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Acute kidney injury (AKI) carries a heavy burden of morbidity and mortality in any
clinical setting. In particular, AKI represents a big deal for surgeons, anesthesiolo-
gists, and intensivists worldwide, since it may occur in more than a third of patients
undergoing major surgery and in up to two thirds of intensive care unit (ICU)
patients, especially those with sepsis. Furthermore, AKI is relatively common in
many other clinical situations including liver disease, hematologic malignancies,
and exposure to contrast media. Accordingly, other specialists such as gastro-
enterologists, hematologists, radiologists, and interventional cardiologists have to
take care of AKI in their daily clinical practice.

AKI reduces patients’ quality of life, increases hospital length of stay and care
costs, it may progress towards chronic kidney disease and, above all, it increases
both short- and long-term mortality. In patients undergoing major surgery, for
example, AKI is associated with an almost fourfold increase in 90-day mortality,
while mortality rate is more than doubled in ICU patients with any stage of AKI and
it may reach 60% in those requiring renal replacement therapy (RRT).

Unfortunately, so far very few interventions have been clearly proven to be effec-
tive in preventing either AKI or its progression towards the need for RRT or end-
stage renal failure requiring “chronic” hemodialysis. A review of the best-quality
and widely agreed evidence about the therapeutic interventions (drugs, techniques,
and strategies) that may affect mortality in patients with or at risk for AKI was
recently achieved using an innovative, web-based consensus process. This “democ-
racy-based” approach has been already applied to the identification of all interven-
tions which may influence mortality in other clinical settings such as the perioperative
period of any adult surgery and critical care.

Like “Reducing Mortality in the Perioperative Period’ and “Reducing Mortality
in Critically Il Patients,” this third book explores in detail all the identified inter-
ventions which could be implemented (or avoided) in order to reduce mortality in
patients with or at risk for AKI. The covered topics range from all aspects of renal
replacement therapy (modality, intensity, timing, anticoagulation) to drugs or strate-
gies which have proven to be effective in preventing or treating AKI in various clini-
cal settings (cirrhosis, sepsis, multiple myeloma, angiography, surgery, burns) to
those therapeutic approaches (loop diuretics, hydroxyethyl starches, fluid overload)
which could cause or aggravate AKI. Every chapter deals with an individual drug,
technique, or strategy and it is structured in: background knowledge, main evidence
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from literature, and a practical how-to-do section. We also briefly describe the inno-
vative consensus process that gave strength to our systematic review.

We thank all the hundreds of colleagues from all over the world who spent their
time to help us in this consensus building process and the prestigious international
authors who wrote the 22 chapters of this book. We hope that it may represent a
significant contribution to spread the awareness of acute kidney injury as a major
medical issue, to help clinicians in making therapeutic choices which may hope-
fully improve survival of their patients and, finally, to give useful hints for future
research.

Milan, Italy Giovanni Landoni
Naples, Italy Antonio Pisano
Milan, Italy Alberto Zangrillo

Heidelberg, Australia Rinaldo Bellomo
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Zaccaria Ricci and Claudio Ronco

1.1 The “Atra Mors”

Although not infectious, acute kidney injury (AKI) is pandemic. Interestingly, like
infection by Yersinia pestis, AKI has “spread” to both high- and low-income countries
(even if likely secondary to significantly different pathogenetic pathways), and its out-
comes are bad worldwide [1]: the deadly burden of AKI affects up to 5,000 cases per
million people per year and kills up to 50% of patients requiring renal replacement
therapy (RRT) secondary to AKI [2]. Again, similarly to the Black Death (Atra Mors,
in Latin) pandemics which broke out between the fourteenth and the nineteenth cen-
tury, we are fighting against a barely known enemy without a specific therapy to admin-
ister. Very differently from the plague, AKI is a syndrome and is caused by multiple
etiologies, frequently occurring simultaneously. However, the exact damage occurring
to kidneys’ structure and function, through multiple and complex pathophysiologic
mechanisms, is largely unknown. This uncertainty led the medical community (only
recently, about 10 years ago) to search for a standard AKI definition [3] which is able
to conventionally describe that the abrupt decrease of kidney function is not an “on-off”
disease, but it has a spectrum of phenotypes (currently known as “AKI stages”; see
Chap. 2). The standard definition is unable to identify and differentiate AKI etiologies
and somehow causes a “‘one-fits-all” issue: detractors of “consensus-based” definitions
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argue that, for example, a stage II septic AKI might not be clinically comparable to a
stage II postabdominal surgery AKI [3]. At least, however, some light has been shed on
the obscure epidemiology of AKI, and it is now clear that AKI occurs with a different
incidence in different clinical settings [4], inevitably leading, regardless of etiology, to
significantly worse outcomes as compared to non-affected (plagued) patients. Exactly
as it happened before the availability of antibiotics during plague pandemics, preven-
tion of AKI might represent today the most significant way to improve outcomes in
those populations at risk of developing an acute renal dysfunction.

1.2 Why AKIKills

From the milestone paper by Meitnitz, back in 2002 [5], clinicians understood two
fundamental concepts: (1) if two critically ill patients with the same severity of
disease (assessed through common metrics such as APACHE score) are admitted
to the same intensive care unit (ICU), the one with AKI has an independently
higher risk of dying: the “only” fact the kidneys are not working, regardless how
good is medical treatment in your ward, how early, intense, and optimal is your
RRT, and how appropriate is your antibiotic therapy, your patient has AKI and, as
such, his chances of surviving decrease; (2) this frustrating scenario (again similar
to that of Indian fellows staring powerlessly at hundreds of patients suffering from
Yersinia’s lesions) taught us that the commonly used “severity scores” have over-
looked for years the actual impact of renal function on patient outcomes: a novel
and specific AKI risk stratification was absolutely needed [3]. Interestingly, the
impact of isolated AKI (e.g., in case of glomerulonephritis in a previously healthy
patient) on patients’ outcome is significantly different compared to AKI occurring
in patients with multiple comorbidities (e.g., cardiorenal or hepatorenal syndrome)
or multiple organ failure (MOF). As a matter of fact, it is currently unknown if this
harmful disease affects critically ill patients in association with the most severe
clinical pictures, already hampered by a worst outcome, or is itself the cause of
increased death rate. It is possible that the truth is in the middle: kidneys are vic-
tims and culprits in the course of MOF, being most frequently injured by systemic
diseases (e.g., sepsis) and causing themselves, in a sort of vicious circle, damage to
other organs. AKI is a “pan-metabolic, pan-endocrine, and pan-organ” problem
[6]. Vaara and coauthors [7] elegantly described the “population-attributable mor-
tality” of AKI by attempting to compare AKI and non-AKI patients through a most
complex system of propensity matching in a large database from several Finnish
ICUs that included more than 60 variables. These authors concluded that almost
20 % of mortality in the ICU population is caused by AKI. In particular, AKI seems
to affect and enhance inflammatory processes and to cause a profound depression
of immunocompetence. This is associated with the release of cytokines and inflam-
matory mediators, increase in oxidative stress, activation of white line cells, neu-
trophil extravasation, generalized endothelial injury, increased vascular
permeability, and tissue edema formation [8]. The alteration of the delicate equi-
librium in multiple immuno-homeostatic mechanisms further justifies the role of
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“injured” kidneys as “activators” of MOF: the lungs, heart, liver, and brain are all
equally exposed to this largely unexplored syndrome [9].

The alteration of fluid management is another key issue in patients suffering
from AKI [10]: critically ill patients are necessarily administered with large amounts
of fluids (fluid challenges, transfusions, antibiotics, parenteral nutrition, vasoactive
drugs, etc.). Fluid overload (the percentage of cumulative fluid balance over patients’
body weight) may result from overzealous fluid administration or oliguria or a com-
bination of the two (see Chap. 19). It has been speculated that these two aspects may
combine, again, into a vicious circle: it is possible that the largest fluid replacement
is needed in most severe patients who are those at highest risk for AKI. Furthermore,
infused fluids for volume replacement have been recently claimed to be in cause,
per se, for nephrotoxicity and renal damage [11, 12]. Third, fluid overload and AKI
share endothelial dysfunction due to inflammation or ischemia/reperfusion with
glycocalyx alteration and subsequent capillary leakage [13]. As a matter of fact,
organ edema (affecting the lungs, heart, liver, brain, and kidneys themselves)
impairs organ function, and it is considered a fundamental constituent of MOF. It is
actually difficult to understand who comes first (AKI or fluid overload) but it is clear
that in case of severe AKI, the only way to manage fluid balance is aggressive ultra-
filtration through RRT [14].

1.3 The Mark of AKI

Differently from plague infection, patients who survive AKI carry the signs of the
disease in the following years. Recently, Heung and coworkers on behalf of the
Centers for Disease Control and Prevention CKD Surveillance Team [15] showed
that, in a cohort of about 100,000 hospitalized patients, the majority (70.8 %) had
fast recovery (within 2 days), 12.2 % had intermediate recovery (3—10 days), 11.0%
had slow or no recovery (above 10 days), and the remaining 6.0 % were lost to fol-
low-up: one patient over ten (maybe more) does not recover an intra-hospital AKI
episode and is destined to chronic kidney disease (CKD) thereafter. Impressively,
the authors remarked that, at 1-year follow-up, the presence of any AKI episode was
strongly associated with the development of CKD, with a relative risk of 1.43 (95 %
confidence interval [CI] 1.39-1.48), 2.00 (95 % CI 1.88-2.12), and 2.65 (95 % CI
2.51-2.80) for fast, intermediate, and slow recovery, respectively. Thus, even a tran-
sient AKI episode, lasting less than 2 days, leaves a scar in patients’ kidneys that
subsequently increases the risk of further renal damage. Follow-up should be war-
ranted to all AKI patients.

1.4  How to Reduce AKI Mortality

Dr. Alexandre Yersin, from the Pasteur Institute, significantly contributed to plague
therapy by isolating the bacterium in 1894 and was thereafter honored by giving his
name to the etiologic agent. Today, the therapeutic solution of AKI is far from being
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identified, and we possibly will never see a single name on such treatment. However,
several approaches can be currently suggested.

Primum non nocere: the avoidance of useless and not effective treatments may
certainly help clinicians to focus on more consistent approaches [16].

In the same light, the earliest diagnosis of AKI is currently considered a funda-
mental aspect of plague’s management: the identification of renal dysfunction from
its milder forms [17] or, better, before the manifest sings are apparent [18] is useful
in order to promote preventive measures (e.g., administer antibiotics targeting
serum levels, reduce contrast media, avoid starches administration, etc.) and to keep
clinicians aware about kidney’s health in the eventual attempt of precluding the
worsening of AKI severity. Great expectations are currently trusted on renal bio-
markers for early detection of AKI (see Chap. 2) [19] and “acute kidney stress”
[20].

Third, act upon disease pathogenesis. Sepsis, fluid overload, surgery, cardiac
dysfunction, and trauma: they all have partially different clinical pictures and
deserve tailored attention. Possibly, a surgical patient will benefit from an accurate
and aggressive goal-directed fluid replacement (see Chap. 10), whereas a septic one
should be “fluid restricted,” mostly avoiding starch infusion (see Chaps. 19 and 20).
Research is ongoing in every single setting, and scientific updating is certainly an
important part of clinicians’ efforts: we should attempt to administer the most
appropriate therapy according to the most recent evidences.

Then, do not delay RRT (see Chap. 5) and treat fluid accumulation. Importantly,
RRT dose should be closely monitored during the entire ICU stay and changed bas-
ing on clinical needs (see Chap. 6) [21].

Finally, read this book carefully: the most updated therapeutic approaches are
described in the next chapters in order to increase clinician’s awareness and good
clinical practice against AKI, the plague of critically ill patients.
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Francis X. Dillon and Enrico M. Camporesi

2.1 Introduction

Surgeons, anesthesiologists, intensivists, radiologists, interventional cardiologists,
and nephrologists, among others, are keenly interested in preserving renal function
in patients undergoing surgical interventions or other procedures, as well as in
intensive care unit (ICU) patients. The well-known strong association between
acute kidney injury (AKI) and its sequel, chronic kidney disease (CKD) with mor-
tality and with severe cardiac and other organ morbidity [1-5] makes practitioners
even more mindful of kidney function in these patients. No effective new therapy
for AKI has been introduced so far; thus better avenues for progress may be novel
diagnostic tests and a clearer understanding of the factors associated with the devel-
opment of AKI in both surgical and critically ill patients and how to prevent it.

Around 2000, the lack of novel pharmacologic strategies for AKI therapy seemed
to awaken a critical mass of epidemiologists and nephrologists: worldwide a reas-
sessment of the most fundamental questions about AKI was spurred, and nephrol-
ogy literature from 2004 onward was eventually unfolded.
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The first most urgent questions were related on AKI definition, how best AKI
could be classified, what is its etiology, and how best to prevent it. If indeed preven-
tion is the only way of reducing the burden of AKI and of its sequelae (outside of
renal replacement therapy [RRT]), then clarifying definition was the obligatory first
step.

2.2 The Evolution of AKI Definition

The lack of uniformity in naming and defining AKI has been a serious impediment
to progress in the field’s epidemiology [6]. From the standpoint of nomenclature,
the older term “acute renal failure” (ARF) was predominant until 2005 when the
term AKI emerged. The term ARF is now obsolete as an acronym in medicine and
nephrology.

The significance of this change in nomenclature was felt by many in the nephrol-
ogy community to be of great, even revolutionary importance because generally the
older references in the nephrology and critical care literature had often defined ARF
less precisely than the newer term AKI would be defined. For example, in a 1999
review Nissenson defined ARF in the critical care setting as “the abrupt decline in
glomerular filtration rate (GFR) resulting from ischemic or toxic injury to the kid-
ney” [7]. Some authors defined ARF as azotemia with or without oliguria. Other
authors had recorded increases in blood urea nitrogen (BUN) to diagnose ARF and
omitted serum creatinine (sCr) measurements. In others, the timing of sCr or BUN
samples was incompletely documented. Some authors noted rehydration as a pre-
condition for diagnosing ARF, while others did not specify the presence or absence
of rehydration as a part of this definition. In the seminal critical care paper in which
the first exact definition of AKI was introduced, Bellomo et al. [8] noted that some
30 definitions of ARF had hitherto been used at different times in the literature.

From 2002 onward, three different consensus definitions, from three different
workgroups, have emerged and become accepted, and the reader needs to be aware
of the differences between them when comparing studies. No single consensus defi-
nition has yet emerged as the standard definition, but the use of KDIGO definition [9]
(see below) is currently recommended for epidemiologic and research purposes.

2.2.1 The ADQI Workgroup Was Formed to Address a Lack
of Consensus Over How Best to Treat AKI with RRT:
Eventually, the Group Produced RIFLE, an Acronym
Defining AKI by Its Severity in Stages

The Acute Dialysis Quality Initiative (ADQI) [8, 10] Workgroup was founded in
2000 by representatives from the US National Institutes of Health (NIH), American
Society of Nephrology (ASN), and the Society of Critical Care Medicine (SCCM),
among others. In 2004, its founding members identified a definition and classifica-
tion system for AKI. It employed the mnemonic acronym RIFLE (for “risk,”
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“injury,” “failure,” “loss” of renal function, and “end-stage” kidney disease). The
various levels of AKI were defined according to azotemia (serum creatinine) and
urinary output (UO) criteria (Table 2.1) [8]. Note that the most severe criteria in
either the azotemia or oliguria columns should be applied when assigning a RIFLE
stratum: i.e., one should use whichever criterion that assigns the most severe class
of AKI.

2.2.2 The AKIN Diagnostic and Staging Criteria for AKI
Emphasize Azotemia

The members of the Acute Kidney Injury Network (AKIN) first met in 2005 and
proposed a diagnostic criterion for AKI [11] (see Table 2.2) in order to improve
some of RIFLE drawbacks. The AKIN workgroup classified AKI into three degrees
of severity called stages 1, 2, and 3 (Table 2.3). Note that, as the AQDI definition
did, these resemble the “R,” “I,” and “F” strata, which also take into account creati-
nine increase over baseline as well as oliguria. The AKIN guideline also stipulates
adequate fluid resuscitation prior to diagnosis of AKI.

Table 2.1 The acute dialysis quality initiative (ADQI) workgroup criteria and classification for
AKI

RIFLE Sensitivity or
criterion® GEFR criterion Urine output criterion | specificity
Risk Increased sCr x 1.5 or GFR UO <0.5 mL/kg h x High sensitivity
decrease >25% 6h
Injury Increased sCr x 2 or GFR decrease | UO <0.5 mL/kg h x
>50% 12h
Failure Increased sCr x 3 or GFR decrease | UO <0.3 mL/kg h x High specificity

>75 % or sCr >4 mg/dL (acute rise |24 h or anuriax 12 h
of >0.5 mg/dL)
Loss Persistent ARF: complete loss of renal function >4 weeks
End-stage | End-stage kidney disease
Modified from Bellomo et al. [8]
GFR glomerular filtration rate, UO urine output, sCr serum creatinine, and ARF acute renal
failure
aSelect the highest (worst) RIFLE level using either the GFR or urine output criteria

Table 2.2 AKIN diagnostic criteria for AKI

An abrupt (within 48 h) reduction in kidney function defined as (one of the three below):
An absolute increase in serum creatinine of 0.3 mg/dl (26.4 pmol/l) or

A percentage increase in serum creatinine of 50 % (1.5-fold from baseline) or

A reduction in urine output (documented oliguria of <0.5 mL/kg h for >6 h)

Criteria to be applied in the context of the clinical presentation and following adequate fluid
resuscitation

Modified from Molitoris et al. [11] and Mehta et al. [72]
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Table 2.3 Staging of AKI according to AKIN

Stage | sCr criteria Urine output criteria

1 A serum Cr increase of 0.3 mg/dl (26.4 pmol/L) UO <0.5 mL/kg per hour for >6 h
or
An increase of sCr 150-200 % from baseline

2 A sCr increase of 200 % over baseline UO <0.5 mL/kg per hour for

>12h

3 A sCr increase of 300 % over baseline or UO <0.3 mL/kg per hour for 24 h
A sCr >4.0 mg/dL (354 pmol/L) with an acute or anuria for 12 h
increase >0.5 mg/dL (44 pmol/L) or
A need for RRT

Modified from Mehta et al. [72]
sCr serum creatinine, UO urine output, and RRT renal replacement therapy

Table 2.4 Diagnosis and staging of AKI according to the KDIGO workgroup

The diagnosis of AKI is made by any one of the following:
An increase in sCr by >0.3 mg/dl (>26.5 pmol/l) within 48 h

An increase in sCr >1.5 times baseline, which is known or presumed to have occurred within
the prior 7 days

UO <0.5 mL/kg h for at least 6 h
Staging of AKI is done according to the following criteria:

KDIGO sCr or eGFR increase Urine output decrease
stage
1 sCr 1.5-1.9 times baseline or 0.3 mg/dl <0.5 mL/kg h for 6-12 h
(26.5 pmol/L) increase
sCr 2.0-2.9 times baseline <0.5 mL/kg h for 12 h
3 sCr 3.0 times baseline or <0.3 mL/kg h for 24 h
Increase in sCr to 4.0 mg/dL (353.6 pmol/L) or or
Initiation of RRT or Anuria for 12 h

In patients <18 years, decrease in eGFR to <35 mL/
min per 1.73 m?

See Ref. [9] for the complete version
sCr serum creatinine, UO urine output, RRT renal replacement therapy, and eGFR estimated glo-
merular filtration rate. KDIGO guideline is reported in abbreviated form

2.2.3 The KDIGO Defines AKI Using Similar Azotemia
and Oliguria Criteria and Includes a GFR Criterion
for Patients Younger than 18 Years of Age

In 2003, the Kidney Disease: Improving Global Outcomes (KDIGO) was formed
with the aim of implementing clinical practice guidelines for patients with kidney
disease. In March 2012, KDIGO published its far-ranging guidelines for the evalu-
ation and management of AKI (Table 2.4) [9].
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2.2.4 The US National Kidney Foundation and Others Weigh
in on These Three Definitions

A study group of the US National Kidney Foundation, called the NKF-KDOQI
(National Kidney Foundation—Kidney Disease Quality Outcome Initiative), reported
mixed sentiments about the KDIGO guidelines [12]. The initiative was a group of renal
specialists who generally applauded the melding of ADQI, AKIN and KDIGO AKI
definitions but was less enthusiastic about the recommendations for AKI management
proposed in the KDIGO guidelines. The KDOQI’s concern was that many of the man-
agement recommendations, though sensible or at least plausible as first-approaches,
were unsubstantiated by well-powered controlled clinical studies [12]. Likewise, the
Canadian Society of Nephrology (CSN) [13] and the European Renal Best Practices
(ERBP) society [14] were hesitant to embrace the KDIGO guideline. By way of the
struggle to define and clarify the definition of AKI, and to take the first steps to make
the treatment of AKI more evidence-based, much information about the incidence and
progression of AKI has been brought to light, even in the absence of any radically new
science.

2.2.5 Summary of the Definitions of AKI

The importance of recounting these steps in the evolving definition of AKI is two-
fold: first, comparing research papers about AKI requires some understanding of the
differences between the RIFLE, AKIN, and KDIGO definitions, since they vary in
their respective criteria of azotemia, oliguria, estimated glomerular filtration rate
(eGFR), and time intervals over which AKI must occur. Secondly, they have differ-
ent names for each stage of severity. There is yet no consensus on which definition
is predominant. The RIFLE acronym [8] is popular in the literature and in medical
records, but the KDIGO definition [9, 12] implies future screening and initial man-
agement recommendations and is likewise popular. Any of these classifications can
be utilized to stratify AKI severity and are used to report incidence and outcome. So
far, no one has yet identified a better serum marker than creatinine or better func-
tional criteria than oliguria and GFR to characterize AKI. All three are used one
way or another in these three workgroup definitions, for classifying AKI. They are
likely all robust and close enough to be reliably used presently.

