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ABSTRACT

A significant number of advancements have taken place since
the beginning of continuous renal replacement therapy
(CRRT). In particular, high volume hemofiltration and high
permeability hemofiltration have been successful extensions of
the technique. The additional and combined use of sorbent has
also been tested successfully. Specific machines have now been
designed to permit safe and reliable performance of the ther-
apy. These new devices are equipped with a friendly user inter-
face that allows for easy performance and monitoring. The
apparent complexity of the circuit is made simple by a self-
loading circuit or a cartridge which includes the filter and the
blood and dialysate lines. Priming is performed automatically
by themachine and pre- or postdilution (reinfusion of substitu-
tion fluid before or after the filter) can easily be performed by

changing the position of the reinfusion line. These new
machines permit all CRRTmethodologies to be performed by
programming the flows and the total amounts of fluid to be
exchanged or circulated as a countercurrent dialysate at the
beginning of the session. Progress has been made not only in
technology in this area but also on our understanding of the
pathophysiology of acute renal failure. New biomaterials and
new devices are now available with new frontiers are on the
horizon.Wemight, however, speculate that although improve-
ments have been made, a lot remains to be done. There is no
doubt that technology has progressed enormously in critical
care nephrology and that more progress will come in the near
future. The goal, and likely outcome, is an improvement in the
morbidity andmortality of themost severely ill patients.

In 1977, Peter Kramer introduced a simple therapy
called continuous arteriovenous hemofiltration (CAVH)
(1). In the following years, CAVH represented an impor-
tant alternative to hemodialysis (HD) or peritoneal dial-
ysis especially in those patients where severe clinical
conditions precluded the traditional forms of renal
replacement (2). CAVH enabled small centers not
equipped with HD facilities to perform acute renal
replacement therapy (RRT). The technique, however,
rapidly displayed its limitations and despite good fluid
control, urea clearance could not exceed 15 l ⁄24 hours.
Since most critically ill patients are severely catabolic,
the amount of urea removed frequently resulted in an
insufficient control of blood urea levels and inadequate
blood purification.

For this reason, Geronemus et al. in 1984 introduced
the use of continuous arteriovenous hemodialysis
(CAVHD) (3). The treatment was similar to CAVH but
a low permeability membrane could be employed and
countercurrent dialysate flow was provided to increase
urea removal by the addition of diffusion. A daily urea
clearance in the range of 24–26 l could be achieved with

CAVHD. During that time, we applied the same con-
cept to a highly permeable hollow fiber hemodiafilter,
and we first described the treatment called continuous
arteriovenous hemodiafiltration (CAVHDF) (4). In this
treatment, the high convection rates combined with the
countercurrent dialysate flow allowed increased removal
of small and largemolecules.

One of the major limitations imposed by the arterio-
venous approach was the unstable performance of the
circuit because of reductions of extracorporeal blood
flow from patient hypotension, or line kinking and filter
clotting. This frequently resulted in treatment interrup-
tions, reduced daily clearance, and treatment failure (5).
On the other hand, the perception of continuous renal
replacement therapy (CRRT) had changed over time
and, by the late eighties, CRRT had become more and
more accepted in the intensive care units (ICUs) as a
standard form of therapy (6). Therefore, thanks to the
development of reliable double lumen venous catheters
and a new generation of blood pump modules for con-
tinuous therapies, the use of CAVH started to decline
and the more efficient continuous veno-venous hemofil-
tration (CVVH), continuous veno-venous hemodialysis
(CVVHD), or continuous veno-venous hemodiafiltra-
tion (CVVHDF) became the golden standard (7,8).
CVVH can be performed in postdilution mode reaching
daily clearances for urea in the range of 36–48 l. When
predilution is performed, the requirement of heparin
may be remarkably reduced and ultrafiltration (UF) can
be increased up to 48–70 l ⁄24 hours. Since predilution
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decreases the effective concentration of the solute in the
filtered blood, the amount of solute removal is not pro-
portional to the amount of UF and it must be scaled
down by a factor depending on the percent of predilu-
tion versus blood flow.
The increased amount of fluid exchanged per day in

