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Abstract

Continuous renal replacement therapy (CRRT) is one of the most used types of renal replacement therapies for the treatment
of critically ill patients with acute kidney injury (AKI). Recent practice clinical guidelines based on recent clinical trials recommend
a prescribed dose of 20-25 mL/kg/h of effluent since these trials could not find differences between high-intensity versus
low-intensity CRRT dose and different outcomes as mortality and recovery of renal function. Nevertheless, the results of these
recent trials do not mean that CRRT dose is not important, and on the contrary, these trials inform us that dose needs to be
continuously assessed and modified according to clinical, metabolic, and physiological needs of each patient. Dose prescription
in CRRT needs to be a dynamic and precise process, in which evidence-based quality measures will be used to guide CRRT
dose prescription that will match daily patients needs. Delivered dose should be routinely monitored to ensure that it will be
achieved. Quality measures for monitoring delivered dose of CRRT have been proposed, but they still need validation, before
be implemented into clinical practice.
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Resumen

Las terapias de reemplazo renal continuo (TRRC) son de los tipos mas empleados de terapias de reemplazo renal para el
tratamiento de pacientes con lesion renal aguda (IRA) criticamente enfermos. Guias de practica clinica recientemente publi-
cadas basadas en estudios clinicos recomiendas prescribir una dosis de efluente de 20-25 mi/kg/h, ya que estos ensayos
clinicos no pudieron encontrar diferencias en desenlaces como mortalidad o recuperacion de la funcion renal. Sin embargo,
el resultado de estos ensayos clinicos recientes no significan que la dosis en TRRC no sea importante, por el contrario estos
estudios nos muestran que la dosis tienen que ser continuamente evaluada y modificada de acuerdo a las necesidades clini-
cas, metabdlicas, y fisiolégicas de cada paciente. La prescripcion de dosis en TRRC necesita ser un proceso dindmico y
preciso, en el cual medidas de calidad basadas en evidencia serian empleadas para guiar la prescripcion de dosis que cubra
las necesidades diarias del paciente. La dosis proporcionada debe de ser constantemente monitorizada para asegurar de
que esta sea lograda. Se han propuesto medidas de calidad para la monitorizacion de la dosis entregada de TRRC, pero aun
necesitan ser validadas antes de ser implementadas en la practica clinica diaria.

PALABRAS CLAVES: Terapia de reemplazo renal continuo. Lesion renal aguda. Dosis prescrita. Dosis administrada.
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|ntroduction

Continuous renal replacement therapy (CRRT) dose
delivery has traditionally been based on urea clear-
ance as a surrogate marker of low molecular weight
uremic toxins'. In CRRT, since small solute clearance
is approximately equal to the effluent flow, dose is
usually prescribed in terms of effluent per kilogram of
body weight per unit of time (mL/kg/h) as this dose
expression has been related to the technical process
of solute removal?. In the last years, new evidence has
emerged to address the issue of optimal CRRT dose
and methods for monitoring it®. Two recent multicenter
high-quality randomized controlled trials focused on
defining the association of delivered dose of dialysis
and outcomes in critically ill patients have been
published*s; their findings have helped to modify key
content in recent clinical practice guidelines for dose
prescription and delivery of CRRT in the management
of critically ill patients with acute kidney injury (AKI)3.

Three initial studies that assessed the relationship
between dialysis dose and outcomes showed an as-
sociation between a higher dialysis dose and better
outcomes'®7; however, most recent trials did not con-
firm this benefit**#1° nor improve kidney recovery
among critically ill patients with AKI. However, these
trials do not mean that dose is not important, but that
it needs to be continuously assessed and modified
according to clinical, metabolic, and physiological
needs of each patient. Dose prescription in CRRT
needs to be a dynamic and precise process, in which
evidence-based quality measures will be used to
guide CRRT dose prescription'.

