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Watch me jumpstart as the old skin is peeled
See an opening and bust into the field
Hidden longings no longer concealed
Watch me bulldoze every bulldozer away
Each new obstacle from each old new day
Where it's going it's hard for me to say
(R. Pollard, Guided by Voices)

To my sons Ivan and Eddie
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ABSTRACT
Acute kidney injury (AKI) is a complex syndrome for which no effective treatment exists, and
our understanding of this condition is limited. If the acute kidney injury is severe enough to
require renal replacement therapy, mortality rates at six months are around 60%. Yet, even
this severe form of AKI is common –affecting over 5% of all patients admitted to the
intensive care unit.
The overall objective of this thesis was to study the association between acute kidney injury
and short-term as well as long-term outcome. In total, we studied 3710 patients, in two singlecentre and two multicenter studies. All four papers were restricted to adults only.
The first paper addresses the lack of transparency and comparability in AKI studies due to the
absence of a uniform classification system and non-existence of consensus on when to
measure mortality. We were able to demonstrate that the novel RIFLE criteria are useful not
only because they enable a better description of the condition of severe AKI but because they
predict mortality; patients with RIFLE class F, failure, had a relative risk of death of 3.4 (95%
CI 1.2-9.3) as compared to RIFLE class R, risk. Moreover, a minimum two month follow-up
was proposed as we found that this caught most of the severe AKI mortalities.
The second paper investigates the impact of choice of renal replacement therapy modality in
the ICU. We evaluated outcomes both in terms of mortality and morbidity. 32 Swedish ICUs
contributed data on 2,202 patients requiring continuous or intermittent renal replacement
therapy (CRRT and IRRT, respectively). Within 90 days of initial dialysis, 1,100 patients had
died. No association was found between dialysis modality and 90-day mortality. Among the
90-day survivors, the risk of end-stage renal disease (ESRD) requiring hemodialysis was
considerably higher in patients treated with IRRT than in those treated with CRRT (adjusted
odds ratio 2.60, 95% CI 1.5–4.3). However, the trend towards a higher risk of ESRD with
IRRT decreased with increasing duration of follow-up. Among the 90-day survivors who did
develop ESRD, the risk of death was markedly higher in patients treated with IRRT in the
ICU than in those treated with CRRT (hazard ratio (HR) 2.3, 95% CI 1.3–4.1).
The third paper described the outcome of patients with manifest end-stage renal disease
treated in the ICU with renal replacement therapy. Again, 32 Swedish ICUs contributed data
on 245 patients. Diabetes and heart failure are significant risk factors for 90-day mortality,
with an odds ratio (OR) of 1.9 and 2.0 respectively. The ICU ESRD cohort had increased
long-term mortality as compared to non-ICU ESRD patients: relative risk of death 2.32 (95%
CI 1.84-2.92). A comparison with the mortality rate in the general population yielded a
standardized mortality ratio of 25 (95% CI: 19.6-31.4).
The fourth paper broadens the scope, and evaluates the prognostic value for cystatin C on
mortality in adult general ICU patients with and without acute kidney injury. The relation
between cystatin C and mortality was found to be dose dependent in patients with and without
AKI. This relation was preserved even after adjusting for age, main ICU diagnoses and
RIFLE. In AKI patients the HR comparing cystatin C above and below median more than
doubled from the second year on compared to the first year follow-up. After exclusion of
patients with potential AKI (creatinine > 100 µmol/l or urea > 20 mmol/l) in the non-AKI
cohort the correlation of cystatin C levels and risk of death were strengthened.
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Abbreviations
ACE
ADQI
AKI
AKIN
APACHE II
ARDS
ARF
ATN
AUC
CI
CRRT
ESRD
GFR
HR
ICD 7-10
ICU
IHD
IRRT
KIM-1
NAG
NGAL
NOMESCO
NSAID
OR
QoL
RIFLE
RR
RRT
SOFA
SRAU
SWING

Angiotensin-converting enzyme
Acute Dialysis Quality Initiative
Acute kidney injury
Acute Kidney Injury Network
Acute Physiology and Chronic Health Evaluation II
Acute respiratory distress syndrome
Acute renal failure
Acute tubular necrosis
Area under the curve
Confidence interval
Continuous renal replacement therapy
End-stage renal disease
Glomerular filtration rate
Hazard ratio
International Classification of Diseases 7-10
Intensive care unit
Intermittent hemodialysis
Intermittent renal replacement therapy
Kidney injury molecule-1
N-acetyl-ȕ-(D)-glucosaminidase activity
Human neutrophil gelatinase-associated lipocalin
Nordic medico-statistical committee classification
Nonsteroidal anti-inflammatory agents
Odds ratio
Quality of life
Risk, Injury, Failure, Loss, and End-stage kidney disease
Relative risk
Renal replacement therapy
Sequential Organ Failure Assessment
Swedish Register for Active Treatment of Uremia
SWedish Intensive care Nephrology Group
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Introduction
The epidemiology of acute renal failure (ARF) has changed over the years. This may partly be
caused by a change in patient characteristics, but more importantly, by a change in definition
of the disease. Recent research emphasizes the clinical importance of less severe impairment
of kidney function, resulting in the broader term acute kidney injury (AKI). It needs to be
stressed: acute kidney injury is a common clinical problem in critically ill patients and is
associated with significant morbidity and a high mortality rate [1]. Historically, some
researchers have argued that patients die with AKI - not of AKI – arguing that it merely
denotes an expression of illness severity; but now strong evidence backs up the notion that
AKI has an independent impact on outcome, even after all other variables affecting outcome
has been corrected for [2] [3] [4] [5].
The lack of a uniform definition of acute kidney injury, absence of consensus on how to
measure outcome in terms of mortality, and very few studies on long term morbidity have
hampered this field of intensive care research. In paper I, included in this thesis, we tested the
novel RIFLE classification criteria and gauged the optimal follow-up time after AKI requiring
renal replacement therapy (RRT). Papers II and III were based on a national multicenter
cohort. In these two studies, we detailed long-term outcome – measured as mortality and
morbidity - after intermittent or continuous RRT and the long-term mortality of patients with
end-stage renal disease respectively. In paper IV our main objective was to test the novel
biomarker serum cystatin C, and its ability to predict need for RRT and risk of mortality on
patients with and without AKI.

Background
Definition of acute kidney injury
Until very recently there has been no consensus on the amount of dysfunction that defines
acute kidney injury. A staggering number of definitions have been used, with more than 30
simultaneously used in the current literature [6].
Acute kidney injury is broadly defined as “an abrupt and sustained decrease in kidney
function”. Clinical signs include a rapidly decreasing glomerular filtration rate (GFR),
resulting in disturbances in electrolyte- and acid-base balance, derangement of extra cellular
fluid volume, retention of nitrogenous waste products and often a decreased urine output [7].
The confusion on how best to assess kidney function include what markers that best reflect it,
and what values of those markers discriminate normal from abnormal kidney function.
To bring clarity to the field, the Acute Dialysis Quality Initiative (ADQI, www.adqi.net)
devised the Risk, Injury, Failure, Loss, and End-stage kidney failure (RIFLE) classification
[8]. The acronym RIFLE defines three grades of increasing severity of AKI (risk, injury, and
failure, respectively, R, I, and F) and two outcome variables (loss and end-stage kidney
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disease, respectively, L and E). A clever feature of the RIFLE classification is that the three
grades of severity of renal dysfunction are based on an individual change in serum creatinine,
reflecting changes in GFR or duration and severity of decline in urine output from the baseline
(Table 1).
More recently, the Acute Kidney Injury Network (AKIN) group, an international
collaboration of nephrologists and intensivists, have proposed refinements to the RIFLE
criteria [9]. Specifically, the AKIN group sought to increase the sensitivity of the RIFLE
criteria by recommending that a smaller change in serum creatinine ( 26.2 µmol/L) be used as
a threshold to define the presence of AKI and identify patients with Stage 1 AKI (analogous to
RIFLE-Risk) (Table 1). This modification should be seen in the light of recent findings,
demonstrating that small increases in serum creatinine are associated with increased mortality
[10] [11]. Second, a time constraint of 48 h for the diagnosis of AKI was proposed. Finally,
any patients receiving renal replacement therapy were to now be classified as Stage 3 AKI
(RIFLE-Failure).
A recent study by Bagshaw and co-workers (see webpage http ://ndt. oxfordjournals. org
/cgi/content/full/gfn009v1) evaluated the AKIN and RIFLE criteria side by side, in a
multicenter database study of 120,123 critically ill patients. They found that, compared to the
RIFLE criteria, the newly proposed AKIN criteria do not materially improve the sensitivity,
robustness or predictive ability of the definition and classification of AKI in the first 24 h after
admission to the intensive care unit (ICU), and conclude by writing: “There would appear to
be no justification at present for the introduction of a modified definition and classification
system for AKI.”
Table 1. A comparison of the RIFLE and AKIN definitions and classification
schemes for AKI

