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CHAPTER 141 

Continuous Renal Replacement Therapy 
Machine Technology
William R. Clark, Gianluca Villa, and Claudio Ronco

OBJECTIVES
This chapter will:
1. Provide a brief history of the development and evolution 

of continuous renal replacement therapy (CRRT) systems.
2. Describe the basic features of CRRT machines, including 

the user interface, pumps, pressure monitoring, safety 
features, and anticoagulation capabilities.

3. Understand the basic principles of CRRT membranes and 
filters, especially with regard to the influence of modality, 
membrane characteristics, and blood/fluid flows on solute 
transport.

4. Describe recent developments in CRRT membrane 
technology.

CONTINUOUS RENAL REPLACEMENT 
THERAPY MACHINES:  
HISTORICAL PERSPECTIVE

Between 1965 and 1975, Lee Henderson et al. reported 
clinical results from therapies using hollow-fiber filters for 
hemofiltration and ultrafiltration in patients with end-stage 
renal disease (ESRD).1,2 Although these therapies used a 
blood pump, Kramer et al. subsequently reported an adapted, 
machine-free method using a similar hollow-fiber device 
for the treatment of critically ill, fluid-overloaded patients 
resistant to diuretics.3 This simple system consisting of arte-
rial and venous catheters connected to a capillary hemofilter 
by tubing; filtrate pressure was produced by the difference 
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balancing was achieved by minute-to-minute comparison 
of actual weights versus expected values based on the 
prescription, with corrections made to pump speeds based 
on servo-type software. Another significant achievement 
with this device was the air-free disposable cassette system 
having an integrated filter. Finally, the user interface was 
improved substantially, guiding the user through the various 
steps required for setting up the machine and rectifying 
problems. However, the maximum allowable blood flow 
rate was only 180 mL/min, and total effluent was limited to 
5.5 L/hr. The Prisma machine triggered the development of 
integrated, specialized CRRT machines all over the world.8 
These newer machines included three to five pumps and 
three to four scales able to handle 12 to 20 L of replacement 
fluid or dialysate and capable of producing blood flows up 
to 400 to 600 mL/min. The general trend has been toward 
more fully automated machines that allow all renal support 
treatment modes at higher blood flow and fluid exchange 
rates. In addition, these recent devices have been developed 
with more emphasis on human factors, especially at the user 
interface, in an attempt to improve safety and the quality 
of delivered therapy. Another feature of many of the new 
machines is the ability to perform adjunctive therapies, 
including liver and respiratory support.9,10 Finally, specific 
functionalities, such as those enabling regional citrate 
anticoagulation, have been included in some newer devices.

The remainder of this chapter provides more specific 
technical details regarding the latest generation of CRRT 
machines. Much of this information ultimately can be traced 
to the Charta of Vicenza,11 which led to the organization of 
a recent consensus conference termed the Nomenclature 
Standardization Initiative (NSI).12 For this initiative, members 
of the clinical community and industry collaborated to 
develop standardized terminology for dialysis therapies 
used in the management of critically ill patients with acute 
kidney injury (AKI) and other disorders.

CONTINUOUS RENAL REPLACEMENT 
THERAPY HARDWARE

A diagram demonstrating the major features of the typical 
contemporary CRRT machine appears in Fig. 141.2. The 
following provides commentary on the different aspects of 
these devices; several commercially available devices are 
shown in Fig. 141.3. Although different CRRT modalities 
are mentioned in this chapter, a more detailed discussion 
of them occurs in other sections of this book.

User Interface or Screen
Although early generations of CRRT machines provided 
relatively limited treatment information to the user, the 
interface between the user and contemporary devices 
is now much more sophisticated.13 In addition to basic 
treatment information, such as actual flow rates, elapsed 
time, and circuit pressures, modern machines also provide 
instantaneous and cumulative values for critical parameters, 
especially those related to fluid balance on an ongoing basis. 
In addition, discrepancies between prescribed and delivered 
(actual) values for treatment time and effluent volume allow 
assessments of treatment adequacy. Current machines also 
provide a number of timely alerts, including those related 
to a potentially adverse circuit pressure trend (suggesting 
impending circuit clotting) and the need for a bag change. 

between blood pressure and environmental pressure. This 
approach was termed continuous arteriovenous hemofiltra-
tion (CAVH), although the original description3 did not 
mention the use of replacement fluid in the system, whereas 
a later report did.4 Along with continuous arteriovenous 
hemodialysis (CAVHD)5 and arteriovenous slow continuous 
ultrafiltration (SCUF),6 the development of CAVH established 
continuous renal replacement therapy (CRRT) as a set of 
treatment modalities for critically ill patients with acute 
renal failure.

Arteriovenous CRRT modalities had several limitations, 
especially the unpredictability of blood flow rate and ultrafil-
trate production (because of the dependence on the patient’s 
blood pressure) along with the requirement for placement 
of large-bore catheter in a major artery. As such, interest 
turned toward developing systems incorporating a blood 
pump. The first-generation venovenous CRRT machines 
subsequently developed were simple devices derived from 
components of standard hemodialysis equipment used for 
maintenance dialysis. From a safety perspective, monitoring 
of the extracorporeal circuit typically included standard 
pressure sensors along with an air/foam detector and blood 
leak detector on the filtrate/spent dialysate line. In general, 
these systems either had no or relatively unsophisticated 
fluid balancing systems, required many procedures (e.g., 
circuit priming) to be performed manually, and incorporated 
only rudimentary user interfaces. A major step was the 1994 
market introduction of the Prisma system by Gambro (later 
acquired by Baxter) (Fig. 141.1).7 This device was developed 
specifically for continuous treatment in the intensive care 
unit (ICU), allowing hemodialysis, hemofiltration, and 
hemodiafiltration (CVVHD, CVVH, and CVVHDF, respec-
tively) with intravenous-quality replacement fluid and/or 
dialysate. In addition to four pumps for blood, dialysate, 
replacement fluid, and effluent, this machine had three 
scales for dialysate, replacement fluid, and effluent. Fluid 

FIGURE 141.1 The Prisma machine. 
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to any CRRT device. Although blood flow rates of 100 
to 125 mL/min or less were typical in the early years of 
CRRT, the demonstration in a 2000 publication by Ronco 
et al.15 of improved survival with an effluent-based dose of 
35 mL/kg/hr or more (vs. 20 mL/kg/hr) in postdilution CVVH 
compelled manufacturers to offer systems with higher blood 
flow rate capabilities. The particular importance of blood 
flow rate in delivery of the prescribed dose of hemofiltration, 
whether in the predilution or postdilution mode, has been 
highlighted.16

Fluid Mechanics of Blood Flow in the  
Extracorporeal Circuit
As blood flow rate increases, higher absolute pressures 
within the blood compartment along with larger pressure 
drops along the length of the circuit are created. Blood flow 
through blood lines and filter of the extracorporeal circuit 
can be characterized by the Hagen-Poiseuille equation,17 in 
which a direct relationship exists between flow rate and 
pressure drop for flow through a tube. The resistance to 
blood flow is directly proportional to blood viscosity and 
inversely proportional to the fourth power of the tube radius 
(whether for the blood lines or the hollow fiber capillaries in 
the filter). In essence, pressure drop is directly proportional 
to resistance at a given blood flow rate. The dimensions of 
manufacturers’ tubing and filter fibers fall in a relatively 
narrow range to balance the desire to achieve adequate 
solute and water transport characteristics while avoiding 
excessive pressure drops and the associated risk of turbulent 
flow and hemolysis. On the other hand, blood viscosity 
can be variable, being influenced by the dilution mode 
used for convective therapies and the patient’s hematocrit 
(see below).

