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Thefutureof continuous renal replacement therapy

Abstract

Over the last 40 years, acute renal replacement thelRpi) (n the intensive care units

(ICUs) of high=inecome countries has transitioned from the predominant use of intermittent
haemodialysis.(and the much less common use of peritoneal dialysis) to the almost exclusive
use of continuous renal replacement therapy (ORRdcordingly, CRRT has become one of

the most common forms of vital organ support delivered to critically ill patients. A series of
clinical and technical advances has enabled the transformation oOBRICmachinesnto

highly sophisticated and customised devices. Recent work has focused on using evidence
from clinical trials to enhance the application of CRRT with regard to timing of initiation,
choice of modality, dose, and anticoagulation. However, many questions remain unanswered.
Uncertainty surrounding volume control and the utility of strategies to minimise circulatory
stress are key areas for future development. Advances in membrane technology, combination
with other.extracorporeal therapies, and personalisati@R&T delivery may provide

additional benefit to certain subgroups. Development of quality metrics and use of data
analytics toraudit and benchmark could provide important insight into practice, while
biofeedbackand automat&€RRT prescription could increase safety. In this review, we

summarise the,evolution @RRT and highlight several future areas for development.

I ntroduction
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The increasing availability of mechanical ventilation and vasoactive drugs in the 1970s meant
thatagrowing number of patients in the intensive care unit (ICU) survived long enough to
develop ‘acute renal failure’ and require renal replacement theraRiRT). Although

established in the chronic setting, the application of intermittent haemodialysis and peritoneal
dialysis torcritically ill patients was associated with substantial morbidity and mortality.
Peritoneal dialysis could not achieve adequate solute control in patients who were highly
catabolic and the high glucose content of dialysate solutions caused hyperglycaemia and
increased the risk of peritonitid/asopressor-dependent patients were unable to tolerate

rapid removal of fluid and osmotically active solutes with intermittent haemodiélgsigere
cardiovascular instability was a common complication of this therapy and mortality rates

were as high as'70%.

The need to develop an alternative dialytic technique for critically ill patients who could not
tolerate conventional therapies led to the inception of continuous renal replacement therapy
(CRRT). In contrast to other forms of RRCRRTwas able to deliver solute clearance,

volume removal, thermal control, and acid-base regulation without compromising
haemodynamie,stability. It also proved successful at controlling plasma tonicity and

removing non-uraemic water-soluble toxins, which had been found to accumulate in specific
conditions«(exgammonia in severe acute liver failure and creatine kinase in rhabdomyolysis).
Accordingly, CRRT came to represent the dominant form of RRT in the ICU of high-iecom
and many middle-income countries and one of the most common forms of vital organ support

provided ta critically ill patients.

Since its inception, CRRT has undergone significant transformation. Machines have become
increasingly sophisticated, double lumen catheters permit venovenous therapy, dual-port
filters allow the addition of diffusion to convection, and membranes are more biocompatible
and efficient. Randomised controlled trials have infor@&RT prescription. Still, the

therapy has far to go and to understand the future, one has to understand the past. In this
article, we will summarise the evolution GRRT and highlight key areas for future

development.

The evolution of CRRT
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Introduction of continuous renal replacement therapy

The earliest form o€RRTwas continuous arteriovenous haemofiltration (CAVH). First
performed’in. 1977, this technique involved cannulation of the femoral artery and vein to
create an artéfiovenous circtit Arterial pressure drove blood through a haemofilter and
provided sufficient:stransmembrane pressure to genaraitrafiltrate. Ultrafiltration was
controlled manually by altering the height of the effluent bag with respect to the haemofilter.
An electrolyte solution similar to plasma water replaced the ultrafiltrate. The rate of
ultrafiltration was proportional to the solute clearance, while the difference between the rates
of ultrafiltrationsand replacement fluid administration reflected the fluid balance. Having

been safelysperformed in adults for several years, CAVH was trialled in crititally

paediatric and neonatal cohorts from the mid-1980s.

Addition of'diffusion to convection

Although well'tolerated, CAVH provided limited solute clearance, which was often
insufficientforrhypercatabolic patientd he addition of diffusive solute clearance to CAVH

was made passible by the introduction of dual-ported haemofilters that permitted
countercurrent dialysate flow. Originally designed for intermittent haemodialysis, the use of
these haemofilters more than doubled solute clearance because dialysate flow rates could be
titrated up t0"1.5'to 2L per hoBiFirst available in 1983, techniques combining diffusion and
convection greatly increased in popularity throughout the late 1980s and early 1990s. This
created an opportunity for the commercial production of dedicated dialysis fluids (for use as
dialysate and replacement fluid), which were initially buffered by lactate and subsequently

bicarbonate.