Reproduced with permissions from Oxford University Press
In the text of this thesis both the terms AKI, acute kidney injury, and ARF, acute renal failure,
will be used. The latter if this is the term chosen by the authors of the paper cited.
Incidence of acute kidney injury
The variety of definitions used in clinical studies, as mentioned above is likely responsible for
the large variations in the reported incidence (1-31%) [3] [4] [12]. These definitions have
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ranged from defining ARF as a 25% increase in serum creatinine, to the need for renal
replacement therapy (http://www.ccm.upmc.edu/adqi/ADQI2/ADQI2g1.pdf). Obviously,
these two extreme examples indicate that very different cohorts were studied. As noted,
recently several researchers have shown that small changes in serum creatinine are
independently related to increased morbidity and mortality. Chertow and co-workers [11]
established that a very small increase in creatinine was associated with greater cost, morbidity
and mortality. Levy et al. [13] demonstrated that a 25% increase in serum creatinine following
radio-contrast admission resulted in a five-fold increased risk for hospital mortality. Similar
results have been demonstrated in cardiac surgery patients [10]. These findings have naturally
been followed by a more intense focus on less severe impairment of kidney function. Using
the RIFLE classification allows us to gauge the incidence for all AKI patients and the system
has been validated in a number of settings [14].
Severe AKI – such that requires RRT - occurs in approximately 5% of general ICU patients
[1]. Notably, the incidence has increased over the last 20 years. Waikar and co-workers
reported an increase of ARF from 61 to 288 per 100,000 population, whilst the incidence of
ARF treated with RRT increased from 4 to 27 per 100,000 population [15]. The incidence was
slightly lower in Finland and Canada, where an incidence of AKI requiring RRT of 8/100,000
and 11/100,000 were reported [16] [17]. In all of Scotland, Prescott et al. found the incidence
of ARF requiring RRT to be 286 per million population [18]. A higher incidence of AKI was
seen in the population based study from the Grampian region of Scotland (population
523,390) where Ali and co-workers reported a figure of 1811 per million population (note that
this was AKI, not only AKI requiring RRT) [19]. Explanations for the increasing incidence
are multifactorial; with older patients, more co-morbid conditions and higher illness severity
at the start of RRT [20] [21].
Less severe AKI has also increased over the decades. Hou [22] and Nash [23] studied AKI in
a single hospital in 1979 and 1996 and reported that the proportion of patients with AKI
increased from 4.9 to 7.2% of all hospitalized patients. In the United States, longitudinal
multicenter database studies of AKI also showed the incidence to increase over time, Waikar
and co-workers found that the incidence quadrupled from 610 to 2,880 patients per million
population during the 15-year study period [15]. Xue et al. reported an 11% yearly increase of
the diagnosis of AKI from 1992 to 2001 [24].
AKI defined by RIFLE criteria has been reported in a single centre study in Australia. In a
cohort of over 20,000 hospitalized patients, 18% developed AKI according to the RIFLE
classification [25]. In a US study of a cohort of 5,383 ICU patients two thirds developed AKI,
12.4% of patients had a maximum RIFLE Risk, 26.7% had maximum RIFLE Injury and
28.1% had maximum RIFLE Failure [26].
Renal function
The kidney affects many body functions together with other organ systems. Examples include
acid-base control shared with the lung and control of blood pressure via the renin-angiotensinaldosterone axis is shared with liver, lung and adrenal glands. Tubular metabolism, hormonal
production and excretion of small peptides are seldom measured in the ICU. The two
physiological functions that are routinely measured in the ICU – and seen to be of clinical
interest – are the production of urine and the excretion of water soluble waste products of
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metabolism. Consequently, these are the aspects of renal function clinicians have focused on
in order to define the presence of acute kidney injury.
Renal solute excretion is the result of glomerular filtration and the glomerular filtration rate
(GFR). Measurement of clearance of a reference substance is a standard way of quantifying
that aspect of renal function. However, GFR varies as a function of normal physiology as well
as disease. For example, subjects on a vegetarian diet may have a GFR of 45–50 ml/min,
while subjects on a large protein intake may have a GFR of 140–150 ml/min, both with the
same normal renal mass [27].
Baseline glomerular filtration rate can be augmented by either efferent arteriolar
vasoconstriction or afferent arteriolar vasodilatation or both. Angiotensin converting enzyme
(ACE) inhibitors induce the opposite effect and reduce GFR [28]. It is unclear what the
maximum GFR can be, but it can be approached with an acute protein or amino acid load. The
concept of a baseline and maximal GFR in humans has been defined as the renal functional
reserve . A hypothetical patient with a vegetarian diet and another patient with a unilateral
nephrectomy may have the same baseline GFR; their functional reserve may be different.
Consequently, even very careful measurements of baseline GFR may not correspond to the
full extent of functioning renal mass and will not allow the clinician to define renal function.
In the intensive care unit, routine measurements of renal clearance do exist, but standard
practise is to base the estimation of GFR on a proxy parameter, usually serum creatinine.
However, creatinine is an unreliable indicator during acute changes in kidney function [29].
Serum creatinine can remain unchanged until about 50% of kidney function has been lost.
Moreover, it does not adequately represent kidney function until a steady state has been
reached, and this can take days. It is in the light of this physiologic background that the
RIFLE score should be seen, it uses the change in creatinine from an individual baseline to
detect the presence of AKI. The chapter on etiology below is also better understood, where
the lack of readily available bedside on-line measurements of renal function is discussed.
Etiology of acute kidney injury
The etiology of AKI has traditionally been separated into three categories, but for critically ill
patients this view has been criticized for a number of reasons. In particular the concept of prerenal azotemia (azotemia: the retention of excessive amounts of nitrogenous compounds in
the blood, characteristic of uremia in kidney failure) is under fire when it comes to septic
patients [30]. Part of the problem in determining etiology and pathogenesis comes from the
fact that, in the clinical setting, we can only indirectly assess renal function. We can seldom
obtain tissue and it is very hard to measure renal blood flow ´on-line´, so our estimation of
GFR or tubular cell viability has to come from serum- and urine analysis. Moreover, the
animal models in use to study AKI have been based on ischemia (renal artery
clamping/occlusion) or administration of toxins, resulting in a setting far from the clinical
situation, especially in sepsis, where renal blood flow actually may be augmented [8] [31]
[32]. As renal ischemia per se is probably uncommon in clinical reality, these models have to
be considered suboptimal in aiding our understanding of AKI pathogenesis.
Nonetheless, despite the difficulties described above, a conceptual framework has evolved
and is the base for the textbook-description of AKI. Below is a very brief synopsis of this “old
school” model.
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Pre-renal Causes
Any condition that significantly reduces renal perfusion, thus causing a decreased glomerular
filtration rate and azotemia may if sustained cause pre-renal kidney failure. Clinical
conditions that can result in pre-renal kidney failure include but are not limited to: extra
cellular fluid losses secondary to burns, prolonged vasoconstriction, and reduced cardiac
output as seen in patients with shock syndrome or congestive heart failure. There are drugs
that can reduce renal perfusion pressure. Nonsteroidal anti-inflammatory agents (NSAIDs)
and angiotensin-converting enzyme (ACE) inhibitors [33] are examples. If the underlying
cause continues to affect renal perfusion, it has been thought to lead to ischemic damage to
the nephron and so-called acute tubular necrosis (ATN).
Renal Causes
Actual damage to the nephrons and renal parenchyma characterize intrarenal failure. Clinical
conditions that result in intrarenal damage can be categorized under kidney disease (i.e.
glomerulonephritis or interstitial nephropathy) or so-called acute tubular necrosis. ATN was
thought to be a common type of acute renal failure in the critically ill patient, caused by the
above mentioned pre-renal changes in renal function and then theoretically conversed from
‘functional’ and reversible damage to ‘structural’ and irreversible injury.
Post-renal Causes
Post-renal failure is caused by clinical conditions that cause obstruction to the urine flow. Any
problem that stops the excretion of urine may cause this type of renal failure. Common
conditions associated with post-renal failure are tumours, benign prostatic hypertrophy,
kidney stones and bladder neck obstruction. If post-renal failure is untreated it may result in
actual nephron damage and intrarenal failure.
Critique against the concept of pre-renal azotemia
There are some fuzzy parts in the “old school” teachings mentioned above, described in depth
by Bellomo et al [30]. In summary: no definitions exist to help the clinician in determining
when ‘functional’ AKI (pre-renal azotemia) transcends, and becomes ‘structural’ (ATN).
Importantly, we lack data supporting therapeutic implications – even if we could differentiate
between these two theoretical classes of AKI. Furthermore, data regarding abnormal urinary
biochemistry have been systematically reviewed and found lacking for critically ill septic
patients [34]. The same absence of evidence – that urinary analysis or microscopy can
discriminate type, course and outcome of AKI - is seen in experimental septic models [35].
Lastly, as we do not currently have data to support that the condition called ATN occurs in
severe sepsis, and as sepsis is the leading cause of AKI in critically ill patients, the rigid
definitions described above appear to be flawed in a general sense[1].
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Outcome
Mortality
The numerous definitions of AKI mentioned above, are likely responsible not only for the
large variations in the reported incidence, but also for the varying associated mortality (1983%) [6] [23] [36] [37] of acute kidney injury.
Disturbingly, no consensus has been reached concerning how/when to measure mortality. It is
clearly insufficient that many studies have used ICU mortality as their sole outcome
parameter [38] [39] [40]. This measurement may be practical and easy, but naturally reflects
local traditions of ICU discharge. The same critique can be directed against the use of inhospital mortality. Although preferable to ICU mortality, this too reflects the local customs of
discharge, and is clearly affected by the total number of hospital beds and if rehabilitation
centres are nearby. Mortality should be a geographically independent outcome parameter, and
ought to be measured at a specific time, rather than at a specific location. If possible – and
even better – mortality can be reported at multiple time-points after the development of the
AKI. However, due to the absence of adequate long term registry data, in-hospital mortality is
what most studies use presently.
The in-hospital mortality rate for ICU patients with AKI treated with RRT was around 60% in
a multinational, multicenter study [1]. Hoste and co-workers reported hospital mortality by
RIFLE class [26]; patients with maximum RIFLE class R, class I and class F had hospital
mortality rates of 8.8%, 11.4% and 26.3%, respectively, compared with 5.5% for patients
without acute kidney injury. In one systematic review of the literature, the published mortality
rates for patients with ARF remain quite constant at 50% from 1956 and on [41]. However,
longitudinal data has demonstrated an improvement of outcome over time [15] [24]. Recently,
a 10 year observational study of over 90,000 patients from Australia found a significant
decrease in mortality rate associated with AKI [42].
As mentioned, long-term mortality has been the subject of comparatively few studies.
Åhlström and co-workers detail mortality rates in an ICU cohort on RRT (71% intermittent
RRT, 12% continuous RRT and 17% both). At 28 days the mortality rate was 41%, 57% at
one year and 70% at five years [43]. This is in accordance with a study by Korkeila et al. who
reported a mortality of 55% at six months and 65% at five years [16]. Gopal et al. and
Morgera et al. found higher mortality rates over a similar follow-up time, but this was likely
due to higher illness severity in their ICUs [44] [45]. A population based Canadian study
found that one year mortality was higher for AKI patients compared to non-AKI patients [46].
Length of Stay
Patients with acute kidney injury have longer length of stay in the ICU and in the hospital
compared to patients without AKI. This is unsurprising as AKI patients tend to have higher
illness severity than other ICU patients. One study reports an incremental length of stay by
severity of AKI assessed by the RIFLE criteria: length of stay for patients without AKI 6
days, RIFLE Risk 8 days, RIFLE Injury 10 days and RIFLE Failure 16 days; p<0.01 [26].
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Morbidity, End-Stage Renal Disease
Renal recovery is an important measure of outcome for a number of reasons. First, in
discussing Quality of Life (QoL), one has to consider that the need for life long chronic
dialysis therapy is associated with significant impairment of health-related quality of life [47]
[48] [49]. Secondly, it is expensive; with annual costs in the range of $51,252-69,517 [50]
[51]. One study showed that the estimated cost per quality-adjusted life-year saved by
initiating dialysis was $128,200 [52]. Lastly, the overall mortality of patients with renal
failure requiring dialysis vastly exceeds that of the general population. Recent Swedish data
from the Swedish Register of Active Uremia report a 28.1% yearly mortality ratio for patients
on chronic hemodialysis [53]
The field of research has revealed enormous differences regarding dialysis dependence after
ICU discharge; early reports suggested that one third of surviving ICU patients with ARF had
irreversible renal dysfunction and were dependent on dialysis [38] [54]. Later studies reported
that 8% or less were dialysis dependent after ICU discharge [16] [55]. Notably, the earlier
studies used ICU- or hospital discharge as a cut-off and only included patients treated with
intermittent RRT.
A recent publication focused on initial technique of renal replacement therapy (RRT) and the
effect on patient - and kidney – survival in critically ill patients with acute kidney injury [56].
This, the third study from the Beginning and Ending Supportive Therapy for the Kidney
(B.E.S.T. Kidney) Investigators Writing Committee, enrolled 1218 patients treated with
continuous RRT (CRRT) or intermittent RRT (IRRT) for acute renal failure in 54 ICUs in 23
countries. Multivariable logistic regression showed that choice of RRT was not an
independent predictor of hospital survival or dialysis-free hospital survival. Importantly
however, the study did show that the choice of CRRT was a predictor of dialysis
independence at hospital discharge among survivors (Odds Ratio (OR) 3.3, 95% CI: 1.8-6.0,
p<0.0001). The authors conclude that worldwide, the choice of CRRT as initial therapy is not
a predictor of hospital survival or dialysis-free hospital survival, but that it is an independent
predictor of renal recovery among survivors. In a randomized controlled trial by Mehta et al.,
renal recovery was reported, and again, benefits for CRRT were seen. Chronic renal
insufficiency at death or hospital discharge was diagnosed in 17% where therapy was IRRT
vs. only 4% of patients whose initial therapy was CRRT (p = 0.01). For patients receiving an
adequate trial of monotherapy, recovery of renal function was 92% for CRRT vs. 59% for
IRRT (p<0.01). Lastly, a higher percentage of subjects crossing over from IRRT to CRRT
recovered their renal function compared to patients crossing over in the opposite direction (45
vs. 7%, p<0.01) [57].
Quality of Life
Even though health related QoL is lower than that of age- and gender-matched general
population, the survivors after AKI requiring RRT are as satisfied with their health as the
general population [43]. An evaluation of 62 former ARF patients found the overall quality of
life to be “good” as measured by the Nottingham Health Profile [16]. Morgera et al. described
the perceived current health of former ARF patients as good or fair, and Gopal and coworkers stated that most respondents were satisfied with their current physical condition [44]
[45].
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Novel biomarkers of acute kidney injury
One proposed explanation for the slow progress regarding outcome after AKI is the already
mentioned lack of sensitive biomarkers – capable of early detection of damage to the kidney
[58]. The use of creatinine as a diagnostic tool for AKI is dominating current clinical practise
and the limitations of creatinine have been described earlier. It is highly likely that the
absence of a “troponin for the kidney” leads to a delay in diagnosis and consequently, a
postponement of therapeutic intervention of AKI. Both animal studies and human
investigations have proven what common sense would imply: earlier intervention improves
the chance of ameliorating renal dysfunction [59] [60]. Actually, several researchers in the
field [61] [58] have suggested that the non-existence of biomarkers for early detection of AKI
have had a negative impact on clinical trials investigating promising interventional strategies
for AKI [62] [63].
Therefore, it is paramount that the attention of the research community stays focused on the
task: finding novel AKI biomarkers. Luckily, it is an area of intense activity [64] [65]. Recent
publications by Bagshaw, Bellomo and Devarajan detail the ideal characteristics of an AKI
biomarker [58] [61].
1. It would be easy, quick and cheap, and use readily available specimens (i.e. urine,
serum).
2. It would be precise, reliable and use standardized assay methods easily applied at the
bedside.
3. It would be highly sensitive for AKI, thus permitting early detection.
4. It would enable monitoring of the course of injury patterns, and have some ability to
predict the severity and trajectory of AKI (i.e. need for RRT).
5. It would be specific, allowing the clinician to discriminate between subtypes of AKI.
As no single biomarker is likely to have all these ideal properties, there are suggestions that a
combination of biomarkers for AKI – an “AKI panel” – will provide the above mentioned
characteristics.
Table 2. Current status of promising AKI biomarkers in various clinical situations
(reproduced from Devarajan P (2007) Emerging biomarkers of acute kidney injury. Contrib
Nephrol 156:203-12 with permission from S.Karger, Basel)
Sample Cardiac
Contrast
Sepsis or
Kidney
Commercial
Biomarker
source surgery
nephropathy ICU
transplant
test?
name
NGAL
Plasma
Cystatin C
Plasma
NGAL
Urine
IL-18
Urine
KIM-1
Urine
a
In development.