Pressure Measurements
For modern CRRT circuits, pressure is monitored at several 
critical locations, providing absolute pressures and pressure 
differences. In the blood compartment, pressure is monitored 
by sensors at the following locations (see Fig. 141.2):
•	 Between	the	patient’s	vascular	access	and	the	blood	pump	

(inflow line): measures the degree of negative pressure 
generation resulting from the suction effect of the blood 
roller pump in withdrawing blood from the access. For 
catheters, excessive negative pressure can be created by 
occlusion of the arterial limb with fibrin or thrombus 
and a malpositioned catheter against a vessel wall.

•	 Between	 the	 blood	 pump	 and	 filter	 (inflow	 line):	 in	
conjunction with outflow line pressure, allows for the 
determination of (end-to-end) filter pressure drop and 
transmembrane pressure (TMP).

•	 Between	the	filter	and	the	vascular	access	(outflow/return	
line): in conjunction with inflow line pressure, allows 
for determination of filter pressure drop and transmem-
brane pressure. An increase in this pressure may signify 
a mechanical obstruction in the venous limb of a catheter, 
related to thrombus/fibrin formation or malpositioning 
against a vessel wall.
Measurement of effluent pressure, in conjunction with 

the inflow and outflow blood compartment pressures, allows 
calculation of TMP. (Effluent volume comprises the volumes 
of replacement fluid, dialysate, and the net ultrafiltrate 
desired from a fluid balance perspective.) Effluent pres-
sure can be positive or negative, depending on the specific 
modality, flow rates, and filter conditions. Although effluent 

From a safety perspective, an important addition in the 
past decade has been the incorporation of device software 
that controls the deviation from prescribed fluid removal 
rates.14 Newer features also remind the user to assess the 
cause of an alarm signifying such as a deviation and the 
magnitude of the fluid imbalance that may arise. Finally, 
many machines now have the operator’s manual and tutorials 
directly available to the user at the screen. Of course, a 
prerequisite for the user to achieve the maximum benefit 
from these new safety features is adequate training, primarily 
at the institutional level but also from the manufacturer 
when necessary.

Circuit Pumps and Pressure Monitoring
A series of pumps controlling the flow rates of blood along 
with effluent, replacement fluid, and/or dialysate is integral 

FIGURE 141.2 Basic components of a standard gravimetric continuous 
renal replacement machine. Prominent components include the 
user interface, infusion/effluent pumps and lines, blood pump, 
pressure monitors, and scales. Safety aspects include an effluent 
blood leak detector, venous drip/deaeration chamber, and venous 
clamp. (Adapted from Villa G, Neri M, Bellomo R, et al. Nomen-
clature for renal replacement therapy and blood purification 
techniques in critically ill patients: practical applications. Crit 
Care. 2016;20[1]:283.)
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membrane interface, which mitigates the detrimental impact 
of protein adsorption on membrane function.

Most devices provide trend analyses of filter pressure drop 
and TMP during treatment and alert users upon attainment 
of threshold values that necessitate a circuit change to avoid 
significant blood loss associated with a frankly coagulated 
circuit. Moreover, relative to baseline values established 
early in the use of a particular circuit, changes in access 
negative pressure (more negative) or return pressure (more 
positive) that reach certain threshold values also provide 
warnings to the user.

A final caveat about pressure monitoring relates to the 
potential for catheter disconnection. For different pressure 

pressure typically is measured at a single location as the 
effluent leaves the filter, some devices used in the CVVHD 
mode measure the inflow (dialysate) pressure and outflow 
(dialysate plus net ultrafiltrate) pressure for a more accu-
rate estimation. Clinical experience suggests a substantial 
increase in the filter pressure drop during treatment is due 
primarily to filter thrombosis (i.e., fiber occlusion), whereas 
a substantial TMP increase during treatment is related pri-
marily to blood-membrane phenomena, especially protein 
deposition. For postdilution CRRT modalities (especially 
CVVH), hemoconcentration is an important consideration 
with respect to both of these pressure measurements.18 
Filtration fraction, generally defined as the ratio of the 
filter effluent rate to the plasma flow rate delivered to the 
filter, is an indicator of hemoconcentration. Postdilution 
CVVH operated at a filtration fraction greater than 20% 
to 25% increases the risk of excessive increases in the 
hematocrit of the blood as it flows from filter inflow to 
outflow. In addition to concentrating red blood cells, blood 
viscosity also increases with a proportional increase in 
the resistance to flow. Moreover, concentration of plasma 
proteins occurs, facilitating protein-membrane interactions 
and reducing membrane permeability.19 For these reasons, 
many contemporary machines provide estimates of filtration 
fraction so that excessive hemoconcentration can be avoided.

These considerations are represented diagrammatically 
in Fig. 141.4. As blood flow rate increases, filtration fraction 
decreases (because of a higher rate of plasma flow to the 
filter at a given hematocrit). Moreover, the physical effect of 
increased blood flow rate is increased “shear” at the blood/

FIGURE 141.3 Examples of commonly used and recently developed continuous renal replacement therapy machines. Beginning at the 
upper left and moving clockwise: Prismaflex (Baxter); multiFiltratePro (Fresenius Medical Care); Omni (B Braun); System One (NxStage 
Medical); Aquarius (Nikkiso); Carpediem (Medtronic); Amplya (Medtronic); Kibou (Asahi); PrisMax (Baxter). (Carpediem is specifically 
designed as a pediatric CRRT device and is discussed elsewhere in this book.) 

Blood

Blood

High blood flow rate
Low filtration fraction

Low blood flow rate
High filtration fraction

FIGURE 141.4 Diagrammatic representation of the factors influencing 
secondary membrane formation during continuous renal replacement 
therapy. In general, conditions of low filtration fraction and/or 
high blood flow rate attenuate this process while high filtration 
fraction and/or low blood flow rate promote it. 
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fluid imbalance over specific time intervals for a given  
disposable set.

A typical volumetric fluid balancing system consists of a 
series of balance chambers and valves. The fluid accuracy 
specification for a volumetric system typically includes a 
parameter that represents a certain percentage of the total 
volume of fluid exchanged. Over long treatment times, 
cumulative errors of significant volumes can occur because 
there is no feedback system that continuously compares 
prescribed and actual fluid volumes. On the other hand, 
the advantage from the user’s perspective is freedom from 
the need to manipulate large volumes of bagged fluids. 
Moreover, relative to gravimetric systems, the number of 
fluid-related interventions is reduced. A volumetric CRRT 
system used commonly in the United States is the NxStage 
System One.20

Other Safety Features
Hypothermia commonly develops during CRRT, and its 
management can be difficult.21 Even though current machines 
offer the possibility to heat dialysate/replacement fluid  
or blood, a significant percentage of patients neverthe-
less develop hypothermia. It is possible that future CRRT 
machine technology may incorporate technologies capable 
of estimating thermal energy balance and preventing hypo-
thermia, as has been proposed for chronic hemodialysis.22 
Other standard safety features incorporated into all modern 
CRRT devices include bubble detectors, venous clamps, 
and blood leak detectors. These features are adapted largely 
from chronic hemodialysis technology.