The concept of dose in renal replacement
therapy (RRT)

The dose of any drug is designed to elicit a measur-
able response by specific variables that represent the
underlying condition being treated. For instance, anti-
hypertensive doses are targeted to achieve a specific
change in blood pressure. Consequently, dose defini-
tions need to encompass not only the elements that
are quantitatively modified but also what response vari-
able they are targeting. Since all forms of dialysis can
remove or add solutes and fluids, a dose in RRT could
then be defined as a measure of the quantity of a rep-
resentative marker that is removed or added to a pa-
tient. Therefore, dose definition has to be quantitative

and associated with a measurable change in the de-
sired outcomes of solute and fluid homeostasis'.

In CRRT, the dose is most commonly defined by
extracorporeal urea clearance’. Since urea has a
sieving coefficient close to 1, its clearance is reason-
ably estimated by weight-based effluent flow rate and
it is expressed as mL/kg/h®. Urea is a commonly
used marker as it is readily available and is inexpen-
sive, even though evidence from chronic kidney dis-
ease has suggested that urea per se is not a major
azotemic toxin and is unlikely to play a major patho-
genic role in patients with AKI'*. Another important
point is that any dose expression only becomes rel-
evant if it can be related to patient outcomes. Clear-
ance of urea and middle molecular weight molecules
may not be the major determinants of short-term out-
comes (days to weeks) in patients with AKI'™. As sug-
gested by Davenport and Farrington, the adequate
removal of what they call “very small waste products”
(potassium, sodium, and hydrogen ions) and fluid
overload are the main determinants of RRT adequacy
in patients with AKI since the consequences of their
accumulation could be lethal in hours to days'®. Evi-
dence about the important relationship of fluid over-
load as an independent predictor of increased mor-
tality similarly suggests that other variables need to
be considered in dose of RRT'"22. Unfortunately,
these parameters (e.g., potassium, acid-base bal-
ance, and fluid overload) have never been included
in randomized dose studies as a dialysis adequacy
measurement. The concept of dose needs to be re-
evaluated and markers in several domains should be
included in the definition and in the measurement of
dialysis dose™.

Dose - outcomes studies

Since dialysis dose was associated to clinical out-
comes in patients with end-stage renal disease as
showed in an early study of Lowrie et al.?® and with the
subsequent observational studies that showed that
survival was improved at higher doses of dialysis, the
concept of providing higher dialysis doses to improve
patients outcomes has been applied to AKI?426,

Three initial randomized controlled trials showed the
same association between a higher dialysis dose and
better outcomes"87; however, most recent trials did not
confirm this benefit*581, In the United States, the VA/
NIH Acute Renal Failure Trial Network (ATN) study, 1124
critically ill patients with AKI were treated with intermit-
tent hemodialysis (IHD), CRRT, or prolonged intermittent
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RRT (PIRRT) based on hemodynamic status*. Patients
were randomly assigned to one of two dosing arms:
Intensive therapy, where IHD and PIRRT were given
6 times per week with a target Kt/V of 1.2-1.4 per treat-
ment (median delivered dose of 1.3 per treatment), while
CRRT was provided with an effluent flow rate of 35 mL/
kg/h; or less intensive therapy, where IHD and PIRRT
were given 3 times per week with a target Kt/V of 1.2-1.4
per treatment (median delivered dose of 1.3 per treat-
ment), while CRRT was provided with a flow rate of
20 mL/kg/h. The death rate at day 60 was the same for
both groups (53.6% with intensive therapy and 51.5%
with less intensive therapy). In addition, the duration of
RRT and the rate of recovery of kidney function or
non-renal organ failure were similar for both treatment
arms. The group that received intensive therapy had an
increased number of hypotensive episodes. Therefore,
this study showed that more intensive renal support be-
yond that obtained with a standard thrice weekly regi-
men (with a target Kt/V of 1.2 to 1.4 per treatment) or
standard CRRT (with an effluent flow rate of 20 mL/kg/h)
does not improve clinical outcomes.

In Australia and New Zealand, the Randomized Eval-
uation of Normal versus Augmented Level of Replace-
ment Therapy (RENAL) study, 1508 critically ill patients
with AKI were randomly assigned to continuous venove-
nous hemodiafiltration (CVVHDF) at an effluent flow of
either 25 mL/kg/h (lower-intensity group) or 40 mL/kg/h
(higher-intensity group)®. At 90 days, mortality was the
same between groups (44.7%, with an odds ratio of
1.00, 95% confidence interval [CI] 0.31-1.23). In addi-
tion, the proportion of patients who continued to receive
RRT at 90 days was similar with both dialysis doses
(6.8% and 4.4% of high-intensity and low-intensity
groups with an odds ratio of 1.59, 95% CI 0.86-2.92).