Transition to.venovenous modes

Arteriovenous therapies presented several limitations. Cannulation of the femoral artery
increased the risk of limb ischaemia. Periods of hypotension led to haemofilter clotting due to
poor blood flow. Regular monitoring and adjustment of the height of the effluent bag were

required to control ultrafiltration according to variations in arterial blood pressure and
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progressive membrane fouling. The addition of peristaltic pum@RRT machines and the
adoption of double-lumen vascular catheters made venovenous techniques p&ssibke.
mid-1980s, continuous venovenous haemofiltration (CVVH), continuous venovenous
haemodialysis (CVVHD), and continuous venovenous haemodiafiltration (OQFYH
replaced"CAVH? CRRT machines progressively became more sophisticated and soon
provided automated control of ultrafiltration and dialysate delivery with sufficient precision

to achieve therapeutic goals.

First to fourth generation CRRT machines

Although the first generation @RRT machines closely resembled those used for
intermittent haemodialysis, the second generatiddRIRT machines (e.g. the Prisma

maching represented the first dedicat€®RT-specific platform. Integration of the many
components.of.the extracorporeal circuit (i.e. blood pump, ultrafiltrate pump, reinfusion
pump, and anticoagulation managenmamb a single system led to improved safety and
performaneétThird generatiotCRRT machines (e.g. the Prismaflex, Multifiltrate,

Aquarius) werescapable of delivering higher volumes of convection and more complex
therapies.=They also offered improved software capability, with user-friendly interfaces that
enhanced the'timely communication of critical information from the macbitie clinician.
Disposable kits with preassembled filter and line sets allvapid and automated priming.
Paediatric-specifiCRRT machines have also been released (e.g. CARPEDIEM)st

recently, fourth generatiocGRRT machines (e.g. the Prismax, ACUsmart, OMNI) have
become available. These machines offer increased automation, more accurate delivery of the
prescribedCRRT.dose, and improved precision of fluid balateéencrease the safeand
reliability.of treatments.

Themes of modern CRRT

Timing of CRRTinitiation and cessation

With the availability of sophisticated, dedicated machines and devicE€RRT, the focus of
recent work has shifted to optimising the prescriptio@RRT. Several large clinical trials

have evaluated whether the timing@RRT initiation influences outcome. Although
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preliminary studies suggested that early initiatio€BRT may be associated with improved
clinical outcomes, subsequent randomised controlled trials have failed to demanstrate
consistent benefi14 Accordingly, decisions surrounding the initiation@RRT are largely
drivenby clinical judgement and the presence and severity of metabolic and volume status
derangementsFor patients in wh@RRT has been initiated, evidence to guide cessation of
therapy is less clear. Observational studies have identified that higher urine output, higher
creatinine Clearance, and lower serum creatinine predict SUCCBRIRT cessatiort>1

However, large trials in this area have not been performed. Uncertainty surrounding the
optimal timing fCRRT discontinuation is reflected in the consensus recommendation that
CRRT should be discontinued when kidney function has recovered sufficiently to reduce the

demand-capagity imbalance to acceptable IéVels.

Choice of CRRT modality

The capability.of modern machines to perform multiple formSRRT (i.e. CVVH,

CVVHD, CWWHDF) prompted investigation into whether the choic€BRT modality
contributes‘to ‘patient outcome. Theoretically, diffusive therapies are capable of delivering a
higher dialysis dose without increasing the filtration fraction, while convective therapies offer
superior middle- and large-molecule clearance. Current evidence does not support the
superiority of one modality over another, although study populations have been
heterogeneou$.Until further evidencés available, it is recommended that the choice of

CRRT modality be made based on local expertise and resources.