CVVH led to the utilization of automated blood mod-
ules equipped with blood leak detectors, pressure
alarms, and pressure drop measurement in the dialyzer
(9). However, despite the achievement of higher effi-
ciency, safety and reliability were still questionable in
these machines that were basically derived from HD
blood modules and were never designed as self-standing
units for CRRT. In most cases, volumetric pumps were
added to a blood module to achieve UF and replace-
ment fluid volume control. This approach is still in use in
several units and it is defined as adaptive technology.
Adaptive technology may be very effective but it pre-
sents the risk of operating with components that are not
interconnected and therefore they are not completely
safe according to the standards of an integratedmachine
(9). For this reason, a full spectrum of CRRT machines
has been developed over the years (Fig. 1).

Machines for CRRT

The modern history of CRRT is characterized by the
development of CRRT machines designed specifically
for acute renal replacement in intensive care patients
(Fig. 2). These machines are all equipped with integrated
safety alarms, fluid balancing controls, and connected
blood modules with the possibility to perform CVVH,
CVVHD, and CVVHDF. Such machines can now
achieve a smooth conduction of RRT in the ICU, and
they can perform continuous as well as intermittent
RRTs with increased levels of efficiency. Blood flows up
to 500 ml ⁄minutes and dialysate ⁄ replacement fluid flow
rates in the same ranges lead to urea clearances that
reach levels close to standardHDmachines. At the same
time, the highly permeablemembranes utilized inCRRT
systems achieve improved clearances of the largermolec-
ular weight solutes. Because of the higher blood and
dialysate flow rates achievable, higher surface areas can
now be utilized and more efficient treatments can be
carried out. The fluid control is achieved via gravimetric

or volumetric control systems which drive peristaltic
pumps both for UF and reinfusion. The priming proce-
dures are simplified because of the step-by-step on-line
help and the self-loading of preassembled tubing sets.
The new machines are also equipped with a friendly

user interface, leading to an increased confidence of the
personnel with the therapy while constant levels of effi-
ciency can be obtained without major problems or com-
plications (10). In Table 1, we compare different features
of each machine. Although blood and dialysate flow
ranges vary from one to another, they have overall dra-
matically increased in comparison to the first generation
of machines. Some of the new machines present opera-
tional conditions similar to those utilized for chronic
HD, allowing for the use of the machine for different
treatments and purposes. Most machines work either in
pure convection or in diffusion, or in combined mode.
They have the capability to perform treatments with
high exchange volumes such as high volume hemofiltra-
tion (HVHF). In these circumstances, the presence of an
adequate warmer for the replacement fluid is very
important tomaintain thermal balance. Separate on-line
monitors for thermal balance and for blood volume
determination are available on the market but are inte-
grated in the machines only in isolated cases (11,12).
New machines are equipped with preset disposable
circuits or with easy instructions for the rinsing ⁄priming
phase of the therapy.
The friendly user interface plays an important role in

the selection of the therapy mode and the smooth con-
duction of the entire session. This makes these machines
well suited for the use in ICUs where the experience of
the personnel may not be as wide as in the dialysis set-
ting. The presence of an increased number of pressure
sensors in the machines renders the monitoring of the
treatment easier and accurate. In particular, the mea-
surement of the end-to-end pressure drop in the dialyzer
allows for the monitoring of the patency of the blood
compartment and permits early identification of signs of
clotting or dialyzer malfunction. In some machines, the
pressure transducers are designed to prevent the contact
of blood with air and the lines are constructed with spe-
cial membrane buttons that transmit the pressure values
to the sensor without air-to-blood interface. The mea-
surement of net filtration and the balance between UF
and reinfusion is performedwith one or two scales in dif-
ferent machines. Most of these systems also operate in
continuous HD to achieve the desired balance between
the dialysate inlet and the dialysate outlet. A remarkable
accuracy is observed inmost cases.
The metabolic control of acute kidney injury (AKI)

generally requires at least 30 l of urea clearance per day
and several studies have considered an adequate dose
above 35 ml ⁄kg ⁄hours, although recent evidence sug-
gests that doses between 20 and 35 ml ⁄kg ⁄hours can be
equally effective. The combination of diffusion and con-
vection has shown that satisfactory clearances of small
and medium large molecules can generally be achieved.
In septic patients with increased levels of substances in
the middle molecular weight range (500–5000 Dalton)
such as chemical mediators of the humoral response to
endotoxin, treatment should control not only urea and