Based on the results of the recent trials mentioned
above, the Kidney Disease Improving Global Out-
comes (KDIGO) AKI Clinical Practice Guideline rec-
ommends delivery of an effluent dose of 20-25 mL/kg/h
in CRRT?. Since then, two additional randomized con-
trolled trials focused on the potential clinical benefits
of high volume CRRT in critically ill septic patients
with AKI have been published? . In the first study, a
total of 140 critically ill patients with septic shock and
AKI were randomized to either high volume hemofil-
tration (HVHF) at 70 mL/kg/h or standard-volume
hemofiltration (SVHF) at 35 mL/kg/h for a 96-h period.
Mortality at 28 days was lower than expected but not
different between groups (HVHF 37.9% vs. SVHF
40.8%, p = 0.94)?. In the second study, Park et al.
compared conventional (40 mL/kg/h) versus high

(80 mL/kg/h) prescribed doses of CVVHDF in septic
patients with AKI. There were no differences in 28-day
mortality (Hazard ratio [HR], 1.02; 95% CI 0.73-1.43;
p = 0.9) or 28-day kidney survival (HR, 0.96; 95%
Cl 0.48-1.93; p = 0.9) between groups?.

Finally, a recent Cochrane systematic review that
included six studies enrolling 3185 participants has
shown that more intensive CRRT did not demon-
strate beneficial effects on mortality or recovery of
kidney function in critically ill patients with AKI. There
was an increased risk of hypophosphatemia with
more intense CRRT. However, intensive CRRT re-
duced the risk of mortality in patients with post-sur-
gical AKI*.

Prescribed versus delivered dose

Among clinicians, there is an underappreciation of
the difference between the dose that is prescribed
and the dose that is actually delivered®™. In recent
randomized trials that have explored the relationships
between CRRT dose and different outcomes, more
than 80% of the prescribed dose was delivered'#57810,
Nevertheless, one must considered that to maintain a
prescribed dose, those trials have employed some
strategies that are not common in daily clinical prac-
tice. For instance, in Ronco et al. study," when pre-
scribed dose felt short, effluent volume was increased
on the next day to achieve a target dose, and filters
were routinely changed every 24 h according to insti-
tutional practice.

Some observational studies which performed out-
side the relative controlled environment of a random-
ized trial could better exemplify what happens in daily
clinical practice, where the prescribed delivered gap
of CRRT dose was higher (Table 1). In an early study,
Venkataraman et al. evaluated 115 patients treated
with CRRT®. The delivered dose of CRRT for each
patient/day was calculated from the hourly effluent flow
rate, the patient’s weight, and the duration (in hours)
of CRRT and was expressed as mean effluent flow
rate (in L/h). The mean + standard deviation number
of hours per day on CRRT was 16.1 + 3.53, with a
mean flow rate (averaged over 24 h) of 1.36 + 0.31 L/h.
The mean CRRT dose prescribed for these patients
was 24.46 + 6.73 mL/kg/h, but the mean dose deliv-
ered was only 16.55 + 5.41 mL/kg/h (68% of the pre-
scribed dose, p < 0.001). Clotting of the extracorporeal
circuit was the most common cause of downtime.