Early
Intermediate
Early
Intermediate
Intermediate

Early
Intermediate
Early
Absent
Not tested

Early
Intermediate
Early
Intermediate
Not tested

Early
Intermediate
Early
Intermediate
Not tested

Biositea
Dade-Behring
Abbota
None
None

There are a number of serum and urine biomarkers currently under investigation and
validation for early diagnosis of AKI. Table 2 lists a few of the emerging biomarkers for use
in clinical practise.
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Cystatin C
Cystatin C is a 13-kD endogenous cysteine proteinase housekeeping protein claimed to be
produced at a constant rate by all nucleated cells. It is filtered freely at the glomerulus,
reabsorbed and fully catabolized, but not secreted, in the tubules. Although proposed to be a
superior marker of early AKI, recent research have indicated that cystatin C is not
independent of age, gender, height, weight, smoking and C-reactive protein [66]. The
diagnostic value of cystatin C as an estimate of GFR has been tested in several studies [67]
[68] [69] [70]. There are indications that cystatin C may be more sensitive to early changes of
kidney function compared to serum creatinine [71] [72]. In the setting of critically ill patients,
Herget-Rosenthal et al. reported cystatin C to detect AKI 1-2 days earlier than creatinine
would have [69].
Kidney injury molecule-1
KIM-1 is a type 1 transmembrane glycoprotein that normally is minimally expressed in
kidney tissue. In ischemic or nephrotoxic AKI it is upregulated in proximal renal tubular cells
[73] [74] [75]. Liangos and co-workers recently tested urinary KIM-1 and N-acetyl-ȕ-(D)glucosaminidase activity (NAG) in a prospective study of critically ill patients [76]. Both
KIM-1 and NAG increased in tandem with APACHE II and Multiple Organ Failure score.
Compared with patients in the lowest quartile of KIM-1, the second, third, and fourth quartile
groups had 1.4-fold (95% CI 0.6 to 3.0), 1.4-fold (95% CI 0.6 to 3.0), and 3.2-fold (95% CI
1.4 to 7.4) higher odds, respectively, for dialysis requirement or hospital death (P = 0.034).
Neutrophil gelatinase-associated lipocalin
Human neutrophil gelatinase-associated lipocalin (NGAL) was originally identified as a 25kDa protein bound to gelatinase from neutrophils. Normally, NGAL is expressed at very low
levels in kidneys, lungs, stomach, colon and other tissues. NGAL expression is markedly
induced in injured epithelia. In the year 2000, Xu and Venge showed that NGAL
concentrations are elevated in serum of patients with bacterial infections, the sputum of
asthmatic subjects and in patients with chronic obstructive pulmonary disease, and the
bronchial fluid from the emphysematous lung [77]. After ischemic or nephrotoxic AKI,
NGAL is found in blood and urine [78] [79] [80] [81] [82]. Other human studies show
promising results as well; in an ICU setting adults with established ARF (defined as a
doubling of serum creatinine in less than five days) had a more than 10-fold increase in
plasma NGAL and greater than 100-fold increase in urine NGAL when compared to normal
controls [81]. In a prospective study of children undergoing cardiopulmonary bypass, AKI
was identified by urine and plasma NGAL within 2-6 hours after surgery, whereas the
diagnosis by serum creatinine took 1-3 days [83]. Both urine and plasma NGAL were
independent predictors of AKI, with an area under the curve (AUC) of 0.998 for the 2-hour
urine NGAL and 0.91 for the 2-hour plasma measurement. These results have now been
confirmed in a prospective study of adults scheduled for cardiac surgery; urinary NGAL was
significantly elevated 1-3 hours post operatively [84]. AKI (defined as a 50% increase in
serum creatinine) did not occur until day 3 after surgery. Urinary NGAL has also been shown
to predict contrast nephropathy in cardiac catheterization and interventions [85] [86].
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Interleukin-18
IL-18 is a pro-inflammatory cytokine and possible mediator of tubular injury. It was shown to
be significantly increased in a mice model of ischemic acute renal failure [87]. In humans, IL18 was found in the urine of patients with established ARF when compared to urine from
patients with urinary tract infection, chronic kidney disease, so-called pre-renal azotemia and
healthy controls [88]. A prospective observational study by Parikh et al. demonstrated that an
increase in IL-18 (and NGAL) in the postoperative period after cardiac surgery was predictive
of AKI in pediatric patients [89]. In a nested case-control study within the Acute Respiratory
Distress Syndrome (ARDS) Network, IL-18 was demonstrated to precede clinical evidence of
AKI by an estimated 24-48 h [90].
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Aims of the study
The general aim was to investigate short- and long-term outcome, measured as mortality and
morbidity, of critically ill patients with acute kidney injury. More specifically, we wanted to:
1. Investigate the novel instrument of AKI-classification, the RIFLE criteria, and the
optimal follow-up time of ICU patients with severe AKI (I).
2. Evaluate the impact of continuous RRT and intermittent RRT on long term mortality
and morbidity measured as the need for chronic hemodialysis (II).
3. Assess the outcome of end-stage renal disease (ESRD) patients treated with RRT in
the ICU, and to compare their mortality with that of ESRD patients not treated in the
ICU (III).
4. Study serum cystatin C in critically ill patients with AKI, especially the ability of
serum cystatin C to predict short- and long-term mortality (IV).
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Subjects and Methods
Table 3. An overview of the materials and methods used in the four papers in the thesis
Paper I
Paper II
Paper III
Paper IV
Single centre.
National
Single centre. National
Design
Two cohorts.
multicenter.
Cohort.
multicenter.
Cohort.
Cohort.
Adults,
Adults in
Adults in
Adults,
Study population
residing in the
Sweden,
residing in the Sweden,
between 1995- between 1995- Karolinska
Karolinska
University
2004, with
2004.
University
ESRD prior to hospital
hospital
catchment
their need for
catchment
area, between
RRT in the
area, between
2003-2007.
ICU.
1995-2001.
283 patients
207 patients
2202 patients
245 patients
Participants
with AKI.
treated with
treated with
with ESRD
562 patients
RRT.
CRRT or IHD. treated with
without AKI.
RRT in the
ICU.
Up to five
Up to ten
Up to ten
Up to 4.5
Follow-up
years
years
years
years
Long-term
30-, 60-, 18090-day
ICU-, 30-,60Outcomes
mortality
day mortality.
mortality,
,180-day
mortality, long long-term
term mortality mortality (up
(up to 5 years). to 10 years).
Morbidity,
Morbidity,
measured as
measured as
renal recovery. renal recovery.
AKI severity,
RRT modality, ICU
Exposure/determinants AKI severity,
classified by
CRRT or IHD admission
classified by
RIFLE.
requiring
RIFLE
Level of serum
RRT,
cystatin C.
premorbid
conditions
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Registers and databases
The Swedish National Registration Number
The national registration number is a unique personal identifier assigned to all Swedish
residents. It enables linkage between different registers [91].
The Swedish in-patient register
The Swedish in-patient register was launched by the Swedish National Board of Health and
Welfare in 1964, collecting data on individual hospital discharges. Besides the unique
national registration number, each record contains diagnoses at discharge coded according to
International Classification of Diseases-7 (ICD-7) through 1968, ICD-8 during 1969-1986,
ICD-9 during 1987-1996, and ICD-10 thereafter. Surgical procedures are coded according to
the Swedish Classification of Operations and Major Procedures through 1996 and the Nordic
medico-statistical committee (NOMESCO) classification of surgical procedures thereafter.
The percentage of the Swedish population covered by the in-patient register was 60% in 1969,
85% in 1983 and 100% from 1987 and onwards [92].
The Swedish population register
This register is maintained by Statistics Sweden and contains official Swedish census data
since 1960 in computerized form. All births and deaths are entered into the population registry
on a daily basis.
The Swedish Register for Active Treatment of Uremia (SRAU)
The SRAU was started in 1991 at a time when there was a lack of reliable data on dialysis and
transplantation care in Sweden. The register includes each individual starting active treatment
of uremia with dialysis or kidney transplantation due to chronic renal disease. Every change in
treatment (hemodialysis, peritoneal dialysis and transplantation) is reported. Patients are only
entered into the register if their need for dialysis is permanent. Date of first treatment marks
entry and discontinuation of treatment leads to removal from the register. A study among all
patients who had died with renal disease since 1991 showed that <5% of patients starting
treatment for chronic renal failure had not been reported to the SRAU [53].
The SWING (SWedish Intensive care Nephrology Group) database
This database was compiled after the contribution of RRT data from 32 Swedish general
intensive care units between the years of 1995 and 2004. National registration number, age,
sex, mode of RRT (intermittent- or continuous), date of ICU entry, date of first dialysis was
documented. Please see table 4 below for detailed information.
The Karolinska CRRT database
The Karolinska ICU started the first treatments with continuous veno-venous renal
replacement therapy in late 1994. From the first of January 1995, data has been collected on
every single patient on RRT in the central intensive care unit (CIVA) at Karolinska. Date of
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first RRT marks entry into the register. National registration number, age, sex, weight,
severity scores, creatinine, urinary output, sodium- and potassium levels, mode of RRT,
indication for RRT and ICU admission diagnosis is just some of the data that is documented.
The Karolinska in-house database, PREDO
The Patient related report system, PREDO, has many functionalities. It provides information
on patient diagnoses, costs, hospital length of stay, hospital- and overall mortality – by
linkage to the Swedish population register.

