
Abstract The objective of this study was to evaluate the
efficacy of a pulsatile pump for continuous renal replace-
ment therapy in a pediatric-size animal model. A vacu-
um-driven, tubular, blood-pumping device was used in 
13 pigs weighing 10.4±1.5 kg, connected to a neonatal
hemofiltration circuit with an FH22 filter and a flow 
sensor. Three different flow rates [30 ml/min (8 cases),
15 ml/min (3 cases), and 5 ml/min (2 cases] were used
over 2-h periods. Aspiration pressure, frequency of pulsa-
tion, blood flow rate, ultrafiltrate volume, pre- and post-
filter pressures, heart rate, arterial blood pressure, temper-
ature, pH, sodium, potassium, chloride, urea, creatinine,
glucose, and hematocrit were measured at 30-min inter-
vals. The mean ultrafiltrate flow was 0.54±0.33 ml/kg per
min. The aspiration pressure and pulsation frequency
needed to maintain blood flow remained stable through-
out the experiment. There were no complications second-
ary to the use of this technique and no significant changes
in heart rate, blood pressure, or analytical determinations.
In conclusion, in this animal model, the pulsatile pump
has been shown to be an effective method for continuous
venovenous renal replacement therapy.
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Introduction

Acute renal failure and hypervolemia are frequent, impor-
tant problems in critically ill children [1]; 2%–10% of 
patients admitted to pediatric or neonatal intensive care
units present acute renal failure [1]. A significant propor-
tion of these children needs renal replacement therapy.
Continuous arteriovenous and venovenous hemofiltration
and hemodiafiltration are the most frequently used tech-
niques in critically ill patients [2]. Studies in adults and
children have found venovenous methods to be more 
effective than arteriovenous techniques [3, 4].

In recent years, a number of renal replacement sys-
tems with roller pumps have been adapted to the pediat-
ric setting, and their utility and efficacy have been dem-
onstrated in studies both in animals [5, 6] and in children
[4, 7, 8, 9]. However, these systems are not often used in
critically ill neonates and children [4, 7, 8, 9, 10]. To
date, pulsatile pumps have not been used for continuous
renal replacement therapy. The aim of the present study
was to analyze the efficacy of a new, pulsatile tubular
pump for continuous venovenous renal replacement ther-
apy in an animal model.

Materials and methods

A prospective, experimental study in a pediatric animal model was
carried out between June 2000 and February 2001. The study was
approved by the Institutional Review Board for the Care of Ani-
mal Subjects, and the care and handling of the animals were in
strict accordance with the guidelines for ethical animal research.

The study was carried out on 14 Maryland miniature pigs, iso-
genic for three loci on the major histocompatibility complex,
weighing 8–12 kg (mean 10.4±1.5 kg). The animals were anesthe-
tized with ketamine 15 mg/kg and atropine 0.02 mg/kg, and after
endotracheal intubation, were connected to a ventilator (Boyle
Modular BOC) in volume-control mode. Anesthesia was main-
tained with 2% halothane, fentanyl, and pancuronium bromide.
The external jugular and femoral veins were exposed via cutdown
and cannulated with 18-gauges catheter, 5.1 cm in length. A femo-
ral artery cannula (20-gauge) was inserted for blood pressure mon-
itoring and blood gas determinations and analyses.
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A vacuum-driven, tubular, blood-pumping device, designed and
patented by Madrid Community (Spain), was used [11]. The pump
is a tubular device with a rigid external chamber and a flexible in-
ternal membrane that inflates and deflates due to the vacuum pro-
duced by a continuous aspiration system, simulating ventricular
systole and diastole. The pulsatility of the system depends on me-
chanical valves that are situated at the inlet and outlet of the pump,
and the flow obtained is similar to arterial flow (Figs. 1 and 2). The
pump was connected to a conventional neonatal hemofiltration cir-
cuit (Gambro) with an FH22 filter (Gambro), membrane area
0.2 m2. Three-way taps with Luer-lock connections were included
in the circuit to measure pressures and for heparin infusion and
post-filter fluid replacement. A flow sensor (Transonic HT 109,
Transonic System) to measure blood flow was included in the cir-
cuit proximal to the pump. The prime volume of the circuit was
35 ml; prime volume of FH22 filter was 13 ml (total prime volume
was 48 ml). The plan of the circuit and pump is shown in Fig. 3.
The circuit and filter were purged with 2 l of normal saline contain-
ing 5,000 IU/l heparin. Venovenous hemofiltration was used in 12
animals and venovenous hemodiafiltration in 1. Replacement fluid
(Ringer's lactate solution) was delivered into the post-filter limb at
an initial rate of 300 ml/h, and the rate was adjusted according to
the ultrafiltrate flow. Ringer's lactate solution was also used for the
dialysis fluid, being passed countercurrent through the filtrate com-
partment at 100 ml/h. The animals were anticoagulated with an i.v.
bolus of 100 IU/kg heparin followed by a continuous infusion of
30 IU/kg per hour, which was adjusted to achieve an activated 
coagulation time (ACT) of 150–175 s. The blood flow was main-
tained stable during the 2 h of the experiment by changing the aspi-
ration pressure and/or frequency of the pump pulsations. 

