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Abstract

This narrative clinical review in two parts discusses the pre-
vention of clinical acute kidney injury (AKI). The first part
focuses on general prevention measures, including identi-
fication of individuals at high risk for AKI, and on the role
of volume expansion and fluid therapy. The latter discusses
the timing, the goals, the selection of the fluids and the
haemodynamic management of the patient receiving par-
enteral fluids for the prevention of AKI. In addition, this
part summarizes the interaction of intensivist-nephrologist
in the ICU with attention to tight glycaemia control and the
use of low doses of corticoids in the septic shock patients.
Finally, the avoidance of drug- and nephrotoxin-induced
AKI is discussed. The second part of this review will sum-
marize the possible pharmacological interventions in the
patient at risk.
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Introduction

The literature on epidemiology, prevention and treatment
of acute kidney injury (AKI) is blurred by the use of multi-
ple operational definitions, and its occurrence in different
clinical settings, such as community, hospital or intensive
care units (ICU).

The need for a consensus definition and classification
system for AKI has resulted in the development of the RI-
FLE criteria (Risk, Injury, Failure, Loss of kidney function
and End-stage disease) [1]. These criteria were further re-
fined by the Acute Kidney Injury Network (AKIN) [2].
The AKIN group also formulated a conceptual framework
of AKI and prioritization of a clinical research agenda [3]
(Figure 1).
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This editorial review focuses on the primary prevention
of clinical AKI, i.e. on the measures that can be used to
prevent the decline in GFR in the patient at risk. However,
since the diagnosis of AKI in a patient is in general de-
pendent on the findings of the decline in GFR [increase in
serum creatinine (SCr), cystatin C or other parameters of
GFR], many of the preventative measures that are employed
are in fact secondary interventions with the aim to either
stabilizing renal function or improving it towards normal.

It should be clear that the efficiency of the preventative
measures will depend on the recognition of the population
at risk and of the means to diagnose ‘damage’ to the kidney
before the fall in GFR occurs (Figure 1). It is in this stage
of ‘damage’, probably reflecting tubular injury only, that
biomarkers may be useful in the future. The last year has
seen an explosion of papers describing the basic molecular
biological research and the beginning of the clinical appli-
cation of a great number of biomarkers in the field of AKI
[4].

The possibility that injury biomarkers may be superior
to SCr or other clearance-based markers for the identifica-
tion of AKI will require investigators to test the creatinine-
independent associations between biomarker levels and ex-
posures [e.g. cardiopulmonary bypass (CPB) time, dose of
nephrotoxin administration] and ‘hard’ outcomes (e.g. mor-
tality, complications, need for dialysis and length of ICU or
hospital stay).

Innumerable AKI prevention studies have been con-
ducted over the past three decades, the vast majority of
which have targeted persons anticipating a well-defined is-
chaemic or toxic insult to the kidney.

Basic research has led to substantial advances in our un-
derstanding of the pathogenetic mechanisms of AKI and
this has led to an exciting array of potentially novel targets
for its treatment. However, most of the ‘successful’ inter-
ventions that have been tried in animal or in vifro experi-
ments have failed in the clinical setting. One of the many
reasons of this failure is that the intervention was started
too late in patients with already established AKI [5].

The first part of this review treats the general prevention
measures, the fluid therapy, the interaction phase between
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Fig. 1. A conceptual framework of acute kidney injury. The process of
AKI can be divided into various reversible stages depending on the severity
of insult, starting from the increased risk to damage followed by a decrease
in glomerular filtration rate (GFR) further progressing to kidney failure
and death (modified from [3]).

nephrology and intensive care specialists and the screening
for patients at risk for AKI.

The second part will discuss the role of vasopressors,
loop diuretics, mannitol, renal vasodilators, acetylcysteine,
statins, prophylactic dialysis in contrast-induced nephropa-
thy (CIN), anti-tumour lysis drugs and the possible role of
erythropoietin.

General prevention measures

Identification of high-risk individuals

Knowledge of the most common risk factors for renal in-
sult by the nephrologist is recommended in order to give
a meaningful advice to non-nephrologists responsible for a
particular patient. Only a careful and systematic approach
can define these risk factors, as described in many recent
clinical textbooks [6—8].

General risk factors for AKI that are consistent across
multiple causes include age; hypovolaemia; hypotension;
sepsis; pre-existing renal, hepatic or cardiac dysfunc-
tion; diabetes mellitus; and exposure to nephrotoxins
[e.g. aminoglycosides, amphotericin, immunosuppressive
agents, non-steroidal anti-inflammatory drugs (NSAIDs),
angiotensin-converting enzyme inhibitors (ACEIs) and/or
angiotensin receptor blockers (ARBs), parenteral contrast
media (CM)].

