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KEY POINTS
e Acute kidney injury (AKI) is common in critical care with a significant fraction of patients requiring renal replacement
therapy (RRT).
e There are multiple indications for RRT but there is limited guidance on the optimal initiation time for RRT in critically ill
patients.

e Good vascular access and adequate anticoagulation are required to minimise circuit clotting and downtime.
» Regional citrate anticoagulation (RCA) is now considered the first-line strategy for continuous renal replacement ther-
apy (CRRT) anticoagulation in patients with no contraindications.

INTRODUCTION

Acute kidney injury (AKI) is defined as an abrupt reduction in kidney function, which encompasses structural damage and loss
of function.” AKl is estimated to account for 1% of hospital admissions in the United States, and to develop in 5%-7% of hospi-
talised patients.2 Up to 60% of intensive care patients are affected by AKI, of which up to two-thirds of these patients require
renal replacement therapy (RRT).2 AKl is associated with a decrease in overall survival; and even mild, reversible AKI can
lead to increased mortality and long-term dialysis.* No current specific pharmacological therapy is effective in treating AKI, and
the care of these patients is limited to supportive treatment, including RRT.2 This tutorial aims to define AKI, describe indica-
tions for continuous RRT, and discuss timing of initiation and discontinuation. Additionally, the dialysis circuit, including options
for coagulation, and various RRT modalities available for use, will be outlined.

Acute Kidney Injury Definition

AKI often has a mixed aetiology where co-existing sepsis, ischemia, and nephrotoxicity can complicate recognition and treat-
ment." AKl is characterised by a rapid (hours to days) reduction in the ability of kidneys to eliminate small to middle molecular
weight solutes (e.g., nitrogen, urea, creatinine). These solutes can be measured to assess the extent of the functional loss;
however, they often do not reflect dynamic changes in glomerular filtration rate.®

Kidney Disease: Improving Global Outcomes (KDIGO) defines AKI as any of the following:

1. Anincrease in serum creatinine of =26.5 pmol/L (0.3 mg/dL)
2. Anincrease in serum creatinine =1.5 times baseline (occurring within prior 7 days)
3. A urine volume of <0.5mL/kg/hr for 6 hours'

An online test is available for self-directed continuous medical education (CME). It is estimated to take 1 hour
to complete. Please record time spent and report this to your accrediting body if you wish to claim CME
points. A certificate will be awarded upon passing the test. Please refer to the accreditation policy here.
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Indications for Renal Replacement Therapy (RRT):2

¢ Volume overload (refractory to diuresis)

¢ Electrolyte abnormalities including severe hyperkalemia (>6.5 mmol/L) and hyponatraemia (<110 mmol/L) or hypernatrae-
mia (>160 mmol/L)

« Uraemic manifestations (e.g., encephalopathy, pericarditis, convulsions, myopathy)

¢ Uncompensated severe metabolic acidosis (pH: <7.2)

¢ Drug or toxin removal. Those that are water-soluble and not highly protein bound (e.g., lithium, salicylates, barbiturates, met-
formin, methanol, ethylene glycol) are amenable to dialysis

e Temperature management, e.g., temperature >40°C

¢ Severe sepsis—although this remains controversial

Initiation of RRT

AKI is common in critically ill patients; however, optimal timing for initiating RRT remains uncertain and clinical judgement
must be used to determine if and when RRT is required for a patient. RRT is generally safe but there are various associated
risks, e.g., vascular access complications, hypotension, and complications of anticoagulation.® A recent multinational, random-
ized trial concluded that critically ill patients with severe AKI who received early initiation of RRT (within 12 hours of meeting
full eligibility criteria) did not have a lower risk of death at 90 days compared to those who received delayed RRT (RRT com-
menced if AK| persisted for >72 hours).” The decision to commence RRT is clearer when AKl is associated with fluid distur-
bances and major metabolic disturbances such as hyperkalaemia or acidosis. However, the decision is more difficult when
these complications are not present and often the benefits of RRT in this cohort of patients is unclear.