2.3 The Incidence of AKI

Table 2.5 provides a summary of some relevant publications addressing the inci-
dence of AKI among postoperative and medical inpatients. Various risk factors
associated with AKI are also briefly summarized.
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It is clear from these studies that elective adult patients undergoing planned,
especially noncardiac procedures have a lower incidence of AKI as compared to
more severely ill categories of patients [ 14-22]. For example, AKI has been reported
to occur in 0.8 % of patients undergoing low-risk surgeries [16], in 1.82 % of patients
undergoing orthopedic procedures (shoulder, hip, and knee) [14], and in 7.4 % of
patients undergoing any noncardiac intervention [15], while the incidence of AKI is
much higher in patients undergoing high-risk (7.5 %) [17] or urgent/emergent surgi-
cal procedures (hazard ratio for AKI 1.9 [20]) [15, 16, 18], in ischemic and conges-
tive heart failure patients (hazard ratio for AKI 2.0 [17]), in survivors after cardiac
arrest (43 %) [19], in patients admitted to ICU for sepsis (10-20 %) [20, 21], and in
both elective or emergent high-risk vascular surgery patients (48 %) [22]. The great-
est risk of AKI is borne by those with preexisting CKD which is tenfold over the risk
of patients who do not have a diagnosis of CKD [23].

2.4 Improving the Diagnosis of AKI: From Creatinine
Clearance to the New Biomarkers

Practical assessment of day-to-day kidney function in patients is done implicitly,
with simple measurement of UO and sCr, comparing it with a baseline (premorbid)
value. According to many authors, however, the benchmark or “gold standard” for
measuring renal function is the GFR [24], defined as the amount of blood filtrate per
minute emerging from the glomeruli into the proximal tubule lumen, for both kid-
neys. The practicality of obtaining GFR remains controversial, yet some authors
have addressed the complex issue of using serum creatinine as a proxy for actual
GFR measurements [25]. Endre et al. [25] noted that the two measurements are not
the same, of course, and argued that AKI definitions might do well to avoid GFR
criteria. However, they suggested that the estimation of GFR with shorter collection
times (e.g., 24 h) might indeed be practical and make actual GFR, in association
with biomarkers of renal injury, sensitive and feasible on a daily basis. Discussion
here will merely address that acceptance of spot sCr and the use of eGFR equations
like Cockroft-Gault and MDRD are the nearly universally accepted means of esti-
mating GFR.

Normal GFR, in the absence of CKD, is defined as greater than or equal to
90 mL/min 1.73 m? of body surface area (BSA). If CKD has been diagnosed, a
patient with a GFR >90 mL/min 1.73 m? would be said to have KDIGO CKD stage
Gl. A GFR between 60 and 89 mL/min 1.73 m? is said to be mildly decreased
(KDIGO stage G2 CKD). Note that this pertains to CKD, not AKI.

2.4.1 The Most Promising Novel Biomarkers of AKI: uAlb/uCr,
CysC, NGAL, IL-18, and KIM-1

Though well accepted as a noninvasive marker of GFR, sCr has limitations. It is
known to vary with muscle mass, age, gender, liver function, and nonrenal
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gastrointestinal elimination [26]. Its measurement may be also confounded by
exogenous creatinine ingestion. Most importantly, it is well known that sCr is a late
indicator of kidney injury [27-29] and that also the reduction in sCr lags as an indi-
cator of improvement in renal function [30]. Moreover, hemodilution may cause a
reduction in sCr indicating falsely an improvement in renal function. Finally, its
production is decreased in sepsis, unfortunately, just when its use as a marker of
AKI makes it a focus of clinical attention [31].

As the need arises to identify AKI earlier and more sensitively than serum creati-
nine, other biomarkers have been proposed [32]. Table 2.6 shows some features of
recently studied biomarkers, including the overall quality of the indicator (i.e., its
sensitivity and specificity) as quantitated by its receiver-operator characteristic
(ROC) area under the curve (AUC) [33-35]. An AUC value which approaches 1.0
indicates high sensitivity and specificity.

Five of these new biomarkers are among the most promising and will be dis-
cussed briefly: urine albumin/creatinine ratio (uAlb/uCr), cystatin-C (CysC), neu-
trophil gelatinase-associated lipocalin (NGAL), interleukin-18 (IL-18), and kidney
injury molecule-1 (KIM-1) [36].

Some authors have merely reexamined the sensitivity and specificity of urine
albumin in conjunction with urine creatinine in an attempt to increase the sensitivity
and specificity of the two markers, already available in most routine clinical lab
panels. Tziakas et al. [29] found the ratio of urinary albumin to creatinine (vAlb/
uCr) to have a significant predictive value for AKI with an AUC of 0.725, superior
to some more modern biomarkers under investigation. Others reported the use of
albumin-creatinine ratio as a biomarker of increased risk for cardiovascular morbid-
ity and mortality and all-cause mortality [37].

CysC is a post-gamma-globulin protein first described in 1984 [38]. It belongs to
a large class of cysteine proteinase inhibitors. These inhibitors are found in all tis-
sues and bodily fluids, and the enzymes which they inhibit are normally stored in
lysozymes produced primarily by nucleated cells throughout the body. It is a small
(13 kDa), nonglycosylated, basic protein consisting of 120-amino acid residues
[39].

Recent evidence suggests that CysC may be as useful as creatinine or, more so,
as a marker for glomerular filtration and AKI. For purposes of assessing renal func-
tion, CysC is useful due to its low molecular weight, electrostatic (charge) charac-
teristics, and physical stability: all of these make it easily filtered by the glomerulus.
Moreover, its serum concentration is independent of gender, age, or muscle mass,
all confounding factors when using creatinine to assess GFR. CysC or the gene cod-
ing for it (CST3) has also been studied as a biomarker for coronary artery disease
[40], congestive heart failure (CHF) [41], squamous cell carcinoma of the head and
neck [39], Alzheimer’s disease [42, 43], and age-related macular degeneration [43].
This is relevant because the assay for CysC may become more widely used and less
expensive and possibly included in clinical laboratory panels in the future.

NGAL, also known as human neutrophil lipocalin (HNL), lipocalin 2, sidero-
calin, or 24p3, is a small, 25 kDa monomer peptide or a 45 kDa dimer peptide [37].
It is linked covalently with gelatinase (matrix metalloproteinase 9, MMP-9). Its
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function is thought to be as a modulator of early inflammation, where it is thought
to inhibit bacterial growth, scavenge iron and induce epithelial growth. Plasma
NGAL is freely filtered by the glomerulus and then largely reabsorbed by proximal
tubular cells. More importantly though, upon renal tubular injury NGAL reabsorp-
tion is decreased and NGAL synthesis in epithelial cells of the loop of Henle and of
distal tubule segments is strongly upregulated. This makes it an early, sensitive indi-
cator of kidney injury of many etiologies, including diabetic nephropathy [44], ure-
teral obstruction, nephrotic syndrome and interstitial nephritis, as shown in a variety
of animal models and in human disease [45]. It is possible that NGAL might be
developed into an early-responding biomarker. In an interesting head-to-head pro-
spective observational study comparing NGAL, CysC, creatinine, and other mark-
ers, Ralib et al. [46] measured levels of all these biomarkers beginning at presentation
in the emergency room (ER). The study was performed on a small (n="77) cohort of
patients admitted to the ER with conditions likely to result in AKI (hypotension,
ruptured abdominal aortic aneurysm, etc.) and who were followed at very short
intervals: 0, 4, 8, and 16 h and 2, 4, and 7 days in the ICU. Of all the biomarkers,
only plasma NGAL diagnosed AKI correctly at all time points, including at presen-
tation, and urinary NGAL was best at predicting the composite outcome of mortal-
ity or dialysis. Among the sea of candidate biomarkers NGAL merits following as
other investigators study it.

IL-18 is a 24 kDa, nonglycosylated polypeptide member of the IL-1p interleukin
superfamily of inflammatory cytokines [47]. Its precursor is produced in mononu-
clear cells in the blood and processed by caspase and then IL-18 is secreted outside
the cell to assist in innate and acquired immune responses. This is done by inducing
IFN-y production from T lymphocytes and macrophages and by enhancing cytotox-
icity of natural killer [42]. IL-18 is also produced in most endothelial cells of the
gastrointestinal tract and kidney (tubular epithelial cells, mesangial cells, and podo-
cytes) [48], thus its potential value as a marker of AKI.

KIM-1 is a larger molecule, a 104 kDa type I transmembrane glycoprotein that
contains both an immunoglobulin-like domain and a mucin domain in its extracel-
lular portion [49, 50]. It is expressed at baseline in low levels in healthy proximal
tubule cells in the kidney. It is thought to promote apoptotic clearance after ischemia
and reperfusion injury of the kidney [49]. Indeed, after kidney ischemia or toxicity,
KIM-1 is highly upregulated and released into the extracellular space and urine
[49-51], where it is a putative marker of kidney injury.

All these biomarkers have acceptable but not outstanding sensitivities and speci-
ficities (AUC values) when used alone (see Table 2.6). An early trend in the litera-
ture is of combining two or more biomarkers to increase the composite AUC and
thus the overall diagnostic strength of the test [52]. Indeed, a 2014 review of 32
different urine biomarkers, used to predict the progression of acute kidney injury
following cardiac surgery, showed that the most sensitive and specific (thus greatest
AUC) biomarker was the combination of IL-18 and KIM-1. They had an AUC of
0.93 in predicting an AKIN 3 (RIFLE “F”) stage or death [32].

Which of these new biomarkers will enter into common use (in addition to sCr,
which is already widely accepted and embedded in several versions of eGFR
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equations and should be probably preserved as the standard)? The answer will be
determined by the following factors: (1) the biomarker must be excellent in terms of
sensitivity and specificity (as measured by AUC) alone or in combination with other
biomarkers; (2) it must be fast, leading, not lagging, as a marker (of both onset and
recovery of AKI); (3) it must be inexpensive with regard to time, convenience of
sampling, labor, ingredients, and assay complexity; (4) it must be accepted by the
medical community, the workgroups, and the payers; in other words it must be an
acknowledged improvement over the eGFR status quo using sCr; and (5) it must be
suitable to health institutions by appearing in an eGFR equation like MDRD; there-
fore, (6) according to the National Institute of Health (NIH) [53] any candidate
biomarker value must be inserted into a so-called IDMS-traceable eGFR equation.
An isotope dilution mass spectrometry (IDMS)-traceable equation is an eGFR
equation (e.g., MDRD) that is “traceable to” or calibrated by IDMS, an extremely
precise means of quantitating GFR. In other words, any eGFR equation must essen-
tially be grounded in creatinine assays that are super-accurate, by way of IDMS
calibration.

A detailed discussion of this issue is beyond the scope of this chapter but it is
treated exhaustively by Myers et al. [54].

2,5 Outcome Following AKI

As mentioned, a number of published studies (summarized in Table 2.5) addressed
the incidence of AKI in various clinical settings, e.g., total joint arthroplasty in elec-
tive patients [14], ICU patients [20], cardiology patients monitored for hypotension
in the ICU [16], patients with intraoperative hypotension [15], noncardiac general
surgery patients with preexisting normal kidney function [18], patients with sepsis
or diabetes or both [20, 55, 56], patients resuscitated from cardiac arrest [19], high-
risk vascular surgery patients [22], etc. Several authors were able to incorporate
long-term outcomes (primarily mortality) in their surveys of AKI patients. Table 2.7
summarizes some of the more widely known studies in which outcome following
AKI was examined.

Overall, patients experiencing AKI after surgery have significant increases in
mortality. In a very large study including 65,043 patients undergoing major noncar-
diac surgery, an eightfold increase in 30-day mortality was reported in those who
developed postoperative AKI [16]. AKI markedly increases mortality also in ICU
patients. Several studies show a clear correlation between the degree of AKI
(according to the AKIN and RIFLE criteria) and mortality [57, 58]. In a large retro-
spective study of 22,303 patients from 22 ICUs, Osterman et al. [57] found a mor-
tality of 10.7 % in patients without AKI, of 20.1 % (odds ratio [OR] 2.59) in those
with AKIN stage 1 (RIFLE “R”) AKI, of 25.9% (OR 3.24) in those with stage 2
(“T”) AKI, and of 49.6 % (OR 9.38) in those with stage 3 (“F”) AKI.

However, an independent association of the various stages of AKI with ICU
mortality is harder to demonstrate. In the study by Osterman et al. [57], only AKI
stage 3 was independently associated with increased ICU mortality. Stage 2 AKI
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was not independently associated with increased ICU mortality. Surprisingly, stage
1 AKI and RRT were independently associated with reduced ICU mortality. The
authors acknowledged that because AKIN criteria allowed including all patients on
RRT as AKI stage 3, and because some 583 persons began to receive RRT before
their AKI had actually progressed to AKI stage 3, the picture may be confused.

The 6-month outcomes of surviving AKI patients in a large Finnish study using
the KDIGO AKI definition have been recently reported [59]. Among 933 patients
studied, 224 patients (35.3 %) with AKI died within 6 months, as compared with
154 (16.5 %) patients without AKI. Surviving AKI patients had lower quantitative
quality-of-life indices 6 months later, as opposed to those who did not have
AKI. Surprisingly though, their self-reported assessments of well-being were equiv-
alent to survivors without AKI.

2,6 Summary and Discussion

The reexamination of AKI from a standpoint of its definition, classification, and
diagnosis began around 2000 when the first definitions of AKI were propounded.

Paired with improvements in the definition of AKI was the problem of how to
diagnose it. The traditional, “gold standard” methods (clearances of various inert
compounds such as phenol red and inulin) had long ago evolved to more practical
spot assays of serum creatinine and albumin. The problems with creatinine are,
however, that it is a late (24-48 h), indirect indicator of kidney injury [27, 28], and
that its production times are impaired in sepsis (a high-risk condition for the kidney)
[60] and they also decrease in cachexia or extremes of age.

From this conundrum came a new starting point. Better understanding of AKI
has led to discrimination between the various mechanisms of kidney injury. Apart
from preexisting CKD [2, 23], sepsis is the most powerful risk factor in developing
AKI [20, 56, 61, 62]. As a rule, AKI will develop predictably in about 19 % of
patients with “moderate” sepsis (fever or hypothermia with infection, tachycardia,
tachypnea, and leukocytosis), 23 % of patients with severe sepsis (the above plus
lactatemia, oliguria, or mental status changes), and 51 % of patients with septic
shock (all the above plus systolic blood pressure less than 90 mmHg after fluid
resuscitation) when blood cultures are positive [56, 62, 63]. Better knowledge about
this type of kidney injury may lead to better diagnosis of at-risk patients and more
rapid therapy of sepsis. Likewise better biomarker-led diagnosis of septic AKI
might result in intervention hours or days before azotemia or oliguria develop.
Novel biomarkers, such as IL-18, are differentially sensitive to AKI caused by dif-
ferent mechanisms. IL-18 is thought to increase in early (3 h) sepsis-induced AKI
as opposed to a slower rise in AKI from ischemia in hypotensive states [61, 64, 65].
Indeed, it is thought that the pathophysiological mechanisms for AKI from sepsis or
non-septic etiologies (e.g., ischemia) are completely different [61]. With research
targeted at the most harmful intermediaries in the septic process, therapeutic or
preventative drugs or biologics may be found to protect the kidney in systemic
inflammatory response syndrome (SIRS) and sepsis.
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Other approaches might prevent or mitigate AKI in patients at risk for renal
ischemia. As shown in the papers by Lehman et al. [18], Osterman et al. [57], and
Raimundo et al. [66], huge databases of ICU time-series blood pressure readings
and other clinical data have been mined to show the most sensitive criterion for
adequate perfusion of the kidney in ICU and surgical patients. The time-honored
90 mmHg systolic threshold may soon, in routine clinical practice, be replaced
by the more sensitive and specific 55 mmHg mean pressure as the commonly
taught threshold for immediate intervention with vasopressor medication or flu-
ids. Other hemodynamic and respiratory factors appear to contribute to the risk
of AKI with unclear mechanisms: obesity, hyperuricemia, low indexed systemic
oxygen delivery, hyperlactatemia, elevated central venous pressure, and the use
of mechanical ventilation have been shown to be important but ill-defined factors
[57, 66].

The ischemia-reperfusion paradigm so widely invoked in studies of stroke and
myocardial infarction may likewise provide a framework for studying AKI from
causes other than sepsis. However, it is generally felt that AKI from sepsis (but also,
e.g., after cardiopulmonary bypass) is via other, largely inflammatory pathways.
Accordingly, the mere restoration or improvement of renal perfusion will be insuf-
ficient to reverse kidney damage [67]. Other authors, using a combinatorial systems
biology and proteomic approach, have identified the glutaminergic signaling path-
way, induced by overactivation of N-methyl-D-aspartate receptors, as perhaps the
inciting factor in AKI [68].

Lastly, bioinformatics approaches enable wide surveys of thousands of genes
[69, 70] that are activated or repressed in AKI, as well as epigenetic changes that
occur with AKI [71]. New candidate gene products and pathways discovered from
this research will, it is hoped, open avenues to explore and to better prevent and
mitigate AKI in the future.
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and Antonio Pisano

3.1 Introduction

Evidence-based medicine (EBM) is the cornerstone of medical epistemology. This
“movement,” which was born more than three decades ago, has promoted a critical
revision of the clinical and scientific medical knowledge. However, the EBM
approach is not free from limitations [1], and this was demonstrated in particular in
the field of intensive care medicine [2].

Internal validity and generalizability of randomized clinical trials (RCTs) are
limited in the intensive care setting [3, 4] due to the complexity of clinical condi-
tions and therapeutic interventions to be investigated (and accordingly the frequent
lack of “conventional” therapies to be used as control), the large amount and wide
variability of concomitant treatments, and difficulties in definition of end points
(with large use of composite end points) [5]. A “pendulum effect” has been pro-
posed to define the sequence of opposite results in clinical trials [2].

Guidelines and consensus conferences have been introduced as a simple tool to
summarize scientific evidences and to ensure optimal care to patients, while helping
clinicians to achieve best practice in their daily clinical management. A controversy
on a debated topic is normally settled by the opinion of experts in the field. This
strategy, however, is not only far from the ideal approach of EBM epistemology but
is being increasingly criticized for the risk of introducing expert opinion biases [6].
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A new method to achieve consensus on medical evidence has been recently devel-
oped and already employed in various settings [8, 9] in the attempt to overcome some
limits and, possibly, to improve the reliability of “classic” consensus conferences [7].
This approach has the advantage of sharing the best available evidence with a world-
wide audience of clinicians, to allow them to discuss on it and propose further evi-
dence, and to reach a final consensus through a democratic process.

This method has been also applied in the recent first international consensus
conference conducted to identify the interventions (drugs, techniques, or strategies)
with a statistical significant effect on mortality in critically ill patients with, or at
risk for, acute kidney injury (AKI) [10]. The process of consensus building is out-
lined in Fig. 3.1 and is fully described in the following sections.

3.2  The Process of Consensus Building
3.2.1 Systematic Literature Research

A systematic literature research was performed to identify any intervention influ-
encing mortality in critically patients with AKI. PubMed, Embase, BioMed Central,

Biomed
Central
Cochrane

Systematic
review

Snow
balling +
experts

Article
selection Analvsi
Consensus NalySIS

meeting of
results " -
anuscrip

publication

Consensus building

Fig. 3.1 The democracy-based consensus process
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and the Cochrane Library were searched without time limits, using the search strat-
egy reported in Box 3.1. Further topics were proposed by a group of experts and by
snowballing, i.e., backward cross-checking of article references. Any paper on criti-
cally ill patients with or at risk for AKI, published in a peer-reviewed journal, was
included if reporting a statistically significant effect on mortality (p <0.05) at any
end point. A conservative strategy was employed to avoid exclusion of any relevant
article in this phase.

Box 3.1. PubMed Search Strategy

((acute AND (renal OR kidney) AND (failure OR injury)) OR (renal AND
replacement AND therapy)) AND ((death* OR survival OR mortality)) AND
(prevent* OR reducti* OR reduci*) AND (significat* OR significan*) AND
(randomized controlled trial[pt] OR controlled clinical trial[pt] OR random-
ized controlled trialsimh] OR random allocation[mh] OR double-blind
method[mh] OR single-blind method[mh] OR clinical trial[pt] OR clinical
trials[mh] OR (clinical trial[tw] OR ((singl*[tw] OR doubl*[tw] OR trebl*[tw]
OR tripl*[tw]) AND (mask*[tw] OR blind[tw])) OR (latin square[tw]) OR
placebosfmh] OR placebo*[tw] OR random*[tw] OR research
design[mh:noexp] OR comparative study[tw] OR follow-up studies[mh] OR
prospective studies[mh] OR cross-over studiesimh] OR control*[tw] OR
prospectiv*[tw] OR volunteer*[tw]) NOT (animal[mh] NOT human[mh]))

A total of 691 papers were analyzed as full text, and 657 were excluded due to
the lack of inclusion criteria. Therefore, 34 papers were selected for further inclu-
sion in the consensus process.

3.2.2 Global Voting and International Consensus Meeting

The topics of these 34 studies were subjected to a first worldwide evaluation via
web polling. In the period between January 1, 2012, and February 14, 2012, a web-
site allowed to vote in favor or against the selected topics. Moreover, participants
were allowed to suggest online other interventions or relevant literature.

On February 14, 2012, a core group of experienced clinicians of various disci-
plines (including intensivists, anesthesiologists, and nephrologists) met at the Vita-
Salute San Raffaele University (Milan, Italy) to discuss the identified papers and
topics, as well as the results of the first web voting. Topics were introduced to the
meeting audience by a discussant and then evaluated on:

1. The completeness of the literature review, including most recent evidence

2. The type and quality of scientific evidence supporting the influence on mortality
(RCTs, meta-analyses, case-matched studies, or other)

3. The study population of included articles, to assess if it was derived entirely or
partially from patients with or at risk for AKI
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After thorough discussion, a position statement was produced for each topic,
summarizing the intervention, the reason for its inclusion, and the challenges in
evaluation, if any. Each statement also reported a recommendation, which was rated
according to the grade classification on strength and quality of evidence (Table 3.1)
[11]. According to the grade classification, the strength of the recommendation is
defined by one of two numbers: (1) represents a strong recommendation, while (2)
represents a suggestion or weak recommendation. A letter among A, B, and C indi-
cates the quality of evidence for the recommendation, according to the type of stud-
ies from which evidence is derived:

* Level A: RCTs without important limitations or overwhelming evidences from
observational studies (high-quality evidence)

* Level B: RCTs with important limitations or exceptionally strong evidence from
observational studies (moderate-quality evidence)

* Level C: observational studies or case series (low-quality evidence)

Five topics were excluded during the consensus meeting, due to the lack of infor-
mation or evidence about critically ill patients with or at risk for AKI.