Fig. 1. Evolution of CRRT machines from CAVH to the latest

generation of equipment.
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other waste products, but also the circulating levels of
these proinflammatory substances (13).

To achieve such a complex task, high convective rates
may be required (14). In these conditions, the necessary
rate of convection can be obtained in continuous hemo-
filtration (HF), in continuous hemodiafiltration (HDF)
(in this case, four pumps are required) or in continuous
high flux HD with continuous dialysate volume control
(three pumps are required and a reliable UF control sys-
tem). In HDF, dialysate outlet flow exceeds the volume
of inlet dialysate volume and the required UF, and for
this reason, a replacement fluid is required. In high flux
dialysis, replacement fluid is not required and the bal-
ance is obtained by a mechanism of internal backfiltra-
tion. Warmed dialysate is delivered at a programmed
flow rate and the second pump regulates the dialysate
outlet flow rate and net UF with a continuous volume
control. In some machines, this treatment has been per-
formed in recirculation mode and has been defined as
continuous high flux dialysis because of the filtration–
backfiltration mechanism similar to that of high flux
dialysis in chronic HD (15). Once the patient’s dry
weight has been achieved, the circuit may operate at zero
net filtration using sterile dialysate at various flows (50–
200 ml ⁄minutes). With relatively high volume HF (2–
3 l ⁄hours), HDF or high flux dialysis, the clearance of
small and largemolecules is improved. If performed con-
tinuously, the treatments can provide weekly Kt ⁄V in
the range of 7–10, thus resulting in treatment efficiency
much higher than that achieved with other intermittent
HD therapies (16). At the same time, significant
amounts of proinflammatory mediators can be removed
leading to an improved hemodynamic stability (17).

Besides the number of the pumps, an important fea-
ture of CRRT machines is the operator interface. The
wide color screen of some machines allows an easy
access to the required information and on-line help for

most of the functions (Fig. 2). The issue of collecting the
treatment data is an important one and almost all the
machines are now equippedwith aRS232 computer post
that allows a complete extraction of data and the ability
to export the data to a spreadsheet or a database. Some
machines are even equipped with built in printers with
automatic printing of the data at the end of the session.

The transportability of the machine is an important
aspect to be considered since these treatments may be
performed in different sites of the same hospital or even
outside, especially in peripheral units or disaster areas.
The structure of the machines includes, in most cases, a
practical trolley with easymovement of the equipment.

Technical Characteristics of Common
CRRT Machines

The Prisma

The Prisma Machine (Gambro-Sweden) was the first
integrated equipment specifically designed for CRRT.
Themachine features a preassembled cartridge including
lines and the dialyzer. Tubing loading is automatic as
well as the priming procedure. The presence of four
pumps and three independent scales allows performing
all the CRRT techniques. Blood flow can vary from 0 to
180 ml ⁄minutes while dialysate flow ranges between 0
and 40 ml ⁄minutes. The fluid handling capacity is 5 l.
Pre, post, and simultaneous pre-post dilution modes are
available (Fig. 3).

