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Acute kidney injury (AKI) is common in critically ill patients, depending on the definition 

occurring in 20% of hospitalized patients and as many as two thirds of patients admitted 

to the intensive care unit (ICU) [1,2]. AKI nowadays is defined using a set of criteria first 

described in 2004 called the RIFLE (Risk, Injury, Failure, Loss, and End stage) criteria. The 

RIFLE criteria classify AKI into three groups (Risk, Injury, and Failure) according to relative 

changes of serum creatinine and urine output [3]. The RIFLE criteria subsequently were 

modified by the AKI Network (AKIN) in 2007 (Table 1) [4].

The etiology of AKI in the ICU is often multifactorial. AKI and even slight renal function 

deterioration are associated with increased mortality [2,4]. Basic principals of renal support 

therefore consist of early detection and prevention of AKI by immediate fluid resuscitation to 

restore circulating volume (often with the need of vasopressor drugs), avoiding nephrotoxins 

and, when AKI is severe, initiating renal replacement therapy (RRT). There are many criteria 

for the initiation of RRT including uncontrolled uraemia, diuretic-resistant volume overload, 

respiratory distress and multi-organ failure. The appropriate timing of initiation, however, 

remains a topic of great controversy. In spite of novel techniques of RRT, mortality rates for 

AKI remain as high as up to 60% [5-7].

Table 1 RIFLE and AKIN criteria for diagnosis and classification of AKI

AKIN Urine output Class RIFLE
Serum creatinine Both classifications Serum creatinine
Stage 1 Increase 
of ≥26.5 μmol/l or 
increase of 1.5- to 
2-fold from baseline

Less than 0.5 ml/kg/h 
for more than 6 hours

Risk Increase of 1.5 fold 
from baseline or GFR 
decrease >25%

Stage 2 Increase of  
>2- to 3-fold from 
baseline

Less than 0.5 ml/kg 
per hour for more than 
12 hours

Injury Increase of 2 fold 
from baseline or GFR 
decreased >50%

Stage 3 Increase of 
>3-fold from baseline, 
or ≥354 μmol/l) with 
an acute increase of 
at least 44 μmol/l or 
on RRT

Less than 0.3 ml/kg/h 
for 24 hours or anuria 
for 12 hours

Failure Increase of 3 fold from 
baseline, or serum 
creatinine >354 μmol/l 
with an acute rise 
>44 μmol/l) or GFR 
decreased >75%

Loss Complete loss of 
 kidney function  
>4 weeks

End stage renal disease Loss of kidney function 
>3 months
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Novel biomarkers and mediators of AKI

The clinical diagnosis of AKI relies on serum creatinine and urinary output, but these parameters 

are highly variable and may lack accuracy in non-steady state conditions. Changes in serum 

creatinine levels lag behind in both renal function loss and recovery and thus are not useful in 

diagnosing subclinical AKI. In patients with subclinical AKI, ongoing damage may be prevented 

by appropriate measures. Therefore, urinary and serum biomarkers to predict or detect AKI 

before the rise of creatinine have been studied intensively. In the last decade, several novel 

AKI biomarkers have been identified, including neutrophil gelatinase-associated lipocalin 

(NGAL), kidney injury molecule 1 (KIM-1), cystatin C, IL-18, and liver-type fatty acid-binding 

protein (L-FABP). NGAL, one of the neutrophil secondary granule proteins [8], is probably the 

most studied marker. NGAL is expressed in a variety of human tissues, including lung, liver 

and kidney, in various pathologic states. NGAL is rapidly induced in distal tubular segments 

of injured nephrons upon stress [9]. Urine NGAL is derived predominantly from epithelial 

cells of the distal nephron, although a fraction may come from the systemic pool escaping 

reabsorption in the proximal tubule due to its injury. Plasma NGAL originates not only from 

the damaged kidneys (via tubular back-leak) but also from extrarenal organs. Urinary and 

plasma levels are helpful in predicting the occurrence of AKI [10-13], in prediction of severity 

of AKI [12-15] and AKI-related outcomes, such as need for renal replacement therapy (RRT) 

and mortality [11-13,15-18]. Also, levels of NGAL are associated with disease severity and its 

levels are more profoundly elevated during sepsis [11,13,17,19-21]. Other novel mediators 

have been described to be implicated in the development of AKI, for instance in the course 

of sepsis. One of these mediators is TNF-associated weak inducer of apoptosis (TWEAK), a 

member of the super tumor necrosis factor (TNF) family, that activates the Fn14 receptor. 

TWEAK is broadly expressed and can be found at high levels in the pancreas, intestine, 

heart, brain, lung, ovary, vasculature, and skeletal muscle, and at lower levels in the liver 

and kidney. TWEAK and Fn14 are constitutively expressed at low levels in normal kidneys. 