The optimal timing for initiating RRT is therefore uncertain outside a set of clear indications, e.g., refractory hyperkalemia, fluid
overload, and signs of uraemia. This uncertainty is partly due to the fact that a significant proportion of AKI patients have spon-
taneous recovery of renal function.®

Discontinuation of Therapy

Most critically ill patients who survive an AKI requiring RRT will recover sufficient renal function to allow discontinuation of
RRT.8 RRT is continued until there is evidence of recovery of native renal function. The primary indication of recovery is usu-
ally an improvement in urine output, or a progressive reduction in serum creatinine during steady-state RRT.®> The KDIGO
guideline criteria for discontinuation of acute RRT suggest weaning RRT when there is sufficient renal recovery to meet patient
needs, or when RRT is no longer consistent with the goals of care.® Figure 1 outlines a stepwise approach to assessing patient
readiness for RRT weaning.

Dialysis Equipment

An extracorporeal circuit is used during RRT. Blood is passed through this circuit from one lumen of a wide-bore double-lumen
central venous catheter (Vascath) and flows towards a semipermeable membrane, which consists of multiple hollow fibres
with pores throughout.® These pores only allow substances with certain molecular sizes to pass through, e.g., waste products
will pass through while cells and blood proteins remain intravascularly. Once the blood has passed through the membrane, it is
returned to the patient via the second lumen of the same Vascath.?

The Filter

The aims of RRT are:

¢ Correction of electrolyte abnormalities
¢ Solute and water removal
¢ Normalisation of acid-base disturbances
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Figure 1. Algorithm for weaning a critically ill AKI patient from RRT (author’s original work).”
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Figure 2. An example of a dialysis machine.
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These aims are achieved through either convection (hemofiltration) or diffusion (hemodialysis). In convection/hemofiltration, a hydro-
static pressure gradient allows water, plasma, and solute to be filtered across the membrane as demonstrated in Figure 3A. Appropri-
ately sized molecules are essentially dragged across the porous membrane with the mass movement of solvent, i.e., water. In
diffusion/hemodialysis, solutes are cleared through diffusion as demonstrated in Figure 3B. Dialysate is pumped in the opposite direc-
tion to blood flow and the concentration gradient allows diffusion of solutes across the membrane.®

Renal Replacement Therapy Modalities
RRT can be provided through the following techniques:

1. Peritoneal dialysis: The patient’s peritoneal membrane is used as a natural filter to remove excess fluid and waste products
from the blood. Typically used for CKD patients who prefer a home-based treatment and patients who wish to avoid hemo-
dialysis and have preserved residual kidney function.

2. Intermittent hemodialysis (IHD): Fluid, solutes and toxins are removed through a dual venous access, multiple days per
week, with each session lasting several hours.® Examples of typical patients for IHD include end-stage renal disease
patients on chronic hemodialysis and patients with AKI requiring temporary renal support who can tolerate rapid shifts in
fluid/solute levels.

3. Continuous renal replacement therapy (CRRT): A form of dialysis that involves slower, continuous filtration of the blood
over 24 hours. Itis primarily used in critically ill patients.

CRRT can be further subdivided into:

Continuous veno-venous hemofiltration (CVVH)
Continuous veno-venous hemodialysis (CVVHD)
Continuous veno-venous hemodiafiltration (CVVHDF)
Slow continuous ultrafiltration (SCUF)
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Continuous Veno-Venous Hemofiltration (CVVH)

In CVVH, convection is used to remove solutes through large volume fluid ultrafiltration. Solutes are swept across the mem-
brane with the fluid, without any influence from concentration gradients. Small solute molecules (e.g., urea) and middle-sized
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Figure 3. Movement of solutes across a semipermeable membrane. Convection (A) involves the transport of solutes across a semipermeable

membrane in response to a hydrostatic pressure gradient. Convection enhances the removal of low and middle molecular weight molecules.