To this list, more specific factors should be added de-
pending on the particular patient category (see Table 1) for
a list of major risk factors in five common clinical situa-
tions, adapted from [7]). For example, in AKI post-cardiac
surgery, procedure-related risk factors include cross-clamp
time, the duration of CPB (especially if longer than 70 min),
pulsatile versus non-pulsatile bypass flow, normothermic
versus hypothermic bypass, haemodilution and on-pump
versus off-pump coronary artery bypass (OPCAB) surgery.
Recently, a retrospective cohort study of 1358 adult pa-
tients who underwent cardiac surgery found that besides
the above-mentioned risk factors, there existed an indepen-
dent and significant association of AKI and preoperative
use of ACEI/ARB [9]. Preoperative use of ACEI/ARB was
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Fig. 2. Continuum of volume responsiveness and non-responsiveness in
AKI (from [9]).

associated with a 27.6% higher risk for AKI postopera-
tively. Stopping ACEI or ARB before cardiac surgery may
reduce the incidence of AKI.

In patients at increased risk, or in the phase of incip-
ient AKI, emphasis should be put on non-pharmacologic
interventions, such as ensuring adequate renal perfusion
pressure by optimizing volume status and maintaining ade-
quate haemodynamic status by the use of vasopressors, and
avoidance of further injury by removing or decreasing the
effect of any nephrotoxic substances.

Volume expansion and/or fluid therapy

Timing, goals of fluid therapy and haemodynamic
management

It is accepted that optimization of the haemodynamic status
and correction of any volume deficit will have a salutary
effect on kidney function, will help minimize further ex-
tension of the kidney injury and will potentially facilitate
recovery from AKI with minimization of any residual func-
tional impairment. AKI is characterized by a continuum of
volume responsiveness and/or unresponsiveness (Figure 2)
[10]. Given the theoretical and practical difficulties in the
usage of the historical terms ‘prerenal azotaemia’ and ‘acute
tubular necrosis’, it is proposed that these terms should
be discarded and replaced with ‘volume-responsive AKI’
and ‘volume-unresponsive AKI’. Volume-responsive AKI
was previously called pre-renal acute renal failure (ARF).
Real hypovolaemia is the most important cause of volume-
responsive AKI, particularly in patients outside the ICU.
In these patients, organ perfusion and renal function will
improve with volume loading. In other circumstances, re-
nal perfusion is suboptimal despite adequate circulating
volume, or even volume overload. This is the case in pa-
tients with serious congestive heart failure or diastolic dys-
function. In these patients fluid loading will not result in
improved kidney perfusion, and might even lead to pul-
monary oedema and further worsening of cardiac function
and thus organ perfusion. In still other situations, the pa-
tient may already be fluid overloaded, but the intravascular
circulating volume is reduced, such as in sepsis or other dis-
eases causing third spacing or in ascites in liver cirrhosis.
The term ‘volume-responsive AKI” should thus be reserved
for patients in whom volume administration results in
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Table 1. Risk factors for the development of ARF in common clinical situations

Post-operative Cardiac surgery Critically Sepsis Contrast nephropathy Nephrotoxic
(general) ill antibiotics
Cardiac Female gender Active cancer S bilirubin >1.5 mg/dL.  Systolic BP <80 mmHg for >1hr Amphotericin
Haemodynamic ACE inhibitor therapy Low-serum Age and need for inotropic support Volume depletion
instability Heart failure albumin SCr >1.3 mg/dL or IABP 24 h after procedure Concurrent other
Congestive heart failure LV ejection fraction < A-a gradient* Elevated CVP >8cm  Use of IABP nephropathy
Aortic cross clamping 35% H, O under fluid Heart failure (NYHA class 3—4), Aminoglycosides
Major vascular surgery Preoperative IABP substitution for history of pulmonary oedema, or Duration of >7 d
Hypertension COPD haemodynamic both Volume depletion
Infection Insulin-requiring diabetes instability Age >75 yrs Divided dose
Sepsis Previous cardiac surgery Het: <39% for ?; <36% for ? regimens
Multi-organ failure Emergency surgery Diabetes mellitus Sepsis
Gastrointestinal and  Valve surgery only Volume of contrast >100 mL Liver disease
endocrine Combination of CABG SCr >1.5 mg/dL or eGFR < Old age
Cirrhosis +valve surgery 60 mL/min/1.73 m? Pre-existing CKD
Biliary surgery Other cardiac surgery Intra-arterial injection

Obstructive jaundice

Diabetes mellitus

Renal Transplantation

Oliguria <400 mL/day

SCr > 2 mg/dL

Miscellaneous

Age > 70 years

Trauma

Massive blood
transfusion

Preoperative SCr >
2.1 mg/dL

CABG—coronary arterial bypass graft.
CVP—central venous pressure.

IABP: intra-aortic balloon pump.

COPD: chronic obstructive pulmonary disease.
Hct: haematocrit.

*A- a gradient: alveolar-arterial oxygen gradient calculated using the sea level standard formula [(713 x (FjO,)—(PC0O5/0.8)—P,0,], where F;O;:
fractional inspired oxygen concentration, P,O,: arterial partial oxygen pressure, PCO;: partial CO, pressure. The normal A-a gradient varies with age

and ranges from 7 to 14 mmHg when breathing room air.
Modified from Modified from ref. [7].

improvement of kidney function. Unfortunately, the ef-
fect of volume repletion on the general haemodynamic
status and renal function is always a ‘retrospective diag-
nosis’ and can very often only be evaluated by trial and
error.

