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Continuous Renal Replacement Therapy for Congestive Heart
Failure: The Wearable Continuous Ultrafiltration System

Victor GURA,* Masoup BEeizal,t CArRLOS EzON,T AND EDMOND RamBOD*

Ultrafiltration is effective in the treatment of fluid and sodium
overload in congestive heart failure. There is no available
device to provide this therapy to ambulatory patients. We
built and tested in vivo a wearable belt that can provide
continuous ultrafiltration, 168 hours a week. Nine pigs un-
derwent ureteral ligation and subsequently were allowed flu-
ids ad lib, producing fluid overload. Next day, ultrafiltration
was performed for 8 hours. The device consists of a hollow-
fiber filter, a 9 V battery-operated pulsatile blood pump, a
micro pump for heparin infusion, and another micro pump to
control ultrafiltration rate. Blood flow was 65 ml/min and the
weight of the device is less than 2.5 Ib. Fluid removal rate
ranged from 0 to 700 ml/h and averaged 106 ml/h. Salt
removed was 7.6 g. No complications were observed. The
potential impact on the quality of life of these patients by
reducing the shortness of breath, leg swelling, and returning
their ability to enjoy salt in their food might be significant,
and a reduction in morbidity could be expected. The eco-
nomic impact in reducing hospital admissions and length of
stay, intensive care unit utilization, and drug consumption
could be significant. Further studies are needed to compare
this innovative approach with traditional drug-based therapy.
ASAIO Journal 2006; 52:59-61.

The incidence of class Ill and IV congestive heart failure
(CHF) continues to expand with the growing incidence of other
conditions such as diabetes, obesity, coronary heart disease,
and diastolic dysfunction.” In addition, the improved out-
comes in ischemic heart disease and myocardial infarction fuel
further increments in this population. The treatment of patients
with this condition is one of the major expenses in the health
care bill of any western nation, represents a most significant
financial burden to US hospitals and the Medicare program.23
The morbidity and mortality of this condition have been
somewhat improved with numerous pharmacological agents
such as angiotensin-converting enzyme inhibitors, angiotensin
receptor blockers, Nesiritide, diuretics, and B-blockers, as well
as the use of pacemakers and implantable defibrillators.#-©
However, not enough progress has been made in the treat-
ment of fluid overload and sodium retention that are the
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hallmarks of decompensated CHF and the main reasons for its
increased morbidity and hospitalization requirements. These
two complications are further aggravated by several endocrine
derangements” and release of noxious cytokines.?

There is a growing body of literature supporting the notion
that the physical removal of fluid, cytokines and a myocardial
depressant factor®19 by convection (i.e., blood ultrafiltration)
can significantly improve outcomes and shorten hospital stays
and intensive care unit utilization.112

However, all present ultrafiltration methods depend on the
use of stationary and bulky devices attached to wall electrical
outlets and do not allow prolonged or continuous ultrafiltra-
tion. In addition, acute treatments performed over 4 to 6 hours
of hemofiltration, although efficient and capable of removing
up to 23 liters of fluid excess in one session, are not physio-
logical and can be conducive to blunt shifts in fluid content in
different compartments, hypotension, and hemodynamic in-
stability. Furthermore, they do not provide for a steady removal
of excess fluids and sodium.

We report the development and initial animal trials of a
wearable continuous ultrafiltration device that can be used 24
hours a day, 7 days a week. This device can effectively remove
the excess fluid and sodium overload in patients with class Ill
and IV CHF.

Materials and Methods

This study was reviewed and approved by the Institutional
Animal Care and Use Committee at Cedars Sinai Medical
Center, Los Angeles, CA. Nine pigs, weighing 126 |b on aver-
age, underwent surgical ligation of both ureters and, subse-
quently, were allowed fluids ad /lib to produce acute renal
failure and fluid overload.

After 24 to 48 hours, the animals were anesthetized and a
double-lumen catheter was inserted in the jugular vein. The
carotid artery was cannulated as well for blood sampling. The
double lumen catheter was connected to the continuous ul-
trafiltration device and the blood ultrafiltered for 8 hours. The
device consisted of a hollow-fiber filter, a pulsatile blood
pump, a heparin reservoir and a micro pump for heparin
infusion, and another micro pump to control the amount of
ultrafiltrate removed. Heparin was infused into the blood cir-
cuit regularly to prevent the clotting of blood in the device. The
pulsatile pump used a 9 V energy source, and it propelled the
blood through the device. The average blood flow was 65
ml/min. The total weight of the device is less than 2.5 Ib.

