does not offer 
precise control of the amount of liquids used in the proce 
dure. 

[0005] US. Pat. No. 4,204,957 discloses an arti?cial kid 
ney system Which utiliZes Weight measurement to control 
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the supply of substitute ?uid to a patient. In this system, the 
patient’s blood is pumped through a ?lter and the ?ltrate 
from the blood is discharged to a measuring vessel associ 
ated With a Weighing device. A second measuring vessel 
containing substitute ?uid is associated With a second 
Weighing device and is connected to the puri?ed blood line. 
By means of a pump, the substitute ?uid and the puri?ed 
blood are pumped back to the patient. The ?rst and second 
Weighing devices are coupled to one another by a measuring 
system in such a Way that a ?xed proportion of substitute is 
supplied to the puri?ed blood stream from the second 
measuring vessel depending an the Weight of the ?ltrate 
received in the ?rst measuring vessel. This system does not 
utiliZe circulating dialysate ?uid in the blood ?ltration. 

[0006] US. Pat. No. 4,767,399 discloses a system for 
performing continuous arteriovenous hemo?ltration 
(CAVH). The disclosed system relies upon utiliZing a volu 
metric pump to WithdraW a desired amount of ?uid from the 
patient’s blood and return a selected amount of ?uid volume 
to the patient. 

[0007] US. Pat. No. 4,923,598 discloses an apparatus for 
hemodialysis and hemo?ltration Which comprises an extra 
corporeal blood circuit including a dialyZer and/or ?lter 
arrangement. The system determines ?uid WithdraWal per 
unit time and total amount of ?uid WithdraWn by utiliZing 
?oW sensors in conjunction With an evaluating unit located 
upstream and doWnstream of the dialyZer or ?lter arrange 
ment in the blood circuit. 

[0008] US. Pat. No. 4,728,433 discloses a system for 
regulating ultra?ltration by differential Weighing. The sys 
tem includes a differential Weighing receptacle having an 
inlet chamber and an outlet chamber Which alloWs a ?xed 
amount of fresh dialysate, by Weight, to How through the 
hemodialyZer. This system operates in a sequence of Weigh 
ing cycles during Which the amount of ultra?ltrate removed 
from the blood may be calculated. Additionally, the ultra 
?ltration rate for each Weighing cycle may be calculated. 
This system provides a mechanism for determining and 
regulating the amount of ultra?ltrate removed from the 
blood While delivering dialysate to the patient in alternating 
?ll and drain cycles of the inlet and outlet chambers of the 
differential Weighing receptacle. 

[0009] For certain patients, renal replacement procedures 
may extend over hours or even days. In general, current 
systems for monitoring and controlling renal replacement 
procedures lack the ?exibility and accuracy required to 
perform such procedures on neonates. This is mainly due to 
the absence of a satisfactory automatic control of the pumps 
employed. Because of the patient risk involved in using such 
equipment, health care personnel measure the ?uid removed 
from the patient on an hourly basis. The continuing need to 
monitor the ?uid removed leads to a signi?cant increase in 
nursing care and thus increases the cost of the therapy. 
Therefore, there is a need to improve the level of autonomy 
for the systems such that the procedure is less time consum 
ing for medical personnel, and consequently less costly. 
HoWever, the enhanced autonomy must not come at the 
expense of patient safety. 

[0010] Some conventional renal function replacement/ 
supplementation systems possess an elementary level of 
supervisory control that simply detects the presence of a 
fault condition, sounds an alarm, and de-energiZes the sys 
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tem pumps to halt the procedure. If the hemo?lter clots 
While the pumps are de-energiZed, the tubing and hemo?lter 
must be replaced With a concomitant increase in the chance 
of infection for the patient. Furthermore, the hemo?ltration 
procedure is delayed With a possibly negative impact upon 
the patient’s health. 

[0011] Due to the time-varying nature of the renal function 
replacement/supplementation system, the dynamics of ?uid 
pumping may change over time. For example, the charac 
teristics of system components such as tubing, ?lter, and 
connectors may vary sloWly over time due to aging or as 
occlusion of the path for ?uid ?oW. As the ?oW path 
becomes constricted, the pumping rate of the pump must be 
altered to compensate for the increased ?oW resistance. 
Furthermore, the replacement of a tubing set requires a rapid 
change adjustment of the pumping rates that may be dif?cult 
to initially establish as a relatively constant value due to 
short-term transient variations. Current systems for moni 
toring and controlling renal replacement procedures lack the 
ability to autonomously correct these time-dependent ?oW 
rate variations With high accuracy, rapid response, and 
minimal overshoot or transient variations folloWing correc 
tion. 

[0012] The need exists for a multipurpose renal function 
replacement/supplementation system Which is accurate, reli 
able, capable of continuous, long-term operation, and Which 
can be used effectively on adult, pediatric and neonatal 
patients. Further, the need exists for a feedback control 
system for controlling the multipurpose renal function 
replacement/supplementation system that accurately regu 
lates the transfer of ?uid and monitors the overall behavior 
of the system to improve patient care and provide greater 
autonomy. 