Many of the patients with volume-responsive AKI and
overall lesser severity of illness may be managed in a stan-
dard clinical setting and may not require an intensive care
setting with invasive haemodynamic monitoring to opti-
mize fluid status. A practical tool to predict the impact of
volume loading is the leg tilt test, which should be a rou-
tine clinical evaluation of volume status in AKI patients
[11]. It is now well established that the use of pulmonary
artery catheters does not result in improved patient sur-
vival or in lesser need of renal replacement therapy (RRT)
[12].

The required precision for assessment of volume ther-
apy in AKI increases as the severity of illness increases.
The ARDS Network has described a number of trials as-
sessing the effects of goal-directed therapy in the setting
of acute lung injury. A conservative approach to fluid ad-
ministration (net positive fluid balance over 7 days of an
average of only 136 mL) compared to a more liberal ap-
proach (net positive fluid balance over 7 days of 6992 mL)
allowed more rapid weaning from mechanical ventilation
with a decrease in the number of ICU days and no proven

adverse effect on kidney function or on kidney outcomes
[13].

The Surviving Sepsis Campaign recommends that extra-
cellular volume and cardiac output be assessed and sup-
ported with adequate and early goal-directed therapy [14].
This includes volume and pressor support to achieve a mean
arterial pressure >65 mmHg and a central venous pressure
of 8-12 mmHg (or 12-15 mmHg in patients who receive
positive pressure ventilation) [14,15]. Rivers ef al. [16,17]
demonstrated in a single-centre study in septic patients that
early versus delayed administration of fluid, vasopressors,
blood products and inotropes to maintain central venous
oxygen saturation of >70% had important benefits in terms
of mortality and multi-organ failure. A later, slightly mod-
ified goal-directed study randomized patients with septic
shock to therapy with or without a written protocol using
central venous pressure, mean arterial pressure and urine
output as therapeutic goals to their therapy [18]. Implemen-
tation of goal-directed therapy caused a more rapid reversal
of persistent shock, reduced mortality rates, incidence of re-
nal failure and central nervous system complications com-
pared with non-goal-directed therapy. These benefits may
arise from adequate fluid resuscitation, earlier vasopressor
administration, rapid shock reversal and protection of ma-
jor organ function. Most studies with early interventions
(defined as before the occurrence of organ failure, within
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24 h of trauma or within 12 h after surgery) showed lower
mortality rates [19], but targeting supra-normal cardiac in-
dex and oxygen delivery later conferred no benefit [20].
The point to emphasize is thus that what is beneficial early
is not necessarily beneficial later in the course of critical
illness.

Fluid administration should stop when patients are no
longer fluid responsive—assessed either by direct measures
of cardiac output or by pulse-pressure variation [21]. Pres-
sure preload variables (central venous pressure and pul-
monary capillary wedge pressure), which continue to be
used, often fail to provide reliable information regarding
cardiac preload [22] and are incapable of predicting car-
diac response to fluid therapy [23].

As an alternative to these static variables, dynamic func-
tional haemodynamic markers, such as pulse pressure or
stroke volume variation during positive pressure breathing
or mean flow changes with passive leg raising, are highly
predictive of volume responsiveness [24,25].

It is clear that during fluid therapy, haemodynamic mon-
itoring particularly in the critically ill patient whether ven-
tilated or not needs the close cooperation between the ICU
specialist and the nephrologist. A detailed description of
this monitoring is beyond the scope of this paper but can be
found in the recent paper by Pinsky ef al. [26].

Fluid therapy in the prevention of AKI

Useful reviews on the role of fluid therapy in the prevention
of AKI are available [27-29]. Despite the recognition of vol-
ume depletion as an important risk factor for AKI, there are
no randomized controlled trials (RCTs) that have directly
evaluated the role of fluid hydration versus placebo in the
prevention of AKI. However, RCTs have compared differ-
ent fluids and have combined fluid hydration with other
interventions [30]. Furthermore, comparisons between out-
comes seen in these trials [30] and historical untreated con-
trol subjects [31] suggest a large benefit from fluids. One
small RCT [32] of 53 patients who underwent non-emergent
cardiac catheterization found that IV hydration with saline
was more effective than unrestricted oral fluid intake.

Bpe of fluid therapy

Colloids (albumin, starch) versus crystalloids. Results of
the Saline versus Albumin Fluid Evaluation (SAFE) study,
a randomized comparison of human albumin (HA) with
crystalloid in the ICU, seem to indicate that albumin is safe,
albeit not more effective than saline, for fluid resuscitation
[33]. SAFE demonstrated further no difference in renal
outcomes (including incidence of AKI, need for RRT or
duration of RRT).

Hydroxyethylstarch (HES) is a widely used, cheap alter-
native to HA for correcting hypovolaemia. Different HES
preparations are available that vary with regard to concen-
tration, mean molecular weight (Mw), molar substitution
and substitution of hydroxyethyl for hydroxyl groups.

Aside from negative effects on coagulation, the devel-
opment of renal dysfunction is one of the major concerns
associated with the use of HES. It has even be recom-
mended that ‘HES should be avoided in intensive care units

395

and during the perioperative period’ (for a summary of this
controversy see [34,35]). However, a recent trial comparing
a ‘modern’ HES preparation with a low Mw and low molar
substitution and a HA solution, given in cardiac surgery
patients with preoperative compromised kidney function,
showed that this type of HES solution had no negative in-
fluence on kidney integrity [36].