In the Do-RE-MI study, 80% of the patients that re-
quired RRT were placed on CRRT®. Dose was
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Table 1. Differences between prescribed and delivered dose in recent RRT dose studies

Reference Dialysis Modality Prescribed Delivered % of Delivered Dose
Evanson et al. 1998 IHD Ki/V 1.25 + 0.47 Kt/V 1.04 + 0.49 83.5
Evanson et al. 1999 IHD Kt/V1.11 £ 0.32 spKt/V 0.9 + 60.33 86.4-755

eKt/V 0.8 + 40.28

dpKt/V 0.84 + 0.30
Venkataraman et al. 2002 CRRT 24.5 £ 6.7 mL/Kg/h 16.6 + 5.4 mL/Kg/h 68
Tolwani et al. 2008 CRRT Standard 20 mL/Kg/h 17 mL/Kg/h 85

High 35 mL/Kg/h 29 mL/Kg/h 82

Vesconi 2009 et al. CRRT 34.3 mL/Kg/h 27.1 mL/Kg/h 79
Claure-Del Granado et al. 2011 CRRT 30.2 mL/Kg/h 22.3 mL/Kg/h 73

RRT: renal replacement therapy, IHD: intermittent hemodialysis, CRRT: continuous renal replacement therapy

categorized into more intensive (CRRT = 35 mL/kg/h)
or less intensive (CRRT < 35 ml/kg/h). The main out-
come measures were |CU mortality, ICU length of stay,
and duration of mechanical ventilation. The median
delivered dose was 27.1 mL/kg/h (interquartile range
= 22.1-33.9), with only 22% of patients receiving the
prescribed dose in the more intensive group, with cir-
cuit clotting being the main cause in 74% of cases.
Finally, Claure-Del Granado et al. performed a com-
prehensive analysis of prescribed versus delivered
dose of dialysis in 52 critically ill patients with AKI
treated with pre-dilution CVVHDF®'. Despite the use of
citrate anticoagulation, filter clotting was the single
leading cause of therapy downtime, while other causes
not related to filter or extracorporeal circuit were col-
lectively more common. Delivered dose (based on urea
clearance) estimated from standard CRRT clearance
equations that accounted for pre-dilution was only 73%
of the prescribed dose. Therefore, treatment downtime
and pre-dilution combined to produce on average a
27% decline in the urea clearance actually delivered.

Factors affecting the delivery of the
prescribed dose

There are two types of factors that play a role while
delivering a prescribed dialysis dose: those related to
the patient and those related to the therapy itself.

Patient-related barriers

Patient-related barriers that influence the delivery of
a prescribed dose in RRT are urea generation rate
and the volume of distribution of uremic solutes®™. Hy-
percatabolic state of critical patients with AKI alters
urea generation rate, and this makes this parameter

unpredictable®?. AKI patients also have an expanded
and variable urea volume of distribution which contrib-
utes to increase the gap between prescribed and de-
livered dose, and it is perhaps the single most import-
ant issue in delivering a prescribed dose®. A volume
overload state may lead to an overestimation of the
delivered dose possibly by enhancing urea rebound,
especially, when dialysis is rapidly delivered (in the
case of IHD) where the average post-dialysis urea
rebound could be 11.4%%. In hybrid therapies, a lower
post-dialysis urea rebound (4.1%) is expected due to
the slower rate of solute removal®*. During CRRT,
post-dialysis urea rebound is not an issue because of
the slower rate of solute removal and its continuous
nature®*. Another important factor that has to be taken
into account is that urea volume of distribution does
not correlate with its anatomical equivalent which is
body weight as has been previously shown, and esti-
mates of total water body cannot be used as a surro-
gate for urea volume of distribution in determining
dialysis adequacy®.

Treatment-related barriers

There are two important treatment-related factors
that influence the delivery of a prescribed dose; the
first one is the function of the catheter and the second
one is the function of the filter.

Dialysis catheters are essential for immediate
vascular access and are widely used in critically ill
patients with AKI. Catheter dysfunction, leading to pre-
mature dialysis interruptions due to catheter change or
catheter reversal, decreases treatment time and con-
sequently decreases delivered dialysis dose®. Cathe-
ter dysfunction is commonly manifested by reduced
blood flow and increased access recirculation as
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Figure 1. Decline in delivered CRRT dose as a result of reducing filter efficacy. When FUN/BUN ratio reaches 0.8, the prescribed dose ranges
between 25 and 20 mL/kg/h (light blue box) recommended by KDIGO Clinical Practice Guidelines for AKI falls below 20 mL/kg/h. Blue line
shows standard intensity CRRT dose prescription, and the red line shows high-intensity CRRT dose prescription (e.g., ATN and RENAL trials)
CRRT: continuous renal replacement therapy, FUN: effluent urea nitrogen, BUN: blood urea nitrogen, KDIGO: Kidney Disease Improving Global