SUMMARY OF THE INVENTION 

[0013] The present invention is directed to a multipurpose 
system and method for removal of ?uid and/or soluble Waste 
from the blood of a patient: ultra?ltration only, hemodia?l 
tration, hemodia?ltration and ultra?ltration, hemodialysis, 
and plasmapheresis With or Without ?uid replacement. The 
system and method of the present invention can provide 
reliable, long term operation (5-10 days) With a great degree 
of accuracy (on the order of :2 grams regardless of the total 
volume of ?uid passing through the system). The system and 
method of the invention are advantageous because of the 
multipurpose nature thereof, the repeatability and accuracy 
of the processes, and the simultaneous, continuous ?oW of 
?uids in an extracorporeal blood circuit, While being equally 
applicable to adult, pediatric and neonatal patients. 

[0014] As used herein the term “hemo?ltration” is to be 
broadly construed to include hemodialysis, hemo?ltration, 
hemodia?ltration, ultra?ltration and plasmapheresis pro 
cesses. As used herein, the term “infusate” is de?ned to 
include dialysate ?uid or any other replacement ?uids Which 
may be supplied to the patient as a part of the hemo?ltration 
procedures. 

[0015] In a preferred embodiment, the system of the 
present invention includes a hemo?lter, a blood pump for 
pumping blood from a patient through the hemo?lter and 
back to the patient, and suitable tubing for carrying the 
pumped blood to and from the patent. The system further 
includes a ?rst reservoir for maintaining a supply of infusate, 
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a ?rst Weighing means for continuously monitoring the 
Weight of the infusate and generating Weight data signals 
correlated to the monitored Weight, and a ?rst pump for 
pumping the infusate from the ?rst reservoir to the hemo 
?lter or appropriate blood tubing access port. A second 
reservoir receives drained ?uid (e.g., spent infusate or ultra 
?ltrate, including the ?uids and solutes removed from the 
blood) from the hemo?lter, and a second Weighing means 
monitors the Weight of the drained ?uid and generates 
Weight data signals correlated to the monitored Weight. A 
second pump pumps the drained ?uid from the hemo?lter to 
the second reservoir. The system also includes a computer 
iZed controller operably connected to the blood pump, the 
infusate pump, the drain pump and the ?rst and second 
Weighing means. 

[0016] The controller periodically, but on an ongoing basis 
during the treatment, interrogates at predetermined intervals 
the Weight data signals that are continuously generated by 
the ?rst and second Weighing means and is designed to 
determine therefrom the Weight of infusate and drained ?uid 
in the ?rst and second reservoirs at the predetermined 
intervals. The rate of ?uid WithdraWal from the blood is also 
determined. The controller compares the infusate and 
drained ?uid Weights to corresponding predetermined com 
puted Weights in the memory of the controller, and, When 
necessary, the controller generates control signals Which 
automatically adjust the pumping rates of the infusate and 
drained ?uid pumps in order to achieve a preselected amount 
of ?uid removal from the patient’s blood. Additionally, the 
controller is programmed to operate the infusate and drained 
?uid pumps only When the blood pump is operating. Fur 
thermore, the blood pump is operably connected to and is 
responsive to control signals generated by the controller in 
response to or independent of the Weight data signals to vary 
the ?oW rate of the blood through the hemo?lter as required 
to achieve the desired level of ?uid removal from the blood. 

[0017] In an alternative embodiment, the computer con 
troller is, by initial selection of the operator, interfaced With 
one or more of the various monitoring systems that are 
operably connected to the patient. These monitoring sys 
tems, Which are Well knoWn in the art, generate and output 
data signals corresponding to the monitored patient param 
eters, and the computer controller receives such data signals. 
During the hemo?ltration operation, the interfaced param 
eters are constantly monitored; hoWever, the controller only 
responds to speci?c parameter data that corresponds to the 
patient parameters selected by the operator. The patient 
parameters Which may be monitored and interfaced With the 
computer controller include the folloWing: arterial pressure, 
central venous pressure, pulmonary arterial pressure, mean 
arterial pressure, capillary Wedge pressure, systemic vascu 
lar resistance, cardiac output, 02 and CO2 content and 
saturation (expired, venous or arterial), blood pressure, heart 
rate, patient Weight, external infusion rates, and hematocrit. 
Numerous of these parameters may be monitored and cor 
responding output data signals generated in knoWn manner 
utiliZing an indWelling intravenous or intra-arterial catheter. 
The remaining parameters are monitored and data signals 
are generated by means Well knoWn in the art. The operator 
Will select one or more of the above parameters to interface 
With the controller Which Will then periodically, but on an 
ongoing basis during treatment, interrogate at predetermined 
intervals the parameter data signals that are continuously 
generated by the interfaced monitoring system(s). The con 
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troller then evaluates the parameter data and in response 
thereto, When necessary, the controller generates control 
signals Which automatically adjust the pumping rates of the 
infusate, drained ?uid and blood pumps so as to achieve a 
preselected amount of ?uid removal from the patient’s blood 
for patient bene?t and safety. 

[0018] It Will be appreciated that the system of the present 
invention may utiliZe a combination of monitoring and 
responding to the infusate and drained ?uid Weight data 
signals, as described in connection With the ?rst embodi 
ment hereinabove, along With one or more of the other 
patient parameters interfaced to the controller. 

