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Abstract
Daily dialysis offers many benefits but is difficult to implement. CRRT allows dialysis

24/7 but is not suitable for ESRD patients. Thus, the need for a miniaturized ambulatory

CRRT device those patients can wear permanently. We report the feasibility, safety and effi-

ciency in uremic pigs, of such a wearable artificial kidney (WAK) that can be worn as a belt,

operated with batteries, and weights less than 5 lbs. We used a hollow fiber dialyzer with a

surface area of 0.2 sqm. Dialysate was continuously regenerated by a series of cartridges con-

taining several sorbents allowing the use of approximately 375 ml of dialysate. The device

includes reservoirs with heparin and electrolytes. Average fluid removal was 100 ml/hr. The

Creatinine was 25 ml/min. In 8 hrs the total Creatinine removed was 1 gr, Urea 12 gr, P0.8 gr

and K 72 mEq. Weekly st kt/v was extrapolated to approximately 7. There were no side

effects. The WAK can be operated safely and continuously 168 hr/week. This would allow for

all the advantages of daily dialysis and reduce morbidity and mortality in the ESRD popula-

tion. It will also reduce cost and manpower utilization.

Copyright © 2005 S. Karger AG, Basel

Introduction

A growing body of literature points out that increased dialysis frequency and

prolonged dialysis (preferably daily) are conducive to numerous improvements in

quality of life and potentially increased longevity of end-stage renal disease

(ESRD) patients. These advantages of daily dialysis are summarized in Table 1.

On the other hand, implementation of daily dialysis encounters several

obstacles that make its implementation in a large scale practically impossible.

Between these are the inability or unwillingness of most patients to dialyze at
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home, the lack of manpower both in nurses and technicians to provide more

treatments in the dialysis units, and the reluctance of governmental payers to

shoulder the expense of additional procedures [1–7].

Even if payers would agree to pay for the additional costs of daily dialysis,

it would not only take time, but there would also be major capital investment

requirements to build additional capacity in or near the existing dialysis units.

Thus, the need for a technological solution that will allow for increased dial-

ysis time without incurring additional costs or necessitating additional manpower.

Continuous renal replacement therapy (CRRT) in its different versions

definitely gives us the possibility of rendering significantly higher doses of

dialysis but these modalities are very labor intensive. CRRT machines allow for

the delivery of dialysis therapies 24 h a day, 7 days a week. These machines are

not suitable to treat ESRD patients because they are heavy, attached to a wall

electrical outlet and require many gallons of water, rendering such patients

unable to ambulate and perform their activities of daily life. A miniaturized and

wearable CRRT machine or wearable artificial kidney (WAK) might solve

these problems. In order to build a WAK we had to overcome the following

issues:

(1) The device needs to have an ergonomically suitable energy source that

though small and light will provide enough energy to power all the neces-

sary systems for a significant period of time and make it independent of a

fixed electrical outlet, and all these, however, without creating an exces-

sive weight burden on the patient.

(2) The device has to have enough dialysate with all the necessary additives,

and the capability to purify and recirculate such dialysate to avoid requir-

ing many gallons of fluid. However, the volume has to be small enough so

that it will not create an intolerable weight burden.

(3) The device must be light and ergonomically adapted to the body contour so

that it can be worn continuously without impinging on the patient’s ability

to ambulate and performs the activities of daily life.

Table 1. The many advantages of daily dialysis

Improved volume control Improved appetite and nutrition

No hyperphosphatemia Eliminate phosphate binders

Less hypertension Reduce hypertension medication

No hypokalemia No metabolic acidosis

No sodium retention Improved serum albumin

Reduce bone disease Improve anemia

Reduce cardiovascular disease Decrease incidence of stroke

Reduce morbidity Reduce mortality
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As all these problems were solved and a WAK original model that can be

battery operated, worn as a belt and weighing less than 2.27 kg was built and

tested on initial bench trials. The purpose of this study was to determine the fea-

sibility, safety and efficiency of the WAK in uremic animals.

