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List of abbreviations

ARF   acute renal failure
ICU   intensive care unit
CVVH   continuous venovenous hemo#ltration
RRT   renal replacement therapy
GFR   glomerular #ltration rate
sCyC    serum Cystatin C
uCyC   urine Cystatin C
sCR   serum creatinine
APACHE-II  Acute Physiology and Chronic Health Evaluation II 
SAPS II  Simpli#ed Acute Physiology Score II
RIFLE   risk, injury, failure and loss and end–stage renal disease
CI   con#dence interval
SD   standard deviation
IQR   interquartile range
AUC   area under the curve
ROC   receiver operating characteristic
LOS–ICU  length of stay in the intensive care unit
LOS–hospital  length of stay in hospital
AKI  acute kidney injury
ALI  acute lung injury 
ARDS  acute respiratory distress syndrome 
NGAL   neutrophil gelatinase–associated lipocalin
suPAR  Plasma soluble urokinase–type plasminogen activator receptor
Pf HRP2 Plasmodium falciparum histidine-rich protein-2 
ATN  acute tubular necrosis 
PRBCs  parasitized red blood cells
RIFLE   Risk, Injury, Failure, Loss of kidney function, End-stage kidney 

disease
VALI  ventilator-associated lung injury 
VT  tidal volume
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Introduction

Acute kidney injury, renal function and renal replacement therapy in critically 
ill patients
Acute kidney injury (AKI) is a frequent complication of critical illness. Causes 
of AKI include direct renal toxicity due to nephrotoxic medication and/or 
contrast agents, and injury caused by hypotension and/or hypoperfusion. 
Shock–associated AKI is associated with a mortality rate up to 70%, particularly 
when renal replacement therapy (RRT) is needed [1]. Toxicity–induced AKI is 
associated with a lower mortality rate, but still 45% of patients with this form 
of AKI die [2]. Despite the increased presence of well–educated intensive care 
unit (ICU) physicians and nurses and an increased availability of interventions 
such as continuous veno–venous hemo#ltration (CVVH) in Western countries 
over the last decade, mortality of patients with AKI remains extremely high. %is 
disappointing #nding may be explained by other systemic organ disfunctions 
during critical illness but may, at least in part also be related to the relative late 
start of preventive and/or therapeutic strategies based on changes of biological 
markers which insu&ciently re'ect the presence of kidney injury and/or renal 
dysfunction.
%ere is li!le consensus on when to start renal replacement therapy (RRT) in 
critically ill patients, at least in the Netherlands. Indeed, a nation–wide postal 
survey, the results of which are presented in Chapter 2 in this thesis, revealed 
practice of RRT in Dutch ICUs to be highly variable. Widely–accepted standards 
for the provision of RRT are lacking.

Biological markers of kidney injury and/or renal function
AKI is characterized by a sudden fall in the glomerular #ltration rate (GFR). %e 
GFR is usually estimated using exogenous and/or endogenous markers. Methods 
that use exogenous markers of renal function, such as the inulin clearance, are 
time–consuming and expensive, and therefore not routinely used in the ICU 
se!ing.
%ere are important limitations to methods that use endogenous markers, 
such as creatinine or urea. First, systemic levels of creatinine and/or urea in 
serum and/or urine are neither speci#c for, nor directly related to underlying 
pathophysiological processes in the kidneys, such as in'ammation, apoptosis 
and necrotic cell death. In addition, in critically ill patients the GFR may 
decline rapidly, which may not be timely visualized by a rise of systemic levels 
of creatinine or urea. Furthermore, increased tubular secretion of creatinine may 
initially even prevent a rise of systemic levels of creatinine, thus overestimating 
kidney function in critical illness shortly a"er the insult. Finally, systemic levels 
of creatinine are a$ected by muscle mass, diet, intravascular volume status, and 
vary with age and gender. Similarly, systemic levels of urea are a$ected by various 
disease states, hepatic function and diet.
Notably, there are also important limitations to the use of these endogenous 
markers for recovery of renal function in critically ill patients treated with RRT. 
Indeed, creatinine and urea are e&ciently removed by the hemo#lter. %us, these 
biological markers cannot be used to decide whether to stop or continue RRT.
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Novel biological markers of kidney injury and/or renal 
function

With the knowledge of the limitations of current biological markers and the lack 
of progress in reducing the morbidity and mortality from AKI, there is urgent 
need for novel biological markers of kidney injury and/or renal function. Several 
candidate endogenous biological markers have been suggested over the last 
decade (table 1). %e ideal biological marker of kidney injury and renal function 
in critically ill patients is: a) easily obtainable, b) easily detectable, c) highly 
sensitive and speci#c for the presence of kidney injury, d) rapidly measurable, 
e) capable of early detection, f ) able to give insight into etiology of the insult, g) 
helpful in monitoring the response to interventions, h) be una$ected by other 
biological variables, and last but not least i) a$ordable.
Promising novel biological markers of kidney injury and/or renal function include 
biological markers in blood or urine, such as neutrophil gelatinase–associated 
lipocalin (NGAL), cystatin C (CyC), interleukin (IL)–18, and kidney injury 
molecule (KIM)–1. Biological markers could be used to estimate renal function 
(e.g., systemic CyC), while others could be used to indicate kidney injury (e.g., 
systemic or urine NGAL, KIM–1, and urine CyC) or kidney in'ammation (e.g., 
urine IL–18). More recently, it has been suggested that the soluble form of the 
urokinase plasminogen activator receptor (suPAR) could be of use in predicting 
organ failures including AKI in critically ill patients. 

Cystatin C
%e usefulness of CyC as an endogenous marker of renal function is reviewed 
in chapter 3 of this thesis. CyC is a 13.3–kDa protein produced at a constant 
rate independent of age and muscle mass. CyC is completely #ltrated in the 
glomerulus and metabolized but not secreted in the tubules. %us when the GFR 
decreases systemic levels of CyC rise, even with small reductions in GFR. Studies 
of non–critically ill patients suggest that CyC may serve as an adequate biological 
marker of renal function, even in the early phase of renal impairment [3]. Recent 
studies of critically ill patients suggest that CyC could also be useful as a biological 
marker for renal dysfunction in the ICU–se!ing [4-9]. Furthermore, as clearance 
of CyC by CVVH is low [10], CyC may function even as a biological marker of 
renal function during RRT.

Neutrophil gelatinase–associated lipocalin
%e usefulness of NGAL as an endogenous marker of renal function and/or AKI 
is reviewed in chapter 4 of this thesis. NGAL is a 25–kDa protein covalently 
bound to gelatinase from human neutrophils, which is normally expressed in 
very low concentrations in diverse human tissues, including the kidneys. Levels 
of NGAL exponentially increase when cells are ‘in stress’ (e.g., with in'ammation 
and injured epithelia, including the kidney a"er ischemia reperfusion injury and 
nephrotoxicity). NGAL has been found to be a prognostic marker of AKI in ICU–
patients where timing of kidney injury is known (e.g., as in cardiac surgery [11-13] 
or contrast induced nephropathy [14]). More recently, NGAL has also been found 
a marker of kidney injury in more heterogeneous ICU–populations [15-17].
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Interleukin 18
IL–18 is a 18–kDa cytokine and a mediator of in'ammation in the proximal 
tubulus. In animal studies IL–18 has been found a predictor of acute tubular 
necrosis [18, 19]. In patients a"er renal transplantation, paediatric patients a"er 
cardiac surgery, and patients with lung injury, urine IL–18 levels have been found 
to predict proximal tubular injury [20]. In addition, urine IL–18 levels predict 
AKI in some [21-23], but not all studies [24, 25].

Kidney injury molecule 1
KIM–1 is a membrane protein of epithelial cells in the proximal tubulus only 
expressed with cell damage. Studies of rats show KIM–1 to be a marker of AKI 
induced by nephrotoxic agents [26]. Human studies suggest KIM–1 can be used 
to di$erentiate ischemic kidney injury form pre–renal azotaemia [27, 28]. KIM–
1 has also been suggested to be a good predictor of requirement of RRT [27].

Soluble urokinase–type plasminogen activator receptor
%e suPAR molecule derives from proteolytic release from cell membrane uPAR. 
It is found in diverse body 'uids, including plasma and urine and has been 
suggested to be useful as a prognostic biological marker of various in'ammatory 
and infectious diseases, including sepsis and malaria. In a recent study suPAR had 
prognostic value with respect to prediction of outcome in ICU–patients [29]. 
Previous studies suggest suPAR to be associated with other kidney diseases [29].

Development of biological markers for kidney injury 
and/or renal function

%e development of useful biological markers for kidney injury and/or renal 
function, alike biological markers for other diseases or conditions, follows 5 
phases (table 2).
Phase 1 involves preclinical studies. %e goal is to #nd proteins, potential 
biological markers that are over–expressed in AKI compared with no AKI. Phase 
2 uses receiver–operating curves (ROC) to distinguish patients with AKI from 
individuals without AKI using assays for such proteins. Phase 3 evaluates if these 
biological markers can detect AKI at earlier time points than conventional markers 
(usually the gold standard for AKI). Phase 4 involves large–scale validation of 
biological markers in prospective cohort studies. Finally, phase 5 involves post–
marketing studies in which the assessment of reduction of (morbidity and/or 
mortality of ) AKI is made as a result of the availability of a new test.
Research on biological markers of kidney injury and/or renal function at best 
has reached phase 4. Indeed, until now the potential biological markers CyC, 
NGAL and suPAR have only been tested in highly selective patient populations 
like renal transplantation patients and patients a"er trauma or cardiac surgery. In 
these patients timing of the ‘hit’ or injury usually is well–known. Studies of more 
heterogeneous ICU populations in which the exact moment of kidney injury is 
unknown are scarce or absent.
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Outline of this thesis

%e aims of research performed in this thesis were to test whether the biological 
markers CyC, NGAL and suPAR are useful in the prediction of kidney injury 
in unselected severely ill ICU patients. We also tested whether the biological 
marker CyC is useful in the prediction of renal recovery in patients treated with 
CVVH. In addition, we tested the usefulness of NGAL and suPAR in prediction 
of kidney injury requiring RRT in a cohort of patients with malaria. Finally, we 
used CyC and NGAL to test the hypothesis whether lung–protective mechanical 
ventilation protects against AKI in patients without lung injury at the onset of 
mechanical ventilation.
In Chapter 5 we describe a multicenter observational cohort study evaluating the 
diagnostic and prognostic value of CyC in serum and urine in a heterogeneous 
ICU population in 5 closed–format ICUs in the Netherlands. We hypothesized 
CyC in serum and urine to predict AKI one to two days earlier than the classical 
criteria for AKI. Furthermore we hypothesized these biological markers to 
predict the need for RRT.
Chapter 6 expands on the study described in the previous chapter. We performed 
a pilot analysis of a small subgroup of patients. We hypothesized pre–dilution 
CVVH to be unlikely to have an e$ect on levels of CyC in serum.
In chapter 7 we describe a multicenter observational cohort study evaluating the 
prognostic value of CyC in serum and urine in patients with AKI treated with 
CVVH in 5 closed–format ICUs in the Netherlands. In this study we hypothesized 
CyC in serum and urine to adequately predict renal recovery during RRT.
In chapter 8 we report on a secondary analysis of the multicenter study described 
above. We evaluated the diagnostic and prognostic value of NGAL in serum and 
urine in an unselected ICU–population. Similar as for CyC, we hypothesized 
NGAL in serum and urine to predict AKI and need for RRT one to two days 
earlier than the classical criteria for AKI and RRT.
In chapter 9 and 10 we focused on patients with Plasmodium falciparum malaria 
at risk for AKI. %ese studies comprised patients with severe malaria, enrolled 
in two earlier interventional studies [30, 31]. We hypothesized laboratory tests, 
including NGAL, suPAR and histidine–rich protein (HRP)–2 to predict the 
need for RRT.
In Chapter 11 we describe a secondary analysis of a multicenter randomized 
controlled trial evaluating the e$ect of mechanical ventilator se!ings on the 
development of AKI in critically ill patients without acute lung injury at onset 
of mechanical ventilation. We hypothesized that lung–protective mechanical 
ventilation is associated with reduced kidney injury in critically ill patients 
without ALI at onset of mechanical ventilation. In this study we used serum CyC 
and NGAL to detect AKI.
Chapter 12 summarizes the #ndings of the studies described in the previous 
chapters and gives directions for future research in the #eld of biological markers 
for kidney injury and renal function in critically ill patients.
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sCyC: serum Cystatine C; uCyC: urine Cystatine C; sNGAL: serum Neutrophil gelatinase–
associated lipocalin; uNGAL: urine Neutrophil gelatinase–associated lipocalin; KIM: Kidney Injury 
Molecule; IL-18: Interleukin 18; suPAR: Soluble urokinase–type plasminogen activator receptor
+, the biological marker has clinical value; – the biological marker has no clinical value; ?, the value 
of the biological marker has not yet been investigated, or available data are contradicting 

Table 1. 
Novel biological markers suggested having good accuracy in diagnosing acute kidney injury

Table 2. 
Development of useful biological markers for kidney injury and/or renal function follows 5 phases

Biomarkers non–ICU patients Selected ICU patients Unselected ICU–patients

sCyC + + ?

uCyC + + ?

sNGAL + + ?

uNGAL + + ?

KIM-1 + + ?

IL–18 ? + ?

suPAR ? + ?

Goals Phase Study Design Selected examples of Speci!c Aims

Discovery phase Phase1 Preclinical exploratory Promising directions identi!ed
Clinical assay detects established 
disease

Translational phase Phase 2
Phase 3

Clinical assay and validation 
Retrospective longitudinal

Biomarker detects disease early before 
it becomes clinical obvious
Determine sensitivity/speci!city

Validation phase Phase 4 Prospective screening Use biomarker to screen population
False referral rates are identi!ed

Phase 5 Disease control Impact of screening on reducing the 
burden of disease

Adapted from Pepe, vol 93, issue 14, p 1054-1061
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Abstract

Background Acute kidney injury (AKI) is a common complication of critical 
illness with high morbidity and mortality. %ere is no consensus on the optimal 
management of AKI, including renal replacement therapy (RRT). %e aim of this 
survey was to ascertain RRT management in Dutch intensive care units (ICUs), 
and to evaluate compliance to present guidelines.
Intervention Questionnaires concerning hospital demographics and RRT 
management was sent to all ICUs practicing RRT.
Results ICU physicians and nurses were in charge of RRT in 75% of the ICUs 
and continuous venovenous hemo#ltration was the preferred modality. A large 
variability was noted particularly for timing of RRT, but also for dose prescription, 
anticoagulation strategies and non–renal indications. Only 30% of the respondents 
prescribed the recommended dose of 35 mL/kg/h. %e most commonly used 
anticoagulant was unfractionated heparin. One third of the participating 
ICUs practiced regional citrate anticoagulation, while 61% were considering 
implementing it shortly. Danaparoid was the preferred anticoagulation strategy 
(60%) in patents with heparin-induced thrombocytopenia. %e majority of the 
responders (81%) agreed with non-renal indications, including refractory septic 
shock (48%). 
Conclusion %e Dutch practice of RRT is remarkably variable and only 
partly in line with present guidelines. %e high prevalence of regional citrate 
anticoagulation is in sharp contrast with worldwide practice.
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Introduction

Acute kidney injury (AKI) is a frequent complication of critical illness [1]. It is 
characterized by high morbidity and mortality, particularly if renal replacement 
therapy (RRT) is required [1]. A recent worldwide survey shows 4% of intensive 
care unit (ICU)–patients to receive RRT, though this incidence varies with the 
type of patient [1]. %e observed mortality of patients with AKI is o"en higher 
than predicted on basis of commonly used scores, particularly when AKI is severe 
and acute renal failure (ARF) ensues [2]. However, ARF is not only an indicator 
of severity of disease as there is increasing evidence suggesting an independent 
e$ect of ARF on mortality of critically ill patients [2-4]. Both acute uraemia and 
unwanted consequences of RRT most likely contribute to this excess mortality.
%ere is no broad agreement on guidelines for the management of AKI in the 
critically ill patient, including the use and practice of RRT. Indeed, there is a 
paucity of randomized controlled trial evidence on the best way to treat these 
patients. Several controversies exist, including RRT modality, dose and timing, as 
well as  anticoagulation and non–renal indications. Consequently, there is large 
variability in the management of RRT [5-7]. Based on a review of the literature 
and international guidelines [8-11] the national ICU–society in the Netherlands 
published evidence–based recommendations for management of RRT which are 
summarized in Table I [12, 13 ]. %e aim of the present survey was to ascertain 
practices of RRT in critically ill patients with AKI in the Netherlands and to 
evaluate compliance to these guidelines.
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Material and Methods

Surveyed ICUs
First a telephone survey of all Dutch ICUs was performed in order to establish 
those practicing RRT. Subsequently, these ICUs were sent a questionnaire to be 
#lled in anonymously by the physician with the most responsibility for RRT in 
his or her ICU. %e survey was carried out in the spring of 2007. 

The questionnaire
%e survey is shown in the appendix. It consisted of six general multiple-choice 
questions on the participants’ ICU, 26 multiple–choice questions on several 
aspects of RRT management, including timing, mode, dose, anticoagulation, 
and non–renal indications. In two of the questions concerning timing and 
non-renal criteria, the respondents were asked to rank their answers in order of 
importance. In addition, the respondents were asked how much they agreed with 
six statements on AKI and RRT using a 100 mm visual analogue scale (VAS) that 
had ends marked with “disagree” and “agree”[14].

Data presentation and statistical analysis
%e questionnaires retrieved were analyzed by the means of a Microso" Access 
database. Results are presented as absolute numbers, and/or as proportions of 
participating ICUs. %e VAS score was determined by measuring in millimeters 
from the le" hand end of the line to the point that the participant marked. %e 
results of the VAS are presented as mean ± SD.

Results

Responding ICUs
Sixty of the 86 questionnaires (70%) were retrieved and suitable for analysis. %e 
participating ICUs included departments in university hospitals (n = 7), teaching 
hospitals (n = 35) and city or community hospitals (n = 18). %e majority of 
ICUs practiced a closed–format structure (88%). Table 2 summarizes the 
characteristics of the participating ICUs. 

Mode of RRT
Continuous RRT was the preferred mode in all but one center; a small number 
of ICUs performed intermi!ent hemodialysis (IHD) in recovering and stable 
patients. ICU–physicians and –nurses were in charge of RRT in more than 70% 
of responding ICUs (#gure 1). Continuous veno-venous hemo#ltration (CVVH) 
was by far the most commonly applied technique, followed by continuous 
venovenous hemodia#ltation and continuous veno-venous hemodialysis (#gure 
2). Pre- and postdilution infusion of substitution 'uids were used equally. %e 
majority of the participating ICUs used solely bicarbonate–bu$ered solutions 
(62%) while 15% of the ICUs used either  bicarbonate- or lactate–bu$ered 
solutions depending on indication (15%). Forty-two percent of the ICUs had a 
CVVH–protocol. All centers used biocompatible membranes, most frequently 
polyacrilonitrile and poly(ether)sulphone membranes.
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Subject Recommendation

ARF de!nition According to the RIFLE classi!cation system

Timing, dose and mode of RRT

Initiation Based on the severity of both ARF and other organ failure(grade E). Initiation of RRT is 
to be considered in oliguric patients ( RIFLE-risk or RIFLE-injury), despite adequate "uid 
resuscitation, and/or persisting steep rise in serum creatinine, in addition to persisting 
shock (grade E). RRT may be postponed if the underlying disease is improving, other 
organ failure recovering and the slope in creatinine rise declines, in order to see if renal 
function is also recovering (grade E).

Discontinuation RRT should be continued as long as the criteria de!ning severe oliguria ( RIFLE-failure) 
are present (grade E). If the clinical condition improves, waiting may be considered 
before connecting a new circuit to see whether renal function recovers, RRT should be 
restarted in clinical or metabolic detoriation 

Dose To achieve a delivered (not prescribed)ultra!ltrate (dialysate) "ow during CRRT of 35 mL/
kg/h in postdilution (grade A). A higher dose applied for a short time may be considered 
in sepsis/SIRS (grade E). The dose needs to be adjusted for predilution using the dilution 
factor, and for !lter down time.

Mode In non-shock patients, continuous and intermittent treatments are equivalent regarding 
survival (level I). However, CRRT is recommended over IHD for patients with ARF and 
shock (grade E). CRRT should be applied in the veno-venous mode.

Anticoagulation Strategies

Bleeding risk not increased Use UFH (APTT1-1,4 times normal) or LMWH (anti-Xa 0.25-0.35U/mL). When systemic 
anticoagulation is not indicated regional anticoagulation with citrate may be preferred 
(grade C).

Increased bleeding risk Use regional anticoagulation with citrate (grade C). CRRT without anticoagulation can be 
considered, especially with coagulopathy (grade E). Prostaglandins might be considered 
( grade E).

Increased clotting tendency The addition of prostaglandins to UFH or LMWH ( grade C), the application of predilution 
( grade C), or the combination of systemic anticoagulation with regional citrate can be 
considered ( grade E).

Heparin-induced thrombocytopenia Stop all kinds of UFH or LMWH ( grade C). Use citrate for anticoagulation of the circuit 
and provide systemic thromboprophylaxis ( grade E). The use of danaparoid ( anti Xa 
0.25-0.35 U/mL) can be considered in crossreactivity with heparin dependent antibodies 
is excluded ( grade E). The use of hirudin should be discouraged (grade E). Potential 
alternatives are fondaparinux, bivalirudin, argatroban, dermatan sulphate or nafamostat 
if monitoring is appropriate ( grade E). They need further studies since experience in CRRT 
is still anecdotal.

Table 1. 
Summary of guidelines [12,13]
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Timing of RRT
%ere was wide variation in timing criteria (table 3). Forty-nine of sixty 
respondents ranked their criteria in order of importance. %e top three indications 
were oligo-anuria, AKI with multiple organ failure and hyperkalemia. Urea and/
or creatinine levels were o"en used as starting criteria, but these criteria were not 
ranked in the top three criteria. %e cut-o$ starting levels ranged between 25 and 
50 mmol/L for urea and between 200 and 650 micromol/L for creatinine. Four 
centers were participating in a study evaluating the role of serum Cystatin C as 
criterion for timing of RRT. 
%e majority of ICUs reported a short delay between prescription and actual 
initiation of RRT: less than 2 hours in 85% of the ICUs, and between two and 
eight hours in 15% of the ICUs. %e most frequently causes for delay were 
shortage of RRT equipment or nursing sta$, vascular access problems, or 
patient transport. Incidentally treatment was delayed for increased bleeding 
risk (8%). No center applied strict stopping criteria. Increasing diuresis was the 
most frequently used criterion for discontinuation of RRT (68%); however, the 
required threshold diuresis varied between 20 to 100 mL/h. In case of increased 
diuresis the majority of participants admi!ed to continue RRT until the circuit 
perished. Another criterion was the urine creatinine concentration level being 
applied by one third of the participants.

Dose prescription
Dose prescription showed a wide variation among the participants (#gure 3). 
Dose prescription was seldom adjusted for #lter down time (5%) or for the 
dilution e$ects of pre–dilution CVVH (3%).

Anticoagulation strategies
Figure 4 shows the various anticoagulation strategies for patients with normal 
or increased bleeding risk, and patients with suspected or con#rmed heparin–
induced thrombocytopenia (HIT). In patients without increased bleeding risk 
unfractionated heparin (UFH) was the most commonly used anticoagulant and 
administered either at a #xed low dose (33%), or titrated to achieve an activated 
partial thromboplastin time (AP() of <-1.4 (22%) or >2 (34%). Approximately 
one quarter of the centers used low molecular weight heparins (LMWH). LMWH 
was always prescribed at a #xed dose and not based on Xa-levels. In patients 
at increased risk of bleeding the three most commonly used anticoagulation 
strategies were: a) no anticoagulation, b) regional citrate anticoagulation,(RCA), 
and c) UHF prescribed at either a #xed low dose (68%), or titrated to achieve 
a AP( of 40-45 seconds (32%). %e substitution 'uid was preferentially 
administered before the #lter in case of CVVH without anticoagulation(60%). 
Approximately one third of the centers routinely applied RCA and those 
respondents not yet practicing RCA mentioned they would appreciate to #rst 
receive training on RCA; 61% of the respondents considered implementing RCA 
shortly. In case of suspected or con#rmed HIT, most respondents mentioned 
danaparoid as the anticoagulant of #rst choice. Only a minority of respondents 
said they would be interested in training on direct thrombin–inhibitors (such as 
herudin or argatroban), or other anticoagulants (such as fondaparinux).
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Number of beds with mechanical ventilation

0-10 34 (57%)

10-20  17 (28%)

20-30 6 (10%)

30-40 3 (5%)

Number of beds without mechanical ventilation

 <5 45 (75%)

5-7 12 (20%)

7-10   3 (5%)

Number of patients per ICU physician during the day 

2-5      14 (23%)

5-10 35 (58%)

10-15 9 (15%)

Unknown 2 (3%)

Number of patients per ICU physician during the night 

>5 5 (8%)

5-10 26 (4%)

10-20 23 (38%)

20-30 4 (7%)

Unknown 2 (3%)

Number of patients in which RRT is initiated per week

0-1 38 (63%)

2-4 19 (32%)

>4 3 (5%)

Applied RRT technique

> 75% CRRT 58 (97%)

> 75% IHD 0

CRRT and IHD are used equally 2 (3%)

Other 0

Table 2. 
Characteristics of participating intensive care units (n=60)

Results are expressed as absolute numbers and percentage of participating intensive care units 
(ICU). CRRT, continuous renal replacement; IHD, intermittent haemodialysis
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Participants could tick more than one answer. Results are expressed as absolute numbers and 
percentage of participating intensive care units (ICU).

Table 3. 
Timing criteria for renal replacement therapy in the critically ill patient with acute kidney injury. 

Table 4. 
Visual analogue scale (VAS) score.

Criteria number %

Decreased urine output 14 23

Oligo/anuria (urine output of <500 mL/24 h) 54 90

Metabolic acidosis 47 78

High serum ureum level 43 72

High serum creatinine level 21 35

High potassium level 58 97

Steep and persistent rise in serum creatinine level 43 72

Multiple organ failure with acute kidney injury 48 80

Fluid overload 4 7

Statement VAS score (mean ± SD)

We are in need of consensus classi!cation system for AKI 7,1 ± 2,3

CRRT is superior to IHD in the critically ill patient with AKI 7,7 ± 1,9

Early timing of RRT is favourable in critically ill patients with AKI 7,0 ± 2,0

In critically ill patients with AKI the recommended ultra!ltrate dose during CVVH is 35 mL/kg/h in 
post-dilution

7,4 ± 2,0

Hemo!ltration is an e#ective treatment for sepsis/SIRS due to the removal of toxic mediators 5,4 ± 2,6

The ICU-physician should be in charge of RRT in the intensive care 8,2 ± 2,0
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Figure 1. 
Responsibility for renal replacement therapy in 
Dutch intensive care units (ICUs). Results are 
expressed as proportion of participating ICUs 
(n=60).

Figure 2. 
Continuous renal replacement techniques 
in Dutch intensive care units. Results are 
expressed as proportion of participating ICUs 
(n=60). CVVH, continuous veno-venous 
hemofiltration; CVVHDF, continuous veno-
venous hemodiafiltration, continuous veno-
venous haemodialysis

Figure 3. 
Dose prescription during continuous renal 
replacement techniques in Dutch intensive 
care units (ICUs). Results are expressed as 
proportion of participating ICUs (n=60). 
Participants could tick more than one answer.

Figure 4. 
Anticoagulation strategies during continuous renal replacement techniques in Dutch intensive care 
units (ICUs). Results are expressed as proportion of participating ICUs (n=60). Participants could 
tick more than one answer. HIT, heparin induced thrombocytopenia; UFH, unfractionated heparin; 
LMWH, low molecular weight heparin; RCA, regional citrate anticoagulation; RHP, regional 
heparin-protamin anticoagulation.
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Non–renal indications for CRRT
Eighty-two percent of the participating ICUs prescribed CVVH for indications 
other than AKI. %e most popular non–renal indications included intoxications 
(63%), refractory septic shock (48%), lactate acidosis (33%) and heart failure 
(25%). Less frequent non–renal indications were acute respiratory distress 
syndrome (12%) and pancreatitis (7%). Reasons for scepticism included lack of 
scienti#c evidence, risks associated with the use of an extracorporeal blood circuit 
and high costs.  A minority of the participants (15%) mentioned prescribing 
higher ultra#ltrate doses (4 – 9,5 L/h) for refractory septic shock.

Visual analogue scale statements on CRRT
Table 4 shows the VAS score for each of the six statements. It is interesting to see 
that in the closed ICU concept, the average ‘responsible” physician stated that 
continuous RRT is preferable to intermi!ent RRT.

Discussion

%e practice of RRT in critically ill patients with AKI is poorly described. %e  
present survey reports clinical practice amongst Dutch ICUs and evaluates its 
compliance with national guidelines. Dutch clinical RRT practice is varied and 
compliance with guidelines is limited, particularly in timing, anticoagulation 
strategies and non-renal indications. Approximately one third of the respondents 
prescribed the recommended dose of 35mL/kg/h [10,12]. However, the centers 
prescribing 3 and 4L/h delivered an adequate dose as well. Also 2,5 L/h is in 
accordance with the guidelines for patients up to 70 kg. %erefore, nearly half 
of the centers prescribed a dose approximating the dose recommended by the 
guideline. Notably, dose prescription was seldom adjusted for #lter down time 
and for the dilution e$ects of predilution CVVH. %e recommended dose has 
been questioned, particularly because in a smaller Dutch randomized study 
higher doses were shown not to be superior and this may be one of the reasons 
for the variability in dose prescription [15,16]. %e large variability in timing of 
RRT seems understandable in the light of the absence of su&cient randomized–
controlled trial evidence. Non–randomized studies suggest be!er outcome with 
early RRT, but are of poor methodological quality. Renal function, however, is 
unlikely to recover soon if circulation remains vasopressor dependent, and other 
organs fail as well. %erefore, in these patients expert opinion suggests early 
initiation of RRT [12,17]. Notably, we found a delay time between prescription 
and start of RRT of less than two hours in the majority of the centers. In most 
centers ICU–nurses are in charge for RRT activities leading to rapid initiation of 
RRT. In line with international practice, UFH is the most widely used anticoagulant 
in RRT in the Netherlands. UFH is given either at a #xed low dose or aimed 
at an AP( ranging from 40 – 80 s.  A quarter of the respondents prescribed 
LWMH.  However, in contrast with the recommendations, none of the centers 
monitored factor Xa- levels routinely most likely because the determination of 
anti factor Xa-levels is costly and not routinely available in most Dutch hospitals 
Of interest, LMWH was given at a #xed dose and never monitored by means of 
anti–factor Xa-levels. Respondents to our questionnaire mentioned to use UFH 
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(36%) or LMWH (10%), even in patients with increased bleeding risk. %ese 
strategies are also contradictory to the recommendations suggesting either RCA 
or no anticoagulation in patients at increased risk of bleeding, but reasons for 
these practices were not asked for. Variation in the de#nition of increased risk 
of bleeding or an indication for systemic coagulation may have played a role in 
the way respondents answered the questions regarding anticoagulation practice 
or an indication for systemic anticoagulation may have played a role in the way 
they responded. In line with the recommendations, in patients with suspected or 
con#rmed HIT the majority of the respondents chose either systemic coagulation 
with danaparoid or RCA combined with systemic thromboprophylaxis [13,19]. 
In patients with HIT, all heparins should be stopped; however, alternative 
systemic coagulation is only recommended in patients with proven, or highly 
suspected thromboembolic complications [19,20]. In our survey no distinction 
was made between the presence and absence of thrombosis, and this may 
explain the fact that some participants chose RCA over alternative systemic 
anticoagulation. Dosing of alternative coagulant strategies (heparinoid or 
direct thrombin inhibitors) is challenging in patients with ARF and continuous 
RRT, because of the markedly increased half-life resulting in accumulation 
and bleeding complications. Notably, the majority of our participants showed 
no interest in these alternative anticoagulants. %is may be due to the fact that 
HIT is very rare accounting for only 0,3% to 0,5% of thrombocytopenia in the 
critically care se!ing. Remarkable, and despite the lack of su&cient scienti#c 
evidence for the use of RRT outside AKI, the majority of the responders also 
agreed with non–renal indications, including septic shock. %e literature at least 
suggest that hemo#ltration with lower volumes is of no bene#t for patients with 
sepsis without ARF [19]. However, the majority of respondents mentioned that 
they did not increase their routine RRT dose for non–renal indications. 
%e results of our survey con#rm the results of international surveys showing that 
RRT practice is not aligned with best evidence, particularly in respect of timing, 
anticoagulation strategies and non-renal indications. %is is understandable 
because there is li!le evidence on these subjects. On the other hand almost half 
of the centres prescribed the recommended dose and this is not so bad. For more 
robust recommendations, we need properly designed randomized controlled 
trials. One large RCT on dose prescription in critically ill patients with AKI in 
Australian/New Zealand is on the way and another large American study was 
recently published [24,25]. A large European multicenter RCT on the e$ects of 
high–volume hemo#ltration in septic shock and early AKI is currently recruiting 
patients and may bring more insight in the role of high–volume hemo#ltration as 
adjunctive therapy in sepsis [26]. Notably, the advent of various biomarkers for 
AKI may help to re#ne timing criteria in the future [27-29].  
%e practice of RRT in the Netherlands shows some conspicuous di$erences 
with worldwide practice, particularly in preferred modality, responsibility and 
anticoagulation strategies.  In contrast to American practice, here we showed 
CVVH to be the preferred modality, failing largely under the responsibility of 
the ICU physician and nurses [5]. A predominantly European survey mentioned 
equal use of intermi!ent and continuous techniques; however ICU physicians 
tended to prefer continuous techniques, while nephrologists chose more 
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frequently for IHD [6]. For nearly a decade Australia has almost exclusively been 
a continuous RRT country [30]. %ese di$erences may result from the closed 
format structure practiced by the majority of Dutch and Australian ICUs. 
%e popularity of RCA in the Netherlands is another striking di$erence in 
the comparison with international anticoagulation strategies. Worldwide the 
use of RCA is infrequent, possibly related to its metabolic complexity and the 
fear of complications [6,7]. However, so far studies have shown that RCA is 
feasible, safe and e$ective [31-33]. Indeed, we found that in one third of the 
responding ICUs routinely prescribed RCA, even when systemic anticoagulation 
was not contraindicated. Moreover, almost two-thirds of the participants were 
considering the implementation of RCA in the near future. %e popularity of 
RCA in the Netherlands is most probably related to several factors including the 
advent of a Dutch protocol (h!p://www.nvic.nl/richtlijnen_geaccordeeerd.
php?id=39&titel=Richtlijn-regionale-Antistolling-met-citraat-voor-CVVH), the 
commercial availability of required solutions and education, and the introduction 
of modern RRT machines in which pumps are incorporated for precise and safe 
infusion of citrate and calcium solutions. Moreover, during the present survey, 
several ICUs were participating in RCTs, randomizing patients into RCA or 
heparin treatment [34,35]. 
Our survey has several limitations. %e response rate was 70%. It is therefore 
likely that there was a self–selection bias towards respondents with particular 
interest for RRT in the critically ill. In addition we did not con#rm independently 
the provided data. Finally, all the respondents were ICU–physicians the majority 
practicing in closed format ICU. %is may have caused bias towards the higher 
interest in ICU responsibility, continuous techniques and non–renal indications.