[0019] By Way of speci?c examples, in connection With 
monitoring the patient’s Weight, the computer controller 
may be interfaced With a bed scale Which provides continu 
ous values for the patient’s Weight. In response to the overall 
patient Weight data signals, the computer controller may 
control the infusate and/or drained ?uid pumps to achieve a 
predesigned protocol for decreasing or increasing the 
patient’s Weight over time. The increase or decrease in 
patient’s Weight can be accomplished in either a linear or 
non-linear manner With respect to time by appropriate pump 
control. Similarly, the computer may be interfaced With a 
continuous read-out device of the patient’s 02 saturation and 
the controller Will receive, evaluate and respond to the 02 
saturation data by controlling the infusate, drained ?uid and 
blood pumping rates accordingly to optimiZe patient oxy 
genation. 

[0020] In connection With all of the above-described 
monitored parameters, the computer controller Will receive 
data signals corresponding and relating to each particular 
selected parameter from an appropriate signal generating 
device or source operably connected to the patient. The 
controller Will then, after periodic interrogation, compare the 
interrogated values With predetermined desired values and 
Will automatically make the appropriate, predetermined 
changes in the infusate, drained ?uid and blood pumping 
rates in response to the monitored signals. Furthermore, 
more than one of the above-referenced parameters can be 
continuously monitored simultaneously and the computer 
may be programmed With a hierarchy to consider one or 
more speci?c parameters rather than others and Will respond 
With the appropriate and desired adjustments in infusate, 
drained ?uid and blood pumping rates based on those 
selected parameters. 

[0021] The computer controller is designed and pro 
grammed to adjust the pumping rates (pump speed) of the 
infusate, drained ?uid and blood pumps so as to provide a 
linear response or a non-linear (curvilinear) response to the 
observed changes in the selected monitored parameters. In 
this regard, “linear” is de?ned to mean a ?xed, non-expo 
nential change, and “non-linear” or “curvilinear” means 
anything other than linear. The selection of linear versus 
non-linear response pro?le is made by the operator of the 
system depending on the needs of the patient. For example, 
in certain situations it may be desirable to have an initially 
fast ?uid removal rate that decreases over time. In that case 
a curvilinear or exponential response Would be utiliZed. In 
other circumstances, consistent or constant ?uid removal 
over time is desired, and so a linear response pro?le is 
selected. It is further contemplated that at the election of the 
operator the computer controller may combine linear and 
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curvilinear response signals so as to tailor the pump rates to 
achieve a desired response pro?le. For example, a non-linear 
initial response period for fast initial ?uid removal, folloWed 
by a linear response period for ongoing ?uid removal at a 
consistent rate. 

[0022] In yet another alternative embodiment, the com 
puter controller receives data signals from one or more 
patient infusion pumps that are otherWise independent of the 
hemo?ltration system. These infusion pumps are used for 
infusion to the patient of intravenous ?uids, medications, 
parenteral nutrition and/or blood products. By monitoring 
the data output from the independent infusion pumps, the 
extraneous total ?uid volume per unit time may be ascer 
tained. The controller Will then, as required, change the 
pumping rates of the system infusate, drained ?uid and 
blood pumps, as necessary, so as to alter the ultra?ltration 
rate and/or infusate ?uid rate automatically in response to 
changes in intravenous ?uid therapy. This facilitates inde 
pendent patient management While hemo?ltration is being 
performed. Proper coordination of the controller With the 
independent infusion pumps alloWs the desired or targeted 
?uid removal goals by hemo?ltration to be achieved auto 
matically in concordance With ongoing intravenous ?uid 
therapy. 

[0023] In an additional alternative embodiment, the com 
puter controller incorporates a supervisory control system 
operably connected to one or more of the system infusate, 
drained ?uid and blood pumps for controlling the pumping 
rates of the respective ?uids. The supervisory controller 
receives and utiliZes feedback data signals, correlated With 
the ?uid ?oW rates, regarding the pumping rate of the blood 
pump that is provided by a ?oWmeter and the pumping rate 
of the infusate and drained ?uid pumps from the rate change 
in Weight data signals that is provided by electronic scales. 
The supervisory controller also receives and utiliZes patient 
parameters derived from patient parameter monitors, such as 
blood pressure data signals from a blood pressure monitor or 
heart rate data signals from a heart rate monitor. The 
supervisory controller analyZes these signals utiliZing fuZZy 
logic, based on at least one predetermined supervisory rule, 
and furnishes an output signal to the appropriate pump to 
adjust, as necessary on a periodic ongoing basis, the ?oW 
rate of ?uid generated by that pump. For example, a set of 
supervisory rules may decide, based upon Whether the heart 
rate and blood pressure are high, normal, or loW, to increase 
or decrease the ultra?ltration rate, or even to discontinue the 
procedure due to a fault condition. 