The Prismaflex Machine

The new ‘‘Prismaflex machine’’ (Gambro-Sweden),
like all new generation platforms for CRRT, presents
new features specifically designed to perform therapies
with high fluid volume exchange (HVHF), supposedly

Fig. 2. Examples of CRRT machines available in the market. Details are reported in Table 1.
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effective in AKI, sepsis, and multiple organ dysfunction
syndrome. The machine features five pumps [blood,
dialysate, preblood-pump replacement solution (PBP),
postblood-pump replacement solution, and effluent],
four scales (effluent, dialysate, and two for replacement
solutions), and a disposable set with preconnected high
flow dialyzers and fluid circuitry. The machine performs
a complete spectrum of therapies [slow continuous ultra-
filtration (SCUF), CVVH, CVVHD, CVVHDF, thera-
peutic plasma exchange (TPE ⁄PEx), and hemoperfusion
(HP)]. Three different preconnected kits with different
surface area dialyzers for adult treatments are available:
the M100 (the same as the Prisma set with AN69 mem-
brane), the HF 1000, and the HF 1400 (Fig. 4), which
have a larger surface (0.60, 1.00, and 1.40 meters square
respectively) that are useful in high-volume therapies.
The last two have also different membranes [polyaryl-

thersulphone (PAES)]. Contrary to the previous config-
uration in the classic Prisma machine, the blood inlet is
at the bottom of the dialyzer, facilitating the priming
procedure and eliminating air bubbles from the blood
compartment. The innovative technique of two pinch
valves provides the ability to vary the ratio between pre-
and postdilution with different simultaneous infusion
rates. This ratio can also be changed during therapy.
Pre- or postdilution mode can also be selected for
CVVHDF modality. A heparin syringe pump has been
designed to accommodate different types and sizes of
syringes.

Another innovative feature is now present in the Pris-
maflex machine: the fifth pump. This pump delivers pre-
blood-pump (PBP) fluid infusion, permitting the use of
citrate for circuit anticoagulation. This feature, in fact,
allows citrate infusion just after the connection between
the arterial access and the blood line.

The blood pump is bigger than in the earlier version
and allows blood flows within a range of 10–
450 ml ⁄minutes (depending on the filter in use). Fluid
flow rate allows a maximum fluid handling of
8000 ml ⁄hours: both inHF and inHDF. If PBP replace-
ment solution is used, fluxes can be further increased; in
this case, the blood pump is able to automatically adjust
its rotational speed in order to maintain the prescribed
blood flow, which otherwise would be relatively
decreased by the scaling down factor induced by PBP
infusion. Total effluent delivery is from 0 to
10,000 ml ⁄hours, allowing a maximum UF of
2000 ml ⁄hours combined with the maximum dialy-
sate ⁄ reinfusate flow rate. All these schemes are clearly
designed to facilitateHVHF.

Prismaflex software controls fluid flow by an accurate
pump-scales feedback: 30 g per hour is the accepted
error for each pump and an alarm warns the operator if
this limit is exceeded. The accuracy warranty is further
ensured by an end-of-treatment set up, in case of scales
damage or need for calibration. When the therapy is
interrupted by a pressure alarm, it automatically restarts
if the pressure level normalizes within a few seconds (i.e.,
during coughs or inadvertent line kinking because of
patients movements). Scales have become four parallel
sliding ‘‘drawers’’ positioned below the monitor, and are
able to shift-out and allow easy collection of fluid bags.

One of the most frequent concerns, the development
of clots in the deaerating chamber, has been removed by
an innovative design. The chamber is connected by a line
to a pressure sensor which is able to adjust chamber
blood level through a pump. A reversed cone inside the
chamber makes the blood run into the return line with a
whirling movement, which reduces stagnant flows; fur-
thermore, when replacement solution is reinfused postfil-
ter, it is poured directly on top of this cone in order to
create a fluid layer between air and blood.

Sets are completed with 9 l effluent collection bags
(Fig. 5), allowing for the application of high volume
therapies without generating an excessive workload of
ICU nurses. The colored monitor displays pressures and
flows in the first page and complete full graphs and
events lists in other history pages. A PCMCIA card
allows for the download of these data into laptop

Fig. 3. The Prisma machine.
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computers. Among the new features, filters with modi-
fied and treated surfaces (ST 60, ST 100, ST 150) are
available with various surface areas in different kits.