Conclusion

In accordance with worldwide practice, Dutch clinical RRT-practice is largely 
variable and compliance to national guidelines is limited, particularly in relation to 
timing, anticoagulation strategies and non- renal indications. Continuous veno-
venous hemo#ltration is the preferred mode in the Netherlands falling mainly 
under the responsibility of ICU–physicians and nurses. %e popularity of RCA 
in the Netherlands contrasts with the limited RCA application internationally.
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Dutch questionnaire
Renal replacement therapy in Intensive Care

Questionnaire Renal replacement therapy on the Intensive Care
%is questionnaire consists of three sections (A,B,C)

Section A: General
%is section seeks information about your working environment

Section B: Continuous renal replacement therapy
%is section seeks information on the clinical practice of CRRT on your intensive 
care unit. %is section is to be #lled in only if you predominantly(>75%) use 
CRRT on your intensive care.

Section C: Intermi!ent haemodialysis (IHD)
%is section seeks information on the clinical practice of IHD on your intensive 
care unit. %is section is to be #lled in only if you predominantly(>75%) use IHB 
or Slow Extended Daily Dialysis (SLEDD) on your intensive care.
If your intensive care unit uses CRRT and IHD equally, please #ll in both sections 
B and C.
We greatly appreciate you completing this survey and thank you in advance for 
your time.

Section A: 
general

1 Hospital?
university hospital
teaching hospital
community hospital

2  Number of ICU beds?
   Beds with mechanical ventilation
   Beds without mechanical ventilation

3 Format?
Closed ICU
Open format ICU

4 Number of patients per doctor during the day?
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5 Number of patients per doctor during the night?

6 How many new renal replacement treatment per week?
 0-1
 2-4
 >4

Section B
Continuous Renal Replacement !erapy
This section is to be f illed in only if you predominantly (>75%) use CRRT on your 
intensive care.
More then one answer can be ticked( left hand column). When specif ied, rank in order of 
importance (right-hand column)>

1 Why do you use predominantly CRRT?
 CRRT is the preferred mode in critically ill patients
 Intermi!ent haemodialysis is not available in our hospital
 Logistical reasons (eg CRRT is more rapidly initiated)
Other     

2 How many CRRT machines are at your disposal?
   Machines
    
3 CRRT is generally prescribed by the medical sta" of:

Intensive Care
Nephrology
both

4 Are you satis#ed with the above mentioned approach? 
Yes
No, Intensive Care should be in charge
No, nephrology should be in charge
No, Intensive Care and nephrology both should be in charge

5 Who is in charge of the CRRT nursing tasks?
ICU nurse
Dialysis nurse
Both

6 Do you use CRRT for anything other than renal indications?
Yes
No
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The questions 7 up to 12 concern timing (initiation and discontinuation) of CRRT in 
critically ill patients with acute kidney injury.

7 Starting criteria? Rank in order of importance (right –hand column)
decreased urine output
oligo/anuria (< 500 ml/24h)
metabolic acidosis
increased serum urea above    mmol/L
increased serum creatinine above    )mol/L
hyperkalemia
steep and persistent rise in serum creatinine
acute kidney injury as part of multiple organ failure
other

8  Do you sometimes withhold CRRT despite ful#lment of above mentioned 
starting criteria?
 Yes, high risk due to coagulation 
Yes, high risk due to hemodynamic instability
Yes, risk related to vascular access
No
Other       

9 What is the average delay  time between prescription and initiation of CRRT? 
No delay, CRRT is started immediately
<2 hrs
   2 - 8 hrs
   8 - 12 hrs
>12 hrs

10  What are the most frequent causes of a delay time of > 8 hrs? Rank in order of 
importance (right –hand column)
No CRRT machine available
No nurses available
No vascular access
Transport
Other, 

     
11 Discontinuation criteria?

Increased urine output above       ml/hr
     CRRT is stopped:

Immediately
When the system perishes

Whe stop CRRT every    days
Increased urine creatinine level
Other,     
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The questions 13 to 20 concern the mode of CRRT on your intensive care unit.

13 Mode? 
continuous veno-venous hemo#ltration (CVVH)

 Postdilution
 Predilution
 Both, but predominantly postdilution
 Both, but predominantly predilution
 Both equally o"en

continuous veno-venous hemodia#ltration (CVVHDF)   
 Postdilution
  Predilution
  Both, but predominantly postdilution
 Both, but predominantly predilution
  Both equally o"en
   

continuous veno-venous haemodialysis (CVVHD)
Other,     

14 Predominantly used replacement substitution?
Bicarbonate based solution
Lactate based solution
Bicarbonate based solution and lactate based solution equally o"en
Other,

15 Predominantly used hemo#lter?
Cellulose-membrane
Modi#ed cellulose-membrane 
Synthetic membrane 
I don’t know

16 Anticoagulant if bleeding risk is normal? 
Unfractionated heparin

 #xed low  dose, (<= 500 E/hr)
 increased AP(<=1.4
 increased AP(<=2.0

Low molecular weight heparin
anti-Xa monitoring(0.25-0.35 U/ml)
No anti-Xa monitoring

Danaparoid     
Lepirudin
Regional citrate anticoagulation     
Regional heparin-protamin anticoagulation    
No anticoagulation      
Other     
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17 Anticoagulant if bleeding risk is increased?
Unfractionated heparin

 #xed low  dose, (<= 500 E/hr)                                                
 increased AP(<=1.4
 increased AP(<=2.0

Lowmolecular weight heparin
 anti-Xa monitoring(0.25-0.35 U/ml)                                               
 no anti-Xa monitoring
   

Danaparoid     
Lepirudin
Regional citrate anticoagulation     
Regional heparin-protamin anticoagulation    
No anticoagulation      
Other  

     
18 Anticoagulant in patients with heparin induced thrombocytopenia?

Unfractionated heparin
 #xed low  dose, (<= 500 E/hr)                                                
 increased AP(<=1.4
 increased AP(<=2.0

Lowmolecular weight heparin
 anti-Xa monitoring(0.25-0.35 U/ml)                                               
 no anti-Xa monitoring
   

Danaparoid     
Lepirudin
Regional citrate anticoagulation     
Regional heparin-protamin anticoagulation    
No anticoagulation      
Other  

  
19 Alternative strategies if clothing tendency is increased?

None
Predilution mode
Heparin-coated  membrane
Priming with anticoagulant-containing solution
Priming with albumin-containing solution
Saline 'ushing
Others,      
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20  Are you interested in, or have you considered the implementation of 
alternative anticoagulants (e.g, fondaparinux, argatroban)?
No
Yes        

Question 21 to 24 concern dosing of renal replacement therapy in critically ill patients 
with acute kidney injury.

21 Which ultra#ltrate $ow do you predominantly use? 
 35 ml/kg/h
1,5 L/h
2,0 L/h
3,0 L/h
Other,    
I don’t know
We only use CVVHD

22 Which dialysate $ow do you predominantly use?
 35 ml/kg/h
1,5 L/h
2,0 L/h
3,0 L/h
Other,    
I don’ t know
We only use CVVHD

23 Do you correct the dose for #lter down time?
Yes
No

24 Do you correct the dose for predilution? 
Yes
No
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Questions 25 to 27 concern non-renal indications

25 Which non renal indications do you use? Rank in order of importance
Refractory septic shock
Congestive heart failure  
ARDS 
Liver failure
Pancreatitis
Lactate acidosis
Drug intoxications
Out-of-hospital cardiac arrest
None
Other

26  Why do you disagree with the initiation of CRRT in other than renal 
indications?
Risk due to anticoagulation
Risk due to haemodynamic instability
Risk related to vascular access
Lack of scienti#c evidence
High costs
Risk of blood loss in the extracorporal system
Other         

27 Do you use the “renal” ultra#ltrate dose in refractory septic shock?
No   ml/h
Yes

Draw a vertical line to indicate the extent to which you agree with the following 
statements

Example: 

0 1 2 3 4 5 6 7 8 9 10

Disagree Agree
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S1
We are in need of a consensus classi#cation system for AKI

S2
CRRT is superior to IHD in the critically ill patient with AKI

S3
Early timing of RRT is favourable in critically ill patients with AKI

S4
In the critically ill with AKI the recommended ultra#ltrate dose during CVVH 
is 35 mL/kg/h

S5
Hemo#ltration is an e"ective treatment for sepsis/SIRS

S6 
!e ICU-physician should be in charge of RRT in the ICU

0 1 2 3 4 5 6 7 8 9 10

Disagree Agree

0 1 2 3 4 5 6 7 8 9 10

Disagree Agree

0 1 2 3 4 5 6 7 8 9 10

Disagree Agree

0 1 2 3 4 5 6 7 8 9 10

Disagree Agree

0 1 2 3 4 5 6 7 8 9 10

Disagree Agree

0 1 2 3 4 5 6 7 8 9 10

Disagree Agree
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ENQUETE C: Intermittent haemodialysis (IHD) 

This section is to be f illed in only if you predominantly (>75%) use CRRT on your 
intensive care.
More then one answer can be ticked( left hand column). When specif ied, rank in order of 
importance (right-hand column)>

1 Why do you predominantly use IHD?
IHD is the preferred mode in critically ill patients
CRRT is not available in our hospital
Other,       

2 Starting criteria? Rank in order of importance (right –hand column)
Decreased urine output
Oligo/anuria (< 500 ml/24h)
Metabolic acidosis
Increased serum urea above    mmol/L
Increased serum creatinine above    )mol/L
Hyperkalemia (>6.5 mmol/L)
Steep and persistent rise in serum creatinine
Acute kidney injury as part of multiple organ failure
Other

3 Do you have a protocol for timing of IHD?
Yes 
No

4   Do you sometimes withhold IHD despite ful#lment of above mentioned 
starting criteria?
Yes, high risk due to coagulation 
Yes, high risk due to hemodynamic instability
Yes, risk related to vascular access
No
Other       

5 What is the average delay  time between prescription and initiation of IHD?
No delay, CRRT is started immediately
<2 hrs
2 - 8 hrs
8 - 12 hrs
>12 hrs
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6  What are the most frequent causes of a delay time of > 8 hrs? Rank in order of 
importance (right –hand column)
No IHD machine available
No nurses available
No vascular access
Transport
Other,

7 IHD is generally prescribed by the medical sta" by?
Intensive Care
Nephrology
Both

8 Are you satis#ed with the above mentioned approach? 
Yes
No, Intensive Care should be in charge
No, nephrology should be in charge
No, Intensive Care and nephrology both should be in charge

Questions 9 to 11 concern mode and dose of IHD on your ICU

9. Predominantly used hemo#lter? 
Cellulose-membrane
Modi#ed cellulose-membrane 
Synthetic membrane 
I don’t know

10. Frequency IHD?
Daily
3/ week
2/ week
Variable, but on average:    /week

11 Average duration IHD?
2 hrs
3 hrs
4 hrs
5 hrs
Other

12 Are you familiar with SLEDD ( Slow Extended Daily Dialysis)?
Yes, but we do not use it on our ICU
Yes and we regularly use it on our ICU
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Abstract

Critically ill patients are at high risk for developing acute renal failure (ARF). %e 
prevention of ARF is of outmost importance in order to improve the increased  
morbidity and mortality associated with ARF. Unfortunately, there is lack of 
adequate endogenous markers that can identify renal dysfunction early – this 
hampers timely application of measures to prevent further renal damage. %e 
use of exogenous markers of renal function is not only time–consuming but 
also expensive, and therefore cannot be used on a regular basis in the intensive 
care unit. Both the presently used endogenous and exogenous markers are not 
reliable during continuous renal replacement therapy (CRRT) because these 
markers are removed by the therapy itself impeding early detection of recovering 
of renal function. Cystatin C has been proposed as an alternative endogenous 
marker of renal function for more than 15 years. In this manuscript we review the 
literature on the role of cystatin C as marker for renal function, focusing on the 
critically ill patient. Serum cystatin C concentrations have been found to relate 
to renal impairment and suggest that cystatin C is more sensitive to detect mild 
decreases in GFR. Cystatin C could be an important tool both to recognize early 
renal dysfunction and to identify renal recovery while on CRRT in the critically 
ill patient, however, we are in need of more studies.
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Introduction

Acute renal failure (ARF) is a common complication of critical illness. Indeed, 
15–20% of intensive care unit (ICU)–patients develop ARF [1]. Causes of ARF 
include direct renal toxicity due to nephrotoxic medication and/or radiocontrast 
agents and injury caused by hypotension and sepsis/septic shock. In the la!er 
case the chance of developing ARF is reported as high as 50% with mortality 
rates up to 70%. ARF without sepsis still carries a mortality rate of 45% [2,3]. 
Early recognition of ARF allows for (additional) measures to prevent further 
renal damage.
ARF is de#ned as a sudden fall in the glomerular #ltration rate (GFR). Several 
methods are used to estimate the GFR. %e use of exogenous markers of renal 
function is not only time–consuming but also expensive, and therefore cannot 
be used on a regular basis in the ICU. Clinical practice is to use plasma creatinine 
or urea concentrations. However, there are limitations to the use of these 
endogenous markers to estimate the GFR: in critically ill patients the GFR may 
decline rapidly, which may not be visualized in a rise of plasma creatinine or urea 
concentrations, hampering the early recognition of ARF.
When ARF develops, frequently some form of renal replacement therapy (RRT) 
is needed [1]. In European ICUs continuous RRT (CRRT) is the predominant 
mode of RRT [4]. During CRRT treatment is applied for 24 h per day (or as 
near as possible) providing gradual removal of 'uid and toxins, including urea 
and creatinine. CRRT is an expensive and labour–intensive strategy with risks 
for complications such as infection of the central venous line, bleeding and 
thrombosis and should not be applied longer than necessary. Since creatinine 
and urea are cleared from the human body by CRRT, however, it is not possible to 
determine residual or recovering renal function with these endogenous markers. 
As a result, many patients may be on CRRT too long, because recovery of renal 
function is not recognized. 
In summary, a more accurate and practical (and preferably endogenous) marker 
of renal function is needed. Ideally, such a substance should be produced by 
the human body at a constant rate and production should not be in'uenced by 
(critical) illness or medication; furthermore, it should be exclusively eliminated 
from the human body by glomerular #ltration, should be freely #ltered in the 
glomerulus, and should not be secreted or reabsorbed by the renal tubules; 
#nally, it should rapidly follow changes in GFR.

Cystatin C

Cystatins are a superfamily of cysteine proteinase inhibitors found in plants 
and animals. Cystatins can be found in all types of tissues and body 'uids. 
One molecule of this superfamily, cystatin C, is of particular interest. Cystatin 
C is a low molecular weight protein (13.3 kD) produced by nucleated cells at 
a constant rate [5]. Serum cystatin C concentrations are independent of age, 
gender, muscle mass and infection, and cystatin C is completely #ltrated in the 
glomerulus and metabolized, but not secreted in the tubulus. Consequently, 
cystatin C concentrations in urine are low, and serum cystatin C concentrations 
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are constant in healthy persons. When the GFR decreases, serum cystatin C 
concentration rises, even with small reductions in GFR [6,7]. Of note, CVVH 
seems unlikely to in'uence serum cystatin C concentrations [8] suggesting it can 
be used as a marker of residual renal function during CVVH.
Detection of cystatin C can be done by use of di$erent techniques. Detection 
by Enzyme–Linked Immuno–Sorbent Assay (ELISA, e.g., cystatin C ELISA 
from BioVendor GmbH, Heidelberg, Germany) is more time–consuming and 
more expensive compared to particle enhanced immunonephelometry (e.g., 
from Dade Behring GmbH, Marburg, Germany). %e immunonephelometric 
method using BN ProSpec  System uses polystyrene particles coated with 
antibodies speci#c to human cystatin C, which are agglutinated when, mixed 
with samples containing human cystatin C. %e intensity of the sca!ered light 
in the BN ProSpec  System depends on the concentration of the analyte in the 
sample. %is concentration can therefore be determined by comparison with 
dilutions of a standard of a known concentration. %e analytical sensitivity was 
determined to be 0.005 mg/L. In a study on 500 subjects who underwent an 
iothalamate clearance procedure for evaluation of GFR, with 363 of them having 
an abnormal GFR, a signi#cantly higher sensitivity was observed for N Latex 
cystatin C than for creatinine, 94% versus 81%. No interference was observed 
from immunosuppressive drugs frequently used in renal transplant patients 
(e.g., cyclosporine, tacrolimus, sirolimus, mycophenolate, or azathioprine); 
interference from monoclonal or polyclonal antibodies used in the treatment of 
renal transplant patients has not been elucidated.

Serum cystatin C concentrations in non–critically ill 
patients

Over the last decades numerous studies have been carried out to evaluate the 
accuracy of serum cystatin C concentrations, or its reciprocal, as a marker for 
GFR in non–ICU patients [9]. Studies have been performed in pediatric as well 
as adult patients, including those at risk for or with established renal disease, renal 
transplants and liver disease. Some studies have their limitations because they 
examined either changes of GFR in small patient groups (causing type II errors), 
or in their choice of the reference standard for GFR (i.e., no golden standard 
method for determination of GFR was used). 
In a meta–analysis by Dharnidharka et al. the accuracy of serum cystatin C and 
plasma creatinine concentrations in relation to a reference standard of GFR 
were compared [9]. Combining the results of 36 data sets for serum cystatin C 
concentrations and 29 data sets for plasma creatinine concentrations, the overall 
coe&cient of correlation r was signi#cantly greater for the reciprocal of cystatin 
C concentrations (mean r = 0.816 [95% con#dence interval (CI) 0.804 – 0.826]) 
in comparison to the reciprocal of creatinine concentrations (r = 0.742 [0.726 – 
0.758]). 
Nevertheless, correlation coe&cients re'ect only a linear relation and may not 
translate into agreement or diagnostic accuracy. More meaningful tests are 
comparisons of sensitivity, speci#city, and positive and negative predictive values. 
%ese values, however, are highly dependent on the normal cut o$ values chosen. 
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%e used cut o$ values for serum cystatin C concentrations ranged widely in the 
included studies, precluding meaningful analysis of these parameters.
Another method for assessment of diagnostic accuracy is receiver-operating 
characteristic (ROC)–analysis. Combining the results of 11 data sets, ROC–
plot area under the curve (AUC) showed a greater divergence of values for the 
reciprocal of creatinine concentrations than for the reciprocal of cystatin C 
concentrations (AUC for 1/creatinine 0.837 vs. AUC for 1/cystatin C 0.926); 
95% CI did not overlap ([0.796 – 0.878] vs. [0.892 – 0.960]) [9]. %ese results 
demonstrate the superiority of serum cystatin C concentrations over plasma 
creatinine concentrations with respect to GFR determination.
With the accuracy of cystatin C established, determination of its utility as a 
measure of GFR in clinical practice rests also with the rapidity with which 
serum cystatin C concentrations change with changes in renal function. In most 
studies the number of cystatin C concentration measurements per patient was 
low, making it di&cult, if not impossible, to draw #rm conclusions with respect 
to this issue. However, one study nicely showed a more rapid change in serum 
cystatin C concentrations as compared to systemic creatinine concentrations 
with changes in renal function [10]. In this study, normalization of cystatin C 
was found to appear approximately 2 days earlier than normalization of plasma 
creatinine levels.

Serum cystatin C concentrations in critically ill patients

Two strategies were used to search for scienti#c articles on cystatin C in 
critically ill patients: #rst, an unrestricted computerized scan of the literature 
was performed using Medline database (www.pubmed.org); second, reference 
lists of all selected articles were reviewed to #nd other relevant papers. %e 
Medline database was used to identify Medical Subjects Headings (MeSH) to 
select search terms. In addition to the MeSH terms we also used text words. 
Search terms referred to aspects of the population (“Critical Care”[MeSH]; 
“Intensive Care”) and the condition (acute renal failure (ARF)/renal failure 
– renal insu&ciency: “Renal Insu&ciency”[MeSH] OR “Renal Insu&ciency, 
Acute”[MeSH]) OR “Kidney Tubular Necrosis, Acute”[MeSH]). %ese were 
combined with terms considering the intervention (RRT, in particular CVVH 
(“Renal Replacement %erapy”[MeSH] OR “Hemo#ltration”[MeSH] OR 
“Renal Dialysis”[MeSH] OR “CVVH”[All Fields] OR “hemo#ltration”[All 
Fields] OR “hemo#ltration”[MeSH], and terms referring to cystatin C ((“cystatin 
C”[Substance Name] OR “Cystatins”[MeSH]).Search–results. %e combination 
of the searches resulted in the identi#cation of only 8 reports [6-8,11-15] (table). 
Seven studies investigated serum cystatin C concentrations in patients at risk for 
or with ARF [6,7,11-15]. Two studies investigated clearance of cystatin C during 
CRRT [8,15]. %e search retrieved no studies on serum cystatin C as a marker of 
regain of residual renal function in critically ill patients during CRRT.
Åhlstrom et al. assessed the role of serum cystatin C as a marker of ARF in 202 
ICU-patients and evaluated its power in predicting survival of patients that #nally 
developed ARF [7]. ARF was de#ned as a plasma creatinine concentration > 300 
umol/L or daily diuresis less than 500 mL. Serum concentrations of cystatin C, 
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creatinine, and urea were measured on admission, daily during the #rst 3 days and 
once per 1 – 2 days therea"er until ICU–discharge. ARF occurred in 54 patients 
(27%). %e authors concluded that serum cystatin C was a good predictor for 
ARF in critical illness (ROC–AUC: 0.885, 0.893 and 0.901 for day 1 – 3 serum 
cystatin C concentrations) and correlated well with plasma creatinine and urea 
concentrations (r: 0.72, and 0.86, respectively). %is is not surprising since the 
de#nition of renal failure is largely based on serum creatinine and cystatin C is 
a substance that is exclusively eliminated via the kidney. In addition the use of 
serum creatinine in the de#nition of ARF disturbs the comparison of these two 
predictors. Serum cystatin C concentrations were not predictive for mortality. 
No correlation between ARF and cystatin C was found in a smaller study (n = 
29), in critically ill septic patients [11]. ARF was de#ned as a plasma creatinine 
< 267 mmol/L or a urine output < 30 mL/h. Of notice, however, in that study 
only one sample was analysed (obtained on the day of ICU–admission); another 
dissimilarity with the previous study was urine output in patients with ARF: 
while most patients in the study by Åhlstrom et al. [7] su$ered from anuria, a 
higher urine output was observed in this study. 
More interesting than the predicting power for ARF is whether serum cystatin 
C gives a more correct estimate of GFR in critically ill patients and is more 
sensitive or speci#c than serum creatinine to detect mild/modest decreases in 
GFR. Herget–Rosenthal et al. evaluated serum cystatin C concentrations in 85 
patients at high risk for ARF [6]. In this study, ARF was de#ned according to the 
RIFLE-classi#cation [16]. Interestingly, in ARF by R–, I–, and F–, serum cystatin 
C concentrations increased 1,5 - 2 days earlier than plasma creatinine levels; 
ROC–AUC was 0.82 and 0.97 on the 2 days before R-criteria was ful#lled. Serum 
cystatin C concentrations were found to be only moderate predictors of the need 
for RRT in the further course of ARF, but the number of patients ful#lling the 
F–criteria was rather low (n = 27). 
%ree studies reported that cystatin C levels were more sensitive than creatinine 
levels to detect a GFR < 80 mL/min [12-14]. Le Bricon et al. compared serum 
cystatin C concentrations with an isotope clearance technique for GFR, plasma 
creatinine concentrations, 24–hours creatinine clearance and two GFR–
prediction equations (the Cockcro"–Gault creatinine clearance and the modi#ed 
diet in renal disease-estimated GFR) [12]. Twenty-eight surgical ICU–patients 
were followed for 5 days. Serum cystatin C concentrations correlated well with 
plasma creatinine concentrations, the Cockcro"–Gault creatinine clearance and 
also with the modi#ed diet in renal disease-estimated GFR. Sensitivity to detect 
a GFR < 80 mL/min was clearly superior to creatinine (88% versus 48%). %ese 
#ndings were con#rmed in a smaller study in 14 patients admi!ed in a medical 
ICU [13]. In this study, GFR was estimated by creatinine clearance using 24–
hour urine collection and the Cockcro"–Gault equation. %e ability of cystatin 
C to detect a GFR < 80 mL/min/1.73 m2 was signi#cantly be!er than that of 
creatinine. Villa et al. measured serum cystatin C concentrations and 24-hour 
creatinine clearance in 50 critically ill patients at risk for developing ARF [14]. 
Half of the patients developed acute renal dysfunction, only 5 (20%) of these 
patients had elevated serum creatinine, whereas 76% had elevated serum cystatin 
C levels. %is study suggests that even with small decreases of renal dysfunction, 
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serum cystatin C concentrations may be superior to plasma creatinine to detect 
patients and therefore re'ect GFR changes sooner than concentrations of plasma 
creatinine.
A signi#cant correlation between serum cystatin C concentrations and diuresis 
was found in the study by Balik et al. [15]. In this study cystatin C concentrations 
were measured before and during the #rst 48 hours of continuous venovenous 
hemodia#ltration (CVVHDF). %irty-three ICU–patients su$ering from renal 
failure [15]. %e levels of cystatin C were signi#cantly higher in the group where 
diuresis remained low or decreased a"er 48 hours of treatment than in the group 
where diuresis increased. Unfortunately, no measurements were performed 
beyond 48 hours of admission.
In conclusion, in ICU–patients serum cystatin C seems to be an early and 
adequate endogenous marker for renal dysfunction. Of importance, even with 
mild reductions in GFR it is a be!er predictor for the development of renal 
failure than plasma creatinine.

Factors that may hamper the use of serum cystatin C

One limitation of using serum cystatin C concentrations as a measure of renal 
function may be costs involved with measuring cystatin C concentrations. 
Indeed, it is currently 15 times more expensive to measure serum cystatin C 
concentrations than plasma creatinine concentrations. Measuring in a batch 
way mode is cheaper than measurement in a single way (~ * 3 versus ~ * 6 per 
measurement). One more limitation may be turn–around–time, especially 
when using ELISA. However, results are ready within 7 minutes when using the 
immunonephelometric method with polystyrene particles coated with anti–
cystatin C antibodies (with the above mentioned BN ProSpec® System > 60 test 
per hour can be performed). 
Another problem could be the suggestion that thyroid dysfunction or the use 
of glucocorticosteroids [17] may in'uence the serum cystatin C concentration. 
But in neither of the below mentioned studies this was con#rmed [6,7]. Indeed, 
in the study by Åhlstrom et al., hydrocortisone (100 – 300 mg i.v. per day, in 
the majority of cases prescribed for suspected relative adrenal insu&ciency 
due to septic shock) did not seem to a$ect serum cystatin C concentrations 
[7]. In addition, Herget–Rosenthal et al showed neither thyroid dysfunction, 
neither corticosteroid de#ciency nor excess seemed to a$ect serum cystatin C 
concentrations [6].
During CRRT it is di&cult to determine residual renal function. Indeed, renal 
function is usually calculated by using creatinine and urea clearance tests. Urea 
and creatinine are removed by the CRRT itself and thus are useless for calculation 
of GFR. When cystatin C is cleared from the circulation by CRRT, a similar 
problem arises with the use of cystatin C as a marker for residual renal function. 
Only two studies investigated the extracorporeal removal of cystatin C during 
CRRT (Baas, Balik).  Baas et al. studied serum cystatin C concentrations in 18 
patients with oliguric ARF treated with continuous venovenous hemo#ltration 
(CVVH) during 3 consecutive collection periods [8]. Clearance of cystatin C 
was found to be ~ 17 ml/min; equaling a removed quantity of cystatin C of ~ 2.0 
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mg/hr. %is quantity is less than 30% of the production of cystatin C; therefore 
CVVH is unlikely to in'uence serum cystatin C concentrations, suggesting it can 
be used as a marker of residual renal function during CVVH–treatment. Balik et 
al. studied the e$ects of CVVHDF in critically ill patients and concluded that 
cystatin C is not removed to a signi#cant extend. Of note, in both studies the 
applied renal replacement dose was lower than the dose presently recommended 
[18]. 

Future studies

Presently the authors perform 2 prospective observational multi–center cohort 
studies in ICU–patients. One study involves a large cohort of critically ill patients 
at risk for ARF in which serum cystatin C concentration thresholds for (early) 
start of CVVH–therapy are searched for. In a second study, the course of serum 
cystatin C concentrations is studied in patients with ARF for which CVVH is 
started. %is study focuses on how serum cystatin C concentrations change with 
regain of renal function. From the la!er study serum cystatin C concentration 
thresholds for discontinuation of CVVH are developed. 

Conclusion

Early detection of ARF is mandatory to design or apply measures to prevent 
persistent anuria and consequential need for RRT during critical illness and 
therea"er. Biomarkers of renal function may not only be useful for early detection 
of ARF, but also in the recognition of recovery of renal function in patients treated 
with CVVH. Cystatin C is a promising endogenous marker of renal function 
in critically ill patients. Notably, cystatin C is only to a lesser extent cleared by 
CRRT, which makes it a potential marker of residual renal function during CRRT. 
In this way serum cystatin C concentrations may be useful in the decision when 
to (early) surcease CVVH.
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Author year no patient 
type

Study design and main outcomes Additional remark

Åhlstrom 
et al.[7]

2004 202 adult ICU–
patients

-  serum cystatin C, plasma creatinine 
and plasma urea were measured on 
ICU–admission, and daily to once 
every two days thereafter

-  serum cystatin C showed excellent 
positive predictive value for ARF by 
ROC–analysis

-  abnormal values of serum cystatin 
C and plasma creatinine appeared 
equally quickly

-  corticosteroid therapy did not seem to 
a#ect serum cystatin C concentrations

Mazul–Sunko 
et al.[11]

2004 29 surgical 
ICU–
patients 
with sepsis

-  only blood sample obtained on 
admission to ICU were analyzed

-  serum cystatin C had no correlation 
to development of ARF

-  most patients in this study (still) had 
urine output

Herget–
Rosenthal  
et al.[6]

2004 85 ICU–
patients at 
risk for ARF

-  serum creatinine and cystatin C were 
determined daily

-  serum cystatin C demonstrated a 
high diagnostic value to detect ARF 
by ROC–analysis 

-  abnormal thyroid function test 
results, corticosteroid de!ciency and 
corticosteroid excess did not a#ect 
cystatin C levels

Le Bricon 
et al.[12]

2005 28 surgical 
ICU–
patients

-  blood samples were collected for 5 
days post–admission

-  serum cystatin C concentrations 
correlated well with plasma 
creatinine concentrations and the 
Cockcroft–Gault creatinine clearance

-  sensitivity and speci!city to detect a 
decline of GFR were high

Delanaye 
et al.[13]

2004 14 medical 
ICU–
patients

-  blood samples were obtained every 
24 hours

-  serum cystatin C adequately 
detected a decline of GFR better 
than that of creatinine

-  serum cystatin C performed better 
than creatinine

-  small patient group

Villa 
et al.[14]

2005 50 ICU–
patients at 
risk for ARF

-  24 hour body surface adjusted 
creatinine clearance was used as 
a control 

-  serum cystatin C correlated better 
with GFR than did creatinine

-  only $ of the patients with ARF had 
elevated serum creatinine, whereas 
% of patients with ARF had elevated 
serum cystatin C levels

Balik 
et al.[15]

2005 33 ICU–
patients on 
CVVHDF

-  a signi!cant correlation between 
serum cystatin C concentrations and 
diuresis was found

-  no measurements were performed 
beyond 48 hours of admission

Baas 
et al.[8]

2006 18 ICU–
patients 
with 
oliguric ARF 
on CVVH

-  clearance of Cystatin C by CVVH was 
lower than its daily production

-  ultra!ltration rate was ~ 2L/h, it 
is unknown whether higher rates 
may in"uence the serum cystatin C 
concentration

Abbreviations: ROC–analysis, receiver operating characteristic analysis; GFR, glomerular filtration 
rate; CVVH (–DF), continuous venovenous hemofiltration (hemodiafiltration). For details, see text.

Table 1.
Studies on serum cystatin C concentrations in critically ill patients
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Introduction

Despite important improvements in general care, acute kidney injury (AKI) 
remains a frequent and major complication in intensive care unit (ICU) patients 
with persistently high morbidity and mortality rates [1-3]. AKI requiring renal 
replacement therapy occurs in up to 5% of those cases in whom the mortality rate 
approaches 80% [3]. One reason for the failure to de#ne an e$ective treatment 
for AKI is the paucity of sensitive and early biological markers for renal injury 
[4]. Such markers could prevent timely patient management decisions, including 
administration of potentially e$ective therapeutic agents.
Over the last decade, several novel and promising biological markers for AKI have 
been identi#ed, including serum and urinary proteins [5]. Some markers estimate 
renal function, while others re'ect renal injury or in'ammation associated with 
AKI. Commercial assays for these biological markers have become available, and 
numerous studies of their diagnostic accuracy have been published in recent years. 
However, large–scale cohort studies in the ICU se!ing are sparse and results of 
interventional trials using the aforementioned novel biological markers (e.g., for 
screening, or as an outcome variable) in critically ill patients are not available yet. 
In this chapter we describe the process of developing biological markers for AKI, 
using the case of urinary NGAL as an example.

Conventional measures of renal function

Glomerular filtration rate
%ere are several gold standard methods for determining glomerular #ltration 
rate (GFR), including inulin clearance and isotope clearance techniques. %ese 
techniques are expensive and laborious and therefore not routinely used in 
clinical practice. Serum creatinine and urea concentrations, and clearance of 
creatinine using 24–hour urine collections, are frequently used indicators of 
GFR. However, serum creatinine concentrations are a$ected by muscle mass 
and diet, and vary with age and gender. In addition, a rising serum creatinine 
concentration is related to an increase in its tubular secretion, leading to 
overestimation of GFR in patients with moderate to severe renal injury. Similarly, 
serum urea concentrations are a$ected by various disease states, hepatic function 
and diet.