[0024] In yet an additional alternative embodiment, the 
computer controller incorporates an adaptive control system 
for controlling the pumping rate of at least one of the system 
infusate, drained ?uid and blood pumps. The adaptive 
controller is operably connected to each pump to be adap 
tively controlled and to its associated ?oW rate sensor. The 
adaptive control system receives ?oW rate data signals 
correlated to the ?uid ?oW rate from a sensor, such as a 
?oWmeter or Weight scale, measuring the ?oW rate of ?uid 
generated by the pump being controlled. The adaptive 
controller calculates a controller parameter vector using an 
adaptive laW to generate a set of controller parameters for 
correcting time-dependent deviations of the ?oW rate from a 
predetermined ?oW rate. Based on the controller parameters, 
the adaptive controller then uses a control laW to generate an 
output signal for adjusting the pumping rate of ?uid gener 
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ated by the pump to achieve the predetermined ?oW rate. 
Finally, the controller provides the output signal to the pump 
on a periodic ongoing basis for adjusting the ?uid ?oW rate. 
In one aspect, the adaptive controller may use parameter 
projections to limit the range of the output signal for 
maintaining the pump in a linear regime of pump operation. 

[0025] In a preferred embodiment of the method of the 
present invention, blood from a patient is pumped through a 
hemo?lter and a supply of infusate, Which is maintained in 
a ?rst reservoir, is pumped from the ?rst reservoir through 
the hemo?lter, countercurrent to the blood. The Weight of 
infusate in the ?rst reservoir is continuously monitored and 
data signals correlated to that Weight are generated. Drained 
?uid (e.g., spent infusate) is pumped from the hemo?lter and 
is received in a second reservoir. The Weight of the drained 
?uid in the second reservoir is continuously monitored and 
Weight data signals correlated thereto are generated. The 
signals correlated to the Weight of infusate and drained ?uid 
are interrogated at regular intervals (for eXample every 
minute) by a system controller and are compared to corre 
sponding predetermined computed Weights in the memory 
of the controller. The controller determines the amount and 
rate of ?uid WithdraWal from the patient’s blood. If those 
values differ from preselected, preprogrammed desired val 
ues, the controller generates control signals Which indepen 
dently adjust the pumping rates of the infusate and drained 
?uid pumps so as to achieve the desired amount of ?uid 
removal. The control signals may also control the blood 
pumping rate. 

[0026] In an alternative embodiment of the method of the 
present invention, independent of or in addition to the 
infusate and drained ?uid Weight monitoring and pump 
control, the computer controller may be interfaced With one 
or more of the previously discussed monitoring systems. In 
this embodiment, the controller Will receive, evaluate and 
respond to the selected patient parameter data by generating 
appropriate, responsive control signals by Which the infu 
sate, drained ?uid and blood pumping rates are controlled to 
achieve the desired amount of ?uid removal. This may be 
accomplished in combination With or independent of the 
infusate and drained ?uid Weight monitoring. 

[0027] In an alternative embodiment of the method of the 
present invention, ?oW rate data signals for the ?uid ?oW 
generated by a pump in a hemo?ltration system and patient 
parameter data signals, such as heart rate and blood pressure, 
are supplied to a supervisory controller. FloW rate data 
signals are derived from the rate change in Weight of either 
infusate or drained ?uid or from the blood ?oW rate. The 
signals are analyZed utiliZing fuZZy logic based on at least 
one predetermined supervisory rule and an output signal is 
provided to the appropriate pump to adjust, as necessary on 
a periodic ongoing basis, the How rate of ?uid generated by 
that pump. 

[0028] In yet another alternative embodiment of the 
method of the present invention, ?oW rate data signals for 
the ?uid ?oW generated by a pump in a hemo?ltration 
system are supplied to an adaptive controller. FloW rate data 
signals are derived from the rate change in Weight of either 
infusate or drained ?uid or from the blood ?oW rate. A set 
of controller parameters is generated from the How rate 
signals for use in correcting time-dependent deviations in 
How rate from a predetermined ?oW rate. The signals and 
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parameters are analyZed using a control laW to generate an 
output signal. The output signal is provided to the adaptively 
controlled pump on a periodic ongoing basis. 

[0029] The advantages of the system and method of the 
present invention are achieved at least in part due to the 
continuous monitoring and periodic interrogation of the 
?uid Weights, and other selected patient parameters, and the 
adjustment of ?uid pumping rates in response thereto, 
including the blood pumping rate, so as to achieve ideal or 
nearly ideal ?uid removal and replacement if necessary from 
a patient’s blood. Further, the supervisory system controller 
and adaptive system controller implement closed-loop, feed 
back control systems that precisely and accurately adjust and 
control the pumping rates. Further features and advantages 
of the system and apparatus of the present invention Will 
become apparent With reference to the Figure and the 
detailed description Which folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] FIG. 1 is a diagrammatic representation of one 
embodiment of the system of the present invention; a 
variation is shoWn in phantom. 

[0031] FIG. 2 is a diagrammatic representation of an 
alternative embodiment of the system of the present inven 
tion. 

[0032] FIG. 3 diagrammatically illustrates the hierarchi 
cal control architecture for a hemo?ltration system. 

[0033] FIG. 4 diagrammatically illustrates the fuZZy logic 
process performed by the supervisory controller of FIG. 3. 

[0034] FIG. 5 represents the supervisory control architec 
ture implemented in the supervisory controller. 

[0035] FIG. 6A is a set of membership functions for blood 
pressure data signals that are input into the fuZZy logic 
control system. 

[0036] FIG. 6B is a set of input membership functions for 
heart rate data signals that are input into the fuZZy logic 
control system. 