Prior to and on starting filtration, and each 30 min thereafter,
the following measurements were taken: aspiration pressure, pul-
sation frequency, blood flow, pre- and post-filter pressures, heart
rate, blood pressure, temperature, and ultrafiltrate flow. Each hour,
blood gases and the ACT were measured and blood and ultrafil-
trate fluid were taken for hematocrit, total proteins, urea, creati-
nine, sodium, potassium, chloride, total and ionic calcium and
phosphate.

Statistical tests

Analysis of variance (ANOVA) for repeated measures was used to
compare the values prior to starting therapy, and at 1 h and 2 h.
Values of P<0.05 were considered significant. All values are 
expressed as mean±SD.

Results

One animal died due to cardiac arrest during vascular
cannulation before starting renal replacement therapy; 13
animals completed the programmed 2 h of the experi-
ment, suffering no complications secondary to the tech-
nique.

Eight experiments were carried out with a blood flow
of 30 ml/min, 3 with 15 ml/min, and 2 with 5 ml/min.
An aspiration pressure of 3–35 mmHg and a frequency
of pulsation of 30–60/min were needed to maintain the
blood flow. The aspiration pressure and the frequency of
pulsation remained stable throughout the experiment
(initial pressure×frequency/blood flow 45±25 and final
50.1±17.6).

Mean ultrafiltrate flow was 318±173.7 ml/h (0.54±
0.33 ml/kg per min) and mean fluid replacement
268.4±102 ml/h (0.44±0.22 ml/kg per min). Ultrafiltrate
flow was higher in the 1st hour (352.4±187 ml) than in
the 2nd (288±166 ml) (P=0.01). Ultrafiltrate flow was
1.6 ml/kg per min when a blood flow of 30 ml/min was
used, 0.3 ml/kg per min with a blood flow of 15 ml/min,
and 0.1±0.01 ml/kg per min with a blood flow of
5 ml/min. The ratio between ultrafiltrate flow and blood
flow (ultrafiltrate fraction of the blood flow) was 0.22
when a blood flow of 30 ml/min was used, 0.24 with a
blood flow of 15 ml/min, and 0.32 with a blood flow of
5 ml/min. All the experiments were terminated on a
planned basis after 2 h, with the filters working correctly.

Cross-filter pressure drop and pre- and post-filter
pressures increased slightly over the course of the 
experiment. Cross-filter pressure drop increased from
16.9±14.1 mmHg at the beginning of the experiment to
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Fig. 1 Vacuum-driven, pulsatile, tubular blood pump

Fig. 2 Aspiration and frequency control system

Fig. 3 Continuous venovenous renal replacement therapy circuit
with the pump and filter