Tubular function
Both the tubular concentrating ability and sodium conservation have been 
advocated to test for tubular function. %e urine to plasma osmolar ratio is a 
sensitive index of tubular concentrating ability, and thus tubular function, since 
the ability to concentrate urine may be lost 24 to 48 hours before serum creatinine 
and urea concentrations start to increase. %e urine to serum creatinine ratio, 
representing the proportion of water #ltered by the glomerulus that is abstracted 
by the distal tubule, is another index of the tubular concentrating ability. Urine 
sodium concentrations may indicate the tubular ability to conserve sodium. 
While in prerenal states of renal insu&ciency urine sodium concentrations fall, in 
established acute tubular necrosis the ability to conserve sodium is lost, and urine 
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sodium concentrations increase. All these measures, however, are in'uenced by 
the use of diuretics, which are frequently administrated to ICU patients.

Renal function versus renal injury
Concentrations of creatinine and urea in serum and/or urine are insensitive, 
non–speci#c, and change only signi#cantly a"er substantial kidney injury with 
a substantial time delay. It should therefore be realized that these markers are 
merely useful to determine global renal function, which is not the same as renal 
injury. Indeed, concentrations of creatinine and/or urea in serum and/or urine are 
not speci#c for, nor directly related to underlying pathophysiological processes 
such as in'ammation, apoptotic and necrotic cell death, and tubule regeneration.

Classification schemes for acute kidney injury

As part of the Acute Dialysis Quality Initiative 2nd International Consensus 
Conference, the RIFLE (Risk of kidney dysfunction, Injury to the kidney, 
Failure of Kidney function, Loss of kidney function, and End stage kidney 
disease) classi#cation scheme was derived to provide standardized criteria 
for de#ning AKI [6]. More recently, the acute kidney injury network (AKIN) 
slightly modi#ed the RIFLE risk criteria to include an absolute increase in serum 
creatinine concentrations + 0.3 mg/dl [7]. %is modi#cation was performed 
in recognition of increasing data suggesting that even small changes in serum 
creatinine concentrations are associated with poorer outcome as measured by 
mortality [1,8].
Although clear progress has been made in formulating a classi#cation scheme 
for AKI, it is notable the criteria rely heavily on changes in serum creatinine 
concentrations as a marker of renal function. %is is important in view of the 
aforementioned thoughts regarding creatinine as a suboptimal marker for renal 
function. Also, since the classi#cation schemes only depend on creatinine 
concentrations, these schemes do neither monitor nor de#ne renal injury, and do 
not di$erentiate between di$erent forms of renal injury.

Biological Markers

In general, biological markers can be used as indicators of normal biologic 
processes, pathogenic processes, or pharmacologic responses to a therapeutic 
intervention. Five phases of biological marker development have been proposed 
(table 1) [9]. Focusing on biological marker development for AKI in critically ill 
patients, these phases can be described as follows.
Phase 1 – %is phase involves preclinical studies. %e aim of this phase is to 
identify genes and/or proteins that are over–expressed in AKI compared with no 
AKI. Tissues from organs of experimental animals could be used, but specimens 
that can be obtained easily to assay concentrations of proteins expressed by the 
identi#ed genes (e.g., serum or urine) would be preferable.
Phase 2 – %is phase involves clinical studies and focuses on assay development. 
%e aim of this phase is to estimate the true–positive rate and the false–positive 
rate or receiver operating curve (ROC) of assays for biological markers, usually 
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ELISAs or immunoassays, and to assess the ability of these assays to distinguish 
individuals with AKI from individuals without AKI. %is phase could involve 
comparing the results from diverse control groups, such as a healthy population, 
and patients with chronic or other kidney diseases. Other observations, such as 
behaviour of the biological marker with patient characteristics like age, gender 
and race, and variations in biological marker concentration with the spectrum of 
AKI and other AKI characteristics could also be noted. Phase 2 studies typically 
do not allow determination of whether AKI can be detected early with the 
proposed biomarkers. It is essential that specimens to assay concentrations of 
biological markers can be obtained easily (e.g., serum and/or urine).
Phase 3 – Phase 3 is somewhat similar to phase 2, but biological markers are now 
evaluated for their capacity to detect AKI at earlier time points than established 
AKI. One other goal of phase 3 could be to de#ne the cut-o$s for a positive 
screening test that can be validated in future studies.
Phase 4 studies – %is phase involves large–scale validation of the biological 
markers in prospective cohort studies. %e primary questions addressed in 
phase 4 studies include the understanding of the performance of the biological 
marker–based “screening” test in a relevant population by determining the true 
positive rate and false positive rate. Phase 4 studies could also help to determine 
the severity of AKI. For example, the ability of the biological marker to detect 
and di$erentiate early between RIFLE stadiums, such as injury, failure, need for 
renal replacement therapy, and de#nite renal failure. Studies in phase 4 can also 
help with understanding of the feasibility of applying the newer test and make 
preliminary assessment of costs.
Phase 5 studies – %is phase usually involves post–marketing studies in which the 
assessment of reduction of (burden of ) AKI is made as a result of the availability 
of a new test. For AKI, it could be essential that availability of a biological 
marker reduce progress of AKI, need for renal replacement therapy or mortality 
associated with AKI.

Novel biological markers of AKI

A variety of novel biomarkers include but are not limited to mRNA, proteins and 
peptides, and lipid molecules. In AKI, important pathophysiological processes 
such as in'ammation, apoptotic and necrotic cell death, and tubule regeneration 
may be re'ected in blood or urine and indicated by the assay of a biomarker. 
Over the last decade, several promising novel biological markers for AKI have 
been identi#ed, including serum proteins (cystatin C and neutrophil gelatinase–
associated lipocalin (NGAL) and urinary proteins (cystatin C, NGAL interleukin 
(IL)–18 and kidney injury molecule (KIM)–1) (#gure 1) [5]. Some estimate 
renal function (serum cystatin C), some re'ect on renal injury (urinary cystatin 
C, serum and urinary NGAL, and urinary KIM–1,) or show in'ammation 
associated with AKI (urinary IL–18). We here focus on urinary NGAL.
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The case of urinary NGAL

NGAL, also known as lipocalin–2, is a ubiquitous 25-kDa protein, covalently 
bound to gelatinase from human neutrophils, which is normally expressed in very 
low concentrations in several human tissues, such as the lungs, stomach, colon 
and the kidney. While the functions of NGAL are not fully understood, it appears 
to be upregulated in cells under “stress” (e.g., from infection, in'ammation, 
or ischemia). NGAL possibly has an antibacterial role, since NGAL binds 
enterobactin and other siderophores, depriving the microorganisms of Fe3+, an 
important nutritional requirement. Urinary levels correlate with serum levels 
whatever the cause of increased NGAL production. High urinary levels can be 
expected when it is released directly into the urine by the kidney tubules.

Phase 1 – Discovery of NGAL
%e gene for NGAL was discovered to be upregulated more than 10–fold in a 
murine model of AKI [10]. Mice underwent unilateral renal artery clamping for 
45 minutes resulting in tubule cell apoptosis. By microarray analysis, consistent 
pa!erns of altered gene expression were identi#ed, including transcription 
factors, growth factors, signal transduction molecules, and apoptotic factors. 
NGAL was identi#ed as one of the most upregulated transcripts in the early 
post–ischemic mouse kidney, a #nding that has now been con#rmed in several 
other animal studies [11,12]. %e results of these preclinical studies indicate that 
NGAL could represent an early and quantitative urinary biomarker for AKI.

Phase 2 – Assay Development
Several studies have tested assays for NGAL in diverse control groups, such as 
a healthy population, and patients with chronic or other kidney diseases. For 
example, in a cross–sectional study, adults with established AKI (de#ned by a 
doubling of serum creatinine) displayed a marked increase in urine NGAL by 
Western blo!ing when compared to normal controls [13]. Urine and serum 
NGAL levels correlated with serum creatinine. Other studies have tested ELISA 
for NGAL in similar cohorts.
%e availability of a standardized clinical platform for NGAL measurements 
could revolutionize diagnostics, especially in the ICU se!ing. In this regard, a 
major step forward has been the development of a standardized point–of–care 
kit for the clinical measurement of plasma NGAL. In children undergoing cardiac 
surgery, 2–hour plasma NGAL measurement measured by the Triage NGAL 
Device (Biosite Inc., San Diego, CA, USA) showed an AUC of 0.96, sensitivity of 
0.84 and speci#city of 0.94 for the prediction of AKI using a cut-o$ value of 150 
ng/ml [14]. %e Triage NGAL Device is easy with quantitative results available 
in 15 min, and requires only )l–quantities of whole blood or plasma. One urinary 
NGAL immunoassay has been developed for a standardized clinical platform 
(ARCHITECT analyser, Abbo! Diagnostics, Abbo! Park, IL, USA). In children 
undergoing cardiac surgery, 2–hour urine NGAL measurement by ARCHITECT 
analyser showed an AUC of 0.95, sensitivity of 0.79 and speci#city of 0.92 for 
prediction of AKI using a cut-o$ value of 150 mg/ml [15]. In another study 
with urine samples (NGAL range, 0.3 – 815 ng/ml) and 6 calibration standards 
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(NGAL range, 0 – 1000 ng/ml), NGAL measurements by research ELISA and 
by ARCHITECT were highly correlated (r = 0.99) [15]. ARCHITECT is easy to 
perform, with no manual pretreatment steps, a #rst result available within 35 min, 
and requires only 150 )l of urine. Both kits are currently undergoing multicenter 
validation in adult populations.

Phase 3 and 4 – Early Detection and Risk Stratification
In a study of children undergoing cardiopulmonary bypass, NGAL measurements 
by ELISA and by Western blo!ing revealed a 10–fold or more increase in urine 
within 2–6 hours of surgery in patients who subsequently developed AKI [16]. 
Urine NGAL was a powerful independent predictor of AKI, with an AUC of 0.99 
for the 2–hour urine NGAL [16]. %ese #ndings were con#rmed in a study of 
adults undergoing cardiac surgery [17]. In patients who developed AKI, urinary 
NGAL levels were signi#cantly elevated within 1–3 hours a"er surgery. However, 
patients who did not develop AKI also displayed a signi#cant increase in urinary 
NGAL in the early post–operative period, although to a much lesser degree than 
in those who subsequently developed AKI. %e AUC reported in this study was 
0.74 for the 3–hour urinary NGAL level and 0.80 for the 18–hour urinary NGAL 
level. NGAL has also been evaluated as a biological marker of AKI in kidney 
transplantation [18,19] and AKI following contrast administration [20,21].
Subsequent studies were recently reviewed in a large meta–analysis [22]. %e 
primary outcome of this meta–analysis was AKI (de#ned as an increase in serum 
creatinine level > 50% from baseline within 7 days). Secondary outcomes were 
initiation of renal replacement therapy and in–hospital mortality. Diagnostic odds 
ratio (DOR) and sample size–weighted area under the curve for the receiver–
operating characteristic (AUC–ROC) were calculated using a hierarchical 
bivariate generalized linear model (#gure 2). Overall, the DOR/AUC–ROC of 
NGAL to predict AKI was 18.6 (95% con#dence interval (CI), 9.0–38.1)/0.82 
(95% CI, 0.73–0.89). DOR/AUC–ROC of NGAL was 13.1 (95% CI, 5.7–
34.8)/0.78 (95% CI, 0.67-0.87) in cardiac surgery patients, and 10.0 (95% 
CI, 3.0–33.1)/0.73 (95% CI, 0.62–0.83) in critically ill patients. DOR/AUC–
ROC of NGAL was higher in children, 25.4 [95% CI, 8.9–72.2]/0.93 [95% CI, 
0.88–0.97] compared with adults, 10.6 [95% CI, 4.8–23.4]/0.782 [95% CI, 
0.69–0.87]. Notably, the diagnostic accuracy of serum NGAL (17.9 [95% CI, 
6.0–53.7]/0.78 [95% CI, 0.68–0.87]) was similar to that of urine NGAL (18.6 
[95% CI, 7.2-48.4]/0.84 [95% CI, 0.76–0.91]). %e meta–analysis found NGAL 
to be a useful prognostic tool with regard to the prediction of renal replacement 
therapy initiation (12.9 [95% CI, 4.9–33.9]/0.78 [95% CI, 0.65-0.97]) and in–
hospital mortality (8.8 [95% CI, 1.9-40.8]/0.706 [95% CI, 0.530 0.747]).
A recently published study con#rmed the diagnostic accuracy of serum NGAL 
for early detection of AKI and need for renal replacement therapy in adult ICU 
patients [23]. Indeed, plasma NGAL was a good diagnostic marker for AKI 
development within the next 48 hours (AUC–ROC 0.78, 95% CI 0.65–0.90), and 
for renal replacement therapy initiation (AUC–ROC 0.82, 95% CI 0.70–0.95). 
In addition, peak plasma NGAL levels increased with worsening AKI severity. 
Notably, this study did not study urinary NGAL levels.
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Phase 5 – reduction of (burden of) AKI with the use of NGAL
Because of its high predictive properties for AKI, NGAL could also serve as an 
early biological marker in interventional trials. Two clinical trials using a reduction 
in urine NGAL as an endpoint, demonstrated the improved e&cacy of a modern 
hydroxyethylstarch preparation over albumin or gelatin in maintaining renal 
function in cardiac surgery patients [24,25]. In a study of adult cardiac surgery 
patients the response of urine NGAL was a!enuated in patients who experienced 
a lower incidence of AKI a"er sodium bicarbonate therapy when compared to 
sodium chloride [26]. Also, adults who developed AKI a"er aprotinin use during 
cardiac surgery displayed a rise in urine NGAL in the immediate post–operative 
period [27].
Without doubt, the approach of using NGAL as a trigger to initiate and monitor 
novel therapies soon will be evaluated in clinical trials.

Conclusions

%e discovery of several novel biological markers for renal injury, including 
NGAL, adds to the diagnostic armamentarium of ICU physicians. Indeed, we are 
more in need for biological markers that monitor and de#ne renal in'ammation 
and/or injury than markers of renal function, as administration of potentially 
e$ective therapeutic agents may only be e$ective or more e$ective in the early 
stages of renal injury.
However, the majorities of studies of novel biological markers of AKI are 
preliminary and require validation in large multicenter studies. Once valid 
biological markers for early detection have been identi#ed, we should evaluate 
them in combination. %e pa!ern of urinary excretion of these markers may 
potentially aid in understanding the pathophysiology of AKI, allow for localization 
of injury to speci#c segments of the nephron (#gure 1). %is combination of 
markers could eventually lead to di$erentiated preventive and/or therapeutic 
approaches.

Table 1. 
Phases of biological marker development in AKI

Adapted and modified from [7].

Goals Phase Study Designs Aims

Discover Phase 1 Preclinical exploratory Identi!cation of promising markers of AKI

Translation

Phase 2 Assay development and 
validation

Development of assays for clinical samples; 
detection of established AKI

Phase 3 Retrospective longitudinal 
studies

Early detection of AKI

Validation

Phase 4 Prospective screening Use of a biological marker of AKI to screen 
populations

Phase 5 Disease control Impact of screening on reducing the burden 
of AKI
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Figure 1. 
Biological markers may potentially aid in 
understanding the pathophysiology of AKI, 
allow for localization of injury to specific 
segments of the nephron.

Figure 2. 
Hierarchical summary receiver operating characteristic (HSROC) plot of neutrophil gelatinase–
associated lipocalin (NGAL) to predict acute kidney injury (AKI), renal replacement therapy 
initiation, and in–hospital mortality. Based on combined sensitivity (95% confidence interval [CI]) 
and specificity (95% CI) weighted for sample size of each dataset reflected by size of circles, showing 
average sensitivity and specificity estimate of the study results (solid square) and a 95% confidence 
region around it (adapted from [22]).
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Abstract 

Purpose: To evaluate whether cystatin C in serum (sCyC) and urine (uCyC) 
can predict early acute kidney injury (AKI) in a heterogeneous ICU population, 
and whether these biomarkers can also predict the need for renal replacement 
therapy (RRT).
Methods: Multicenter prospective observational cohort study in patients of  +18 
y and  with an expected ICU-stay of +72 h. %e RIFLE class for AKI was calculated 
daily, while sCyC and uCyC were determined on days 0, 1 and alternate days 
until ICU-discharge. Test characteristics were calculated to assess the diagnostic 
performance of CyC.
Results: 151 patients were studied and 3 groups were de#ned: Group 0 (N = 60) 
non-AKI; group 1 (N = 35) AKI a"er admission, and group 2 (N = 56) AKI at 
admission. We compared the two days prior to developing AKI from group 1 with 
the #rst two study days from group 0. On Day -2 median sCyC was signi#cantly 
higher (0.93 versus 0.80 mg/L, P = 0.01), but not on Day -1 (0.98 versus 0.86 
mg/L, P = 0.08). %e diagnostic performance for sCyC was fair on Day -2 (AUC 
0.72) and poor on Day -1 (AUC 0.62). Urinary CyC had no diagnostic value on 
either two days prior to AKI (AUC <0.50). RRT was started in 14 patients with 
AKI and sCyC and uCyC determined on Day 0 were poor predictors for the need 
for RRT (AUC , 0.66).
Conclusions: In this study sCyC and uCyC were poor biomarkers for AKI and 
the need for RRT.
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Introduction

Acute kidney injury (AKI) is a common complication of critical illness and carries 
a high mortality, particularly if renal replacement therapy (RRT) is required [1-
3]. Despite signi#cant advances in medical care mortality has only marginally 
improved [4]. %is apparent lack of improvement may result from the use of 
more aggressive medical and surgical interventions in an ever ageing population 
[5]. On the other hand, potentially e$ective therapeutic interventions for AKI 
may currently fail because they are applied late in the course of injury a"er an 
obvious increase of serum creatinine (sCr) is observed [6]. Due to the delayed 
rise in sCr following injury recent e$orts have focused on the identi#cation of an 
early and reliable biomarker of kidney injury [7].
Cystatin C (CyC) is a 13 kDa, non–glycosylated basic protein, produced at a 
constant rate by all nucleated cells. It is freely #ltered by the glomeruli and 
catabolized in the tubules. In patients at high risk of developing AKI serum CyC 
(sCyC) was shown to detect AKI 1–2 days earlier than sCr {Herget-Rosenthal, 
2004 2 /id}. Moreover, although CyC is normally not detected in urine, it has 
been found in the urine of patients with tubular disease, suggesting that it may 
be an additional tool for detecting and quantifying acute injury [9-14]. One 
drawback for use of CyC at present is a lack of recognition of its potential value for 
use in the general critical care se!ing, in which the population is heterogeneous 
and AKI etiology and timing are o"en unclear. 
In the present study in a heterogeneous ICU population we collected serial 
samples of CyC in serum and urine and determined the #rst day of AKI based 
on the RIFLE classi#cation system [15]. Our hypothesis was that CyC in serum 
and urine predict AKI one to two days earlier than the RIFLE criteria in patients 
who developed AKI a"er admission, and that these biomarkers predict the need 
for RRT on the #rst day of AKI.  %e preliminary #ndings of this study were 
presented in abstract form [16]. 

Methods

Patients
%e protocol was approved by the institutional review board of all participating 
institutions, and wri!en informed consent was obtained from all patients 
or their authorized representatives. %e study was designed as a prospective 
observational cohort study in patients who were older than 18 years, and had an 
expected duration of mechanical ventilation of at least 48 h, an expected length 
of ICU stay of at least 72 h, or both. Patients were enrolled within 48 h of ICU 
admission. Exclusion criteria were chronic RRT, pre-admission treatment with 
corticosteroids (> 5 mg prednisone (or equivalent) per day), treatment with 
plasmapheresis during ICU admission and participation in another clinical 
trial. Five multidisciplinary, closed–format ICUs participated in the study (1 
university – and 4 regional hospitals).
Demographic data, admission diagnosis, APACHE II and SAPS II scores were 
documented upon ICU–admi!ance [17,18]. Routine laboratory data were 
measured daily.
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Definition of Acute Kidney Injury
%e patients were scored daily for AKI using the creatinine and urine output 
criteria of the RIFLE classi#cation system for AKI [15]. In order to de#ne the 
baseline renal function we compared the pre-morbid sCr within 1 year prior to 
ICU admission with the sCr at ICU admission. %e lower of these 2 values served 
as baseline renal function. If the pre-morbid sCr was unavailable it was estimated 
by solving the Modi#cation of Diet in Renal Disease (MDRD) equation, with 
the assumption of a near lower limit of normal glomerular #ltration rate (GFR) 
of 75 mL/min/1.73m2, as recommended by the ADQI working group using the 
following equation [19].
 %e pre-morbid sCr was not estimated in patients with a history of kidney 
insu&ciency. In these patients the admission sCr served as baseline when the 
pre-morbid sCr was unknown.
%e #rst day of AKI was termed Day 0, while the 2 days prior to this day were 
termed Day –1, and Day –2 respectively.

Sampling and measurement of Cystatin C
Blood and urine sampling for CyC measurements was performed on days 0, 1 
and alternate days until the start of RRT, or ICU discharge. Samples were drawn 
into sterile Vacutainer tubes and centrifuged at 1.500 x g for 10 minutes at 4ºC. 
%e supernatants were stored at –80ºC until assayed batch wise. Urine samples 
were taken from a 3 h urine collection period a"er assessment of the urine 
volume.  Cystatin C was measured with an N Latex Cystatin C test kit, a particle-
enhanced immunonephelometric method, on a BN ProSpec analyser (Dade 
Behring, Leusden, the Netherlands). %e CyC lower limit of detection was 0.05 
mg/L, and average intra-assay and inter-assay coe&cients were less than 2.6% 
and 3.5%, respectively. %e reference values for sCyC range from 0.53 to 0.95 
mg/L according to the manufacturer. Urea and creatinine levels were measured 
by standard clinical chemical methods. We normalized the urinary excretion of 
CyC for millimoles of urinary creatinine (uCyCcorr.) in order to compensate for 
di$erences in urine 'ow rate [20].

Statistical analysis
%e primary endpoint was the #rst RIFLE event (Risk, Injury, or Failure). %e 
secondary endpoint was the initiation of RRT. Data were analysed using the 
Statistical Package for the Social Sciences (SPSS) for Windows, version 17.0 (SPSS, 
Chicago IL, USA). Continuous variables are expressed as mean ± SD or median 
and interquartile ranges. Cystatin C levels below the detection limit of 0.05 mg/L 
were considered to be 0.025 mg/L. Categorical variables are expressed as counts 
and percentages. Normally distributed variables were compared using one-way 
analysis of variance with Bonferroni’s correction for multiple comparisons. For 
signi#cant #ndings, post hoc t-test was applied. Kruskall-Wallis one-way analysis 
of variance was used to compare non-normally distributed variables. Chi-square 
testing was used to test frequencies between groups. Linear mixed models were 
used to compare CyC levels among RIFLE stages. All testing was two-tailed 
and P<0.05 was considered statistically signi#cant. Test characteristics were 
calculated to assess the diagnostic performance of CyC.
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Results

Patients
We enrolled 170 patients from April 2006 – November 2007 and excluded 19 
patients during the analysis because of incomplete sampling, leaving 151 patients 
for analysis. 133 patients (88%) were included on the #rst day of ICU admission 
and 18 patients (12%) were included the next day of admission. We de#ned 3 
groups: Group 0 (N = 60) never developed AKI and served as controls; group 1 
(N = 35) developed AKI a"er admission and group 2 (N = 56) presented with 
AKI at admission. Table 1 compares the baseline clinical data of the three groups, 
while the renal and outcome data are shown in table 2. Group 2 was signi#cantly 
older compared with group 0 and group 1. %ere were no signi#cant di$erences 
among the groups in terms of hypertension, diabetes or chronic kidney disease 
(CKD). Group 1 patients developed AKI a"er a median of 2 [1 – 2] days (range 
1-7 days). %e maximum RIFLE class was higher in group 2 compared with 
group 1, however, the di$erence in the number of patients requiring RRT was 
not statistically signi#cant between the two groups.

Serum and urinary Cystatin C levels
Cystatin C was measured in 582 blood samples (3.8±3.2 samples/patient) and 
569 urine samples (3.8±3.1 samples/patient).  Cystatin C level was below the 
detection limit of 0.05 mg/L in 171 (30%) urine samples. Serum CyC levels 
increased signi#cantly with increasing RIFLE class (table 3). Urinary CyC levels 
also increased with increasing RIFLE class; however the di$erence between 
RIFLE risk and RIFLE injury was not statistically signi#cant (table 3).

Figure 1.
Cystatin C (CyC) and creatinine one and two days prior to acute kidney injury ;“ICU”, patients who 
never developed AKI; “AKI”, patients who developed AKI after admission
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We compared the two days prior to developing AKI from group 1 with the #rst 
two study days from group 0 (Figure 1). On Day -2 median sCyC was signi#cantly 
higher (0.93 versus 0.80 mg/L, P = 0.01), but not on Day -1 (0.98 versus 0.86 
mg/L, P = 0.08). Serum CyC levels, however, did not rise earlier than sCr. On 
the 2 days prior to AKI, uCyC levels did not di$er signi#cantly between group 
1 and group 0 (median 0.13 [0.025-0.88] mg/L versus median 0.16 [0.025-
1.50] mg/L, P = 0.89, and median 0.14 [0.025-0.37] mg/L versus median 0.17 
[0.025-0.84] mg/L, P = 0.57, Day –2 and Day –1, respectively). %e diagnostic 
performance for sCyC was fair on Day -2 (AUC 0.72) and poor on Day -1 (AUC 
0.62) (table 4). Urinary CyC had no diagnostic value on either two days prior 
to AKI (AUC <0.50), and its diagnostic performance was not improved by 
normalizing the excretion of CyC for millimoles of urinary creatinine (table 4). 
%e test characteristics sCyC at various cut-o$ levels are shown in table 5.
Continuous veno-venous hemo#ltration (CVVH) was started in 14 out of 91 
patients with AKI (15%): 4 patients from group 1 and 10 patients from group 
2. %e median duration between AKI day 0 and initiation of CVVH was 1.5 
[0-4] days. In comparison with the non-CVVH patient, the AKI patients who 
required CVVH had signi#cantly higher APACHE II scores on admission (28 
[21-33] versus 19 [14-27], P=0.01) and produced less urine (740 [400-1088] 
mL/day versus 1660 [1028-2918] mL/day, P =0.001).  Systemic and urinary 
CyC determined on Day 0 were poor predictors for the need for RRT (AUC 
0.66 and 0.61 respectively, table 4). %e diagnostic performance of uCyC was 
not improved by normalizing the excretion of CyC for millimoles of urinary 
creatinine (AUC 0.60).



Serum and urine Cystatin C are poor Biomarkers for Acute Kidney Injury and Renal Replacement 
Therapy in the general ICU: An Observational Cohort Study

5

77

 Group 0
(N=60)

Group 1
(N=35)

Group 2 
(N=56)

P

Age (yrs) 59.2 ± 16.1 68.4 ± 15.4 74.6 ± 9.3 < 0.001

Male (%) 39 (65) 24 (69) 34 (62) 0.81

BMI (kg/m2) 24.6 ± 4.3 26.5 ± 3.8 29.6 ± 12.8 0.11

APACHE II 18.5 ± 9.9 19.6 ± 8.3 24.2 ± 12.9 0.016

SAPS II 37.2 ± 13.3 44.1 ± 14.2 47.6 ± 16.4 0.01

Co-morbidities (%)

   Hypertension 15 (26) 14 (40) 24 (44) 0.12

   Diabetes 7 (12) 5 (14) 8 (15) 0.92

   CKD 2 (3) 1 (3) 6 (11) 0.17

   TSH (mU/L) 0.40 (0.18-0.87) 0.42 (0.25-1.0) 0.41 (0.21-1.20) 0.83

   FT4 (pmol/L) 13.2 ± 3.5 12.8 ± 3.3) 13.6 ± 3.6 0.67

Admission category (%)    0.68

   Medical 29 (48.3) 17 (48.6%) 23 (41.8%)  

   Surgical 31 (51.7) 18 (51.4%) 33 (59%)  

Primary diagnosis (%)    0.21

   Cardiovascular failure 2 (3.3) 4 (11.4) 4 (7.1)  

   Cerebrovascular event 2 (3.3) 0 0  

   Hemorrhagic shock 7 (11.7) 2 (5.7) 6 (10.7)  

   Multiple trauma 4 (6.7) 2 (5.7) 1 (1.8)  

   Elective major surgery 1 (1.7) 1 (2.9) 5 (8.9)  

   Respiratory failure 23 (38.3) 11 (31.4) 14 (25)  

   Septic shock 20 (33.3) 13 (37.1) 26 (46.6)  

AKI, acute kidney injury; Group 0, No AKI; Group 1, developed AKI after admission; Group 2, AKI 
at admission. BMI, body mass index; APACHE, Acute Physiology and Chronic Health Evaluation; 
SAPS, Simplified acute physiology score; CKD, chronic kidney disease

Table 1. 
Baseline characteristics grouped according to the AKI status 
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 Group 0
(N=60)

Group 1
(N=35)

Group 2 
(N=56)

P

Pre-morbid sCr (µmol/L)

   Actual 1) 92 ± 30 (N=37) 91 ±25 (N=28) 83 ± 23 (N=37) 0.31

   Estimated 2) 88 ± 12 86 ± 12 83 ±11 0.05

Study Inclusion

  sCr (µmol/L) 72 (61-94) 87 (76-87) 139 (97-211) < 0.001

  sCyC (mg/L) 0.80 (0.65-1.04) 0.91 (0.81-1.17) 1.14 (0.88-1.94) < 0.001

  uCyC (mg/L) 0.16 (0.025-1.47) 0.18 (0.07-0.68) 0.59 (0.10-3.47) 0.46

  uCyCcorr (g/molCr) 0.03 (0.01-0.30) 0.04 (0.01-0.13) 0.13 (0.01-0.67) 0.47

Maximum RIFLE class (%)    <0.001

   Risk - 27 (77) 22 (39.3)  

   Injury - 5 (14.3) 14 (25)  

   Failure - 3 (8.6) 20 (35.8)  

CVVH (%) 1 (1.7) 4 (11.4) 10 (17.6) 0.01

ICU treatment (days) 5 (3-8) 8 (5-18) 6 (3-9) 0.002

ICU mortality (%) 0 4 (11.4) 11 (19.6) 0.002

Hospital mortality (%) 4 (6.7) 6 (17.1) 18 (32.1) 0.002

AKI, acute kidney injury; Group 0, never AKI; group 1, developed AKI after admission; Group 
2, AKI at admission; sCr, serum creatinine; sCyC, serum cystatin C; uCyC, urine Cystatin C,  
uCyCcorr , uCyC normalized for urinary creatinine; CVVH, continuous venovenous hemofiltration; 
ICU, intensive care unit

Table 2. 
Renal characteristics and outcome grouped according to AKI status

None Risk Injury Failure P

Serum samples

Number
CyC (mg/L)

399
1.15

(1.05 - 1.25)

109
1.34

(1.22 - 1.45)

35
1.75

(1.59 - 1.92)

31
2.31

(2.09 - 2.52)

<0.001

Urine samples

Number 391 104 40 34

CyC (mg/L) 1.02
(0.54 - 1.51)

2.36
(1.52 - 3.19)

2.77
(1.43 - 4.12)

5.87
(4.24 - 7.51)

<0.001

CyCcorr  (g/mol Cr) 0.43
(0.28 - 0.59)

0.44
(0.21 - 0.68)

0.34
(-0.04 - 0.72)

0.79
(0.32 - 1.24)

0.46

Values are mean and 95% confidence interval. The p-value represents the difference among groups 
by linear mixed models.
sCyC, serum cystatin C; uCyC, urine Cystatin C, uCyCcorr , uCyC normalized for urinary creatinine;

Table 3.
Cystatin C per RIFLE classa
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Day -2, two days prior to the development of AKI; Day -1, one day prior to the development of AKI; 
Day 0, the first day of AKI;  sCyC, serum cystatin C; uCyC, urine Cystatin C, uCyCcorr , uCyC 
normalized for urinary creatinine; 

Table 4. 
Receiver operating characteristics of systemic and urinary cystatin C

Predictor variable Patients (N) Disease prevalence AUC (95% CI)

Acute kidney injury

Day -2

sCyC 71 0.20 0.72 (0.57-0.87)

uCyC 72 0.21 0.49 (0.33-0.65)

uCyCcorr 72 0.21 0.5 (0.34-0.66)

Day -1

sCyC 81 0.35 0.62 (0.49-0.75)

uCyC 83 0.34 0.46 (0.33-0.59)

uCyCcorr 83 0.34 0.49 (0.36-0.61)

Renal replacement therapy

Day 0

sCyC 80 0.16 0.66 (0.49-0.83)

uCyC 79 0.16 0.62 (0.45-0.78)

uCyCcorr 78 0.15 0.60 (0.44-0.76)
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Discussion

In this prospective multicenter cohort study in a heterogeneous ICU population, 
sCyC and uCyC increased with increasing RIFLE class. However, the predictive 
ability of these biomarkers for AKI was poor. Approximately one third of 
the patients without AKI at ICU admission developed AKI during the ICU 
treatment, and in these patients sCyC was signi#cantly higher 2 days prior to 
AKI compared with patients who did not develop AKI. Of note, sCyC levels did 
not rise earlier than sCr. %e diagnostic performance of sCyC was at best fair for 
Day -2 and poor on Day -1.  Levels of uCyC were not di$erent in patients prior to 

Predictor
variable

cut-o" 
(mg/L)

Sensitivity 
(95% CI)

Speci!city
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Prediction development of AKI

sCyC day -2 0.72 0.93
(0.66-1.00)

0.42
(0.29-0.56)

0.28
(0.16-0.44)

0.96
(0.80-1.00)

0.80 0.86
(0.57-0.98)

0.53
(0.39-0.66)

0.31
(0.17-0.48)

0.94
(0.79-0.99)

1.10 0.43
(0.18-0.71)

0.86
(0.74-0.94)

0.43
(0.18-0.71)

0.84
(0.74-0.94)

1.40 36
(0.13-0.65)

0.98
(0.91-1.00)

0.83
(0.36-1.00)

0.86
(0.75-0.94)

sCyC day -1 0.57 0.93
(0.77-0.99)

0.11
(0.04-0.23)

0.36
(0.25-0.48)

0.75
(0.35-0.79)

0.84 0.79
(0.59-0.92)

0.49
(0.35-0.63)

0.45
(0.31-0.60)

0.81
(0.63-0.93)

1.00 0.50
(0.31-0.69)

0.64
(0.50-0.77)

0.42
(0.26-0.61)

0.71
(0.56-0.83)

1.50 0.21
(0.08-0.41)

0.94
(0.84-0.99)

0.67
(0.30-0.93)

0.69
(0.57-0.80)

Prediction of the need for CVVH

sCyC day 0 1.00 0.85
(0.55-0.98)

0.37
(0.26-0.50)

0.21
(0.11-0.34)

0.93
(0.76-0.99)