Anticoagulation
Over the past decade, a series of publications have raised 
questions about the safety of heparin as an anticoagulant 
for CRRT.23,24 Nevertheless, heparin continues to be used 
in a substantial percentage of patients, even some who 
are at high risk of bleeding. Nearly all CRRT machines 
have syringe pumps capable of providing heparin or other 
anticoagulants (e.g., nafamostat) in the form of bolus and 
continuous infusions. In light of the concerns about heparin, 
a migration to regional citrate anticoagulation (RCA) has 
occurred, possibly accelerated in the past few years by 
recommendations from the Kidney Disease: Improving Global 
Outcomes (KDIGO) consensus group.25 Earlier versions of 
CRRT devices generally were not equipped adequately for 
this method and the citrate (usually in hypertonic form) and 
calcium solutions typically were infused by external pumps. 
As such, the CRRT machine’s fluid balance system did not 
account for the fluid administered to or removed from the 
circuit in this approach. Moreover, users had to ensure that 
these external pumps were operated synchronously with 
the CRRT machine’s pumps.

Some of the latest generation CRRT devices have features 
allowing for safer and more efficacious delivery of RCA.26 In 
particular, such latest generation systems have an infusion 
pump integrated into the CRRT machine, which delivers 
fluid before the blood pump. Although this pump can infuse 
any solution, it is employed most commonly for infusion 
of hypertonic and isotonic (“dilute”) citrate anticoagulant 
solutions. Based on the concentration of such citrate solu-
tion, the infusion rate is coupled to blood flow rate by 
machine software to achieve a target citrate concentration 
in the blood.

For the Prismaflex system (as an example), use of a 
dilute anticoagulant solution is particularly common and the 

measurements in the extracorporeal circuit, alarm “windows” 
signifying acceptable operating ranges are established for a 
particular treatment; the user is notified if a pressure falls 
outside its window. However, although not reported widely 
in the literature, it is well known that partial disconnection 
of a catheter from the return blood line may not result in 
a sufficient decrease in the return pressure for it to fall 
outside its operating window. Without any user notification 
of this development, significant blood loss can occur, even 
to the point of exsanguination. This risk is mitigated by 
protocolized catheter connection procedures and strict 
avoidance of visually obscured catheters (e.g., by bed sheets).

Fluid Balance
A basic component of the CRRT prescription is the desired 
degree of net fluid removal from the patient, the estimation 
of which requires a volume assessment of the patient along 
with hemodynamic status. A point worth emphasizing is 
that machine fluid balance is determined simply by the 
difference between CRRT-related inputs (replacement fluid 
and/or dialysate) and CRRT-related output (effluent), whereas 
patient fluid balance incorporates all fluid inputs and 
outputs. This is an important distinction when evaluating 
hourly or cumulative fluid balance data. Although CRRT 
machines use different technical approaches for fluid 
balancing, some common considerations apply. In all fluid 
balancing systems, the component instruments (pumps, 
scales, volumetric chambers) all have an inherent error 
(“tolerance”). Manufacturers typically provide these toler-
ances as deviations (+/-) from a certain prescribed value. The 
fluid accuracy (“specification”) of a CRRT system reflects 
the cumulative effect of the tolerances associated with the 
various components of the system. A fluid balance error 
is defined as an imbalance (either positive or negative) 
outside a device’s specification. Although most conventional 
hemodialysis machines employ volumetric balancing (see 
below), a gravimetric (scale-based) system is used most 
commonly for CRRT. Based on reported fluid accuracy 
specifications, a gravimetric system is the most reliable 
technique specifically during long treatment intervals, 
during which the risk of cumulative fluid balance errors is 
potentially high. (However, as discussed below, actual fluid 
balance is influenced by not only the accuracy specification 
for the system but also the manner in which the user applies 
the system to the patient.) A fundamental aspect of this 
type of system is the continuous weighing of the effluent 
along with replacement fluid and/or dialysate, with the 
rate of mass accumulation or disappearance for a particular 
scale acting as a surrogate for fluid flow rate. The machine 
software continuously analyzes these scale data, and any 
discrepancies between prescribed and actual (measured) 
values lead to adjustments in pump speed rates based on a 
servo-feedback mechanism, as mentioned previously. This 
functionality has evolved further for at least one system 
(Aquarius; Nikkiso), which has the capability to compen-
sate automatically for any fluid balance discrepancies, in 
accordance with the patient’s prescribed net fluid balance.

Although the benefits of gravimetric fluid balancing 
seem to be widely accepted, drawbacks include specific 
scale-related issues (calibration, sensitivity to environmental 
factors) along with the need for users to manage large 
volumes of fluids in bags. Furthermore, users must be 
constantly vigilant about potential flow obstructions (e.g., 
clamped fluid line) and respond to alarms in a decisive 
and timely manner. As suggested above, modern machines 
strictly address the extent of fluid imbalances created in 
these situations by limiting the allowable cumulative 
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now of higher CRRT doses established by the Ronco et al., 
dose trial15 and other prospective trials,32 manufacturers now 
offer filters of substantially larger surface areas. Specifically, 
filters with surface areas of at least 1.5 m2 allow for operation 
at acceptable TMP values in convective modalities employ-
ing high ultrafiltration rates and maximize the likelihood 
of solute saturation of the dialysate in CVVHD.33

As opposed to surface area, membrane material in stan-
dard CRRT filters has not changed appreciably through the 
years, with AN69 and various versions of polysulfone still 
most common. Membrane composition along with pore size 
and structure have little effect on small solute clearances, 
which are determined primarily by blood flow rate, fluid 
flow rate(s), and membrane surface area. On the other hand, 
membrane material and pore characteristics assume an 
important role in the removal of larger molecular weight 
compounds, especially peptides and proteins.34 Certain 
membranes, particularly AN69 and PMMA, achieve removal 
of such solutes primarily by adsorption. However, previous 
studies have demonstrated a distinct time-dependence of 
this phenomenon and the efficacy of adsorptive clearance 
beyond the first few hours of filter use is unclear.35 For a 
newly developed version of AN69 (oXiris),36 the membrane 
has adsorptive capacity for not only low-molecular-weight 
proteins (because of large surface area) but also endotoxin 
and other negatively charged compounds resulting from a 
specific polymeric coating incorporated in the manufacturing 
process (Fig. 141.5).