Table 3.1 Grade of recommendation for the 18 identified interventions.

Grade of recommendation Intervention
1A None
1B Albumin in cirrhotic patients

Hydroxyethyl starch (avoid)
1C Perioperative hemodynamic optimization
Terlipressin in hepatorenal syndrome type 1
2A None
2B Fenoldopam®
Periangiography hemofiltration
2C Citrate in continuous RRT
CVVH in severely burned patients
Continuous RRT
Early RRT
Furosemide by continuous infusion
Human Immunoglobulin
Increased intensity of RRT
Loop diuretics (avoid)
N-acetylcysteine

Plasma exchange in multiple myeloma-associated
AKI

Positive fluid balance (avoid)
Vasopressin in septic shock

RRT renal replacement therapy
*Probably no longer to be recommended (see Chap. 13)
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Fifteen interventions which were shown to increase survival, and three that might
increase mortality, were finally identified during the consensus meeting. These 18
interventions, supported overall by 25 papers [12-36], are reported in Table 3.2.

3.2.3 Global Appraisal of Consensus Statements

Between February 15, 2012 and April 1, 2012, the second web poll was conducted.
The consensus website hosted the poll on the topics and the recommendations
thereon, which were issued during the Milan consensus meeting. A large cohort of
participants, including the first web voters and the participants to the consensus
meeting, were invited to vote if they agreed or not with interventions and recom-
mendations. Moreover, voters could express on a Likert scale (“definitely,” “proba-
bly yes,” “don’t know,” “probably not,” “definitely not”) if they would follow these
recommendations in their clinical practice. Multiple voting was prevented through
registration of e-mail address, and all participants were asked to declare any relevant
conflict of interest.

3.2.4 Consensus Final Results
A total of 311 participants from 62 different countries took part in the Democratic

Consensus Conference. After the final web poll, data were analyzed and results
were made available to the authors.

Table 3.2 The 18 interventions affecting mortality identified by the democracy-based consensus

process
Increasing survival Increasing mortality
Perioperative hemodynamic optimization [12] Positive fluid balance [13, 14]
Albumin in cirrhotic patients [15, 16] Hydroxyethyl starch [16, 17]

Terlipressin in hepatorenal syndrome type 1 [18] | Loop diuretics [19]
Human immunoglobulin [20]

Periangiography hemofiltration [21]

Fenoldopam [22]

Plasma exchange in multiple myeloma-associated
AKI [23]

Increased intensity of RRT [24-26]
CVVH in severely burned patients [27]
Vasopressin in septic shock [28, 29]
Furosemide by continuous infusion [30]
Citrate in continuous RRT [31]
N-acetylcysteine [32, 33]

Continuous RRT [34]

Early RRT [35, 36]
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The agreement between global polling and consensus meeting recommendations
was high in most topics. However, there were several topics (plasma exchange in
multiple myeloma, vasopressin in septic shock, furosemide by continuous infusion,
citrate in continuous renal replacement therapy, N-acetyl-cysteine, and loop diuret-
ics) for which the agreement was significantly lower among web voters than among
consensus meeting participants.

The 18 selected topics with a significant impact on survival in critically ill
patients with AKI, the consensus statements, and the results of the web survey were
included in a paper recently published as a special article in the Journal of
Cardiothoracic and Vascular Anesthesia [10].

Conclusion

This was the first International Consensus Conference on mortality reduction in
critically ill patients with or at risk for AKI, and it was conducted through the new
idea of democracy-based medicine. The are several advantages with this approach:
(a) the consensus conference is grounded on a full systematic review of the available
literature, conducted ex novo and fully updated; (b) it includes the opinion of
experts, but it overcomes the limitations of a “classic” consensus conference con-
ducted by experts only, as it includes a double global voting that allows for a demo-
cratic assessment of recommendations; and (c) it allows to highlight the gap between
the “theory” from literature evidence and the daily clinical practice reported by
respondents.

The democracy-based consensus process identified a total of 18 interventions
(drugs/techniques/strategies) with a significant impact on survival in critically ill
patients with or at risk for AKI: 15 interventions have been shown to increase
survival and 3 might increase mortality. A graded recommendation was provided
for all of them.

The following 18 chapters of this book (Chaps. 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16, 17, 18, 19, 20, and 21) will unfold the main evidences, general
principles, pharmacological/pathophysiological aspects, and therapeutic use of
each of the identified interventions, providing the reader with a valuable
resource to guide his/her clinical practice and opening the door for future lines
of research.

Finally, an updated review of papers dealing with interventions which may
significantly affect mortality in AKI patients, identified after the consensus pro-
cess according to the same search strategy, is reported in Chap. 22.
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Interventions That May Reduce Mortality
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4.1 General Principles

Renal replacement therapy (RRT) is required to maintain water and electrolyte
homeostasis and to remove waste products in critically ill patients with severe acute
kidney injury (AKI). Mortality is close to 60 % in such patients, and survivors carry
a significant risk of progression to chronic kidney disease (CKD) and dialysis-
dependent end-stage renal disease (ESRD) [1]. Recent international consensus
statements concluded that continuous RRT (CRRT) instead of intermittent haemo-
dialysis (IHD) should not be routinely used with the intention to improve survival in
critically ill patients with AKI [2]. Yet, CRRT is an attractive technique, which
offers superior cardiovascular stability during water and solute removal compared
to IHD. This is an important difference between the two techniques since haemody-
namic stability during CRRT has been linked to improved renal functional recovery
in critically ill patients with severe AKI [3].
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4.2 Main Evidence

Early observational studies suggested a survival benefit with CRRT as compared to
IHD [4]. Since then, several randomised controlled trials (RCTs) have compared
CRRT versus IHD in a total of more than 1,100 patients with severe AKI (Table 4.1)
[5-10]. The first trial, published in 2001, showed improved survival in IHD-treated
patients [5]. However, significantly lower illness severity in the IHD group biased
the results. After adjusting for group imbalances, no association between RRT
modality and mortality was found. Subsequent trials have all failed to demonstrate
improved survival or, as secondary end point, short-term renal recovery (dialysis-
free status at hospital discharge) with CRRT. Meta-analyses support these findings
[3, 11].

To date, no RCT has explored the impact of intermittent versus continuous RRT
on chronic dialysis dependence beyond 90 days. Results from large observational
studies, however, suggest higher long-term risk of ESRD in critically ill patients
receiving IHD instead of CRRT [12] (Fig. 4.1), an association that appears particu-
larly pronounced in patients with pre-existing CKD or cardiac failure [13].

In a meta-analysis of 16 observational studies, the risk of ESRD was twice as
high among ICU patients treated with IHD than among ICU patients treated with
CRRT (pooled relative risk 1.99, 95 % confidence interval [CI] 1.53-2.59) [3]. In a
more recent, retrospective cohort study, 2004 CRRT patients were matched to 2004
IHD patients to assess the impact of RRT modality on ESRD risk 90 days after ICU
admission [13]. Matching was based on the presence of CKD, mechanical ventila-
tion and the propensity of receiving CRRT. Compared with IHD, treatment with
CRRT was associated with a 25 % reduced risk of ESRD (hazard ratio [HR] 0.75,

Table 4.1 Peer-reviewed randomised controlled trials comparing THD and CRRT with mortality
as primary outcome

Renal

Authors Year |N CRRT intensity | [HD intensity | Mortality recovery®
Mehtaetal. 2001 |166 |NR NR No No difference
[5] difference®
Gasparovic 2003 | 104 | 18-35mL/kg’/h | NR No NR
et al. [6] difference
Augustine | 2004 |80 NR NR No No difference
etal. [7] difference
Uehlinger 2005 |125 |25.9 mL/min° 24.8 mL/min® | No No difference
et al. [8] difference
Vinsonneau | 2006 |360 |29 mL/kg/h NR No No difference
et al. [9] difference
Lins et al. 2009 316 |NR NR No No difference
[10] difference

NR not reported

aShort-term renal recovery
After adjusting for imbalances in group assignment
°Average daily small solute clearance
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95 % CI 0.65-0.87). The results of these studies strongly suggest that CRRT should
be preferred over IHD during the early stages of critical illness.

4.3  Pathophysiological Principles

RRT has a major impact on cardiovascular stability. The degree of haemodynamic
instability during RRT is a function of the intensity of solute and water removal and
the rate of solute and water equilibrium between the vascular and interstitial com-
partments. When RRT starts, a large amount of osmotically active substances, such
as urea, are removed from plasma water, which then becomes hypoosmotic relative
to the interstitium. Consequently, an osmotic gradient is created allowing net water
movement from the vascular into the interstitial compartment. Urea and other sol-
utes will eventually, yet more slowly than water, move in the opposite direction to
create equilibrium and vascular refilling of water from the interstitium.

IHD is a high-intensity treatment administered during short time intervals (usu-
ally 3 h three to four times/week). Several potential mechanisms related to treatment
with IHD may be responsible for the observed long-term progression from acute to
chronic kidney disease. Firstly, an instant drop in plasma urea concentration will
occur during any IHD session. As a result, water movement to the relatively hyper-
osmotic interstitium will exceed vascular refilling and cause relative hypovolemia
with an increased risk of hypotension, particularly in vasodilated patients and in
patients with poor cardiac systolic function. Additionally, ultrafiltration of large
fluid volumes (1-4 1) is usually required during each dialysis session to meet daily
fluid intake and to avoid fluid overload. Such large-volume fluid removal contrib-
utes to hypovolemia and further increases the risk of hypotension. Even short epi-
sodes of hypotension increase the risk of progressive renal impairment in different
populations [14, 15]. It is likely that IHD-induced hypotension contributes to persis-
tent kidney damage that later progress to ESRD.
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Secondly, the ability to maintain an even or negative daily fluid balance in hae-
modynamically unstable patients by intermittent fluid removal is limited by the
operational characteristics of the IHD machine but, more importantly, by the
patient’s cardiovascular status. In fact, it was previously shown that RRT with IHD
is associated with progressive fluid accumulation in critically ill patients [16]. Since
severe organ oedema is a common trigger for starting RRT [17], further fluid gain
will be poorly tolerated by such patients. In fact, a positive daily fluid balance dur-
ing RRT was independently associated with prolonged need for RRT, increased ICU
and hospital length of stay and increased mortality in a post hoc analysis of a large
RCT [18].

Finally, plasma concentrations of important drugs such as antibiotics may be dif-
ficult to predict during IHD. Elevated plasma levels of nephrotoxic drugs between
IHD sessions may contribute to kidney damage. In addition, sub-therapeutic antibi-
otic levels during IHD sessions may delay resolution of severe infections and recov-
ery of associated organ failure.

In contrast to IHD, CRRT provides slow removal of water and waste products for
up to 24 h per day. This prevents urea disequilibrium, allows simultaneous vascular
refilling from the interstitium and thereby decreases the likelihood of hypotensive
episodes. Moreover, antibiotic concentrations can more easily be maintained within
therapeutic range.

4.4  Therapeutic Use

Solute removal during IHD is achieved by diffusion. Blood flow rates of 200—
300 mL/min are typically delivered through a single-pass system. The counter-
current dialysate flow rates of 500-800 mL/min thereby markedly exceed blood
flow rates. A further increase of the dialysate flow rate has minimal effect on solute
clearance since the dialysate fluid does not become saturated during its passage
through the filter. To achieve a higher dialysis dose, the blood flow rate needs to be
increased. In addition, the pressure difference over the filter, the so-called trans-
membrane pressure, can be increased to achieve ultrafiltration and hence net fluid
removal. Since IHD delivers high solute clearance over a relatively short time, it is
therefore the preferential technique in early treatment of patients with life-
threatening hyperkalaemia or severe intoxications with water-soluble substances.
Moreover, IHD allows patient mobilisation between treatment sessions and may for
that reason be the first choice in patients recovering from their critical illness.

Yet, IHD has potential drawbacks in the ICU setting. Firstly, the need for quali-
fied dialysis staff may delay treatment. This is important since delayed RRT initia-
tion in relation to accumulation of uremic toxins [19] or fluid [20] may adversely
affect outcomes. Secondly, as discussed above, repeated hypotensive episodes dur-
ing IHD are a likely risk factor for long-term CKD.

Finally, IHD can induce dialysis disequilibrium syndrome (DDS) characterised
by cerebral oedema and seizures [21]. DDS is caused by rapid removal of urea (and
other osmotically active substances) from the circulation, which creates an osmotic
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gradient between brain and plasma. This gradient promotes water transport into the
brain resulting in cerebral oedema [22]. IHD is therefore contraindicated in patients
with head injury due to the risk of life-threatening increases in intracranial pressure
in these patients.

Solute removal during CRRT can be achieved by convection (continuous veno-
venous haemofiltration (CVVH)), by diffusion (continuous venovenous haemodi-
alysis (CVVHD)) or by a combination of both convection and diffusion (continuous
venovenous haemodiafiltration (CVVHDF)). Replacement fluid is delivered pre-
and/or post filter to maintain fluid balance during CVVH. Convective solute clear-
ance is dictated by the ultrafiltration rate. Blood flow rates of 150-200 mL/min are
typically used during CRRT and, unlike ITHD, exceed dialysate flow rates (15—
30 mL/min) during CVVHD and CVVHDE. Consequently, since the dialysate solu-
tion becomes saturated before it exits the filter, its flow rate needs to be increased in
order to achieve higher diffusive clearance. Gentle fluid and solute removal during
CRRT offer better cardiovascular stability and reduces the risk of DDS significantly.
CRRT should therefore be considered the treatment of choice in haemodynamically
unstable AKI patients and in AKI patients with increased or labile intracranial
pressure.

Conclusions

Randomised controlled trials have failed to demonstrate survival benefit with
CRRT compared to IHD in critically ill patients with AKI. The two techniques
have, however, different advantages at different stages during the course of criti-
cal illness. Gentle water and solute removal during CRRT offer superior cardio-
vascular stability and should be preferred during the acute phase to minimise the
risk of hypotensive episodes, which may contribute to long-term progression to
CKD and ESRD. In contrast, IHD may be chosen to facilitate mobilisation dur-
ing the recovery phase.
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Giacomo Monti, Massimiliano Greco, and Luca Cabrini

5.1 General Principles

Renal replacement therapy (RRT) is the main supportive treatment for acute kidney
injury (AKI). Traditionally, RRT has been primarily aimed at avoiding the life-
threatening imbalances associated with kidney failure (metabolic acidosis, hyperka-
lemia, uremia, and/or fluid overload). More recently, researchers and clinicians have
developed a different approach, often referred as “renal support,” in which the
underlying hypothesis is that earlier initiation of RRT may attenuate kidney damage
as well as extrarenal organ injury.

However, even if a large meta-analysis suggested that “early RRT” could offer
some survival benefits [1], there is no consensus for the optimal timing to start RRT
in the setting of AKI in patients with critical illness due to different causes. This is
primarily due to the lack of any widely agreed parameter, marker, or criteria to be
used as a trigger to start RRT. Moreover, the definitions of “early” and “late” RRT
vary largely even among studies where a similar trigger is chosen. Finally, the
impact of timing of RRT initiation on outcome is difficult to assess: first, many stud-
ies have confounders, such as the use of diuretics, the inclusion of only septic
patients, and the inclusion of mixed patients from a critically ill population and
second, RRT is one name for many techniques changing in modality, dialyzer mem-
brane, level of intensity, and frequency of application.
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5.2 Main Evidence

Evidence in this setting comes especially from observational studies, from a few
randomized studies, and from two recent and large meta-analyses.

The meta-analysis by Seabra et al. [1] provides the most comprehensive insight
about the impact of RRT timing on survival. It included 23 studies on intermittent
hemodialysis (IHD) or continuous venovenous hemodiafiltration (CVVHDF) using
a variety of dialyser types. Only four studies were randomized and one was quasi-
randomized, overall including 270 patients. Sixteen were retrospective cohort stud-
ies, including the majority of patients (1832). Other 294 patients were included
from mixed studies.

A range of different definitions of “early” and “late” RRT was used in the studies
analyzed, related to both the level of a renal blood marker (usually urea but also
creatinine) or the degree of clinical deterioration (e.g., urine output). Outcomes
included mortality and recovery of renal function.

Generally speaking, the application of an “earlier” RRT has developed over the
years. Indeed, when considering only the uremia level in the “late RRT” groups of
the studies included in the meta-analysis (namely, the most restrictive approach to
RRT initiation), and plotting it over the years of publication of the papers, a trend in
reduction of the blood urea level which defines “late RRT” can be clearly seen
(Fig. 5.1).

The primary analysis, which included the randomized and quasi-randomized
studies, failed to show a statistically significant difference in mortality. However, a
trend toward a reduced mortality was found. In fact, mortality was 66 % (25-80) in
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Fig. 5.1 The trend over years of the definition of “late RRT” in published studies (Data from
Seabra et al. [1]). The graph shows a clear trend toward reduction. Urea (mg/dL) is expressed as
blood urea nitrogen (BUN) x 2.14
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the late RRT group, while early RRT was associated with a 36 % mortality risk
reduction (relative risk [RR] 0.64, 95 % confidence interval [CI] 0.40-1.05, p=0.08).
In detail, these 270 patients come from five studies, performed from 1975 to 2006.
None of the studies used the same trigger criteria, two studies [2, 3] used intermit-
tent hemodiafiltration, and two studies [4, 5] used continuous venovenous hemofil-
tration. In spite of considerable differences, these studies did not have significantly
heterogeneous results.

Including in the meta-analysis data from the other 2,108 nonrandomized patients,
the overall mortality rate was 68 % in the late RRT group, while it was significantly
reduced (by 28 %) in the early RRT group (RR 0.72, 95 % CI 0.64-0.82, p<0.001).

Seabra and colleagues [1] also examined the possibility that early RRT could
have an impact on recovery of renal failure, but no significant conclusion could be
drawn.

At the time of the first international web-enabled consensus conference on mor-
tality reduction in patients with or at risk for AKI [6], the meta-analysis by Seabra
et al. [1] was the only evidence, together with a small retrospective cohort study
with important methodological flaws [7], which was also included in the meta-
analysis, suggesting that early institution of RRT might have a beneficial effect on
survival in patients with AKI. However, according to the authors’ conclusion, these
results strongly encouraged to perform larger and adequately designed trials on the
topic. Unfortunately, based on the data of the meta-analysis a study of adequate
power should include over 1,000 patients.

A more recent meta-analysis [8] considered some of the papers included by
Seabra and colleagues [1] but intentionally excluded older studies (i.e., those pub-
lished before 1985) due to the considerable advances in available technology for
providing RRT, the marked demographic transition of critically ill populations, and
the evolution, generally speaking, of the interventions and technology available to
support the critically ill. Overall 28-day mortality across the 15 trials included was
53.3 %. Early RRT initiation was associated with a reduced mortality as compared
with late initiation (pooled odds ratio [OR] 0.45, 95% CI 0.28-0.72, p<0.001).
However, there was significant statistical heterogeneity (I> 78 %, Q 63.7), most
likely explained by differences in study design, particularly regarding operational
definitions for RRT timing, and by the inability to account for heterogeneity in clini-
cal practice patterns.

A small randomized study including 53 intensive care unit (ICU) patients
affected by acute respiratory distress syndrome (ARDS), mostly caused by sepsis,
was published in 2015 [9]. Patients were randomized to receive either early (less
than 12 h from ICU admission) or late (more than 48 h) continuous RRT. Length of
mechanical ventilation, oxygenation, survival, and some markers of inflammation
were assessed. The authors found an overall beneficial effect of early RRT: shorter
duration of mechanical ventilation (10 vs. 13 days, p=0.0123), higher PaO,/FiO,
ratio (220 vs. 178 mmHg, p <0.05), and a trend toward increased survival (22 % vs.
35%, p=0.32). Moreover, early RRT was found to be potentially associated with
removal of lung water and inflammatory cytokine TGF-p1 from both serum and
bronchoalveolar lavage fluid.
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Finally, an interesting retrospective observational study was conducted in Taiwan
on 648 adult patients with postoperative AKI [10]. Patients were categorized accord-
ing to the time between ICU admission and RRT initiation as the early (<1 day),
intermediate (2-3 days), and late (>4 days) groups. Both the estimated probability
of death and in-hospital mortality rates of the three groups represented U-shaped
curves, with higher in-hospital mortality for both early and late groups compared to
the intermediate one (59 %, 67 %, and 48 %, respectively, log rank p=0.005). It is
noteworthy that, despite this quite big population included only postoperative
patients, the causes of AKI were very variable, including sepsis, low cardiac output
syndrome, and acute respiratory failure with extracorporeal membrane oxygenation
(ECMO) support.

5.3  Pathophysiological Principles

When evaluating the timing of RRT and the potential benefits of an early treatment,
the cause of AKI should be considered. In ICU patients, AKI is usually secondary
to nonrenal diseases or conditions, whereas primary kidney diseases are not fre-
quent in this specific setting [11]. Generally speaking, if RRT could help to treat the
primary disease, probably an early RRT could be more useful than a late one. As an
example, if AKI is caused by low cardiac output syndrome due to a massive acute
myocardial infarction (AMI), early RRT will not contribute to reversal of AMI and,
thereafter, will probably not enhance survival as compared with a late approach.

On the contrary, it could be expected that an early RRT approach can provide
enhanced survival and a reduction in kidney failure in patients with sepsis since
cytokines and other inflammatory mediators are involved in the pathogenesis of
both shock and AKI in septic patients, and RRT allows removal of these
mediators.

Nevertheless, the pathophysiology of sepsis-associated AKI is complex and mul-
tifactorial and includes intrarenal hemodynamic changes, endothelial dysfunction,
intraglomerular thrombosis, infiltration of inflammatory cells in the renal paren-
chyma, and tubular obstruction by necrotic cells and debris. Evidence now suggests
that the immune responses induced by sepsis involve the activation, in a sequential
manner, of both pro- and anti-inflammatory mechanisms [12].

Although RRT should remove inflammatory cytokines and partly modulates
plasma cytokines, outcomes in septic patients do not appear to be affected by RRT,
regardless of the dose applied [13]. This may be due to the timing of RRT imple-
mentation and to patient selection but also to the limited effectiveness of standard
filtration/dialysis membranes in removing cytokines, most of which are soluble in
water and have a midrange molecular weight. This limited effectiveness is most
probably due to the limited pore size of standard membranes for blood purification
[13].