1.50 0.54
(0.25-0.81)

0.64
(0.52-0.76)

0.23
(0.10-0.41)

0.88
(0.75-0.95)

1.80 0.54
(0.25-0.81)

0.82
(0.71-0.90)

0.37
(0.16-0.62)

0.90
(0.80-0.96)

2.50 0.23
(0.05-0.54)

0.93
(0.83-0.98)

0.38
(0.09-0.76)

0.86
(0.76-0.93)

Table 5.
Test characteristics of systemic cystatin C

Day -2, two days prior to the development of AKI; Day -1, one day prior to the development of AKI; 
Day 0, the first day of AKI;  sCyC, serum cystatin C; uCyC, urine Cystatin C, uCyCcorr , uCyC 
normalized for urinary creatinine
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AKI in comparison with patients who did not develop AKI and had no diagnostic 
accuracy for AKI. 
Previous studies investigating whether CyC increases before the development of 
AKI are limited and their results inconsistent, however, comparison among studies 
is hampered by case mix and the heterogeneity in study designs [8,13,21-24]. 
Notably, not two studies used identical de#nitions for AKI and this de#nition is 
critical in biomarker research. Ahlström et al. studied 202 patients in a mixed ICU 
similar to our study and 49 patients developed AKI according to the urine output 
and/or sCr RIFLE failure criteria [21]. In that study sCyC showed excellent 
predictive value for AKI, however, sCyC did not rise earlier than sCr similar to 
our #ndings [21]. Herget-Rosenthal et al. analysed a subgroup of ICU patients, 
which were at high risk to develop AKI (N=85) and the creatinine risk  criteria of 
the RIFLE classi#cation were used to de#ne AKI (N=44) [8]. In contrast to our 
#ndings in this subgroup, serum CyC on the two days prior to AKI demonstrated 
a high diagnostic value to detect AKI (AUC 0.82 and 0.97 on respectively day 
-2 and day -1) [8].  In the study by Haase-Fielitz et al. in 100 patients following 
cardiopulmonary bypass surgery (CPB), 23 patients developed AKI, de#ned as 
an increase in sCr of +50% from baseline within the #rst #ve postoperative days 
[23]. In that study sCyC on ICU arrival and at 24 h a"er CPB was of good value 
for the prediction of AKI (AUC ~0.83). Notably, a"er exclusion of CKD patients 
the diagnostic performance of sCyC was only fair, and the authors suggested that 
presence of CKD could a$ect the diagnostic performance of CyC. %is reduction 
in diagnostic performance, however, may have been caused by the smaller sample 
size (N=15), rather than by the exclusion of CKD patients [23]. We did not 
evaluate the e$ect of CKD, because only one patient had CKD on day -2 and day 
-1. In the recent small (N=30) CPB study by Che et al. 15 patients developed 
AKI de#ned as a 50% or greater increase in sCr from baseline within 72 h and the 
optimal diagnostic performance for sCyC (AUC 0.83) was 10 h post CPB [20].  
In the CPB study (N=72) of Koyner, 34 patients developed AKI de#ned as a sCr 
rise of +25% from baseline within the #rst three days or the need of RRT [13]. 
Serum CyC at ICU arrival and at 6 h were poor predictors for AKI (AUC 0.62 and 
0.63 respectively), while urine CyC at ICU arrival and at 6 h were fair predictors 
(AUC 0.69 and 0.72 respectively) [13] In the study by Liangos et al. (N=103), 
uCyC measured 2 hours post CPB did not predict AKI (N=13), de#ned as a sCr 
increase of +50% from post CPB to peak value within the #rst three days (AUC 
0.50) [24] In a very small study in septic patients (N=29) Mazul et al. found no 
correlation between sCyC at ICU admission and the occurrence of AKI (N=10) 
de#ned as a sCr of >267 umol/L or diuresis of < 30 mL/h [25] Four small studies 
in ICU patients reported that sCyC was superior to sCr to identify a GFR of < 
80 ml/min per 1.73 m2 [26-29]. %e GFR studies, however, can be criticized 
because they used derivatives for GFR and not the real ‘gold standard’ based on 
the clearance of exogenous substances [30].
In the present study 56 (37%) patients had AKI at admission, which is similar 
to a previous AKI biomarker study in a heterogeneous ICU population [31]. It 
makes li!le sense to predict AKI in patients with AKI, however, in these patients 
CyC may help identifying patients requiring RRT. Unfortunately, in our study 
both sCyC and uCyC determined on Day 0 were poor predictors for the need 
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for RRT, although it must be mentioned that RRT was started in 14 patients only.  
Our #ndings agree with the #ndings of Perianayagam et al. [32], but disagree with 
two earlier reports suggesting excellent diagnostic performance of sCyC [12,23]. 
Several factors may explain the con'icting results, including case mix and the reason 
for starting RRT. In our study oligo/anuria o"en triggered RRT, while a low GFR 
probably triggered RRT in the study by Herget-Rosenthal et al., including exclusively 
non-oliguric patients [12]. In the study by patients Haase-Fielitz et al. only 5 patients 
ful#lled the composite endpoint (need for RRT and in hospital mortality)[23].
Another potential role for biomarkers is to help discriminating between prerenal and 
intrinsic renal damage, however our study was not designed to investigate this issue. 
Although this question certainly deserves further investigation, it is problematic that 
presently there is no consensus regarding the criteria used to de#ne prerenal AKI in 
the critical care se!ing. 
Nearly 40% of our patients never developed AKI, yet some of these patients had 
increased levels of CyC according to the reference intervals reported in the literature 
[11]. Several factors may be responsible for this #nding. First, the published 
reference intervals were determined in healthy volunteers with no history of renal 
disease, and may not apply to our critically ill population. Although sCyC is less 
in'uenced by age, sex and muscle mass compared with serum creatinine level it still 
can be a$ected by these patient variables [33]. Moreover, sCyC levels can be a$ected 
by levels of glucocorticosteroids [34], thyroid hormones {[35] and insulin [36] 
as well as such markers of in'ammation as white blood cell count and C–reactive 
protein level [37]. All these factors play an important role in critically ill patients 
and could a$ect the reference interval. Second, we did not use any protease inhibitor 
in the storage of the urine to clear all disturbing elements in the urine. However, 
Herget-Rosenthal reported high agreement between uCyC measurement with and 
without stabilization bu$er [11]. Finally, the consensus RIFLE de#nition for AKI 
is based on sCr and/or urine output. %ese are functional parameters and may not 
be appropriate for the detection of injury to the kidney. We cannot rule out that 
increased CyC levels indeed re'ect damage to the kidneys which is not recognized 
by the RIFLE criteria. Notably, in the present study the prevalence of AKI was high 
and therefore a low sCyC of < 0.80 mg/L resulted in a high negative predictive value 
(75-95%) despite its low speci#city. %erefore, in a critically ill population with a 
high prevalence of AKI, sCyC may be helpful to rule out AKI. 
Our study is the #rst multicenter study investigating whether CyC can predict the 
development of AKI in the general critical care se!ing in which the population is 
heterogeneous and AKI etiology and timing are o"en unclear. However, there are 
some limitations. First, a small percentage of our patients (12%) were enrolled the 
next day of admission, and specimens were collected on alternate days a"er the #rst 
two days. As a result our sample size was relatively small, particularly on Day -2. 
Second, the MDRD based baseline sCr was used in 18% of our patients. Missing 
preadmission sCr value is a recognized problem in AKI research, which may lead 
to misclassi#cation of the incidence of AKI {Siew, 2009 106 /id}. On the other 
hand, the use of surrogate measures for baseline renal function avoids selection bias. 
Finally, the de#nition of AKI is critical in biomarker research and, the RIFLE criteria 
may not be an adequate ‘gold standard’ for AKI.  
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Conclusion

In this relatively small multicenter study in a heterogeneous ICU population and 
using the RIFLE classi#cation system to de#ne AKI, sCyC and uCyC were poor 
biomarkers for AKI. Moreover, on the #rst day of AKI these biomarkers did not 
predict the need of RRT. However, sCyC of < 0.80 mg/L levels had a high NPV 
in our population with a high incidence of AKI. 
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Dear Editor, 

With interest we read the paper by Kiers et al [1]. suggesting that cystatin C 
(CyC) is not a useful parameter for residual renal function during continuous 
venovenous hemo#ltration (CVVH). We previously found that the sieving 
coe&cient (SC) for the cellulose triacetate membrane for CyC is approximately 
0.50 [2]. On the basis of the constant CyC production reported in the literature, 
we hypothesized that predilution CVVH (2 l/h) is unlikely to in'uence serum 
CyC levels, although we did not determine changes in serum CyC [2]. Using 
the same dose (2 l/h, predilution) but a di$erent membrane (polyacrylonitrile), 
Kiers et al. report a signi#cant decrease of CyC a"er 24 h of CVVH in six patients 
with acute kidney injury (AKI). %e authors do not report whether the patients 
were anuric during CVVH. Several factors may explain the opposite results. 
First, the cellulose triacetate membrane and the polyacrylonitrile membrane 
may behave di$erently in their ability to remove CyC [3]. Unfortunately, Kiers 
et al. did not measure CyC in the ultra#ltrate, and thus we are not informed on 
the SC. Second, it is possible that the patients in the study by Kiers et al. had 
recovering renal function during CVVH, although this is not very likely. Finally, 
the assumption that the generation rate of CyC in critically ill and non-critically 
ill patients is comparable may be wrong. To date, only few circumstances have 
been identi#ed that have an impact on the production of CyC; nevertheless, this 
was never studied in critically ill patients [4]. 
We performed a small pilot study in six consecutive patients in order to determine 
the removal of CyC during CVVH and its e$ect on serum CyC levels. Patients 
were included if #lter-down time was no longer than 2 h. We applied postdilution 
CVVH (35 ml/kg/h) and used either a polysulfone membrane (AV 600; 
Fresenius, Oberursel, Germany) or a cellulose triacetate membrane (UF 205; 
Nipro Europe, Zaventem, Belgium). Serum CyC decreased a"er the initiation 
of CVVH both in oligo- anuric and non-oliguric patients (Fig. 1). In the non-
oliguric patients CyC levels increased a"er cessation of CVVH, suggesting 
that CVVH played an important role in the removal of CyC. When corrected 
for possible incomplete mixing by using the SC of urea, which should be 1 by 
de#nition, we found an SC of 0.49 ± 0.04 for the cellulose triacetate membrane 
and 0.45 ± 12 for the polysulfone membrane (p = 1.00). %e CVVH dose in the 
present study was higher than in our earlier study and this may account for the 
decrease of CyC. Another possibility is that contrary to what we proposed earlier, 
CyC production is reduced in critically ill patients. 
%e present pilot study and the study by Kiers et al. are limited by the small 
number of patients. Both studies, however, reach the same conclusion suggesting 
that during CVVH serum CyC is of li!le value in monitoring residual renal 
function, because CVVH removes CyC and decreases its serum levels.
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Figure 1.
Time course of serum Cystatin C and serum creatinine during continuous venovenous hemofiltration 
(CVVH). Curves represent individual patients. Open circles, cellulose triacetate membrane, closed 
circles polysulfone membrane. Left panel oligo-anuric patients. All patients received CVVH from 
day 0 until day 8. Right panel non-oliguric patients. CVVH was stopped on day 2 in two patients and 
on day 3 in one patient (\) 1898
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Abstract

Purpose: We hypothesized CyC to be a useful biological marker of renal recovery 
in critically ill patients treated with renal replacement therapy (RRT) for acute 
kidney injury.
Material and Methods: Multicenter prospective observational cohort study of 
ICU–patients treated with CVVH for AKI. ROC-curves were calculated to assess 
the ability of serum (sCyC) and urine (uCyC) to predict renal recovery.
Results: From 76 studied patients, 68 patients had su&cient data for analysis. 39 
patients did not need CVVH again a"er stopping RRT while in 5 patients CVVH 
had to be restarted a"er stopping RRT. %e AUC of sCyC on day –3, –2, and –1 
before stopping CVVH were 0.65 [95% con#dence interval (CI) 0.41 – 0.88, P = 
0.33], 0.60 [0.31 – 0.88, P = 0.47], and 0.57 [0.30 – 0.84, P = 0.53]), respectively. 
%e AUC of uCyC on day –3, –2, and –1 before cessation were 0.88 [0.70 – 1.00, 
P = 0.01], 0.80 [0.64 – 0.96, P = 0.05], and 0.28 [0.00 – 0.57, P = 0.12]).
Conclusions: In a small cohort of unselected critically ill patients with AKI, sCyC 
and uCyC seem to be poor predictors of renal recovery in critically ill patients 
treated with CVVH.
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Introduction

Acute Kidney Injury (AKI) occurs in 15 to 20% of critically ill patients [1, 2]. 
Up to 6% of them requires some form of renal replacement therapy (RRT), 
frequently consisting of continuous veno–venous hemo#ltration (CVVH) [3]. 
CVVH is an expensive and labour–intensive strategy in the intensive care unit 
(ICU)[4], necessitating central venous catheters, thereby increasing the risk of 
blood stream infections, bleeding and local thrombosis [5]. Also, CVVH usually 
mandates some form of anticoagulation, frequently systemic anticoagulation, 
which further increases the risk of bleeding. In view of those risks, it is crucial to 
stop CVVH in time. However, strict criteria that reliably predict the recovery of 
renal function are lacking. Recently, 2 studies found urine output to be the best 
parameter to decide whether to cessate CRRT [6, 7]. In daily practice however, 
this is le" to the a!ending physician who bases this decision on personal 
experience, and on the Acute Dialysis Quality Initiative (ADQI) consensus 
criteria [8, 9]. %ese criteria are combined with local guidelines as formulated by 
the Dutch society of Intensive Care (NVIC) [10]. 
In the ICU–se!ing, renal function is usually expressed as glomerular #ltration 
rate (GFR) calculated by the mean of creatinine and urea clearance. However, 
these endogenous biological markers are removed by CVVH, and thus are useless 
for calculation of GFR while the patient is being treated with CVVH. Recently, 
urine concentrations of tissue inhibitor of metalloproteinases-2, a biomarker 
of cell cycle arrest in human AKI, were described and proved to be superior to 
existing markers for predicting AKI [11]. However, the use of these markers 
during CVVH and for the detection of recovery of renal function is unknown. 
Cystatin C (CyC) is a biomarker that has been used for more than 10 years in 
se!ings outside the ICU. It is a protein produced at a constant rate independent 
of age and muscle mass cleared from the circulation via glomerular #ltration 
[12]. In the tubulus it is fully reabsorbed and normally almost not detectable 
[13]. When renal impairment occurs, CyC in serum will increase due to injured 
glomeruli. Indeed, a recent analysis showed that GFR calculation based on both 
creatinine and CyC levels strengthens the association between the calculated 
GFR and the risks of death and end-stage renal disease across diverse populations 
[14] . On the other hand, in injured tubules as in AKI the decreased reabsorption 
may result in appearance of CyC in urine. %e potential role of CyC in serum 
(sCyC) and urine (uCyC) as endogenous biological markers of renal recovery in 
ICU–patients treated with CVVH is unknown.
We hypothesized Cystatin C to be a be!er prognostic biomarker of renal recovery 
in critically ill patients treated with CVVH for AKI. Speci#cally, we hypothesized 
levels of sCyC and uCyC to di$er between patients in whom CVVH is successfully 
stopped, and patients who will again need CVVH. To test this hypothesis we 
determined serum and urine CyC levels in a cohort of ICU–patients treated with 
CVVH for AKI from di$erent causes.
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Methods

Design and setting
%is study was designed as a multicenter prospective observational cohort 
study. Five multidisciplinary closed–format ICUs (1 university center and 4 
regional teaching hospitals) participated in this study. %e institutional review 
boards of all participating institutions approved the study protocol and wri!en 
informed consent was obtained from all patients before inclusion into the study. 
Demographic data, admission diagnosis, acute physiology and chronic health 
evaluation (APACHE) II and simpli#ed acute physiology score II scores (SAPS 
II) were documented upon ICU–admi!ance [15, 16]. Subsequently, length of 
stay (LOS) in the ICU and the hospital was recorded.

Patients
Inclusion criteria were age + 18 years and treatment exclusively with CVVH 
because of ARF. Exclusion criteria were chronic treatment with corticosteroids 
(> 5 mg prednisone (or equivalent) per day) before ICU admission, treatment 
with plasmapheresis during ICU admission or a history of chronic RRT. %e 
enrolled patients were followed until death or discharge from the ICU, whichever 
occurred #rst.

Continuous venovenous hemofiltration
%e #ve participating hospitals all based their decision to initiate, cessate, or 
restart CVVH on the Acute Dialysis Quality Initiative (ADQI) consensus criteria 
in collaboration with the recommendations of the Dutch Society of Intensive 
Care (NVIC) which are available on the website of the Dutch Society of Intensive 
Care (NVIC) [8-10]. %e patients were scored daily to reveal improvement/
change of renal function during and a"er cessation of CVVH (creatinine and 
urine output criteria) according to the RIFLE classi#cation system [17]. Speci#c 
CVVH treatment data, including average blood 'ow, ultra#ltrate 'ow, systemic 
anticoagulation therapy, type of substitution 'uid and the average resubstitution 
'uid 'ow were collected.

Blood and urine sampling
Blood and urine samples were obtained on a daily basis from start of CVVH until 
ICU–discharge or death. Blood and urine (taken from a 3–hour urine collection 
period) were drawn into sterile Vacutainer tubes (Becton and Dickinson) and 
centrifuged at 1.500 x g for 10 minutes at 4ºC. %e supernatants were stored at 
–80ºC until assayed batch wise.

Definitions
Successful cessation of CVVH was de#ned as the need of only one period 
of CVVH which was stopped before ICU discharge (group 1). Unsuccessful 
cessation of CVVH was de#ned as the necessity to restart CCVH during the same 
ICU–stay (group 2). %e #rst day of cessation of CVVH was termed day 0, while 
the days prior to this day were termed day –1, day –2 and so forth. %e #rst period 
of CVVH was termed period 1. %e subsequent period a"er CVVH had been 
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restarted and subsequently stopped, was termed period 2 (#gure 1). Noteworthy, 
period 2 ended on the date of ICU–discharge, death or a third restart of CVVH.

Measurement of levels of cystatin C
CyC was measured with an N Latex CyC test kit, a particle–enhanced 
immunonephelometric method, on a BN ProSpec analyser (Dade Behring, 
Leusden, %e Netherlands). %e lower limit of detection was 0.05 mg/L. %e 
average intra–assay and inter–assay coe&cients of sCyC were < 2.6% and 
3.5%, respectively. %e reference values for sCyC ranged from 0.53 to 0.95 
mg/L according to the manufacturer. %e average intra–assay and inter–assay 
coe&cients of uCyC were < 4.8% and 5.2%. %e reference values for uCyC 
ranged from 0.03 to 0.18 mg/L. We estimated CyC levels under the detection 
limit of 0.05 mg/L to be 0.025 mg/L. Urea and creatinine levels were measured 
enzymatic with spectrophotometry.
Levels of sCyC and uCyC were measured to discover a pa!ern in time during and 
a"er CVVH aiming to relate these levels with creatinine levels in serum (Screat), 
and urine (Ucreat). %erefore we analyzed samples from the #rst day of CVVH 
until the last day of CVVH (period 1). Furthermore we analyzed samples from a 
maximum of 7 days before cessation of CVVH (the #rst day of cessation is called 
day 0) until a maximum of 7 days a"er cessation of CVVH. We evaluated patients 
who cessated successfully and unsuccessfully separately.

Figure 1.  
Periods of CVVH and periods of no-CVVH
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Statistical analysis
Continuous normally distributed variables are expressed by their mean and 
standard deviation or when not normally distributed as medians and their 
interquartile ranges. Categorical variables are expressed as n (%). To test groups 
Student’s t-test was used, if continuous data is not normally distributed the 
Mann-Whitney U test was used. Categorical variables were compared with the 
Chi-square test or Fisher’s exact test.  If groups were dependent, paired t.test or 
Wilcoxon signed rank test was used depending whether the di$erence between 
pairs was normally distributed. When more than two normally distributed groups 
were compared we used one-way analysis of variance, and if applicable, with 
Bonferroni’s correction for multiple comparisons. For signi#cant #ndings, post 
hoc t–test was applied. Kruskall–Wallis one-way analysis of variance was used 
to compare non-normally distributed variables. We assessed sCyC and uCyC, 
sCreat and urine output (UO) on their ability to predict successful cessation 
of CVVH by calculation of the area under the curve (AUC) under the receiver 
operating characteristic (ROC) plot for the days following cessation of CVVH. 
Each day was considered to be an independent sample to calculate the theoretical 
diagnostic value as expressed by the AUC. An AUC value of 0.90 –1.0 was judged 
to indicate excellent, 0.80–0. 89 good, 0.70–0.79 fair, 0.60–0.69 poor, and 0.50–
0.59 no useful value. All testing was two–tailed and P < 0.05 was considered 
statistically signi#cant. Data were analysed using the Statistical Package for the 
Social Sciences (SPSS) for Windows, version 17.0 (SPSS, Chicago IL, USA).

Results

Patients
From June 2007 until July 2009 we enrolled 76 patients. Eight patients were 
excluded because of incomplete sampling per patient, leaving 68 patients for 
analysis (#gure 2). In 39 patients CVVH was cessated successfully (group 1), 
while in 5 patients CVVH had to be restarted (group 2). In 20 patients there was 
no regaining of renal function during there stay on the ICU. %ese patients le" 
the ICU with RRT, intermi!ent hemodialysis in all cases. 4 Patients died because 
of withholding therapy. Baseline characteristics are shown in table 1. %ere were 
no di$erences between both groups with respect to age, APACHE II or SAPS 
II, LOS–ICU and LOS–Hospital. %e mortality rate, however, was higher in 
patients who reneeded CVVH a"er initial cessation (40% versus 15%, P = 0.03).

Changes of sCyC and uCyC levels over time
Levels of sCyC and uCyC over time are shown in table 2 and #gure 3. %e courses 
of sCyC and uCyC levels over time were highly variable (#gure 3) In patients 
in whom CVVH was successfully stopped, levels of sCyC were higher a"er 
cessation of CVVH (1.84 [1.24 – 2.89] mg/L  than during CVVH (1.41 [1.10 
– 2.31] mg/L; P < 0.001 (table 2). %e same results were found for uCyC, i.e. in 
patients in whom CVVH was successfully stopped, levels of uCyC were higher 
a"er cessation of CVVH (0.61 [0.18 – 7.16] mg/L  than during CVVH (0.27 
[0.07 – 0.94] mg/L; P < 0.001 (table 2).
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Figure 2.  
Consort diagram. Only the grey boxes were used for statistical analysis

Figure 3.  
(A) Median serum and urinary Cystatin C levels, 7 days before (-7 - -1) and 7 days after (1-7) 
stopping CVVH in patients who were successfully taken of CVVH. Boxes indicate P25-P75 range, 
while whiskers indicate P10 and P90 range. Outliers are depicted in small circles.
(B) Median serum and urinary Creatinine levels, 7 days before (-7 - -1) and 7 days after (1-7) 
stopping CVVH in patients who were successfully taken of CVVH. Boxes indicate P25-P75 range, 
while whiskers indicate P10 and P90 range. Outliers are depicted in small circles.
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Group All patients Successfully stopped 
Group 1

Failure
restart CVVH

Group 2

p value#

Patients, n 68 39 5 -

Male, % (n) 57 (39) 58 (23) 80(4) 0.63

Age, median (IQR) 70 (59-77) 69 (59-74) 66 (49-79) 0.94

Length (cm), median 
(IQR)

175(170-180) 175(170 -181) 170(167-178) 0.33

Weight (kg), median 
(IQR)  

80 (70 -90) 78 (70-85) 75 (65-83) 0.40

Mortality, % (n) 38 (26) 15 (6) 40 (2) 0.03

APACHE II score, median 
(IQR)

24 (19-29) 22 (19-30) 26 (21-31) 0.48

SAPS II score, median 
(IQR)

51 (40-61) 48 (40-55) 57 (50-86) 0.07

LOS-ICU (days), median 
(IQR)

11 (6-19) 13 (7-20) 17 (8-29) 0.50

LOS-post-ICU (days), 
median (IQR)

11 (0-25) 16 (9-38) 6 (0-39) 0.24

LOS-Hospital (days), 
median (IQR)

28 (14-50) 38 (25-70) 22 (12-54) 0.15

Medical admission, 
% (n)

60 (41) 59 (23) 80(4)

Surgical admission, 
% (n)

40 (27) 41 (16) 20(1)

Total study days 810 547 109

Table 1.
Demographics

IQR: interquartile range; APACHE: Acute Physiology Age and Chronic Health Evaluation; SAPS: 
Simplified Acute Physiology Score; LOS: Length of Stay; ICU: Intensive Care Unit
# Mann-Whitney U test 2-tailed significance
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Table 2.
Time-weighted median levels (IQR) in the period before and after stopping CVVH in patients who 
successfully stopped CVVH

Table 3.
AUC(CI) of the ROC analysis 7 days before stopping CVVH in ICU patients with AKI

QR: interquartile range [P25-P75]; CVVH: continuous venovenous hemofiltration; sCyC: serum 
Cystatin C; uCyC: urine Cystatin C; UO: urine output

AUC: area under the curve; CI: 95% confidence interval; ROC: receiver operating characteristic; 
CVVH: continuous venovenous hemofiltration; sCyC: serum Cystatin C; uCyC: urine Cystatin C

CVVH max 7 days before 
stopping CVVH

After stopping CVVH max 
7 days

p value

sCyC(mg/L) 1.41 (1.10 - 2.31) 1.84 (1.24 - 2.89) < 0.001

uCyC(mg/L) 0.27 (0.07 - 0.94) 0.61 (0.18 - 7.16) < 0.001

sCreat(µmol/L) 134 (92 - 221) 131 (108 - 155) 0.16

Fluidbalance(ml) -92 (-1537 - 1781) -164 (-2498 - 712) 0.06

UO per 24 hr(ml) 230 (106 -1175) 1730 (494 - 3574) < 0.001

Day sCyC                   p uCyC                 p

-7 0.75(0.53-0.97)      0.26 0.28(0.19-0.52)    0.48

-6 0.54(0.28-0.80)      0.84 0.92(0.77-1.0)      0.17

-5 0.81(0.59-1.0)        0.08 1.0(1.0-1.0)          0.10

-4 0.79(0.50-1.0)        0.10 0.78(0.46-1.0)      0.11

-3 0.65(0.41-0.88)      0.33 0.88(0.70-1.0)      0.01

-2 0.60(0.31-0.88)      0.47 0.80(0.64-0.96)    0.05

-1 0.57(0.30-0.84)      0.53 0.28(0.0-0.57)      0.12



104

chapter 7

Discussion

In this study we evaluated the value of CyC levels in relation to stopping of 
CVVH in ICU–patients with ARF from various causes. %e course of sCyC and 
uCyC levels over time was highly variable, both in patients in whom CVVH was 
stopped successfully and in patients who reneeded CVVH a"er initial cessation. 
%e performance of sCyC and uCyC levels in predicting successful stopping of 
CVVH was poor.
%ere are few studies evaluating CyC as a biological marker of renal function 
recovery in critically ill patients. Our study di$ers from a previous  study of Baas 
et al., who studied sCyC in 18 patients with oliguric AKI treated with CVVH 
[18]. %eir results suggested that CVVH did not a$ect sCyC concentrations, 
indicating that sCyC could have the potential to serve as an endogenous marker 
of residual renal function during CVVH–treatment. However, we found a 
high variability in the individual levels of sCyC during CVVH, which suggests 
that sCyC is unreliable in daily practice for that purpose. Balík et al. studied 
33 mechanically ventilated patients during the #rst 48 hours of continuous 
venovenous hemodia#ltration (CVVHD) [19]. %ey found higher sCyC in 
patients with decreased or decreasing urine output compared to patients in whom 
diuresis improved [19]. In parallel to our #ndings, they reported that CyC serum 
levels decreased in the #rst 24 hours of CVVHD, which was also con#rmed by 
two small case series showing a lower sCyC during CVVH than in the period 
without hemo#ltration [20, 21]. Bouman et al, described the same #ndings in 
a small pilot study in six consecutive patients [22]. %ey concluded that the 
observed decrease in CyC levels may be related to the type of membrane used, 
although a decreased Cystatin C production in critically ill patients might be an 
alternative explanation. Nevertheless, the fact that we found increasing levels of 
sCyC a"er CVVH was stopped supports the hypothesis that sCyC is in some way 
in'uenced by CVVH. 
We tested whether uCyC could serve as a biological marker of regaining renal 
function in patients being treated with CVVH because of AKI in the ICU. To our 
best knowledge there have been no studies that tested this hypothesis. We found 
similar characteristics for uCyC as for sCyC, namely that levels of uCyC were 
highly variable, both during CVVH and a"er stopping CVVH. Of note, levels of 
uCyC peaked a"er CVVH was stopped in both groups. Our #nding of measurable 
levels of CyC in urine is intriguing, since it is in contrast to #ndings in studies of 
patients without AKI. In healthy individuals, CyC is reabsorbed in the tubulus 
and will therefore not be detectable in the urine. One could speculate that our 
#nding may be explained by tubular dysfunction a"er acute tubular necrosis 
(ATN) in patients with AKI. Nevertheless, our data suggest that even in patients 
who are clinically improving, i.e. CVVH could be stopped in most patients, there 
still is tubular dysfunction hampering tubular resorption of #ltered CyC. In 
addition to the high variability, this makes uCyC not useful for reliably predicting 
successful stopping of CVVH.
Several studies have focussed on the use of panels of biomarkers in nephrology 
instead of “stand alone” biomarkers. %ree studies have addressed the use of these 
panels in the prediction of AKI and may be superior than using individual markers 
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of renal function separately [14, 23, 24]. Unfortunately, in an earlier study we 
found CyC to be a poor biomarker in the prediction of AKI [25]. However, 
one could argue that the same hypothesis using panels of biomarkers, including 
CyC, would apply to the prediction of the recovery of renal function. In view of 
our #ndings, CyC seems not an appropriate biomarker in the aforementioned 
situations, neither as a stand-alone marker, nor as part of a panel in the prediction 
of the recovery of renal function and the cessation of CVVH.  
Our study is the #rst multicenter study that evaluated the prognostic value of 
levels of circulating and urinary CyC with regard to the decision to stop CVVH 
for AKI in the ICU. However, our study has several limitations. Firstly, our sample 
size was relatively small. However, it is questionable whether a larger sample size 
will show di$erent results in view of the high variability of our #ndings. Secondly, 
timing of stopping or re-starting CVVH was le" to the a!ending physician, 
although also based on Acute dialysis Quality Initiative (ADQI) consensus 
criteria and recommendations of the Dutch Intensive Care Society. %is approach 
re'ects daily practice, but may be di$erent in other se!ings. However, also taking 
into account that levels of sCyC and uCyC were highly variable, it seems unlikely 
that this could have altered the results. %irdly, di$erent membranes, for example 
the cellulose triacetate membrane and the polyacrylonitrile membrane may 
behave di$erently in their ability to remove CyC [26]. However, no trends of 
any di$erence in the values and variability of our #ndings was found between the 
participating ICUs. Nevertheless, the small number of patients per center has to 
be kept in mind, so future studies should include this variable in #nal analysis. 

Conclusion

Levels of sCyC and uCyC are probably not useful in the reliable prediction of 
successful stopping of CVVH in critically ill patients treated with CVVH for AKI.
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Abstract

Background: Neutrophil Gelatinase–Associated Lipocalin in serum (sNGAL) 
and urine (uNGAL) have been suggested as potential early predictive biological 
markers of acute kidney injury (AKI) in selected critically ill patients.
Methods: We performed a secondary analysis of a multicenter prospective 
observational cohort study of unselected critically ill patients with an expected 
duration of mechanical ventilation > 48 hours and/or expected stay in the 
intensive care unit (ICU) > 72 hours. %e presence of AKI was scored using the 
creatinine and urine output criteria of the RIFLE classi#cation system for AKI. 
Sensitivity, speci#city and area under the ROC curve were calculated to assess 
the diagnostic performance of sNGAL and uNGAL.
Results: %e #nal analysis included 140 patients, including 57 patients who 
did not develop AKI, 31 patients who developed AKI, and 52 patients with 
AKI on admission to the ICU. Levels of sNGAL and uNGAL on non–AKI 
days were signi#cantly lower compared to levels of sNGAL on RIFLERISK–days, 
RIFLEINJURY–days and RIFLEFAILURE–days. %e area under the ROC curve of 
sNGAL for predicting AKI was low: 0.45 [95% con#dence interval (CI) 0.27–
0.63] and 0.53 [CI 0.38–0.67], 2 days and 1 day before development of AKI, 
respectively. %e area under the ROC curve of uNGAL for predicting AKI was 
also low: 0.48 [CI 0.33–0.62] and 0.48 [CI 0.33–0.62], 2 days and 1 day before 
development of AKI, respectively. Area under the ROC curves of sNGAL and 
uNGAL for the prediction of renal replacement therapy requirement were 0.47 
[CI 0.37–0.58] and 0.26 [CI 0.03–0.50].
Conclusions: In unselected critically ill patients, sNGAL and uNGAL are poor 
predictors of AKI or need for renal replacement therapy.
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Introduction

Acute kidney injury (AKI) represents a frequent complication in critically ill 
patients, with high rates of morbidity and mortality [1-5]. AKI requiring renal 
replacement therapy (RRT) occurs in up to 5% of patients with AKI, in whom the 
mortality rate approaches 80% [4]. %e lack of early biological markers of renal 
injury prevents timely patient management decisions, including withholding 
nephrotoxic agents, administration of putative therapeutic agents, and the 
initiation of RRT.
Recently, Neutrophil Gelatinase–Associated Lipocalin (NGAL) has been 
implicated as an early predictive biological marker of renal injury [6]. NGAL 
is a ubiquitous 25–kDa protein, covalently bound to gelatinase from human 
neutrophils, which is normally expressed in very low concentrations in several 
human tissues, including the kidney [7, 8]. Expression of NGAL increases in 
the presence of in'ammation and injured epithelia, including the kidney a"er 
ischemia reperfusion injury and nephrotoxicity [7, 8]. Systemic NGAL appeared 
to be of diagnostic as well as prognostic value for AKI in previous studies of 
critically ill patients [9]. However, the role of NGAL in critically ill patients has 
mainly been studied in highly selected populations, including children and adults 
a"er cardiac surgery [10, 11], or a"er intravenous administration of contrast 
[12]. In these populations AKI etiology is clear and timing of the insult is o"en 
precisely known.
In the present study we evaluated the performance of NGAL in a group of 
unselected critically ill intensive care unit (ICU) patients, in which AKI etiology 
and timing are most of the time unclear. %us, we chose to study a population 
re'ecting daily practice in our centers, and tested two hypotheses. First, we 
hypothesized that NGAL in serum (sNGAL) and urine (uNGAL) can predict 
AKI 1 to 2 days earlier than the RIFLE criteria in patients who develop AKI 
a"er admission to the ICU. Second, we hypothesized that sNGAL and uNGAL 
predict the need for RRT, in unselected ICU–patients.