Materials and Methods

Twelve pigs underwent ligation of the ureters. Next day, they were anesthetized and dia-

lyzed for 8 h using a double lumen catheter, with a WAK (fig. 1) that can be battery operated,

worn as a belt and weighs less than 2.27 kg.

A dialyzer weighing less than 100 g made of hollow capillary fibers with a surface area

of 0.2 sqm was used. The dialysate utilized was sterile normal saline. It was continuously

regenerated by recirculation through a series of cartridges containing activated carbon, urease,

zirconium hydroxide and zirconium phosphate [8]. This allowed the use of approximately

375 ml of dialysate. The device includes several reservoirs containing heparin and supplemen-

tal electrolytes such as calcium, magnesium, sodium bicarbonate, etc. Volumetric micropumps

were used to deliver 0.5–10 cc per hour of these solutions from the reservoirs to the blood or

the dialysate circuit. The removal of fluid was controlled using a volumetric micropump at

flow rates ranging between 0 and 700 ml per hour with an average rate of fluid removal of

100 ml/h. The animals were divided into 2 groups: Group I: 6 pigs (weight 74.9 � 1.2 kg)

were dialyzed with a blood flow of 44 ml/min and Group II: 6 pigs (weight 47.9 � 1.7 kg)

were dialyzed with a blood flow of 75 ml/min. Creatinine, urea and electrolytes were

measured with an i-STAT Portable Clinical Analyzer from Abbott Laboratories. Effective urea

and creatinine clearances and standard weekly urea Kt/V were calculated as follows:

Effective clearance � Blood flow � [� solute]/[solute in];

Standard weekly Kt/v � Effective clearance � Time/total body water.

Where � solute is the difference between urea or creatinine concentrations in and out of

the dialyzer. Time was 480 min in the actual tests and 10,080 min for a weekly extrapolation.

Total body water was estimated as 60% of body weight.

Results

No adverse events were observed in the animals included in these studies.

The average dialysate flow was 73 ml/min in Group I and 85 ml/min in Group

II. The results are summarized in table 2.

The measured values of effective creatinine clearance, total creatinine

removed, effective urea clearance, total urea removed, standard weekly Kt/V,

phosphorus and potassium removed per 8 h are summarized in table 2. The

removal of potassium during the treatment was 71.9 � 13.3 mmol in Group I

and 89.1 � 25.7 mmol in Group II, per 8 h. The removal of phosphorus was

0.8 � 0.2 g in Group I and 0.84 � 0.4 g in Group II, per 8 h. The dialysis doses

achieved with the WAK were effective creatinine clearance of 25.5 � 1.4 ml/min

in Group I and 24.7 � 3.2 ml/min in Group II. The average effective urea
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clearance was 24.3 � 1.4 ml/min in Group I and 23.9 � 3.5 ml/min in Group II.

The standard weekly urea Kt/V was 5.4 � 2 in Group I and 8.4 � 1.5 in Group II.

The amounts of ultrafiltrate removed are shown in table 2. The volume of

fluid removed was changed arbitrarily during the experiment from 0 to

700 ml/h. The limiting factor for the removal of larger amounts of fluid per hour

was a progressive decrease in blood flow in the dialyzer with increasing fluid

removal rate. The blood flow was reinstated immediately as we diminished the

ultrafiltrate removal rate. There were no difficulties, however, in maintaining an

average fluid removal of 100 ml/h.

Table 2. The results of our animal studies (mean � SD)

Results Group I Group II

Effective urea clearance, ml/min 24.3 � 1.4 23.9 � 3.5

Effective creatinine clearance, ml/min 25.5 � 1.4 24.7 � 3.2

Total urea removal, g 12.7 � 2.8 12.0 � 2.9

Total creatinine removal, g 0.9 � 0.2 1.0 � 0.1

Total phosphorus removal, g 0.8 � 0.2 0.84 � 0.4

Total potassium removal, mmol 71.9 � 13.3 89.1 � 25.7

Extrapolated standard Kt/V urea 5.4 � 2.4 8.4 � 1.5
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Fig. 1. Schematic draft of the wearable artificial kidney belt.
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Discussion

The need for increased and more frequent dialysis is well documented. It is

abundantly clear by now that this may be the way to improve the currently dis-

mal outcomes in the treatment of ESRD. However, implementing daily dialysis

is plagued by several apparently insurmountable limitations, not the least of

these being the need for increased funding and nursing manpower. Thus, the

nephrology community has to come up with a different technical solution that

will answer the need to improve the outcomes in ESRD, without higher costs.