Outcomes, AKI: acute kidney injury.

shown in several studies®“°. In a recent study, the site
and the type of catheter were the two main factors
involved in catheter performance*. The use of poly-
urethane non-tunneled catheters (PNT-Caths) was
compared to silicone-tunneled catheters (ST-Caths)
placed at the femoral site in 30 critically ill patients with
AKI treated with IHD and/or CVVHDF. The authors
found that the incidence of thrombosis and catheter-re-
lated infections was lower with ST-Caths. The number
of interruptions, of reversals, and the ratio of venous
return pressure to catheter blood flow were significant-
ly lower with ST-Caths. No differences were found
between ST-Caths and PNT-Caths in terms of recircu-
lation and blood flow rates. Patients with ST-Caths
have a higher delivered/prescribed dose ratio.

Filters play an important role in delivering dialysis
dose; in fact, the major barrier to therapy delivery is
the inability to keep the therapy going for the
full-prescribed time due to filter clotting as previous

discussed trials have shown®3°*42_Concentration po-
larization constitutes a factor that also contributes to
the decline in filter permeability; this phenomenon is
caused by layering of proteins forced into the mem-
brane by ultrafiltration and results in the formation of
a pseudomembrane increasing the thickness of the
original membrane. The consequences are not only
the need for a higher transmembrane pressure to
maintain the ultrafiltration rate but also a lower con-
centration of potentially important solutes in the ultra-
filtrate*3. Macedo et al. have previously showed the
effect of filter function on delivered dose in ATN and
RENAL trials**. Using effluent urea nitrogen/blood
urea nitrogen (FUN/BUN) ratios from a previous trial®,
Macedo et al. evaluated the real effect of loss of filter
efficacy due to clotting or concentration polarization
on delivered CRRT dose. In both ATN and RENAL
trials, patients assigned to an intensive dose
(85 mL/kg/h and 40 mL/kg/h, respectively) and whose
filter efficacy decline over time (FUN/BUN ratio < 0.8)
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Table 2. Proposed quality measures for CRRT dose

Metric Calculation Target
Dose clearance FUN/BUN ratio >0.8
Delivery/Prescribed dose Average effective delivered/prescribed dose >0.8
ratio
Effective time of treatment 24 - downtime (hours) >20
Solute control indicators Solutey,, ../solute, ., <1.0
Circuit control indicators Relative or absolute changes in pressure drop or in the transmembrane To be
pressure defined

CRRT: continuous renal replacement therapy, FUN: effluent urea nitrogen, BUN: blood urea nitrogen

Blood flow

—>

% ﬁﬁd%c‘é’ié?@g_

oO

FUN/BUN = 1.0 FUN/BUN < 0.8

= = = = Semi-permeable membrane
o Small solutes (e.g. urea)
P Proteins

* Clotting

Figure 2. The effect of filter clotting and concentration polarization on
CRRT dose.

Filter clotting and concentration polarization (protein deposition) occur
over time on the membrane reducing the membrane surface avail-
able for convection and diffusion of solutes, decreasing the delivered
dose of dialysis. Measuring FUN/BUN ratio could help to assess this
phenomenon and should be continuously monitored during CRRT.
FUN: effluent urea nitrogen, BUN: blood urea nitrogen, CRRT: contin-
uous renal replacement therapy.

could have received a dose similar to the upper limit
of the less intensive dose group (20 mL/kg/h in ATN
and 25 mL/kg/h in RENAL)*. As shown in figure 1,
urea clearance decreases as filter function declines.