[0037] FIG. 6C is a set of output membership functions 
for signals representing changes in ultra?ltration rate that are 
output from the fuZZy logic control system. 

[0038] FIG. 7A is a graphical representation of the track 
ing error of a blood pump for an ultra?ltration simulation. 

[0039] FIG. 7B is a graphical representation of the control 
voltage for an ultra?ltration simulation. 

[0040] FIG. 7C is a graphical representation of the con 
troller parameters for an ultra?ltration simulation. 

[0041] FIG. 8A is a graphical representation of the track 
ing error of a blood pump for an ultra?ltration simulation. 

[0042] FIG. 8B is a graphical representation of the track 
ing error of a drain pump for an ultra?ltration simulation. 

[0043] FIG. 8C is a graphical representation of the track 
ing error of a ?rst replacement pump for an ultra?ltration 
simulation. 

[0044] FIG. 8D is a graphical representation of the track 
ing error of a second replacement pump for an ultra?ltration 
simulation. 
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[0045] FIG. 9A is a graphical representation of the track 
ing error of a drain pump for an ultra?ltration simulation. 

[0046] FIG. 9B is a graphical representation of the control 
voltage for an ultra?ltration simulation. 

[0047] FIG. 9C is a graphical representation of the con 
troller parameters for an ultra?ltration simulation. 

[0048] FIG. 10A is a graphical representation of the heart 
rate for an ultra?ltration simulation. 

[0049] FIG. 10B is a graphical representation of the blood 
pressure for an ultra?ltration simulation. 

[0050] FIG. 10C is a graphical representation of the 
desired drain How rate calculated by fuZZy system I for an 
ultra?ltration simulation. 

[0051] FIG. 11A is a graphical representation of the heart 
rate for an ultra?ltration simulation. 

[0052] FIG. 11B is a graphical representation of the blood 
pressure for an ultra?ltration simulation. 

[0053] FIG. 11C is a graphical representation of the 
desired drain How rate calculated by fuZZy system II for an 
ultra?ltration simulation. 

[0054] FIG. 12A is a graphical representation of the heart 
rate for an ultra?ltration simulation. 

[0055] FIG. 12B is a graphical representation of the blood 
pressure for an ultra?ltration simulation. 

[0056] FIG. 12C is a graphical representation of the 
desired drain How rate calculated by fuZZy system III for an 
ultra?ltration simulation. 

[0057] FIG. 13A is a graphical representation of the heart 
rate for an ultra?ltration simulation. 

[0058] FIG. 13B is a graphical representation of the blood 
pressure for an ultra?ltration simulation. 

[0059] FIG. 13C is a graphical representation of the 
desired drain How rate calculated by fuZZy system IV for an 
ultra?ltration simulation. 

[0060] FIG. 14A is a graphical representation of the heart 
rate for an ultra?ltration simulation. 

[0061] FIG. 14B is a graphical representation of the blood 
pressure for an ultra?ltration simulation. 

[0062] FIG. 14C is a graphical representation of the 
desired drain How rate calculated by FSIII for an ultra?l 
tration simulation. 

[0063] FIG. 14D is a graphical representation of the blood 
pump ?oW rate for an ultra?ltration simulation. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0064] FIG. 1 shoWs a diagrammatic representation of a 
preferred embodiment of the system of the present inven 
tion. The portion of FIG. 1 shoWn in phantom represents an 
alternative embodiment of the present invention Which Will 
be described hereinbeloW. Hemo?ltration system 10 is oper 
ated and controlled by a suitable controller designated 
generally as 12. Controller 12 may be a programmable 
computer having a display 13 and is operably connected to 
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various components of hemo?ltration system 10, as Will be 
described in greater detail hereinafter. 

[0065] In operation, blood is pumped from a patient (not 
shoWn), Which may be an adult, pediatric or neonatal patient, 
through a suitable catheter (not shoWn) and input tubing 14 
by means of a blood pump 16. Blood pump 16, Which is 
preferably of the roller type, is operably connected to 
controller 12 by line 18. One suitable blood pump is the 
RS-7800 Minipump manufactured by Renal Systems, Min 
neapolis, Minn. Input tubing 14 through Which the patient’s 
blood is pumped preferably includes a pressure transducer 
20 upstream of pump 16. Pressure transducer 20 is operably 
connected to controller 12 via line 21. Means are included 
doWnstream of blood pump 16 for accessing input tubing 14 
to enable the injection or infusion of desired ?uids, including 
medications and anti-clotting compounds such as heparin, 
into the patient’s blood. The injection or infusion of such 
?uids to the blood may be accomplished in any suitable 
manner; FIG. 1 shoWs diagrammatically a syringe and tube 
arrangement 22, but it Will be appreciated that other means 
could be employed for the same purpose. 

[0066] The patient’s blood is pumped through hemo?lter 
24 by blood pump 16. Filters of the type suitable for use in 
the system of the present invention are readily available; one 
eXample of a suitable hemo?lter is the Dia?lter manufac 
tured by AMICON, Denvers, Mass. Where the present 
system is used to perform plasmapheresis, a suitable plas 
mapheresis ?lter such as the Plasma?o manufactured by 
Parker Hanni?n, Irvine, Calif. can be employed. 