In diffusion (B), a concentration gradient (between the blood and dialysate) drives solutes across the semipermeable membrane. Diffusion is
most suitable for clearing low molecular weight solutes e.g. urea and creatinine (author’s original work).?
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Figure 4. Continuous veno-venous hemofiltration (author’s original work).
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Figure 5. Continuous veno-venous hemodialysis (author’s original work).
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Figure 6. Continuous veno-venous hemodiafiltration (author’s original work).
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Figure 7. Slow continuous ultrafiltration (author’s original work).
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mL/min mL/hr

CVVH Convection Yes 50-300 0 500-4000
CVVHD Diffusion No 50-300 500-4000 0-350
CVVHDF Convection & diffusion Yes 50-300 500-4000 500-4000

Table 1. Solute Clearance in Continuous Renal Replacement Therapy?

molecules (e.g., inflammatory cytokines) pass through the porous membrane. Large volumes of fluid are removed and there-
fore replacement fluid is required to maintain intravascular volume. Replacement fluid can be given either before (predilution)
or after (postdilution) the hemofilter. Advantages of predilution include increased filter life and enhanced elution of urea from
red blood cells. However, a decreased rate of solute clearance may occur. Postdilution requires a smaller volume of replace-
ment fluid and facilitates a higher solute clearance rate. Filter life may be decreased though, particularly if anticoagulation is
not adequate. This method can be used for volume removal and correction of electrolyte/acid-base abnormalities.* In CVVH,
an ultrafiltration rate of 2 L/hour leads to urea clearance of approximately 25 mL/kg/hr in an average 80 kg patient."®

Continuous Veno-Venous Hemodialysis (CVVHD)

CVVHD utilises countercurrent dialysate flow to remove small solutes through diffusion based on their concentration gradients.
Higher blood or dialysate flow rates can be used to increase solute clearance. Dialysates contain physiologic concentrations of
magnesium, sodium, chloride, and glucose. Potassium is prescribed separately as serum potassium can vary significantly in
critically ill patients. Dialysate is buffered with either bicarbonate or a bicarbonate precursor (e.g., lactate or citrate). In CVVHD
there is not any significant fluid removal as there is minimal ultrafiltration.*

Continuous Veno-Venous Hemodiafiltration (CVVHDF)

CVVHDF is a combination of hemodialysis and hemofiltration. Therefore, it clears a large range of solutes and volume by opti-
mally combining diffusion, convection, and ultrafiltration.*

Slow Continuous Ultrafiltration (SCUF)

SCUF is an alternative mode of CRRT that is used to control fluid balance. It is essentially CVVH with a low filtration rate. It is
used mainly for fluid balance but has limited solute removal. The hydrostatic pressure gradient between the blood compart-
ment of the filter and the filtrate compartment determines the rate of fluid removal. SCUF is less complex than other modes
and has a decreased nursing workload. However, it cannot correct acid-base or electrolyte abnormalities.* SCUF should be
considered in conditions with isolated volume overload, e.g., heart or liver failure, malnutrition, etc.

Choosing an RRT Technique

No randomised controlled trials have demonstrated that CRRT is superior to IHD in terms of survival.2 A Cochrane meta-analy-
sis of 15 randomized controlled trials involving 1550 critically ill patients with AKI concluded that CRRT and IHD did not differ
significantly with respect to hospital mortality, ICU mortality, or requirement for long-term RRT.® However, CRRT does have
advantages, including its reduced risk of hemodynamic instability. In the aforementioned meta-analysis, patients receiving
CRRT had significantly higher mean arterial pressures, compared to those receiving IHD.® For this reason, CRRT is typically
used in critically ill patients, especially those on vasoactive infusions.