Methods

Study design
%is study is a secondary analysis of a multicenter prospective observational 
cohort study of unselected critically ill patients in 5 multidisciplinary, closed–
format ICUs, in which we collected serial serum and urine samples and 
determined the #rst day of AKI based on the RIFLE (Risk, Injury, Failure, Loss, 
and End–stage renal disease) classi#cation system [13, 14] %e institutional 
review board of all participating institutions approved the protocol, and wri!en 
informed consent was obtained from all patients or next of kin.

Patients
Patients who were older than 18 years, with an expected duration of mechanical 
ventilation of at least 48 hours and/or an expected length of ICU stay of at least 
72 hours were enrolled within 48 hours of ICU admission. Chronic RRT was an 
exclusion criterion.
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Data collected
Demographic data, admission diagnosis, reasons to initiate RRT (oliguria or 
anuria, high sCr/high sUr or acidosis), acute physiology age and chronic health 
evaluation (APACHE) II scores and simpli#ed acute physiology scores (SAPS) 
II [15, 16] were documented in the #rst 24 hours a"er admission. Routine 
laboratory data, including plasma creatinine, were measured daily.

Baseline renal function and definition of AKI
In order to de#ne the baseline renal function we compared the pre–morbid levels 
of serum creatinine (sCr) within 1 year prior to ICU admission with the sCr at 
ICU admission. %e lower of these 2 values served as baseline renal function. In 
case a pre–morbid sCr was unavailable, baseline renal function was estimated by 
solving the Modi#cation of Diet in Renal Disease (MDRD) equation, with the 
assumption of a near lower limit of normal glomerular #ltration rate (GFR) of 75 
mL/min/1.73 m2 [17].
%e presence of AKI on admission and development of AKI during stay in 
ICU was scored using the creatinine and urine output criteria of the RIFLE 
classi#cation system for AKI [13]. In an additional analysis development of AKI 
during stay in ICU was scored using solely the creatinine criteria. %e #rst day of 
AKI (the #rst RIFLE event) was termed AKI–day 0; the 2 days prior to this day 
were termed AKI–day –1, and AKI–day –2, respectively.

Sampling and measurement of NGAL
Blood and urine sampling for NGAL measurements was performed on days 0, 1, 
and alternate days until the start of RRT, ICU discharge or death, whatever came 
#rst. Blood samples were drawn into sterile Vacutainer tubes and centrifuged at 
1.500x g for 10 minutes at 4ºC. %e supernatants were stored at –80ºC. Urine 
samples were taken from a 3–hour urine collection period a"er assessment of the 
urine volume, centrifuged and also stored at –80ºC.
All samples of NGAL were measured batch–wise by means of a commercial ELISA 
(R&D Systems, Abingdon, UK) according to manufactures recommendation. 
We tested multiple dilutions on the samples and made them in duplicate. To 
compensate for di$erences in urine 'ow rate, we normalized the urinary excretion 
of NGAL for moles of urinary creatinine (uNGALcorr.) [18]. In addition, as 
proposed before [19], we used the ratio of sNGAL to uNGAL in additional 
analyses.

Effect size
To #nd out what sort of e$ect size was to be expected in this secondary analysis, 
we calculated the standard error, 0.061, using the actual number of included 
patients in our study. %e accompanying 95% con#dence limits were 0.63 to 0.87 
given the estimated minimal clinically relevant area under the curve to be at least 
0.70.

Statistical analysis
%e #rst RIFLE event (Risk, Injury, or Failure, using the combination of creatinine 
and urine output criteria, or the creatinine criterion alone) served as the primary 
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endpoint. Initiation of RRT served as a secondary endpoint. Data were analyzed 
using the Statistical Package for the Social Sciences (SPSS) for Windows, version 
17.0 (SPSS, Chicago IL, USA).
Continuous variables were expressed as mean (± SD) or median with [IQR]. 
Categorical variables were expressed as counts and percentages. Normally 
distributed variables were compared using one–way analysis of variance with 
Bonferroni’s correction for multiple comparisons. For signi#cant #ndings, post 
hoc t–test was applied. Kruskall–Wallis one–way analysis of variance was used to 
compare non–normally distributed variables. Chi–square testing was used to test 
frequencies between groups. Linear mixed models were used to compare NGAL 
levels among RIFLE stages. Testing was two–tailed; P < 0.05 was considered 
statistically signi#cant.
Patients with AKI at admission were excluded from the diagnostic analysis and 
included only in the prognostic analysis. We used day –2 and day –1 in patients 
who developed AKI with day 0 and day 1 in patients who never developed AKI. 
%is time period was chosen as patients who developed AKI ful#lled RIFLE 
criteria a"er 2 [1–2] days.
We assessed sNGAL and uNGAL on their ability to detect AKI or predict need for 
RRT by calculation of the area under the curve (AUC) of the receiver–operating 
characteristic (ROC) plot.

Results

Patients
%e original study included 170 patients; 19 patients were excluded because 
data collection was incomplete. Of the remaining 151 patients, samples were 
no longer available for analysis of NGAL levels in 11 patients: 3 patients who 
did not develop AKI, 4 patients who developed AKI, and 4 patients with AKI 
on admission. %erefore, the #nal analysis included 140 patients, of whom 57 
patients did not develop AKI, 31 patients developed AKI, and 52 patients with 
AKI on admission, when using the MDRD based baseline sCr, and classifying 
patients according to the creatinine and urine output criteria of RIFLE. %ere 
were no di$erences in baseline characteristics between the original 170 patients 
included in the study and 140 patients #nally analyzed here.
Baseline demographic data are presented in table 1. Renal and outcome data 
are presented in table 2. Patients who developed AKI were signi#cantly older 
compared to patients who did not develop AKI. %ere were no signi#cant 
di$erences among the groups in terms of pre–morbid hypertension, diabetes 
or chronic kidney disease. %e MDRD based baseline sCr was used in 10% of 
patients who never developed AKI, 13% of patients who developed AKI, and 
29% of patients with AKI on admission.
Patients who developed AKI ful#lled RIFLE criteria a"er 2 [1–2] days. 
Continuous venovenous hemo#ltration (CVVH) was started in 11 out of 83 
patients who presented with or developed AKI (13%). %e reason to initiate RRT 
was oliguria/anuria in 7 patients, acidosis in 1 patient and high sCr or high sUr 
in 3 patients. %e duration between AKI–day 0 and start of RRT was median 1 
[0–4] day. In comparison with the non–RRT patient, AKI patients who required 
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RRT had signi#cantly higher APACHE II scores on admission and produced less 
urine.

Serum and urine levels of NGAL
Figure 1 shows levels of sNGAL and uNGAL. Compared to levels of sNGAL on 
non–AKI days, signi#cantly higher levels of sNGAL were found on RIFLERISK–
days, RIFLEINJURY–days and RIFLEFAILURE–days. Serum NGAL levels were not 
signi#cantly di$erent among the 3 RIFLE categories.

Similarly, compared to levels of uNGAL on non–AKI days, signi#cantly 
higher levels of uNGAL were found on RIFLERISK–days, RIFLEINJURY–days and 
RIFLEFAILURE–days. Levels of uNGAL were also not signi#cantly di$erent among 
the 3 RIFLE categories except for RIFLERISK versus RIFLEFAILURE. Di$erences in 
levels of uNGAL per RIFLE category remained similar when urine NGAL was 
corrected for moles of urinary creatinine.

Prediction of AKI
We compared levels of sNGAL and uNGAL in the 2 days prior to AKI from 
patients who developed AKI, with the #rst 2 study days of admission in patients 
who did not develop AKI (#gure 2). %e areas under the ROC curve of sNGAL 
and uNGAL for predicting AKI were low, and only slightly improved by 
normalizing the excretion of NGAL for moles of urinary creatinine (table 3). 
Similarly, using the ratio of sNGAL to uNGAL the AUC only slightly improved 
(table 3).

When we did not use the MDRD based baseline sCr results were not di$erent. 
Also, when we only used the creatinine criterion of RIFLE to classify the presence 
of AKI, and non–AKI and AKI days, areas under the ROC curve of sNGAL and 
uNGAL for predicting AKI remained low (see electronic supplement).

Prediction of RRT
%e areas under the ROC curve of sNGAL and uNGAL for predicting RRT 
requirement were also low, and did not improve by normalizing the excretion 
of NGAL for moles of urinary creatinine, or when using the ratio of sNGAL to 
uNGAL (table 4).
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Figure 1. 
Neutrophil gelatinase–associated lipocalin (NGAL) in serum and urine per RIFLE severity. On 
non–acute kidney injury (AKI) days NGAL in serum and urine was lower (P < 0.05) compared with 
days fulfilling the RIFLERISK, RIFLEINJURY, and RIFLEFAILURE criteria. Non–AKI patients, N = 57; AKI 
patients N = 31.

Figure 2.
Neutrophil gelatinase–associated lipocalin (NGAL) and creatinine in serum and urine 
1 and 2 days prior to acute kidney injury (AKI). Levels are compared to day 0 and day 1 in patients 
who never developed AKI. Non–AKI patients, N = 57; AKI patients, N = 31.
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Table 1.
Group characteristics

Patients who 
never developed 

AKI(n=57)

Patients who 
developed 
AKI(n=31)

Patients 
with AKI on 

admission(n=52)
P–value

Age (years) 58,8 (16,1) 67,1 (15,8) 74,4 (9,4) < 0.05

Gender (male) (%) 37 (64.9%) 21 (67,7%) 32(61,5) 0.84

Weight (kg) 75.7 (14.7) 81.6 (14.9) 81.1(19.7) 0.17

Height (cm) 176.0 (8.4) 175.2 (8.5) 171.2 (17.1) 0.12

APACHE II score 18.5 (9.4) 19.3 (8.3) 23 (11.5) 0.06

SAPS II 35.9 (12) 42.8 (15) 47.1 (14.8) < 0.05

RIFLE baseline sCr (µmol/L) 69.9 (18.7) 77.9 (15.9) 76.3 (19.8) 0.16

sUrea(mmol/L) 7.9 [5.9 – 11.2] 11.7 [8.1 – 17.2] 12.4 [8.1 – 22.4] < 0.05

sCr (µmol/L) 62 [50 – 78] 86 [72 – 104] 110 [73 – 177] < 0.05

sNGAL (ng/ml) 269 [180 – 398] 307 [187 – 460] 343 [238 – 652] < 0.05

uNGAL (ng/ml) 99 [41 – 301] 149 [52 – 405] 289 [92 – 602] < 0.05

uNGALcorr (mg/molCr) 23 [9-64] 40 [13-142] 23 [8-101] 0.05

Primary diagnosis (n) (%)

  CPB 1 (1.7%) 2 (6.4%) - 0.25

  Cardiovascular failure 1 (1.7%) 4 (12.9%) 4 (7.7%) 0.11

  Cerebrovascular event 2 (3.5%) 0 (0%) 0 (0%) -

  Hemorrhagic shock 7 (12.3%) 1 (3.2%) 5 (9.6%) 0.37

  Multiple trauma 3 (5.3%) 2 (6.4%) 1 (1.9%) 0.55

  Elective major surgery 1 (1.8%) 1 (3.2%) 5 (9.6%) 0.15

  Respiratory failure 22 (38.6%) 10 (32.2%) 14 (26.9%) 0.43

  Septic shock 20 (35.1%) 11 (35.5%) 24 (46.2%) 0.44

Admission category (n) (%)

  Medical 27 (47.4%) 14 (45.2%) 21 (40.4%) 0.76

  Surgical 30 (52.6%) 17 (54.8%) 31 (59.6%) 0.76

Days from admission until AKI 
(median and range)

NA 2 [1 – 2] 0 -

Worst AKI score in ICU (n) (%)

  Risk - 25(80%) 22(42%) < 0.05

  Injury - 4(12%) 13 (25%) 0.19

  Failure - 2(6%) 17 (32%) 0.006

CVVH 1 (2%) 3 (10%) 8 (15%) < 0.05

LOS (days) 5 [3 – 8] 8 [5 – 18] 6 [3 – 9] 0.001

ICU mortality 0 4 (13%) 8 (15%) < 0.05

Hospital mortality 4 (7.0%) 5 (16.1%) 15 (29%) < 0.05
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CVVH 
(N = 11)

no CVVH 
(N = 72)

P–value

Age (years) 68.9 (11.6) 72.1 (12.7) 0.43

Gender (male) 7 (63,6%) 46 (63.9%) 0.99

APACHE II score 28 [20 – 30] 19 [14 – 25] 0.05

SAPS II 51 [44 – 57] 45 [35 – 51] 0.11

sUrea (mmol/L) 11 [7 – 23] 10 [7 – 18] 0.24

sCr (µmol/L) 147 [94 – 299] 100 [76 – 139] 0.03

sNGAL (ng/ml) 338 [251 – 798] 341 [205.4 – 622] 0.56

uNGAL (ng/L) 303 [39 – 750] 219 [92 – 535] 0.90

uNGALcorr (mg/mol Cr) 38 [7 – 342] 34 [9-114] 0.51

urine output (ml/day) 1480 [493 – 1960] 2535 [1826 - 3792] < 0.001

AKI prior to CVVH (days) 1 [0 – 4] NA -

Table 2.
Characteristics of acute kidney injury patients by presence or absence of CVVH

Table 3.
AUC (CI) for sNGAL, uNGAL and uNGALcorr in predicting AKI

Table 4.
AUC (CI) for sNGAL, uNGAL and uNGALcorr in predicting RRT

Day -2 Day -1

sNGAL 0.45 (0.27 to 0.63) 0.53 (0.38 to 0.67)

uNGAL 0.48 (0.33 to 0.62) 0.48 (0.33 to 0.62)

uNGALcorr 0.47 (0.29 to 0.66) 0.65 (0.51 to 0.79)

sNGAL/uNGAL 0.60 (0.41 to 0.80) 0.47 (0.31 to 0.63)

sNGAL 0.47 (0.37 to 0.58)

uNGAL 0.26 (0.03 to 0.50)

uNGALcorr 0.27 (0.0 to 0.57)

sNGAL/uNGAL 0.26 (0.01 to 0.51)
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Discussion

%e aims of this prospective multicenter study were to evaluate whether NGAL 
in serum and urine can detect AKI earlier than the RIFLE–criteria in unselected 
critically ill patients, and whether NGAL in serum and urine can predict RRT 
requirement. Levels of sNGAL and uNGAL on non–AKI days were signi#cantly 
lower compared with that on RIFLERISK–INJURY–FAILURE–days. Levels of sNGAL 
and uNGAL were not di$erent between the patients who #nally proceeded with 
RRT and patients who did not need RRT. %e predictive ability of sNGAL and 
uNGAL was poor, both for detecting AKI and for predicting need for RRT.
Our study is amongst the #rst studies investigating whether NGAL predicts the 
development of AKI in unselected critically ill ICU patients in which AKI etiology 
and timing are o"en unclear. Our study knows several limitations, though. 
First, our sample size was relatively small. Second, the MDRD based baseline 
sCr had to be used in 18% of our patients. Missing pre–admission sCr value is a 
recognized problem in AKI research, which may lead to misclassi#cation of the 
incidence of AKI [20]. Contrary, the use of surrogate measures for baseline renal 
function prevents selection bias. Using MDRD based baseline sCr gave us the 
opportunity to analyze all patients, which otherwise was not possible. Notably, 
when we did not use the MDRD based baseline sCr results were not di$erent. 
%ird, the de#nition of a disease or clinical entity is critical in biomarker research, 
and the RIFLE criteria may not be an adequate “gold standard” for AKI. %e 
consensus RIFLE de#nition for AKI is based on sCr and/or urine output. %ese 
are functional parameters and may not be appropriate for the detection of injury 
to the kidney.
We were also the #rst to use the RIFLE classi#cation with both sCr and urine 
output, to classify patients. %is might have a$ected our outcomes. Indeed, by 
using the urine output criterion in addition to the sCr, we may have classi#ed 
more patients as having AKI. We consider our approach, based upon consensus, 
more appropriate. Furthermore, when we only used the creatinine criterion of 
RIFLE the predictive ability of sNGAL and uNGAL remained poor.
Our results are in contrast with those from other investigations. Indeed, studies 
investigating sNGAL and/or uNGAL for the prediction of AKI in patients a"er 
cardiac surgery [10, 11, 21-27], patients with multiple trauma [28] and patients 
with sepsis or SIRS [29, 30] showed excellent performances for NGAL as a 
predictive biological marker of AKI, with areas under the ROC curve of sNGAL 
and up to 0.91 and of uNGAL up to 0.99. %is discrepancy may not come as a 
surprise, since in these patient groups usually the direct cause of AKI as well as its 
timing are o"en obvious. In addition, since collection of specimens in our study 
could start the next day of admission and specimens were collected on alternate 
days a"er the #rst 2 days, we may have missed peak NGAL levels in our study. 
However, our approach be!er re'ects daily practice, which is most of the time 
very di$erent from the ideal research se!ing.
It should be noted, though, that the results of our study are also di$erent 
from results from 3 recently published studies that focused on the diagnostic 
performance of serum NGAL in a more heterogeneous ICU populations [31-33]. 
Opposite to our #ndings, these 3 studies suggested sNGAL to be a good and early 
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biological marker of AKI, with increased levels of sNGAL 48 hours before RIFLE 
criteria were met, and even on admission. Cruz et al. studied 301 consecutive 
patients admi!ed to a general medical–surgical ICU [31]. %e primary outcome 
was AKI, de#ned as an increase in plasma creatinine of at least 50% from baseline 
or a reduction in urine output to < 0.5 ml/kg/hour for > 6 hours. sNGAL was 
a good diagnostic marker for AKI development within the next 48 hours (area 
under the ROC curve 0.78 [CI 0.65–0.90], and for RRT requirement (area under 
the ROC curve 0.82 [CI 0.70–0.95]. Constantin et al. studied 88 critically ill 
patients [32]. Focusing on patients without AKI on admission, the area under 
the ROC curve of sNGAL was 0.96 [CI 0.86–0.99] for prediction of AKI. De 
Geus et al. studied the predictive value of NGAL in 632 critically ill patients [33]. 
In this study urine was collected from admission up to 72 hours a"er admission. 
%e AUC for sNGAL in predicting AKI was 0.77 ± 0.05 (RIFLERISK), 0.80 ± 0.06 
(RIFLEINJURY) and 0.86 ± 0.06 (RIFLEFAILURE); the AUC for uNGAL in predicting 
AKI was 0.80 ± 0.04 (RIFLERISK), 0.85 ± 0.04 (RIFLEINJURY) and 0.88 ± 0.04 
(RIFLEFAILURE). Several di$erences in study designs may explain the opposite 
results. First, Constantin et al. used only one single measurement of uNGAL on 
admission, since their primary endpoint was the value of NGAL to predict AKI 
on admission to the ICU [32]. In the studies by Cruz et al. and de Geus et al. 
patients who already had AKI on admission were not excluded, which may have 
resulted in higher NGAL levels [31, 33]. Indeed, in the study by Cruz et al. 29% 
of all patients (67% of all AKI patients) had AKI on admission [31], in the study 
by de Geus et al. 59% of all patients had AKI on admission [33].
Notably, de Geus et al. found increased uNGAL levels in septic patients without 
AKI, while levels of sNGAL were not di$erent between patients who developed 
AKI and those who did not. %is is in contrast to a study of adult septic patients 
by Martensson et al. [34]. While in this study the AUC for sNGAL was low 
(0.67) the AUC for uNGAL was good (0.86). 
As described by Haase et al. [9], the use of a standardized NGAL assay reported a 
be!er AUC for NGAL than individually developed research–based assays. Cruz 
et al. and Constantin et al. used the Triage Meter (Biosite, San Diego) [31, 32]. 
In our study we used a commercial ELISA. It is uncertain whether this di$erence 
explains the di$erences between our study results and those from other studies.
A large proportion of our patients already had AKI on admission. %is is similar 
to other studies on predictive biomarkers for AKI in a heterogeneous ICU 
population[31, 33]. It makes li!le sense to predict AKI in patients who already 
have AKI, except if NGAL predicts progression in AKI severity, including the 
need for RRT. Unfortunately, in our study both sNGAL and uNGAL were no 
predictors of RRT requirement, although it must be mentioned that the number 
of patients eventually requiring RRT in our study was small. Several factors can 
be of in'uence on our results regarding the predictability of need for RRT. For 
instance, the reason for initiating RRT in our cohort was much more divers than 
in patients a"er cardiopulmonary bypass [10, 11, 22-27].
Nearly 40% of our patients never developed AKI, yet some of these patients had 
increased levels of NGAL, both in serum and urine. A possible explanation for 
this #nding could be the published reference intervals of sNGAL and uNGAL 
[35]. %ey were determined in healthy volunteers with no history of renal disease, 
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and may not apply to our critically ill population.
In conclusion, in this multicenter study of unselected critically ill patients, both 
sNGAL and uNGAL were poor predictive biological markers for AKI. Moreover, 
sNGAL and uNGAL did not predict the need of RRT.
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Abstract: 

Background: Acute renal failure is a common complication of severe malaria in 
adults, and without renal replacement therapy (RRT), it carries a poor prognosis. 
Even when RRT is available, delaying its initiation may increase mortality. Earlier 
identi#cation of patients who will need RRT may improve outcomes.
Method: Prospectively collected data from two intervention studies in adults with 
severe malaria were analysed focussing on laboratory features on presentation 
and their association with a later requirement for RRT. In particular we examined 
laboratory indices of acute tubular necrosis (ATN) and acute kidney injury 
(AKI) that are used in other se!ings.
Results: Data from 163 patients were available for analysis. Whether or not the 
patients should have received RRT (a retrospective assessment determined by 
three independent reviewers) was used as the reference.  Forty-three (26.4%) 
patients met criteria for dialysis, but only 19 (44.2%) were able to receive this 
intervention due to the limited availability of RRT. Patients with impaired renal 
function on admission (creatinine clearance < 60ml/min) (n=84) had their 
laboratory indices of ATN/AKI analysed. %e plasma creatinine level had the 
greatest area under the ROC curve (AUC): 0.83 (95% con#dence interval 0.74-
0.92), signi#cantly be!er than the AUCs for, urinary sodium level, the urea to 
creatinine ratio (UCR), the fractional excretion of urea (FeUN) and the urinary 
neutrophil gelatinase-associated lipocalcin (NGAL)level. %e AUC for plasma 
creatinine was also greater than the AUC for blood urea nitrogen level, the 
fractional excretion of sodium (FeNa), the renal failure index (RFI), the urinary 
osmolality, the urine to plasma creatinine ratio (UPCR) and the creatinine 
clearance, although the di$erence for these variables did not reach statistical 
signi#cance.
Conclusions: Of the evaluated laboratory indices used to determine the presence 
of ATN/AKI, none was superior to the plasma creatinine level when used to 
predict the later requirement for RRT in adult patients with severe malaria and 
impaired renal function on admission. 
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Background

Acute renal failure (ARF) is a relatively common complication of falciparum 
malaria in adults. In patients with severe disease the incidence of ARF may be as 
high as 45% [1,2] and is associated with a mortality rate of up to 75% [3].
%e specialist care of patients with malaria-associated ARF (MARF) in Vietnam 
led to a marked decline in mortality from 75% to 26% [3]. %e most important 
component of this intervention was the introduction of peritoneal dialysis, which 
was e$ective in reducing mortality even when given for a relatively short duration. 
Subsequently, it was shown that hemo#ltration was superior to peritoneal dialysis 
in MARF and was also cost-e$ective, despite the greater initial outlay costs [4]. 
In the initial Vietnam series, 21% of patients receiving peritoneal dialysis for 
MARF died, the majority within 24 hours of starting peritoneal dialysis - the 
authors suggested that the earlier initiation of renal replacement therapy (RRT), 
may have prevented some of these deaths [3].
%e pathology of MARF is that of an acute tubular necrosis (ATN) associated with 
localization of host monocytes in the kidney as well as sequestration of parasitized 
red blood cells in the microcirculation [5], although the precise mechanism of 
renal injury is not known. Patients who have ATN will usually require early RRT, 
however on admission to the hospital it is di&cult to distinguish patients with 
ATN from patients with reversible pre-renal causes that will respond, albeit at 
di$erent rates, to simple rehydration and e$ective anti-malarial treatment [6].
At present, the decision to initiate RRT is usually based on the clinical assessment 
of treating physicians. It is generally guided by a patient’s response to therapy 
during the early stages of their admission, and is o"en in'uenced by the limited 
availability of trained sta$, available facilities and economic factors. %erefore, 
the initiation of RRT is o"en delayed until the patients have failed to respond to 
rehydration and anti-malarial chemotherapy. %is may be too late [3].
Even in resource-rich se!ings the di$erentiation of reversible pre-renal ARF 
from established ATN is challenging at initial presentation. %is is because of a 
lack of uniform diagnostic criteria for ATN. De#nitive morphological diagnosis 
with biopsy is rarely justi#ed and improvement in renal function following 'uid 
repletion is a retrospective inference. %erefore, several laboratory tests have 
been devised that might help di$erentiate these populations. %ey are based on 
assessment of the renal response to reduced perfusion, which is the avid retention 
of salt and water in an a!empt to preserve the circulating volume. Proposed tests 
include: the renal failure index (RFI), the fractional excretion of sodium (FeNa), 
the fractional excretion of urea (FeUN), the urea to creatinine ratio (UCR), the 
urine to plasma creatinine ratio (UPCR), and the urinary sodium (UNa) and 
osmolality (UOsm) [7-11] (Table 1). However such tests are not uniformly 
accepted [12] and they have not been assessed systematically in the prediction of 
the requirement for RRT [13].

More recently several biomarkers of acute kidney injury have been described. %e 
most promising of these is neutrophil gelatinase-associated lipocalcin (NGAL), 
which is secreted into the urine from the ascending loop of Henle and collecting 
ducts of the kidney in proportion to the degree of acute injury [14]. Urinary 
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NGAL on admission is correlated with mortality and a later requirement for RRT 
in critically ill patients [15].
%e aim of this study was to assess the ability of these tests of ATN/AKI to 
predict the later requirement for RRT in patients with severe falciparum malaria. 
Diagnostic tests that facilitate initiation of RRT might potentially improve 
outcome.

Methods

%e study was conducted at Chi!agong Medical College Hospital, Bangladesh, 
a large tertiary referral hospital in the country’s second largest city. %e hospital 
serves a wide area in which malaria is endemic with peaks in transmission during 
the wet season. Transmission intensity is low and severe malaria is predominantly 
seen in adults.
Patients enrolled in clinical trials of adjuvant therapy of severe malaria between 
2003 and 2007 were included in this study. From 2003 to 2005 patients were 
enrolled in a trial assessing N-acetylcysteine (NAC) [16]. In 2006 and 2007 
the patients were drawn from those assessed for a trial examining the e&cacy 
of levamisole (study ongoing). Informed consent was obtained from the 
families of all patients enrolled in the trials. All studies had been approved by 
the ethics commi!ee of the Ministry of Health, Bangladesh and OXTREC, the 
ethics commi!ee for studies in tropical countries of Oxford University, UK. All 
patients had to satisfy pre-speci#ed criteria for severe malaria (Table 2) and have 
asexual forms of P. falciparum on a blood #lm. Blood and urine were collected 
on study enrolment. %ese values were used to determine the laboratory indices. 
Malarial thick and thin #lms were read immediately and basic laboratory results 
(Plasma sodium, plasma potassium, blood urea nitrogen, blood glucose, plasma 
bicarbonate, plasma pH, haemoglobin, hematocrit) were available within 
minutes through the use of a portable hand held analyser (iStat with EC8+ 
cartridges, Abbo!, Illinois, USA). Plasma and urine specimens were frozen at 
-80°C for subsequent biochemical analysis in Bangkok, %ailand. %e urine 
NGAL was measured using a commercial ELISA (R&D Systems, Abingdon, UK) 
in Amsterdam.

%e patients were managed according to the published WHO guidelines [17,18] 
and were resuscitated with normal saline, titrated against the clinical assessment 
of dehydration. Apart from the simple investigations available on admission 
(above), which were repeated when clinically indicated, none of the measures of 
ATN/AKI were available to the treating clinicians. %ere were two haemodialysis 
machines in the hospital; if these were unavailable peritoneal dialysis was 
provided where supervising sta$ and facilities were available.
A premorbid plasma creatinine was not available in any of the patients due to 
their remote location in a resource-poor se!ing. %e usual classi#cation of a 
#"y percent increase in the plasma creatinine could thus not be used to de#ne 
acute renal failure. Accordingly acute kidney injury was de#ned as a creatinine 
clearance less than 60 milliltres per minute, a #gure commonly used to de#ne 
clinically signi#cant renal dysfunction [19,20]. Creatinine clearance was 
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RFI: > 1, evidence for ATN, FeNa: <1% evidence for pre-renal disease, >2% evidence for ATN, 
FeUN: <35% evidence for pre-renal disease, >50% evidence for ATN, UCR: >20 evidence for  
pre-renal disease,<15 evidence for ATN (n.b. non SI units), UPCR: >40 evidence of pre-renal 
disease, <20 evidence for ATN, UNa: <20mmol/L evidence for pre-renal disease, >40mmol/L 
evidence for ATN, UOsm: >500mosm/kg evidence for pre-renal disease, <450mosm/kg evidence 
for ATN. n/a: not applicable

Table 1. 
Laboratory tests used to differentiate pre-renal ARF from ATN. 7

Table 2. 
Criteria for severe malaria (after Hien et al) 1 

Test Formula used to calculate

Renal failure index (RFI) (Urine sodium & plasma creatinine)
Urinary creatinine

Fractional excretion of sodium (FeNa) (Urine sodium/plasma sodium) & 100
(Urine creatinine/plasma creatinine)

Fractional excretion of urea (FeUN) (Urine urea/plasma urea) & 100
(Urine creatinine/plasma creatinine)

Plasma urea to creatinine ratio (UCR) plasma urea/plasma creatinine

Urinary to plasma creatinine ratio (UPCR) urinary creatinine/plasma creatinine

Urinary sodium concentration (UNa) n/a

Urinary osmolality (UOsm) n/a

On admission:

1.    Cerebral malaria. GCS < 11.

2.    Shock. Systolic blood pressure <80mmHg, with cool extremities 

3.    Severe anaemia. Haematocrit <20%, with parasite count > 100,000/µl

4.    Liver disease. Total bilirubin > 42µmol/L with parasite count > 100,000/µl

5.    Hyperparasitemia. Peripheral parasite count >10%

6.    Acidosis. Venous bicarbonate <15mmol/L

On admission, or developing within the !rst 72 hours:

7.    Hypoglycaemia. Blood glucose <2.2mmol/L

8.    Convulsions

9.    Pulmonary oedema

10. Renal failure. Plasma creatinine > 265µmol/L
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estimated using the Cockcro" and Gault formula [21]. %e case records were 
retrospectively reviewed by two independent internal medicine physicians ( JH 
and PC) to determine whether patients should have received treatment with 
dialysis according to pre-de#ned criteria (Table 3). If there was disagreement, 
the chart was reviewed by an intensive care physician (AMD) and a consensus 
was reached.

%e results from the deidenti#ed data were recorded in a computerised database 
(Microso" Access, Microso" Corporation, USA) and then analysed using 
statistical so"ware (Stata 9.0, Statacorp, Texas, USA). %e performance of 
the tests was assessed using receiver operating characteristic (ROC) curves. 
Dichotomous variables were analysed using the Chi squared, Fisher’s exact and 
Kruskal-Wallis tests.

Results

Patients
Of the 184 patients assessed for these studies, 163 had su&cient data for analysis. 
Eighty-four (51.5%) patients had a calculated creatinine clearance < 60 ml/min 
at study enrolment (Figure 1). Baseline characteristics of the patients are shown 
in Table 4.

%e patients were very unwell: 90% had a CAM score +2 [22] and sixty-six 
patients (40.5%) died. Renal impairment was more common in older patients, 
those with a higher peripheral parasitemia, a higher CAM score and an elevated 
plasma bilirubin. Predictably these patients were more likely to have a lactic 
acidosis and elevated plasma potassium.

%ere was 87% agreement between the internal medicine physicians in de#ning 
the patients with an indication for RRT. A"er discussion with the intensive care 
physician, there was unanimous consensus on the forty-three patients (26.4%) 
who should have received RRT. Twenty- four of these patients were unable 
to receive it for logistic reasons. Of the 19 patients who received RRT, seven 
patients (37%) died - a #gure similar to the mortality rate in the series of patients 
without renal impairment (34%). However, in the 24 patients meeting criteria 
for RRT but who were unable to receive it, there were eighteen deaths (75%) - a 
statistically signi#cant di$erence (p = 0.01). Two of the patients who received 
RRT had haemodialysis, the others received peritoneal dialysis. %e majority 
of patients received RRT in the #rst 48 hours of admission (Figure 2). %e 
duration of required RRT was relatively brief: surviving patients had dialysis for 
a median of three days (range 2-6 days). %e most frequent indication for RRT 
was metabolic acidosis (Table 5).

%e data from patients with a creatinine clearance < 60 ml/min on admission 
(n = 84) were analysed to determine whether laboratory indices for ATN/AKI 
could predict a later requirement for RRT (Tables 6 and 7, and Figures 3a, 3b, 3c, 
3d and 4).
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Measurement of the plasma creatinine on admission had the greatest ability 
to de#ne a later requirement for RRT as deter- mined by the area under the 
receiving operator characteristic curve (AUROC): 0.83 (95% con#dence interval 
(CI) 0.74-0.92). If only the patients who actually received RRT were analysed 
admission plasma creatinine had a greater AUROC (0.69 (95% CI 0.55-0.83) 
than all laboratory indices except urinary osmolality (0.74 (95% CI 0.6-0.87), p 
= 0.37 for a di$erence).

Table 3. 
Criteria used by reviewers to determine the requirement for dialysis (one or more required).