For other membranes, including standard polysulfone, 
removal of larger molecular weight compounds occurs 
predominantly by convection or diffusion. Another relatively 
recent development is the incorporation of polysulfone-based 
membranes having mean pore sizes that are substantially 

typical infusion rate (at least 1 L/hr) required to achieve the 
desired anticoagulant effect augments the total fluid volume 
(blood plus anticoagulant solution) delivered to the blood 
pump.27 In this respect, the citrate solution acts also as a 
replacement fluid.28 Older CRRT technology does not account 
for this mixing phenomenon; the flow rate delivered by the 
pump to the filter is simply the prescribed blood flow rate 
and reflects the degree to which the blood is diluted. On the 
other hand, the Prismaflex system software automatically 
increases the blood pump speed by an amount equivalent 
to the rate of pre-blood pump infusion. With this pump 
compensation functionality, the blood flow rate prescribed 
by the clinician actually is delivered to the filter. Another 
important feature of the preblood pump infusion site is its 
location very close to the connection of the catheter to the 
blood inflow line, allowing for anticoagulation of nearly 
the entire prefilter blood segment. Finally, the Prismaflex 
RCA system has integrated calcium reinfusion for which 
the rate is modulated by device software to balance calcium 
losses to effluent, according to several therapy, filter, and 
patient parameters.

As an alternative to dilute citrate solution, other systems 
such as the multiFiltratePRO rely on a hypertonic citrate 
anticoagulation solution when delivering CVVHD or 
CVVHDF treatments. Again, these systems have algorithms 
embedded into the software that control the ratio of citrate 
flow rate to blood flow rate and support the user in an 
analogous manner. As citrate solution flow rate is low in 
comparison with the blood flow rate, the impact of predilu-
tion on clearance is negligible. Calcium replacement distal 
to the filter is provided by an additional integrated pump. 
This latter aspect is controlled by the software to ensure a 
correct ratio between the effluent and calcium flows on a 
continuous basis. Finally, the relatively large buffer load 
provided by the hypertonic citrate solution is compensated 
by a low bicarbonate concentration in the dialysate. Prescrib-
ing the fluids in suitable proportion achieves the desired 
control of acid-base status.29 The multiFiltratePRO system 
provides control by monitoring the ratio of the blood and 
dialysate flow rates, making the user aware of settings outside 
the expected range. A recent study has demonstrated this 
approach can be applied safely in ICUs having relatively 
little experience with RCA.30 Finally, the Aquarius system 
has additional integrated citrate and calcium pumps syn-
chronously linked to the blood pump. Software algorithms 
remove the additional fluid administered through these two 
solutions. A more recent adaptation ensures not only this 
automated coupling but also maintenance of the desired 
citrate dose if the blood pump rate is changed.

CONTINUOUS RENAL REPLACEMENT 
THERAPY DISPOSABLES

Disposables (“sets”) are defined as the single-use components 
of the extracorporeal circuit. These devices are specific 
to a certain CRRT machine and typically have integrated 
high-flux filters, although some “open” systems allow 
interchangeability. The specific type of filter, especially with 
regard to surface area, is dictated by the chosen modality. 
Before the widespread prescription of higher CRRT doses, 
replacement fluid and/or dialysate rates along with blood 
flow rates were relatively low (frequently less than 1 L/hr 
and 125 mL/min, respectively). Based on such parameters, 
filters could be operated efficiently and under acceptable 
operating conditions with membrane surface areas less than 
1.0 m2.31 However, in response to the routine prescription 
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FIGURE 141.5 Representation of an oXiris hollow fiber. The base 
material is AN69, which has a high adsorptive affinity for peptides 
and proteins through ionic binding and hydrophilic interactions. 
Surface treatment with a positively charged polymer (PEI) allows for 
the chemical binding of heparin during the manufacturing process 
and the possibility of more targeted adsorptive removal of negatively 
charged compounds (e.g., endotoxin) from the bloodstream during 
treatment. Image courtesy of Baxter International.
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CONCLUSION

From its relatively rudimentary beginning, CRRT has evolved 
substantially over the past 40 years from a clinical and 
technologic perspective. Machines now are designed with 
human factors and user-friendliness as important consider-
ations and safety is the highest priority. CRRT membranes 
and filters also have evolved to meet the changing clinical 
requirements of the therapy and new developments continue 
to occur. Further evolution most likely will focus on software 
advances and the application of information technology to 
allow for delivery of multiple and increasingly complex 
treatments13,42 (Fig. 141.7).

Key Points

1. Continuous renal replacement therapy (CRRT) 
systems have evolved from technology adapted 
largely from the chronic dialysis realm to devices 
designed specifically for critically ill patients.

2. Contemporary CRRT machines have several com-
ponents, including sophisticated user interfaces, 
pumps, pressure monitoring, and other features, 
that allow for safe and efficient delivery of therapy.

3. The routine use of filters having membrane surface 
areas of 1.5 m2 or more has been one of the biggest 
changes in CRRT clinical practice over the past 
10–15 years, other characteristics (especially 
surface area) have changed to meet new clinical 
requirements.

larger than those found in standard high-flux versions37–39 
(Fig. 141.6). Even with the reduction in permeability after 
blood contact, these membranes have pore size distributions 
that may result in clinically relevant losses of albumin, 
especially when used in the convective mode.40 Accordingly, 
manufacturers recommend their use only in the diffusive 
mode (CVVHD). The rationale for the use of such a filter is 
enhanced elimination of proinflammatory and antiinflam-
matory mediators, consistent with the “peak concentration 
hypothesis.”41 The clinical significance of enhanced mediator 
elimination by large-pore filters, along with the general 
issue of adsorptive versus transmembrane removal of large 
molecular weight compounds, continues to be debated.

 Pore  Type of
 diameter membrane
 
 <0.01 µm High flux 

 
 < 0.02µm High cut-off

700 nm

FIGURE 141.6 Representation of large pore (“high cutoff”) filters. A 
comparison is made between this type of filter and a standard 
high-flux filter with respect to pore dimensions and electron 
micrograph appearance. (Adapted with permission from Villa G, 
Chelazzi C, Morettini E, et al. Organ dysfunction during continuous 
veno-venous high cut-off hemodialysis in patients with septic acute 
kidney injury: A prospective observational study. PLoS One. 
2017;12[(2]:e0172039.)

Technology in CRRT
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FIGURE 141.7 Information management in CRRT. (Reprinted from Cerdá J, Baldwin I, Honore PM, Villa G, Kellum JA, Ronco C. ADQI 
Consensus Group: Role of Technology for the Management of AKI in Critically Ill Patients: From Adoptive Technology to Precision 
Continuous Renal Replacement Therapy. Blood Purif. 2016;42[3]:248–265.)
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4. New developments in CRRT membrane technology 
involve surface modifications and increased pore 
size to allow for expanded removal capabilities.

Key References
8. Ronco C. Evolution of technology for continuous renal replace-

ment therapy: Forty years of improvements. Contrib Nephrol. 
2017;189:114-123.

12. Villa G, Neri M, Bellomo R, et al. Nomenclature for renal replace-
ment therapy and blood purification techniques in critically 
ill patients: practical applications. Crit Care. 2016;20(1):283.



Chapter 141 / Continuous Renal Replacement Therapy Machine Technology  860.e1

22. Schneditz D, Ronco C, Levin N. Temperature control by the 
blood temperature monitor. Semin Dial. 2003;16(6):477-482.