Prescribed CRRT dose

The dose 0€RRT has been the subject of several large randomised controlled trials. These
trials failed to demonstrate a survival benefit with high dOB&T (>35 to 40 mL/kg/h)
compared to standard doS&®RT (20 to 25 mL/kg/h}>2° However, subsequent work has
highlighted that specific patient subgroups (e.g. patients with hyperammonaemia) may
benefit from a higher dogé Moreover, the non-specific removal of a broad range of
inflammatory mediators was considered potentially beneficial in patients with sepsis. This
observation \asthe rationale for testing high-volume ultrafiltration (>50 mL/kg/h) in

combination with coupled plasma filtration-adsorption (CFPA) as an immunomodulatory
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treatment in sepsf€2® Although it was hypothesised that removal of inflammatory mediators
could reconstitute immune homeostasis, this has, so far, not been confirmed by randomised

controlled trials*

Anticoagulation

Significant progress in the modern era0®®RT has also been made with respect to
anticoagulation to maintain circuit patency. Regional and systemic anticoagulation regimens
are currently available, with regional citrate anticoagulation and unfractionated heparin being
the most commonly prescribed. A meta-analysis of randomised controlled trials found that
regional citrate anticoagulation reduced the risk of circuit loss, filter failure, bleeding and
heparin-induced thrombocytopaenia compared to hepafis.such, this approach is

preferred in many countries and neVdRT machines have integrated software to automate

and modulate.citrate delivef§.

The futureof"CRRT

The future.ofCRRT will involve a number of technical changes, technological innovations,
scientific and trial-based insights, and electronic medical records/informatics-based advances
in monitoring, which will aimo address aspects GRRT that remain suboptimal and to

identify problem areas that require performance improvement (Table 1).

Volume control

Achieving optimal control of volume status is of paramount importan€&RiRT. Volume

status is a key determinant of haemodynamic stability, organ function (including the kidney),
and patient outceme (Figure 1). Data from several large studies have demonstrated that
positive fluid balance in patients receiviBRRT is associated with worse survival at 60
days?’-?° On the other hand, data from the RENAL study showed that a negative daily fluid
balance was associated with improved clinical outcomes, including a decreased risk of death
at 90 days, an increased numbeR&T-free days, and reduced intensive care and hospital

length of stay® Despite its clear importance, randomised controlled trials comparing volume
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control strategies have not yet been performed, but will be a key area of research focus in the

next decade.

Assessment.of volume status

In light of the apparent contribution of volume control to patient outcome, robust mé&thods
objectively estimate total and compartmental fluid status are needed. Clinical techniques (e.g.
body weight, fluid balance, oedema) have poor sensitivity. More advanced approaches, such
as bioelectricalimpedance analysis and lung ultrasound, are impractical in critically ill
patients. Relative blood volume monitors have been used to assess intravascular volume
status in patients receiving intermittent haemodialysis for some time. These devices consist of
a clear plastic blood chamber, which is inserted between the arterial blood line and the
haemofilter, and a sensor clip. The sensor clip is applied over the blood chamber and contains
a light-emitting.diode and a photodetector. Multiple wavelengths of visible and infrared light
are directed.through the blood chamber. From this, haematocrit concentration, haemoglobin
concentration,"and oxygen saturation are continuously estimated, and relative blood volume
is reported."The‘two most widely used devices are the Crit-Line (Fresenius) and the
Hemoscan.(Gambro). The Crit-Line is a standalone device that can be incorporated into any
CRRT circuit«(Figure 2).

In intermittent haemodialysis, relative blood volume monitors appear to be moderately
successful(at reducing intradialytic hypotension and symptéthsiowever, they have not

been shown to improve hard clinical outcomes. Very few studies have been performed to test
the impact of relative blood volume monitoring in critically ill patients. One study of 25
critically ill patients receiving intermittent haemodialysis found that relative blood volume
monitoringswassnot useful for predicting hypotenstdiiwo subsequent studies@RRT

have providedsinsightful descriptive information in small numbers of pafiéfits.
Randomisedscontrolled trials evaluating tools to assess total and compartmental volume

status will nexdoubt be another future are€BRT research.

Net ultrafiltration

This article is protected by copyright. All rights reserved



Like volume overload, rapid volume removal thro@RRT may also be associated with
heightened risk. An increasing number of studies from the intermittent haemodialysis
literature have supported the association between high ultrafiltration rate, intravascular
volume contraction and hypoperfusion of the heart, brain, kidneys, and gastrointestinal tract
(Figure 1)3%2%Emerging evidence supports similar significance of net ultrafiltration (NUF)
intensity in/critically ill patients receivinGRRT.*° A NUF rate that is too low may

precipitate or prolong fluid overload, while a NUF rate that is too high may aggravate
intravascular volume control. A recent secondary analysis of the RENAL study found that
NUF rates less;than 1.01 mL/kg/h or greater than 1.75 mL/kg/h carried a greater risk of death
at 90 days(44.9% and 48.6%) compared with NUF rates of between 1.01 and 1.75

mL/kg/h*! ProSpective studecomparing NUF rates are now warranted.