Study populations and data collection

3710 patients in total
Study II and III
2642 patients

Study I
223 patients
Study II
2390 patients
16 patients
Excluded
RRT for non-AKI

188 patients
Excluded
Lacked main diagnosis

Included patients
n=207

Study IV
845 patients
Study III
252 patients

7 patients
Excluded
Lacked main diagnosis

283 patients
with AKI

562 patients
without AKI

Included patients
N=2202
Included patients
N=245

Figure 1. Study populations and data collection

Patients on RRT in the Karolinska ICU (Study I)
During the seven year study period between 1995 and 2001 the Karolinska general ICU had
8152 admissions. A total of 223 patients developed the need for RRT and were included into
the Karolinska CRRT database. We excluded 16 subjects, treated with CRRT for non-renal
indications, resulting in 207 patients. The following information was recorded for each patient
at entry and during treatment in a standardized manner by an intensive care nurse:
demographic data, common pre-existing diseases, indication for ICU admission, main
diagnosis, APACHE II score, major ICU interventions and laboratory results. The indication
for RRT was documented and specific data regarding the renal replacement therapy were
recorded daily. In reviewing the patients’ files we looked at previous health status, organ
function at the start of dialysis and the relevant physiological and pharmacological data
needed for the RIFLE classification.
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Swedish cohort of critically ill patients requiring RRT in the ICU (Studies II and III),
the SWING (SWedish Intensive care Nephrology Group) studies
Swedish cohort of critically ill patients requiring RRT in the ICU (Studies II and III),
the SWING (SWedish Intensive care Nephrology Group) studies

Table 4. ICU distribution, data reported year by year, percentage of IHD in use
Type
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3

1995

1996

1997

1998

1999

2000

2001

Table
data
reported
year nby
year, percentage
of IHD in
use
Hospital4. ICU distribution,
n (%IHD) n
(%IHD)
n (%IHD)
(%IHD)
n (%IHD) n (%IHD)
n (%IHD)
Huddinge

Type
Hospital
Karolinska
1Linköping
Huddinge
1
Karolinska
Lund
1
Linköping
1MAS/Malmö
Lund
1Sahlgrenska
MAS/Malmö
UAS/Uppsala
1
Sahlgrenska
1Umeå UAS/Uppsala
1Borås Umeå
2Danderyd
Borås
2Eskilstuna
Danderyd
2Gävle Eskilstuna
2
Gävle
Halmstad
2
Halmstad
Helsingborg
2
Helsingborg
Jönköping
2
Jönköping
2KalmarKalmar
2Karlstad
Karlstad
2Kristianstad
Kristianstad
2Norrköping
Norrköping
2NÄL NÄL
2Sunderbyn
Sunderbyn
2Sundsvall
Sundsvall
2
SÖS/Stockholm
SÖS/Stockholm
2
Uddevalla
Uddevalla
2
Östersund
2Östersund
Östra/Gbg
3Östra/Gbg
Hudiksvall
3Hudiksvall
Mora
3Mora Skellefteå
3Skellefteå
St:Göran
3St:Göran
Värnamo
3Värnamo
Västervik

1995

1996

1997

1998

12 (0%)

27 (0%)

19 (0%)

29 (0%)

43 (35%)

56 (5%)

n (%IHD)
n (%IHD) 19n(0%)
(%IHD) 29
n (%IHD)
12 (0%)
27 (0%)
(0%)

1999
17 (0%)

n35(%IHD)
(0%)
17 (0%)
35 (0%)

4 (75%)
33 (21%)
33 (21%)

37(54%)
37(54%)

3 (0%)
2 (0%)
3 (0%) 16 (0%)
2 (0%)
15 (0%)
15 (0%)

16 (0%)

43 (35%)

9 (0%)
(0%)
189(0%)

4 (75%)

34 (15%)

56 (5%)

34 (15%)

2 (100%)

2 (100%)

2 (0%)
2 (0%)

4 (0%)
4 (0%)
18
(0%)
(0%)
418
(0%)
4 (0%)
44(0%)
(0%)

1 (0%)
1 (0%)

55(0%)
(0%)

210
(0%)
(0%)
10 (0%)
1 (0%)
1 (0%)
6
(0%)
6 (0%)
(0%)
22(0%)
10(0%)
(0%)
10

12(100%)
(100%)
12

88 (100%)
(100%)

10(100%)
(100%)
10
(25%)
88(25%)

13
13(92%)
(92%)
11
11(0%)
(0%)

18 (0%)

9 (100%)18 (100%)
18 (100%) 9 (100%)
9 (100%)
9 (100%)
5 (20%)
5 (20%)

2 (0%)

3 (100%)

3 (100%)

2 (100%)

2 (100%)

Västervik

2002

2003

Nationwide data on adult general ICU patients with ARF requiring RRT were entered into a

database.data
All adult
general
ICUs ICU
in Sweden
werewith
contacted,
but some did
notwere
have entered
the means
Nationwide
on adult
general
patients
ARF requiring
RRT
into a
to report
required
data,ICUs
whereas
other ICUs
didcontacted,
have data, but
for did
the entire
period,
database.
Allthe
adult
general
in Sweden
were
butnot
some
not have
thesee
means
table the
4. Inrequired
total, 32data,
ICUswhereas
providedother
complete
regarding
the for
subject’s
individually
to report
ICUsinformation
did have data,
but not
the entire
period, see
unique 10 digit national registration number, admission date to the ICU, date of start of RRT
table 4. In total, 32 ICUs provided complete information regarding the subject’s individually
and modality chosen (IHD or CRRT). A total of 2642 subjects treated between 1995 and 2004
unique
10ICUs
digitwere
national
registration
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admission
daterecorded
to the ICU,
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in 32
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in the
study. The
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marked
and modality
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orhospitals
CRRT). were
A total
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the cohort.
The
classified
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sizeand
and2004
in 32infrastructure
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the study.
Theofdate
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recorded[93].
ICUType
admission
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according
to theinNational
Board
Health
and Welfare
1 hospitals
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the cohort. The Hospitals,
hospitals type
were2 classified
three
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based3 consists
upon size
Regional/university
represents into
county
hospitals
and type
of and
local hospitals.
Regional/university
hospitals
have
catchment
areas, [93].
and areType
also referral
infrastructure
according
to the National
Board
of larger
Health
and Welfare
1 hospitals
centres for hospitals type
2 and 3.
By 2using
the Swedish
Register
for Active
Treatment
of of
are Regional/university
Hospitals,
type
represents
county
hospitals
and type
3 consists
(SRAU)
- described in detail
above
– we
found
252 patients
with
localUremia
hospitals.
Regional/university
hospitals
have
larger
catchment
areas,
andchronic
are alsorenal
referral
disease
to their
ICU2stay,
the cohort
of study Register
III; the other
patients
were of
centres
for prior
hospitals
type
and making
3. By up
using
the Swedish
for 2390
Active
Treatment
the base for study II.
Uremia (SRAU) - described in detail above – we found 252 patients with chronic renal
disease
prior to their ICU stay, making up the cohort of study III; the other 2390 patients were
In study II, the in-patient register was used for three reasons. First, to determine comorbidities
the base
for study
II. hospital stay present in the cohort, such as diabetes and heart failure.
recorded
during
Secondly, to record the main diagnoses during the ICU stay, i.e. as the patients entered the

In study II, the in-patient register was used for three reasons. First, to determine comorbidities
recorded during hospital stay present in the cohort, such as diabetes and heart failure.
Secondly, to record the main diagnoses during the ICU stay, i.e. as the patients entered the
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n (%IHD) n (%IHD) n (%IHD)
2000
2004 6 (0%)
26 (0%) 2001
21 (0%) 2002
23 (0%)200332 (0%)
n 33
(%IHD)
n
(%IHD)
n
(%IHD)
n (%IHD)
(0%)
38 (0%)
21 (0%)n (%IHD)
34 (0%)
29 (0%)
26 (0%)
21 (0%)
23 (0%)
32
(0%)
6
9 (0%)
11 (0%) (0%) 2 (0%)
33 (0%)
38 (0%)
21 (0%)
34 (0%)
29 (0%)
8 (0%)
23 (0%)
13 (0%)
9 (0%)
11 (0%)
2 (0%)
11 (55%)
15 (13%) 8 (0%)
22 (0%)23 (0%)
15 (13%)
13 (0%)
1
(0%)
33
(0%)
11 (55%)
15 (13%)
22 (0%)
15 (13%)
41 (0%)
44 (0%)
56 (0%) 1 (0%)55 (0%)33 (0%)7 (0%)
13 (31%)56 (0%)
10 (30%)
19 (16%)
(57%) 44 (0%)
417(0%)
55 (0%)
7 (0%) 8 (38%)
7 (57%)
16 (100%) 13 (31%)
15 (100%)10 (30%)
4 (25%)19 (16%)
9 (0%)8 (38%)14 (14%)
16 (100%) 15 (100%) 4 (25%)
9 (0%)10 (30%)
14 (14%)
14 (0%)
15 (0%)
4 (0%) 10 (30%)
7 (0%)
1424
(0%)
15
(0%)
4
(0%)
7
(0%)
(0%)
25 (0%)
28 (0%)
40 (0%)
24 (0%)
25 (0%)
3 (0%)
5 (0%) 28 (0%)
8 (0%) 40 (0%)
6 (0%)
2 (0%)
3 (0%)
5 (0%)
8 (0%)
6 (0%)
2 (0%)
13
(0%)
11
(0%)
7
(0%)
2 (0%)5 (0%) 5 (0%)
13 (0%)
11 (0%)
7 (0%)
2 (0%)
(95%) 10 (100%)
10 (100%)19 (5%)
19 (5%)20 (5%)
20 (5%)
19 (11%)
2222
(95%)
19 (11%)
5 (0%)
11 (0%) 9 (0%)
9 (0%) 13 (0%)
13 (0%)
5 (0%)
11 (0%)
6 (0%) 6 (0%)
5 (0%) 5 (0%)
17 (6%)29 (0%)
29 (0%)
17 (6%)
1313
(38%)
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(7%)
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(0%)
(38%)
14 (7%)
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13 (0%)
1010
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2222
(27%)
5 (20%)5 (20%)
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18 (22%) 18 (39%)
18 (39%)11 (9%)
11 (9%)
6 (0%)
9 (0%)
6 (0%)
9 (0%) 6 (0%)
6 (0%) 12 (17%)
12 (17%)
10 (0%)
7 (0%)
5 (0%)
2 (0%)
10 (0%)
7 (0%)
5 (0%)
2 (0%)
6 (0%)
7 (0%)
12 (0%)
8 (0%)
6
(0%)
7
(0%)
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(0%)
8 (0%)
6 (83%)
12 (33%)
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9 (0%)
(83%) 16 (0%)
12 (33%) 9 (0%)
10 (10%)14 (0%)
9 (0%)6 (0%)
136(0%)
13 (0%) 6 (0%)
16 (0%) 6 (0%)
9 (0%) 8 (0%)14 (0%)
2 (0%)
6 (0%) 6 (0%)
2 (0%)
6 (0%) 3 (100%)
6 (0%) 2 (100%)
8 (0%)2 (100%)
6 (0%)
7 (14%)
4 (25%)
1 (0%) 2 (100%)
3 (100%)4 (0%)2 (100%)
10 (0%)
13 (0%)
7 (14%) 11 (0%)
4 (25%)18 (0%)
4 (0%)
1 (0%)
1 (0%)
10 (0%)
13 (0%) 2 (50%)
11 (0%)2 (0%)18 (0%)
1
(100%)
2 (50%)
2 (0%)
1 (0%)
1 (100%)
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cohort. Thirdly, patients that were not found in the in-patient register (n=188) during the
time they were reported to have been in the ICU were excluded from the study (figure 1).
In study III, the in-patient register was used for the same reasons. Again, to determine the
comorbidities recorded during hospital stay, and also to record the main diagnoses during the
ICU stay. The patients lacking a main diagnosis in the in-patient register were excluded from
the study. We used data from the SRAU to detail the specific kidney diseases of the patients
in study III as well as for computing the interval between entry into the SRAU and start of
dialysis in the ICU.
The cystatin C cohorts, AKI- and non-AKI-patients (Study IV)
All consecutive patients with AKI admitted to the central intensive care unit at the Karolinska
University Hospital Solna were eligible for enrollment as of June of 2003. They were
screened for the presence of creatinine >150 µmol/l, urea >25 mmol/l, blood or protein
leakage or anuria/oliguria (<800ml/24h or <30ml/hour for six hours). We excluded patients
with RIFLE L, Loss, or E, End-Stage Renal Disease. The AKI patients were stratified into
four quartiles according to their serum cystatin C level. A total of 283 patients fulfilled the
AKI criteria.
The control (non-AKI) cohort was made up of ICU patients with a cystatin C measurement,
which were not enrolled in the AKI cohort, i.e. did not fulfill the above mentioned renal
criteria. The non-AKI patients were stratified into four quartiles according to their cystatin C
level. The fourth and highest quartile was split into two, giving us five levels of cystatin C.
The non-AKI patients were also classified as having a potential AKI if their creatinine
exceeded 100 µmol/l or if urea >20 mmol/l. The non-AKI cohort consisted of 562 patients,
with 124 of these classified as having a potential kidney injury.
Research nurses screened the patients at bedside and recorded clinical data including baseline
demographic characteristics, coexisting conditions and the above mentioned renal variables.
At the time of enrollment we recorded two illness severity scores, The Acute Physiology and
Chronic Health Evaluation II (APACHE II) and Sequential Organ Failure Assessment
(SOFA). The RIFLE score was calculated at entry as well as the need for inotropes,
mechanical ventilation and renal replacement therapy. Furthermore we measured cystatin C
levels at inclusion. The main ICU diagnosis was recorded.
Outcome measurements
Paper I: Optimal follow-up time of RRT patients and the use of RIFLE
Outcome, mortality
Mortality rate was calculated at multiple points of time. ICU mortality was recorded and
hospital mortality data was extracted from the Karolinska in-house database. Long-term
mortality was found by linkage to the Swedish population registry, described above. Using
this register allowed us to compute all-cause mortality at 30, 60, 90, 180 days (or at any given
time point further on).
Outcome, morbidity
Morbidity, measured as renal recovery, was found by linkage to the Swedish Register for
Active Treatment of Uremia (SRAU).
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Paper II: CRRT and IHD and the association with chronic renal failure
Outcome, mortality
The population register gave us the opportunity to record mortality of the cohort.
Outcome, morbidity
The SRAU provided information on patients with chronic renal disease prior to their ICU
stay. These patients were excluded. Furthermore the Swedish Register for Active Treatment
of Uremia allowed us to find the surviving patients that developed a need for chronic renal
replacement therapy after ARF requiring RRT in the ICU. As only patients with permanent
end-stage renal disease are registered in the SRAU we only included patients found in the
register that were alive for at least 90 days for analysis of renal outcome.
Paper III: ESRD patients on renal replacement therapy in the intensive care unit.
Short- and long-term outcome.
Outcome, mortality
Long-term mortality in study III was determined by linkage between the SWING ESRD ICU
sub-cohort and the population register. The long-term mortality among ICU admitted ESRD
patients were compared with the mortality among ESRD patients in the Swedish Register for
Active Treatment of Uremia (without records of ICU admittance). The comparison was
adjusted for time in SRAU, age, sex and main kidney diagnosis. We also compared the
mortality among ESRD patients in the ICU with the expected mortality of the general
population.
Paper IV: Cystatin C and mortality in patients with and without AKI
Outcome, mortality
The national registration number allowed identification and follow-up of the patients in the
ICU. We used this number and the population registry – as well as the Karolinska in-house
database - to record outcome measurements including ICU death, in-hospital death as well as
mortality recorded at 30, 60, and 180 days. Post 180-day long-term mortality was also
recorded.
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Statistics