23. Zhang Z, Hongying N. Efficacy and safety of regional citrate 
anticoagulation in critically ill patients undergoing continuous 
renal replacement therapy. Intensive Care Med. 2012;38(1):20-28.

24. Bai M, Zhou M, He L, et al. Citrate versus heparin anticoagula-
tion for continuous renal replacement therapy: an updated meta-
analysis of RCTs. Intensive Care Med. 2015;41(12):2098-2110.

25. KDIGO Clinical Practice Guideline for Acute Kidney Injury. 
Anticoagulation. Kidney Int. 2012;2(1):95-100.

26. Gattas DJ, Rabjhandari D, Bradford C, et al. A randomized 
controlled trial of regional citrate vs regional heparin antico-
agulation for continuous renal replacement therapy in critically 
ill adults. Crit Care Med. 2015;43:1622-1629.

27. Salvatori G, Ricci Z, Bonello M. First clinical trial for a 
new CRRT machine: the Prismaflex. Int J Artif Organs. 
2004;27(5):404-409.

28. Tolwani A, Wille KM. Advances in continuous renal replace-
ment therapy: citrate anticoagulation update. Blood Purif. 
2012;34(2):88-93.

29. Morgera S, Schneider M, Slowinski T, et al. A safe citrate 
anticoagulation protocol with variable treatment efficacy 
and excellent control of the acid–base status. Crit Care Med. 
2009;37:2018-2024.

30. Kalb R, Kram R, Morgera S, et al. Regional citrate anticoagula-
tion for high volume continuous venovenous hemodialysis in 
surgical patients with high bleeding risk. Ther Apher Dial. 
2013;17(2):202-212.

31. Clark WR, Ronco C. Continuous renal replacement techniques. 
Contrib Nephrol. 2004;144:264-277.

32. KDIGO Clinical Practice Guideline for Acute Kidney Injury. 
Dose of renal replacement therapy in AKI. Kidney Int. 
2012;2(1):113-115.

33. Huang Z, Letteri JJ, Clark WR, et al. Operational characteristics 
of continuous renal replacement therapy modalities used for 
critically ill patients with acute kidney injury. Int J Artif Organs. 
2008;31:525-534.

34. Clark WR, Hamburger RJ, Lysaght MJ. Effect of membrane 
composition and structure on performance and biocompatibility 
in hemodialysis. Kidney Int. 1999;56:2005-2015.

35. De Vriese AS, Colardyn FA, Philippé JJ, et al. Cytokine removal 
during continuous hemofiltration in septic patients. J Am Soc 
Nephrol. 1999;10(4):846-853.

36. Honore PM, Jacobs R, Joannes-Boyau O, et al. Newly designed 
CRRT membranes for sepsis and SIRS – a pragmatic approach 
for bedside intensivists summarizing the more recent advances: 
A systematic review. ASAIO J. 2013;59:99-106.

37. Villa G, Zaragoza JJ, Sharma A, et al. Cytokine removal with 
high cut-off membrane: review of literature. Blood Purif. 
2014;38(3-4):167-173.

38. Villa G, Chelazzi C, Morettini E, et al. Organ dysfunction during 
continuous veno-venous high cut-off hemodialysis in patients 
with septic acute kidney injury: A prospective observational 
study. PLoS ONE. 2017;12(2):e0172039.

39. Rimmelé T, Kellum JA. Clinical review: blood purification for 
sepsis. Crit Care. 2011;15(1):205.

40. Boschetti-de-Fierro A, Voigt M, Storr M, et al. Extended charac-
terization of a new class of membranes for blood purification: the 
high cut-off membranes. Int J Artif Organs. 2013;36(7):455-463.

41. Ronco C, Bonello M, Bordoni V, et al. Extracorporeal therapies 
in non-renal disease: treatment of sepsis and the peak concentra-
tion hypothesis. Blood Purif. 2004;22(1):164-174.

42. Clark WR, Garzotto F, Neri M, et al. Data analytics for continuous 
renal replacement therapy: Historical limitations and recent 
technology advances. Int J Artif Organs. 2016;39(8):399-406.

References
1. Henderson LW, Besarab A, Michaels A, et al. Blood purification 

by ultrafiltration and fluid replacement (diafiltration). Trans 
Am Soc Artif Intern Organs. 1967;13:216-221.

2. Silverstein ME, Ford CA, Lysaght MJ, et al. Treatment of severe 
fluid overload by ultrafiltration. N Engl J Med. 1974;291:747-751.

3. Kramer P, Wigger W, Rieger J, et al. Arteriovenous haemo-
filtration: A new and simple method for treatment of over-
hydrated patients resistant to diuretics. Klin Wochenschrift. 
1977;55:1121-1122.

4. Kramer P, Wigger W, Matthaei D, et al. Clinical experience 
with continuously monitored fluid balance in automatic 
haemofiltration. Artif Organs. 1978;2:147-149.

5. Ronco C, Brendolan A, Bragantini L, et al. Arteriovenous 
hemodiafiltration associated with continuous arteriovenous 
hemofiltration: a combined therapy for acute renal failure in 
the hypercatabolic patient. Blood Purif. 1987;5(1):33-40.

6. Paganini EP, O’Hara P, Nakamoto S. Slow continuous ultrafil-
tration in hemodialysis resistant oliguric acute renal failure 
patients. Trans Am Soc Artif Intern Organs. 1982;30:173-178.

7. Truitt LA, Corbin F, Lobdell DD, et al: Inventors. COBE Laborato-
ries, Inc. (Lakewood, CO), assignee. Technique for extracorporeal 
treatment of blood. U.S. patent 5910252. 06/08/1999.

8. Ronco C. Evolution of technology for continuous renal replace-
ment therapy: Forty years of improvements. Contrib Nephrol. 
2017;189:114-123.

9. Schmidt M, Hodgson C, Combes A. Extracorporeal gas exchange 
for acute respiratory failure in adult patients: a systematic 
review. Crit Care. 2015;19(1):99.

10. Bañares R, Nevens F, Larsen FS, et al, RELIEF study group. 
Extracorporeal albumin dialysis with the molecular adsorbent 
recirculating system in acute-on-chronic liver failure: the 
RELIEF trial. Hepatology. 2013;57(3):1153-1162.

11. Ronco C. The charta of Vicenza. Blood Purif. 2015;40(1):I-V.
12. Villa G, Neri M, Bellomo R, et al. Nomenclature for renal replace-

ment therapy and blood purification techniques in critically 
ill patients: practical applications. Crit Care. 2016;20(1):283.

13. Cerdá J, Baldwin I, Honore PM, et al. Role of Technology for 
the Management of AKI in Critically Ill Patients: From Adop-
tive Technology to Precision Continuous Renal Replacement 
Therapy. Blood Purif. 2016;42(3):248-265.

14. Ronco C. Fluid balance in CRRT: a call to attention! Int J Artif 
Organs. 2005;28(8):763-764.

15. Ronco C, Bellomo R, Homel P, et al. Effects of different doses 
in continuous veno-venous haemofiltration on outcomes of 
acute renal failure: a prospective randomised trial. Lancet. 
2000;356(9223):26-30.

16. Clark WR, Turk JE, Kraus MA, et al. Dose determinants in 
continuous renal replacement therapy. Artif Organs. 2003;27: 
815-820.