Potential local sources of kidney TWEAK include infiltrating monocytes/macrophages and 

T lymphocytes, and resident cells such as tubular and mesangial cells. TWEAK contributes 

to kidney inflammation by promoting chemokine secretion by renal cells through canonical 

and non-canonical Nuclear Factor-κB (NF-κB) activation. TWEAK also promotes tubular cell 

proliferation, however, it induces mesangial and tubular cell apoptosis under proinflammatory 

conditions [22,23]. Other new factors suspected to play a role in the development of AKI are 

Angiopoietin-2 (Ang-2) and Pentraxin-3 (PTX3). Ang-2 is a proinflammatory and endothelial 

barrier-destabilizing mediator in the vessel wall and macrophages, and has been reported to 
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be a predictor of mortality in patients with dialysis-dependent AKI [24-26]. PTX3 is an acute 

phase protein located in endothelium and stored in neutrophils and reportedly plays a role 

in the pathogenesis of ischemic acute kidney injury, although renal protective effects have 

been described as well [27,28].

Renal replacement therapy

The most commonly applied modalities of RRT are continuous venovenous haemofiltration 

(CVVH), continuous venovenous hemodialysis (CVVHD), and continuous venovenous 

hemodiafiltration (CVVHDF). In the trials in this thesis CVVH was applied as RRT modality. 

In CVVH, solutes are removed by convective clearance. Convection occurs when a solution 

with its content is driven by hydrostatic force across a semipermeable membrane (solvent 

drag). The crucial element in CVVH, as in all hemodialysis and -filtration techniques, is the 

artificial kidney or the hemofilter. The hemofilter contains the semipermeable membrane 

across which the filtration of solutes and fluid occurs. There are several types of hemofilters 

with different characteristics and the choice of the filter is of great importance in quality and 

adequacy of treatment. Filters utilized in CVVH usually have a molecular weight exclusion 

limit of approximately 50kD. One characteristic of interest when selecting a hemofilter 

is biocompatibility. Biocompatibility refers to the ability of a material to perform with an 

appropriate host response in a specific situation. Concerning biocompatibility there are 

currently three types of membranes manufactured: cuprophane, cellulose acetate and 

synthetic non-cellulose, with cuprophane considered to be bioincompatible and may also be 

associated with an unfavourable outcome [29]. The volume and solute loss in haemofiltration 

must be compensated by infusion of a replacement solution with an ideal composition. The 

replacement solution used can be infused either before (predilution) or after (postdilution) 

the filter. Predilution CVVH may effectuate less effective clearance, since the blood is diluted 

before it encounters the filter, however, may increase filter survival compensating the loss 

of efficacy. In the literature, evidence favouring one method over the other is scarce [30,31].

Anticoagulation

In critically ill patients the main limit in applying CVVH remains the need of anticoagulation in 

order to minimize the risk of clotting of the extracorporeal circuit. Clotting and the resultant 

filter down-time adversely affect metabolic control [32]. Excessive anticoagulation, however, 

may result in bleeding complications reported to occur in 10-50% of treatments [33]. 

Ideally, anticoagulation is limited to the extracorporeal circuit without affecting the 
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systemic coagulation. Many anticoagulation methods have been pursued including low 

dose heparin, low molecular weight heparin (LMWH), prostanoids, mesilates and regional 

citrate anticoagulation. Heparin remains a commonly used anticoagulant for CRRT. It is easy 

to use and monitor and provides adequate extracorporeal anticoagulation. The binding 

to antitrombin gives unfractionated heparin the majority of its anticoagulant property. 

LMWH predominantly inhibits factor Xa. The major drawback of LMWH is the difficulty to 

counteract bleeding if it occurs. The hazards of systemic anticoagulation such as bleeding 

and development of heparin-induced thrombocytopenia (HIT) are major drawbacks of all 

forms of heparin. CItrate has the ability to deliver the anticoagulation regionally. It acts as 

an anticoagulant by its ability to chelate calcium, needed in activation of several clot factors 

(II, V, VII, VIII, IX, X, XIII) and in the conversion of fibrinogen to fibrin.

Citrate anticoagulation in CVVH

There are several citrate-based solutions available with different citrate-concentrations. 

Citrate is infused prefilter as a separate trisodium citrate or acid-citrate-dextrose solution, 

or is incorporated in the replacement fluid. In case of a high concentration citrate solution, 

also known as hypertonic citrate solution because of the high sodium content of trisodium 

citrate, citrate is administered prefilter together with the use of hypotonic alkali-free 

replacement solution or dialysate to prevent the main metabolic hazards of this method, 

being hypernatremia and/or metabolic alkalosis. Alternatively, citrate can be incorporated in 

the isotonic replacement fluid, the method used in this thesis. By administering citrate pre-

filter, complete anticoagulation of the extracorporeal circuit will be allowed (Fig. 1).
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Figure 1 Schematic representation of predilution citrate-CVVH

Schilder.indd   13 19-8-2015   10:52:45