Figure 1. 
Overview of the patients

* Renal impairment: BUN greater than 30mmol/L or plasma creatinine > 200 )mol/L

1. Evolving hyperkalaemia (K greater than 5.5mmol/L) and renal impairment.*   

2. Evolving acidosis (pH < 7.35, HCO3 < 15) and renal impairment.*

3. Fluid overload not manageable by conservative measures and evolving renal impairment. *

4. Uncontrolled seizures in the setting of renal impairment*

5. Pericarditis in the setting of renal impairment*

6.  Dialysis initiated appropriately by treating physicians before above criteria were met (eg. signi!cantly worsening renal impairment 
despite conservative measures)

184 patients enrolled 
in the 2 studies

84 creatinine 
clearance

<60 ml/minute  
on admission

79 creatinine 
clearance

>60ml/minute on 
admission

21 insu'cint data for 
this study

39 (46%) met criteria 
for RRT in the study

75 (96%) did not 
reach criteria for RRT 

in the study

45 (54%) did not 
reach criteria for RRT 

in the study

4 (4%) met criteria 
for RRT in the study
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Table 4. 
Baseline patient characteristics classified by admission creatinine clearance

Variable All patients 
n=163

CrCl>60ml/min
n=79

CrCl <60ml/min
n=84

P

Age (years) 35 (23 – 45) 30 (23 – 40) 37 (23 - 50) 0.02

Male sex 136/163 (80%) 66/79 (84%) 64/84 (76%) 0.33^

Parasite count % (peripheral) 2.7 (0.9 – 9.5) 1.9 (0.7 -4.9) 3.6 (1.1 – 11.3) 0.003

Glasgow Coma Score 8  (7 – 9) 8 (6 – 10) 9 (5 - 11) 0.8

Mean arterial pressure (mmHg) 80 (73 – 90) 81  (73 – 93) 80 (70 - 87) 0.2

Heart rate (beats per minute) 113 (102 – 131) 112 (94 - 131) 114 (103 - 134) 0.54

Respiratory rate (breaths per minute) 30 (26 – 36) 30 (25 – 36) 30 (26 – 36) 0.53

Oxygen saturation (%) 96 (94- 97) 96 (94 – 98) 96 (93 – 97) 0.61

Glucose (mmol/L) 6.8 (5.3 – 10.1) 7.2 (5.7 – 7.2) 6.3 (4.9 - 9) 0.09

Sodium  (mmol/L) 133 (128 – 137) 132 (128 - 137) 133(129 – 139) 0.28

Potassium  (mmol/L) 4.3 (3.8 – 4.8) 4.2  (3.7 - 4.6) 4.5 (3.8 – 4.9) 0.03

Bicarbonate (mmol/L) 16.9 (15 – 17.5) 19.3 (16 – 21.3) 14 (12 – 17.1) 0.0001

Base excess -8 (-12 - -3) -5 (-8 - -2) -11 (-16 - -7) 0.0001

Lactate 4.7 (3.3-7.2) 4.3 (3.1 -5.5) 5.6 (3.7 -10.1) 0.002

Blood urea nitrogen (mmol/L) 14.7 (9 -26) 9.2 (6.4 – 12.1) 24.9 (18 – 34.3) 0.0001

Plasma creatinine (µmol/L) 122 (79.6 - 202) 79.2 (61.6 – 97.2) 202 (142 - 316) 0.0001

Hematocrit (%) 29 (23 – 35) 32 (26 – 36) 29 (23 - 35) 0.06

Urinary sodium (mmol/L) 44 (30 – 66) 48 (30 – 79) 40 (30 - 63) 0.35

FeNa 0.71 (0.28 – 1.37) 0.39 (0.2 -  0.84) 1.05 (0.52 – 2.11) 0.0001

RFI 0.95 (0.4 – 1.8) 0.5 (0.2 – 1.1) 1.3  (0.7 – 2.8) 0.0001

UOsm (mosm/L) 498 (391 – 674) 614 (503 – 725) 412 (357 - 518) 0.0001

FeUN 46 (29 – 65) 51 (38 – 66) 37 (24 – 64.5) 0.001

UPCR 53  (29.9 – 85.1) 80.5(60.3 – 115.8) 32.6 (19 – 46.9) 0.0001

Urea:creatine ratio 29.4  (21.8 – 37.8) 28.7 (20 – 38.4) 29.4 (22.4 - 37) 0.86

Plasma bilirubin (total) (µmol/L) 72  (35.9 – 160) 61.1 (29.9 - 111.3) 94.7(43.3 - 204.9) 0.01

Plasma bilirubin (direct) (µmol/L) 28.6  (12 - 77) 18.6 (10.4 - 42.8) 44 (18.8 - 113.3) 0.0001

NGAL 322 (226 – 586) 232 (171 – 333) 468 (304 – 733) 0.0001

All numbers, except male sex, are medians (interquartile range)
All P values comparing the populations with CrCl>60ml/min and CrCl<60ml/min are determined 
using Kruskal- Wallis, except ^ Fisher’s exact. CrCl: creatinine clearance, FeNa: Fractional Excretion 
of sodium, RFI: Renal Failure Index, UOsm: Urinary osmolality. FeUN: Fractional excretion of 
urea nitrogen, UPCR: urine:plasma creatinine ratio, UCR: plasma urea:creatinine ratio (n.b. non SI 
units), NGAL: neutrophil gelatinase-associated lipocalcin.
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Figure 2. 
Day of hospital admission that dialysis was commenced

Figure 3. 
Receiver operating 
characteristic curve 
showing the ability 
of variables to predict 
a later requirement 
for dialysis in those 
patients who should 
have received dialysis. 
a)Plasma creatinine b)
Fractional excretion 
of sodium c)Urinary 
neutrophil gelatinase-
associated lipocalcin 
d) Plasma bicarbonate

Table 5. 
Indication for renal replacement therapy

Indication Number

Renal impairment and acidosis 28

Renal impairment, acidosis and hyperkalaemia 8

Worsening renal impairment despite conservative measures 4

Worsening renal impairment and convulsions 1

Renal impairment and hyperkalaemia 2

Pericarditis 0

Convulsions 0

Total 43
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Figure 4. 
Proportion who should have received RRT by admission serum creatinine

<88µmol/L

90

80

70

60

50

40

30

20

10

0
88-176µmol/L 176-264µmol/L >264µmol/L

Table 6. 
Receiver Operating Characteristic (ROC) analysis of the ability of various laboratory tests 
performed on admission to predict the later requirement for RRT in patients with an admission 
creatinine clearance of less than 60ml/minute.

Index Median values in 
patients who should 

have received 
dialysis

Patients who were able to 
have dialysis

Patients who should have 
had dialysis

p*

AUC 95% CI AUC 95% CI

Plasma creatinine 
(µmol/L)

290 (226 – 379) 0.69 (0.55-0.83) 0.83 (0.74 - 0.92)

Creatinine clearance 
(ml/min)

24.7 (20.7 – 31) 0.66 (0.51-0.81) 0.78 (0.68 - 0.88) 0.1

RFI 2.5 (1.5 – 3.6) 0.64 (0.48-0.8) 0.75 (0.64 - 0.86) 0. 21

FeNa 1.89 (1.1 – 2.66) 0.64 (0.48-0.79) 0.75 (0.64-0.86) 0.21

Blood urea nitrogen 
(mmol/L)

32.5 (27.8 – 36.1) 0.66 (0.51-0.81) 0.77 (0.66 - 0.87) 0.18

UOsm  (mosm/L) 382 (347 – 421) 0.74 (0.6 - 0.87) 0.71 (0.59 - 0.82) 0.1

UPCR 21.3 (17.8 – 29.5) 0.64 (0.49 - 0.78) 0.75 (0.65 - 0.86) 0.23

Urinary sodium 
(mmol/L)

51 (39 – 56) 0.61 (0.45 - 0.76) 0.65 (0.53 - 0.77) 0.02

UCR 28.6 (23.1 - 31.9) 0.56 (0.41 – 0.72) 0.60 (0.48 –0.72) 0.0001

FUN 36 (21 – 41) 0.37 (0.21 - 0.53) 0.41 (0.28 - 0.54) <0.0001

Plasma bicarbonate 
(mmol/L)

13 (11.8 – 13.6) 0.64 (0.52 – 0.77) 0.70 (0.59 – 0.82) 0.09

Plasma potassium 
(mmol/L)

4.7 (4.4 – 5.1) 0.44 (0.26 – 0.61) 0.65 (0.54 – 0.77) 0.02

Urine NGAL (ng/ml) 644 (445 – 780) 0.62 (0.44 – 0.79) 0.68 (0.55 – 0.80) 0.045
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Discussion

In this series of 163 patients the incidence of death and renal impairment was 
similar to a large multinational series of adults su$ering from severe malaria [1]. 
It is likely then that it was a representative sample of adult patients su$ering from 
MARF in a resource poor area of unstable malaria transmission.
In patients with renal impairment on admission, none of the evaluated parameters 
was superior to the simple measurement of plasma creatinine measurement in 
predicting a later requirement for RRT. Plasma creatinine has the additional 
advantage of being widely used and understood by clinicians and of being 
relatively inexpensive. It requires no mathematical derivation and has additional 
established uses including the adjustment of drug dosages. %e other laboratory 
tests of ATN/AKI assessed in this study o"en require additional specimen 
collection, mathematical calculation and invariably entail additional costs. %ey 
do not appear to improve signi#cantly the ability of clinicians to predict a later 
requirement for RRT. In busy, resource-poor se!ings they are thus tests of poor 
discriminatory value.
%e series con#rms that prompt RRT in the management of MARF reduces 
mortality. In the 19 (58%) patients who had an indication for RRT and who 
were able to receive this intervention, the mortality rate was 37%: signi#cantly 
lower than the mortality rate in those who were unable to receive RRT (75%, 

Table 7. 
Sensitivity, specificity, and the positive and negative predictive values of various selected laboratory 
tests performed on admission to predict the later requirement for dialysis^: optimal cut-offs in this 
series.

AUC: Area under receiver operating characteristic curve, RFI: Renal failure index, FeNa: Fractional 
excretion of sodium, UPCR: Urine: plasma creatinine ratio, FUN: Fractional excretion urea. NGAL: 
neutrophil gelatinase-associated lipocalcin.
*  comparison of AUC in patients who should have had dialysis with plasma creatinine using chi 

squared.
** Determined using the ROC curve 
^ Patients who should have had dialysis 

Index Optimal cut 
o"**

Sensitivity Speci!city PPV NPV

Plasma creatinine µmol/L 202 77 78 75 80

RFI 1.4 71 72 69 74

FeNa 1.88 50 91 83 67

Urine Osmolality mosm/L 419 63 56 56 63

UPCR 43 84 44 57 76

Urinary Sodium mmol/L 34 90 44 59 83

Bicarbonate 15 82 56 62 78

NGAL 510 65 70 65 70
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p = 0.01) and no higher than the rate seen in patients in the series with- out 
ARF. %is is despite the fact that only two of the patients were able to receive the 
more e$ective hemodialysis [4]. As in previous studies the duration of required 
peritoneal dialysis was relatively brief [3].
Furthermore, two of the patients who received RRT and died had a signi#cant 
delay in starting dialysis: receiving it 24 hours a"er an indication was met.
Patients were unable to receive RRT for a range of reasons; all the consequence 
of limited resources: dialysis equipment was periodically unavailable (for 
#nancial or logistical reasons), intermi!ently there was a shortage of skilled sta$ 
to assess patients and administer and supervise dialysis and, occasionally, there 
was limited access to diagnostic facilities to assess the indications for dialysis. 
Such phenomena are not unusual in regions where patients with MARF will be 
managed.
Although almost half of the patients in the studies presented to hospital with a 
CrCl < 60 ml/min, only 46% of these would later require RRT, demonstrating 
that the majority of patients with malaria presenting with renal impairment will 
respond to anti-malarial chemotherapy and 'uid repletion alone. As in previous 
studies, patients with renal impairment were morel likely to demonstrate 
evidence of hepatic dysfunction [3]. Only 22/43 patients who had an indication 
for dialysis had their urine output recorded, however, no more than 8 of these 
were oliguric. %is reinforces the observations made by other investigators that 
MARF may be non-oliguric [3] and it underlines the unreliability of this clinical 
feature in identifying patients who may require RRT. %is, together with the 
di&culty in obtaining reliable 24 hour collections and the obligatory delay, calls 
into question the utility of the WHO de#nition of malarial acute renal failure as 
“a plasma creatinine concentration >265 )mol/L with 24 h urine output of <400 
ml” [2].
In a recent meta-analysis of critically ill patients the measurement of NGAL had 
an AURROC of 0.78 (95% CI 0.65-0.92) when predicting a requirement for RRT 
[15]. %e performance of urinary NGAL in this series was similar (0.68 (95% 
CI 0.55-0.80) and was strongly correlated with plasma creatinine (p < 0.0001, rs 
= 0.64). However, while the optimal cut-o$ and timing of specimen collection 
in di$erent patient groups with AKI has yet to be established [14,15,23], at this 
stage the knowledge of a urinary NGAL does not appear to signi#cantly improve 
the ability of the clinician to predict a require- ment for RRT in this population.
Plasma UCR appears to have a limited role in asses- sing the volume state of patients 
with severe malaria. Elevated BUN concentrations, re'ecting the hypercatabolic 
state associated with severe malaria [24], lead to numerically greater UCRs. 
%is #nding may also have a$ected the performance of the FeUN test. We had 
anticipated that the elevated plasma urea would be corrected for by analysis of 
the fractional excretion of urea because in ATN impaired passive reabsorption of 
urea leads to an increase in the fractional excretion of urea. However in our series 
we found that the FeUN in patients who would later require dialysis was actually 
signi#cantly lower. A suggested mechanism is that in hypercatabolic states the 
osmotic e$ect of higher tubular concentration of urea complicates the calculation 
of FeUN [7]. Indeed, more than 60% of the patients in the analysis had a urine 
urea:creatinine ratio greater than 10, the usual upper range of normal for this value.
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%ere were several de#ciencies in the study. A retrospective de#nition of whether 
a patient should have received RRT was the primary reference for analysis. 
Patients were classi#ed from case #les that were not prepared prospectively to 
collect these data, which were sometimes incomplete. However the #les were 
reviewed independently by three experienced clinicians and a"er discussion, 
there was unanimous consensus. %e fact that over 90% of patients met criteria 
for RRT in the #rst 72 hours of their admission suggests that RRT therapy was 
required for MARF rather than a complication of inpatient management. Indeed 
when the four patients who met criteria for RRT a"er 72 hours of admission 
were removed from the analysis, the performance of all the laboratory indices 
was almost identical. A requirement for RRT was also no di$erent in the patients 
enrolled in each of the two trials arguing against a con- founding e$ect of NAC or 
levamisole. Although there are data supporting the e&cacy of NAC in preventing 
radiocontrast nephropathy [25], there are no data sug- gesting a bene#t of NAC in 
critical illness nephropathy [26,27]. Levamisole is not known to have any major 
e$ect on renal function [28]. Specimens were collected on admission before the 
administration of NAC or levamisole precluding the possible in'uence of either 
agent on any of the laboratory indices.
By classifying renal impairment as a plasma creatinine greater than 200 )mol/L 
in our criteria for dialysis, we biased our analysis in favour of plasma creatinine 
de#ning the dialysis population. However, plasma creatinine performed 
signi#cantly be!er than BUN (another measure of renal function) and plasma 
bicarbonate - the criterion that actually quali#ed the patient for dialysis in 85% 
of the cases. Plasma creatinine is also used to de#ne FeNa, FUN, RFI and UPCR, 
yet despite these indices measuring a second parameter of tubular function they 
performed no be!er than plasma creatinine alone. %e plasma creatinine was not 
available to the clinicians managing the patients during their admissions and thus 
was not used to de#ne the 19 patients who received RRT. If analysis is restricted 
to the patients who actually received RRT, plasma creatinine still has a greater 
AUROC than all other indices except urinary osmolality and the di$erence 
between these two variables is not signi#cant.

Although the #gure of 200 )mol/L was very similar to the optimal cut-o$ for 
dialysis in this series of 202 )mol/L, the #gure of 200 )mol/L was de#ned before 
the analysis. Acidosis and convulsions are also manifestations of severe malaria 
without renal impairment, hence using them as criteria to de#ne the patients 
who “should have had RRT” is potentially 'awed. However, as noted above, 
plasma creatinine was superior to plasma bicarbonate as a predictor of RRT, only 
one patient was dialysed because of convulsions, and this was in the se!ing of 
declining renal function.
%ere were no scales available for weighing obtunded patients thus bedside 
estimations of weights were used to derive the creatinine clearance (CrCl). 
Although these measures are clinically realistic, they introduce a potential error 
into the calculation. Furthermore, formulae used to estimate creatinine clearances 
are designed for use in patients with chronic renal impairment and our series 
composed of ethnic Bangladeshis in whom the Cockcro" and Gault formula has 
not been formally validated. However, we felt that it was best to use a mechanism 
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that would control to some degree for the range of body types that were included 
in the series. Comparisons between the young muscular men and older women 
in the series may have been equally de#cient if using the plasma creatinine as the 
reference for glomerular #ltration rate.
For a new diagnostic test to be implemented it should be more sensitive than the 
existing diagnostic methods and it should not be more costly, less safe or less 
speci#c [29]. %e measurement of plasma creatinine on admission in patients 
with severe malaria is safe and relatively inexpensive. In this series of patients 
it was able to predict the later requirement for RRT as accurately as the more 
complicated and expensive tests used to diagnose ATN/AKI. From these data 
there appears li!le to recommend the use of these tests in the resource poor 
se!ings where most patients with severe malaria will be managed.
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Abstract

Background: Acute kidney injury (AKI) complicating severe Plasmodium 
falciparum malaria occurs in up to 40% of adult patients and has a case fatality 
rate of 75% in the absence of renal replacement therapy (RRT). %e precise 
pathophysiology of AKI in severe malaria remains unclear. Histopathology shows 
acute tubular necrosis linked to localization of host monocytes and parasitized 
red blood cells sequestered in the microvasculature. %is study explored the 
relationship of plasma soluble urokinase–type plasminogen activator receptor 
(suPAR), as a proxy-measure of mononuclear cell activation, and plasma P. 
falciparum histidine rich protein 2 (PfHRP2), as a measure of sequestered parasite 
burden, with AKI in severe falciparum malaria.
Methods:  Admission plasma suPAR and PfHRP2 concentrations were assessed 
in adult Bangladeshi patients with severe falciparum malaria (n=137). Patients 
were strati#ed according to AKI severity based on admission creatinine clearance.
Results: A total of 106 (77%) patients had AKI; 32 (23%), 42 (31%) and 32 
(23%) were classi#ed into ‘Mild, ‘Moderate’ and ‘Severe’ groups, respectively. 
Plasma suPAR and PfHRP2 concentrations increased with AKI severity 
(P-for-trend <0.0001) and correlated with other markers of renal dysfunction. 
Admission plasma suPAR and PfHRP2 concentrations were higher in patients 
who needed RRT during admission (P <0.0001; P=0.0004, respectively). 
Multivariate analysis showed both suPAR and PfHRP2 independently associated 
with urine neutrophil gelatinase-associated lipocalin concentration, a marker of 
acute tubular necrosis.
Conclusions: %is study suggests that both sequestered parasite burden and immune 
activation contribute to the pathogenesis of AKI in severe falciparum malaria.
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Introduction

Acute kidney injury (AKI) complicating severe falciparum malaria is an 
independent prognosticator for death in both children and adults and has a 
case fatality rate of 75% in the absence of renal replacement therapy (RRT).[1-
3] Incidence rates of AKI varies across studies, but reaches 40% in adults and 
10% in children under 5 years.[4] Both pre-renal (hypovolemia) and intrinsic 
renal factors can contribute, and 60-70% of adults present with anuria or oliguria.
[2, 4] Histopathology shows acute tubular necrosis (ATN), as opposed to 
glomerulonephritis.[5] %is tubular damage could be caused by the observed 
sequestration of parasitized red blood cells (PRBCs) and accumulation of 
mononuclear cells in both glomerular and peritubular capillaries.[5-7] %e 
relative contribution of each of these potential mechanisms cannot be assessed 
from post-mortem studies.
Plasmodium falciparum histidine-rich protein-2 (PfHRP2) is released in distinct 
amounts at the moment of schizont rupture and is quantitatively related to 
parasite density.[8, 9] Plasma concentrations of PfHRP2 estimates total body 
P. falciparum burden, including the sequestered biomass causing obstruction of 
microcirculatory 'ow in vital organs. Unlike peripheral parasitemia quanti#cation, 
plasma PfHRP2 concentration correlates strongly with disease severity and 
outcomes in severe malaria.[10-12]
Plasma soluble urokinase–type plasminogen activator receptor (suPAR) 
re'ects the systemic level of cell surface urokinase-type plasminogen activator 
receptor (uPAR) expression and has been proposed to be a marker of immune 
activation via modulation of mononuclear cell adhesion and migration.[13-
15] Cell-bound uPAR is expressed on several cell types including activated 
lymphocytes, monocytes, neutrophils, macrophages, vascular endothelial cells, 
kidney podocytes and epithelial cells.[14, 15] Plasma suPAR concentration is 
elevated in acute malaria infection, and is associated with higher mortality and 
parasitemia in African children.[16, 17] suPAR has not been assessed in adult 
patients with severe falciparum malaria.
Neutrophil gelatinase-associated lipocalin (NGAL) is secreted predominantly in 
the damaged distal tubular renal epithelial cells prior to neutrophil activation, 
and is an early marker of renal tubular cell damage.[18-20] Unlike creatinine, 
NGAL concentrations are less dependent on pre-renal factors causing reduced 
kidney function.[18-20] It has been suggested that upregulation of NGAL in 
renal tubule cells may be induced by local release of cytokines from monocytes 
in the microcirculation early a"er ischemic injury.[19]
We studied the relationship between plasma suPAR, as a proxy-measure of 
mononuclear cell immune activation, and plasma PfHRP2, as a measure of 
sequestered parasite burden, with AKI in adult patients with severe malaria. AKI 
was measured quantitatively by urine NGAL, a marker of acute tubular necrosis, 
and qualitatively by need for RRT.
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Materials and Methods

Study design and patients
%e study was an analysis of a subset of patients enrolled in two clinical trials 
assessing N–acetylcysteine (2003-2005) and levamisole (2006-2010) as 
adjuvant therapies in severe falciparum malaria.[21, 22] %e analysis presented 
builds on work from this population conducted in 2011.[23] Both studies were 
conducted at Chi!agong Medical College Hospital, Bangladesh, a 1000-bed 
tertiary referral hospital with limited facilities for intensive care and RRT. Malaria 
transmission in this area is seasonal with peak transmission from June to August. 
Informed consent was obtained from each patient or designated family member. 
%e Ministry of Health in Bangladesh, and Oxford Tropical Research Ethics 
Commi!ee (OXTREC) granted ethical approval for both severe malaria studies 
(registration numbers: ISRCTN20156397 and ISRCTN27232551).
Adult patients (+ 16 years) with slide con#rmed severe malaria P. falciparum malaria 
were recruited. Criteria for severe malaria included: coma (Glasgow Coma Score 
< 11), shock (systolic blood pressure (SBP) < 80 mmHg with cool extremities), 
severe anemia (hematocrit < 20% plus parasitemia > 100,000/µl), severe jaundice 
(total bilirubin > 3.0 mg/dL plus parasitemia > 100,000/µl), hyperparasitemia 
(peripheral asexual stage parasitemia > 10%), acidemia (venous bicarbonate < 15 
mmol/L), hyperlactatemia (venous lactate >5 mmol/L), hypoglycemia (blood 
glucose < 40mg/dL), repeated convulsions (+ 2 in 24 hours), pulmonary edema, 
and/or renal failure (serum creatinine > 3 mg/dL).
Patients were treated with parenteral artesunate (Guilin No.2 Pharmaceuticals, 
China) and managed according to WHO treatment guidelines.[24] Supportive 
treatment, including 'uid resuscitation, was provided according to the treating 
physician’s clinical judgment. RRT with hemodialysis or peritoneal dialysis was 
available for a restricted number of patients due to limited resources. Additional 
drug treatments of study patients have been previously described.[21, 22]

Study procedures
On enrolment, a complete medical history and examination were performed and 
venous blood and urine collected. Admission blood samples were analyzed for 
parasitemia, hematocrit and biochemistry. Venous sodium, potassium, chloride, 
glucose, blood urea nitrogen, hemoglobin, hematocrit, pH and bicarbonate were 
assessed using a portable handheld analyzer (iSTAT, Abbo!, Illinois, USA). For 
patients receiving RRT, time and indication for RRT were recorded. Peripheral 
blood parasitemia was assessed every 6 hours until parasite clearance, de#ned as 
2 consecutive negative blood #lms. Plasma and urine samples were processed and 
stored at -80°C for analysis in Bangkok, %ailand and Amsterdam, Netherlands.

Biomarker analysis
Plasma suPAR concentrations were measured using suPARnosticTM ELISA 
(ViroGates, Copenhagen, Denmark), according to manufacturer’s instructions. 
Specimens were diluted to read within the calibration curve de#ned by the 
quantitative standards. Results are the mean suPAR concentration (ng/ml) of 
duplicate wells for each specimen. Urine NGAL concentrations were measured 
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using Human Lipocalin-2/NGAL ELISA (R&D Systems, Abingdon, UK) 
according to manufacturer’s instructions. Multiple dilutions were tested in 
duplicate. %e #nal urine NGAL concentration (pg/ml) was normalized to 
urinary creatinine and expressed as ng/mg of creatinine (uNGAL/Ucr). Plasma 
Pf HRP2 was assessed from freeze-thawed EDTA plasma samples by commercial 
sandwich ELISA (Celisa, Cellabs, Sydney, Australia), according to manufacturer’s 
instructions with minor modi#cations and blinded to patient outcomes.[9] 
Pooled reference plasma from 20 subjects with parasitemia >200,0000/µl was 
calibrated to puri#ed Pf HRP2 standard curves (kindly provided by D. Sullivan, 
John Hopkins School of Public Health, Baltimore, USA). Concentrations 
in duplicate plasma dilutions (1/25 to 1/3125 in PBS/0.01%Tween) were 
determined according to the linear component of the standard curve. Cases 
where duplicates di$ered by more than 50% were re-assayed.

Acute Kidney Injury
Severity of AKI was based on admission creatinine clearance (CrCl) into mild, 
moderate and severe groups: mild (CrCl = 60-90 ml/min), moderate (CrCl = 
30-59.9 ml/min) and severe (CrCl < 30 ml/min). No AKI was de#ned as a CrCl 
> 90 ml/min. Based on past medical history, no patient had chronic or end stage 
renal disease. CrCl was calculated using the Cockcro"-Gault estimation.[25]
Indication for RRT
%ree clinicians ( JPH, PC and AMD) blinded to suPAR and Pf HRP2 results, 
independently reviewed each patient #le to determine whether patients met pre-
de#ned criteria for RRT, including: hyperkalemia (K > 5.5 mmol/L), acidosis 
(pH < 7.35, venous bicarbonate < 15 mmol/L), 'uid overload not manageable 
by diuretics, uncontrolled seizures, pericarditis or rapid deterioration of renal 
function.[23] RRT was only deemed necessary in the se!ing of concomitant 
evidence of renal impairment (BUN > 30 mmol/L or serum creatinine > 200 
)mol/L), as several of the listed indications can be present in adult severe malaria 
without AKI.[23]

Statistical analysis
Di$erences between groups were compared by student’s t-test and Mann-
Whitney-U test for normally and non–normally distributed variables, 
respectively. Data were log-normalized where appropriate. Comparisons between 
more than two groups were conducted using P-for-trend. Correlations between 
variables were assessed by Pearson’s parametric test. A regression model was 
constructed to assess the contributions of suPAR, PfHRP2, suPAR x PfHRP2 
interaction, age and SBP to the variation in uNGAL/Ucr. Lincom analysis did 
not reveal interactions between CrCl and suPAR, nor CrCl and Pf HRP2. Results 
are presented as regression coe&cients (/) with 95% con#dence intervals (CIs), 
t values and P values. A stepwise logistic regression model was constructed to 
assess the relationship of the same independent variables with the indication for 
RRT. Logistic regression analyses are presented as odds ratios (ORs) with 95% 
CIs, Wald X2 and P values. Two sided P <0.05 was considered to be signi#cant.  
Statistical so"ware used were STATA/IC 12.0 for Mac (STATA, Texas, USA), 
and Prism 6 for Mac OS X (Graphpad So"ware, San Diego, CA).
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Results

One hundred and thirty seven adult patients with severe falciparum malaria were 
included in this analysis (Figure 1).

Baseline characteristics
Baseline characteristics and patient outcomes are shown in Table 1.

AKI was present in 106 patients (77%); of those patients 32 (23%) were classi#ed 
as mild, 42 (31%) as moderate, and 32 (23%) as severe. AKI classi#cation by 
WHO criteria (plasma creatinine >3 mg/dL) rather than estimated GFR failed 
to identify 11 (34%) patients in the severe AKI group (median CrCl 25 ml/min), 
5/11 (45%) of whom had RRT indicated. In the moderate AKI group, 41/42 
(98%) patients had a creatinine < 3mg/dL (median CrCl 42 ml/min); of those 
13/41 (32%) had indication for RRT. %ere was unanimous consensus among 
the three independent physicians on 39 patients (28%) who should have received 
RRT; 20 (51%) of whom did not receive RRT for logistical reasons. Two patients 
received hemodialysis and 17 patients received peritoneal dialysis within 48 
hours of admission. Surviving patients received RRT for 3 days (median; range 
2–6 days). %e most frequent indication for RRT was acidosis (Table 2). Of the 
19 patients who received RRT, 8 (42%) patients died; of the 20 patients who met 
criteria for RRT but could not receive it, 15 patients died (75%). %e overall case 
fatality rate was 53/137 (39%); 50/53 (94%) had cerebral malaria, 33/53 (62%) 
had moderate or severe AKI, 35/53 (66%) had hyperlactatemia, 33/53 (62%) 
had severe acidosis and 19/53 (36%) had severe jaundice.

Figure 1. Consort diagram. After enrolment to the studies, patients admitted to Chittagong Medical 
College Hospital had blood and urine samples collected. Plasma and urine biomarkers were 
measured and correlated with the renal diagnosis and the subsequent hospital course. One patient 
with no AKI diagnosis on admission developed progressive renal impairment despite conservative 
measures and required RRT; this patient presented in deep coma with hyperlactatemia. AKI=acute 
kidney injury; RRT= renal replacement therapy.

137 patients 
analyzed

No AKI
N=31

1 (3%)
Met RRT
criteria

Mild AKI
N=32

2 (2%)
Met RRT
criteria

Moderate AKI
N=42

14 (33%)
Met RRT
criteria

Severe AKI
N=32

22 (60%)
Met RRT
criteria

admission

during
admission
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Variable Total No AKI Mild AKI Moderate AKI Severe AKI Test-for-
trend

(n = 137) (n = 31) (n = 32) (n = 42) (n = 32)

Age (years)a 35 (23-45) 26 (18-35) 33 (25-40) 35 (21-50) 40 (28-48) 0.003

MalesC 110 (80) 27 (87) 27 (84) 30 (71) 26 (81) 0.301

Clinical

SBP (mmHG) 111 (19) 116 (15) 113 (20) 108 (20) 107 (21) 0.048

RR (breaths/min)b 31 (30-33) 29 (27-30) 34 (27-30) 32 (29-34) 32 (28-35) 0.239

GCS (#/15)a 8 (6-11) 8 (7-10) 8 (5-10) 9 (6-11) 9 (5-12) 0.937

Laboratory

HCT (%) 30 (8) 34 (7) 30 (9) 29 (8) 29 (8) 0.011

Parasitaemia (#/(L)b 73209  
(50362-106419)

46723  
(19688-110884)

33560  
(11984-93981)

174140 
(120635-251377)

78018  
(36814-165340)

0.070

Creatine (mg/dL)b 1.53 (1.37-1.72) 0.69 (0.63-0.76) 1.11 (1.03-1.21) 1.75 (1.60-1.91) 3.80 (3.26-4.43) <0.001

BUN (mg/dL)b 42 (37-48) 21 (18-25) 27 (23-32) 57 (50-65) 88 (73-105) <0.001

CrCl (ml/min)b 50.6 
(44.9-57.0)

123.3  
(112.8-134.8)

72.5 
(69.8-75.3)

41.7 
(39.0-44.5)

19.3 
(17.0-21.8)

<0.001

Potassium (mmol/L) 4.4 (1.0) 4.0 (0.7) 4.4 (1.1) 4.4 (0.7) 4.6 (1.4) 0.031

Sodium (mmol/L) 133 (7) 129 (7) 134 (5) 133 (8) 133 (6) 0.069

Albumin (g/L) 29 (5) 31 (5) 30 (4) 28 (5) 27 (6) <0.001

total bilirubin (mg/dL)b 4.5 (3.8-5.4) 4.1 (2.8-5.9) 3.1 (2.3-4.1) 4.9 (3.5-6.7) 6.7 (4.7-9.6) 0.011

Direct bilirubin (mg/dL) b 1.8 (1.5-2.2) 1.2 (0.8-2.0) 1.1 (0.8-1.5) 2.2 (1.5-3.2) 3.4 (2.2-5.2) <0.001

ALT (U/L) b 30 (25-36) 22 (17-28) 30 (21-43) 36 (25-51) 34 (23-51) 0.064

Base excess (mmol/L) -9 (7) -4 (4) -5 (4) -11 (7) -13 (7) <0.001

Bicarbonate (mmol/L) 17 (5) 21 (4) 19 (4) 14 (5) 14 (4) <0.001

pH 7.37 (0.13) 7.42 (0.08) 7.42 (0.09) 7.35 (0.12) 7.30 (0.17) <0.001

pCO2 (mmHg) 28 (7) 32 (6) 29 (7) 25 (8) 26 (7) <0.001

Lactate (mmol/L) b 5.1 (4.6-5.6) 4.3 (3.7-5.1) 3.9 (3.2-4.7) 7.1 (6.0-8.3) 4.9 (3.8-6.4) 0.029

Biomarkers

HRP2 (ng/ml) b 1649  
(1297-2096)

678 
(397-1156)

1413 
(967-2064)

2419  
(1715-3413)

2833  
(1648-4872)

<0.001

uNGAL/Ucr (pg/mg cr) b 1262  
(1097-1451)

750  
(589-956)

1012 
(745-1476)

1281  
(1066-1541)

2549  
(1943-3345)

<0.001

Outcomes

RRT indicatedc 39 (28) 1 (3) 2 (6) 14 (33) 22 (69) <0.001

Deathc 53 (39) 12 (39) 8 (25) 19 (45) 14 (44) 0.333

All values are mean (SD) unless otherwise specified; amedian (IQR), bgeometric mean (95% CI), number 
(%). P <0.05 using test-for-trend; significant in bold. Abbreviations: AKI= acute kidney injury; HRP2= 
Plasmodium falciparum histidine rich protein 2; suPAR= soluble urokinase-type plasminogen activator 
receptor; uNGAL/Ucr= urine neutrophil gelatinase-associated lipocalin corrected for urine creatinine; 
RRT= renal replacement therapy.