17. Ronco C, Ghezzi PM, Brendolan A, et al. The haemodialysis 
system: Basic mechanisms of water and solute transport in 
extracorporeal renal replacement therapies. Nephrol Dial 
Transplant. 1998;13(suppl 6):3-9.

18. Huang Z, Letteri JJ, Ronco C, et al. Basic Principles of Solute 
Transport. In: Kellum J, Bellomo R, Ronco C, eds. Handbook 
of CRRT. 2nd ed. London: Oxford University Press; 2016.

19. Huang Z, Gao D, Letteri JJ, et al. Blood-membrane interactions 
during dialysis. Sem Dial. 2009;22:623-628.

20. Clark WR, Turk JE. The NxStage System One. Sem Dial. 
2004;17:167-170.

21. Akhoundi A, Singh B, Vela M, et al. Incidence of adverse 
events during continuous renal replacement therapy. Blood 
Purif. 2015;39(4):333-339.


	Chapter 000 - Cover.pdf
	a.pdf
	b.pdf
	c.pdf
	d.pdf
	e.pdf

	Chapter 001 - The Critically Ill Patient.pdf
	Chapter 002 - The Pathophysiologic Foundations of Critical Care.pdf
	Chapter 003 - Mechanical Ventilation.pdf
	Chapter 004 - Hemodynamic Support in the Critically Ill Patient.pdf
	Chapter 005 - Monitoring Organ Dysfunction in Critical Care.pdf
	Chapter 006 - Kidney-Specific Severity Scores.pdf
	Chapter 007 - The Physiology of the Glomerulus.pdf
	Chapter 008 - The Physiology of the Loop of Henle.pdf
	Chapter 009 - Glomerular Filtration Rate, Renal Functional Reserve, and Kidney Stress Testing.pdf
	Chapter 010 - Renal Energy Consumption and Metabolism.pdf
	Chapter 011 - Acute Kidney Injury_ From Clinical to Molecular Diagnosis.pdf
	Chapter 012 - Community- and Hospital-Acquired Acute Kidney Injury.pdf
	Chapter 013 - Epidemiology of Acute Kidney Injury in Critically Ill Patients.pdf
	Chapter 014 - Acute Kidney Injury in Patients With Chronic Kidney Disease.pdf
	Chapter 015 - Genetic Predisposition for Acute Kidney Injury (AKI).pdf
	Chapter 016 - Risk Factors and Risk Assessment in Acute Kidney Injury.pdf
	Chapter 017 - Experimental Models of Acute Kidney Injury.pdf
	Chapter 018 - Renal Blood Flow and Perfusion Pressure.pdf
	Chapter 019 - Humoral Mediators in Sepsis.pdf
	Chapter 020 - Cell Death Pathways_ Apoptosis and Regulated Necrosis.pdf
	Chapter 021 - Pathogen-Associated Molecular Patterns, Damage-Associated Molecular Patterns, and Their Receptors in Acute Kidney Injury.pdf
	Chapter 022 - Acute Kidney Disease.pdf
	Chapter 023 - Acute Kidney Disease, Renal Recovery, and Post–Acute Kidney Injury Care.pdf
	Chapter 024 - The Role of Biomarkers in the Diagnosis and Management of Acute Kidney Injury.pdf
	Chapter 025 - Functional Biomarkers.pdf
	Chapter 026 - Damage Biomarkers.pdf
	Chapter 027 - Kidney Stress Biomarkers.pdf
	Chapter 028 - Renal Repair and Recovery.pdf
	Chapter 029 - Maladaptive Repair and Progression to CKD.pdf
	Chapter 030 - Biomarkers of Recovery and_or Repair Following Acute Kidney Injury.pdf
	Chapter 031 - Practical Considerations of Renal Biopsies in Critical Care Patients.pdf
	Chapter 032 - Localization of Injury and Repair Pathways.pdf
	Chapter 033 - Ultrasonography and Doppler Techniques.pdf
	Chapter 034 - Contrast-Enhanced Renal Ultrasound.pdf
	Chapter 035 - Traditional Radiology, Computed Tomography, and Magnetic Resonance Imaging in Critical Care Nephrology.pdf
	Chapter 036 - Radionuclides Diagnostic Techniques.pdf
	Chapter 037 - Multiple Organ Dysfunction.pdf
	Chapter 038 - Acute Kidney Injury in Burns and Trauma.pdf
	Chapter 039 - Drug-Induced Acute Kidney Injury.pdf
	Chapter 040 - Acute Kidney Injury in Pregnancy.pdf
	Chapter 041 - Acute Kidney Injury in Oncology and Tumor Lysis Syndrome.pdf
	Chapter 042 - Acute Kidney Injury in Cardiac Surgery.pdf
	Chapter 043 - Acute Kidney Injury in Major Surgery.pdf
	Chapter 044 - Acute Kidney Injury in Heart Failure.pdf
	Chapter 045 - Acute Kidney Injury in Cirrhosis.pdf
	Chapter 046 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 047 - Acute Glomerulonephritis.pdf
	Chapter 048 - Contrast-Induced Acute Kidney Injury.pdf
	Chapter 049 - Abdominal Compartment Syndrome.pdf
	Chapter 050 - Hemolytic Uremic Syndrome.pdf
	Chapter 051 - Nonpharmacologic Management of Acute Renal Injury.pdf
	Chapter 052 - Novel Drugs for Acute Kidney Injury.pdf
	Chapter 053 - Remote Ischemic Preconditioning.pdf
	Chapter 054 - Blood Biochemistry_ Measuring Major Plasma Electrolytes.pdf
	Chapter 055 - Assessment of Urine Biochemistry.pdf
	Chapter 056 - Disorders of Sodium and Water Balance.pdf
	Chapter 057 - Disorders of Potassium and Magnesium.pdf
	Chapter 058 - Calcium and Phosphate Physiology.pdf
	Chapter 059 - Principles of Fluid Therapy.pdf
	Chapter 060 - Blood Transfusion Therapy.pdf
	Chapter 061 - Loop and Thiazide Diuretics.pdf
	Chapter 062 - Vaptans and the Treatment of Hyponatremia.pdf
	Chapter 063 - Aldosterone Antagonists, Amiloride, and Triamterene.pdf
	Chapter 064 - Laboratory Tests_ Blood Gases, Anion Gap, and Strong Ion Gap.pdf
	Chapter 065 - Acid-Base Physiology and Diagnosis of Disorders.pdf
	Chapter 066 - Metabolic Acidosis.pdf
	Chapter 067 - Hyperlactatemia and Lactic Acidosis.pdf
	Chapter 068 - Renal Tubular Acidosis.pdf
	Chapter 069 - Metabolic Alkalosis.pdf
	Chapter 070 - Respiratory Acid-Base Disorders.pdf
	Chapter 071 - Iatrogenic and Poison-Derived Acid Base Disorders.pdf
	Chapter 072 - Energy Requirement and Consumption in the Critically Ill Patient.pdf
	Chapter 073 - Impact of Renal Replacement Therapy on Metabolism and Nutrient Requirements in the Critically Ill Patient.pdf
	Chapter 074 - Amino Acid Turnover, Protein Metabolism, and Nitrogen Balance in Acute Kidney Injury.pdf
	Chapter 075 - Carbohydrates and Lipids.pdf
	Chapter 076 - Endocrinology of the Stress Response During Critical Illness.pdf
	Chapter 077 - Anemia of Critical Illness.pdf
	Chapter 078 - Management of Nutrition in Acute Kidney Injury and Renal Replacement Therapy.pdf