Cox regressions
Cox-regressions were performed for the univariate and multivariable analyzes of mortality
within 30 days of the start of dialysis in paper I. In papers II and IV Cox regressions were
uses for the analysis of time-to-event-data, i.e. long-term morbidity and mortality. Results are
presented as hazard ratios with 95% confidence intervals.
Logistic regression
This was used to analyze the prevalence of permanent renal failure 90 days after initial
dialysis in paper II, and to analyze short term mortality in paper III. Results are presented as
odds ratios with 95% confidence intervals.
Cumulative incidence
Cumulative incidence of permanent renal failure was estimated using a macro provided by
Anderson [94]. We used cumulative incidence in paper II due to competing risks, as shortterm mortalities excluded patients from the risk of end-stage renal disease.
Poisson distribution
In paper III, the comparison with SRAU and the comparison with the general population were
presented as a standardized mortality ratio (SMR), calculated using age-, calendar year-, and
sex-specific mortality rates obtained from the Swedish Cause of Death Register. The 95%
confidence interval for the SMR was calculated assuming a Poisson distribution of the
number of events [95].
The Kaplan-Meier methology
The Kaplan-Meier methodology to display survival curves was used in papers I-IV. The logrank test was used to examine the difference of survival curves between chosen groups.
All computations were performed using the Statistical Analysis System (SAS®) package [96].
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Results

Paper 1
Mortality
The illness severity of AKI patients on RRT was high: 153 patients (73.9%) had an APACHE
II score of 18 or higher and 54 (26.1%) had a score of 28 or higher. This is also illustrated by
the fact that 176 (85.0%) patients were treated with mechanical ventilation and inotropic
support was used in 162 (78.3%) patients.
ICU mortality was 34.8% and hospital mortality was 50.2% compared with a mortality of
45.9% at 30 days. At 6 months, all-cause mortality reached 59.9%, but already at 2 months
mortality was 54.6%. A Kaplan–Meier plot illustrates this (Figure 2).

Figure 2. Five-year survival after start of CRRT
Overall, 16 (7.7%) patients were dialysis-dependent prior to their admission to the ICU. These
patients were categorized as RIFLE-E. Only three patients fitted the RIFLE-L criteria. The 19
cases (9.2%) of RIFLE-L and RIFLE-E (acute on chronic renal failure) that were treated with
CRRT in the ICU had a mortality of 52.6% at 30 days (data not shown in tables). Patients
categorized as RIFLE-F had a higher mortality rate; these 121 (121/223=54.3%) patients had
a hazard ratio of 3.4 (95% CI: 1.2–9.3) (Table 5) and a mortality of 57.9% at 30 days.
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Table 5. Multivariable analysis for 30 day mortality

When the Kaplan–Meier plot is stratified according to RIFLE classifications, the differences
between the survival curves of the three groups are obvious (Figure 3). It is interesting to
point out that the mortality of the RIFLE-L and -E patients, i.e. patients with pre-existing
renal disease, actually surpasses that of the RIFLE-F group at around 6 months of follow-up
(Figure 3).

Figure 3. One-year survival after stratification with the RIFLE criteria
Morbidity (renal outcome)
Considering the survivors after 30 days, there were 112 patients. Seven of these, designated
RIFLE-E, had had pre-admission RRT (and were found in the SRAU registry). When they
were excluded, 105 patients remained. Out of this group, only five (4.8%) were permanently
dialysis-dependent after their stay in the ICU (and were thus later included in the SRAU
registry). Four out of these five started chronic RRT as soon as they left the ICU and a fifth
patient was monitored by nephrologists, but was not started on RRT until ~3 years after the
episode of critical illness.
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Paper II
There were no differences between IHD and CRRT patients regarding baseline
characteristics, such as age, sex (data not shown in table) and comorbidities (Table 6). The
main ICU diagnoses were evenly distributed, but sepsis was more commonly treated with
CRRT and intoxication with IHD.
Mortality
A total of 1102 patients survived and 1100 patients died within 90 days. The use of IHD or
CRRT did not have a significant impact on 90 day mortality (45.7 % and 50.6 %) (table 7).
Neither did hospital type, where 90 day mortality was 49.7 %, 50.6 % and 47.8 % for type 1,
2 and 3 hospitals respectively. Unsurprisingly, age group, heart failure, but also admittance
before the year 2000 correlated with death at 90 days, data not shown. The impact of main
ICU diagnosis shows that cancer stands out as an indicator of highest mortality, 72.3 % (95%
CI 65.5-78.5), whereas intoxication displays the lowest mortality within 90 days, 15.5 %
(95% CI 8-26).
Among 90 day survivors long term mortality (figure 5) reveals an elevated risk of death for
IHD patients that developed end stage renal disease, with a hazard ratio (HR) of 2.29 (95% CI
1.27-4.13) as compared to CRRT patients with ESRD. In contrast, IHD patients that did not
develop end stage renal disease had a non significant lower mortality, HR 0.79 (95% CI 0.551.14) compared to their CRRT counterparts.
Morbidity (renal outcome)
Out of the 1102 patients surviving 90 days 944 (85.7 %) were treated with CRRT and 158
(14.3 %) with IHD. 78 patients, 8.3 % (95% CI 6.6-10.2), never recovered their renal function
in the CRRT group. That proportion was significantly higher among IHD patients, where 26
subjects or 16.5 % (95% CI 11.0-23.2) developed the need for chronic dialysis. Table 8
highlights the elevated risk for end stage renal disease associated with IHD.
Figure 6 shows “late” development of end stage renal disease among the 998 patients that
survived and were not found in the Swedish Register for Active Treatment of Uremia during
the first 90 days. Out of 866 patients on CRRT, 31 (3.6%, 95% CI 2.4-5.0) were later found in
the SRAU as compared to 3 out of 132 IHD patients (2.3%, 95% CI 0.5-6.5). Over time, the
differing risk for ESRD diminishes between IHD and CRRT groups. The only other variable
besides choice of RRT modality showing an impact on the need for chronic dialysis was
diabetes prior to admission with a HR of 4.3 (CI 2.1-9.0) after adjusting for age and sex.
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Table 6. Baseline characteristics among the 2202 subjects treated with
RRT at the ICU
N

(%)

CRRT
n (%)

IHD
n (%)

Diagnosis before admission
Diabetes
No diabetes
Heart failure
No heart failure

355
1847
356
1846

(16.1)
(83.9)
(16.1)
(83.9)

312 (16.3)
1599 (83.7)
315 (16.5)
1596 (83.5)

43 (14.8)
248 (85.2)
41 (14.1)
250 (85.9)

Main ICU diagnosis
AAA-repair
Cancer
GI incl pancreatitis
Intoxication
Cardiovascular
Trauma
Sepsis
Other diagnoses1
Total

272
195
281
71
207
155
355
666
2202

(12.4)
(8.9)
(12.8)
(3.2)
(9.4)
(7.0)
(16.1)
(30.2)
(100)

235 (12.3)
170 (8.9)
253 (13.2)
44 (2.3)
171 (9.0)
139 (7.3)
325 (17.0)
574 (30.0)
1911 (86.8)

37 (12.7)
25 (8.6)
28 (9.6)
27 (9.3)
36 (12.4)
16 (5.5)
30 (10.3)
92 (31.6)
291 (13.2)

Characteristics

Other diagnoses include all major renal diagnoses, unspecific respiratory
failure (excluding pneumonia instead included in the Sepsis category),
musculoskeletal disorders as well as numerous other diagnoses.
1
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Table 7. 90 day mortality among the 2202 subjects treated with
RRT at the ICU
Died within 90 days
n (%)

Characteristics

Survived 90 days
n (%)

Type of RRT
CRRT
IHD

967 (50.6)
133 (45.7)

944 (49.4)
158 (54.3)

Diagnosis before
admission
Diabetes
No diabetes
Heart failure
No heart failure

171 (48.2)
929 (50.3)
236 (66.3)
864 (46.8)

184 (51.8)
918 (49.7)
120 (33.7)
982 (53.2)

158 (58.1)
141 (72.3)
147 (52.3)
11 (15.5)
113 (54.6)
61 (39.4)
173 (48.7)
296 (44.4)
1100 (50%)

114 (41.9)
54 (27.7)
134 (47.7)
60 (84.5)
94 (45.4)
94 (60.7)
182 (51.3)
370 (55.6)
1102 (50%)

Main ICU diagnosis
AAA-repair
Cancer
GI incl pancreatitis
Intoxication
Cardiovascular
Trauma
Sepsis
Other diagnoses
Total

Table 8. Odds ratios of renal failure for patients treated with IHD compared to CRRT
among the 1102 patients surviving 90 days after inclusion in the cohort
CRRT n=944
n (%)
OR

n (%)

IHD n=158
OR1 (95% CI)

OR2 (95% CI)

OR3 (95% CI)