Maybe, if an immunoregulatory effect of RRT exists, the therapeutic window
where RRT can be useful is early in the history of the disease, and thereafter an early
approach could be more effective. Moreover, to cope with the mechanical issues in
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cytokine removal, different techniques have been developed. Coupled plasma filtra-
tion and adsorption (CPFA) separates plasma from blood by means of a plasma fil-
ter. After, plasma passes through a synthetic resin cartridge for adsorption and is
returned to the blood. Adsorption is very effective in removing large molecules.
Direct blood hemoperfusion with resins such as polymyxin B may be also per-
formed. However, the effectiveness of these techniques has not yet been adequately
evaluated [14].

Another setting where early RRT could be beneficial, in terms of survival, is
respiratory failure. It has been shown that a restrictive strategy of fluid administra-
tion increases survival in ARDS patients [15]. On the contrary, especially in patients
with sepsis-associated ARDS, a fluid overload is often present because of the need
for large volumes of fluids in order to achieve hemodynamic stability. In ARDS,
ventilatory treatment generally requires high positive intrathoracic pressure that
may reduce cardiac output and cause water and sodium retention and, accordingly,
reduced urine production. Moreover, biotrauma caused by mechanical ventilation,
especially with tidal volumes over 6 mL/kg, leads to the systemic release of proin-
flammatory cytokines that can cause renal failure [16]. Thus, fluid overload and
physiological stimuli to fluid retention, inflammation, and low renal blood flow
often coexist in ARDS [13]. RRT may potentially revert all these conditions, and
some specific studies already exist [9]. As for sepsis, some in-series techniques have
been developed which can remove carbon dioxide from blood and allow a further
reduction in tidal volumes. However, the possible survival benefits are still to be
investigated [17].

54 Clinical Considerations

If early start of RRT seems to be not strongly associated with survival benefits,
avoiding or delaying RRT is associated with higher mortality and increased hos-
pital and ICU length of stay [13]. Accordingly, when a clinician has to decide
“when” to start RRT, the balance between risks and benefits should be addressed,
and complications of RRT should be considered. The cost of early RRT is, other
than the economical one, the possibility of developing complications from a treat-
ment that may not be strictly necessary. Probably, the only specific complication
of an early approach comes from the loss of amino acids, catecholamines, and
other compounds caused by RRT. In particular, drug dosing during RRT can be
difficult and, mainly in septic patients, adjusting dosage and frequency of admin-
istration of antibiotics must be considered. Indeed, it has been shown that it could
be difficult to achieve adequate blood levels of antibiotics during RRT [18]. When
RRT is started early, it could be even more difficult to achieve a sufficient concen-
tration of antibiotics, especially in the early phase of sepsis, where also other
factors can lead to low antibiotic level (change in volume of distribution, low
albumin levels, fluid challenges [19]).

Timing of treatment should not be considered in isolation but along with the
treatment dose used, from which depends, in turn, the time needed to achieve
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uremic waste products control [20]. When RRT is started early, the concentration of
wasting products will be lower and probably a low-intensity technique with the
prescription of low dose will be adequate.

A widely agreed definition of “early” RRT is still missing. The most commonly
accepted criteria to start RRT in acute care settings, as reported by Bellomo et al.
[21], are summarized in Table 5.1. As suggested by Gibney et al. [22], an “early”
approach to RRT could be defined in many ways:

* According to a surrogate biochemical marker, such as blood urea nitrogen
(BUN), an “early” trigger value may be set at 38 mg/dL and a “late” value at
60 mg/dL (mean value of published studies).

* According to the onset time of oliguria, a urine output less than 30 mL/h for 3 h
may be an indication to an “early” approach.

* According to the time from ICU admission.

* According to the level of fluid overload.

However, a clear and validated definition of “early” and “late” is still missing for
most of these criteria.

Regard to the underlying condition which causes AKI, sepsis and ARDS are
probably the two most promising clinical settings in which an early approach to
RRT could be more beneficial in terms of survival. Moreover, as mentioned, specific
extracorporeal techniques can be coupled to RRT in these settings in order to
enhance its capabilities.

As stated by Landoni et al. [6], only a weak recommendation can be made, at
present, for an “early” use of RRT. Large and adequately designed randomized clin-
ical trial are certainly needed on this topic. Hopefully, new insights about timing of
RRT may be provided by two investigations which are currently on the way.

The first one will enroll patients with RIFLE “F” (failure) AKI (threefold increase
in serum creatinine as compared to baseline, an absolute creatinine value >4.0 mg/
dL (354 pmol/L), a urine output <0.3 mL kg™' h™' for >24 h, or anuria for >12 h),
defining an early approach to RRT as a maximum delay for RRT start of 12 h and a
late approach as RRT beginning after 48 h from diagnosis of AKI [23].

Table 5.1 Current Criteria
conventional indications for ;
RRT initiation Anuria for 6 h

Severe oliguria (<200 mL over 12 h)

Hyperkalemia (>6.6 mmol/L)

Severe metabolic acidosis (pH<7.2 despite normal or low pCO,)
Volume overload (especially unresponsive to diuretics)

Pronounced azotemia (urea >30 mmol/L or creatinine
>300 pmol/L)

Clinical complications of uremia

Adapted with permission from Bellomo et al. [21]
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The second ongoing study will enroll critically ill patients receiving intravenous
catecholamines or invasive mechanical ventilation and presenting with KDIGO
classification stage 3 AKI (see Chap. 2). In the “early” strategy, RRT is initiated
immediately. In the “delayed” strategy, the clinical conditions and the metabolic
status are strictly monitored, and RRT is initiated only when one or more of the fol-
lowing criteria of severity occur: oliguria or anuria for more than 72 h, serum urea
concentration >40 mmol/L, serum potassium concentration >6 mmol/L, serum
potassium concentration >5.5 mmol/L persisting despite medical treatment, arterial
blood pH <7.15, and acute pulmonary edema with severe hypoxemia unresponsive
to diuretic therapy [24].

Clinical Summary

Technique | Indications Cautions Side effects Notes
Early RRT | “Classical” Survival Metabolic (lost of A widely
indications to benefit not amino acids, agreed
RRT, positive clearly catecholamines, and definition of
fluid balance, demonstrated | other compounds) “early” RRT is
acute Possible difficulties in | still missing
respiratory drugs dosing
distress requiring dose
syndrome, adjusting
severe sepsis Vascular access side
effects
Anticoagulation side
effects
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6.1 General Principles

Because initial studies showed a direct relationship between the intensity of renal
replacement therapy (RRT) and survival, both for intermittent and continuous tech-
niques [1-3], great attention has been paid to identify the optimal “dose” of RRT in
the last 10 years.

Dose of RRT may be represented by the efficiency of the treatment, which can in
turn be expressed as clearance (K) that is the amount of blood cleared of toxins and
waste products by the extracorporeal circuit during a given period of time [4]. The
concept of clearance needs to be referred to a particular solute. Urea is widely
adopted as uremic toxin marker in clinical practice, and its clearance is most com-
monly used to quantify RRT efficiency and, accordingly, dose. Given that RRT is
usually performed over several days or weeks, it is important to provide information
about the total time during which the treatment clearance is delivered. The intensity
of treatment (Fig. 6.1) is thus expressed as the product of clearance and the effective
time (t) of treatment (Kt) [4]. Including the downtime (i.e., the amount of time in
which the treatment is interrupted), a significant difference could be found between
the prescribed and the actually delivered doses. Finally, considering the entire pool
of solutes that needs to be cleared, the efficacy of treatment (Fig. 6.1) can be
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Fig. 6.1 Defining dose of é O\
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expressed as the ratio between the intensity and the volume of distribution (V) of the
marker solute (K#/V) [4]. Considering all these concepts during the prescription
phase of RRT, it has seemed reasonable, since the birth of critical care nephrology
[5], that an adequate treatment should have to be delivered to critically ill patients.
In a few words, the idea was to provide “intense” blood purification, generally pro-
portional to the severity of critical illness. However, back in the late 1980s, RRT
machines used in the intensive care units (ICUs) were mostly adapted from the
chronic hemodialysis ward, or in any case lacked several of current automatisms
which are routinely applied to third- and fourth-generation RRT machines, and were
probably unsuited for providing accurate and targeted treatments to critically ill
patients with acute kidney injury (AKI) [6]. At that time, accordingly, RRT was
certainly mostly underdosed. In this chapter, the available literature is analyzed with
the aim to identify the current “optimal” dose of RRT in ICU patients with AKI, as
well as to clarify whether and to what extent an increased treatment dose/intensity
might provide a survival benefit in these patients.

6.2 Main Evidence

Several efforts have been made in the literature in order to define the most adequate
RRT dose in AKI: the underlying idea is that RRT delivery may imply a dose-
dependent range, where treatment efficiency correlates with outcomes, and a dose-
independent range in which further dose increases will not result in additional
benefits for the patients. Accordingly, during the last decade, the dose that was first
shown to be associated to better patient outcome (>35 mL kg~! h™!) has been con-
sidered a milestone of critical care nephrology [1]. In particular, in 2000 Ronco
et al. [1] randomized 425 ICU patients with acute renal failure (ARF) to receive
continuous venovenous hemofiltration (CVVH) at 20, 35, or 45 mL kg™' h™! and
found a significantly higher mortality in the 20 mL kg~! h~! group, as compared with
the other two groups (which had similar survival rates). This study also suggested
that post-dilution hemofiltration at higher does (45 mL kg~! h™!) may be indicated in
specific conditions such as sepsis. The hypothesis that an increased intensity of RRT
may improve survival was apparently confirmed also in patients receiving intermit-
tent hemodialysis (IHD). In 2002, in fact, Schiffl et al. [2] randomized 160 ARF
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patients to either daily or conventional (i.e., on alternate days) IHD and showed a
significant reduction in mortality in the daily dialysis group (28 % vs. 46 %, p=0.01).
Interestingly, a few years later, Saudan et al. [3] evaluated the effect of additional
RRT dose, delivered by adding a continuous diffusive technique to a purely convec-
tive treatment, in 206 ICU patients with ARF: again, patients receiving continuous
venovenous hemodiafiltration (CVVHDF) showed a significant improvement in
90-day survival as compared with patients receiving CVVH (59% vs. 34 %,
p=0.0005).

More recently, however, two large multicenter randomized clinical trials exam-
ined the issue of the optimal RRT dose in ICU patients with AKI and the effect of
increased intensity of RRT on mortality: the Randomized Evaluation of Normal
versus Augmented Level of RRT (RENAL) study [7] and the Veterans Affairs/
National institutes of Health Acute Renal Failure Trial Network (ATN) study [8].

In the RENAL trial [7], 1,508 patients were randomized to receive post-dilution
CVVHDEF with an effluent flow of either 25 or 40 mL kg™' h™!. The ATN study [8]
included 1,124 patients who were randomly assigned to either 20 mL kg™' h™!
CVVHDF or thrice-weekly IHD. Both studies failed to demonstrate that higher
RRT doses were associated with better outcomes, except for a septic subgroup of
the RENAL study with a reduced mortality when a higher dose was applied (odds
ratio [OR] 0.84, 95 % confidence interval [CI] 0.62—1.12). However, under-dialysis
should be always avoided in critically ill patients with AKI, and great attention
should be paid in order to minimize the discrepancy between the prescribed and the
actually delivered dose.

In light of this major issue, RRT downtime (defined as the overall time of RRT
“standstill” over 24 h) was specifically explored in the “DOse REsponse Multicenter
International collaborative initiative” (DO-RE-MI) [9]. Membrane clotting, vascu-
lar access issues (inducing physicians to modify the setting), and prescription errors
(due to lack of knowledge) were the main contributors to continuous RRT (CRRT)
stop. Therefore, if a “minimal” dose of 20-25 mL kg~' h™! (according to RENAL
and ATN studies) should be prescribed, physicians should be advised to overpre-
scribe the dose of at least 25 % (targeting 30-35 mL kg~! h™!), in order to limit the
downtime effect.

Two important post hoc analyses of the RENAL trial were performed [10, 11].
The first suggested that fluid balance, rather than RRT dose, may actually affect
patients’ outcomes (see Chap. 19) [10]. In fact, the authors found that mean daily
fluid balance among survivors was —234 mL/day compared with +560 mL/day
among non-survivors (p<0.0001) and that a negative fluid balance was indepen-
dently associated with favorable outcomes, including survival, RRT days, mechani-
cal ventilation days, and both ICU and hospital length of stay. The second post hoc
analysis examined acid-base balance and vasopressor utilization in the subgroup of
patients with metabolic acidosis [11]. This study showed that the high-intensity
group had a greater increase in mean arterial pressure from baseline to 24 h (7+3
vs. 0+3 mmHg, p<0.01) and a greater decrease in norepinephrine dose (from 12.5
to 3.5 vs. 5 to 2.5 pg/min, p <0.05). Despite a similar improvement in acid-base bal-
ance was observed in both groups, strong ion gap seemed to be better corrected by
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high-dose RRT. Although the authors acknowledged that a mechanistic analysis of
the physiological effects induced by high-intensity RRT cannot be provided, they
suggested that a more efficient removal of biologic mediators which are responsible
for hypotension or vasodilation might be the potential mechanism of the observed
hemodynamic improvement. Indeed, the changes in strong ion gap may indicate the
removal of some of these mediators [11].

Finally, Uchino et al. [12] analyzed data from two multicenter investigations, the
Beginning and Ending Supportive Therapy (BEST) study [13] and the Japanese
Society for physician and trainees Intensive Care (JSEPTIC) trial [14], including
1,006 patients from 54 ICUs around the world and 343 patients from 12 Japanese
ICUs, respectively. They found that AKI patients receiving low-dose CRRT
(14.3 mL kg™! h™!) had not a worse short-term outcome as compared with patients
receiving CRRT at doses closer to those currently considered as standard (20.4 mL
kg™ h™).

6.3  Pathophysiological Principles

One of the key issues of the modern concept of RRT is the clinical target: deriving
from nephrology considerations, urea is the main solute that has been referred as the
biomarker indicating how efficiently solutes are removed. However, urea is not the
only solute which accumulates due to kidney injury and its kinetic of removal and
volume of distribution differ by the other uremic toxins [15]. Considering urea as a
target solute could result particularly useless in ICU patients. In fact, unlike patients
with chronic kidney disease (CKD), uremic symptoms are rarely observed in the
ICU, and they usually do not affect the clinical decision about CRRT in these
patients. Other target solutes rather than urea should be considered in ICU patients.
In particular, CRRT should be addressed to specific targets in specific clinical con-
ditions (e.g., myoglobin in patients with compartment syndrome, interleukins dur-
ing sepsis, novel biomarkers in case of early AKI, fluid balance in case of fluid
overload). This concept would also redefine the concept of adequacy itself, which
should probably include not only the amount of RRT to provide but also the exact
circuits, filters, machines, and timing to be applied.

6.4 Therapeutic Use

A specific treatment that can be defined as “adequate” for all ICU patients in all
conditions does not exist but, like mechanical ventilation, CRRT should be continu-
ously tailored on patients’ characteristics and their actual clinical needs.

Advantages and disadvantages of the different RRT modalities are summarized
in Table 6.1 (see also Chap. 4).

Although three studies suggested a survival advantage with higher effluent
dose [1], more frequent (daily) IHD [2], and the adjunct of continuous dialysis to
CVVH [3], respectively, subsequent studies failed to confirm these findings.
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Table 6.1 Advantages and disadvantages of different renal replacement therapy (RRT)
modalities

RRT modality | Advantages Disadvantages

Intermittent Rapid removal of toxins and Rapid fluid removal and frequent

(IHD) circulating solutes hypotension
Reduced downtime for Dialysis disequilibrium and risk of cerebral
diagnostic and therapeutic edema
procedures Technically complex

Reduced exposure to
anticoagulation

Lower cost than CRRT
Prolonged Slower volume and solute Faster volume and solute removal than CRRT
(SLEDD) removal than IHD (increased risk for hypotension and
Faster solutes clearance than disequilibrium syndrome in prone patients)
CRRT Technically complex
Reduced downtime than
CRRT

Reduced exposure to
anticoagulation than CRRT

Continuous Continuous removal of toxins | Slower solutes clearance than IHD

(CRRT) and solutes (avoid Need for prolonged anticoagulation
concentration rebound) Reduced possibility of patient’s mobilization
Hemodynamic tolerability Hypothermia
Easy control of fluid balance Increased costs than IHD
Avoid disequilibrium
syndrome

User-friendly machines

IHD intermittent hemodialysis, SLEDD sustained low-efficiency daily dialysis, CRRT continuous
RRT

Accordingly, an increase in RRT intensity in order to reduce mortality cannot be
recommended [16].

Currently, a CRRT dose prescription below 20 mL kg~ h™! and over 35 mL kg™
h~! may be definitely identified as the dose-dependent range [17] (Fig. 6.2). In fact,
reducing RRT intensity below 20 mL kg~' h™! is likely to negatively affect outcomes
due to under-dialysis, while increasing it above 35 mL kg~! h™! might lead to elec-
trolyte disorders and removal of nutrients and drugs, also potentially reducing sur-
vival. Conversely, prescriptions between 20 and 35 mL kg™' h~! can be considered
as practice dependent: within this range, variables such as timing, patients’ charac-
teristics, comorbidities, or concomitant supportive pharmacological therapies may
have a significant role in affecting patients’ outcome and should trigger a careful
prescription and a close monitoring of dose delivery.

Nowadays, a delivered dose (without downtime) between 20 and 25 mL kg™! h™!
may be considered as clinically acceptable [17]. From a practical standpoint, consid-
ering that average downtime reduces delivered dose by 10-20 %, it might be recom-
mended to prescribe 25-35 mL kg~! h™! in order to achieve an actual dose of at least
20-25 mL kg~' h~!. A dose prescription above 35 mL kg~ h~!, which is also associated
to increased costs [18], is currently not recommended in any clinical condition.
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Fig.6.2 Relationship between delivered dose and patient’s survival. Below 20 mL kg~ h™! (panel
a), the higher the dose the higher patients’ survival (dose-dependent region). Above this limit,
further increase in dose prescription (up to 35 mL kg~' h™') may not influence patients’ survival
(panel b). In this range, other variables (e.g., time of treatment, optimization of blood perfusion,
drug adjustments) may influence the outcome (practice-dependent region). With further increase
of prescribed dose (over 35 mL kg™' h™"), electrolyte disorders and removal of nutrients and drugs
(e.g., antibiotics) may occur, potentially reducing survival (panel c)

Clinical Summary
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7.1 General Principles

Acute kidney injury (AKI) is an independent predictor of mortality in critically ill
patients [1]. Continuous renal replacement therapy (CRRT) developed as a treat-
ment for renal failure in patients who are unable to undergo standard dialytic treat-
ment due to hemodynamic instability.

Several different renal replacement therapies are now available, including con-
tinuous or intermittent techniques. These strategies need some form of anticoagula-
tion to increase circuit survival and to reduce the complications associated with
circuit clotting such as thrombocytopenia. Continuous intravenous administration
of unfractionated heparin (UH) is the most common approach. However, systemic
anticoagulation with UH is associated with potentially serious adverse effects such
as bleeding and heparin-induced thrombocytopenia (HIT) [2]. Regional anticoagu-
lation with citrate has been proposed as an effective and safe mean for anticoagula-
tion during CRRT. Recently, the first international web-based consensus conference
on mortality reduction in patients with or at risk for AKI [3] included citrate antico-
agulation for continuous venovenous hemofiltration (CVVH) among drugs and
techniques which may increase survival in critically ill patients with AKI.

7.2 Main Evidence

Oudemans-van Straaten et al. [4] conducted a non-blinded randomized con-
trolled trial to compare the effect of nadroparin, a low molecular weight heparin
(LMWH), and citrate regional anticoagulation in critically ill patients on CVVH
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from a single-center teaching hospital. A total of 215 patients were randomized.
Adverse events, including bleeding complications, were more frequent in the
nadroparin than in the citrate group (p <0.001). In this study, hospital mortality
and mortality at 3 months were unexpectedly reduced in the citrate group in
both per-protocol and intention-to-treat analyses. This is a strong finding, as
mortality is rarely modified by a single technique in intensive care unit (ICU)
patients, and this is the only technique that proved superior among those adopted
for CRRT. As survival is rarely modified by interventions in these studies, other
surrogate outcomes are commonly used as proxy of safety and performance,
including circuit survival time, bleeding and major adverse events, platelet
count, and discontinuation of CRRT for bleeding.

Several other strategies have been developed to minimize filter clotting during
CRRT. One is predilution, without circuit anticoagulation that prolongs circuit
survival and is a safe approach in critically ill patients at high risk of bleeding
[5]. This technique has the advantage of avoiding any form of anticoagulation,
reducing bleeding complications. However, so far it is not clear which category
of patients can truly benefit from predilution without anticoagulation, as most
critically ill patients are non-bleeding or not at high risk of bleeding. This tech-
nique can indeed reduce circuit lifespan, consequently increasing costs and
reducing CVVH efficacy. Moreover, predilution reduces CRRT efficacy, as ure-
mic toxins and other substances are diluted in blood before CRRT filter, and it is
not the best available option when higher CRRT doses are needed.

As mentioned, systemic anticoagulation with unfractionated heparin (UH) is
the most common strategy employed during CVVH. Several randomized con-
trolled trials have compared UH and regional citrate anticoagulation [2, 4, 6, 7].
A meta-analysis of randomized trials, published in 2012, found a decreased risk
of bleeding in patients treated with citrate, but no difference in survival [8]. Other
studies found that a reduced bleeding risk with citrate anticoagulation as com-
pared with systemic heparin is achieved without reducing or even increasing
clotting-free circuit survival time [9, 10]. However, despite a lower complication
rate, no difference in mortality was identified when comparing UH and citrate
anticoagulation [9].

Several studies compared the efficacy and safety of UH and LMWH. A similar
rate of bleeding, circuit survival, and platelet consumption was found. No signifi-
cant difference in mortality was identified for these treatments [11, 12].