With regards to CRRT, there is insufficient data to recommend one form over another. Some clinicians prefer to use CVVH or
CVVHDF in sepsis, due to convection being more effective at reducing inflammatory cytokines (mostly in middle molecular
weight range).2 Overall, the modality selection is primarily based on institutional preference and experience.?

Internal jugular vein Straightest route (particularly right IJV) e Site often occupied by other lines
e Changes in intrathoracic pressure can affect flows
Femoral vein Straight route and usually provides e Higher rate of catheter related infections in obese
good flows patients
Subclavian vein More comfortable for patients e Risk of central vein stenosis

e Risk of pneumothorax

Table 2. Advantages and Disadvantages Of Vascath Insertion Sites
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Figure 8. A Vascath inserted in the left internal jugular vein.

Prescribing Dialysis

A prescription is required for CRRT. Factors such as body weight, age, co-administered drugs, and mode of elimination must
be taken into account. A CRRT prescription should include the following:2

Form of therapy

Blood-flow rate

Type and rate of dialysis fluid (for CVVHD and CVVHDF)
Type and rate of replacement fluid (for CVVH and CVVHDF)
Type and dose of anticoagulation

Net fluid goal

OOk WN =

For continuous techniques, the RRT dose is the sum of effluent fluids and is expressed as millilitres per kilogram body weight
per hour.® An effluent flow rate of at least 20-25 mL/kg/hr is generally necessary for adequate solute clearance.? Dosing for
IHD is more difficult and therefore is usually expressed as frequency and duration of dialysis sessions.®

Careful consideration is needed when prescribing high-dose RRT as there are associated risks, e.g., depletion of essential
minerals, removal of critical medications, antibiotics and amino acids, and disequilibrium syndrome. It may be advisable to
dose RRT dynamically by continuously adjusting the RRT dose to achieve and maintain defined goals for control of pH, volume
status, or specific solutes.®

Vascular Access

A double-lumen vascular catheter placed in a central vein is required for veno-venous RRT. The site of vascular access is
important in ensuring successful RRT and must provide adequate blood flows to mitigate the risk of premature filter clotting.
KDIGO recommends the following vascular access sites, in order of preference:11
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Mechanism Reduced HCO3" Excess citrate metabolism Impaired citrate metabolism (e.g., liver
content in dialysate liberates HCO3™ beyond failure, sepsis) — accumulation of
Inadequate buffering in buffering citrate in blood
AKI requirements
Effect Metabolic acidosis Metabolic alkalosis Severe hypocalcemia
Metabolic acidosis
Management Increase citrate delivery Reduce citrate infusion Decrease dialysate flow rate
Optimise blood & rate Use alternative anticoagulation
dialysate flow rates
Frequency & Severity  Rare & potentially lethal Common & benign Rare but lethal

Table 3. Complications of Citrate Use

Right internal jugular
Femoral

Left internal jugular
Subclavian

prON -~

Anticoagulation

Clotting is the most common cause of circuit downtime.? One US retrospective study found that only 68% of patients received
their prescribed CRRT dose, as a result of circuit downtime.'? Effective anticoagulation is therefore needed to prevent clotting
of the extracorporeal circuit and to optimize the efficiency of the filter. This can be achieved with either systemic or regional
anticoagulation.

Systemic Anticoagulation

The main agents used for systemic anticoagulation are unfractionated heparin (UFH), direct thrombin inhibitors, and low
molecular weight heparins (LMWH).

UFH is cost-effective, easy to monitor (via activated partial thromboplastin), easily reversed (with protamine) and is adminis-
tered via a separate intravenous line. However, it does pose risks including bleeding, pro-inflammatory effects, and heparin-
induced thrombocytopenia (HIT).#

Direct thrombin inhibitors (e.g., argatroban) are associated with shorter filter patency time but also a reduced risk of bleeding.*
They are commonly used as anticoagulation in patients with HIT.