The WAK might be the answer.

Several attempts to build a WAK (fig. 2, 3) have been previously described

[9–19] but none was ever brought to market.

The lack of suitable light energy sources, the low efficiency of the avail-

able membranes, and the inability to miniaturize the components to the extent

that the device would perform appropriately with a low-energy budget were

main limitations in the past. Similarly, the use of REDY sorbents was incorpo-

rated in some of these initial attempts. However, the REDY sorbent cartridge

weighs about 2.27 kg and is ergonomically unsuitable for a device that can be

worn on a patient’s body. The system was never modified or configured to make

it light and ergonomically suitable for a WAK. As we addressed those issues

one by one, and came up with practical solutions, building a working WAK pro-

totype became feasible.

The use of a sterile dialysate, free of bacterial toxins, would avoid the pre-

sumed complications attributed to the current use of water that is not pyrogen

free. The relatively small amount of dialysate required by this device, would

make the provision of such a dialysate, practical and cost effective.

Fig. 2. Wearable peritoneum-based system for continuous renal function replace-

ment [15].
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The results shown above indicate that the WAK can remove solutes and

excess fluids from uremic animals. The amounts removed indicate that if similar

results are accomplished in ESRD patients, a major increase in dialysis dose

could be provided. The standard weekly Kt/V, about 7 on average, is signifi-

cantly higher than that commonly administered in the current schedules (fig. 4).

The device would provide 168 h per week of dialysis, about 16 times more dial-

ysis hours than that currently used schedules, without interference in the patient’s

activities of daily life, or increasing the cost of treatment. It seems that the one

factor the nephrology community never identified and modified in 6 decades of

treatment of ESRD patients, is dialysis time. Yet, the emerging data on daily

dialysis seem to indicate that incremental dialysis time is the key for improving

the dismal outcomes we obtain today in our ESRD population. The concept that

filtering blood with a typical schedule of 12 h a week can accomplish the same

task that native kidneys do by filtering the blood 24 h a day, 7 days a week,

appears to be erroneous. Molecules of different size, submitted to the same

kinetic forces, would travel through membranes at different speeds, according to

their molecular weight. Therefore, heavier molecules may not transit in ade-

quate amounts from the blood stream to the dialysate unless they are given

enough time to do so. It seems that 168 h a week of blood filtration may be far

more physiological than 12 h a week. This may explain, at least partially, the

unacceptably high morbidity and mortality of the ESRD population.

The amounts of salt and water removed would make patients free from lim-

itations in the oral intake of water and salt. In addition, this would result in a

much-improved control of hypertension and fluid overload and a reduction in
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Fig. 3. Continuous arteriovenous hemofiltration in a wearable device to treat end-stage

renal disease [17].
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the need for antihypertensive drugs. This notion is further supported by the

results obtained with daily [20, 21] or prolonged [22–24] dialysis. Similarly, the

amounts of potassium removed in these animals, indicate that if similar results

were obtained in ESRD patients, there would be no dietary restriction of potas-

sium, and the risk of hyperkalemia would be greatly reduced.

The amounts of phosphorus we removed with the WAK would eliminate

the need for phosphate binders in ESRD. Again, a similar result has been shown

in ESRD patients treated with daily dialysis. The beneficial effects of the elim-

ination of hyperphosphatemia on bone disease and arterial calcifications shall

be the subject of further studies. In addition, the elimination or reduction of

phosphate binders would be an additional, welcome cost reduction in the treat-

ment of ESRD.

Furthermore, the WAK would decrease significantly the amount of capital

investments and nursing manpower needed today to provide dialysis to ESRD

patients.

Human clinical studies are now needed to corroborate these results in

ESRD patients. If successful, the WAK may be the way to provide daily dialysis

in an efficient and cost-effective manner.
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