In conclusion, citrate has proven to be superior to LMWH on mortality, while no
definitive conclusion can be drawn from studies comparing citrate and UH. However,
considering that UH was not proven superior to LMWH in terms of mortality in
several studies, and that citrate showed a reduced complication rate when compared
with UH, citrate may be considered at least as safe, and probably safer, than UH in
terms of mortality. Further randomized studies with larger sample size are needed
for a definitive answer.
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7.3  Pathophysiological Principles

Blood flow through the extracorporeal circuit directly triggers coagulation, due to
the contact with artificial surfaces and with air in the bubble trap, to turbulent and
low flow, and to hemoconcentration. Citrate is a well-known anticoagulant. It has
been used for decades as an anticoagulant to preserve stored blood products. Indeed,
citrate chelates calcium ions, a necessary cofactor in the coagulation cascade, thus
reducing calcium levels. The reduced calcium concentration hampers thrombin
generation, the fundamental final step of intrinsic and extrinsic pathways in the
coagulation cascade.

The citrate-calcium complex is removed from the circuit through hemofiltration
and dialysis, while normal calcium levels are restored through a post-filter calcium
infusion. This normally grants regional anticoagulation within the extracorporeal
circuit, with low risk of bleeding in most patients.

The local extracorporeal effect of citrate anticoagulation is the main principle
behind its safety. All other anticoagulants are administered and exert their effects
systemically, causing complications in every organ. In patients at high risk of bleed-
ing, anticoagulants are used at a lower dose to reduce complications. However, this
strategy may reduce CRRT circuit lifespan. Conversely, during citrate regional anti-
coagulation blood clotting is impaired only in the CRRT circuit, as citrate is infused
and removed (for the largest part) before blood reinfusion to the patient. Metabolic
and ionic derangements due to the small amount of citrate that enters systemic cir-
culation are easily monitored and reversible using point of care analyzers.

7.4 Therapeutic Use

The main indication for citrate regional anticoagulation is CRRT in critically ill
patients at high risk of bleeding.

The number needed to treat to prevent one bleeding event with citrate regional
anticoagulation was calculated to be 6.87 [8, 13]. While citrate CRRT presents
higher direct costs than other standard dialytic techniques, citrate anticoagulation
was demonstrated to be eventually cheaper than systemic UH, due to increased
circuit survival and due to a reduced transfusion and complication rate [14, 15].

The advantages and the indications for the different anticoagulation strategies
are summarized in Table 7.1.

Clinicians should consider, during citrate anticoagulation, that despite the
removal of most citrate-calcium complex within the dialytic circuit, a small amount
of citrate may be delivered to the patient. This can have profound consequences on
systemic acid-base balance. Citrate is normally cleared by the liver, almost indepen-
dently from renal function. Citrate is metabolized in the hepatocytes through Krebs
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Table 7.1 Common anticoagulation techniques used for continuous renal replacement therapy

Anticoagulation Indications Advantages Effect on survival
Regional citrate Patients at Lower risk of Citrate reduces mortality against
anticoagulation high risk of bleeding LMWH (nadroparin)
bleeding
Systemic unfractionated | Critically ill Most used, low | None demonstrated
heparin anticoagulation | patients costs, easily
reversible
Low molecular weight | Critically ill Low cost, easy | Increases mortality when
heparin patients to use compared to citrate regional
anticoagulation in patients at
risk of bleeding
Predilution (no Patients at No risk of None demonstrated
anticoagulants) high risk of bleeding
bleeding

cycle, liberating three molecules of carbon dioxide that are then converted to bicar-
bonate. Thus, citrate may act as a buffer in the systemic circulation, possibly leading
to metabolic alkalosis.

Although trisodium citrate is the primary citrate form in commercial solutions
for CRRT, in some cases a small amount of citric acid is added in the preparation.
This enhances the anticoagulation effect and reduces the risk of metabolic alkalosis
as citric acid is not metabolized to bicarbonate. Moreover, the risk of hypernatremia
due to trisodium citrate is reduced by citric acid use.

Citrate may accumulate in patients with hepatic dysfunction, resulting in meta-
bolic acidosis and hypocalcemia. This is the direct consequence of an impairment
in citrate metabolism due to liver failure. Acidosis may also occur due to continu-
ous loss of bicarbonate and calcium/citrate complex in the filtrate fluid. The most
frequent and dangerous complication is the development of systemic calcium
derangements that may be life threatening. Moreover, other electrolytes are che-
lated by citrate, including phosphorus and magnesium. Therefore, calcium and
electrolyte levels should be monitored closely in clinical practice to reduce citrate
toxicity.

Liver failure is a relative contraindication for citrate regional anticoagula-
tion, as it implies a higher risk of citrate toxicity. However, citrate anticoagula-
tion can be used even in patients with liver failure if needed, with closer
metabolic monitoring [16—18]. Citrate metabolism may be impaired in other
conditions with systemic hypoperfusion causing reduced liver blood flow and
reduced citrate clearance, such as cardiogenic shock or septic shock. To increase
the safety of this technique, standardized local protocols should be employed
[13]. Moreover, new commercial solutions and more accurate algorithms for
citrate management are being developed to simplify citrate anticoagulation, to
reduce the risk of metabolic derangements, and to widen its use in clinical prac-
tice [19].
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In conclusion, considering the lower risk of complications and some evi-
dence of survival advantage for citrate anticoagulation, the addition of new
technological improvements and the evidence of similar total costs, citrate use
for CRRT in critically ill patients should probably be increased in the next
future. New clinical trials are warranted to definitively assess the effect of citrate
anticoagulation in terms of survival benefits, complication rate, and

cost-effectiveness.

Clinical Summary

Technique  Indications | Cautions | Side effects Dose Notes
Citrate in | Need for Liver Citrate Citrate Calcium and
CRRT renal failure, intoxication, solution is other
replacement | shock especially in infused in the | electrolytes
therapy in liver failure, arterial line, at | levels should
critically ill leading to 102 mmol/L be closely
patients at hypocalcemia The rate of monitored to
risk of and/or other calcium avoid the
bleeding electrolyte chloride risk of
disturbances reinfused hypocalcemia
Acid bases through Acid-base
disturbances, venous line status should
including (starting at be monitored
metabolic 0.5 mL/min) is | to avoid
alkalosis and modified acidosis and
acidosis according to alkalosis
calcium levels
monitoring
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and Antonio L. Bartorelli

8.1 General Principles

One of the most important and well-known complications of contrast agent admin-
istration is kidney toxicity and contrast-induced nephropathy (CIN). The incidence
of CIN is growing, largely due to the increasing number of cardiac catheterizations
and percutaneous coronary interventions (PCI) in elderly patients with associated
co-morbidities, such as chronic kidney disease (CKD), diabetes and cardiac failure
[1]. The available literature has consistently shown that patients who develop CIN
have a greater risk of death, both during hospitalization and for up to one year or
more after the contrast-enhanced procedure. Therefore, as CIN is potentially pre-
ventable, prophylactic measures are mandatory.

Despite a large number of studies, most of the evaluated prophylactic pharmaco-
logic agents have not proven to be effective, particularly when hard end points are
considered. Renal replacement therapies (RRTs) are emerging as useful therapeutic
strategies in patients with coexisting cardiovascular and renal pathologies, and they
have recently been a matter of deep investigation also in the setting of CIN preven-
tion. This interest lies on the notion that contrast media, due to their relatively small
size, lack of protein binding and small volume of distribution, are well suited for
removal with RRT [2].
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In this chapter, the potential applications of RRT and, in particular, of hemofiltra-
tion, in CIN prevention in patients undergoing PCI, will be discussed on the basis of
investigational experiences, with an emphasis on their impact on prognosis.

8.2 Main Evidence

The features and findings of the main studies investigating the prophylactic use of
RRT to prevent CIN and to reduce mortality are summarized in Table 8.1.

Hemodialysis was first proposed for CIN prevention after contrast agent admin-
istration in patients with CKD, but no clear benefit over hydration, or even potential
harm, was demonstrated [3—6]. Indeed, a higher likelihood to have a decline in renal
function with additional hemodialysis treatment was reported [4]. Even when
hemodialysis was started immediately before contrast agent administration, it did
not demonstrate any appreciable protection against CIN [7]. These initial negative
results were confirmed in a systematic review [8] and in a more recent meta-analysis
[9] that showed no benefit of hemodialysis in CIN incidence as compared to routine
preventive care, with, again, a trend toward a greater risk for hemodialysis need [8].
Nevertheless, subgroup analyses found that hemodialysis had a beneficial effect
over the standard treatment in reducing the risk of CIN in patients with stage 4 or
stage 5 CKD [9]. Consistently, Lee et al. [10] demonstrated the benefit in renal out-
come of a 4-h hemodialysis session after coronary angiography in patients with
stage 5 CKD. However, hard end points, such as in-hospital and long-term mortal-
ity, do not seem to be favourably affected by the use of prophylactic hemodialysis
[9, 11].

Continuous hemofiltration, by effectively removing fluid and solute with fluid
volume control, is associated with a better hemodynamic stability. Thus, it repre-
sents an advantage over high-intensity hemodialysis sessions, especially in the
treatment of patients with associated renal and cardiac failure. In 2003, a single-
centre randomized controlled trial found that the use of pre-emptive hemofiltration,
initiated 4-8 h before contrast exposure and continued for 18-24 h after the proce-
dure, resulted in a significant reduction of CIN incidence (5 % vs. 50 %) and in an
improved in-hospital (2 % vs. 18 %) and 1-year (10 % vs. 30 %) mortality in patients
with severe CKD undergoing elective PCI [1]. A subsequent randomized study,
comparing the use of saline hydration with pre- and post-procedural hemofiltration
or the use of post-procedural hemofiltration only in severe CKD patients scheduled
for elective procedures, concluded that pre- and post-hemofiltration was superior to
the other two strategies, in terms of CIN incidence, in-hospital clinical complica-
tions, and mortality [12]. In line with these findings, it has been recently demon-
strated, in 46 CKD patients undergoing PCI, that hemofiltration (if serum creatinine
<3 mg/dL) or hemodiafiltration (if serum creatinine >3 mg/dL) performed before
and after contrast medium administration was more effective in preventing a further
worsening of renal function as compared to post-procedural treatment only.
Moreover, at 18 months, a significantly lower overall mortality was observed in
patients treated with RRT pre-post vs. RRT post (16 % vs. 57 %) [13]. However, in
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a recent meta-analysis including 11 trials (9 randomized and 2 nonrandomized),
although hemofiltration and haemodiafiltration were found to significantly reduce
the risk of acute temporary RRT, their use did not affect CIN occurrence and did not
improve mortality [9].

Although the notion that a pre-procedural RRT session is required in order to
obtain a full clinical benefit, its use before coronary angiography and PCI is unsuit-
able for many patients with acute coronary syndrome (ACS), who often need an
emergency or urgent intervention. In addition, ACS patients represent a population
at high risk of CIN, given the large amount of contrast that may be required, the
frequently associated hemodynamic instability and the preclusion from adequate
CIN prophylaxis measures before contrast exposure [14]. In 2011, Saudi et al. [15]
demonstrated that a 24-h hemofiltration session, performed as soon as possible after
contrast injection in 98 CKD patients undergoing coronary angiography, resulted in
a very low CIN incidence (1 %). However, since a clinical follow-up was not avail-
able, the potential prognostic implications of hemofiltration could not be deter-
mined. In a subsequent study, hemofiltration performed only during coronary
intervention in CKD patients, with stable and unstable (about 40 %) coronary artery
disease, provided a similar protection against CIN occurrence and a better 30-day
renal outcome using significantly less medical resources as compared to peri-
procedural hemofiltration, suggesting that simultaneous hemofiltration can be
immediately performed in patients undergoing emergency coronary intervention
[16]. In agreement with these preliminary data, Guastoni et al. [17] demonstrated
that hemofiltration performed for 6 h after a diagnostic or interventional coronary
procedure in patients with severe CKD, also including those with ACS, was able to
remove more than half of the administered contrast medium. Again, this was associ-
ated with a low incidence of CIN. A recent study evaluated such a strategy in high-
risk ACS patients with associated severe renal and cardiac dysfunction, undergoing
urgent or primary PCI and found that a 3-h treatment with haemodiafiltration, initi-
ated immediately after PCI, significantly impacted on in-hospital (3 % vs. 23 %) and
1-year mortality (10% vs. 53 %) [18]. Of note, the incidence of stage 2—3 acute
kidney injury (10% vs. 40 %) and the need for rescue RRT (7% vs. 27 %) during
hospitalization were significantly lower among haemodiafiltration-treated patients,
suggesting that the possible clinical benefit associated with haemodiafiltration could
have been driven by the marked reduction in the occurrence rate of severe acute
kidney injury.

8.3  Pathophysiological Principles

A possible explanation for the lack of a beneficial effect associated with the use of
hemodialysis is that, by inducing hypovolemia, it may worsen renal ischemic injury,
delay recovery of renal function and result in a need for prolonged treatment. On the
other hand, continuous hemofiltration is associated with hemodynamic stability
and, by preserving the volume of circulating blood, it safeguards against renal
hypoperfusion. This effect is particularly useful when coronary procedures are
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performed in patients with critical conditions. In addition to hemodynamic stability,
hemofiltration provides controlled high-volume hydration and removal of contrast
agent from the circulation, with a resultant reduction in the kidneys’ exposure to the
agent. It can also be speculated that, in addition to high-volume controlled hydra-
tion, the removal by convective filtration and by adsorption to the filter membrane
of mediators of contrast-induced toxicity, such as endothelin, angiotensin, prosta-
glandins and adenosine, as well as of uremic toxins, may play an additional protec-
tive role during the hemofiltration session preceding contrast exposure. Finally, a
renal protective effect may also derive from the alkalinizing bicarbonate-based solu-
tion, used in the replacement fluid during hemofiltration.

8.4 Therapeutic Use

Taken together, these data indicate that hemofiltration represents an important
advance for CIN prevention, because it allows us to extend the range of patients
with advanced CKD who were previously excluded from cardiac catheterization,
despite their high coronary atherosclerotic burden, and who may currently undergo
invasive cardiovascular procedures safely. However, although a growing amount
of data seems to support its use, there is still insufficient evidence to confirm a
routine employment of hemofiltration for both CIN prevention and outcome
improvement in clinical practice in high-risk patients [19]. Accordingly, the most
recent guidelines on myocardial revascularization of the European Society of
Cardiology and the European Association for Cardio-Thoracic Surgery have rec-
ommended (Class IIa recommendation, level of evidence B) the use of prophylac-
tic hemofiltration for prevention of CIN only in patients with severe CKD
undergoing complex PCI [20].

In conclusion, the role of these therapies in the highest risk patients, namely,
those with associated cardio-renal dysfunction, where adequate intravenous hydra-
tion may be difficult and fraught with complications, seems to be promising. As
only patients with very low residual renal function seem to benefit from these thera-
pies, they should be the focus of studies that wish to test the potential clinical

Clinical Summary

Strategy Indications Side effects Dose

Peri- Complex PCI | Related to vascular Prophylactic 6 h before

angiography in severe CKD | access (haemorrhage, PCI continued for 24 h

hemofiltration patients infection, insertion after the procedure
complication) Fluid replacement rate
Related to 1,000 mL/h without
heparinization negative loss and saline
(haemorrhage, hydration

thrombocytopenia)
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advantage of RRT. Therefore, future studies are warranted to better define the spe-
cific role of these approaches, with particular emphasis on hard clinical end points,
optimally customized prophylactic protocols and their most cost-effective
application.
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9.1 General Principles

Among severely burned patients who require hospitalization, the prevalence of
acute kidney injury (AKI) has been reported to be close to 25 %, with an associated
mortality of 35 % [1]. Among those who require renal replacement therapy (RRT),
the reported mortality is up to 80 %, and it is likely higher than in the non-burn criti-
cally ill population (60 %) [1, 2]. It is presumable that this high associated mortality
is closely tied to burn size and age and thus relatively non-modifiable. However,
recent studies suggest that it is possible to alter survival in this patient population
with an early, aggressive approach to RRT. More importantly, the traditional
approach of waiting for classically taught triggers for the initiation of RRT (such as
refractory acidosis, severe electrolyte abnormalities, intoxication with dialyzable
substances, intractable fluid overload, and uremic complications such as pericarditis
and encephalopathy) may result in an unacceptably high mortality [3].

The specific mode of RRT also deserves careful consideration for the treat-
ment of AKI in burned patients. Convective solute clearance through
hemofiltration-based RRT has theoretical advantages in the setting of an aug-
mented immune/inflammatory state, due to the nonspecific removal of middle
molecular weight mediators (10-50 kDa) [4]. In contrast, solute diffusion with
reliance on concentration gradients through hemodialysis-based RRT only effec-
tively targets small molecules. The contrast between continuous and intermittent
modes of RRT and their corresponding clinical implications is also of interest in
the burn population. It is commonly accepted that continuous modes are better
tolerated from a hemodynamic standpoint than intermittent therapies [5, 6].
Additionally, continuous therapies may be associated with better long-term out-
comes as defined by less need for long-term dialysis among survivors [7, 8].
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Therefore, a reasonable argument can be made for continuous venovenous hemo-
filtration (CVVH) as the mode of choice for severe burns with AKI. A recent
systematic review revealed only one study suggesting that this intervention
improves mortality [9]. This study and its implications will be reviewed in this
chapter.

9.2 Main Evidence

Early reported experience in burns by Leblanc et al. [10] suggested that continuous
renal replacement therapy (CRRT) was hemodynamically well tolerated while pro-
viding good metabolic and volume control. Their reported mortality rate was how-
ever 82 %, similarly to other reports, which also showed high mortality rates among
burn patients treated with CRRT [11-14].

In a study comparing early aggressive CRRT in burned military casualties, a
decreased in-hospital mortality from 88 % to 56 % was demonstrated when com-
paring a treated group to a historical control of patients who were managed using
the conservative approach of waiting for traditional dialysis indications [14]. Of
note, none of the patients in the conservative arm survived long enough to meet
the criteria for dialysis, and thus, none were offered any form of RRT. When the
sample size was nearly doubled with the addition of civilian burn patients treated
in the same facility, the improvement in survival was sustained [15]. Again, only
a small fraction of patients in the conservative arm (2/28) received any form of
RRT, suggesting that applying traditional dialysis initiation criteria in burns only
leads to an unacceptably high death rate. Interestingly, a significant improvement
in hemodynamic parameters was observed among those who were placed on
CVVH while in shock (n=21), with most of them being completely weaned off
vasopressor support within 48 h. Additionally, patients with acute respiratory
distress syndrome (ARDS) had a significant improvement in oxygenation within
24 h from CVVH initiation (n=16).

This study certainly has some limitations: the sample size is small, the study
is retrospective and it is from a single center. Therefore, caution should be applied
when interpreting these findings into actual practice. Accordingly, the first web-
enabled international consensus conference on mortality reduction in patients
with or at risk for AKI recently recommended against the routine application of
CVVH in severely burned patients with the intent of increasing survival [9].
Nonetheless, it is important to individualize interventions based on the best
available evidence when dealing with a niche population such as burns, where
robust populations do not readily exist for the purposes of large randomized mul-
ticenter studies. In fact, if on the one hand the impact of this specific therapy on
survival in burn patients with AKI is probably unclear, on the other hand, an
unacceptably high mortality is almost certain if no therapy is applied in this
setting.
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9.3  Pathophysiological Principles

Treatment of burn patients with CVVH resulted in an observed improvement in
hemodynamics and lung function [15]. This suggests a potential extrarenal benefit.
Hemodynamic improvement has been observed in other studies where a relatively
high dose of replacement volumes has been used [16]. In the discussed study on
CVVH in burned patients, the mean hemofiltration dose prescribed was 57+ 19 mL
kg~! h™! [15]. This dosage places this technique in the “high-volume hemofiltration”
category, capable of removing circulating mediators and cytokines from the blood
compartment, as demonstrated in numerous preclinical studies [16]. The profoundly
dysregulated inflammatory host response observed in the critically ill burn popula-
tion may thus be ideally suited for this type of approach [17]. Regardless, it is not
possible to attribute any potential benefit to an aggressively applied (high-volume)
mode of therapy (hemofiltration) in the right population (burns) as early application
(timing) may also be a factor.

High-volume hemofiltration (70 mL kg~! h~!) applied in a critically ill population
was not found to be superior to a lower dose of hemofiltration (35 mL kg™ h™!) in a
randomized controlled trial [18]. Caution should be applied in the extrapolation of
these findings to the burn population.

Obviously, more carefully designed studies are needed. However, while the opti-
mal mode and dose of therapy in burns continue to be up for debate, it is clear that
waiting for “traditional” dialysis indications only leads to an unacceptably high
mortality rate in this unique population. Early and aggressive application of some
form of RRT regardless of mode and dose may be better than waiting for arbitrary
and absolute triggers.

9.4 Therapeutic Use

Application of CVVH, especially higher doses, comes with some unique practical
considerations. Some of these have been mentioned in the Clinical Summary. First,
as with any mode of RRT, regular monitoring of electrolytes is a must. In particular,
given that the convective approach can remove larger molecules in the middle
molecular weight range, extra attention should be paid to avoidance of hypophos-
phatemia. Second, the mode and dose of therapy, along with native renal clearance,
need to be taken into account when determining appropriate doses of therapeutic
drugs such as antimicrobials [19]. Finally, when applying a higher hemofiltration
dose by increasing the replacement fluid rate, careful consideration of the filtration
fraction is needed, and blood flow must be increased accordingly to avoid early
clogging of the filter [20]. In general, a filtration fraction less than 25 % is desired to
maintain adequate filter patency. This can be achieved by increasing the blood flow
rate of the circuit along with the replacement fluid rate.
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Clinical Summary

Technique Indications | Cautions Side effects Dose Notes
CVVH AKl in Dose Electrolyte 20— Early
burns adjustment of | depletion 35mL | initiation
antimicrobials | Loss of kg h' | may be
needed micronutrients beneficial
High-volume | AKIin Dose Electrolyte >35mL | Evidence
hemofiltration | burns with | adjustment of | depletion kg'h!' | inthe
septic antimicrobials | Loss of general
shock needed micronutrients critically
ill
population
suggests
no benefit
Appears
to be safe
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Nicola Brienza, Mariateresa Giglio,
and Argentina Rosanna Saracco

10.1 General Principles

Each year, 234 millions major surgical procedures are performed worldwide.
Despite the overall low risk of death and complications, over 80 % of postoperative
deaths occur in a specific high-risk subgroup of patients in whom an imbalance
between global oxygen delivery (DO,) and oxygen consumption (VO,) develops
[1]. This derangement derives from a complex interplay between surgery-induced
inflammatory response and patient status, with an increased oxygen demand [2, 3]
that sometimes fails to be matched by an adequate increase in DO,, thus leading to
hypoperfusion and tissue hypoxia. The consequences of tissue hypoxia include the
activation of both endothelium, leading to capillary leak, and pro-inflammatory
cytokines, leukocytes, and complement cascade, enhancing the inflammatory status.
If this process is untreated, fatal postoperative complications may develop [4].