[0067] Input tubing 14 includes a second pressure trans 
ducer 26 slightly upstream of hemo?lter 24. Pressure trans 
ducer 26 is operably connected to controller 12 via line 28. 
The patient’s blood eXits hemo?lter 24, passes through 
output tubing 30 and is returned to the patient via any 
suitable means such as a venous catheter arrangement (not 
shoWn). Output tubing 30 preferably includes a suitable 
blood ?oW detector 31 Which veri?es that there is blood How 
in the system and an air bubble/foam control device such as 
air bubble clamp 32 to prevent the passage of air bubbles to 
the patient. Blood ?oW detector 31 and air bubble clamp 32 
may be operably connected (not shoWn) to controller 12 or 
directly to the pumps to interlock all pumps upon detection 
of any air bubbles in the blood or upon the cessation of blood 
?oW. A suitable foam-bubble detector is the RS-3220A 
manufactured by Renal Systems. Output tubing 30 also 
preferably includes a pressure transducer 34 immediately 
doWnstream of hemo?lter 24. Pressure transducer 34 is 
operably connected to controller 12 via line 36. 

[0068] A ?rst reservoir 50 maintains a supply of suitable 
dialysate or other ?uid, referred to herein generally as 
infusate 52. The infusate-containing reservoir 50 is sup 
ported by a Weighing device such as electronic scale 54 
Which is operably connected to controller 12 via line 56. 
Infusate 52 is pumped from reservoir 50 via tubing 58 by 
means of infusate pump 60, Which is preferably of the roller 
variety. A suitable pump for this purpose is a 3 1/2“ Roller 
Pump manufactured by PEMCO, Cleveland, Ohio, Infusate 
pump 60 is operably connected to controller 12 via line 62 
and pumps infusate 52 through hemo?lter 24 countercurrent 
to the blood pumped therethrough. In accordance With 
knoWn principles, infusate 52 may eXtract certain compo 
nents (?uids and/or soluble Waste) from the blood passing 
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through hemo?lter 24. The ?uid drained from hemo?lter 24 
includes spent infusate and the components removed from 
the blood, Which are referred to herein as drained ?uid 76. 
In an alternative embodiment Wherein system 10 is used as 
a ?uid or plasma replacement system, e.g., to perform 
plasmapheresis, the infusate (Which may be blood plasma) 
from reservoir 50 is pumped via tubing 59 (shoWn in 
phantom) to blood output tubing 30 or via tubing 59a (also 
shoWn in phantom) to input tubing 14, thereby replacing the 
?uid volume removed from the blood. In this embodiment, 
the drained ?uid 76 from hemo?lter or plasmapheresis ?lter 
24 does not include any spent infusate since the infusate is 
pumped directly to blood output tubing 30 or input tubing 14 
and supplied to the patient. 

[0069] The drained ?uid 76 is pumped from hemo?lter 24 
through outlet tubing 64 by means of drain pump 66, Which 
is preferably a roller-type pump, and may be the same as 
infusate pump 60. Drain pump 66 is operably connected to 
controller 12 via line 68. Output tubing 64 preferably 
includes a pressure transducer 70 doWnstream of hemo?lter 
24, but upstream of drain pump 66. Pressure transducer 70 
is operably connected to controller 12 via line 72. Output 
tubing 64 also preferably includes a blood leak detector 67 
Which detects the presence of blood in the drained ?uid 76, 
as may occur if hemo?lter 24 ruptures. A suitable blood leak 
detector is sold by COBE, Lakewood, Co as model 
500247000. Blood leak detector 67 may be operably con 
nected (not shoWn) to controller 12 or directly to the pumps 
to interlock all pumps upon the detection of blood in the 
drained ?uid. Drained ?uid 76 pumped from hemo?lter 24 
is pumped into a second reservoir 74 Which collects the 
drained ?uid. Second reservoir 74 is supported by a Weigh 
ing device such as electronic scale 78, Which is operably 
connected to controller 12 via line 80. 

[0070] Scales 54 and 78, Which may be model 140 CP sold 
by SETRA of Acton, Mass. continuously generate Weight 
data signals correlated to the Weight of infusate and drained 
?uid contained in reservoirs 50 and 74, respectively. Those 
Weight data signals are continuously fed to controller 12, to 
Which the scales are linked through an interface having a 
data protocol, such as an RS-232 interface. It Will be 
appreciated that a single scale could be utiliZed in place of 
the tWo scales Whereby the Weight differential betWeen 
reservoir 50 and 74 is monitored and a corresponding data 
signal is generated. Pressure transducers 20, 26, 34 and 70 
all continuously measure the pressure at their respective 
locations in hemo?ltration system 10 and generate pressure 
data signals correlated thereto Which are fed to controller 12. 
A suitable type of pressure transducer is model number 
042-904-10 sold by COBE of LakeWood, Colo. When 
certain predetermined alarm or danger conditions eXist in the 
system 10, as represented by the pressure data signals, the 
controller Will either adjust the infusate, drained ?uid, or 
blood pumping rate, or a combination thereof, or Will shut 
the system doWn entirely. 