1.0
26 (16.5)
2.19 (1.4-3.5)
2.13 (1.3-3.5)
2.60 (1.5-4.3)
Renal failure 78 (8.3)
1
OR, Crude
2
OR, adjusted for age, sex, diabetes or heart failure before admission and calendar year.
3
OR, adjusted for age, sex, diabetes or heart failure before admission, calendar year, hospital type and main
diagnosis at ICU.
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Figure 5. Kaplan-Meier survival function, all deaths among patients by treatment
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Figure 6. Cumulative incidence of permanent renal failure among patients surviving 90
days
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Paper III
Short-term mortality
Demographic data regarding the 245 patients with ESRD prior to their admission to the ICU
is shown in table 9, where 90-day mortality is seen to be higher with increasing age, diabetes,
heart failure, and the main kidney diagnoses nephrosclerosis and uremia. A lower mortality is
noted amongst patients treated in the ICU under the diagnoses kidney transplantation,
endocrine diseases and unspecified kidney disorders. This remained significant after adjusting
for age as presented by the odds ratio (OR) in table 10. The same adjustment revealed that
diabetes and heart failure were significant risk factors for 90-day mortality, with an OR of 1.9
and 2.0 respectively but the SRAU main kidney diagnosis for kidney failure, “Other”
(collectively described as a group of uncommon disorders primarily involving the kidney,
examples: drug induced nephropathy, Moschcowitz syndrome and Kidney tumour) has an OR
of 0.1, see table 10.
Long-term mortality
Figure 7 shows the survival curve of the whole cohort – including the first 90 days. Year one
displays a high mortality rate, indicated by the steep fall in the curve. From year two a slower
decline is seen; mortality rate is clearly lower at this point and onwards. This is also illustrated
by a comparison of the 90 day survivors of the ICU ESRD cohort with data from the SRAU.
The long-term mortality was significantly higher in the former group. The relative risk of
death was 2.86 (CI 2.07-3.95) during the first year of follow-up and 1.95 (CI 1.41-2.70) from
the second year and on. The long-term mortality in the ICU ESRD cohort was twenty-five
times higher than expected from the mortality rates in general population (standardized
mortality ratio: 25 ; 95% CI 20-31).
After adjustment for age, heart failure remained as a significant risk factor for death in the 90
day ICU ESRD survivors, with a risk ratio of 2.88 (CI 1.53-5.33). However, multivariable
analysis did not show the ICU admissions to significantly affect long-term mortality.
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Table 9. Demographic data and 90-day mortality of ESRD patients in the ICU
All
Sex
Women
Men
Age at entry (years)
<49
50-69
70+
Diagnosis before admission
No Diabetes
Diabetes
No Heart Failure
Heart Failure
ICU diagnosis
Sepsis/infections
Circulatory failure
Respiratory failure
Acute surgery
Kidney*
Main diagnosis for kidney failure
Glomerulonephritis
Pyelonephritis/Interstitial Nephritis
Polycystic kidney disease
Nephrosclerosis
Diabetes Mellitus
Uraemia (unspecified)
Other

90-day mortality

p-value#

103 (42%)
142 (58%)

45/103 (43%)
58/142 (41%)

0.7

66 (27%)
127 (52%)
52 (21%)

17/66 (26%)
51/127 (40%)
35/52 (67%)

<0.001

152 (62%)
93 (38%)
184 (75%)
61 (25%)

57/152 (38%)
46/93 (49%)
68/184 (37%)
35/61 (57%)

59 (24%)
76 (31%)
27 (11%)
58 (24%)
25 (10%)

24/59 (41%)
42/76 (55%)
9/27 (33%)
27/58 (47%)
1/25 (4%)

<0.001

71 (29%)
17 (7%)
23 (9%)
27 (11%)
66 (27%)
26 (11%)
15 (6%)

27/71 (38%)
5/17 (29%)
6/23 (26%)
17/27 (63%)
29/66 (44%)
16/26 (62%)
3/15 (20%)

0.013

0.08
0.007

Total
245 (100%) 103/245 (42%)
*Kidney transplantation, endocrine diseases and unspecified kidney diseases
# Test of differing 90 d mortality by exact Chi-square test

33

Acute Kidney Injury, outcome studies

Table 10. Relative risk of 90-day mortality
Variable (ref)
ICU diagnosis
Sepsis/infections
Circulatory failure
Respiratory failure
Acute surgery
Kidney*
Main diagnosis for kidney failure
Diabetes Mellitus
Glomerulonephritis
Pyelonephritis/Interstitial Nephritis
Polycystic kidney disease
Nephrosclerosis
Uraemia (unspecified)
Other
Heart Failure
No
Yes
Diabetes
No
Yes
1

OR1 crude

OR1 (adjusted for age)

1.0
1.8 (0.9-3.6)
0.7 (0.3-1.9)
1.3 (0.6-2.6)
0.1 (0.01-0.5)

1.0
1.7 (0.8-3.4)
0.9 (0.3-2.3)
1.0 (0.5-2.2)
0.1 (0.01-0.5)

1.0
0.8 (0.4-1.5)
0.5 (0.2-1.7)
0.5 (0.2-1.3)
2.2 (0.8-5.4)
2.0 (0.8-5.2)
0.3 (0.1-1.2)

1.0
0.7 (0.4-1.5)
0.5 (0.2-1.8)
0.3 (0.1-1.0)
1.0 (0.4-2.9)
1.3 (0.5-3.6)
0.1 (0.03-0.6)

1.0
2.3 (1.3-4.1)

1.0
2.0 (1.1-3.6)

1.0
1.6 (1.0-2.8)

1.0
1.9(1.1-3.3)

Odds Ratios (OR) presented with 95 % confidence intervals.
*Kidney transplantation, endocrine diseases and unspecified kidney diseases. 5 patients were treated
postoperatively after kidney transplantation, no mortalities were found in this group.
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Figure 7. Survival among 245 patients with ESRD after the ICU admission and start of
RRT
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Paper IV
Descriptive data regarding the AKI cohort and non-AKI cohort is seen in table 11. In the AKI
group, 85% had heart failure, 82% had diabetes and 31% had hypertension. Also indicating
the high illness severity of the AKI cohort is the fact that inotropic drugs were used in 78% of
the AKI patients, and 70% were intubated on mechanical ventilation. Data on inotropic
support and mechanical ventilation was unavailable for the non-AKI cohort and is not shown
in table. The distribution of the RIFLE score for the AKI patients at inclusion was as follows:
non-AKI (=RIFLE 0) 9.19%, Risk - RIFLE R 17.31%, Injury - RIFLE I 28.62% and failure RIFLE F 44.88%.
Figures 8 and 9 show the Kaplan-Meier survival curves of the AKI cohort when it is divided
into quartiles according to serum cystatin C (figure 8) and creatinine at entry (figure 9). As
seen in these figures, the two highest cystatin C levels are associated with higher mortality
compared to the lower levels. In contrast, note the lack of distinction in survival between
quartiles of creatinine. Also worth noticing is the higher long-term mortality in the highest
cystatin C quartiles.
Figure 10 details the survival of the AKI cohort stratified into four groups according to the
RIFLE classification. Note that this figure includes AKI patients that did not fulfil the RIFLE
criteria, as well as Risk-, Injury- and Failure patients.
Table 12 details the hazard ratios (HR) of the quartiles of cystatin C. After adjustment for
acute kidney injury as measured by the RIFLE classification, the point estimates for cystatin
C is lowered.
The long term impact of high cystatin C, seen in the survival curve of figure 8, is also
highlighted by the risk estimates from the Cox model. Comparing cystatin C above and below
the median (median cystatin C: 2.32) yields a hazard ratio of 1.42 (95% Confidence Interval
(CI) 0.98-2.6) during the first year of follow up when adjusted for age and ICU diagnosis.
From the second year (day 366 and onwards) the same comparison produced a risk estimate
of 6.92 (CI 1.48-32.32). After adjusting for RIFLE and APACHE II score, we found the
hazard ratio of having a cystatin C above the median during year one to be 1.31 (CI 0.901.93) and from the second year and onwards 7.65 (CI 1.62-36.01).
Table 11, right column, shows the demographics of the non-AKI-cohort. These patients are
younger, have lower illness severity, and lower mortality as compared to their AKI
counterparts. The hazard ratios for risk of death are seen in table 13. Note the higher point
estimates when we restrict the cohort by excluding the 124 patients with potential kidney
injury, please see the methods section for exclusion criteria. Also, observe the extreme hazard
ratios for the highest cystatin C levels in the patients under the age of 55 years.
Figure 11 shows survival in the non-AKI cohort by cystatin C level. A dose response
relationship is seen; the higher the cystatin C, the higher the mortality.
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Table 11. Demographic data of the AKI and non-AKI cohorts
AKI, frequency (%)
Non-AKI, frequency (%)
Sex
Women
97 (34.40)
187 (35.02)
Men
185 (65.60)
347 (64.98)
Missing observations
1
28
Main ICU diagnosis
Sepsis/infections
90 (31.80)
64 (11.39)
Circulatory failure
22 (7.77)
19 (3.38)
Respiratory failure
47 (16.61)
95 (16.90)
Acute surgery
45 (15.90)
61 (10.85)
Trauma
33 (11.66)
217 (38.61)
Neurology/Neurosurgery
5 (1.77)
23 (4.09)
Obstetrics/Gynaecology
2 (0.71)
10 (1.78)
Other diagnoses
39 (13.78)
73 (12.99)
RRT in the ICU
No RRT
171 (60.42)
562 (100)
RRT
112 (39.58)
0 (0)
93 (32.86)
63 (11.21)
Death within 30 days
6 (2.12)
10 (1.78)
Death between day 31-60
15 (5.30)
11 (1.96)
Death between day 61-180
AKI, Mean (min-max) Non-AKI, Mean (min-max)
24.2 (6-49)
15.80 (0-43)
Mean Apache II score
10. 3 (2-21)
N/A
Mean SOFA score
242.9 (43-987)
80.13 (9-150)
Mean creatinine (µmol/l)
25.0 (1.2-405)
6.27 (0.8-25)
Mean urea (mmol/l)
2.6 (0.5-7.2)
1.12 (0.4-5.0)
Mean cystatin C (mg/l)
238.4 (0-4400)
N/A
Mean urinary output (ml/hour)#
61.2 (17-94)
50.09 (17-96)
Mean age at entry (years)
Total
283 (100)
562 (100)
#Mean urinary output during the last six hours prior to
inclusion in the AKI cohort
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Figure 8. Kaplan-Meier survival curve of the AKI cohort by cystatin C level

Table 12. Relative risk of all cause mortality in AKI patients
Variable (ref)
HR1*
HR1**
Level of cystatin C
Q1 (1.81)
1.0
1.0
Q2 (1.82-2.32)
0.92 (0.53-1.59)
0.91 (0.53-1.58)
Q3 (2.33-3.11)
1.44 (0.86-2.39)
1.37 (0.83-2.27)
Q4 (>3.11)
1.66 (0.99-2.77)
1.36 (0.81-2.29)
1
Hazard Ratios (HR) presented with 95 % confidence intervals.
*
HR adjusted for age, group.
**
HR adjusted for age, group and RIFLE.
***HR adjusted for age, group, RIFLE and APACHE II score.
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HR1***
1.0
0.66 (0.38-1.16)
1.18 (0.71-1.98)
1.59 (0.95-2.65)
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Figure 9. Kaplan-Meier survival curve of the AKI cohort by creatinine level
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Figure 10. Kaplan-Meier survival curve of the AKI cohort by RIFLE classfication level
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Figure 11. Kaplan-Meier survival curve of the non-AKI cohort by cystatin C level