Postoperative acute kidney injury (AKI) affects 1-37 % of patients after surgery
[5, 6]. Its occurrence is associated with higher rates of gastrointestinal bleeding,
respiratory infections, and sepsis [7, 8]. Very recent evidences show that the risk-
adjusted average cost of care for patients undergoing surgery is $42,600 for patients
with any stage of AKI compared with $26,700 for patients without AKI and the
risk-adjusted 90-day mortality is 6.5 % for patients with any stage of AKI compared
with 4.4 % for patients without AKI [9].
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Several risk factors have been associated with postoperative AKI. Most of these
are non-modifiable, either procedure related (urgent surgery, need for surgical re-
exploration, cardiopulmonary bypass duration) or patient related (age >70 years,
diabetes mellitus, atrial fibrillation, left ventricular dysfunction, preoperative intra-
aortic balloon pump counterpulsation, chronic renal failure) [5]. Cardiovascular
surgery is, by far, the surgical procedure with the higher risk of postoperative AKI,
with up to 30 % of patients experiencing AKI [5], although a recent retrospective
study suggests that the incidence of postoperative AKI in noncardiac surgery may
be quite close (22.4 %) [10]. This study shows that postoperative AKI is indepen-
dently associated with increased in-hospital mortality (patients who developed AKI
were 3.7 times more likely to die); moreover, the more severe AKI, the higher in-
hospital mortality. In addition to severity, the duration of AKI may be a predictor of
in-hospital mortality. A recent observational study stratifies postsurgical patients
with AKT according to the maximum KDIGO class (see Chap. 2) and the duration
of AKI, showing a significant increase (2.5 %) in hospital mortality for each extra
day of AKI duration for those episodes lasting <2 weeks [11].

Therefore, improving the renal outcome of high-risk surgical patients is of con-
siderable clinical importance, especially as it may favorably influence survival and
improve resource allocation. Nevertheless, there are still a lot of uncertain aspects
due to the absence of a homogeneous definition of AKI, of renal risk stratification,
and of studies with adequate power and appropriate sample composition.

10.2 Pathophysiology

Historically, the mechanisms of AKI have been classified as prerenal, intrinsic, and
postrenal. Ischemic forms, prerenal azotemia, and acute tubular necrosis are the
most common causes of AKI in hospitalized patients. However, AKI represents a
continuum of injury, and the distinction between prerenal azotemia and acute tubu-
lar necrosis is likely not reflective of tubular biology. Postoperative AKI may involve
prerenal factors and progress toward acute tubular necrosis through acute ischemic
or toxic injuries [12]. The underlying mechanism is multifactorial: hemodynamic,
inflammatory, and nephrotoxic factors may be all involved, and overlap each other,
in causing kidney injury. Moreover, the type of surgery, coexisting diseases, and
preoperative renal function are critical risk factors, alone or in synergetic associa-
tion [12-14]. Additionally, a surgery-related inflammatory response with activation
of the cytokine network, reactive oxygen species (ROS) formation, and leukocyte
infiltration may contribute to kidney injury.

The multifactorial pathogenesis of AKI probably explains why evidence-based
preventive strategies are still lacking. In 2005, a systematic review did not find any
reliable evidence from the available literature to suggest that drugs such as dopa-
mine, diuretics, calcium channel blockers, or angiotensin-converting enzyme inhib-
itors can exert a renal protective action [15]. Aimed to improve outcome in critically
ill patients with AKI, a set of guidelines was released by the Kidney Disease:
Improving Global Outcomes (KDIGO) group in 2012 and recently updated [16].
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This group of experts stated that hemodynamic optimization with isotonic crystal-
loids and vasopressors is the cornerstone for prevention of AKI, together with
avoiding iodinated contrast and other nephrotoxic drugs.

Hemodynamic optimization, also known as goal-directed therapy (GDT), refers
to the monitoring and manipulation of physiological hemodynamic parameters by
means of various therapeutic interventions, including the administration of fluids, but
also of red blood cells and inotropic drugs, aimed to face the increase in oxygen
demand. Since 1988 (when Shoemaker et al. [17] performed the first interventional
trial on perioperative GDT), several investigations have been performed with con-
flicting results. Subsequent meta-analyses [18, 19], considering separately surgical
and septic/critically ill patients, confirmed that mortality was improved only in the
perioperative setting. The beneficial effect of GDT only in surgical patients may rely
on the basis that, while in the early stage of systemic inflammatory response syn-
drome it is possible to prevent the deleterious effects of oxygen debt, when the
inflammatory process has advanced oxygen debt is no longer reversible and increas-
ing oxygen transport is no longer effective. The reduction in mortality observed with
GDT seems to be related to the reduction in perioperative morbidity, including renal

injury.

10.3 Main Evidence

A recent meta-analysis of 20 studies (including 4,220 patients, overall) specifically
addressed the potential nephroprotective role of perioperative targeted hemodynamic
optimization with fluids and/or inotropes, showing that GDT decreased the risk of
postoperative renal impairment (Table 10.1) [20]. Interestingly, both intraoperative
and postoperative optimizations were as much effective as preoperative optimization.
Accordingly, from a “renal standpoint,” hemodynamic optimization performed dur-
ing or soon after surgery seems to be a feasible alternative when preoperative optimi-
zation is difficult to pursue. Moreover, targeting the optimization to physiological
values of cardiac output has proven to be as much nephroprotective as adopting
“supranormal goals” (e.g., DO, index >600 mL min~! m, or cardiac index >4.5 L
min~! m2). Nevertheless, due to the potential risk of complications such as fluid
overload, myocardial ischemia, as well as further deterioration of renal function [21],
both an aggressive administration of fluids and an excessive use of catecholamines,
in the attempt to increase cardiac output to supranormal values, should be avoided.
Other subgroup analyses demonstrated the beneficial effect of GDT in high-risk
patients, when fluids and inotropes were used together to reach hemodynamic targets
and when a pulmonary artery catheter (PAC) was used as compared with less-inva-
sive monitoring tools. The latter analyses, however, were limited by low statistical
power, and no definitive conclusions can be drawn about these issues.

These findings were confirmed by a subsequent systematic review, demonstrat-
ing the ability of the association of fluids and inotropes to reach hemodynamic goals
and reduce postoperative AKI [22]. Moreover, this paper suggested that GDT may
reduce postoperative AKI not only by providing extra fluid when indicated but also
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by allowing earlier and guided use of fluids and by preventing the administration of
unnecessary fluids when hemodynamic target is met.

In a recent international, web-enabled consensus conference, dealing with the
interventions that may influence survival in critically ill patients with or at risk for
AKI, GDT was graded as 1C (i.e., strong recommendation supported by low quality
of evidence; see Chap. 3) [23]. Interestingly, GDT received a 100 % agreement by
the consensus meeting and a 97 % agreement by the web voters worldwide, result-
ing in the most suggested recommendation in order to reduce mortality in critically
ill patients with or at risk for AKI.

At the moment, GDT is the only approach that can be endorsed in order to reduce
the incidence of postoperative AKI. GDT may decrease the risk of postoperative
renal injury by assuring adequate renal blood flow and reducing renal vasoconstric-
tion. Moreover, thanks to the reduced risk of renal hypoxia, this strategy may atten-
uate a vicious cycle of destructive processes, including inflammation, differentiation,
fibrosis, peritubular capillary narrowing, impaired renal autoregulation, oxidative
stress, apoptosis, and necrosis.

10.4 Clinical Considerations

Interventions to optimize hemodynamics are diverse in nature, targets, timing, design,
and technology (see Table 10.1). This heterogeneity leads to uncertainty about the
precise nature of treatments and/or technologies that should be applied to achieve
hemodynamic optimization. For example, different studies on GDT varied their
approach regarding the type of fluid used to reach hemodynamic targets, since some
trials used crystalloids, while others used only colloids. Recent evidence suggests that
the type of fluid is also likely important in determining renal function [24]. Several
concerns about renal toxicity of starch-based solutions, in fact, have been raised in the
ICU population, and their safety in surgical patients is still under debate [25-27] (See
Chap. 20). Similarly, high-chloride fluids are suggested to exert an adverse effect on
renal function [24, 28]. Moreover, even if evidence shows that the use of inotropes
after fluid loading may confer significant benefits, it is not possible to state whether
the effects of fluid and inotropes are synergistic or whether the beneficial effect of one
intervention counteracts the adverse effect of the other. So far there is no a “best”
monitoring tool or hemodynamic target, and the choice of perioperative hemody-
namic monitoring for GDT depends on both surgery-related and patient-related risks.
Empirically, patients with cardiac morbidity undergoing major surgical interventions
which imply large fluid shifts and hemodynamic stress would draw maximum benefit
from more invasive monitoring (e.g., pulmonary artery catheter), but limited evidence
exists. Specific trials investigating these issues are still lacking.

Conclusion

AKI is a serious complication in surgical and critical care patients and carries an
increased risk of mortality and additional hospital costs. One advantage with
postoperative AKI is that the moment of the actual insult to the kidney is known,
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and this should facilitate the use of adequate preventive strategies. Nevertheless,
evidence-based recommendations to prevent postsurgical AKI are still scarce.
Recent evidence demonstrates that hemodynamic optimization to reduce mortal-
ity in critically ill patients with or at risk for AKI is supported by high-level
evidence. Several points of debate are, however, still open, including the type of
fluid to be used to reach the hemodynamic targets, the inotropic support, the
choice of the monitoring tool as well as of the hemodynamic variables to be tar-
geted, and which subgroup of the high-risk surgical population could benefit
most from a GDT approach. Forthcoming trials are needed to clarify whether
using less-invasive monitoring tools and targets may play an effective role in
protecting renal function after surgery. Moreover, the role of inotropic support to
preserve renal function during surgery needs to be clarified. Finally, prospective
RCTs are needed to clarify which perioperative goal-directed fluid strategy may
protect and which may even harm renal function.
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11.1 General Principles

In critically ill patients admitted to an intensive care unit (ICU), there is a high inci-
dence of both oliguric and non-oliguric acute kidney injury (AKI). Many patients
also receive fluid resuscitation, and this, especially in combination with oliguric
AKI, carries a high risk of clinically significant fluid overload. Fluid overload
(defined as an overall accruement of fluid by more than 10% of baseline body
weight) is associated with higher mortality, longer duration of mechanical ventila-
tion and greater ICU length of stay [1-3]. The exact pathogenesis leading to adverse
outcome following fluid overload is not known in detail, but tissue and organ
oedema, causing impairment of transport and exchange of oxygen and nutrients,
might contribute. Hence, there is great interest in understanding what strategies may
be effective in avoiding, or at least mitigating, this potentially harmful condition.
Treatment with diuretics to facilitate the achievement of an even or negative fluid
balance, and potentially to prevent the need for renal replacement therapy (RRT), in
the setting of AKI has been the subject of great interest. However, the latest interna-
tional guidelines recommend not using diuretics to prevent or treat AKI (grade 1B,
i.e. strong recommendation based on moderate-quality evidence), except in the
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management of fluid overload (grade 2C, i.e. weak recommendation with low- or
very low-quality evidence) [4].

Furosemide is a loop diuretic and can be administered intravenously both as
bolus injections and as a continuous infusion. We examined the evidence from sev-
eral randomised clinical trials (RCTs) and one meta-analysis of RCTs comparing
the effects of administration of furosemide as a continuous infusion vs. bolus
administration in the setting of AKI with and without fluid overload. Furosemide
use in the setting of primary heart failure is beyond the scope of this chapter.

11.2 Main Evidence
11.2.1 Evidence from Randomised Clinical Trials

The first group who investigated the use of furosemide as continuous infusion was
Copeland and colleagues [5]. They randomly assigned 18 cardiac surgery patients
(9 in each group) to receive 0.3 mg/kg furosemide as a bolus injection or 0.05 mg
kg™ h™' as an infusion. There were no differences between groups after 12 h, but
continuous infusion provided less variable and more sustained diuresis from hour to
hour.

Schuller et al. [6] enrolled 33 cardiac and medical ICU patients with pulmonary
oedema or fluid overload. The patients were randomised to either bolus or continu-
ous administration of furosemide titrated to achieve an average hourly net negative
fluid balance of at least 1 mL/kg, but no differences were observed between the
groups.

In 2002, Martin et al. [7] investigated both continuous furosemide and albumin
infusion, as compared with placebo, in hypoproteinaemic patients with acute lung
injury. Thirty-seven mechanically ventilated patients from two university hospitals
were included. No mortality difference was seen, but the albumin-furosemide group
had improved diuresis and weight loss (on average, 5.3 kg more over 5 days,
p=0.04), as well as better oxygenation and haemodynamic variables, as compared
to the placebo group.

Mojtahedzadeh et al. [8] randomised 22 medical ICU patients with pulmonary
oedema or fluid overload. Consistently with the findings of Schuller et al. [6], furo-
semide administration as either a bolus or continuous infusion was equally effective
in achieving a negative fluid balance.

In 2007, Ostermann et al. [9] compared the two regimens in 59 patients with fluid
overload in two general ICUs. They found no difference in hospital mortality, fre-
quency of mechanical ventilation, changes in serum creatinine or estimated glo-
merular filtration rates. However, the total dose of furosemide was significantly
lower in the continuous infusion group (9 mg/h vs. 24 mg/h, p<0.001), and urine
output per mg furosemide was higher in the continuous infusion group (31.6 vs.
18 mL/mg, p=0.01).

The most recent and also the largest study was that by Kunt et al. [10]. These
investigators randomised 100 patients with normal renal function undergoing
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elective coronary bypass surgery to either of the two dosing regimens. In the bolus
group, urine output was significantly lower and the use of RRT was higher (p=0.03).
Also, mortality was higher in the bolus group (7 patients vs. 1 died, p=0.03). This
is, so far, the only investigation reporting a survival benefit with continuous infusion
of furosemide as compared to bolus administration. However, it has been criticised
for important methodological flaws [11].

In summary, three of the studies comparing furosemide by continuous infusion
with bolus administration reported on mortality. Two studies found no difference [7,
9], whereas one low-quality study found a reduced mortality with continuous infu-
sion [10]. There is weak evidence that continuous furosemide infusion is more
effective in achieving larger diuresis and better control of fluid balance, without
large fluctuations in blood volume, as compared to bolus administration [9—11].
However, some studies found similar effects between the two regimes. We found no
studies specifically designed to investigate the role of continuous furosemide infu-
sion in prevention of sepsis-associated AKI or to assess the influence of continuous
furosemide infusion on outcomes in septic patients with AKI.

11.2.2 Systematic Reviews and Meta-analyses

We found only one systematic review with meta-analysis specifically focusing on
furosemide as a continuous infusion versus bolus injection [12]. This review
included comparative trials of furosemide bolus vs. continuous infusion by random
allocation in surgical or ICU patients. Four trials including a total of 129 patients
were included in the analysis. Furosemide as continuous infusion was not associ-
ated with a significant reduction in the risk of hospital mortality as compared to
bolus administration (odds ratio [OR] 0.60, 95 % confidence interval [CI] 0.20-
1.84, p=0.37). Thus, existing data are insufficient to recommend a better way to
administer furosemide which could impact mortality, as well as other patient-
relevant outcome measures or resource use.

11.3 Pharmacologic Properties

Furosemide is a loop diuretic and acts primarily by inhibiting the Na-K-2Cl cotrans-
port in the thick ascending limb of the loop of Henle, thus reducing NaCl reabsorp-
tion. In theory, loop diuretics as a group have several effects that could protect against
AKI (see also Chap. 21). They may decrease oxygen consumption, both in the loop
of Henle and in renal tubules, by inhibiting sodium transport, thereby potentially
preventing or attenuating ischaemic injury [13, 14]. Moreover, as shown in an experi-
mental study in dogs, furosemide could reduce renovascular resistance and increase
renal blood flow, thus washing out necrotic debris that block renal tubules, an effect
that might hasten recovery from AKI or at least reduce its severity [15].

However, these theoretically beneficial pharmacological effects have never been
shown to translate into clinical benefits. There is no evidence that the use of diuretics
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reduces the rate or severity of AKI [16]. Similarly, the potential advantages of continu-
ous infusion, such as a more effective fluid balance control without large fluctuations
in circulating volume, that may even worsen kidney injury (see also Chap. 19) have not
been shown so far to provide a survival benefit in critically ill patients with AKI.

11.4 Therapeutic Use

Typical indications for administration of furosemide in the ICU setting are oliguria in
adequately fluid-resuscitated patients, induction of diuresis in patients with severe fluid
overload and achievement of a negative fluid balance in patients with severe lung injury.

Usual doses are 5-20 (or 40) mg bolus injections intravenously in patients with
presumed or known normal renal function, while higher doses (80-250 mg) can be
used in patients with known impairment of renal function, especially in those with
chronic kidney disease.

Infusion doses are typically in the range of 5-40 mg/h or approximately 0.05—
0.5 mg kg h™.

Following intravenous administration, the effect sets in after 5 min and the
plasma half-life varies from 30 min to 2 h.

Contraindications include known allergy, hypovolaemia or dehydration and anuria.
Reported toxic effects are tinnitus or even hearing loss, while common side effects are
electrolyte (hypokalaemia, hyponatraemia, hypomagnesaemia) and acid-base distur-
bances (metabolic alkalosis), dehydration and increases in serum creatinine.

Conclusion
In theory, furosemide has several pharmacological effects that might be benefi-
cial in patients at risk of developing AKI or in patients with established AKI
without anuria.

Furosemide can be administered intravenously either as bolus injections or as
a continuous infusion. There is weak evidence that continuous furosemide infu-
sion is more effective in achieving larger diuresis and better control of fluid bal-
ance as compared to bolus administration. However, there are no data from
high-quality trials indicating that continuous infusion of furosemide prevents
AKI or reduces its severity, nor that improves survival in critically ill patients.
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Clinical Summary
Drug/ Side
strategy Indications Contraindications | effects Dose Notes
Furosemide | Fluid Known allergy Hearing loss | Typically | There is
by overload Anuria Tinnitus 5-40 mg/h | no
continuous | (oliguria Hypovolaemia Electrolyte high-
infusion despite fluid | Dehydration disturbances quality
resuscitation) Dehydration evidence
Increase in supporting
serum a survival
creatinine benefit
with
continuous
infusion of
furosemide
in AKI
patients
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12.1 General Principles

Acute kidney injury (AKI) is a frequent complication of cardiac surgery, affecting
up to 30% of patients [1, 2]. Patients who experience AKI after cardiac surgery
have a higher risk for postoperative morbidity, as well as increased short-term and
long-term mortality [1, 2]. The important prognostic implications of postoperative
AKI have prompted extensive research in the quest to find treatments to reduce
mortality in this population. Despite these efforts, there remains a paucity of inter-
ventions proven to prevent AKI after cardiac surgery. Most assessed interventions,
such as diuretics, low-dose dopamine, and mannitol, have shown minimal, if any
benefit, in small randomized controlled trials [3]. A few other interventions (e.g.,
fenoldopam, off-pump cardiac surgery) showed promise in initial small trials [4, 5]
but then failed to confirm these benefits in larger multicenter trials [6, 7].
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12.2 Pharmacologic Properties

AKI after cardiac surgery is likely multifactorial in etiology, with several different
underlying mechanisms of injury [8]. These mechanisms include ischemic renal injury,
reduced nitric oxide activity, and oxygen-free radical injury due to ischemia-reperfusion,
cardiopulmonary bypass, nephrotoxins, or reduced plasma glutathione concentration.
N-acetylcysteine (NAC) has the potential to inhibit several of these mechanisms [9], in
that it directly scavenges free radicals, improves blood flow through nitric oxide-
mediated pathways, and functions as a precursor for glutathione synthesis.

While there is physiological rationale for NAC being able to prevent postopera-
tive AKI, it is likely that the major impetus for its application in cardiac surgery was
due to the initial promising data in the setting of contrast-induced nephropathy. In
2000, Tepel and colleagues [10] published a small placebo-controlled randomized
trial on 83 participants in which prophylactic oral administration of NAC signifi-
cantly reduced AKI rates in patients with chronic renal failure receiving intravenous
radiographic contrast agents. Their initial promising results led to numerous subse-
quent studies that evaluated the effects of different doses and formulations of NAC
in the prevention of contrast-induced nephropathy. Despite the early enthusiasm, the
benefits of NAC for preventing contrast-induced nephropathy were not consistently
replicated in subsequent small trials [11], meta-analyses of such trials [12], or a
single large multicenter trial involving 2308 participants [13]. Furthermore, doubts
have been raised about the artifactual effect of NAC on biochemical assays for cre-
atinine, which may have explained the positive results seen in some trials [14].

12.3 Main Evidence

Analogous to the evolution of evidence for the efficacy of N-acetylcysteine to pre-
vent contrast-induced nephropathy, conflicting results have also emerged from
research into its efficacy for preventing perioperative AKI in cardiac surgery
patients. In general, research to date has identified no major consistent clinical ben-
efits of NAC in cardiac surgery.

A recent meta-analysis (see Table 12.1) showed that the perioperative use of
NAC has no proven benefit for clinically important outcomes in patients undergoing
cardiac surgery, such as death or need for renal replacement therapy (RRT) [15]. In
meta-regression analyses, treatment effects on AKI were not related to the dose of
N-acetylcysteine. In addition, no significant differences were found between the
NAC and placebo groups with respect to the risks of increase in serum creatinine
concentration by 25 % or greater above baseline, acute myocardial infarction, atrial
fibrillation, stroke, infection, intra-aortic balloon pump (IABP) support, vasopres-
sor or inotropic support, prolonged mechanical ventilation, length of mechanical
ventilation, intensive care unit (ICU) stay, or hospital length of stay [15].