Table 1. 
Baseline characteristics by AKI severity and clinical outcome
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Increasing severity of AKI correlated with increased age, and decreased SBP and 
hematocrit (P-for-trend 0.004, 0.039, and 0.011 respectively). Direct and indirect 
bilirubin increased and all measurements re'ecting acidosis (lactate, base de#cit, 
bicarbonate, pH, pCO2) worsened, as expected, with increasing kidney injury 
severity (P-for-trend <0.0001).

Plasma suPAR, Pf HRP2 and AKI
Unlike peripheral blood parasitemia admission, plasma PfHRP2 increased with 
worsening kidney function; the highest PfHRP2 was observed in the severe AKI 
group (P-for-trend < 0.0001, Table 1, Figure 2). Plasma PfHRP2 correlated with 
both creatinine (R2= 0.49, P < 0.0001) and uNGAL/Ucr (R2= 0.29, P < 0.0016) 
(Figure 3C-D). Peripheral parasitemia did not signi#cantly correlate with 
serum creatinine (R2= 0.17, P = 0.05). Admission plasma suPAR increased with 
increasing AKI severity (P-for-trend < 0.0001, Table 1, Figure 2). %ere was a 
strong correlation between suPAR and plasma creatinine (R2= 0.51, P < 0.0001) 
as well as with uNGAL/Ucr (R2= 0.38, P < 0.0001) (Figure 3A and B).

Plasma suPAR strongly correlated with PfHRP2 (R2= 0.54, P < 0.0001) and 
the interaction term (suPAR x PfHRP2) correlated with both plasma creatinine 
(R2= 0.58, P < 0.0001), uNGAL/Ucr (R2= 0.38, P < 0.0001) and AKI severity 
(P-for trend < 0.0001). %is was further evaluated using linear regression analysis 
with uNGAL/Ucr as the dependent variable. In the univariate analysis suPAR, 
PfHRP2, suPAR x PfHRP2 and SBP were associated with a higher concentration 
of uNGAL/Ucr (Table 3). Multivariate regression analysis showed that plasma 
suPAR and PfHRP2 were independently associated with higher uNGAL, 
predicting 18% of the variation in uNGAL/Ucr concentrations (R2= 0.18, F= 
10.12, P < 0.0001, Table 3), whereas the interaction term was not signi#cant in the 
model. When the model was applied to patients with a creatinine < 3 mg/dL, the 
model remained statistically signi#cant (R2= 0.09, F= 3.33, P =0.014) with only 
plasma PfHRP2 predicting 9% of the variability of uNGAL/Ucr concentrations.

Plasma suPAR and PfHRP2 concentrations were higher in patients requiring RRT 
(P=0.0001, Figure 4). In univariate logistic analysis suPAR, PfHRP2 and suPAR 
x PfHRP2 were associated with the indication for RRT (Table 3). In a stepwise 
forward multivariate logistic regression analysis, plasma suPAR, PfHRP2 and 
age signi#cantly predicted the need for RRT (R2= 0.28, F = 38.84, P < 0.0001, 
Table 4). %e overall model remained signi#cant when applied only to patients 
with a creatinine < 3 mg/dL (R2= 0.16, F= 14.74, P = 0.0021), with suPAR and 
age remaining signi#cant.

Relationship between suPAR, Pf HRP2 and mortality
Plasma suPAR and PfHRP2 concentrations were not di$erent between patients 
who died and those that survived; 25.57 [23.27 – 28.10] versus 29.03 [25.38 – 
33.22] ng/ml for suPAR (P=0.12) and 1,629 (1,185 – 2,237) versus 1,685 (1,162 
– 2,444) for PfHRP2 (P=0.89).
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Table 2. 
Indication for renal replacement therapy

Location Number

Renal impairment and acidosis 20

Renal impairment and hyperkalaemia 0

Renal impairment, acidosis and hyperkalaemia 6

Renal impairment, acidosis and convulsious 2

Renal impairment, acidosis, hyperkalaemia and convulsious 3

Worsening renal function despite conservative measures 5

worsening renal function and convulsious 1

Renal impairment and pulmonary oedema 1

Renal impairment, acidosis and pulmonary oedema 1

Total 39

aRegression coefficient (/) with 95% confidence intervals (CIs) showing the estimated increase 
in the urine concentration of NGAL (pg/ml) corrected for urine creatinine (uNGAL/Ucr pg/mg 
of creatinine) predicted by 1 unit increases in the independent (predictor) variables using robust 
regression analysis.

Table 3.
Linear regression analysis of variables contributing to urine NGAL/Ucr variability in patients with 
severe malaria.

Variable Univariate analysis Multivariate model (R2 = 0.18)

# (95% CI)a P # (95% CI)a P

suPAR 21.57 (12.20-30.95) <0.001 16.54 (6.36-26.71) 0.002

PfHRP2 0.11 (0.06-0.15) <0.001 0.07 (0.02-0.011) 0.003

suPAR x PfHRP2 0.002 (0.001-0.003) <0.001 ... ...

SBP 0.16 (-8.62-8.94) 0.971 ... ...

Age -12.02 (-25.32-1.28) 0.076 ... ...
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Variable Univariate analysis Multivariate model (R2 = 0.27)

# (95% CI)b P # (95% CI)b P

suPAR 1.07(1.04-1.11) <0.001 1.07 (1.03-1.12) 0.002

PfHRP21/2 1.03 (1.02-1.05) <0.001 1.02 (1.00-1.04) 0.026

suPAR x PfHRP21/2 1.01 (1.00-1.01) <0.001 ... ...

SBP 1.01 (0.99-1.03) 0.522 ... ...

Age 1.02 (0.99-1.05) 0.123 1.05 (1.01-1.10) 0.010

Table 4.
Logistic regression analysis of variables predicting RRT in patients with severe malaria. 

bOdds ratios (OR) with 95% CIs were determined for renal replacement therapy (RRT) associated 
with 1-U changes in the independent variables. Significant variables are shown in bold. PfHRP2 
was square root transformed to normalize skewed data. Abbreviations: OR= odds ratio; CI= 
confidence intervals; uNGAL/Ucr= urine neutrophil-associated gelatinase lipocalin corrected for 
urine creatinine; suPAR= soluble urokinase plasminogen activator receptor; PfHRP2= P. falciparum 
histidine rich protein 2; SBP= systolic blood pressure.

Figure 2. Scatterplot of (A) plasma 
soluble urokinase–type plasminogen 
activator receptor (suPAR), and (B) 
plasma HRP2 concentrations in 
patients stratified by admission AKI 
severity. Concentrations for both 
suPAR and HRP2 increased with 
increasing severity of AKI (P for trend 
<0.0001). Geometric mean and 95% 
confidence intervals displayed. AKI= 
acute kidney injury; PfHRP2 = P. 
falciparum histidine rich protein.
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Figure 3. Correlations of variables proposed to be involved in the pathogenesis of acute tubular 
necrosis in malaria associated AKI with marker of renal dysfunction (creatinine) and marker of 
kidney damage (uNGAL/Ucr). Pearson’s correlations between plasma suPAR and (A) serum 
creatinine; and (B) uNGAL/Ucr. Pearson’s correlations between P. falciparum histidine rich protein 
2 (HRP2) and (C) serum creatinine; and (D) uNGAL/Ucr. suPAR= soluble urokinase–type 
plasminogen activator receptor; uNGAL/Ucr= urine neutrophil gelatinase-associated lipocalin 
corrected for urine creatinine. All variables were log transformed (log10) for correlation plots and 
Pearson’s analysis. 

Figure 4. Scatterplots of (A) plasma suPAR, and 
(B) plasma HRP2 from entire cohort stratified 
by RRT requirement. Biomarkers were log 
transformed (log10) for normality. T-tests were 
performed for comparisons between groups. 
RRT= renal replacement therapy; suPAR= 
soluble urokinase–type plasminogen activator 
receptor; HRP2 = P. falciparum histidine rich 
protein 2.
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Discussion

In this study of adult patients with severe falciparum malaria, admission plasma 
suPAR and PfHRP2 were strongly and independently associated with AKI, as 
measured by urine NGAL and diagnostic indication for renal replacement 
therapy. As suPAR is an indirect measure of immune cell activation, particularly 
mononuclear cells, and PfHRP2 a measure of the sequestered parasite biomass, 
these results suggest that both mechanisms contribute to the pathogenesis of 
AKI. %ese #ndings are concordant with post-mortem renal histopathological 
#ndings in patients with severe falciparum malaria showing both sequestration 
and mononuclear cell in#ltration in glomerular and peritubular capillaries.[6] 

Multivariate regression analysis showed that plasma PfHRP2 independently 
correlated with uNGAL, and indication for renal replacement therapy. 
Histopathology of malaria-associated AKI shows a signi#cant increase in 
sequestration among patients with a plasma creatinine >3 mg/dL, which de#nes 
renal failure according to WHO malaria treatment guidelines.[6]Overall, disease 
severity and the severity of metabolic acidosis have also been shown to correlate 
strongly with plasma PfHRP2 concentrations.[9-12, 26] Peripheral blood 
parasitemia does not re'ect the pathogenic sequestered parasite burden causing 
impaired microvascular 'ow, and the correlation between parasitemia and total 
parasite burden is variable. %is might explain why our results contrast with some 
other studies in that we did not #nd an association between hyperparasitemia 
and severity of AKI.[6, 27, 28] However, plasma PfHRP2, representing the total 
parasite biomass including the sequestered parasites, strongly correlated with 
increasing severity of AKI de#ned by either WHO criteria or CrCl classi#cation. 
%e correlation between PfHRP2 and plasma creatinine was also stronger 
compared to the correlation between peripheral parasitemia and creatinine.  
Since sequestered PRBCs occlude microcirculatory blood 'ow, this may explain 
why increasing the overall renal blood 'ow in severe malaria does not result 
in a change in renal oxygen consumption, as only already patent vessels would 
continue to be perfused.[29]

Plasma suPAR was shown to increase stepwise with deteriorating renal function 
measured by CrCl classi#cation or WHO criteria, urine NGAL or plasma 
creatinine, and independently predicted the need for RRT. In the multivariate 
analyses applied to patients without renal failure according to WHO criteria 
(creatinine <3 mg/dL), higher suPAR was still independently predictive of RRT. 
Plasma suPAR has been shown to be positively correlated with serum creatinine 
in patients with Hantavirus, critically ill patients and inversely correlated with 
eGFR in chronic kidney disease.[30-33] Histology of brain tissue from patients 
with cerebral malaria showed an increase in uPAR expression in macrophage 
and endothelial cells spatially limited to areas with PRBCs sequestered in the 
microvasculature.[34] To our knowledge, this is the #rst time elevated suPAR 
has shown to be associated with renal injury and dysfunction in malaria. 
Histopathology would #t with these #ndings, as mononuclear cell accumulation 
in glomerular and peritubular capillaries is similar in patients with a plasma 
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creatinine above versus below 3 mg/dL, despite a di$erence in observed 
sequestration of parasitized erythrocytes.[6] It is possible that sequestration 
acts as an endothelial nidus and subsequent positive feedback loop for increased 
suPAR-mediated mononuclear cell recruitment and immune activation resulting 
in more severe tubular damage. Cell-to-cell contact between endothelial cells and 
monocytes increases suPAR release[14] and suPAR subsequently recruits more 
monocytes via its chemoa!ractant e$ector function.[35, 36] Upon schizont 
rupture, hemazoin (malaria pigment) acts as antigen to activate monocytes 
resulting in release of proin'ammatory cytokines, and chemokines.[37, 38] 
%is could initiate a positive feedback loop since TNF-0 increases expression of 
uPAR on monocytes resulting in accelerated cleavage of suPAR and subsequent 
monocyte recruitment.[35, 38] On renal histopathology, mononuclear cells 
loaded with pigment can indeed be observed in glomerular and peritubular 
microvessels.[6] While elevated suPAR concentrations have not been shown to 
promote a pro-in'ammatory role[39], the accumulation of activated monocytes 
releasing cytokines may contribute to renal tubular cell damage in severe malaria.

In African children with acute malaria, increased suPAR concentrations were 
associated with poor clinical outcomes.[16] Our study does not demonstrate an 
association of suPAR with mortality. %is may be because in the previous study, 
African children with acute malaria infections had a low mortality rate (2%), 
suggestive of less severe disease, whereas our study cohort was severity ill with a 
high mortality rate.[16]

%ere are several limitations to our study. Since suPAR was measured in plasma, 
the concentrations measured likely represent production by activated host 
immune cells, in particular mononuclear cells, however endothelial sources 
could also contribute.  As suPAR has renal clearance, elevated plasma levels can 
be a consequence of reduced GFR.[31, 33] However, in the multiple regression 
models, interaction terms of CrCl, suPAR and PfHRP2 did not reveal a signi#cant 
contribution, and the association between suPAR and indication for RRT was 
also found in patients presenting without AKI on admission. Urine NGAL as a 
biomarker for renal tubular damage has some limitation, as is excretion depends 
on the timing in relation to the initial renal insult.[40] However, NGAL is an 
‘induced’ biomarker, thus excretion is continued with ongoing renal insult.[40] 
Using renal biopsy as a reference standard for ATN was not feasible or ethically 
indicated in our study, so the diagnostic indication for RRT was used as an 
alternative endpoint to re'ect ATN. Finally, the sample size in this study was 
relatively small and patient data was reviewed retrospectively for the indication 
of RRT. However, this was done according to pre–de#ned criteria, and three 
independent specialist physicians were in full agreement in their assessment.

In conclusion, our study shows that both plasma PfHRP2 and suPAR are 
independently associated with RRT requirement and with higher concentrations 
of uNGAL. Early diagnosis of falciparum malaria and treatment with artemisinin-
based anti-malarials will rapidly eliminate ring-staged parasites, preventing their 
microvascular sequestration including in the kidney. Deeper understanding of 
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the immunopathological mechanisms underlying AKI in severe malaria might 
reveal novel targeted treatment options to further prevent this common and life 
threatening complication. 
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Abstract

Introduction: Preclinical and clinical studies suggest that mechanical ventilation 
contributes to the development of acute kidney injury (AKI), particularly in the 
se!ing of lung-injurious ventilator strategies.
Objective: To determine if ventilator se!ings in critically ill patients without ALI 
at onset of mechanical ventilation a$ect the development of AKI.
Design, Se!ing and Patients: Secondary analysis of a randomized controlled trial 
(N = 150), comparing conventional tidal volume (VT, 10 mL/kg) with low tidal 
volume (VT, 6 mL/kg) mechanical ventilation in critically ill patients without 
ALI at randomization. During the #rst 5 days of mechanical ventilation the RIFLE 
class was determined daily, while neutrophil gelatinase-associated lipocalin 
(NGAL) and cystatin C (CyC) levels were measured in plasma collected on day 
0, 2 and 4.
Results: Eighty-six patients had no AKI at inclusion, and 18 patients (21%) 
subsequently developed AKI, but without signi#cant di$erence between 
ventilation strategies.  (Cumulative hazard 0.26 vs. 0.23, P = 0.88). %e courses of 
NGAL and CyC plasma levels did not di$er signi#cantly between randomization 
groups.
Conclusion: In the present study in critically patients without ALI at onset 
of mechanical ventilation, lower tidal volume ventilation did not reduce the 
development or worsening of AKI compared with conventional tidal volume 
ventilation.
Trial Registration: Netherlands Trial Register Identi#er NTR151.



163

Lung–protective mechanical ventilation does not protect against acute kidney injury in patients 
without lung injury at onset of mechanical ventilation

11

Introduction

Mechanical ventilation is an indispensable tool in the treatment of critically ill 
patients. Although frequently life–saving, it may worsen pre–existing lung injury 
and even cause lung injury, frequently referred to as ventilator–associated lung 
injury (VALI) [1;2]. Mechanical ventilation also plays a role in the development 
of multiple organ failure, including acute kidney injury (AKI) [3-5]. Several 
e$ects may be involved in the la!er process, including hemodynamic and neuro–
hormonal e$ects of positive pressure ventilation, and e$ects on arterial blood 
gasses [6]. Emerging data further suggest that biotrauma plays an important role 
in the development of AKI secondary to mechanical ventilation, via spillover of 
lung–borne in'ammatory mediators into the systemic circulation [3;7-10]. %e 
development of AKI is a major complication which independently increases 
morbidity and mortality [11;12]. %e mortality of acute lung injury (ALI) 
combined with AKI approaches 80% [13]. 
Recently, a!ention has focused on the interaction of the lung and the kidney 
in the se!ing of ALI and ventilation strategies. Preclinical models of ALI and 
lung-injurious mechanical ventilation demonstrated changes in in'ammatory 
mediators, apoptosis and function in the kidney, and these changes were 
a!enuated during lung–protective mechanical ventilation [3;7;14;15]. In patients 
with ALI lung–protective mechanical ventilation using lower tidal volumes not 
only decreased the development of VALI, but also resulted in lower rates of renal 
failure [2;10].
Recently, lung–protective mechanical ventilation using lower tidal volumes was 
shown to reduce the development of VALI in a randomized controlled trial of 
patients without ALI at the onset of mechanical ventilation [16]. We wondered 
whether protective ventilation strategy also a!enuated the development or 
progression of AKI in these patients. We hypothesized that lung-protective 
mechanical ventilation using lower tidal volumes in critically ill patients, without 
ALI at onset of mechanical ventilation, reduces injury to the kidney as assessed 
by traditional AKI markers (serum creatinine and urine output) and 2 novel 
AKI markers, cystatin C (CyC) and neutrophil gelatinase-associated lipocalin 
(NGAL), in plasma [17].
 
Methods

Study design and setting
%e present study was conducted as part of a randomized controlled trial 
studying the e$ects of lung–protective mechanical ventilation on pulmonary 
in'ammation, and the development of VALI in patients without ALI at onset 
of mechanical ventilation [16]. %e study was conducted at the intensive care 
units of one academic and one regional teaching hospital in the Netherlands. %e 
protocol was approved by the medical ethics commi!ees of both hospitals (MEC 
04/195), and wri!en informed consent was obtained from the patient or closest 
relatives before entry in the study. All procedures were done in compliance with 
the Helsinki declaration. Consecutively admi!ed critically ill patients who did 
not meet the North–American European Consensus Conference criteria for ALI 
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[18] and needed mechanical ventilation for an anticipated duration of > 72 hours 
were randomized to mechanical ventilation with lower tidal volumes (6 ml/kg 
of predicted body weight) or conventional tidal volumes (10 ml/kg of predicted 
body weight).
Patients were randomized within 36 hours a"er onset of mechanical ventilation. 
Exclusion criteria were age of , 18 years, participation in other clinical trials, 
pregnancy, increased uncontrollable intracranial pressure, severe chronic 
obstructive pulmonary disease (de#ned as a forced expiratory volume in one 
second to forced vital capacity ratio of < 0.64 and daily medication), severe 
restrictive pulmonary disease (evidence of chronic interstitial in#ltration on 
chest radiograph), use of immunosuppressive agents (100 mg hydrocortisone 
per day was allowed), pulmonary thromboembolism, previous pneumectomy or 
lobectomy, and previous randomization in the same study.

Clinical and laboratory data collection
For each patient we collected the baseline demographic data. %e hourly urine 
output and serum creatinine on day 0, 1, 2, 3 and 4 were retrieved from our 
electronic Patient Data Management System (PDMS metavision, iMD so", 
Sassenheim, the Netherlands). All the patients were scored daily for development 
of ALI using the North–American European Consensus Conference criteria [18].

Assessment of acute kidney injury
%e patients were scored daily for AKI using the creatinine and urine output 
criteria of the RIFLE classi#cation system [19]. For all patients we estimated 
baseline serum creatinine by solving the MDRD equation [20]. %e lowest value 
of ICU-admission and estimated serum creatinine was used as baseline for the 
RIFLE criteria. If serum creatinine at ICU admission was higher than the estimated 
value, we searched for a recent pre-morbid serum creatinine to represent the 
baseline. If pre-morbid serum creatinine was unknown the estimated value was 
used as baseline. Additionally we measured NGAL as a marker of active kidney 
damage [21;22] and CyC as a measure of kidney function [23].

Sampling and measurement of cystatin C and NGAL
We used plasma samples taken on day 0, 2 and 4 and stored at -800C. CyC was 
measured batch wise by particle–enhanced immunonephelometry (BN Prospec® 
system, Siemens, Germany); NGAL was measured by means of an ELISA (R&D 
Systems, Abingdon, UK). %e detection limits were 0.05 mg/L for CyC and 312 
pg/mL for NGAL. Intra–assay variation was 1.7% for CyC and 13.4% for NGAL.

Statistical analysis
Statistical analysis was performed using Statistical Package for the Social Sciences 
(SPSS Inc, Chicago, Illinois, USA). Results are presented as mean ± SD, or 
median and interquartile range (IQR). Results between groups were compared 
using the student’s t-test, Mann–Whitney U–test, Chi–square test, Fisher exact 
test and Log-rank test where appropriate. %e di$erence in AKI progression 
between groups was assessed using Kaplan Meier cumulative hazards estimates. 
We used a 95% con#dence interval to determine signi#cance.
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Results

Patients
All 150 patients of the original study were included in the secondary analysis; 
76 patients were randomized into the lung–protective mechanical ventilation 
group and 74 patients in the conventional mechanical ventilation group. %e 
baseline characteristics of these 2 groups are shown in table 1. Twelve patients 
developed VALI: 10 patients in the conventional mechanical ventilation group 
and 2 patients in the lung–protective mechanical ventilation group (P = 0.01). 
Vasopressor use, transfusion of blood products, and cumulative 'uid balance 
before randomization were not signi#cantly di$erent between the two groups 
(table 1). 

Developing or worsening of AKI
Figure 1 shows the distribution of AKI in the 2 randomization groups. 
Development or worsening of AKI was seen in 39 (26%) patients, however the 
di$erence in AKI progression between the two ventilation strategies was not 
statistically signi#cant (cumulative hazard estimate respectively 0.32 vs. 0.32, 
P = 0.96, #g. 2). During the study period there were no statistically signi#cant 
di$erences between the two randomization groups for vasopressor use, number 
blood transfusions, or cumulative 'uid balances ( table 2). Eighty–six patients 
had no AKI on day 0, and of these patients 18 (21%) patients developed 
AKI, however the di$erence between the two randomization groups was not 
statistically signi#cant (cumulative hazard estimate 0.26 vs. 0.23, P = 0.88, #g. 
2). Twelve patients developed VALI: ten patients in the conventional mechanical 
ventilation group and two patients in the lung–protective mechanical ventilation 
group (P = 0.01). %e development or worsening of AKI was not higher in these 
patients compared with the patients who did not develop VALI (cumulative 
hazard estimate respectively 0.29 vs. 0.24, P = 0.88).

Cystatin C and NGAL 
Cystatin C was measured in 270 plasma samples (1.81 ± 0.97 samples per 
patient) and NGAL was measured in 306 plasma samples (2.04 ± 0.89 samples 
per patient). Plasma levels of CyC and NGAL during mechanical ventilation were 
not signi#cantly di$erent between the LVT group and the CVT group (#g. 3). 
%e di$erence remained not signi#cant a"er correction for AKI at onset (#g. 4). 
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Figure 1.

Figure 2.
Left panel: Cumulative Hazard Estimates graph on worsening in AKI-score in all patients ventilated 
with conventional tidal volume (10 mL/kg predicted bodyweight, open circles) or lower tidal volumes 
(6 mL/kg predicted bodyweight, closed circles). Right panel: Cumulative Hazard Estimates graph 
on worsening in AKI-score in patients without AKI at inclusion, ventilated with conventional (10 
mL/kg predicted bodyweight) tidal volume (open circles) or low (6 mL/kg predicted bodyweight) 
tidal volumes (closed circles).
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Figure 3.
Left panel: plasma levels (median and IQR) of NGAL in patients ventilated with conventional tidal 
volume (10 mL/kg predicted bodyweight, open circles) or low tidal volumes (6 mL/kg predicted 
bodyweight, closed circles). Right panel: plasma levels (median and IQR) of cystatin C in patients 
ventilated with conventional tidal volume (10 mL/kg predicted bodyweight, open circles) or low 
tidal volumes (6 mL/kg predicted bodyweight, closed circles). 

Figure 4.
Left panel: plasma levels (median and IQR) of NGAL in patients without AKI at inclusion, ventilated 
with conventional tidal volume (10 mL/kg predicted bodyweight, open circles) or low tidal 
volumes (6 mL/kg predicted bodyweight, closed circles). Right panel: plasma levels (median 
and IQR) of cystatin C in patients without AKI at inclusion, ventilated with conventional tidal 
volume (10 mL/kg predicted bodyweight, open circles) or low tidal volumes (6 mL/kg predicted 
bodyweight, closed circles).
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Discussion

In this secondary analysis of a randomized controlled trial of mechanical 
ventilation with lower versus conventional tidal volumes in critically ill patients 
without ALI at the onset of mechanical ventilation, protective mechanical 
ventilation with lower tidal volumes did not prevent development or progression 
of AKI compared to mechanical ventilation using conventional tidal volumes.
Our #ndings are in contrast with 2 earlier clinical trials in which lung-protective 
mechanical ventilation reduced the development of AKI [2;10]. Several factors 
could explain the di$erence in results between our trial and other trials of 
lung-protective ventilation and AKI. First, we only included patients without 
ALI, while the ARDS network study and the study by Ranieri et al. included 
patients with ARDS, o"en combined with sepsis or pneumonia [2;10]. Possibly, 
ventilator induced injury to the kidney represents a multifactor process that may 
become more important in the presence of pre-existent lung injury or infection 
[4]. Notably, the present study protocol mandated mechanical ventilation with a 
tidal volume of 6 mL/kg once VALI was diagnosed, thus a!enuating further lung 
and kidney damage. 
A next possible explanation for the di$erent results between our trial and earlier 
studies is the assessment of renal injury. %e ARDS Network trial, prospectively 
evaluated the number of days free of renal failure, de#ned as a serum creatinine 
of > 177 µmol/L, in 28 days [2]. Ranieri et al. retrospectively examined the 
occurrence of renal failure, using the criteria outlined by Knaus et al., within 72 
h of mechanical ventilation [10;24], In the present study we applied the RIFLE 
classi#cation system to assess the development or worsening of AKI within 
5 days of mechanical ventilation [19]. %e lack of a common reference point 
hampers comparison among studies. In addition to AKI as de#ned by the RIFLE 
classi#cation system we also looked at the longitudinal trend of systemic NGAL 
and CyC, however neither of these two novel AKI markers were signi#cantly 
di$erent between the 2 randomization groups suggesting that mechanical 
ventilation using conventional tidal volumes did not increase kidney damage. Small 
animal models of ALI and mechanical ventilation support the abovementioned 
hypothesis, although some of these studies applied tidal volumes not commonly 
used in clinical practice [3;7;14;15]. In mice the combination of conventional 
mechanical ventilation (with tidal volumes of 10 mL/kg) and bacterial infection 
resulted in signi#cantly greater serum creatinine concentrations compared with 
animals without bacterial infection [14]. Gurkan et al. established a murine 
model of VALI and demonstrated that a short period of mechanical ventilation 
with high tidal volumes (17 mL/kg) caused both increased pulmonary vascular 
permeability and hepatic and renal in'ammation. %is e$ect was dependent 
on presence of a localized pulmonary in'ammatory stimulus (acid aspiration) 
and did not occur a"er mechanical ventilation of healthy mice [3]. Lower tidal 
volumes (6 mL/kg) a"er acid aspiration signi#cantly a!enuated lung injury, but 
also a!enuated local cytokine expression in liver and kidney expression. In rabbits 
with acid aspiration lung injury high tidal volumes (15-17 mL/kg) mechanical 
ventilation increased epithelial cell apoptosis in the kidney and led to increased 
concentrations of serum creatinine [7]. Hegeman et al. demonstrated that 4 hours 



169

Lung–protective mechanical ventilation does not protect against acute kidney injury in patients 
without lung injury at onset of mechanical ventilation

11

of lung injurious mechanical ventilation of healthy mice induced endothelial 
activation, in'ammatory mediator production and the presence of granulocytes 
in distal organs [15]. %e authors proposed that combined with other events, 
such as an endotoxin challenge, ventilator–induced e$ects on the lungs and distal 
organs will be exacerbated and possibly underline the high incidence of organ 
failure in critically ill patients ventilated with high pressures and tidal volumes. 
Our trial was the #rst clinical study investigating whether lung–protective 
mechanical ventilation with lower tidal volumes reduces the development of 
AKI in ICU-patients without lung injury at the start of mechanical ventilation, 
and to combine traditional and novel markers for AKI, however there are 
some limitations. %e study protocol was designed to investigate the role of 
mechanical ventilation in the development of VALI in patients without lung 
injury at randomization and in this post hoc analysis we retrospectively assessed 
the development and progression of AKI. We studied a speci#c group (no 
ALI at admission), which consisted mainly of patients with cardiac arrest and 
neurological disorders, and therefore we cannot conclude that low tidal volume 
has no e$ect on development or worsening of AKI in a general ICU population. 
In addition CyC and NGAL in plasma were determined on days 0, 2 and 4 and not 
daily. %erefore it is possible that we missed a peak on days 1 or 3. Nevertheless 
the courses of NGAL and CyC in the 2 randomization groups are very similar, 
and therefore we believe that daily measurements would not have changed our 
conclusions. Finally, we did not measure urinary markers, while these markers 
may be more sensitive for the detection of kidney damage[25]. Systemic NGAL 
is a general marker of injury, while systemic CyC is a functional marker, and 
neither markers are speci#c for detection of kidney injury[26;27]. In contrast, 
urinary NGAL and CyC are speci#c markers of kidney injury and were shown to 
predict the development of severe AKI in selected patient groups[28-32].
 
Conclusions

In conclusion, in this secondary analysis of a randomized controlled trial in 
critically ill patients without ALI at the beginning of mechanical ventilation, 
lung–protective mechanical ventilation signi#cantly reduced the development of 
VALI, but not the development and/or worsening of AKI according to RIFLE, 
and according to the plasma levels of NGAL and CyC.
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Conventional tidal volume 
(n = 74)

Lower tidal volume  
(n = 76)

P

Age (years) 58 (17) 63 (15) 0.06

Male (%) 50 (68) 49 (64) 0.69

Co-morbidities: 0.60

     Diabetes mellitus 8 13

     Hypertension 18 18

     CKD 1 1

APACHE-II 20 (8) 21 (7) 0.93

SOFA 8 (4) 7 (3) 0.19

Primary diagnosis 0.60

     Cardiac arrest 22 32

     Neurological disease 24 15

     Sepsis 7 4

     Pneumonia 1 4

     Trauma 12 10

     Pancreatitis - 1

     Medical other 5 5

     Cardiopulmonary surgery 1 3

     Other surgery 2 2

PlCyC (mg/L) 0.739 [0.54 - 1.25] 0.734 [0.59 - 1.23] 1.00

PlNGAL (mg/L) 134 [100 - 205] 149 [81 - 242] 0.86

Screat (µmol/L) 69 [52 - 121] 75 [55 - 126] 0.80

Data before randomization

    Mechanical ventilation (h) 20 (9) 18 (9) 0.25

    Tidal volume (ml/kg) 8.2 (0.4) 8.4 (0.6) 0.31

Blood transfusion1) 26 (35%) 20 (26%) 0.40

Blood products1) 0 [ 0 - 2 ] 0 [ 0 - 1 ] 0.25

Vasopressor use 25 (34) 27 (36) 0.86

Cumulative "uid balance (l) 1.77 [ 0.33 - 3.50 ] 1.71 [ 0.63 - 2.88 ] 0.64

28-day mortality (%) 23(31) 24(32) 0.94

Table 1.
Baseline characteristics

Values are mean ± standard deviation, median and interquartile range, or number of patients and 
%. APACHE-II acute physiology and chronic health evaluation-II; SOFA sequential organ failure 
assessment; CKD chronic kidney disease; NGAL Neutrophil Gelatinase Associated Lipocaline; AKI 
acute kidney injury; 1) red cells and fresh frozen plasma
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Conventional tidal volume 
group (n = 74)

Lower tidal volume  
group (n = 76)

P-value

Vasopressor use (%)

Day 0 27 (36) 25 (33)

Day 2 18 (24) 12 (16)

Day 4 6 (8) 5 (7)

 blood products1) (units) 

Day 0 0 [0-1] 0 [0-2] 0.25

Day 2 0 [0-0] 0 [0-0.5] 0.28

Day 4 0 [0-0] 0 [0-0] 0.51

Fluid balance (l)

Day 0 1.71 [0.63-2.88] 1.77 [0.33-3.50] 0.64

Day 2 4.75 [2.67-6.69] 4.76 [3.07-6.96] 0.50

Day 4 4.75 [0.80-8.21] 6.20 [3.02-8.64] 0.21

Table 2.
Vasopressor use, blood products and fluid balance during study period

Values are median and interquartile range, or number of patients and %. 1) red cells and/or plasma
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Acute kidney injury in critically ill patients

Acute kidney injury (AKI) is a frequent and severe complication of critical illness. 
Up to 20% of the general intensive care unit (ICU) population develop AKI, and 
AKI is observed in up to 50% of patients admi!ed because of sepsis. While AKI 
in patients not having sepsis as the primary reason for ICU admission carries a 
mortality rate of 45%, mortality rates up to 70% have been reported in septic 
patients with AKI. Since AKI incidence is increasing and co–existing diseases 
will in'uence the severity of illness it is of great importance to put more e$ort 
in the knowledge of pathophysiological processes of AKI but also in the early 
recognition of AKI. 