Hypothermia management

Newer machines. include warming devices that are associated with a lower risk of hypothermia when
compared toshistorical contradf$Future machines will fully integrate blood warming technology and
permit a high, degree of accuracy in temperature management, reducing the need for external patient

warming.

Extracorporeal carbon dioxide removal

Outside of volume management, interest in extracorporeal carbon dioxide removal
(ECCQOR) also continues to mount. ECeROhas been studied in patients with acute
respiratory failure. The aim of ECGR)is to allow ultra-protective lung ventilation in order

to reduce ventilator-induced lung injury by decreasing tidal volume, plateau pressure, and
driving pressuré®“°> Whether ECCGER is efficacious at avoiding intubation in patients with
severe hypereapnic respiratory failure is under active investig&tEB@CQR coupled with

CRRT could-besbeneficial in patients with hypercapnic respiratory acidosis and acute kidney
injury (AKL)arequiring CRRT. Placement of the oxygenator before or after the hemofilter
does not appear to influence outcoth€urrently, ECCGR can be performed with or

without CRRT as standalone therapies. In the future, integration of both technologies into a

single platform with multiple modular components may be possible.
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Connection with other blood purification devices

Like ECCOR, CRRT offers the capability to combine kidney support with other
extracorporeal therapies. Extracorporeal membrane oxygenation (ECMO) has been
successfully combined witBRRT in several studies. In this settif@RRT delivery can

either be integrated (i.e. using iadine haemofilter or fully integrated device) or provided in
parallel?® The coupling oCRRTwith ECMO will no doubt prove to be another important

area of research.because the best technical approach to combine these therapies i$Unknown.

CRRT can alsesbe delivered concurrently with therapeutic plasma exchange (TPE). TPE is a
blood purification technique designed to remove large molecular weight toxins by centrifuge
or membrané® Membranes used in TPE have significantly larger pores than those used in
CRRT, allowing convective transport of macromolecules, including pathogenic antibodies
and lipoproteinss The availability of compatible systems for deliveBRRT and TPE has
increased the potential for combining therapies, which may be particularly useful in critically
ill patients who'require urgent TPE but in wh&RT cannot be interrupted (e.g. immune-
mediated AKI, thrombotic thrombocytopenic purputaCombining modalities allows

continuous.delivery of both therapies and use of a single vascular access.

There is increasing interest in utilisiI@RRT as a platform for other forms of organ support.
Extracorporeal systems designed to remove cytokines (as an adjunct to sepsis therapy) may
also provide patient beneft.To ensure the safety of such multiorgan support systems, in-
depth knowledge of intra-circuit pressure changes, risks of air entrapment and haemolysis,

and implications for ultrafiltration and solute clearance are essential.

Adsorptive devices

The possibilities that CRRT offers to remove non-uraemic pro-inflammatory solutes (e.g.
cytokines) will'lead to continued exploration into the role of extracorporeal blood purification
in patients with sepsis. Along with high volume haemofiltration, there is increasing interest in
developing new membranes using sorbent technology for adsorption of endotoxin and/or

cytokines. One of the most widely used endotoxin removal therapies is the Toraymyxin
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membrane. Composed of polystyrene fibres coated in polymyxis-8ydotoxin-absorptive
properties are well establish&tt? However ,its impact on mortality remains inconclusive.
Cytosorb is a hemoperfusion cartridge filled with polymer beads that can absorb pro-and anti-
inflammatory mediators (but not endotoxiR$Pespite case series reporting encouraging

results onthaemodynamic parameters, a recent randomised trial failed to demonstrate a

reduction in IL-6/levels’

The oXiris haemofilter was developed to enhance the adsorptive properties of the previously
well-studied ANG9 surface treated membrane (copolymer combining acrylonitrile and

sodium methallylsulfonate). It offers combined cytokine and endotoxin removal properties
andis preheparinised, which confers an antithrombogenic proptyrhe oXiris membrane

has 4 key benefits: renal support, cytokine removal, endotoxin removal, and local
anticoagulant treatment. New sorbent membranes present potential for the future treatment of
sepsis. Despite compelling pre-clinical data, suitably powered randomised controlled trials

with appropriate patient phenotyping have not yet been conducted.