In the VISEP study [37] in severe sepsis, patients were
randomly given 10% pentastarch solution, a low Mw hy-
droxyethyl starch (HES 200/0.5) or modified Ringer’s lac-
tate for fluid resuscitation. Patients in the HES group re-
ceived a median cumulative dose of 70.4 mL/kg of body
weight (interquartile range, 33.4—144.2). Although the mor-
tality was not significantly different, the HES group had a
significantly higher rate of AKI (34.9 versus 22.8%,) and
more days on which RRT was required.

Overall, a comprehensive Cochrane review [38] con-
cluded that there is no evidence from RCTs that resus-
citation with colloids, instead of crystalloids, reduces the
risk of death in patients with trauma, burns or following
surgery. There is even some evidence that colloids maybe
associated with a higher incidence of AKI. As colloids
are considerably more expensive than crystalloids, it is
hard to see how their continued use outside the context
of RCTs in subsets of patients of particular concern, can be
justified.

Tonicity of the fluids and anionic composition
of the crystalloids

As pointed out in a recent comprehensive review [27] large-
volume crystalloid resuscitation can result in significant
alterations in the electrolyte and acid—base balance in criti-
cally ill and injured patients. Isotonic saline is well known to
induce hyperchloraemic acidosis, and hyperchloraemia has
experimentally been shown to induce renal vasoconstric-
tion [39]. An intraoperative comparison of 0.9% saline and
lactated Ringer’s solution for abdominal aortic reconstruc-
tion demonstrated that hyperchloraemic metabolic acidosis
indeed occurred with saline not only much more often than
with lactated Ringer, but these saline resuscitated patients
also required greater amounts of blood component therapy
[40]. However, no differences in renal function were identi-
fied. A second small study randomized patients undergoing
renal transplantation to receive either isotonic saline or lac-
tated Ringer with the SCr as the primary outcome at Day
3 post-transplant [41]. A markedly increased incidence of
hyperkalaemia (>6 mEq/L) was found in the saline group,
presumably due to the higher incidence of acidosis. Due to
these significant differences between the groups, the trial
was halted early for safety reasons.

We concur, however, with the previously mentioned re-
view of Kellum et al. [27] that at present there is no ev-
idence that the anionic composition of currently available
crystalloids increases the risk of AKI in humans. How-
ever, it should be remembered that large volume admin-
istration of saline leads to hyperchloraemic acidosis that
may be associated with hyperkalaemia and blood coagula-
tion disturbances [42]. Recent in vitro studies [43] showed
that hypothermia produced coagulation changes that were
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worsened by acidosis, whereas acidosis without hypother-
mia has no significant effect on coagulation. This effect
was mediated by the inhibition of coagulation factors and
platelet function. Whether these metabolic side effects of
large volumes of saline have dramatic clinical impact is not
known at this time.

The different tonicity and anionic composition of IV flu-
ids on the prevention of AKI have been explored mainly
in the setting of prevention of CIN and of (traumatic)
rhabdomyolysis.

Fluid choice in prevention of CIN

Although volume expansion and treatment of dehydration is
well established in the prevention of CIN, a recent propen-
sity analysis noted that these strategies to prevent CIN are
implemented rather non-uniformly [44].

The fluids that have been tested in this setting are hy-
potonic saline (0.45%), isotonic saline (0.9%) and isotonic
bicarbonate. The interpretation of these studies is ham-
pered by the fact that not in every study all other risk fac-
tors for CIN have been excluded or considered, i.e. age of
the patient, presence of pre-contrast CKD and/or diabetes,
type and dose of contrast agent, associated therapy with
N-acetylcysteine (NAC) and other risk factors (for reviews
and consensus guidelines on the prevention of CIN, see
[45-51]).

Mueller ef al. [52] found that IV hydration using a 0.9%
saline solution compared with a 0.45% saline solution in
dextrose in 1620 patients undergoing coronary angiography
significantly reduced CIN. The sustained administration of
isotonic saline before and after radiocontrast injection thus
seems to be more protective than equivalent volumes of
hypotonic saline and saline [53].