Biological markers for acute kidney injury and renal 
function

Endogenous biological markers for early recognition of AKI could be helpful. 
Indeed, such markers could guide preventive measures against (ongoing) kidney 
insults, possibly improving morbidity and maybe even mortality of critically 
ill patients. In addition, early recognition of AKI may open opportunities for 
new therapies, which probably need to start as early as possible, i.e., before AKI 
becomes clinically evident or shortly a"er a kidney insult. %e diagnostic values 
of creatinine and urea, the most frequently used biological markers for AKI 
at present, are limited because their plasma levels do not immediate rise with 
development of AKI making them not useful for the early detection of kidney 
damage. One could say that creatinine and urea are delayed measures of renal 
function rather than timely markers for AKI.
Endogenous biological markers for early recognition of recovery of renal function 
could be helpful as well. Early recognition of recovery of renal function gives the 
opportunity to stop renal replacement therapy (RRT), if started. RRT, such as 
continuous veno–venous hemo#ltration (CVVH), is an expensive and labor–
intensive strategy with risks for complications such as blood stream infections, 
bleedings and thrombosis, and should therefore not be applied longer than 
necessary. Moreover, shortening CVVH treatment could also reduce duration of 
ICU stay. Creatinine and urea have the limitation that they are e&ciently cleared 
from the systemic circulation by CVVH, making them useless as biological 
markers of recovery of renal function and consequently in the decision to stop or 
continue renal replacement therapy alike CVVH.
To evaluate the practice of care for AKI patients in Dutch ICU patients, we 
performed a national postal survey on which we report in chapter 2. %e purpose 
of this survey was to evaluate practice of RRT in Dutch ICUs [1]. %e survey 
revealed that ICU physicians and nurses are in charge of RRT in the ICU–se!ing, 
using CVVH as the preferred modality in the vast majority of Dutch ICUs. %e 
survey identi#ed considerable variations in timing of RRT, dose prescriptions, 
stopping rules and anticoagulation strategies. %e absence of adequate biological 
markers of AKI and/or recovery of renal function, at least in part could play a role 
in the variability of care for AKI in critically ill patients.
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Novel biological markers for acute kidney injury and 
renal function

Since currently available biomarkers of kidney function, like creatinine or urea 
can neither be used for early detection of AKI nor for the timely recovery of 
renal function in case of temporarily function–loss, there is urgent need for novel 
endogenous biological markers for AKI and/or renal function in the ICU. Novel 
markers should be sensitive and speci#c for the development of AKI and/or 
regain of renal function, and rapidly measurable on a daily basis. Furthermore, 
such markers should be simply detectable in easily obtainable body 'uids, 
i.e., blood or urine. Ideally, they give insight into the etiology of the insult, are 
helpful in monitoring the response to interventions, and be una$ected by other 
biological variables. Over the last decade, several novel biological markers have 
been suggested to have diagnostic and prognostic properties for AKI in ICU 
patients, including but not restricted to cystatin C (CyC), neutrophil gelatinase–
associated lipocalin (NGAL), and soluble urokinase–type plasminogen activator 
receptor (suPAR). So far, there have not been e$orts into #nding biological 
markers for recovery of renal function.
In chapter 3 and chapter 4 we reviewed the available medical literature on cystatin 
C (CyC) [2] and neutrophil gelatinase–associated lipocalin (NGAL) [3] in 
critically ill patients. For this we searched the medical literature until 2006, at the 
start of a national multicenter project that serves as the basis for this thesis (see 
below). %e literature suggested both CyC and NGAL to be promising biological 
markers of AKI in critically ill patients, possibly allowing early detection. 
However, most studies were performed in small patient groups. Validation of the 
results is highly needed in large preferably multicenter studies. Combination of 
di$erent biological markers could further improve the diagnostic approach using 
biomarkers.
Soluble urokinase–type plasminogen activator receptor (suPAR) is a relatively 
new and promising biological marker of various in'ammatory and infectious 
diseases, including critically ill patients and patients with severe P. falciparum 
malaria. Indeed, studies of patients with the systemic in'ammatory response 
syndrome, sepsis or bacteremia suggest plasma suPAR could serve as a risk 
strati#cation marker for death. %e predictive value of suPAR for development of 
AKI in these patients, however, is largely unknown.
Until now most studies of new biological markers for AKI and/or renal function 
included only selected ICU patient, such as patients a"er cardiac surgery or 
trauma. In these patients the direct cause of AKI as well as its timing are o"en 
well–known. However, in unselected critically ill patients neither the ‘renal 
insult’ nor its timing are known. %is may severely hamper generalizability of 
study results.
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Aim of research presented in this thesis

We hypothesized novel biological markers for AKI and/or renal function to have 
diagnostic and prognostic value in critically ill patients. More speci#cally, we 
hypothesized:
•  Systemic and urinary CyC and NGAL levels to predict AKI as well as need for 

RRT in unselected critically ill ICU–patients
•  Systemic and urinary CyC levels to adequately predict recovery of renal 

function, and as such to be a useful marker in the decision to stop or continue 
RRT in critically ill ICU–patients receiving CVVH for AKI

•  Systemic levels of markers of parasite load combined with suPAR levels 
to predict AKI as well as need for RRT in critically ill patient with severe 
Plasmodium falciparum malaria

To test the #rst two hypotheses we set up a national multicenter observational 
study, called ‘Systemic levels of Cystatin C in critically ill patients with Acute 
Renal Failure study’, in short ‘SCARF’ [4]. %e third hypothesis was tested in a 
cohort of patients with malaria from two previous randomized controlled trials 
[5, 6].

Summary of results

Biological markers for AKI and recovery of renal function in 
critically ill patients
In Chapter 5 we report the results of the ‘SCARF’–study, a prospective 
observational study in 151 ICU patients in 5 hospitals in the Netherlands [4]. 
We hypothesized serum and/or urine CyC levels to predict AKI and need for 
RRT one to two days earlier than the broadly used classi#cation scheme for AKI 
known as the ‘Risk of renal dysfunction, Injury to the kidney, Failure of kidney 
function, Loss of kidney function and End–stage kidney disease’ (RIFLE) in 
patients who #nally developed AKI. RIFLE uses conventional parameters such 
as creatinine and urine output. To test the hypothesis we compared CyC levels 
in serum and urine in the two days prior to development of AKI with CyC levels 
in the #rst two admission days of patients not developing AKI. On day –2, but 
not on day –1, median serum CyC levels were signi#cantly higher in patients 
who developed AKI compared to patients not developing AKI, but the diagnostic 
performance for AKI or the need for RRT was low. Median urine CyC levels were 
not di$erent between patients who developed AKI and those not developing AKI. 
From these results we conclude that serum and urine CyC are poor biomarkers 
for the prediction of AKI or need for RRT.
In chapter 6 we report on a pilot study of 6 patients who received CVVH for 
AKI [7] we hypothesized CVVH to be unlikely to in'uence serum CyC levels. 
In this pilot study we found serum CyC levels actually to decrease a"er initiation 
of CVVH. Also, serum CyC levels increased a"er cessation of CVVH in non–
oliguric patients. From this study we conclude that CVVH a$ects serum CyC 
levels. %erefore CyC seems a poor predictor of residual renal function, but 
larger studies are necessary to conclude this.
In chapter 7 we report the results of a secondary analysis of SCARF, focusing on 
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the prognostic value of CyC in 68 patients who needed CVVH. We hypothesized 
CyC in serum and urine to be useful prognostic biomarkers of renal recovery 
in these patients. For this we measured levels of serum CyC and urine CyC to 
discover a pa!ern in time during and a"er CVVH and we tried to relate these 
levels with creatinine levels in serum and urine. Furthermore we calculated the 
ability of serum CyC and urine CyC to predict renal recovery. On day –3, –2, and 
–1 before stopping CVVH the prognostic performance of serum CyC and urine 
CyC was unacceptably low. %us this secondary analysis of SCARF con#rms the 
#ndings of the pilot study reported on in chapter 6: both serum and urine CyC 
are poor predictors of renal recovery in critically ill patients who need CVVH.
In chapter 8 we report on another secondary analysis of SCARF, focusing on 
the diagnostic value of NGAL [8]. We hypothesized serum and urine NGAL to 
predict AKI and need for RRT one to two days earlier than the RIFLE criteria 
in patients who #nally developed AKI. Alike in the previous analysis of CyC, we 
compared NGAL levels in the two days prior to the development of AKI with 
NGAL levels in the #rst two admission days of patients not developing AKI. 
Serum and urine NGAL on non–AKI days were signi#cantly lower compared to 
serum and urine NGAL on AKI–days. %e diagnostic performance for both AKI 
and need for RRT, however, was low. %us we conclude serum and urine NGAL 
to be poor predictors of AKI or need for RRT in unselected critically ill patients.
In Chapter 11 we report on a secondary analysis of the ’HIgh versus LOw tidal 
volumes in patients without Acute Lung Injury trial’ (HILONALI), a multicenter 
randomized controlled trial of 150 critically ill patients without lung injury at 
onset of ventilation that showed ventilation with lower tidal volumes to prevent 
against development of the acute respiratory distress syndrome (ARDS) [9]. 
Since preclinical and clinical studies of ventilation suggest a role for development 
of ARDS in the pathogenesis of AKI [10, 11] we tested the hypothesis that 
patients who developed lung injury in the HILO trial also develop AKI. Use of 
lower tidal volumes did not a$ect development or worsening of AKI, neither 
using conventional markers of AKI nor using levels of CyC. %us development 
of AKI seems independent from development of ARDS or ventilator se!ings in 
critically ill patients without lung injury at onset of ventilation.

Biological markers for AKI in patients with severe P. falciparum 
malaria
In chapters 9 and 10 we focused on the predictive and prognostic value of the 
biological markers in patients with severe P. falciparum malaria. In chapter 9 [12] 
we report on a secondary analysis of samples and clinical data from 163 patients 
who were previously randomized in two trials of malaria treatment [5, 6]. First, 
we tested whether NGAL can adequately predict development of AKI and need 
for RRT in these patients. In this study we compared the area under the curve of 
the receiver operating characteristic curve of NGAL with that of conventional 
laboratory indices of AKI. %is study showed creatinine to have a be!er AUC 
than NGAL.
In chapter 10 we determined the diagnostic value of plasma suPAR levels in 
the same cohort of patients as described in chapter 10.  We compared plasma 
suPAR levels, as a proxy–measure of mononuclear cell activation, and plasma 
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P. falciparum histidine rich protein 2 (PfHRP2) levels, as a measure of sequestered 
parasite burden. Multivariate analysis shows that both suPAR and PfHRP2 are 
independently associated with urine neutrophil gelatinase-associated lipocalin 
concentration, a marker of acute tubular necrosis, from which we conclude 
that both sequestered parasite burden and immune activation correlate with 
development of AKI in severe falciparum malaria.

Discussion

%e purpose of the investigations described in this thesis was to seek for answers 
to two relevant questions in ICUs in resource–rich se!ings, i.e., can new biological 
markers play a role in early recognition of AKI, and can new biological markers 
predict recovery of renal function in patients who receive CVVH? A second 
aim was to answer a relevant question in ICUs in resource–poor se!ings, i.e., 
can novel biological markers predict development of AKI and need for RRT in 
patients with severe P. falciparum malaria?
Both CyC and NGAL have been suggested promising endogenous biological 
markers for AKI in ICU patients. Notably, those studies that suggest good 
diagnostic properties of CyC or NGAL were all on patients in whom timing 
of the kidney insult was known or predictable, i.e., patients undergoing cardiac 
surgery. Results from the prospective observational SCARF study suggests 
that neither CyC nor NGAL are useful biological markers for AKI and need 
for RRT. %e patient population in SCARF is rather heterogeneous. We believe 
this cohort be!er re'ects the patient populations seen in the ICU in whom the 
abovementioned questions are relevant. Based on the #ndings in the SCARF 
study and its secondary analyses we conclude CyC and NGAL cannot serve as 
biological markers in clinical practice.
It should be noted that the SCARF–study was a rather small study. Also, we 
sampled only every other day from day 2 a"er ICU admission. We could have 
missed peak values of both CyC and NGAL. In addition, misclassi#cation of AKI 
could have happened because we used MDRD–based preadmission creatinine 
as baseline, but also because the RIFLE scoring system may not be an adequate 
‘gold standard’ for AKI. 
CyC was suggested a promising endogenous biomarker for recovery of renal 
function in ICU patients treated with CVVH because of AKI, since previous 
investigations reported CVVH not to remove CyC from blood, opposite to e.g., 
creatinine or urea. However, results from the prospective observational SCARF–
study suggest that CyC is not a useful biological marker for recovery of renal 
function.
%e secondary analysis that tested the last hypothesis considered a smaller 
cohort of patients than in the original SCARF analysis. Unfortunately, inspection 
of individual patient plots of CyC levels over time showed a large variation of 
CyC levels with unclear changes before termination of CVVH, i.e., levels could 
rise, decline, or remain unchanged, but unrelated to the success of CVVH stop. 
It could be that CVVH–#lters could vary in their ability to #lter CyC levels. %is 
was not controlled in SCARF, i.e., the participating centers could use di$erent 
CVVH–#lters.
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As suPAR has a good prognostic value in patients with the systemic in'ammatory 
response syndrome, sepsis or bacteremia, we speculated suPAR to have pathogenetic 
role in patients with severe P. falciparum. %e investigation described in this thesis 
suggests this to be true. But a prognostic value for suPAR with AKI in this speci#c 
patient group was not con#rmed. Of note, measuring this biological marker is more 
di&cult and also more expensive than measuring creatinine, which will restrict its 
use in resource–poor se!ings.
Notably, seen the retrospective character of the secondary analysis of the  trial in 
patients with severe malaria, it could have been that need for RRT was misclassi#ed. 
Also, this study was a small study. Furthermore, elevated plasma suPAR levels 
have been described in patients with (other) infectious diseases, including HIV–
infections, and HIV–associated infection such as tuberculosis. Unfortunately, 
information on the infection status of these patients, apart from the P. falciparum 
infection, was not available.

Future directives

Is biological marker research synonym to ‘#nding Nemo in an ocean of molecules’? 
And are researchers too much focusing on the performance of one single biological 
marker? One recent investigation elegantly followed a more clinical approach 
of biomarker research for AKI [13]. In contrast to other well–understood 
pathophysiological processes underlying certain diseases or complication, AKI 
is characterized by a diversity of underlying pathophysiological processes. In 
this research, the investigators tested the value of a panel of biological markers in 
critically ill patients with and without AKI. %is has the bene#t of testing in a ‘model’ 
that is identical to the clinical context. %e additive e$ect of the use of more than 
one biological marker lies in the fact that small di$erences in the multifactorial 
character of AKI is best expressed in a panel of markers than one single marker. For 
example, researchers recently found out of 300 biological markers examined two 
top biological markers namely urine insulin–like growth factor–binding protein 
(IGFBP)–7 and tissue inhibitor of metalloproteinases-(TIMP)–2. As a panel they 
act superior to existing biological markers of AKI.
Finally, should we use receiver operating characteristic curves if we evaluate 
predictive values of biological markers? %e diagnostic and prognostic value of 
biological markers as described in recent studies, including those described in this 
thesis, are mostly evaluated with the area under the curve of the receiver operating 
characteristic curve as statistical tool. An increase of the area under curve is used 
as a measure for value added. O"en this increase of AUC is small and therefore 
di&cult to interpret. In addition, most investigators read small increases of AUC 
as disappointing results. Perhaps, other approaches, such as the ‘net bene#t’ that 
uses the ratio between the disadvantages and advantages of a given therapy can be 
used as an additional statistical evaluation tool [14]. In this model a weight is given 
to the ratio, i.e., to the clinical context: how many false positive measurements are 
acceptable to identify one true positive. 
In conclusion, the hypothesis that the biological markers CyC, NGAL and suPAR 
could play a role in early recognition of AKI, need for RRT or recovery of renal 
function in critically ill patients is not supported in studies described in this thesis. 
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Future research could focus on panels of biological markers but also on panels of 
statistical tools to evaluate each novel biological marker.
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Acute nierinsufficiëntie in de ernstig zieke patiënt

Acute nierinsu&ciëntie (AKI) is een veelvoorkomende complicatie bij de ernstig 
zieke patiënt. 20% van de patiënten op de IC ontwikkelt AKI. Wanneer een 
patiënt een sepsis ontwikkelt neemt de kans op AKI toe tot 50%. Daarbij neemt 
ook de ster"ekans toe van 45% tot 70%. Omdat AKI steeds vaker voorkomt is het 
belangrijk om nog meer inzicht te verwerven in het pathofysiologisch proces van 
AKI en het vroeg herkennen van AKI.

Biologische markers voor acute nierinsufficiëntie en 
nierfunctie

Als biologische markers AKI in een vroeg stadium kunnen herkennen kan dat een 
verbetering van morbiditeit en mortaliteit van ernstig zieke patiënten betekenen. 
Door het vroeg herkennen van AKI kunnen er mogelijkheden ontstaan om 
therapieën te starten nog voor dat AKI klinisch evident wordt.
De diagnostische waarde van creatinine en ureum, de meest gebruikte biomarkers 
van AKI, is beperkt omdat de plasma waardes niet onmiddellijk stijgen zodra AKI 
ontstaat. Daardoor zijn deze markers niet goed bruikbaar als vroege detectoren 
van schade.
Endogene markers die het herstel van nierfunctie kunnen herkennen kunnen ook 
nu!ig zijn. Dat gee" nl. de mogelijkheid om nierfunctie vervangende therapie 
op het juiste moment te kunnen stoppen. Nierfunctie vervangende therapie 
zoals CVVH is een dure en arbeidsintensieve handeling met risico’s als infectie 
van de bloedbaan, trombose en bloedingen. Dus de therapie zou niet langer dan 
noodzakelijk gebruikt moeten worden. Verkorting van therapie gee" daarbij ook 
een kortere duur van de ICU-opname.
Creatinine en ureum worden uit de bloedbaan gehaald door de CVVH en zijn 
daarom niet bruikbaar als markers voor herstel van nierfunctie en dus ook niet 
bruikbaar in de beslissing om wel of niet te stoppen met de CVVH. Om de huidige 
praktijk rond patiënten op IC met AKI te evalueren, hebben we een enquête 
gehouden. In hoofdstuk 2 rapporteren we hierover. Het doel van de enquête was 
om de nierfunctie vervangende therapie (RRT) te evalueren in de Nederlandse 
IC’s [1]. Deze enquête liet zien dat intensivisten en verpleegkundigen alles 
rondom RRT regelen in de Nederlandse IC’s, waarbij CVVH de meest gebruikte 
modaliteit is. Verder was er veel verschil te zien in het tijdstip van starten 
van RRT, de antistollingstherapie, de afspraken rondom de dosis en het 
stoppen van CVVH. De afwezigheid van goede endogene markers die iets zeggen 
over AKI en/of herstel van nierfunctie zouden een rol kunnen spelen in deze 
grote variabiliteit.
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Nieuwe biomarkers voor acute nierinsufficiëntie en 
nierfunctie

Omdat de huidige bekende biomarkers van nierfunctie, zoals creatinine of ureum 
niet voor AKI en niet voor het herstel van nierfunctie gebruikt kunnen worden, 
is er behoe"e aan nieuwe biomarkers. Nieuwe biomarkers moeten eenvoudig 
detecteerbaar zijn, inzicht geven in de reden van het probleem en niet beïnvloed 
worden door andere variabelen. De afgelopen 10 jaar zijn er meerdere biomarkers 
voorgesteld met zowel diagnostische als prognostische eigenschappen voor AKI 
op de IC zoals Cystatine C (CyC), neutrophil gelatinase–associated lipocalin 
(NGAL) en soluble urokinase–type plasminogen activator receptor (suPAR). 
Tot op heden zijn er nog geen markers gevonden die informatie kunnen geven 
over het herstel van nierfunctie.
In hoofdstuk 3 en hoofdstuk 4 bespreken we de huidige literatuur over Cystatine 
C (CyC) [2] en neutrophil gelatinase–associated lipocalin (NGAL) [3] bij de 
ernstige zieke IC patiënt. De literatuur suggereert dat zowel CyC C als NGAL 
veel belovende, vroege detectoren van AKI zijn in de ernstige zieke patiënt. De 
meeste studies zijn echter gedaan bij kleine patiëntengroepen. Validatie zou zeker 
moeten gebeuren in grote multicenter studies. Een combinatie van verschillende 
markers zou de diagnostiek kunnen verbeteren.
Soluble urokinase–type plasminogen activator receptor (suPAR) is een relatief 
nieuwe biomarker van verschillende infectieuze ziektebeelden waaronder de 
ernstige zieke patiënt op de IC en patiënten met ernstige P. falciparum malaria. 
Er zijn studies beschreven waar suPAR als een risico-strati#cator van ster"e is 
geduid. De voorspellende waarde van suPAR voor de ontwikkeling van AKI is 
onbekend.

Tot op heden zijn de meeste studies in het kader van biomarkers voor AKI 
en/of nierfunctie gedaan met selectieve patiëntengroepen zoals patiënten na 
cardiochirurgie of trauma. Bij deze patiënten is het duidelijk wanneer de schade 
aan de nieren zich hee" voor gedaan. Maar bij on-geselecteerde ernstige zieke IC 
patiënten is het moment van nierschade niet bekend.

Doel van de studie
We hypothetiseerden dat nieuwe biomarkers voor AKI en/ of nierfunctie 
diagnostische en prognostische waarde hebben bij ernstig zieke IC patiënten. 
Meer speci#ek, we stelden dat: 
 •  Systemische waardes en waardes in de urine van CyC en NGAL AKI en de 

noodzaak tot nierfunctie vervangende therapie in on-geselecteerde ernstige 
zieke patiënten op de IC kunnen voorspellen

 •  Systemische waardes en waardes in de urine van CyC het herstel van 
nierfunctie voorspellen en kunnen helpen bij het besluit tot stoppen van 
nierfunctie vervangende therapie bij ernstige zieke patiënten op de IC die 
CVVH krijgen in verband met AKI

 •  Systemische waardes van markers van parasieten load samen met suPAR 
AKI en de noodzaak tot nierfunctie vervangende therapie in ernstig zieke 
patiënten met ernstig Plasmodium falciparum malaria voorspellen



193

Nederlandse samenvatting

13

Om de eerste twee hypotheses te testen, hebben we een multicenter observationele
studie opgezet: ‘Systemic levels of Cystatin C in critically ill patients with Acute 
Renal Failure study’, te weten ‘SCARF’ [4]. Maar ook een secundaire studie van 
de ‘HIgh versus LOw tidal volumes in patients without Acute Lung Injury trial’ 
werd hiervoor gebruikt. De derde hypothese werd getest in een patiënten cohort 
met malaria uit twee eerder gerandomiseerde controle trials [5, 6].
Een aantal biomarkers is enerzijds onderzocht in de Nederlandse ziekenhuizen 
en anderzijds in ziekenhuizen van minder ontwikkelde landen. Vooral in deze 
laatste patiëntenpopulatie is het nog interessanter voorspellers van AKI en RRT 
te ontdekken vanwege de beperkte beschikbaarheid van nierfunctie vervangende 
therapie.

Samenvatting van resultaten

Biologische markers voor AKI en herstel van nierfunctie in de 
ernstig zieke patiënt bespreken
In Hoofdstuk 5 bepreken we de resultaten van de ‘SCARF’ -studie, een prospectieve 
observationele studie van 151 ICU patiënten uit 5 Nederlandse ziekenhuizen [4]. 
We hypothetiseerden dat serum en/of urine waardes van CyC een voorspellende 
waarde hebben voor AKI en de noodzaak tot nierfunctie vervangende therapie 
een tot twee dagen eerder dan het alom gebruikte classi#catie schema voor AKI 
bekend als: ‘Risk of renal dysfunction, Injury to the kidney, Failure of kidney 
function, Loss of kidney function and End–stage kidney disease’ (RIFLE) in 
patiënten die uiteindelijk AKI ontwikkelden. RIFLE gebruikt conventionele 
parameters zoals het creatinine en de urine productie. Om de hypothese te 
testen hebben we CyC waardes vergeleken twee dagen voor het ontwikkelen van 
AKI met de eerste twee opname dagen van patiënten zonder AKI. Op dag -2, 
maar niet op dag -1, waren de mediane serum CyC waardes signi#cant hoger in 
patiënten die AKI ontwikkelden ten opzichte van de patiënten zonder AKI. De 
diagnostische waarde voor AKI of de noodzaak tot RRT was laag. Mediane urine 
CyC waardes waren niet verschillend tussen patiënten met of zonder AKI. We 
concluderen dat serum en urine waardes van CyC slechte biomarkers zijn voor 
de voorspelling van AKI of RRT.
In hoofdstuk 6 rapporteren we over een pilot van 6 patiënten die CVVH kregen 
voor AKI. We hypothetiseerden dat de serum spiegels van CyC niet worden 
beïnvloed door CVVH. In deze pilot zagen we dat serum CyC wel daalde 
na het starten van CVVH en steeg na het stoppen van CVVH bij niet-oligure 
patiënten. We concluderen dat CVVH de serum CyC beïnvloed. Daarom lijkt 
CyC een slechte voorspeller van restfunctie van de nier, maar grotere studies zijn 
noodzakelijk om dit te kunnen concluderen.
In hoofdstuk 7 bespreken we de resultaten van een secundaire analyse van 
SCARF, die zich toespitst op de prognostische waarde van CyC bij 68 patiënten 
die CVVH nodig hebben. We hypothetiseerden dat CyC in serum en urine 
bruikbare prognostische markers zijn voor het herstel van nierfunctie. Hiervoor 
hebben we serum en urine CyC gemeten om een patroon te ontdekken tijdens 
en na CVVH en hebben we geprobeerd dit te relateren aan creatinine waardes in 
bloed en urine. Er was sprake van grote variabiliteit van CyC waardes in het bloed 
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en urine waarbij geen patroon herkenbaar was. Daarnaast hebben we gekeken 
naar de voorspellende waarde van CyC in serum en urine om het herstel van 
nierfunctie te kunnen bepalen. Op dag -3, -2,-1 voor het stoppen van CVVH 
bleek de voorspellende waarde onacceptabel laag te zijn. Dus deze secundaire 
analyse bevestigt onze resultaten uit hoofdstuk 6. Zowel serum als urine CyC 
zijn slechte voorspellers van nierfunctie-herstel bij ernstige patiënten die CVVH 
nodig hebben.
In hoofdstuk 8 rapporteren we over een andere secundaire studie van SCARF. Die 
richt zich meer op de diagnostische waarde van NGAL [8]. We hypothetiseerden 
dat serum en urine NGAL AKI en de noodzaak tot RRT, twee dagen voor dat de 
RIFLE criteria dat doen, kunnen voorspellen in patiënten die AKI ontwikkelen. 
Net als in de vorige analyse hebben we NGAL vergeleken in de twee dagen 
voordat AKI ontstond met de eerste twee opname dagen van de patiënten die 
nooit AKI ontwikkelden. Op de niet-AKI dagen waren serum en urine NGAL 
signi#cant lager dan op de AKI dagen. Maar de diagnostische waarde in het kader 
van voorspellen van AKI en RRT, was laag. Dus we concluderen dat serum en 
urine NGAL geen goede voorspellers zijn van AKI of RRT in de ernstige zieke 
ongeselecteerde  IC patiënt.
In hoofdstuk 11 rapporteren we over een secundaire analyse van de ’HIgh versus 
LOw tidal volumes in patients without Acute Lung Injury trial’ (HILONALI), 
een multicenter gerandomiseerde gecontroleerde trial van 150 ernstig zieke 
patiënten zonder longschade, bij het begin van beademen. [9]. Sinds preklinische 
en klinische beademingsstudies suggereerden dat er een rol voor de ontwikkeling 
van acute respiratory distress syndrome (ARDS) lag bij de pathogenese van 
AKI [10, 11] hebben we de hypothese getest dat patiënten die longschade 
ontwikkelen in de HILO trial ook AKI ontwikkelen. Het gebruik van lagere 
teugvolumes had geen invloed op het ontwikkelen of verergeren van AKI. 
Dus het ontstaan van AKI lijkt los te staan van de ontwikkeling van ARDS of 
beademingsvoorwaarden in de ernstig zieke patiënt die beademend moeten 
worden zonder dat ze longschade hebben.

Biologische markers voor AKI bij patiënten met ernstige  
P. falciparum malaria
In hoofdstukken 9 en 10 richten we ons op de predictieve en prognostische 
waarde van biologische markers bij patiënten met ernstig P. falciparum malaria. In 
hoofdstuk 9 [12] rapporteren we over een secundaire analyse van data betre$ende 
163 patiënten die al eerder gerandomiseerd waren voor twee trials over de 
behandeling van malaria [5, 6]. Eerst hebben we getest of NGAL de ontwikkeling 
van AKI en noodzaak tot RRT kan voorspellen. In deze studie hebben we de area 
under the curve van de receiver operating characteristic curve (AUCROC) van 
NGAL vergeleken met die van conventionele labtesten voor AKI. De studie liet 
zien dat creatinine een betere AUC had dan NGAL.
In hoofdstuk 10 bespreken in dezelfde cohort de diagnostische waarde van 
suPAR. We vergeleken plasma suPAR waardes en plasma P. falciparum histidine 
rijk protein 2 (Pf HRP2) waardes in het kader van AKI bij ernstige falciparum 
malaria. Multivariate analyse liet zien dat zowel suPAR als Pf HRP2 ona-ankelijk 
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geassocieerd was met urine neutrophil gelatinase- associated lipocalin 
concentratie, een marker voor acute tubulaire necrose.
We concluderen dat gesekwestreerde parasiet schade en immuun activatie 
correleren met de ontwikkeling van AKI bij ernstige falciparum malaria.

Discussie

Het eerste doel van de onderzoeken, beschreven in dit manuscript, was 
antwoorden te vinden op twee relevante vragen van de Westerse IC’s nl. kunnen 
nieuwe biomarkers een rol spelen bij de herkenning van vroege nierschade en 
kunnen zij een rol spelen bij het herkennen van herstel van nierfunctie na CVVH? 
Een tweede doel was een antwoord te vinden op de vraag of nieuwe biomarkers 
de ontwikkeling van AKI en noodzaak van RRT kunnen voorspellen bij patiënten 
met P.falciparum malaria in minder ontwikkelde landen.

Zowel CyC als NGAL zijn eerder beschreven als veelbelovende endogene 
markers voor AKI in de IC. In die studies was het moment van nierschade bekend 
of voorspelbaar  zoals bv bij cardiochirurgie. De resultaten van de SCARF studie 
suggereren dat zowel CyC als NGAL geen bruikbare parameters zijn voor AKI of 
noodzaak tot RRT. De onderzochte patiëntenpopulatie is veel heterogener dan 
de eerdere beschreven studies en wij denken dat deze patiëntengroep veel beter 
de populatie van de IC weerspiegelt. Gebaseerd op de resultaten uit de SCARF 
studie en de secundaire analyses concluderen we dat CyC en NGAL geen goede 
markers zijn in de klinische praktijk.
Een aantal kan!ekeningen is te plaatsen bij de resultaten van de SCARF studie. 
Ten eerste is het een kleine hoeveelheid patiënten die onderzocht werd. Ten 
tweede hebben we niet elke dag gesampled maar om de dag vanaf dag 2. Daardoor 
is het mogelijk dat we piek-waardes van CyC en NGAL gemist hebben. Ten 
derde zou er een misclassi#catie kunnen hebben plaats gevonden omdat we de 
MDRD baseline creatinine voor opname gebruikt hebben als uitgangswaarde van 
creatinine. Daarbij hebben we de RIFLE classi#catie voor AKI gebruikt waarbij 
het de vraag is of dit een adequate standaard is voor AKI.

Er is gesuggereerd dat CyC een veel belovende marker voor herstel van 
nierfunctie zou kunnen zijn bij patiënten die CVVH kregen in het kader van 
AKI, en CyC niet verwijderd werd door de CVVH-#lter. De resultaten van de 
prospectieve observationele SCARF-studie suggereren dat CyC geen bruikbare 
marker is voor herstel van nierfunctie. De individuele patiënten plots lieten 
enorme variatie zien van CyC in de tijd, zonder gerelateerd te zijn aan het 
succesvol stoppen van CVVH. 
Wat niet onderzocht is in de SCARF-studie maar wel van invloed zou kunnen zijn 
op de CyC waardes, is de soort CVVH-#lter die gebruikt is. Het is mogelijk dat 
verschillende centra verschillende #lters hebben gebruikt.

Aangezien suPAR een goede prognostische waarde hee" bij patiënten met een 
systemische ontstekingsreactie hebben we gehypothetiseerd dat dat ook zo zou 
zijn bij patiënten met ernstige P. falciparum. Dit wordt in dit manuscript ook 
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aangetoond maar een prognostische factor voor AKI in deze patiëntengroep is 
niet bevestigd. 
Een aantal kan!ekeningen zijn te plaatsen bij deze studie. Ten eerste is het meten 
van suPAR moeilijker en kostbaarder dan creatinine. In de minder ontwikkelde 
landen is dat wel degelijk een issue. Ten tweede zou het zou kunnen zijn dat de 
noodzaak voor RRT niet juist geclassi#ceerd is gezien het retrospectieve karakter 
van de secundaire analyse. Ten derde was deze studie ook klein qua omvang. Ten 
vierde is het zo dat hogere suPAR waardes beschreven zijn bij andere infectieuze 
ziekten zoals TBC of HIV. Informatie rondom deze infectieuze ziekten, 
behoudens ernstige malaria, was niet bekend bij deze patiëntengroep.

Toekomst

Is onderzoek naar biologische markers synoniem voor: ‘zoeken naar Nemo in een 
zee van moleculen’? En wordt de aandacht niet te veel gevestigd op een enkele 
biomarker? Recent is er vooral naar een klinische aanpak gekeken van biomarker 
onderzoek voor AKI [13]. In tegenstelling tot andere ziektebeelden met bekende 
pathofysiologische processen, wordt AKI gekenmerkt door een diversiteit aan 
onderliggende processen waardoor de pathofysiologie niet altijd duidelijk is. In 
deze studie is gekeken naar een panel van markers in de ernstig zieke patiënt met 
en zonder AKI. Dit panel hee" als voordeel dat wordt getest in een ‘model’ dat 
lijkt op de kliniek. Het additieve e$ect ligt in het feit dat kleine verschillen in 
het multifactoriële karakter van AKI het best tot uiting komt in een panel van 
markers in plaats van 1 marker. Een voorbeeld hiervan is een recent onderzoek 
waar uit 300 biologische markers twee top markers zijn gevonden nl: urine 
insulin– like growth-factor–binding protein (IGFBP)–7 and tissue inhibitor 
of metalloproteinases-(TIMP)–2. Dit panel functioneerde veel beter dan de 
bekende markers van AKI.
Tot slot is het de vraag of we de receiver operating characteristic curve 
(ROCcurve) moeten gebruiken om de biologische markers te testen. De recente 
studies maar ook onze studies naar de diagnostische en prognostische waardes 
van biologische markers, maken  gebruik van deze ROC-curve. Een stijging van de 
AUC, is een stijging van de diagnostische of prognostische waarde. Deze stijging 
is vaak klein en moeilijk te interpreteren. Daarnaast worden kleine stijgingen 
vaak gezien als een teleurstellend resultaat. Misschien is het mogelijk om naar 
andere tools te kijken zoals ‘net bene#t’ dat gebruik maakt van de verhouding 
tussen terechte en onterechte classi#caties, rekening houdend met de klinische 
context [14]. Om een voorbeeld van deze verhouding weer te geven: hoeveel 
fout positieve metingen zijn acceptabel om een positieve meting te vinden?
Samenva!end kan worden gesteld dat de hypothese dat biologische markers als 
CyC, NGAL en suPAR een rol kunnen spelen bij het vroeg herkennen van AKI, 
noodzaak tot RRT en herstel van nierfunctie bij de ernstig zieke patiënt niet door 
deze studies wordt ondersteund. Verder onderzoek zou zich kunnen focussen 
op panels van biologische markers maar ook op panels van statistische tools om 
nieuwe biologische markers te evalueren.
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