LMWHs are associated with fewer adverse events compared to UFH. However, they undergo renal elimination, which limits
their use in RRT. Monitoring their effects (via anti-Xa activity) is expensive and not widely available, which further limits their

use.*

Regional Anticoagulation

Regional citrate anticoagulation (RCA) was introduced in the 1990s and is an alternative strategy to systemic anticoagulation.
In RCA, citrate is added at the beginning of the circuit and works by chelating ionized calcium in the blood leading to inhibition
of the coagulation cascade. The citrate-calcium complexes are partially filtered across the RRT membrane and thus prevent
clotting in the circuit. The remaining citrate enters the patient’s circulation and is metabolised in the kidney, liver, or skeletal
muscle (with no anticoagulant effect on the patient).* Calcium supplementation must be given post filter to avoid hypocalcae-
mia,'® which can be life-threatening.

lonized calcium Circuit (post-filter) Every 6-8 hr 0.25-0.4 mmol/L
lonized calcium Serum Every 6-8 hr 1.1-1.3 mmol/L
Total calcium & magnesium Serum Every 12-24 hrs

Table 4. RCA-CRRT Monitoring'®
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Type Complications

Vascular access Bleeding, thrombosis, pneumothorax, arrhythmia, air embolism, infection

Extracorporeal circuit Air embolism, hypothermia

Haematological Heparin related (HIT, bleeding), bleeding

Electrolyte & acid base Hypophosphatemia, hypomagnesemia, hypocalcemia, hypokalemia, hyponatremia,
disturbances hypernatremia

Citrate related Hypocalcemia, hypomagnesemia, metabolic alkalosis, hypernatremia, citrate intoxication

Other Physical deconditioning, drug metabolism elimination

Table 5. Complications of RRT®

A 2016 meta-analysis showed a significantly prolonged filter lifespan when citrate was used and also confirmed that RCA is
superior in decreasing the risk of bleeding. However, there was no mortality difference observed in the RCA group.™

RCA is now considered the first-line strategy for CRRT anticoagulation in patients without contraindications. Relative contrain-
dications to RCA include worsening lactic acidosis, acute liver dysfunction or severe liver failure, and severe intracellular hyp-
oxia (e.g., cardiogenic or septic shock).*'® Advantages of RCA include reduced bleeding risk, citrate’s short half-life, and
enhanced filter life spans. Disadvantages include complex citrate protocols, potential patient inability to metabolise citrate, and
the risk of citrate toxicity.*

RCA requires strict protocols and training for medical and nursing staff to ensure it is safely utilised and to reduce the risk of cit-
rate accumulation. If citrate metabolism is impaired, citrate-calcium complexes can accumulate, leading to metabolic acidosis
and a reduction in ionized calcium.™

Strict monitoring of specific parameters is required during RCA-CRRT. Post-filter and systemic ionized calcium should be
checked to assess efficacy and safety, respectively. Table 4 shows the current monitoring recommendations for RCA-
CRRT." Circuit ionized calcium is the main target to assess RCA efficacy while a patient’s ionized calcium is measured to
guide safe calcium replacement.’® The ratio of total calcium to ionized calcium should also be measured to assess for citrate
accumulation. Signs of accumulation include a total calcium to ionized calcium ratio >2.5, a worsening metabolic acidosis and
an increased calcium replacement requirement. Interventions to manage citrate accumulation include decreasing blood flow
rate, decreasing dialysate flow rate, decreasing target citrate dose, or discontinuing RCA and switching to alternative anticoag-
ulation strategies.™

Complications

Complications of RRT can be related to vascular access, the use of the extracorporeal circuit, or the use of anticoagulation.™

Long-Term Renal Impact

A number of patients who survive AKI will become dependent on dialysis, whereas others will never return to their baseline
renal function. Indeed, long-term renal dysfunction may occur in up to 40% of patients.®> Nephrology input should be sought
early on to help with the management of complicated renal disease.
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