[0071] Controller 12 is preferably a programmable com 
puter that is capable of sending and receiving signals from 
auXiliary equipment including pressure transducers 20, 26, 
34 and 70, ?rst and second scales 54 and 78, respectively, 
and blood pump 16, infusate pump 60, and drain pump 66. 
In operation, controller 12 interrogates, at regular intervals, 
the Weight data signals generated by ?rst and second scales 
54 and 78. From these signals, controller 12 determines the 
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Weight of infusate and drained ?uid in the ?rst and second 
reservoirs 50 and 74 at that point in time, and compares 
those Weights to corresponding predetermined computed 
Weights Which have been programmed into and are stored by 
controller 12. By monitoring the Weight of infusate in 
reservoir 50 and the Weight of drained ?uid in reservoir 74 
at regular intervals, the rate of change of those Weights and 
the rate of hemo?ltration can be calculated by the computer 
portion of controller 12. When the Weights deviate from the 
predetermined computed Weights and/or the rate of hemo 
?ltration deviates from a preselected, preprogrammed 
desired rate, controller 12 generates control signals Which 
control or adjust the rates at Which blood pump 16, infusate 
pump 60 and drain pump 66 are operated, as necessary, to 
adjust the hemo?ltration rate to the desired rate, or to stop 
the pumps When preselected limits have been reached. This 
is accomplished in a continuous manner; i.e., continuous 
Weight data signal generation, periodic interrogation of 
those Weight data signals and computation of the required 
Weight and/or rate information, comparison to predeter 
mined computed values and automatic adjustment of the 
pumping rates of the pumps, as necessary, to achieve the 
desired amount and/or rate of hemo?ltration. 

[0072] Controller 12 is programmed so that infusate pump 
60 and drain pump 66 are operated only When blood pump 
16 is being operated. In the case When ultra?ltration is being 
performed, the pumping rate of drain pump 66 must equal 
the pumping rate of infusate pump 60 plus the desired 
ultra?ltration rate. 

[0073] Controller 12 continuously receives pressure data 
signals from pressure transducers 20, 26, 34 and 70 and is 
programmed to generate alarm signals When high and loW 
pressure limits are eXceeded at any of the monitored loca 
tions. Furthermore, an alarm signal is generated When the 
pressure differential across hemo?lter 24 exceeds a prede 
termined upper limit, as monitored speci?cally by pressure 
transducers 26, 34 and 70. Additionally, controller 12 may 
stop the pumps When preselected pressure limits (high or 
loW) are exceeded, as for eXample may occur if the system 
tubing becomes occluded or ruptures or if pump occlusion 
occurs. Finally, controller 12 may signal When the infusate 
level in reservoir 50 reaches a predetermined loWer limit and 
When the drained ?uid level in reservoir 76 reaches a 
predetermined upper limit. Hemo?ltration system 10 may 
also include suitable blood Warmer and infusate Warmer 
devices (not shoWn) to adjust and/or maintain the blood and 
infusate temperatures at desired levels. Such devices may 
also generate alarm signals When the ?uid temperatures are 
outside of preselected limits. 

[0074] Display 13 offers updated display of measured and 
computed parameters such as pressures, pressure differen 
tials, temperatures, ?oW rates and amounts of infusate, drain 
and ultra?ltration, and alarm conditions. Controller 12 gen 
erates both visual and audible alarms and all the pumps are 
interlocked to prevent operation thereof under alarm condi 
tions. Users have the option of disabling or unabling the 
alarms (the audible part of the alarm and its interlock With 
the pumps) to perform a procedure under close supervision. 
A printer (not shoWn) is operably connected (not shoWn) to 
controller 12 to generate a hard copy of procedural data 
currently displayed or stored at regular intervals, at the 
completion of a procedure or at any desired time. 
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[0075] Hemo?ltration system 10 can be operated in one of 
tWo modes: 1) a manual mode Wherein the pumping rates of 
blood pump 16, infusate pump 60 and drain pump 66 are 
provided by controller 12 When ?xed voltages are applied; 
and 2) an automatic mode Wherein the pumps are controlled 
by controller 12 When the desired hemo?ltration amount or 
rate has been programmed into the controller. The automatic 
mode alloWs the system to be paused and later continued 
Without losing previously measured and computed data. 

[0076] FIG. 2 shoWs a diagrammatic representation of 
several alternative embodiments of the hemo?ltration sys 
tem 10 of the present invention. Because of the commonality 
of many of the system components in FIG. 2 vis-a-vis the 
system depicted in FIG. 1, like reference numerals are 
intended to indicate like components. Furthermore, the 
system components in FIGS. 2 operate in the same manner 
as the corresponding system components shoWn in FIG. 1 
and described hereinabove. Input tubing 14 further includes 
a ?oWmeter or How probe 27 slightly upstream of hemo?lter 
24. The How probe 27 is operably connected to controller 12 
via line 29. A suitable ?oW probe 27 is an ultrasonic ?oW 
probe manufactured by Transonic Systems, Inc. Other suit 
able types of ?oWmeters include a bearingless rotary ?oW 
meter, a Doppler ?oWmeter, and a differential electromag 
netic ?oWmeter. 