Consistent with the findings of this meta-analysis, a recent web-based interna-
tional consensus conference issued only a weak recommendation for NAC as a
treatment to improve survival in patients undergoing cardiac surgery [16].
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Table 12.1 Summary of a recent meta-analysis regarding the use of N-acetylcysteine in cardiac
surgery [15]

Total Clinical outcomes

number

of

patients

Number | included
of in the Incidence

Characteristics of| studies | meta- | Median dose of | of acute All-cause
studies included | included | analysis | N-acetylcysteine | renal failure| mortality | Side effects
Adult patients 15 1407 9425 mg No No No
undergoing (range significant | significant |evidence of
cardiac surgery 2400- difference | difference | significant
Randomized 34,950 mg) between between side effects
allocation to groups groups from
N-acetylcysteine N-acetylcys
or placebo teine was
groups reported
Reporting at
least one
relevant clinical
or economic
outcome

The basis for even a weak recommendation was a small single-center random-
ized controlled trial that found a survival benefit with NAC treatment in 177 cardiac
surgery patients with moderate preexisting renal failure [17]. In this study,
Wijeysundera and colleagues evaluated a high-dose intravenous N-acetylcysteine
regimen (100 mg/kg bolus in 30 min after induction of anesthesia, followed by
20 mg kg! h™! infusion until 4 h after cardiopulmonary bypass) in a randomized
placebo-controlled trial where the primary outcome was the percent change in esti-
mated glomerular filtration rate (GFR) during the first 72 postoperative hours [17].
While the authors found no significant effect on the primary outcome, they reported
a significant reduction in all-cause mortality among individuals randomized to
NAC. These findings should be viewed cautiously since all-cause mortality was a
secondary outcome, and there were only seven mortality events in the trial.
Furthermore, as indicated previously, these benefits with respect to mortality were
not confirmed in subsequent trials and meta-analyses [16].

The absence of consistent benefit has also been observed in recent small random-
ized trials published after the previously described meta-analysis [15] and consensus
conference [16]. For example, in a trial that assessed NAC for preventing AKI in 117
high-risk patients undergoing off-pump coronary artery bypass surgery, Song and col-
leagues [18] showed no significant benefits of this treatment as compared to placebo.
Conversely, Santana-Santos and colleagues [19] reported that high-dose intravenous
NAC (150 mg/kg bolus followed by 50 mg/kg infusion for 6 h) reduced the risk of
AKI, abolished oxidative stress, and mitigated the negative effect of cardiopulmonary
bypass on renal function in 70 patients with chronic kidney disease undergoing



M. Parotto and D.N. Wijeysundera

104

A1931ns oerpred Juro3iopun
syuoned ur [BAIAINS

aao1dur 0 Jusumeon

© Se DYN SuliopIsuod

10J UONEPUSWIIOII

Yeom e Ajnsnl

Auo sosA[eue-ejowi pue
S[eLD) [BI2AQS JO sTuIpuly oy,

S9ION

(8w 0S6'7€-00%C

a3ueI) Sw G7{6 Sem S[eIn

Juoure 9sop [0} URIPAIA

A1eaneradojsod gy 9¢ 03 dn

Joj uorsnjui/snjoq pajeadar

SnoudABIIUT AQ PAMO[[OF

(83/8uw 0G[-(G 1o snjoq

snoudAenur Sw OO7[)

ssedAq Areuowrndorpred

-a1d/AeaneIadoard

SN[0q SNOUAABIU]

G—1 Aep aaneradojsod

0} | Aep aaneradoard woiy

Kep e 901M) SW ()09 [BI0
$1000301d JUQIOHIP USIM)q
S9OUAIRYIP udA0Id ou yIm
‘paquIosap sudwigar odnny

aso(T

SIsATeue-ejour
Juada1 Aq pauLIjuod
JOU IoMm S1IJJd
QPIS ASAY) “TOAIMOY]
{PaqLIOSIP Uq
dAey syudwaInbax
uorsnjsuen jonpoid
PoO[q pue ssO[ poo[q
PaseaIou] ‘suonoeal
proyoejAydeue
apnpour Ay,

dIeI 9IR S109JJ3 IPIS

$1091J9 9pIS

JVN Jo osn oy
M 19939q Jeadde

SOWIAWOS Uonouny
[eUI JO SQINSBIW
Aym uredxa

ST Surpuy

SIY ], "oUTUNEaId IOF
AeSSe [eOIIIAYO0Iq
[ensn ay) yam
SoIoJIUI JVN Jey)
Sunso33ns eiep
QWoSs dre I,

suonne)

(stsAerp
aaneradoard uo jou)
uonounysAp [euar
oruoIyd unsrxoard
JNOYIIM IO

yIm A193InS ORIPIRD
SuroS1opun sjuened

SuOnEIIpu|

(OVN)
QuI)sAo[K1008-N

anbruyo9y/3ni(g

Arewwng [edpuld



12 N-acetylcysteine to Reduce Mortality in Cardiac Surgery 105

coronary artery bypass graft surgery. In contrast to some of the previous studies,
Santana-Santos and colleagues offered evidence that NAC abolishes the increase in
circulating reactive oxygen species observed in the control group, thus confirming a
plausible mechanistic explanation for the observed nephroprotective effect.

12.4 Therapeutic Use

N-acetylcysteine can be administered orally or intravenously. The bioavailability
after oral administration is approximately 6-10 %. Renal clearance constitutes 30 %
of total body clearance, and the elimination half-life is 2.3 h. Several dosing regi-
mens of NAC for patients undergoing cardiac surgery have been described in the
literature. Some protocols included oral administration before and/or after surgery,
with doses of 600 mg twice a day for different durations of time (3—7 days, starting
preoperatively). Intravenous regimens typically involved a bolus (50-150 mg/kg)
before the beginning of surgery, followed by subsequent boluses (600 or 1200 mg
every 12 h until 24 or 36 h postoperatively) or infusion of varying doses (from
approximately 2-20 mg kg~! h™!) and duration (from until the end of surgery to 48 h
postoperatively). The abovementioned recent meta-analysis reported that the
median perioperative total dose used in previous studies of NAC in cardiac surgery
was 9425 mg (range 2400-34,950 mg) [15].

In general, there are no contraindications to use NAC in cardiac surgery. It is not
associated with major adverse effects. High-dose intravenous use, typically exceed-
ing 150 mg/kg, carries the potential risk of anaphylactoid reactions [18]. Chronic
systemic NAC administration has been shown to cause pulmonary hypertension in
an experimental murine model [16], but no similar effects have been described to
date in clinical or acute administration settings. Notably, both Wijeysundera and
colleagues [20] and Naughton and colleagues [12] described the potential for NAC
to be associated with increased blood loss and blood products transfusion in cardiac
surgery patients with preexisting moderate renal failure. Nonetheless, further
research did not confirm these findings, with the meta-analysis by Wang and col-
leagues [15] concluding that NAC had no significant impact on postoperative chest
tube drainage, surgical re-exploration, reoperation for bleeding, and red blood cell
transfusion requirements.

To date, no major consistent clinical benefits of N-acetylcysteine have been iden-
tified in the setting of cardiac surgery. There is weak to no evidence for recommend-
ing it as a treatment to improve survival in this patient population.

References

1. Pickering JW, James MT, Palmer SC (2015) Acute kidney injury and prognosis after cardio-
pulmonary bypass: a meta-analysis of cohort studies. Am J Kidney Dis 65(2):283-293

2. Kandler K, Jensen ME, Nilsson JC et al (2014) Acute kidney injury is independently associated
with higher mortality after cardiac surgery. J Cardiothorac Vasc Anesth 28(6):1448-1452



106

3.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

M. Parotto and D.N. Wijeysundera

Park M, Coca SG, Nigwekar SU et al (2010) Prevention and treatment of acute kidney injury
in patients undergoing cardiac surgery: a systematic review. Am J Nephrol 31(5):408—418
Zangrillo A, Biondi-Zoccai GG, Frati E et al (2012) Fenoldopam and acute renal failure in
cardiac surgery: a meta-analysis of randomized placebo-controlled trials. J Cardiothorac Vasc
Anesth 26(3):407-413

. Nigwekar SU, Kandula P, Hix JK, Thakar CV (2009) Off-pump coronary artery bypass sur-

gery and acute kidney injury: a meta-analysis of randomized and observational studies. Am
J Kidney Dis 54(3):413-423

. Garg AX, Devereaux PJ, Yusuf S et al (2014) Kidney function after off-pump or on-pump

coronary artery bypass graft surgery: a randomized clinical trial. JAMA 311(21):2191-2198

. Bove T, Zangrillo A, Guarracino F et al (2014) Effect of fenoldopam on use of renal replace-

ment therapy among patients with acute kidney injury after cardiac surgery: a randomized
clinical trial. JAMA 312(21):2244-2253

. Rosner MH, Okusa MD (2006) Acute kidney injury associated with cardiac surgery. Clin J Am

Soc Nephrol 1:19-32

. Borgstrom L, Kédgedal B, Paulsen O (1986) Pharmacokinetics of N-acetylcysteine in man. Eur

J Clin Pharmacol 31(2):217-222

Tepel M, van der Giet M, Schwarzfeld C et al (2000) Prevention of radiographic-contrast-
agent-induced reductions in renal function by acetylcysteine. N Engl J Med 343(3):180-184
Bagshaw SM, McAlister FA, Manns BJ et al (2006) Acetylcysteine in the prevention of
contrast-induced nephropathy: a case study of the pitfalls in the evolution of evidence. Arch
Intern Med 166:161e6

Naughton F, Wijeysundera D, Karkouti K et al (2008) N-acetylcysteine to reduce renal failure
after cardiac surgery: a systematic review and meta-analysis. Can J Anaesth 55(12):827-835
ACT Investigators (2011) Acetylcysteine for prevention of renal outcomes in patients undergo-
ing coronary and peripheral vascular angiography: main results from the randomized
Acetylcysteine  for  Contrast-induced  nephropathy  Trial (ACT).  Circulation
124(11):1250-1259

Hoffmann U, Fischereder M, Kruger B et al (2004) The value of N-acetylcysteine in the pre-
vention of radiocontrast agent-induced nephropathy seems questionable. ] Am Soc Nephrol
15:407e10

Wang G, Bainbridge D, Martin J, Cheng D (2011) N-acetylcysteine in cardiac surgery: do the
benefits outweigh the risks? A meta-analytic reappraisal. J Cardiothorac Vasc Anesth
25(2):268-275

Landoni G, Bove T, Székely A et al (2013) Reducing mortality in acute kidney injury patients:
systematic review and international web-based survey. J Cardiothorac Vasc Anesth
27(6):1384-1398

Wijeysundera DN, Beattie WS, Rao V et al (2007) N-acetylcysteine for preventing acute kid-
ney injury in cardiac surgery patients with pre-existing moderate renal insufficiency. Can
J Anesth 54(11):872-881

Koppen A, van Riel A, de Vries I, Meulenbelt J (2014) Recommendations for the paracetamol
treatment nomogram and side effects of N-acetylcysteine. Neth J Med 72(5):251-257
Santana-Santos E, Gowdak LH, Gaiotto FA et al (2014) High dose of N-acetylcysteine pre-
vents acute kidney injury in chronic kidney disease patients undergoing myocardial revascu-
larization. Ann Thorac Surg 97(5):1617-1623

Wijeysundera DN, Karkouti K, Rao V et al (2009) N-acetylcysteine is associated with
increased blood loss and blood product utilization during cardiac surgery. Crit Care Med
37(6):1929-1934



Antonio Pisano, Nicola Galdieri, and Antonio Corcione

13.1 General Principles

First described more than 50 years ago, the use of low-dose dopamine for renal
protection (also reported as “renal dose” dopamine) has tenaciously resisted until
recently [1, 2]. However, it is now clear that this intervention is, on average, not
effective for prevention or early treatment of acute kidney injury (AKI) [1-5] and
may even be harmful [5, 6].

Nevertheless, a new enthusiasm has developed during the last decade, although
not widely shared [3], for a possible nephroprotective action of fenoldopam, a spe-
cific dopamine type-1 receptor (DA,) agonist which exerts a renal action similar to
that of low-dose dopamine, but theoretically more favorable, due to the lack of sig-
nificant affinity of fenoldopam for DA, receptors, and potentially without the
adverse effects related to systemic adrenergic stimulation [2, 5, 7, 8]. In particular,
two different meta-analyses found a reduction in the need for renal replacement
therapy (RRT) and a survival benefit after fenoldopam infusion in patients with or
at risk for AKI in different clinical settings [9] and in cardiovascular surgery [10].
Despite it was not possible to recommend its use to prevent or treat AKI according
to this evidence [5, 11], fenoldopam remained, until recently, one of the few drugs
which were thought to have a potential beneficial effect on renal function, as well as
on outcome, in critically ill patients with or at risk for AKI [11-13].
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However, the largest multicenter randomized controlled trial (RCT) which
addressed the impact of fenoldopam on the need for RRT and on mortality in
patients with early cardiac surgery-associated AKI (CSA-AKI) has now been pub-
lished [8]. As discussed below, its results seriously question the effectiveness (and
also the safety) of this strategy.

13.2 Main Evidence

At the time of the first web-enabled international consensus conference on mortality
reduction in patients with or at risk for AKI [11], some evidence suggested a potential
beneficial role of fenoldopam. The meta-analysis by Landoni and colleagues [9]
included 16 RCTs reporting renal outcomes and/or mortality of 1,290 critically ill
patients from different clinical settings (cardiac surgery, vascular surgery, liver trans-
plantation, renal transplantation, sepsis, and overall intensive care unit population) ran-
domized to receive fenoldopam or either placebo or best available treatment (mainly
low-dose dopamine). Fenoldopam was found to significantly reduce the risk for AKI
(odds ratio [OR] 0.43, 95 % confidence interval [CI] 0.32-0.59, p<0.001), the need for
RRT (OR 0.54, 95 % CI 0.34-0.84, p=0.007), the length of intensive care unit (ICU)
stay, and in-hospital mortality (OR 0.64, 95% CI 0.45-0.91, p=0.01). A subsequent
meta-analysis from the same group focused on cardiovascular surgery patients only but
included also case-matched studies in addition to RCTs [10]. Overall, 1,059 patients
from 13 studies investigating the role of fenoldopam in both prevention (11 studies) and
early treatment (2 studies) of AKI after cardiovascular surgery were analyzed. Once
again, a significant reduction in both the need for RRT (OR 0.37, 95% CI 0.23-0.59,
p<0.001) and in-hospital mortality (OR 0.46, 95 % CI 0.29-0.75, p=0.01) was shown
among patients receiving fenoldopam. A reduction in the ICU length of stay (LOS) was
also observed. However, the inclusion in the analysis of studies in which fenoldopam
was administered as a prophylactic strategy as well as of studies where fenoldopam was
used as a therapeutic intervention, but especially the inclusion of propensity-matched
studies rather than only “true” RCTs, represented an important limitation [5].

As highlighted by the authors themselves, most of the trials included in both
meta-analyses were of suboptimal quality, and the findings were further limited by
the lack of uniform criteria for RRT initiation. Interestingly, although the risk of AKI
was still significantly lower in the fenoldopam group after the exclusion, from the
first meta-analysis [9], of studies without adequate allocation concealment, statistical
significance was lost for the differences in both the need for RRT and mortality.

Indeed, a subsequent updated meta-analysis [14], including only RCTs where
fenoldopam was compared with placebo in patients undergoing cardiac surgery,
challenged to a certain extent the results of the previous meta-analyses. In fact,
Zangrillo and coworkers [14] analyzed 440 patients from 6 RCTs and found a
reduced risk of AKI (OR 0.41, 95 % CI 0.23-0.74, p=0.003) but no differences in
the need for RRT, ICU/hospital LOS, or mortality.

Most remarkably, the largest multicenter RCT investigating the role of fenoldo-
pam in the early treatment of CSA-AKI, recently performed by Bove and colleagues
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[8] with the aim to shed some light on this limited and in part conflicting evidence,
failed to show any benefit from fenoldopam infusion. These authors randomized
667 patients (from 19 cardiac ICUs) who developed RIFLE “R” AKI [15] (see
Chap. 2) after cardiac surgery to receive either fenoldopam or placebo. The study
was stopped early after a planned interim analysis found no difference in both the
need for RRT and 30-day mortality. In particular, 20 % of patients in the fenoldo-
pam group required RRT, as compared with 18 % in the control group (p=0.47),
while the mortality rate at 30 days was 23 % in the fenoldopam group and 22 % in
the placebo group (p=0.86). Conversely, a significant increase in the risk of arterial
hypotension was found in patients receiving fenoldopam (26 % vs. 15 %, p=0.01).

Although it has been objected that an earlier administration of fenoldopam, based
on biomarkers allowing an early diagnosis of AKI, could have led to better results
[16], a previous high-quality investigation by Bove et al. [17], in which fenoldopam
infusion was started after anesthesia induction, did not show any benefit of fenoldo-
pam, as compared with dopamine, on the clinical outcome of CSA-AKI.

13.3 Pharmacologic Properties

The rationale to administer fenoldopam in order to prevent or early treat AKI is
similar to the historical reason to use low-dose dopamine: the stimulation of renal
DA, receptors exerts a natriuretic action and, most importantly, increases global
renal blood flow (Fig. 13.1) [2, 4]. DA, receptor activates adenylate cyclase, and the
resulting increase in cyclic adenosine 3’,5’-monophosphate (cAMP) leads to dilata-
tion of medullary and cortical renal vessels [18], as well as to inhibition of the activ-
ity of both apical (e.g., Na*/H* exchange) and basolateral (e.g., Na*, K*-ATPase and
Na*/HCOjs cotransport) transporters [19].

As previously mentioned, however, it is now clear that dopamine is not effective
in improving the outcome of patients with or at risk for AKI [1, 3-5]. It has been
thought that the affinity of dopamine also for DA, receptors, whose activation inhib-
its adenylate cyclase, as well as the possibility that even low doses might act on
a-adrenergic receptors, causing renal vasoconstriction, may offset the beneficial
renal effects of dopamine (see Fig. 13.1). Moreover, dopamine has potential sys-
temic adverse effects, including arrhythmias (e.g., atrial fibrillation/flutter) and
myocardial ischemia [5, 6], due to its action on both a- and p-adrenergic receptors.

Fenoldopam is a specific DA, agonist with no action on DA,, a-adrenergic, or
[-adrenergic receptors [2, 5, 7, 20]. It is much more potent than dopamine as a renal
vasodilator [20]. Moreover, due to its selectivity for DA; receptors, fenoldopam
increases medullary more than cortical renal blood flow [7], contrarily to dopamine
which may cause primarily cortical vasodilation and, accordingly, even worsen med-
ullary ischemia [4]. Finally, fenoldopam is devoid of the adverse effects due to sys-
temic adrenergic stimulation [2, 5, 7]. Despite all these most favorable features, also
fenoldopam, as shown above, seems really not to work as a nephroprotective agent.

It has been recently suggested that, especially in patients undergoing cardiac
surgery (the surgical setting at higher risk for postoperative AKI [21]), but also in
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Fig. 13.1 The potentially more favorable “renal” effects of fenoldopam as compared to dopa-
mine. DA/ dopamine receptor type 1, DA2 dopamine receptor type 2, a/f a- and p-adrenergic
receptors, cCAMP cyclic adenosine 3’,5’-monophosphate, GFR glomerular filtration rate

sepsis (the cause of AKI in about one third of ICU patients [22]), the mechanisms
of AKI are very rarely purely ischemic, rather involving a strict interplay between
inflammation and ischemia/reperfusion injury which leads to the formation of areas
of local hypoperfusion [2, 3, 16, 23]. Accordingly, simply increasing/restoring
global renal blood flow is probably not enough to prevent AKI or its progression
toward RRT. Moreover, evidence suggesting an important role of mitochondrial
dysfunction in the pathogenesis of AKI is accumulating [24]. Drugs affecting these
complex mechanisms may be potentially effective as nephroprotective agents.
Actually, some of these drugs are being already studied, with seemingly promising
results [2, 24, 25].

13.4 Therapeutic Use

Fenoldopam is a short-acting intravenous antihypertensive drug that reduces systemic
vascular resistances in a dose-dependent manner, with an onset time of approximately
5 min and with an action lasting about 30—60 min after discontinuation of infusion [7,
14, 18, 20]. In most studies in which it has been investigated as a nephroprotective
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Clinical Summary

Drug Indications Cautions Side effects Dose Notes
Fenoldopam | Prevention or | Adjust dose | Increased risk | Around This
early carefully to | of 0.1 pgkg! | indication
treatment of | avoid hypotension min~! should be
AKI, hazardous probably
especially hypotension abandoned
after cardiac
surgery

agent, fenoldopam has been administered at a rate of 0.1 pg kg™ min™! [9, 10, 14] for
at least 24 h. At this dose, fenoldopam usually increases renal blood flow with no or
minimal effects on systemic arterial pressure [7]. However, also the increase in renal
blood flow induced by fenoldopam is dose dependent, with the larger increase
observed with an infusion rate of 0.3 pg kg™! min~! [19]. In the large multicenter RCT
by Bove and colleagues [8], fenoldopam was administered at a mean dose of
0.12+0.06 pg kg™! min™! for a total of 65+30.3 h, with a starting dose of 0.1 pg kg™
min~!, eventually adjusted subsequently, for instance, in case of hypotension.

The main concern when using fenoldopam with the aim to prevent or early treat
AKI in surgical or ICU patients is the risk of hypotension, especially when fenoldo-
pam is administered to cardiac surgery patients. The two abovementioned meta-
analyses including only cardiac surgery patients [10, 14], as well as the RCT by
Bove et al. [8], in fact, reported a significantly increased risk of hypotension. In
addiction to be ineffective, therefore, fenoldopam may even be harmful in these
patients.

According to the available literature, the level of evidence for the recommenda-
tion to not use fenoldopam for AKI treatment or prevention should be upgraded in
the next guidelines [4, 5]. At the same time, fenoldopam proved to be a well studied
and probably safe drug to be used as an effective vasodilator in the ICU.
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Linsey E. Christie and Michelle A.Hayes

14.1 General Principles
14.1.1 WhatlIs Vasopressin?

The nonapeptide vasopressin (antidiuretic hormone (ADH)) is synthesized as a pro-
hormone in the magnocellular neurons of the hypothalamic paraventricular and
supraoptic nuclei and released from the posterior pituitary. It has a normal plasma
concentration of <4 pg/mL and a half-life of 10-35 min [1-3].