Ammonia removal

CRRT may also be efficacious in the treatment and/or prevention of hyperammonaemia in
patients with life-threatening liver failure. Hyperammonaemia is a serious complication of
acute liver failure (or inborn errors of metabolism in paediatric patientsgahd¢ad to

cerebral oedema, brain herniation and death. Previous studies investigating the utility of
novel systems, including Molecular Adsorbent Recirculating System (MARS), Single-Pass
Albumin Dialysis system (SPAD), and Fractionated Plasma Separation and Adsorption
system (Promethell¥), as a bridge to transplantation were disappointing. Although these
systems appearto reduce hepatic encephalopathy, their impact on survival is

controversiap%8t

Successful experiments with high-volume haemofiltration in this population have proved to
be hypothesis generating. Contemporary work is actively investigating the (ORRfin
reducing serum ammonia concentration. Because ammonia is a small, water-soluble molecule

that is not significantly protein bound, it is cleared in a similar manner to urea. Recently,
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delivery of CRRT (using CVVHDF or CVVH) with a median effluent rate of 43 mL/kg/h

was shown to be associated with reduced serum ammonia concentration in patients with acute
liver failure2! The effect on ammonia concentration was directly proportional to the
cumulativeCRRT dose delivered. Another study suggedhat high volume&RRT is

associated withrsuperior 21-day transplant-free surfi\@lven the morbidity and mortality
associated/with hyperammonaemia, the optimal timing, mode, intensity and duration of
CRRTwarrants further investigation and the value of high-d&R&T requires confirmation

in randomised controlled trials. The ability of CRRT to remove substantial quantities of

ammonia from the blood of such patients is likely to be further explored in coming¥ears.

Precision CRRT

IndividualisingCRRT prescription was highlighted as an area of future development by the
members of the.Acute Dialysis Quality Initiati¥eThe term ‘precision CRRT describes the
application ef technology and evidence-based medicine on an individual basis rather than to a
heterogeneous population. As part of preci€S®tRT, treatment must be dynamic and adapt

to the constantly changing clinical status of the individual patfeRegular assessment and
reassessment of the patient, prescribed and delivered dialysis dose, solute control indicators,
circuit and filter pressure trends, vascular access function, fluid and haemodynamic
management, and anticoagulation are all important. This information should be used to
generate agpersonalis€RRT prescription according to patient needs, desired physiological

targets, and on the basis of therapy actually delivered.

Quality metrics

Lack of standardised quality metrics fBRRT may be one of the major factors limiting
improvements inLoutcome. Investigators are actively assessing which asgeRRDf
prescription should be targets for quality metric development. Potential metrics of interest
include prescribed and deliver€RRT dose, duration of therapy downtime, circuit life,

small solute clearance, catheter infection, and mortality. Some groups have proposed that
information on the quality, safety, and efficiencyGRRT be presented in the format of a
quality metric‘dashboard’.®® Such metrics could be regularly reported, audited, and

benchmarked to ensure the highest standard of CRRT care. In the future, consensus initiatives
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will likely establish and recommend the implementatioa ofre set of reportable quality

metrics forCRRTto ensure standardisation of care.

Data analytics

Advances in information technologyould be used to improve the safety and QU&RRT
practice. In intermittent haemodialysis, automated feedback technology is available through
transmission of machine-level data in real-time to online clouds or data warehouses.
However, technical limitations @RRT machines currently require machine data to be
manually colleected, exported and analysed. This hinders the further development and
implementation of dynami€RRT, which relies on the availability of real-time data as part of
a biofeedback systertf. the requisite technology was available, automated biofeedback loop-
guided changes IGRRT prescriptions could be an important component of dyn@RRT
(Figure 2). Beth.treatment-level data from @BRT machine and patient-level data from the

electronic medical record could be integrated into automated biofeedback/oops.

The utility'oflongitudinalCRRT data for research and quality assurance purposes also
warrants further investigation. These data could be used to facilitate the design and
implementation’of pragmatic triatsy increasing their feasibility and cost effectiven®ss.
Cloud-based connectivity could help clinicians generate virtual registries for the analysis of
individual or centre-level treatment data. This could allow comparison of centre performance
and identification of outliers. Data collected and stored in electronic medical records could be
rapidly evaluated and managedalert clinicians of any dangerous trends as early as

possible.