Table 13. Relative risk of all cause mortality in non-AKI patients

Variable (ref)
HR1**
HR1***
HR1*
Level of cystatin C
Q1 (0.70)
1.0
1.0
1.0
1.78 (0.66-4.77)
1.81 (0.61-5.38)
1.39 (0.37-5.28)
Q2 (0.71-0.91)
2.22 (0.86-5.75)
3.01 (1.06-8.53)
1.20 (0.28-5.04)
Q3 (0.92-1.40)
Q4 split into lower(1.413.81 (1.45-10.05)
5.53 (1.80-16.99)
6.15 (1.58-24.01)
1.78)
Q4 split into higher 5.74 (2.20-14.96)
5.95 (1.83-19.36)
12.60 (3.25-48.87)
(>1.78)
1
Hazard Ratios (HR) presented with 95 % confidence intervals.
*
HR adjusted for age, group.
**
HR adjusted for age, group and restricted to the 438 patients without potential kidney injury.
***
HR adjusted for age, group and restricted to the 325 patients under the age of 55 years.
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Discussion
Methodological considerations
Study design
Only one type of epidemiological study design was used in the present thesis; all four papers
were based on cohort design. A cohort study is defined by a group of individuals who are
followed over time regarding outcome [97]. A cohort member must be at risk (alive and free
of the outcome under study) at the start of the study.
In paper I we used exposure data gathered from the Karolinska CRRT database prior to the
outcome (death). In papers II and III exposure information came from the 32 intensive care
units contributing data to the SWING database. The exclusion of patients with end-stage renal
disease – and the exclusion of patients that died within 90 days - in paper II should be seen in
the light of the study design, as we wanted to evaluate the effect of RRT modality on the renal
recovery. Paper III studied the patients with end-stage renal disease, i.e. the patients excluded
for that reason in paper II. In paper IV we collected data on two separate cohorts, one defined
by their acute kidney injury, and one defined by not having signs of AKI.
Generalizability/sample size
Single centre studies (papers I and IV) have inherent limitations as results may not be
replicable in other settings. In these two studies the patients come from the Karolinska
University Hospital general ICU which is characterized by many admitting departments
including surgery, urology, gynaecology, obstetrics, otorhinolaryngology and internal
medicine. The hospital is also the trauma referral centre of the greater Stockholm area (1.8
million inhabitants) and thoracic and neurosurgical cases are admitted to the unit if these
conditions are part of a major trauma. Theoretically, small sample sizes of heterogeneous
populations could lead to bias. For example, if one only used consecutive cases from the
Karolinska ICU during the summer, this might lead to a sample including several young
males admitted after trauma, thus not being representative of the study population. However,
as studies I and IV use consecutive sampling of patients during a number of years we do not
consider this to be a problem. Actually, the heterogeneity of the patient population is useful in
these studies.
In the light of the limitations described above, the multicenter studies (II and III) stand in
contrast. These two studies are probably quite representative of patients with AKI on renal
support (II) and of ESRD patients on RRT (III) in (all) Swedish general intensive care units.
Selection bias
Paper II
We reported that intermittent hemodialysis was associated with a higher risk of ESRD.
Hypothetically this could in part be due to selection bias, as continuous RRT is the method of
choice for hemodynamically unstable patients, for example patients with severe sepsis. It
could be argued that these subjects, with high illness severity, actually represent a subgroup in
which the kidneys are less affected than in their IHD counterparts, thus contributing to the
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lower renal morbidity in the former group. On the other hand, as study II was conducted over
a wide range of ICUs during a ten year period, it had the characteristics of a natural
experiment. Data in table 4 above detail the percentage of patients receiving the two
modalities (continuous or intermittent RRT) in the different intensive care units contributing
data. The table shows that the choice of therapy was non-existent in many ICUs, as only one
or the other technique was available. Moreover, more patients with diabetes mellitus - a
known risk-factor for end-stage renal disease – were found in the CRRT group.
Confounding
Confounding can be explained as a mixing of effects. Lack of relevant information on
confounding is an important issue when discussing causality in epidemiological studies.
Confounders are variables that are associated with the exposure and are in themselves risk
factors for the disease/outcome, as opposed to intermediate steps in the pathway from
exposure to disease/outcome. Randomization is used to ameliorate confounding. As soon as
potential confounders are unevenly distributed in the exposed and non-exposed groups, the
relative risk may be affected [97]. The control of confounding depends on the quality of the
information available and the influence of the factors on the risk estimates. For example:
illness severity, measured by APACHE II score, could be correlated to severity of AKI as
measured by RIFLE score and is also an independent risk factor for mortality. Adjustments
for illness severity were performed in all analyzes where we had that information.
Paper I
We addressed the potential confounding by illness severity, age, sex and diabetes by adjusting
for these variables, and still found the adjusted (compared to the crude) risk estimates derived
by RIFLE score to be unchanged.
Paper II
The use of CRRT as opposed to intermittent RRT could be correlated to the size of the
hospital, and that could in turn be correlated to the overall quality of the ICU, thus having an
impact on mortality and morbidity. Furthermore, potential confounders include calendar time
(1995-1999 as opposed to 2000-2004) as well as patient characteristics (age, sex diagnosis).
Unfortunately, we lacked information on a number of other confounders, such as pre-ICU
renal function, illness severity and use of vasoactive drugs or mechanical ventilation. It is not
evident exactly how these potential confounders might influence the risk estimates for endstage renal disease. Several studies have unsurprisingly shown an association between preICU renal dysfunction and risk of end-stage renal disease [16] [55]. We adjusted for hospital
size, calendar time and patient characteristics, and only found the risk estimates for ESRD
after IHD to be strengthened. It is unlikely that patients with pre morbid risk factors would be
overrepresented in the IHD group, because, as mentioned above, most contributing ICUs only
had access to one or the other technique. Moreover, in the clinical setting, it is improbable that
intensive care physicians would actively chose IHD over CRRT on the basis of pre-ICU renal
function; this choice has more to do with the hemodynamic stability of the patient at hand.
Lacking severity scoring, such as APACHE II or SOFA score, is problematic, but looking at
the ICU diagnoses it is evident that the sicker patients more often than not were treated with
CRRT as expected. Consequently, we find it hard to explain the higher risk estimates for
ESRD by confounding factors alone.
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Paper III
This study is descriptive in nature, and compares the mortality between ESRD patients in the
ICU treated with RRT with the mortality of patients found in the Swedish Register for Active
Treatment of Uremia. Confounding may be present as the need for monitoring and treatment
in the ICU may be seen as a proxy parameter, only reflecting the influence of other risk
factors (such as diabetes, heart failure, compliance to care, nutrition status and risk of
infection).
Paper IV
Cystatin C levels in the AKI cohort may be confounded by severity of the acute kidney injury
measured as RIFLE score, APACHE II score, ICU diagnosis (“group”) and age, and that is
why we adjusted for these variables. Unsurprisingly, we found a co-dependence between
RIFLE and cystatin C in the AKI cohort.
Misclassification of exposure
Paper III
The impact of ICU stay on mortality was evaluated in this study. Data was reported from the
32 ICUs contributing to the SWING studies, and this cohort was made up of patients found in
the SRAU prior to their need for RRT in the ICU. ICU stay was thus the exposure. It is not
unlikely that some of the patients in the “non-exposed” group, i.e. the subjects from SRAU
had in fact been to the ICU, but had not needed RRT. Consequently, we may have an issue of
misclassification of exposure, but in this study it would only lead to an underestimation of the
risk associated with ICU stay.
Paper IV
The exposure is the differing levels of cystatin C. Potentially, the influence of the acute renal
failure on cystatin C may lead to a misclassification of exposure, as we wanted to assess the
impact of baseline cystatin C on long term mortality. We handled this in several ways. First,
we adjusted for RIFLE score in the AKI cohort, as mentioned above. Moreover, we
specifically investigated the long-term outcome of the AKI cohort – looking only at the
mortalities after day 366 and onwards, in order to eliminate the AKI effect on mortality.
Lastly, we created the non-AKI cohort and further stratified this group by excluding patients
with “potential” kidney injury, thus eliminating the risk of having acute kidney injury
distorting the cystatin C levels and their potential impact on mortality.
Chance
Observed associations may be due to chance. Statistical tests of significance or confidence
intervals to risk estimates are helpful in determining if a given result is a chance finding. Null
results could also be due to chance, through small sample size or lack of power. However,
considerations on whether the association is consistent with the a priori hypothesis, its
biological credibility, its strength, the presence of dose-response relationships should be taken
into account when discussing the role of chance.
Paper I, III and IV
Random variability may play a part in all these three studies because of the limited number of
exposed cases.
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Paper II
One of the strengths in this multicenter study is the large number of subjects studied. It is
therefore unlikely that the results are due to chance.
Interpretation of findings