	Chapter 079 - Blood Glucose Control in Critical Care.pdf
	Chapter 080 - Enteral Nutrition.pdf
	Chapter 081 - Microbiologic Considerations in the Intensive Care Patient.pdf
	Chapter 082 - Innate Immunity and the Kidney.pdf
	Chapter 083 - Adaptive Immunity and Critical Illness.pdf
	Chapter 084 - Spontaneous Bacterial Peritonitis and Hepatorenal Syndrome.pdf
	Chapter 085 - Tropical Infections Causing Acute Kidney Injury.pdf
	Chapter 086 - Sepsis and Septic Shock.pdf
	Chapter 087 - Complement and Its Consequences in Sepsis.pdf
	Chapter 088 - Coagulation Abnormalities in Sepsis.pdf
	Chapter 089 - Endothelial Dysfunction of the Kidney in Sepsis.pdf
	Chapter 090 - Sepsis-Induced Acute Kidney Injury.pdf
	Chapter 091 - Recommendations for Sepsis Management.pdf
	Chapter 092 - Principles of Antimicrobial Prescription in Intensive Care Unit Patients With Acute Kidney Injury.pdf
	Chapter 093 - Renal Replacement Therapy for Septic Acute Kidney Injury.pdf
	Chapter 094 - Blood Purification for Sepsis.pdf
	Chapter 095 - Management of Infection in Patients With Kidney Transplant.pdf
	Chapter 096 - Critical Care Viral Infections.pdf
	Chapter 097 - Principles of Antibiotic Prescription in Intensive Care Unit Patients and Patients With Acute Renal Failure.pdf
	Chapter 098 - Drugs and Antidotes in Acute Intoxication.pdf
	Chapter 099 - Extracorporeal Therapies in Acute Intoxication and Poisoning.pdf
	Chapter 100 - Plasmapheresis in Acute Intoxication and Poisoning.pdf
	Chapter 101 - Poisoning_ Kinetics to Therapeutics.pdf
	Chapter 102 - Bleeding and Hemostasis in Acute Renal Failure.pdf
	Chapter 103 - Gastrointestinal Problems in Acute Kidney Injury.pdf
	Chapter 104 - Cardiovascular Problems in Acute Kidney Injury.pdf
	Chapter 105 - Water and Electrolyte Disturbances in Acute Renal Failure.pdf
	Chapter 106 - Neurologic Problems in Acute Renal Failure.pdf
	Chapter 107 - Immunologic and Infectious Complications of Acute Kidney Injury.pdf
	Chapter 108 - Cellular Response to Acute Kidney Injury.pdf
	Chapter 109 - Heart-Kidney Cross-Talk.pdf
	Chapter 110 - Classification of Cardiorenal Syndrome.pdf
	Chapter 111 - Cardiorenal Syndrome Type 1.pdf
	Chapter 112 - Cardiorenal Syndrome Type 2.pdf
	Chapter 113 - Cardiorenal Syndrome Type 3.pdf
	Chapter 114 - Cardiorenal Syndrome Type 4.pdf
	Chapter 115 - Cardiorenal Syndrome Type 5.pdf
	Chapter 116 - Renal Function During Cardiac Mechanical Support and Artificial Heart.pdf
	Chapter 117 - The Kidney in Diastolic Dysfunction.pdf
	Chapter 118 - Principles of Diuretic Management in Heart Failure.pdf
	Chapter 119 - Management of Overhydration in Heart Failure Patients.pdf
	Chapter 120 - Recent Advances for Stroke Prevention in Patients With Atrial Fibrillation and Advanced Kidney Disease.pdf
	Chapter 121 - Lung-Kidney Cross-Talk.pdf
	Chapter 122 - The Kidney During Mechanical Ventilation.pdf
	Chapter 123 - Extracorporeal Membrane Oxygenation and Renal Function.pdf
	Chapter 124 - Extracorporeal Carbon Dioxide Removal.pdf
	Chapter 125 - Extracorporeal Membrane Oxygenation and Continuous Renal Replacement Therapy in Adults and Children.pdf
	Chapter 126 - Pulmonary-Renal Syndrome.pdf
	Chapter 127 - Liver-Kidney Interaction.pdf
	Chapter 128 - Pathophysiology and Management of the Hepatorenal Syndrome.pdf
	Chapter 129 - Kidney Dysfunction After Liver Transplantation.pdf
	Chapter 130 - Extracorporeal Liver Support Devices.pdf
	Chapter 131 - Treatment of Combined Acute Renal Failure and Cerebral Edema.pdf
	Chapter 132 - Renal Protection in the Organ Donor.pdf
	Chapter 133 - Effect of Extracorporeal Therapies on the Brain.pdf
	Chapter 134 - Components of Fluid Balance and Monitoring.pdf
	Chapter 135 - Noninvasive Methods of Fluid Status Assessment in Critically Ill Patients.pdf
	Chapter 136 - Management of Fluid Overload in Cardiorenal Patients_ The Five B Approach.pdf
	Chapter 137 - Mechanical Fluid Removal.pdf
	Chapter 138 - Indications for Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 139 - Principles of Extracorporeal Circulation and Transport Phenomena.pdf
	Chapter 140 - Membranes and Filters for Use in Acute Renal Failure.pdf
	Chapter 141 - Continuous Renal Replacement Therapy Machine Technology.pdf
	Chapter 142 - Principles of Anticoagulation in Extracorporeal Circuits.pdf
	Chapter 143 - Dialysis Solutions and Replacement Fluids.pdf
	Chapter 144 - Starting and Stopping Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 145 - The Concept of Renal Replacement Therapy Dose and Efficiency.pdf
	Chapter 146 - Quantification of Acute Renal Replacement Therapy.pdf
	Chapter 147 - Principles of Pharmacodynamics and Pharmacokinetics of Drugs Used in Extracorporeal Therapies.pdf
	Chapter 148 - Ethical Considerations in Acute Renal Replacement Therapy.pdf
	Chapter 149 - Intermittent Techniques for Acute Dialysis.pdf
	Chapter 150 - Solute and Water Transport in Hemodialysis_ Dialyzers, Flow Distribution, and Cross-Filtration.pdf
	Chapter 151 - Biocompatibility of the Dialysis System.pdf
	Chapter 152 - Composition of Hemodialysis Fluid.pdf
	Chapter 153 - Indications for and Contraindications to Intermittent Hemodialysis in Critically Ill Patients.pdf
	Chapter 154 - Technical and Clinical Complications of Intermittent Hemodialysis in the Intensive Care Unit.pdf
	Chapter 155 - Correction of Water, Electrolyte, and Acid-Base Derangements by Hemodialysis and Derived Techniques.pdf
	Chapter 156 - Urea Kinetics, Efficiency, and Adequacy of Hemodialysis and Other Intermittent Treatments.pdf
	Chapter 157 - Assessment of Fluid Status and Body Composition and Control of Fluid Balance With Intermittent Hemodialysis in the Critically Ill Patient.pdf
	Chapter 158 - Outcomes of Intermittent Hemodialysis in Critically Ill Patients With Acute Kidney Injury.pdf