A small single-centre RCT [54] enrolling 119 patients
with stable SCr of at least 1.1 mg/dL, randomized to either
infusion of isotonic saline or isotonic sodium bicarbonate
before and after CM administration. CIN (defined as an
increase of 25% in SCr from baseline within 48 h) de-
veloped in 1.7% in the bicarbonate group, compared to
13.6% in the saline solution group. The hypothesis that
IV sodium bicarbonate might decrease the incidence of
CIN compared with saline was subsequently tested in two
more recent trials [55,56]. While these two studies also
suggest that isotonic bicarbonate may provide greater ben-
efit than isotonic saline, either in association with NAC
or not, neither study can be considered to be conclusive.
Two recent studies prospectively directly compared the ef-
ficacy of sodium bicarbonate versus isotonic saline in the
prevention of CIN. Maioli et al. [57] investigated the two
solutions in addition to NAC in a reasonably large popula-
tion of 502 patients with an estimated creatinine clearance
<60 mL/min and undergoing coronary angiography or in-
tervention. Patients in both groups received oral NAC 600
mg twice a day and CIN was defined as an absolute increase
of SCr >0.5 mg/dL measured within 5 days. CIN occurred
in 10.8%; 10% were treated with sodium bicarbonate and
11.5% with saline. In patients with CIN, the mean increase
in creatinine was not significantly different in the two study
groups.
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The smaller Renal Insufficiency Following Radiocon-
trast Exposure (REINFORCE) study [58] is an RCT in-
cluding 145 patients (age 72.6 £ 6.7 years) with slightly
elevated baseline SCr levels (mean 132.6 & 29.3 wmol/L)
and randomized to either an isotonic infusion of sodium
bicarbonate or sodium chloride 0.9% solution for volume
expansion. The primary endpoint was an elevation of SCr
beyond 25% or 44 pmol/L on the first or second day follow-
ing exposure to the CM. An overall low incidence of CIN
(3.4%) was observed but with equal distribution among the
groups (4.2% in sodium bicarbonate versus 2.7% in sodium
chloride group). Parameters of renal function demonstrated
no differences between the two hydration regimens on Day
1 after angiography; even on Day 2 most parameters were
similar in both groups.

Based on these two last prospective studies, bicarbonate
does not seem to be more efficient than saline. Furthermore,
a retrospective cohort study at the Mayo Clinic assessed
the risk of CIN associated with the use of sodium bicar-
bonate, NAC or the combination. Surprisingly, IV sodium
bicarbonate was associated with an increased incidence
of CIN [59]. At present, it should be concluded that the
use of sodium bicarbonate to prevent contrast nephropathy
should be evaluated further rather than adopted into clinical
practice

There is also no clear evidence to guide the choice of
the optimal rate and duration of infusion in CIN preven-
tion. However, good urine output (>150 mL/h) in the 6 h
after the radiological procedure has been associated with
reduced rates of AKI in one study [60]. Since not all of
intravenously administered isotonic crystalloid remains in
the vascular space, in order to achieve a urine flow rate of at
least 150 mL/h, >1.0-1.5 mL/kg/min of IV fluid has to be
administered for 3—12 h before and 612 h after contrast ex-
posure. Oral volume expansion may have some benefit, but
there is not enough evidence to show that it is as effective
as IV volume expansion [61].

Fluid selection in traumatic and non-traumatic
rhabdomyolysis

Impaired kidney perfusion and intratubular obstruction by
myoglobin and uric acid contribute to the pathogenesis
of AKI in rhabdomyolysis. Prevention of AKI involves
vigorous plasma volume expansion to maintain renal per-
fusion pressure and dilute myoglobin and other toxins.
The traditional approach to prevention and treatment of
pigment-induced ARF is to use isotonic saline solution re-
suscitation followed by a forced mannitol—alkaline diuresis
to maintain the urine pH >6.5 [62]. Theoretically, urine
alkalinization helps prevent tubular pigment cast forma-
tion and may also reduce the conversion of haemoglobin
to methaemoglobin, and release of iron from myoglobin.
There is, however, no clinical evidence that mannitol and
bicarbonate are more effective than saline solution alone.
Furthermore, there are potential risks to bicarbonate ther-
apy, including precipitation of calcium phosphate and in-
ducing or exacerbating hypocalcaemia [63]. Knottenbelt
has demonstrated that large-volume infusion of crystalloid
alone creates a solute diuresis sufficient to alkalinize the
urine [64].
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In certain settings, such as traumatic rhabdomyolysis in
disaster circumstances, early and aggressive fluid resusci-
tation has clearly been shown to be beneficial [31,65,66].
Early fluid resuscitation (within the first 6 h, preferably be-
fore the victim is extricated) is essential (for review see [66].
The preferred fluid is isotonic saline, given at arate of 1 L/h
(10-15 mL/kg of body weight), while the victim is under
the rubble, followed by hypotonic saline soon after res-
cue. Despite the reservations made above, adding 50 mEq
of sodium bicarbonate to each second or third litre of hypo-
tonic saline (usually a total of 200-300 mEq the first day)
will maintain urinary pH >6.5 and should help prevention
of intratubular deposition of myoglobin and uric acid. If
urinary flow exceeds 20 mL/h, 50 mL of 20% mannitol
[1-2 g/kg/day (total, 120 g) [67] given at a rate of 5 g/h]
may be added to each litre of infusate. The addition of man-
nitol also decreases compartmental pressure [68]. Once a
patient with the crush syndrome has been hospitalized, uri-
nary output should ideally exceed 300 mL/h. Such a goal
may require the IV infusion of up to 12 L of fluid per
day (4-6 L of which will contain bicarbonate). The volume
administered is generally much greater than the urinary
output; the difference between intake and output is due to
the accumulation of fluid in the damaged muscles, which
may exceed 4 L. This protocol should be continued until
clinical or biochemical evidence of myoglobinuria disap-
pears (usually by Day 3). However, the urinary response
may differ from patient to patient, and fluid administration
should be individualized according to the patient’s clinical
course or haemodynamic monitoring. If the patient cannot
be monitored closely because of chaotic disaster conditions,
<6 L of a mannitol—alkaline solution should be infused per
day to avoid volume overload [69]. Patients with insuffi-
cient urinary output should be monitored closely, so that
hypervolaemia can be prevented or, if necessary, dialysis
initiated.