The design of the device is shown in Figure 1. The proposed
ergonomic adaptation to the human body is shown in Figure 2,
and the proposed blood access is a double lumen and double
cuffed central venous catheter, tunneled under the skin and
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Figure 1. The design of the wearable continuous ultrafiltration
system.

exiting at the level of the waist (Figure 3). The animals were
euthanized at the end of the procedure, while still under
general anesthesia, using a commercially available solution.

Results

The amounts of fluid removed from each animal by the device
are shown in Table 1. The amount of fluid removal was con-
trolled by a volumetric pump or manually adjusted by partially or
completely occluding the exit of the ultrafiltrate to the collection
bag. The hourly amount of fluid removed ranged from 0 to 700
ml/h. The average blood flow was 65 ml/min and the average
fluid removal was 106 ml/h. The average amount of salt removed
was 7.6 g per 8 hours. No complications were observed. There
were no complications or untoward effects on the animals attrib-
utable to the ultrafiltration during the experiments.

Discussion

There is a growing body of literature supporting the notion
that blood ultrafiltration is an effective tool in the treatment of
class Ill and IV CHF patients.'3-'6 It has been shown to have
significant effects on the electrolyte and endocrine derange-
ments associated with this condition. Also, it allows for the

Fluid
collection
bag

Figure 2. The proposed ergonomic adaptation to the human
body.
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Figure 3. Proposed blood access is a double-lumen and double-
cuffed central venous catheter, tunneled under the skin and exiting
at the level of the waist.

avoidance of diuretics that are so often conducive to renal
failure, hypotension, and further metabolic complications.
However, this can only be accomplished by using stationary
dialysis machines or ultrafiltration devices that are not amena-
ble to be worn on the patient’s body and used continuously
while the patient is ambulatory.

The aim of the present experiments was to evaluate the
safety and efficiency of ultrafiltration with a novel miniaturized
device that can be worn on the patient’s body while perform-
ing slow continuous ultrafiltration, 24 hours a day, 7 days a
week. In this study, the device performed flawlessly in terms of
ultrafiltrated fluid removal at a wide range of volumes, from 0
to 700 ml/h. The noise level was negligible, and there were no
operating difficulties, except for a decrease in blood flow
through the device as the ultrafiltration rate exceeded 700
ml/h. This is attributable to the marked hemoconcentration
inside the hollow fibers of the device because of the removal
of too much water. A decrease in the rate of ultrafiltration
resulted in the normalization of the blood flow.

The effective removal of such large quantities of water from a
patient at virtually any long-term ultrafiltration rate, that a treating
physician might prescribe, points to the fact that this device may
be a valuable tool for the treatment of fluid overload, especially in
CHEF patients. The use of a very low blood flow of only 65 ml/min
makes it very unlikely that these very ill patients may experience
blunt compartment shifts or hemodynamic compromise.

To our knowledge, there is no other device available in our
therapeutic arsenal to treat ambulatory patients with ultrafil-
tration 24 hours a day and 7 days a week continuously. The
device described here would reduce the incidence of acute
pulmonary edema, ascites, and other stigmata of class Ill and
IV CHF. Also, ultrafiltration has been shown to spare and even
improve renal function in CHF patients, in contrast to the
deleterious effects of diuretics on glomerular filtration rate.’7.18
Worsening of renal function has been recently associated with
a markedly increased mortality.19:20 Thus, a significant reduc-
tion in the use of diuretics and other drugs by these patients
would hopefully be beneficial in preventing worsening
azotemia as a result of massive diuretic use.

The device is a very effective tool for the removal of sodium.
Because sodium retention is one of the cardinal problems of
CHF, these unfortunate patients are usually condemned to
draconian restrictions of salt intake, commonly 2 to 3 grams
per day. However, the salt concentration in the ultrafiltrate is
equal to that of the plasma, i.e., 0.9 grams of salt per 100 ml.
Thus, a steady removal of 1.5 to 2 liters per day would result
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Table 1. Average Blood Flow (Qb) and Cumulative and Average Ultrafiltration Rate (UF, in millititers) from Each Animal

Pig No. 1 2 3 4 5 6 7 8 9 Average
Qb, ml/min 38.6 44.2 54.2 69.5 62.2 81.7 78.2 79.1 75.4 64.8
UF, 1h 100 150 180 160 390 50 190 90 225 170.5
UF, 2 h 200 220 200 370 500 85 370 190 260 266.1
UF, 3 h 300 380 350 560 540 95 440 360 355 375.6
UF, 4 h 500 500 700 725 540 95 545 520 390 501.7
UF,5h 800 600 700 810 540 160 545 520 435 568.9
UF, 6 h 1000 680 1400 880 600 445 545 520 525 732.8
UF, 7 h 1100 700 1400 960 640 625 620 580 615 804.4
UF, 8 h 1150 800 1400 1000 645 685 645 640 680 849.4
UF, average 144 100 175 125 81 87 81 80 85 106
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