33.2±42.5 mmHg at 2 h without significant differences.
The heparin infusion was maintained at 6–45 IU/kg per
hour, achieving an ACT of 154–400 s. The technique
was well tolerated by all animals, with no significant 
alterations in heart rate and mean blood pressure. 
Rectal temperature diminished from 34.9°C to 34.1°C
(P<0.002). There were no significant changes in the arte-
rial pH, bicarbonate, sodium, potassium, chloride, urea,
creatinine, and phosphate over the course of the experi-
ment. Hematocrit increased from an initial value of
22.1% to 27% at 2 h (P=0.03), total proteins from 4.5 g/l
to 5.2 g/l (P=0.04), total calcium from 8.8 to 9.6 mg/dl
(P=0.005), and ionic calcium from 1.28 to 1.36 mmol/l
(P<0.001) (Table 1). Table 2 shows the ultrafiltration 
coefficients of several electrolytes. 

Discussion

Roller pumps are the most frequently used pumps for
continuous venovenous renal replacement therapy. These
pumps have shown their utility and efficacy in adults and
older children. However, many of these pumps cannot be
used in neonates or infants due to the high prime volume
of the system, and the fact that they do not function at
low blood flow rates. Other pumps need special circuits
or rollers for neonates and children. Only a small number
of pumps have the appropriate characteristics for use in
neonates and infants, and for these reasons the clinical
experience in children is not extensive [2, 4, 7, 8, 9, 10].
Some authors have shown that conventional volumetric
i.v. infusion pumps can be used for continuous venove-
nous renal replacement therapy [12, 13].

In an experimental hemodialysis model, Rungle et al.
[14] found that pulsatile flow increased ultrafiltration 
volume and solute clearance in comparison with conven-
tional pumps. However, pulsatile pumps have not yet
been used for continuous venovenous renal replacement
therapy in humans. Our group has designed a new, easy-to-
handle, vacuum-driven, tubular, blood pumping device
that can be used with a wide range of blood flows [11].

The present study demonstrates that this pump can be
used for continuous venovenous renal replacement thera-
py in an animal model using pigs weighing less than
15 kg. The pump runs well with low blood flow rates
(5–30 ml/min, 0.5–3 ml/kg per min). These flow rates
are lower than those generally used in children, where
the normal range is 3–10 ml/kg per min. The low resis-
tance of our circuit is due in part to the relative low
blood flow rates. Despite this, we obtained a high ultra-
filtrate flow, 320 ml/h (14–49 ml/kg per hour). The ultra-
filtrate fraction was similar with the three different blood
flow rates used. The ratio of pressure×frequency/blood
flow was no different between the three flow rates used
and showed no significant changes over the course of the
experiment. This finding demonstrates that pump func-
tioning was similar with the three blood flow rates and
did not change over time; there were no problems with
venous access, no partial thrombosis, or saturation of the
filter membrane. This may be an important finding for
the future clinical application of the technique, as, after
the connection and initial stabilization of the system, im-
portant modifications of the aspiration pressure or fre-
quency of pulsation will probably not be necessary, 
except when a change in blood flow rate is desired. 
Although it is easy to increase blood flow rate with this
pump, increasing the frequency of pulsations and/or 
aspiration pressure, we did not analyze pump function at
high blood flow rates. Our objective was to evaluate
whether this pump could be used at the low blood flow
rates used in neonates and infants.

No significant alterations in urea and creatinine con-
centrations were observed over the course of the experi-
ment, as the pigs were not in renal failure and had nor-
mal urea and creatinine levels before the start of the ex-
periment. Furthermore, the continuous venovenous renal

31

Table 1 Evolution of analyti-
cal determinations Initial 1 h 2 h

Mean SD Mean SD Mean SD

Arterial pH 7.38 0.12 7.39 0.09 7.38 0.09
Bicarbonate (mmol/l) 23.3 2.14 22.50 2.69 22.63 2.017
Sodium (mmol/l) 141.8 1.48 141.5 3.68 139 4.07
Potassium (mmol/l) 3.21 0.58 3.23 0.37 3.56 0.55
Chloride (mmol/l) 113 4.99 114.2 5.12 112.1 6.34
Ionic calcium (mmol/l) 1.28 0.07 1.34 0.10 1.36 0.09
Total calcium (mg/dl) 8.85 0.89 9.16 0.61 9.65 0.50
Phosphorus (mg/dl) 6.57 1.15 6.41 0.94 6.72 1.12
Hematocrit (%) 22.1 4.89 27 6.32 27 6.79
Total proteins (mg/dl) 4.56 0.47 4.89 0.65 5.25 0.88
Urea (mg/dl) 24.4 6.89 23.7 7.95 24.7 8.78
Creatinine (mg/dl) 0.54 0.09 0.54 0.08 0.53 0.07