Interaction intensivist-nephrologist in the ICU

In the case of critically ill ICU patients, the nephrologist
should be familiar with some important general measures
that may have a potential beneficial impact on the kidney
and that at present are applied by intensivists.

In sepsis, some interventions have led to a reduction in
total mortality but none has clearly reduced the incidence
of septic AKI, except maybe the administration of activated
protein C, as was shown in an animal model [70].

Early fluid resuscitation of critically ill patients with sep-
sis, initiated already in the emergency room, may reduce not
only the mortality but also AKI in these patients [16].

Nevertheless, it is important to realize that already on
the first day of sepsis, important ‘cross-talk’ between the
kidney and other organs (heart, lungs, brain) takes place
[71-73] and fluid loading can further enhance pulmonary
congestion [74].

Tight glycaemia control

Many adverse effects of hyperglycaemia in critically ill
patients [75] and of glycaemia variability in sepsis patients
[76] have been described, and controlled trials in a single
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ICU centre at the University of Leuven showed a reduction
in AKI incidence and mortality with strict control of blood
glucose concentration by continuous insulin administration
[77]. A follow-up study in patients in the medical ICU did
not significantly reduce in-hospital mortality in patients
who stayed in the ICU for <3 days. However, in-hospital
mortality was lower, in part by the prevention of newly
acquired kidney injury in patients who stayed in the ICU
for 3 or more days [78]. Analysis of the pooled data showed
a clear reno-protective effect of strict glycaemia control in
the overall critically ill patient population [79].

A 2007 systematic review on five studies that evaluated
the effect of insulin therapy on outcomes among critically
ill patients [80] showed a reduced incidence of AKI by 38%.
Not unexpectedly, intensive insulin therapy was associated
with a >4-fold increase in the risk of hypoglycaemia.

However, these positive results have recently been con-
tradicted by three other studies. The first of these studies,
the VISEP trial, used a two-by-two factorial design in which
537 critically ill patients with sepsis in 18 academic hos-
pitals were randomized to receive either intensive insulin
treatment (IIT) or conventional glucose control, together
with either pentastarch or Ringer’s lactate for fluid resus-
citation [37]. The blood glucose levels were equivalent to
those used in the Leuven studies. The VISEP study was
terminated early for safety reasons because 17% of the
IIT group developed severe hypoglycaemia compared with
4.1% of the conventional therapy group. In addition, this
study found no significant evidence, or even an indication,
of a trend towards a renal benefit from IIT.

These negative findings were confirmed by the Glucon-
trol study [81], which was designed to randomize 3500
critically ill patients from 21 surgical and medical units
IIT or to conventional glucose control. Similar to VISEP,
however, the Glucontrol trial was terminated because of
safety concerns with IIT (hypoglycaemia), after 1101 pa-
tients had been randomized. Additionally, this study showed
no difference in mortality between patients randomized to
IIT and those randomized to conventional glucose con-
trol and found no difference in renal outcomes between
the two groups. Finally, a recent cohort study [82] includ-
ing 10 456 patients admitted to ICUs in a single cen-
tre and comparing three consecutive time periods before
and after implementation of an IIT protocol showed that
this policy was not associated with decreased in-hospital
mortality.

Also, a recent meta-analysis [83] showed that tight gly-
caemic control does not significantly reduce in-hospital
mortality in critically ill adult patients, and was not as-
sociated with significantly decreased risk for new need
for dialysis; there was a beneficial effect on risk of sep-
ticaemia, but a higher risk of hypoglycaemia. Further data
on the benefits and harms of tight glycaemic control in crit-
ically ill patients will be available once the NICE SUGAR
study, a pragmatic study of tight glycaemic control being
conducted in 41 hospitals in Australia, New Zealand and
Canada and at the Mayo Clinic in the United States, is com-
pleted. At present, the most recent results on this important
issue should give pause to those who have adopted or are
considering adopting stringent blood glucose control proto-
cols in the ICU. Such protocols should be reserved to ICUs
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that can apply quality standards for tight glycaemic control
and dispose of affordable methods of frequent and highly
accurate measurement of blood glucose on the bedside [84].

This does not mean that a better attention to the
blood glucose level control in these patients should not
be recommended but with careful attention to avoiding
hypoglycaemia.

Low doses of corticoids in septic shock patients

Since many years the use of low-dose hydrocortisone in
patients with septic shock has been recommended, and rec-
ommendations for the diagnosis and management of cor-
ticosteroid insufficiency in critically ill patients have been
published [85].