Another important factor that contributes to deliver
a prescribed dose and that is not usually taken into
account while assessing dialysis dose is the interac-
tion between convection and diffusion inside the mem-
brane. This interaction affects the overall clearance for
small solutes making it significantly lower than the sum
of the dialytic clearance and the ultrafiltration flow rate
(Fig. 2). This is explained by the reduction in the con-
vective mass transport proportional to the reduction in
the solute concentration due to diffusion. There is also
an increase in blood transfer resistance secondary to
the decrease in the blood flow that affects the diffusive
mass transfer®s. As shown in figure 2, in treatments

where fluid is removed, ultrafiltration of the plasma
water results in increasing red blood cells and plasma
protein concentrations along the blood path limiting
total effluent and as a consequence reducing clear-
ance of small solutes*.

Precision CRRT dose delivery

Effluent flow (mL/kg/h) is an acceptable surrogate
for prescription of CRRT dose for solute clearance in
critically ill patients with AKI. Prescribed dose should
be 20-25 mL/kg/h if urea is used as a surrogate mark-
er of clearance of small molecular weight solutes;
however, one must have in mind that the prescribed
dose is a dynamic process and that the prescribed
dose range can be modified depending on patient
demand and in response to continuous evaluation of
quality measures proposed by the acute dialysis
quality initiative consensus group''. These quality
measures are the measure of solute clearance, the
delivery/prescribed dose ratio, the effective time of
treatment, a solute control indicator, and circuit and
pressure trends''. Table 2 shows the metrics and tar-
gets of each of these parameters.

For example, a hypercatabolic critically ill patient
with AKI (e.g., rhabdomyolysis or tumor lysis syn-
drome) may initially required higher prescribed dose
of CRRT (> 25 mL/kg/h) to achieve acceptable solute
control. Thereafter, as patient condition improves, the
prescribed dose could be reduced to the range of
20-25 mL/kg/h and could be further decreased to
< 20 ml/kg/h as renal function improves.

Dose delivery should be regularly reassessed and
modified based on continuous evaluation of quality
measures mentioned above, and this must be done
at least once every 24 h. A higher dose than 20-
25 mL/kg/h may be indicated if the target level of a
specific solute (e.g., urea) cannot be achieved. The
delivered dose in CRRT can also result in the
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clearance of unintended solutes, potentially contrib-
uting to adverse events and causing significant elec-
trolyte derangements due to the removal of solutes
(e.g., potassium and phosphorus) from the blood
without adequate replacement*“8. These electrolyte
derangements such as hypophosphatemia and hypo-
kalemia have been associated with respiratory mus-
cle weakness, delayed ventilator weaning, myocardial
dysfunction, rhabdomyolysis, and cardiac dysrhyth-
mias; all of them associated with increased mortality
in critically ill patients with AKI. Delivered dose in
CRRT has also the inadvertent consequence of in-
creasing the clearance of drugs and can result in the
potential suboptimal dosing of antibiotics; therefore,
the influence of CRRT dose must be taken into ac-
count when prescribing antibiotics or other medica-
tions*®50, CRRT dose may also impact nutritional pa-
rameters since CRRT clears low molecular weight
water-soluble substances, glucose, amino acids, low
molecular weight proteins, vitamins, and trace ele-
ments; therefore, continuous monitoring of these pa-
rameters should also be part of the dynamic process
of CRRT dose delivery’'52,

In summary, the assessment of delivered dose
should be a continuous process since operational
characteristics of CRRT and patient requirements
change over time'2. The evaluation of delivered dose
should not be limited to the determination of small
solute clearance (e.g., urea) but extended to essential
components of dose in critically ill patients with AKI
such as fluid balance, acid-base homeostasis, ade-
quate adjustment of antibiotics dose, and monitoring
nutritional parameters as was previously proposed'2.

Conclusions

The results of the most recent dose randomized clin-
ical trials studies suggested that further increases of
dose above a threshold (prescription target of 20-
25 mL/h) would not translate into better outcomes.
They also showed that dose is still an important factor
in the care of patients with AKI and that special atten-
tion has to be given to some operational characteristic
of the treatment (e.g., filter function) affecting the de-
livery of a prescribed dose. CRRT dose prescription
and delivery are a dynamic process, which requires
specific quality measures for monitoring both process-
es; however, these quality measures need to be further
validated. Providing more accurate parameters of de-
livered dose will improve precision dose delivery and

assessment of the effect of dose on different outcomes
in critically ill patients treated with CRRT.
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