[0077] The hemo?ltration system of FIG. 2 further 
includes interfaces betWeen controller 12 and monitoring 
systems Which generate parameter data signals correspond 
ing to selected patient parameters such as blood gas 100, 
hematocrit 110, patient heart rate 120, patient blood pressure 
130 and numerous other patient parameters (designated 
generally as 140), Which other parameters may be one or 
more of the folloWing: arterial pressure, central venous 
pressure, pulmonary arterial pressure, mean arterial pres 
sure, capillary Wedge pressure, systemic vascular resistance, 
cardiac output, end tidal O2 and CO2, core and peripheral 
body temperature, and patient Weight. While the blood gas 
sensor 100 and hematocrit sensor 110 are shoWn as being 
connected to the input tubing 14, these parameters can also 
be monitored by means associated directly With the patient 
rather than via tubing 14. In fact, Whereas venous O2 
saturation could be measured as indicated, arterial O2 satu 
ration Would require the monitor to be located elseWhere. 
The overall patient Weight parameter can be monitored 
utiliZing a standard patient bed scale (not shoWn) as is Well 
knoWn in the art. 

[0078] During the hemo?ltration procedure, one or more 
of the various patient parameters Will be monitored continu 
ously and the controller Will, at the selection of the operator, 
be responsive to selected parameter data supplied to the 
controller. The parameter data may be evaluated and 
responded to by the controller independent of the infusate 
and drained ?uid Weight data signals; i.e., the system may 
operate and respond based on one or more of the selected 
parameters and not the Weight data signals; or the system 
may respond to a combination of the Weight data signals and 
one or more selected speci?c parameters. 

[0079] One or more independent patient infusion pumps 
150 may be interfaced With computer controller 12 to supply 
data signals correlated to the infusion to the patient of 
intravenous ?uids, medications, parenteral nutrition and/or 
blood products. The controller 12 may evaluate this data and 
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make modi?cations to the infusate, drained ?uid and blood 
pumping rates so as to compensate for the extraneous ?uid 
being delivered to the patient by means of the infusion 
pumps. In this regard, the overall ?uid balance in the patient 
can be managed concurrent With the hemo?ltration proce 
dure. 

[0080] In an alternative embodiment Wherein system 10 is 
used to perform an ultra?ltration procedure or hemodialysis 
procedure, the infusate (Which may be one or more replace 
ment ?uids such as a calcium replacement ?uid or a bicar 
bonate replacement ?uid) from reservoir 50 is pumped via 
tubing 59 (shoWn in phantom) to blood outlet tubing 30 or 
via tubing 59a (also shoWn in phantom) to input tubing 14, 
thereby offsetting substances and ?uid volume removed 
from the blood. In this embodiment, the drained ?uid 76 
from hemo?lter 24 does not include any spent infusate since 
the infusate is pumped directly to blood output tubing 30 and 
supplied to the patient. In yet another alternative embodi 
ment, a distinct replacement ?uid may be provided by a 
system having more than one infusate pump 60. For 
eXample, infusate pump 60 may be a ?rst infusate pump for 
delivering a ?rst replacement ?uid to blood outlet tubing 30 
via tubing 59 and the system 10 may further include a 
second infusate pump (not shoWn) for delivering a second 
replacement ?uid to blood outlet tubing 30 via a length of 
tubing (not shoWn but similar to tubing 59). 

[0081] FIG. 3 represents a hierarchal control architecture 
that may be implemented by the computer controller 12 of 
FIG. 2 for controlling the pumping rates in the hemo?ltra 
tion system 10 to perform an ultra?ltration or hemodialysis 
procedure, referred to hereinafter collectively as an ultra?l 
tration procedure. Because of the commonality of many of 
the system components in FIG. 3, vis-a-vis the system 
depicted in FIGS. 1 and 2, like reference numerals are 
intended to indicate like components. Furthermore, the 
system components in FIG. 3 operate in the same manner as 
the corresponding system components shoWn in FIGS. 1 
and 2 and described hereinabove. The hierarchal control 
architecture disclosed herein is further described in “Intel 
ligent Contol of Continuous Venovenous Hemo?ltration,” 
Efrain O. Morales, Master’s Thesis, University of Cincin 
nati, Department of Electrical & Computer Engineering and 
Computer Science, and in “Hierarchical Adaptive and 
Supervisory Control of Continuous Venovenous Hemo?l 
tration,” Efrain O. Morales, Marios M. Polycarpou, Nat 
Hemasilpin, and John. J. Bissler, submitted to IEEE Trans 
actions on Control Systems Technology, to be published, 
both of Which are hereby incorporated by reference in their 
entirety. 

[0082] Referring to FIG. 3, the supervisory controller 160 
controls a blood pump 16, a drain pump 66, and a pair of 
infusate pumps 60, namely a bicarbonate replacement pump 
60a and a calcium replacement pump 60b. Pumps 60a, 60b 
provide replacement ?uids to replace ?uid volume removed 
from the patient during the ultra?ltration procedure. The 
actual Weight wrep1(n), uump2(n) of each replacement ?uid 
supplied to the patient is respectively monitored by an 
electronic scale 54a, 54b (Where each scale is similar to 
scale 54 shoWn in FIG. 2) With a frequency of a sample 
period n. In a typical ultra?ltration procedure, the sample 
period is on the order of one second. The actual Weight 
uudm(n) of the drained ?uid is monitored by an electronic 
scale 78. The ultra?ltration rate is calculated as the differ 


