These recommendations are based primarily on a study
of patients with septic shock who remained hypotensive
after at least 1 h of resuscitation with fluids and vasopres-
sors [86]. In this study, a benefit was seen in patients with
no response to corticotrophin who received hydrocortisone
and fludrocortisone. A Cochrane review in 2004 concluded,
however, that low doses of corticosteroids did not change
28-day mortality and hospital mortality in severe sepsis and
septic shock [87]. A long course of low-dose corticosteroids
reduced 28-day all-cause mortality and ICU and hospital
mortality. The recently published CORTICUS study [88]
concluded that hydrocortisone did not improve survival or
reversal of shock in patients with septic shock, either overall
or in patients who did not have a response to corticotrophin;
however, hydrocortisone hastened the reversal of shock in
patients in whom shock was reversed. Whether the more
rapid correction of shock results in less AKI is unclear
from this study; it should be noted that there were more
episodes of superinfection, including new sepsis and septic
shock in the hydrocortisone treated patients.

Avoidance of drug- and nephrotoxin-induced AKI

Before some selected drugs are discussed, an important re-
mark should be made: for all medications that are largely
dependent on the renal function for their elimination, dose
adaptations in patients with either acute or chronic reduc-
tion of renal function should be applied. These adaptations
should be based on knowledge of the altered pharmacoki-
netics, including changes in distribution volume and/or pro-
tein binding of these drugs and/or on frequent plasma drug
monitoring.

ACEIs, ARBs and NSAIDs (for review, see [89])

These drugs interfere with the autoregulation of renal blood
flow (RBF) and GFR, and can provoke acute haemodynam-
ically mediated renal dysfunction.

In particular, ACEIs and ARBs may be associated more
commonly with renal dysfunction because any decline in
intraglomerular pressure due to blood pressure lowering
will be exaggerated by concomitant vasodilatation of the
efferent arteriole. In patients in whom the increase in SCr
is >30% after initiation of ACEI and ARB treatment or
in whom repeated measurements show a progressive in-
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crease, these drugs should be discontinued and bilateral
renal-artery stenosis, stenosis of the renal artery in a soli-
tary kidney, intrarenal diffuse nephrosclerosis, polycystic
kidney disease with the renal arteries being extrinsically
compressed by large cysts, decreased absolute or effec-
tive arterial blood volume, use of NSAIDs, calcineurin in-
hibitors and sepsis should be excluded. The frequency of
AKI induced by these drugs varies between 6% and 23% in
patients with bilateral renal-artery stenosis and increases to
38% in patients with unilateral stenosis in a single kidney.
Patients chronically treated with ACEIs have an increased
risk of post-operative renal dysfunction [90], most probably
as a consequence of intraoperative hypotensive episodes or
of post-operative hypovolaemia.

A common scenario in which ACEIs or ARBs may be
associated with acute renal dysfunction is the presence of
decompensated heart failure, the so-called cardio-renal syn-
drome. However, the typical patient with worsening renal
function during an acute episode of decompensation has
been treated with these agents for many years, and initia-
tion of ACEIs or ARBs is not commonly the explanation
for worsening renal function [91].

Several recent studies show that 20-25% of patients hos-
pitalized for congestive heart failure will develop renal dys-
function, irrespective of treatment with ACEIs and/or ARBs
[92,93]. Reasons for this type of progressive renal failure
include overdiuresis resulting in intravascular volume de-
pletion, critical renal-artery stenosis or patients with acute
decompensation who have a precipitous drop in cardiac
output. This acute deterioration of renal function during
therapy should be distinguished from the two other forms
of ‘cardio-renal syndrome’ like heart failure with concomi-
tant and significant renal disease (cardio-renal failure) and
diuretic resistance [94].

Acute inhibition of cyclo-oxygenase (type I or II) by
NSAIDs can reduce GFR and RBF in particular clinical
situations, such as atherosclerotic cardiovascular disease
in a patient older than 60 years, pre-existing chronic re-
nal insufficiency and states of renal hypoperfusion such as
sodium depletion, diuretic use, hypotension and sodium-
avid states such as cirrhosis, nephrotic syndrome and con-
gestive heart failure or in the presence of other potentially
nephrotoxic medications, such as aminoglycosides, ACEIs
and ARBs. Renal hypoperfusion due to decreased effective
circulating volume is relatively common in critically ill pa-
tients and inhibition of prostaglandin-induced vasodilation
may further compromise RBF and exacerbate ischaemic
injury. There is little evidence that NSAIDs impair renal
function in otherwise healthy individuals.

Aminoglycosides (for extensive review, see [95]. Amino-
glycoside nephrotoxicity develops in ~10-15% of patients
treated with aminoglycosides. Since aminoglycosides are
excreted entirely by glomerular filtration, dosing of these
drugs appears to be a critical factor in the development of
AKI, particularly in patients with already compromised re-
nal function, e.g. because of sepsis or hypovolaecmia. With
multiple daily dosing schedules, elevated peak levels ap-
pear to correlate with toxicity. Since aminoglycoside up-
take by proximal tubular cells is saturable, once-daily dos-
ing has been postulated to decrease tubular cell toxicity by
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reducing the fraction of the cumulative dose of drug taken
up by proximal tubular cells [95]. The administration of
large single doses may not result in increased renal uptake,
and in fact is associated with decreased uptake because the
drug is given less often [89,95].