Table 2 Ultrafiltration coeffi-
cients (sieving coefficients) 1 h 2 h

Urea 1.02 1.01
Creatinine 0.79 0.79
Sodium 0.98 1
Potassium 0.91 0.90
Chloride 1.04 1
Calcium 0.75 0.72
Phosphate 1.08 1.06

Ultrafiltration coefficient: 
ultrafiltrate concentration/blood
concentration



replacement technique was maintained for only 2 h. The
blood concentrations of the other electrolytes analyzed
remained normal throughout the experiment. The in-
creases in hematocrit and total protein levels were proba-
bly due to the moderate negative fluid balance obtained
during the experiment, with an ultrafiltrate volume
10 ml/kg higher than fluid replacement volume.

The technique was well tolerated by all animals, with
no hemodynamic repercussions. There were no signifi-
cant changes in heart rate or blood pressure either at the
time of connection of the system, as the prime volume is
low, or during the 2 h of filtration, despite the 10 ml/kg
negative fluid balance obtained. This represents a signif-
icant advantage for the possible clinical application of
this technique in neonates, infants, and children with se-
vere hemodynamic disturbances, in whom connection to
an extracorporeal renal replacement therapy circuit with
a large prime volume can produce marked hypotension.

During the course of the experiment a slight increase
was observed in the cross-filter pressure drop (pre-filter
pressure minus post-filter pressure), with no significant
differences between the three different blood flow rates
used. This is probably due to coagulation of some of the
fibers of the filter, despite having maintained adequate
levels of anticoagulation. This progressive increase in
the cross-filter pressure drop is a common finding in
continuous renal replacement techniques. Although in
our study the increase in the cross-filter pressure drop
was very small by the end of the experiment, the short
duration of each experiment does not allow us to estab-
lish whether the pulsatile pump may have an influence
on the life-span of the filter. Studies are necessary that
analyze these parameters and evaluate whether the effi-
cacy of the pump is maintained over time, and with a
single- or double-lumen catheter.

We conclude that in this animal model, the pulsatile
tubular pump is an effective and safe technique for con-
tinuous venovenous renal replacement therapy over a
range of blood flow rates. The possible advantages of
this pump over conventional continuous venovenous re-
nal replacement roller pumps are the low cost, its ease 
of handling, the wide range of blood flow rates at which
it can function, and the low prime volume. These allow
its use in infants and neonates, and even in premature 
babies. Further studies are necessary with pulsatile and
roller pumps to compare the efficacy of ultrafiltration
and solute clearance, the efficacy over 24–48 h, the life-
span of filter, hemodynamic repercussions, hemolysis,
risks, and costs with each type of pump.

Before the clinical application of this pulsatile pump,
an air bubble trap system will have to be added to the
circuit, an air detector in the venous line, pressure and
flow alarms, and an automatic clamping system triggered
by the alarms. After our study we made several modifi-
cations to the circuit, shorting the lines, and adding an
air-bubble trap, air detector, and pressure alarms. The
priming volume of this new circuit is 25 ml. When blood

flow resistance appears, caused by kinking of the tubing
or partial coagulation of the venous access, circuit, or fil-
ter, the response of the pulsatile pump is very different
from that of roller pumps. In this situation, roller pumps
automatically increase the pressure, within certain limits,
to maintain the same blood flow. However, the pulsatile
pump does not autoregulate the pressure and, when resis-
tance develops in the circuit, the blood flow decreases
[11]. For this reason, it is important to use very sensitive
flow sensor systems and alarms to allow the physician 
to modify the pressure and/or frequency of pulsation 
according to the changes in blood flow.
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