The Diapact CRRT

The Diapact machine (B.Braun, Melsungen) is
derived from a series of prototypes called ECU (Emer-
gency case units). The system contains three pumps with
a wide range of blood flows (10–500 ml ⁄minutes) and
dialysate flows (5–400 ml ⁄minutes) (Fig. 6). Fluid han-
dling and UF control is gravimetric with one scale

(Fig. 7). Dialysate is warmed and the heparin pump is
included. Reinfusion can be performed either in pre- or
in postdilution mode during HF. The machine is partic-
ularly suited for continuous high flux dialysis and can be
operated either in single pass or in recirculationmode.

The Acquarius ⁄ Accura

The Acquarius ⁄Accura machine (Edwards Life Sci-
ences, Irvine, CA,USA) is amodernmachine for CRRT
(Fig. 8). The system includes four pumps and two
scales with a possibility of performing all the CRRT

Fig. 4. The Prismaflex machine and the detail of the extracorporeal circuit.

Fig. 5. Scales of the Prismaflex machine with fluid bags for replacement and dialysate.
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techniques (Fig. 9). The blood flow can be varied from 0
to 450 ml ⁄minutes while the dialysate flow rate ranges
between 0 and 165 ml ⁄minutes. The system includes a
preassembled tubing set and a wide color screen with a
friendly user interface. The priming procedure is auto-
matic. A fluid heater and the heparin pump are included
in the machine. Two independent scales allow for an
accurate and continuous fluid balancing while four pres-
sure sensors help to monitor the extracorporeal circuit
function. Pre-, post, and simultaneous pre-post dilution
modes are available. A remarkable flexibility and versa-
tility characterize themachine.

The 2008H ⁄ K

The 2008H ⁄K machine (Fresenius Medical Care,
Walnut Creek, CA, USA) is basically a standard HD

machine which has been adapted to CRRT and mostly
sustained low efficiency dialysis (SLED) by modifying
the software and the operational parameters (Fig. 10).
The machine is equipped with a blood pump plus three
pumps for dialysate which are internal. Blood flow can
vary from 0 to 500 ml ⁄minutes while the dialysate flow
in CRRT mode can be set at three fixed values of 100,
200, and 300 ml ⁄minutes. Dialysate is warmed and the
heparin pump is built-in. The system does not include a
reinfusion pump and HF techniques cannot be per-
formed. TheUF control is open-volumetric.

Other machines as depicted in Fig. 2 are available in
the world but not in the United States. The evolution of
machines is continuous and changes may occur every
day. We did not intend to be complete in the description
of all available machines but rather to describe some
models as an example of CRRT technology. Therefore,
the fact that our list may be incomplete does not mean
that we suggest or prefer onemodel against another. For
a more detailed description of the machines, set up and
troubleshooting, purchase, andmaintenance, we suggest
to contact the nearest agent of the chosen company.

High Volume Hemofiltration

Recent experimental findings (18) have demonstrated
the beneficial impact of increasing the volume of UF
during continuousHF therapy.Hemodynamic improve-
ment has been observed in the experimental animal
injected with endotoxin. Although the possibility of pre-
venting the septic shock syndrome in humans by this
technique has not been proven yet, in a controlled-
randomized trial we could demonstrate a clear reduction
of the required dose of norepinephrine in septic patients
treated with UF rate 6 l ⁄hours. The treatment seems to
be promising and further investigation should include
the use of larger surface areas as well as the use of more
openmembranes.

To perform HVHF, a clear definition of the opera-
tional ranges of the technique and a precise description
of the technical requirements imposed by this form of
therapy are definitely needed. According to present clini-
cal practice, CVVH is generally performed with an aver-
age UF rate between 1 and 2 l ⁄hour. Above the value of
50 l ⁄day, the amount of UF begins to be considered
‘‘high’’ and the treatment can be defined asHVHF.

There are two ways to perform HVHF. In treatment
schedule 1, the standard CVVH treatment schedule is
maintained and the rate of UF is maintained at 3–
4 l ⁄hours; in treatment schedule 2, the standard CVVH
therapy is maintained overnight, but during few hours
of the day, a large amount of UF is produced at rates
above 6 l ⁄hours. In both cases, the amount of UF
exchanged per day may exceed 60 l. To perform this
treatment, several requirements must be fulfilled and
above all, a deep knowledge of the mechanism of trans-
membraneUF in the hemofilters is required.