Conclusion

CRRT hasgsrapidly evolved over the last forty years. It has greatly benefited from important
technologicaladvances ®RRT machines and devices, which have allowed delivery of
increasingly comple)XCRRT modalities. As the predominant formRRT in the ICU,CRRT
will undoubtedly continue to undergo significant transformation over the coming decades.

Unanswered questions regarding the best way to assess and control volume status in patients
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receivingCRRT require urgent attention and will likely be addressed by future trials. The use
of CRRTto remove non-uraemic solutes (e.g. ammonia, endotoxin, cytokines) and the
combination ofCRRT with other forms of organ support (e.g. ECB&and ECMO) are

other areas of active exploration, which will continue in the years to come. Prescription of
CRRT shouldbe individualised and dynamic and sophisticated Big Data-based technologies
will emerge to facilitate this. Standardised quality metrics will likely be defined to allow

audit and benchmarking GRRT safety and efficacy between centres. Information
technologyawill likely be harnessed to explore the possibility of udiingri transmitted real-

time CRRT data.for biofeedback-guided prescription, large database registries, and pragmatic
trials. Modifications taCRRT machines and technologies will increasingly consider
affordability’and sustainability. This is especially true for low and lower-middle income
countries wheré reimbursement policies are variable and infrastructure to reduce the
environment footprint associated with extracorporeal therapies are often unavailable.
Miniaturized technologies, including wearable devices, will aid in addressing these problems.
CRRTis here to stay and will continue to improve and deliver better outcomes to critically ill

patients.

Data availability statement
Data sharingris not applicable to this article as no datasets were generated or analysed during the current
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Table 1. Futureareasfor development in CRRT

Theme Problem Areafor future development Timeline

Volume control Paucity of evidence to  Prospective comparison of outcomes 3 years

inform optimal CRRT  with varying (restrictive vs standard vs
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volume strategy

Assessment of volume Lack of objective

status methods to assess fluid
status in patients
receiving CRRT

Net ultrafiltration Poor understanding of
optimal targets of

prescribed NUF

ECCOR Uncertain association
with key clinical
outcomes

Other blood:purification The best technical
devices approach to combine

therapies is unknown

Adsorptive devices Unclear impact on

mortality

Ammonia removal Impact of extracorporea
ammonia removal has
only tested in small

retrospective studies

liberal) CRRT volume strategies

Investigation into the impact of availabl 5 years
fluid status assessment tools (e.g. relat

blood volume monitoring) on outcomes

Audit local net ultrafiltration practice 3 years

Retrospective examination of the
association between NUF rate and

outcomes

Prospective examination of the effect o

targeted NUF rate on outcomes

Exploration of the efficacy of ECCR 5 years

in reducing intubation and mortality

Comparison of the safety and efficacy ¢ 10 years
available approaches to combine CRR”

with other devices

Assessment of the impact of cytokine 10 years
and endotoxin adsorptive devices on
mortality through randomized controllec

trials

Investigation into patient phenotypes

most likely to benefit from adsorption

Randomized controlled trials exploring 10 years
whether high-dose CRRT improves

serum ammonia, development of
encephalopathy, and survival compares

to standard dosERRT
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Precision CRRT

Quality metrics

Data analytics

“One size fits all”
approach t€€CRRT

prescription

Metrics to assess the
quality and safety of
CRRT provision have
not been standardized

Poor integration and
utilization of routinely
collected data to
enhance and automate
CRRT using
biofeedback

Evaluation of the impact of personalizer 15 years
CRRT prescription according to patient
characteristics (e.g. hypercatabolic,

septic, comorbid) on outcome

Reach consensus on developing a core 5 years
set of quality metrics to be reported,

audited and benchmarked. Involvemen

of consumers in prioritizing metrics

could be considered.

Collaboration between clinicians, data 15 years
scientists, and machine technicians to

maximize available technology and

assess whether biofeedback can impro

CRRT quality

Figure Legends

Figure 1. Complex interplay of factors contributing to and resulting from suboptimal volume

control in critically ill patients

Figure 2=Relative blood volume monitoring@RRT using the Critine device

Figure 3. Schematic representation of the integration and storage of data from the electronic

medical record, laboratory al@RRT machine for use in biofeedback-guided dyna@RRT

prescription.
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