	Chapter 159 - Hybrid Dialysis Techniques in the Intensive Care Unit.pdf
	Chapter 160 - The Role of Plasmapheresis in Critical Illness.pdf
	Chapter 161 - Cascade Filtration for ABO Incompatible Transplant.pdf
	Chapter 162 - Nursing Issues and Procedures in Continuous Renal Replacement Therapy.pdf
	Chapter 163 - Indications for Continuous Renal Replacement Therapy_ Renal Replacement Versus Renal Support.pdf
	Chapter 164 - Beginning and Ending Continuous Renal Replacement Therapy in the Intensive Care Unit.pdf
	Chapter 165 - Solute and Water Kinetics in Continuous Therapies.pdf
	Chapter 166 - Continuous Renal Replacement Therapy_ Modalities and Their Selection.pdf
	Chapter 167 - Vascular Access for Acute Renal Replacement Therapy.pdf
	Chapter 168 - Anticoagulation Strategies for Continuous Renal Replacement Therapy.pdf
	Chapter 169 - Nursing Strategies to Prevent Coagulation of the Extracorporeal Circuit.pdf
	Chapter 170 - Adequacy of Continuous Renal Replacement Therapy_ Prescription and Delivery.pdf
	Chapter 171 - High-Volume Hemofiltration in the Intensive Care Unit.pdf
	Chapter 172 - Pulse High-Volume Hemofiltration in Management of Critically Ill Patients With Severe Sepsis or Septic Shock.pdf
	Chapter 173 - High Cutoff Membranes for Mediators Removal.pdf
	Chapter 174 - Clinical Effects of Continuous Renal Replacement Therapies.pdf
	Chapter 175 - Antibiotic Adjustment in Continuous Renal Replacement Therapy.pdf
	Chapter 176 - Nomenclature_ Basic Principles.pdf
	Chapter 177 - Nomenclature_ Techniques.pdf
	Chapter 178 - Peritoneal Dialysis System.pdf
	Chapter 179 - Indications, Contraindications, and Complications of Peritoneal Dialysis in Acute Renal Failure.pdf
	Chapter 180 - Solute and Water Transport Across the Peritoneal Barrier.pdf
	Chapter 181 - Choice of Peritoneal Dialysis Technique_ Intermittent or Continuous.pdf
	Chapter 182 - Correction of Fluid, Electrolyte, and Acid-Base Derangements by Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 183 - Feasibility, Efficiency, and Adequacy of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 184 - Clinical Results and Complications of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 185 - Treatment of Peritonitis and Other Clinical Complications of Peritoneal Dialysis in the Critically Ill Patient.pdf
	Chapter 186 - Comparison of Peritoneal Dialysis With Other Treatments for Acute Kidney Injury.pdf
	Chapter 187 - Continuous-Flow Peritoneal Dialysis as Acute Therapy.pdf
	Chapter 188 - Nursing and Procedure Issues in Peritoneal Dialysis.pdf
	Chapter 189 - Sorbents_ From Basic Structure to Clinical Application.pdf
	Chapter 190 - Therapeutic Apheresis in Critically Ill Patients_ Indications, Modalities and Techniques, Clinical Results.pdf
	Chapter 191 - Extracorporeal Blood Purification Techniques Beyond Dialysis_ Coupled Plasmafiltration-Adsorption.pdf
	Chapter 192 - Prometheus System.pdf
	Chapter 193 - Toraymyxin and Other Endotoxin Adsorption Systems.pdf
	Chapter 194 - Plasmafiltration-Adsorption-Dialysis System.pdf
	Chapter 195 - Extracorporeal Membrane Oxygenation for Cardiac Support.pdf
	Chapter 196 - Extracorporeal Membrane Oxygenation for Pulmonary Support.pdf
	Chapter 197 - Cell-Based Therapies.pdf
	Chapter 198 - Cellular and Molecular Mechanisms of Acute Kidney Injury.pdf
	Chapter 199 - Epidemiology of Pediatric Acute Kidney Injury.pdf
	Chapter 200 - Treatment of Acute Kidney Injury in Children_ Conservative Management to Renal Replacement Therapy.pdf
	Chapter 201 - Technical Aspects of Pediatric Continuous Renal Replacement Therapy.pdf
	Chapter 202 - Multiple Organ Dysfunction in the Pediatric Intensive Care Unit.pdf
	Chapter 203 - Drug Dosing in Pediatric Acute Kidney Insufficiency and Renal Replacement Therapy.pdf
	Chapter 204 - Nutrition of Critically Ill Children With Acute Renal Failure.pdf
	Chapter 205 - Outcome of Pediatric Acute Kidney Injury.pdf
	Chapter 206 - Renal Replacement Therapy for the Critically Ill Infant.pdf
	Chapter 207 - Neonatal Hyperammonemia and Continuous Renal Replacement Therapy.pdf
	Chapter 208 - Modified Ultrafiltration in Pediatric Heart Surgery.pdf
	Chapter 209 - Techniques and Machines for Pediatric Renal Replacement Therapy.pdf
	Chapter 210 - Antibiotics in Critically Ill Newborns and Children_ Nephrotoxicity and Management During Renal Replacement Therapy.pdf
	Chapter 211 - Patient Selection and Pretransplantation Care for Kidney Transplant Recipients.pdf
	Chapter 212 - Kidney Support and Perioperative Care in Kidney Transplantation.pdf
	Chapter 213 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 214 - Management of Chronic Kidney Disease and End-Stage Kidney Disease Patients in the Intensive Care Unit.pdf
	Chapter 215 - Management of Patients with Diabetes in the Intensive Care Unit.pdf
	Chapter 216 - Diagnosis and Management of Acute Kidney Injury in the Emergency Department.pdf
	Chapter 217 - Anticancer Drugs and the Kidney.pdf
	Chapter 218 - Antiinflammatory Drugs and the Kidney.pdf
	Chapter 219 - Calcineurin Inhibitors and Other Immunosuppressive Drugs and the Kidney.pdf
	Chapter 220 - Alternative Medicine and Chinese Herbs and the Kidney.pdf
	Chapter 221 - Environment, Smoking, Obesity, and the Kidney.pdf
	Chapter 222 - Lead and Heavy Metals and the Kidney.pdf
	Chapter 223 - Statins and the Kidney.pdf
	Chapter 224 - Erythropoietin Therapy in Critically Ill and Acute Kidney Injury Patients.pdf
	Chapter 225 - Vasoactive Drugs, Renal Function, and Acute Kidney Injury.pdf
	Chapter 226 - End Points for Clinical Trials in Acute Kidney Injury.pdf
	Chapter 227 - Hypothermia and the Kidney.pdf
	Chapter 228 - Renin-Angiotensin System Blockers and Acute Kidney Injury.pdf