HVHF requires large hemofilters to accomplish the
task of achieving a daily fluid exchange in the range of
60–100 l. In treatment schedule 1, hemofilters of 1.0
square meters can be utilized; for schedule 2, hemofilters

Fig. 6. The Diapact machine.
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in the range of 1.6–2 m2 are needed. For all filters, high
flux membranes are utilized. AN69, Polysulfone, or
Polyamide membranes are generally employed
with a permeability coefficient between 30 and
40 ml ⁄hour ⁄mmHg · m2. These membranes have sol-
ute sieving coefficients close to 1 in a wide spectrum of
molecular weights. Therefore, in most cases, clearance
equals the amount of UF achieved. There may be some

exception to this rule. One case is when the sieving coeffi-
cient is <1 for a given solute. In other cases, there may
be a reduction in permeability of the membrane due to
concentration polarization and secondary layer forma-
tion by the proteins. This is most likely to occur in the
presence of high filtration fractions or in the case of
long-term utilization of the hemofilter (over 24 hours).
Finally, clearance may be reduced by the presence of

Fig. 7. Details of the Diapact machine: Screen with pressure profiles, pumps, scales, and fluid warmer.

Fig. 8. The Acquarius machine.
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predilution, i.e., in the case of administration of the
replacement fluid into the arterial line to replace UF.
This reduces the oncotic pressure of plasma proteins and
increases UF, but the efficiency of the system may be
reduced by the parallel reduction in the concentration of

the solutes in the incoming blood. Furthermore, since
the availability of large quantities of replacement fluid
may be limited, new trends suggest the use of on-line
production of replacement solutions by machines with
built-in step filtration techniques. These are already uti-
lized in the chronic setting and may become a practical
approach for the patient undergoingHVHF.

Special Treatments and Plasma Therapies

Based on the assumption that higher clearances may
be required to remove proinflammatory mediators from
the circulating blood, the other possible approach other
than HVHF is that of utilizing a largely porous mem-
brane. For this purpose, we have recently employed a
system which includes continuous plasma filtration and
a subsequent reinfusion of the filtered plasma into the
venous line, after passage through a cartridge of
uncoated carbon or specific resins (19,20). The system
has offered interesting results in vitro and it is now uti-
lized in a prospective randomized study in septic patients
to evaluate the capacity of removing proinflammatory
mediators and to reduce the pharmacologic requirement
of amines in the patient.

More therapies emerging today are utilizing the
principles of CRRT for plasma exchange, plasma
adsorption techniques, immunoadsorption techniques,
therapy of support in liver failure conditions, and regio-
nal therapy for cancer. All these therapies will require
further refinement and studies, but they may well
become part of the family of CRRT, especially in those
cases when continuous and prolonged extracorporeal
treatment is indicated. In these cases, the modern
machines are able to accomplish the difficult tasks of
performing complex and combination therapies. This is
mostly done by built-in specific software that assigns a
specific role to each pump and each component in the
circuit.

Future Trends

The evolution in technology of CRRT has only
partially followed the more sophisticated evolution
that took place in the equipment for chronic HD
patients (21–32). In such patients, the increased
morbidity and the progressively increased age
require a gentle and carefully monitored HD ther-
apy (26–34). To achieve such results, on-line moni-
toring techniques have been developed including
urea sensors, temperature sensors, blood volume
sensors, and teledialysis or biofeedback systems with
minimal errors in the delivery of therapy (32–40).

All these systems are not completely implemented in
the current CRRT machines or in some cases, they are
just partially utilized. The on-line monitoring techniques
and the applications of information technology are,
however, under scrutiny as to the possible benefits in
critically ill patients, and future trends may indeed
include the development of machines equipped with
these technologies.

Fig. 9. Blood and dialysate circuit in the Acquarius machine.

Fig. 10. The Fresenius 2008H for SLED.
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