In paper I we focused on two problems in the field of AKI epidemiology. First, optimal
follow-up time remains to be determined, but clearly the research field would gain from a
consensus on when to measure AKI mortality. It is insufficient to use ICU or hospital
mortality, as these measures are influenced by local traditions of discharge. We showed a
difference of 19.8% between ICU and 60 day mortality. Comparing the ICU mortality to the
mortality at 6 months, we see a difference of 25.1%. All-cause mortality at 6 months could be
argued to be too unspecific; that it is inaccurate in measuring the effects of AKI per se, we
propose the use of 60 days as a minimum follow-up.
Applying the RIFLE criteria in this RRT cohort revealed new insights. It is a feasible and
straightforward tool and adds transparency and comparability. More importantly, we found
that patients characterized as RIFLE-F had a higher mortality than RIFLE-I and –R patients.
We did not identify any confounding factors that biased the predictive ability of the RIFLE
criteria – neither higher number of failing organs nor higher APACHE II scores. The fact that
RIFLE-I patients actually had lower mortality than RIFLE-R patients might reflect the small
numbers in the respective categories.
A strength of the investigation is the fact that it was carried out in a clinical setting, where
treating physicians could initiate RRT at different time points and with a number of criteria
fulfilled. This gave us a cohort of differing severity of AKI at inclusion. The biological
hypothesis, that severity of the AKI as measured by RIFLE score, has an independent impact
on mortality can not be ruled out.
As reported, since our study (I) was performed, a number of investigations have validated the
RIFLE criteria in a number of settings; a progressive increase in mortality with an increase in
RIFLE level was seen in a population of patients requiring extracorporeal membrane
oxygenation for post-cardiotomy cardiogenic shock [98]. In a Finnish study on 813
consecutive patients undergoing cardiac surgery the mortality of non-AKI was 0.9%, while in
RIFLE groups R, I and F mortality was 8, 21.4 and 32.5%, respectively [99]. In two other
specific populations, patients with severe burns admitted to the ICU [100] and patients with
bone marrow transplantation [101], the RIFLE system performed equally well.
In paper IV, discussed below, we had the opportunity to test the RIFLE criteria for a wider
range of patients with acute kidney injury, not only those on RRT.
In the nationwide multicenter study presented in paper II, we focused on another aspect of
outcome after AKI, renal morbidity. A higher risk for chronic renal failure with dialysis
dependency after critical illness for patients treated with IHD as compared to patients treated
with CRRT was found. Furthermore, patients treated with IHD that ended up with end-stage
renal disease showed a higher mortality.
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In contrast to this study, most previous attempts to determine whether the choice of RRT
affects outcome have focused on mortality. One recent study showed that if guidelines to
improve tolerance and metabolic control were used, 60 day mortality did not differ between
CRRT and IHD [102]. A meta analysis by Kellum et al. compared CRRT with IHD [103].
That investigation found no difference in overall mortality. However, adjusting for study
quality and severity of illness, mortality was lower with CRRT (RR 0.72 (0.60-0.87), p<0.01).
These findings were criticized by Tonelli and co-workers [104], who in a meta analysis of
their own, found no survival advantage in unselected critically ill patients with ARF. They did
however, find a non significant increased relative risk for ESRD in IHD patients. As reported
in the chapter on morbidity benefits for CRRT regarding renal recovery was seen in the
randomized trial by Mehta et al. [57]. A small single centre study did focus on renal recovery.
In 93 patients with ARF it was found that 12.5% of CRRT patients and 64.3% of IHD patients
were dialysis dependent at hospital discharge [105].
One unique aspect of paper II is that it looks beyond ICU- or hospital discharge. The few
studies that do measure long-term morbidity have usually chosen these convenient
measurements, but an obvious drawback is the risk for overestimation of the number of
subjects needing chronic dialysis. We defined chronic renal failure as a persisting need for
dialysis for over three months. Linkage to the Swedish Register for Active Treatment of
Uremia enabled us to identify all patients developing the need for chronic dialysis up to ten
years after ICU admittance. One could argue that the patients registered in the SRAU later
than 90 days after their ICU discharge did not develop kidney failure as a direct result of their
AKI requiring treatment in the ICU. For instance, one study followed patients for six months
after ICU discharge, but later need for chronic RRT was not considered [16]. However, we
believe that long term renal morbidity must be regarded as a result of the acute kidney injury.
The biological hypothesis – that IHD could aggravate the kidney injury – is based on several
observations. The use of IHD in critically ill patients could lead to an increase in oxygen
consumption [106] and a reduction in cardiac index in the first hour of IHD [107]. Davenport
and co-workers [107] also report reduction of mean arterial pressure, pulmonary capillary
wedge pressure and tissue oxygen uptake. With CRRT, volume control is continuous, and
avoidance of the intravascular volume depletion and hypotension may prevent treatment
associated ischemic renal injury reported during standard IHD [108]. A multinational
multicenter trial from 2007 evaluating the impact of intermittent- and continuous RRT on
renal outcome reported numbers of hypotensive episodes. Such episodes were indeed
significantly higher in the IRRT group than in the CRRT group (27.9% and 18.8%
respectively) [56].
Our study lacked the means to report data on hypotensive episodes associated with
intermittent- and continuous therapies. Other limitations are listed under the section on
methodological considerations but we need to stress that the data available show that the
choice of RRT was in most cases independent of patient status. If anything, the information
shows that sicker patients were more often than not treated with CRRT. This is illustrated by
the fact that more patients had diabetes – a known risk factor for chronic kidney injury - and
heart failure among the patients on continuous RRT. Absence of information regarding premorbid impaired renal function - probably a strong predictor of renal outcome – is
problematic. But again, nothing in this study indicates that those with underlying disease
(acute on chronic) would have been more likely to have been treated with IHD.
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Special consideration should be given to the temporal difference in recruitment to chronic
renal failure between IHD and CRRT. Why is this? We speculate on the effect of the chosen
treatment. Is the treatment with IHD and CRRT equivalent to a large and a small blow to the
kidney? Are they both “adding insult to injury” – and is the insult greater after IHD?
Seemingly, IHD has a bigger impact on renal function than CRRT which is shown as manifest
renal failure developing more often, and faster. This proposed “larger blow” results in an all
or nothing-effect. In contrast, CRRT leads to a smaller imminent need for chronic RRT but
over the years we note increasing number of patients in the CRRT group ending up with
ESRD. Supporting the notion of a physiologic impact of the modality chosen, i.e. “adding
insult to injury”, the patients with end-stage renal disease in the IHD group also have a
significantly higher mortality than their CRRT-ESRD counterparts.
In our third study (paper III) we detailed the short- and long-term outcome of the patients
with manifest ESRD prior to their ICU stay. In essence, the renal exclusion criteria for study
II was the inclusion criteria for study III, and this resulted in a national cohort of ESRD
patients, treated in the ICU with RRT. Even though they represent close to 10% of the
Swedish population in the ICU needing RRT, and despite the fact that a large UK database
study showed that 1.3% of all patients admitted to the ICU were receiving chronic renal
dialysis before ICU admission [109] this subgroup of patients has been overlooked.
Besides the UK study, three single centre studies including 38 [110], 92 [111] and 93 [112]
patients respectively, detailed the validity of ICU scoring systems and outcome for this patient
population. Not one single investigation has reported anything but short-term mortality.
We found that increasing age, diabetes mellitus and heart failure, as expected, were predictors
of 90-day mortality. The SRAU main kidney diagnoses, “Other” and “Polycystic kidney
disease” had a point estimate of less than 1 after age adjustment. Both these diagnoses
indicate a single organ disease in contrast to the SRAU diagnoses of Diabetes Mellitus,
Nephrosclerosis and Uremia where mortality was higher. The same adjustment showed that
the patients treated after kidney transplantation or because of endocrine- or unspecified
kidney disorders had a significantly lower odds ratio than the patients admitted to the ICU for
infections, after acute surgery or because of circulatory- or respiratory failure.
We can assume that the prevalence of the comorbidities - identified through the in-patient
register - is underestimated [113] [114]. However, this only leads to a dilution of the risk
estimates, as the group with no comorbidities may include some patients with heart failure
and diabetes mellitus. When we compared 90-day survivors from our ICU cohort with
patients from the Swedish Register of Active Uremia, we found that the ICU patients had
higher long-term mortality than ESRD patients never admitted to ICU. Comparison with the
general population resulted in an extremely high standardized mortality ratio.
One should note that the overall annual mortality in the dialysis population of the SRAU is
usually over 25% [53], so the findings of our study, indicating an even higher long-term
mortality of the ESRD patients in the ICU is of great value even if this subgroup is small. It
gives practitioners in the ICU and in the nephrology unit insight into the extreme vulnerability
of this group of patients. The Kaplan-Meier curve (figure 7) highlights the long-term
mortality, and with less than 20% alive after five years this group surpasses that of rectal
carcinoma [115] and heart failure [116]. The mortality is actually equivalent to that of patients
with haematological malignancies treated in the ICU [117]. Flatten and co-workers showed
that the mortality rate in a general ICU population indeed was high in the beginning, but
tapered off, and was close to that of the general population after 24 months [118]. In contrast,
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this cohort of ESRD patients has a consistently high mortality for the duration of the five year
follow up.
The fact that the 90 day mortality of ESRD patients on RRT was lower than that of the
patients in study II - with acute kidney injury requiring RRT – deserves a comment. Knowing
that we lack the illness severity scores to prove it, we find it likely that the ICU ESRD cohort
is less acutely ill. The threshold for ICU admission is lower for ESRD patients; they are
already in the hospital, being on RRT for three to five times a week.
In paper IV we broadened our scope to focus on a wider group of patients with AKI, not only
those requiring RRT. The RIFLE criteria in this AKI cohort worked well, and the KaplanMeier survival graph stratified by RIFLE in study IV is similar to the one we presented for the
RRT cohort in study I.
This study failed to find a use for cystatin C as an early predictor of AKI that would lead to
acute renal failure and need for renal replacement therapy. However, for this hypothesis, the
study had a flawed design as we only included patients with traditional signs of AKI. More
importantly, we found that the novel biomarker cystatin C actually predicts mortality in ICU
patients both with and without clinical signs of acute kidney injury.
It needs to be stated right away, we have no way of answering the most interesting question
raised by our findings: is the association of cystatin C and mortality renal dependent or not?
Or put in a different way: Do patients enter the ICU with differing baseline risks,
dependent or independent on GFR - and is this measured by their baseline cystatin C?
We tried to approach this issue in study IV by “removing” or isolating the immediate impact
of the acute kidney injury on mortality, for details please see the section on misclassification
of exposure. The association of acute kidney injury and a lowered GFR, leading to an acute
elevation of cystatin C has been shown [69] [70] and the relationship of AKI and mortality is
well known [119]. The AKI-effect on cystatin C levels is apparent in study IV, where mean
cystatin C was more than twice as high in the AKI cohort compared to the non-AKI-subjects.
We conclude that removal of the effect on mortality of the acute kidney injury reduces the
distortion of the cystatin C signal. This in turn leaves us with the baseline effect of the
patients’ cystatin C on mortality.
So, why does elevated cystatin C predict mortality, even long-term mortality? Are we dealing
with a measurement of inflammation, apoptosis or cellular destruction? Or is cystatin C
merely gauging GFR, indicating mild kidney failure? Does mild kidney failure predict
mortality?
Well, some studies imply that it does. Van Biesen and co-workers show that mild renal failure
is associated with cardiovascular death within an apparent healthy population, and the
detrimental effect starts at a GFR of 90ml/min/1.73m2 [120]. In a study of elderly, lower
predicted GFR was an independent predictor of mortality [121].
Without claiming to be sure that the baseline cystatin C levels in our material reflects baseline
GFR, there is research pointing in that direction. Cystatin C is claimed to detect mild renal
failure (i.e. GFR > 60 ml/min/1.73m2) better than creatinine [122] [123]. Herget-Rosenthal et
al reported increased cystatin C levels to precede a raise in RIFLE category by up to 1.5 day
in ICU patients developing acute renal failure [69]. There is a theoretical base that explains
why this might be, and it has to do with the molecular differences between cystatin C and
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creatinine. Cystatin C is a positively charged, middle sized molecule (13 kDa). Creatinine on
the other hand is smaller (113 Da) and electroneutral. Early minute changes in glomerular
filter porosity and charge during certain physiological (pregnancy) and pathological (diabetes
mellitus) conditions may impair glomerular filtration of middle sized molecules without
affecting the passage of smaller molecules like creatinine [124] [125].
Our study is not the first to demonstrate a correlation between cystatin C and mortality. In
patients with acute heart failure, cystatin C was a predictor of mortality, even in patients with
normal creatinine [126]. It predicts heart failure per se [127]. In patients planned for heart
surgery GFR estimated by cystatin C was correlated to death. This correlation was not seen
for GFR estimated from creatinine [128]. Niccoli and co-workers described an association of
cystatin C with extent of coronary atherosclerosis in patients with creatinine-derived GFR of
above 90 ml/min/1.73m2 [129].
Although other studies have demonstrated a relationship between kidney disease and
mortality [130] [131] it can not be seen as certain that cystatin C exclusively reflects kidney
function in the two cohorts in study IV. To look at the basics, there can be three explanations
for an increased baseline cystatin C (the non-AKI effect):
1. Increased cellular production/increased cell turn-over.
2. Leakage of intracellular cystatin C.
3. Reduced filtration in the kidneys, indicating renal damage, not measured by the usual
instruments.
Support of theory #3 has been mentioned above, but we have also alluded to the fact that
cystatin C could reflect some other pathogenic state affecting long term outcome. Although
proposed to be an ideal endogenous GFR-marker conclusions whether cystatin C is superior
to creatinine in detecting a wide range of GFR are difficult to draw [132]. Adding to the
confusion is the fact that very few studies use accepted reference methods for GFR
measurements [133] and methods to analyze cystatin C and creatinine vary. Complicating the
matter further are the reports that cystatin C, but not creatinine, is elevated in patients with
HIV [134]. In two large studies of over 8000 and 1200 patients respectively [66] [135] many
factors (such as age, sex, weight, smoking) were associated with cystatin C after adjustment
for kidney function.
The question whether cystatin C is a proxy for something other than renal damage – or if
cystatin C has a detrimental biologic effect per se – remains to be answered.
Future studies
If one had access to a large patient database where serum cystatin C as well as GFR
measurements using some standardized method were available, it would be possible to see if
subjects within different ranges of GFR could be divided into higher and lower cystatin C
levels. A long-term follow-up of these patients could then detect a potential GFR-independent
impact of cystatin C.
Study IV would have been even more interesting if we would have had access to cause of
death of these patients. Sadly, the Swedish death register has a lag time of two years. Since
previous studies imply a correlation between high cystatin C and cardiovascular death, this is
a limitation as well as the basis of a potential future study.
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Conclusions
x

The RIFLE classification system adds transparency and comparability to the study of
AKI and is an independent predictor of mortality. While ICU- and in-hospital
mortalities reflect local traditions, a two-month follow-up period may be optimal for
determining mortality rates in AKI cohorts.

x

The use of continuous renal replacement therapy is associated with lower risks of renal
morbidity measured as need for life long dialysis. Among the 90-day survivors who
did develop ESRD, the risk of death was markedly higher in patients treated with
intermittent RRT than in those treated with continuous RRT.

x

Age, diabetes mellitus and heart failure are risk factors for 90-day mortality for ESRD
patients in the ICU treated with renal replacement therapy. Long-term mortality is
associated with age and heart failure. The long-term mortality of ESRD patients
surviving the ICU stay is significantly higher compared to ESRD patients in the
Swedish Registry of Active Uremia without a known intensive care unit admission.

x

Cystatin C predicts mortality independent of renal function measured by creatinine in
patients entering the general ICU. Clinical interpretation of renal function by cystatin
C alone should be made with caution.
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