Extended interval dosing has been shown to attain an
adequate anti-microbial target in the general patient pop-
ulation, while decreasing the risk of nephrotoxicity com-
pared with multiple daily dosing. However, critically ill ICU
patients have pharmacokinetic differences compared with
patients who are less ill, including an increased volume of
distribution and variable clearance, which may make attain-
ment of these targets difficult [96]. When extended-interval
aminoglycoside dosing is applied, antibiotic maximal serum
concentration (Cmax) monitoring and determination of the
minimal inhibitory concentration (MIC) of the pathogen
may be needed to optimally treat serious infections in this
type of patient.

Once-daily dosing of aminoglycosides is the only clini-
cal approach that is commonly used, but a clear reduction
in nephrotoxicity has not been demonstrated by this regi-
men [89]. It should be remembered that clinical evidence
of aminoglycoside-induced AKI (increase in SCr) is seen
only 5-10 days after initiation of the treatment, is generally
non-oliguric and may be associated with decreased urine-
concentrating ability and urinary magnesium wasting. It is
generally reversible after discontinuation of the drug; how-
ever, supportive RRT may be required.

Amphotericin B

AKI, defined as a 50% increase in baseline SCr with a
peak >2.0 mg/dL, and associated with amphotericin B oc-
curred in as many as one-third of treated patients, with
progressive increase in the risk of AKI with increases in
cumulative dose [97]. Lipid formulations of amphotericin
B seem to cause less nephrotoxicity compared with stan-
dard formulations [98], and are thus an important strategy
to preserve renal function and improve survival in critically
ill patients with systemic fungal infections. However, they
are considerably more expensive and the recent introduc-
tion of alternative antifungal agents such as itraconazole,
voriconazole, and caspofungin has largely supplanted the
use of amphotericin B in high-risk patients with renal im-
pairment. Amphotericin B continues to be used widely in
patients with normal renal function because of its relatively
low cost and broad spectrum of activity [89].

Contrast media (CM)

Iodinated CM can be categorized according to osmolal-
ity, high-osmolal CM (HOCM ~ 2000 mOsm/kg), low-
osmolal CM (LOCM, 600-800 mOsm/kg) and iso-osmolal
CM (I0CM, 290 mOsm/kg). Evidence to date suggests that
compared to low- and high-osmolal formulations, the iso-
osmolal, non-ionic CM are the least nephrotoxic, particu-
larly after intravascular administration [99—-101]. Clinically
significant CIN following nonemergent computed tomog-
raphy with IV CM is uncommon among outpatients even
with mild baseline kidney disease [102].
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In a pooled analysis of 16 trials of intra-arterial CM,
the incidence of CIN was significantly lower with the iso-
osmolal iodixanol than with the comparator LOCM [101].
A meta-analysis of the renal tolerability of another IOCM,
iotrolan 280, provides further evidence that IOCM is asso-
ciated with a lower risk of post-procedure renal impairment
[103]. The recent RECOVER trial also showed a signif-
icantly lower rate of CIN with iodixanol compared with
ioxaglate in high-risk patients undergoing coronary angiog-
raphy [104]. However, in trials in low-risk patients, the rates
of CIN were similar with iodixanol and iopamidol (LOCM)
after IV administration for computerized tomography (IM-
PACT trial) [105] or intra-coronary administration (CARE
trial) [106]. On the basis of these results, in all patients at
risk for CIN (mainly pre-existing CKD and diabetes melli-
tus), non-ionic iso-osmolar CM are a reasonable choice for
intravascular procedures.

Also, the volume of the CM is a crucial risk factor and
independent predictor of contrast-induced AKI [50]. As
a general rule, the volume of contrast received should not
exceed twice the baseline level of eGFR in millilitres [107].
Recent evidence suggests that in patients at risk for CIN,
even with the use of an IOCM like iodixanol, the use of
ultra-low doses (<50 mL) was effective in reducing CIN
[108]. In general, administration of a volume <100 mL
should be attempted and repetitive, closely spaced studies
(e.g. <48 h apart) should be avoided.

Another approach to prevent CIN is to use an alterna-
tive, less nephrotoxic contrast agent, i.e. gadolinium salts.
Results from several case series and isolated case reports
suggest improved renal safety in patients with pre-existing
CKD. A recent study [109] showed that compared to io-
dinated contrast, gadolinium contrast is associated with a
significantly lower incidence of CIN and early progression
to ESRD in patients with pre-existing CKD. In the case of
relatively mild renal dysfunction, and in contrast with CIN
following iodinated CM, a direct correlation between
the volume of gadolinium contrast and post-procedure
nephropathy could not be established [109]. More concern-
ing is the strong association of gadolinium with nephrogenic
systemic fibrosis (NSF), a devastating fibrosing disorder of
the skin and other systemic organs. Although cause and ef-
fect have not been proven for the NSF—gadolinium link, the
impaired renal elimination of gadolinium in patients with
kidney disease and the instability of gadolinium-chelate
binding may expose tissues to toxic free Gd (3+) and pro-
mote this fibrosing disorder [110,111].

A great number of other potential nephrotoxins exist, and
the discussion of the prevention of each individual nephro-
toxin is beyond the scope of this paper. A comprehensive
overview can be found in a textbook [112] and recent re-
views [89,90]. The potential nephrotoxic effects of specific
anti-tumoural drugs have also recently been detailed [113].
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