14.1.2 How Does Vasopressin Work?

Physiologically, vasopressin mainly controls osmolarity. By stimulation of vasopressin
type 2 receptors (V,Rs) in the renal distal convoluted tubule, it enhances water reab-
sorption, which causes osmolarity to fall. In shock, vasopressin increases blood pres-
sure by acting on vascular smooth muscle vasopressin type 1 receptors (V,Rs), causing
vasoconstriction [1]. Vasopressin weakly vasoconstricts normal subjects who have an
intact autonomic nervous system, as it resets the cardiac baroreflex to a lower pressure.
Therefore, very high vasopressin levels (>100 pg/mL) are required to increase mean
arterial pressure (MAP) [3, 4]. Vasopressin acts on three types of vasopressin receptors
(VIR, V,R, and V;R) as well as on oxytocin-type receptors (OTRs) [2, 3]:
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* V,Rs are found on vascular smooth muscle (systemic, splanchnic, renal, and
coronary circulations), myometrium, and platelets. Activation of phospholipase
C via Gq G-protein coupled receptors (GPCR) increases intracellular calcium,
causing vasoconstriction.

* V,Rs are present in renal distal convoluted tubules and collecting ducts and on
endothelial cells. Activation of adenylate cyclase via Gs-GPCR increases cyclic
adenosine 3’,5’-monophosphate (cAMP), leading to aquaporin channel
mobilization.

* V;Rs are mainly found in the pituitary. Phospholipase C activation via Gq-GPCR
increases intracellular calcium and releases adrenocorticotrophic hormone
(ACTH). Vasopressin may also affect memory and body temperature via V;Rs.

* OTRs are located in pulmonary, coronary, and cerebral circulatory endothelial
cells. Activation results in a calcium-dependent vasodilatory response via nitric
oxide.

Vasopressin is used clinically to treat cranial diabetes insipidus, variceal hemor-
rhage, asystolic cardiac arrest, and septic shock. It is also used to treat von
Willebrand’s disease (by increasing FVIIIc and von Willebrand factor) and other
conditions associated with impaired platelet function (e.g. aspirin use or renal fail-
ure) [2, 3].

14.1.3 What Small Studies Have Assessed Vasopressin
in Relation to Septic Shock and Acute Kidney Injury?

In 1997, Landry et al. [S] published a case series showing significant increases in
urine output in three of five patients receiving vasopressin for septic shock. A later,
larger case series demonstrated that in those patients who received vasopressin for
septic shock, MAP increased by 18 % at 4 h and remained stable for up to 48 h.
Urine output increased by 79 % at 4 h and the mean dose of vasoconstrictor decreased
by up to 53 % in the first 48-h period [6].

In 2002, a double-blind randomized controlled trial (RCT) of 24 patients receiv-
ing high-dose noradrenaline for septic shock was published [7]. In this study,
patients received a 4-h infusion of either noradrenaline or vasopressin. Noradrenaline
requirements fell by a greater extent in the vasopressin group at 4 h (median nor-
adrenaline 25-5.3 pg/min compared with 20-17 pg/min). The vasopressin group
demonstrated an increased urine output at 4 h (median 32.5-65 mL/h) compared
with no change in the noradrenaline group (25-15 mL/h).

In 2006, a small RCT of 23 patients [8] confirmed earlier study findings. In
patients with early (<12 h) hyperdynamic, septic shock, vasopressin (dose 0.04—
0.2 U/min, n=13) was compared with noradrenaline (dose 0.1-2.8 pg kg=' min™!,
n=10) used to target a MAP >70 mmHg for 48 h. Compared to baseline, the vaso-
pressin group had increased systemic vascular resistance (SVR), decreased nor-
adrenaline requirement, decreased cardiac output (decreased heart rate), increased
creatinine clearance, and reduced sequential organ failure assessment (SOFA) scores.
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In summary, these small studies demonstrate that vasopressin increases MAP,
glomerular filtration rate (GFR), urine output, and creatinine clearance; therefore,
vasopressin appears to have a beneficial effect in septic shock.

14.1.4 VASST Trial

Russell and colleagues published the Vasopressin and Septic Shock Trial (VASST)
[9] in 2008. This was a multicenter double-blind RCT of 778 adult patients receiv-
ing a minimum of 5 pg/min noradrenaline. Patients were randomized to either a
blinded infusion of vasopressin (0.01-0.03 units/min) or noradrenaline (5-15 pg/
min). Other pressor agents could be titrated if target MAP was not being met by
infusion of the study drug. Low-dose vasopressin had no effect on the primary out-
come of 28-day all-cause mortality. However, in the predefined group of less severe
shock, the 28-day mortality rate was significantly lower in the vasopressin group
than the noradrenaline group (26.5 % vs. 35.7 %, p=0.05).

14.2 Main Evidence

The main studies evaluating the role of vasopressin on mortality are summarized
below.

14.2.1 Gordon (2010) [10]

Key Point Vasopressin may reduce progression to renal failure and mortality in
septic shock patients at risk for acute kidney injury (AKI).

In this post hoc analysis of the VASST [9], RIFLE criteria (see Chap. 2) were
used to compare vasopressin and noradrenaline. At study entry, 464 patients
(59.6 %) had AKI. In the “Risk” category (106 patients), vasopressin use was asso-
ciated with a lower rate of progression to renal “Failure” or “Loss” categories than
noradrenaline (20.8 % vs. 39.6 %, p=0.03). Vasopressin use was associated with
both a lower rate of renal replacement therapy (17 % vs. 37.7%, p=0.02) and a
trend to reduced creatinine over the 28-day study period. Mortality rates in the
“Risk” category patients were lower in those treated with vasopressin (30.8 % vs.
54.7%, p=0.01), but this did not reach significance in a multiple logistic regression
analysis [10].

There were a number of study limitations. The incidence of AKI may have
been underestimated, as they were unable to assess the urine output criteria of the
RIFLE definition. It is also not clear whether the benefits seen were due specifi-
cally to noradrenaline dose reduction. Furthermore, the number of patients in
each RIFLE category was small and differences seen may have been due to
chance.
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14.2.2 Gordon (2015) [11]

Key Point Vasopressin may reduce use of renal replacement therapy in patients
with septic shock, but it does not affect the number of renal failure-free days or
mortality.

Following the VASST, VANISH was designed and the protocol published [12].
The preliminary results have been presented at the 2015 ESICM conference. It was
a factorial 2x2 design, double-blind RCT. Patients with septic shock were ran-
domized within 6 h to vasopressin (0—0.06 units/min) or noradrenaline (0-12 pg/
min) and either hydrocortisone (50 mg intravenously four times daily) or placebo
(0.5 mL 0.9 % NaCl). 2,213 patients were screened and 414 were randomized and
included. The primary outcome of the trial was the number of renal failure-free
days. Comparing all patients in each group, the renal failure-free days were 19
(£11) in the vasopressin group and 20 (+11) in the noradrenaline group [mean
(£SD)]. Regarding RRT, 25.5 % of patients required RRT in the vasopressin group
and 35.3 % in the noradrenaline group (an absolute difference of —9.8 %, 95 % CI
—18.8 to —1.6). The 28-day mortality in the vasopressin group was 30.9 % com-
pared with 27.5% in the noradrenaline group (an absolute difference of 3.4 %,
95% CI -5.4 to 12.2).

14.2.3 Kiser (2005) [13]

Key Point Vasopressin may have mortality benefits in treating patients with hepa-
torenal syndrome (HRS), when compared with octreotide.

Kiser et al. [13] performed a single-center observational study (January 2000 to
December 2003) of 43 patients with HRS receiving octreotide, vasopressin, or both.
Patients treated with vasopressin alone or in combination with octreotide had sig-
nificantly greater recovery than those receiving octreotide alone (42 % vs. 38 % vs.
0%, respectively, p=0.01). Patients who responded to therapy had improved mor-
tality (23 % vs. 67 %, p=0.008) and were more likely to receive a liver transplant
(23 % vs. 0%, p=0.005).

14.3 Pharmacologic Properties: Why Might Vasopressin
Benefit Mortality in Patients with Septic Shock and AKI?

The rationale is based upon its pharmacological actions and the pathophysiology of
septic shock. Vasopressin potentially increases GFR and renal perfusion more than
noradrenaline. An explanation is that there is a greater distribution of V,Rs on the
renal efferent than afferent arterioles. Accordingly, vasopressin constricts the effer-
ent more than the afferent arterioles, thus increasing GFR, unlike noradrenaline
which vasoconstricts both [1].
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In septic shock, plasma vasopressin levels firstly transiently rise. Subsequently,
for unknown reasons, there is a relative vasopressin deficiency, in contrast to other
types of shock [1, 3]. Postulated mechanisms include pituitary depletion of vaso-
pressin following the initial surge, autonomic dysfunction in septic shock patients,
and increased nitric oxide within the posterior pituitary vascular endothelium,
which downregulates vasopressin production [3]. Septic shock also causes hyper-
sensitivity to exogenous vasopressin [1, 3].

14.4 Therapeutic Use
14.4.1 Pharmacokinetics

Vasopressin is a clear, colorless solution stored in a glass vial (2-8 °C). It is rapidly
metabolized by liver and kidney vasopressinases, with a half-life of 10-35 min [3].

14.4.2 Dosage/Practical Application

The maximum dose administered in the VASST study was 0.03 U/min [9]. A retro-
spective case series suggested that higher doses of vasopressin (>0.05 U/min) were
associated with increased rates of cardiac arrest [1]. However, a recent prospective
study found no adverse effects at 0.067 U/min [12]. Much higher doses (mean
0.23 U/min) were used in a study of hepatorenal syndrome with no difference in the
rate of adverse events when compared with noradrenaline [14]. In practice, vaso-
pressin is currently administered for septic shock at 0.01-0.03 U/min via a central
venous line. Usually, 20 units are diluted in 50 mL 0.9 % sodium chloride. While
vasopressin demonstrates promise in patients with septic shock and AKI, it should
not be used routinely with the intent to increase survival [15].

14.4.3 Contraindications (Manufacturer’s Instructions)

e Allergy to vasopressin or ingredients

* Chronic nephritis

* Coronary artery disease

* Combination with halogenated anesthetic agents

14.4.4 Adverse Effects

A predictable side effect of vasopressin is water intoxication and hyponatremia
given its use in diabetes insipidus. It also decreases cardiac output (by a reduction
in heart rate) and may cause myocardial ischemia [1]. Gastrointestinal side effects
can occur, ranging from nausea and vomiting to mild abdominal pain and bloating.
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There is contradictory evidence as to whether it causes mesenteric ischemia,
although its beneficial effect in bleeding esophageal varices is due to splanchnic
hypoperfusion. Vasopressin use can also lead to deranged liver function. The hema-
tological side effects include reduced platelet counts and platelet aggregation. The
latter can lead to ischemic skin lesions. There is also the potential for extravasation-
related skin necrosis and allergies in response to administration.

However, in the VASST study (in which 396 patients received vasopressin), there
were no safety concerns [9]. The overall serious adverse event rate was 10.3 % in the
vasopressin group and 10.5 % in the noradrenaline group, with no differences in
event types.

14.4.5 Timing

Whether vasopressin should be given earlier in the disease process, with more
reversible pathology, is the subject of the recently presented VANISH (vasopressin
versus noradrenaline as the initial therapy in septic shock) UK trial [11, 12].
VANISH, a multicenter double-blind factorial RCT in adults with septic shock, had
two primary aims:

1. To determine if vasopressin reduces renal dysfunction compared to noradrena-
line when used as the initial vasopressor (see Sect. 14.2.2)

2. To determine any interaction between vasopressin and corticosteroids (see
below)

14.4.6 Synergism and Antagonism

The antidiuretic action of vasopressin can be potentiated by carbamazepine, chlor-
propamide, clofibrate, urea, fludrocortisones, and tricyclic antidepressants.
Conversely, demeclocycline, noradrenaline, lithium, heparin, and alcohol may
decrease the antidiuretic action of vasopressin. Ganglionic blockers may increase
sensitivity to vasopressin’s vasoconstrictor effect. QT interval prolongation is a risk
when vasopressin is associated to dolasetron. Vasopressin enhances the sensitivity
of the vasculature to other vasopressors.

Of particular interest is that, corticosteroids may interact with vasopressin [16,
17]. In 2014, Gordon et al. [18] demonstrated in a multicenter prospective pilot
RCT of 61 patients with septic shock that coadministration of hydrocortisone and
vasopressin reduced vasopressin requirements (dose and duration) but not plasma
vasopressin levels. The interaction between vasopressin and corticosteroids has
been investigated further in the VANISH trial [11, 12]. This study showed that the
combination of noradrenaline or vasopressin with hydrocortisone had no effect on
28-day mortality in patients with septic shock.
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Clinical Summary

Drug Indications Cautions Side effects Dose Notes
Vasopressin | Septic shock = Heart failure Decreased 0.01-0.03 U/ | Septic shock
and AKI or any cardiac output | min for causes:
condition Myocardial septic shock 1. Initial surge
exacerbated ischemia May be safe then relative
by fluid Mesenteric to use higher deficiency of
retention ischemia doses but vasopressin
Hypertension  (unclear) lack of 2. Hypersen-
or any Reduced evidence sitivity to
condition platelet count | currently exogenous
exacerbated Skin necrosis vasopressin
by (extravasation) Exact role and
hypertension timing of
Lactation, vasopressin are
pregnancy unclear (the
VANISH trial is in

progress and may
add new insights)
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15.1 General Principles

Type 1 hepatorenal syndrome (HRS) is a severe complication of cirrhosis, which is
associated with an unacceptably high mortality rate of 80 % at 2 weeks if untreated
[1]. It was previously defined as a rapidly progressive decline in renal function,
characterized by doubling of the initial creatinine to a level of more than 2.5 mg/dL
in 2 weeks. Severe circulatory dysfunction, along with an inadequate cardiac con-
tractility as a manifestation of cirrhosis-related cardiomyopathy, has been reported
as the pathophysiologic hallmark of HRS [1]. Several studies have shown that an
adequate mean arterial pressure (MAP) is pivotal for HRS reversal, in order to coun-
teract the exaggerated systemic vasodilation state. Accordingly, the administration
of vasoconstrictors (along with albumin) is recommended in patients with HRS
(See Chap. 16, Fig. 16.1). A good long-term survival has been reported for HRS
after orthotopic liver transplantation (OLT) [1]. However, reversal with medical
therapy remains of the utmost importance. The association of terlipressin and albu-
min has been shown to be an effective treatment for type 1 HRS, and both trans-
plant-free survival and survival after OLT are strongly related to the improvement
of renal function after this treatment [1].

Various classes of vasoconstrictors have the potential to reverse HRS, including
vasopressin analogues (terlipressin and ornipressin), alpha-1 adrenergic receptor
agonists (midodrine and norepinephrine), and somatostatin analogues (octreotide).
This chapter will focus on the use of terlipressin for the treatment of HRS, with
particular focus on its impact on mortality.
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15.2 Main Evidence

To date, various trials have assessed the efficacy of terlipressin in the reversal of
HRS. The majority of them have used terlipressin in combination with albumin,
while others have compared its efficacy against other vasoconstrictors
(Table 15.1).

15.2.1 Terlipressin Without Albumin Versus Placebo

In the initial randomized controlled trial (RCT) by Solanki et al. [2], terlipressin
administration was shown to result in significant improvement in urine output, cre-
atinine clearance, serum creatinine, MAP, and survival as compared to placebo.
Subsequently, in a series of 69 patients, Testro et al. [3] reported reversal of HRS
type 1 in 41 patients (59.4 %) and improvement in survival in 21 (30.4 %).

15.2.2 Terlipressin with Albumin vs. Placebo

In a prospective RCT, Sanyal and colleagues [4] showed the superiority of terlipres-
sin (in association with albumin) over placebo in HRS reversal, which translated
into improved survival at 6 months. A significant improvement in renal function
with terlipressin and albumin, as compared to placebo, was also found in the RCT
by Martin Llahi et al. [5], but without any difference in 3-month survival between
the two groups. Finally, consistent with the findings of Sanyal and colleagues [4],
Neri et al. [6] showed a significant improvement in both renal function and survival
in patients receiving terlipressin plus albumin.

15.2.3 Terlipressin and Meta-analyses

Sagi et al. [7] analyzed data from four RCTs (including a total of 223 patients) and
showed that terlipressin is effective in reversing type 1 HRS and improving survival.
The meta-analysis by Fabrizi et al. [8] consistently demonstrated that discontinua-
tion of therapy with terlipressin was significantly associated with an increase in the
number of relapses [8]. However, even though terlipressin improved HRS reversal,
it did not impact overall survival. Conversely, a Cochrane systematic review of ten
RCTs investigating the effects of vasoconstrictors in the treatment of HRS sug-
gested a reduced mortality with terlipressin [9]. In fact, in the six studies reporting
data on mortality, a total of 155 subjects were randomized to receive terlipressin,
either alone or with albumin (74 patients), or no intervention as either placebo or
albumin (98 patients). Subanalysis using random effects model found that terlipres-
sin administration was associated with reduced mortality (relative risk [RR] 0.80,
95 % confidence interval [CI] 0.66-0.97). Yet, all studies had high risk of bias.
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15.2.4 Terlipressin vs. Other Vasoconstrictors

o Terlipressin vs. Noradrenaline. An unblinded pilot investigation on cirrhotic
patients with HRS suggested that noradrenaline was as effective and safe as ter-
lipressin [10]. Following this, Sharma et al. [11] showed an improvement in both
renal function and survival with noradrenaline, as compared to terlipressin, in an
open-label RCT. Interestingly, in a recent meta-analysis including four studies
(154 patients, overall), no difference in reversal of HRS (RR0.97, 95 % CI10.76—
1.23), 1-month mortality (RR0.89, 95 % CI0.68-1.17), and recurrence of HRS
(RR0.72, 95 % CI10.36-1.45) was noted between norepinephrine and terlipressin
[12], although adverse events were less frequent with noradrenaline. However,
all trials were at high risk of bias.

e Terlipressin vs. Octreotide and Midodrine. In an RCT, a significantly higher
rate of recovery of renal function was found with terlipressin (19/27, 70.4 %)
as compared to octreotide and midodrine (6/21, 28.6 %) [13]. The trial had to
be stopped early after an interim analysis reported a superiority of the inter-
vention (terlipressin) in comparison to standard therapy (midodrine plus
octreotide). Importantly, terlipressin was administered as a continuous infu-
sion, which may have accounted for the superior rate of HRS reversal noted in
this trial.

15.2.5 Predictors of Response to Terlipressin

Various predictors have been identified for a non-response to terlipressin treat-
ment, including high baseline value of serum creatinine and total serum biliru-
bin, failure to increase MAP and cardiac output, and the presence of underlying
tubular dysfunction [14]. Among these factors, identifying significant values of
high serum creatinine is of particular clinical importance. In fact, serum creati-
nine is known to underestimate the severity of renal dysfunction in patients with
cirrhosis as it can be spuriously recorded as low. This occurs in the presence of
marked hyperbilirubinemia, hemolysis, decreased creatine synthesis, reduced
muscle mass, and increased renal tubular creatinine secretion. In order to diag-
nose HRS early and remove reliance on serum creatinine, the revised criteria for
HRS (HRS-AKI) were proposed by the International Club of Ascites (ICA) in
2015 (Fig. 15.1) [15]. This is wherein an absolute cutoff for serum creatinine
has been removed. Rodriguez et al. [16] recently evaluated patients with HRS
associated with bacterial infections, in which poor response to terlipressin was
directly related to the severity of liver failure and to the non-resolution of infec-
tion. A strong interaction was noted between the resolution of bacterial infec-
tion, as well as severity of liver failure, and extrahepatic organ failure. Similarly,
we have also reported a lower response to terlipressin in patients with acute-on-
chronic liver failure (ACLF) [17]. However, it is still unclear if the poor response
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Diagnosis of

HRS-AKI

Fig. 15.1 Diagnostic criteria for hepatorenal syndrome type of acute kidney injury (HRS-AKI) in
patients with cirrhosis proposed by the International Club of Ascites (ICA) [15]. ICA-AKI,
International Club of Ascites-Acute Kidney Injury; BW, body weight; RBCs, red blood cells; US,
ultrasonography. *See Chapter 16, Table 16.1

to terlipressin in ACLF patients is associated with a progression to acute tubular
necrosis, an inadequate cardiac output secondary to bacterial infection, the
severity of systemic inflammation, or a different pathophysiologic basis of kid-
ney injury in these patients [16, 17].

15.3 Pathophysiologic Principles/Pharmacologic Properties

HRS is characterized by profound circulatory dysfunction. The main mediators are
nitric oxide (NO) and carbon monoxide, which together cause marked splanchnic
and systemic arterial vasodilation and a reduction in the effective arterial blood
volume. Nitric oxide also causes negative inotropic effects via increased cyclic gua-
nosine monophosphate (¢cGMP) production, leading to cardiac dysfunction. This in
turn causes activation of the renin-angiotensin-aldosterone systems (RAAS) as well
as an intense renal vasoconstriction with a consequent decrease in renal blood flow.
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It has also been shown that any factor that worsens the vasodilatory state or decreases
blood volume can further perturb renal perfusion and lead to renal dysfunction [1].
Moreover, it has been shown that patients with bacterial infections have an increased
severity of cardiac and renal dysfunction secondary to an exaggerated systemic
inflammatory response with increased levels of pro-inflammatory cytokines (such
as TNFa and IL-6).

Terlipressin is a prohormone of lysine vasopressin (triglycyl lysine vasopres-
sin). The glycyl residues are cleaved by endothelial peptidases after intravenous
administration, enabling prolonged release of lysine vasopressin. Terlipressin
has an affinity for both V; and V, receptors (see Chap. 14). V, receptor stimula-
tion causes splanchnic vasoconstriction and, accordingly, reduction in splanch-
nic blood flow and portal pressure, leading to the amelioration of the
hyperdynamic circulation, thereby improving the effective circulatory volume
and renal perfusion pressure (Fig. 15.2). Additionally, V, receptor stimulation
by terlipressin increases water reabsorption in the renal collecting ducts by
mobilizing the expression of aquaporin-2 water channels in the apical plasma
membrane [18].

15.4 Therapeutic Use

Terlipressin is usually administered at a dose of 0.5—1 mg intravenously every 4-6 h
(4-6 mg/day). The dose can be increased up to 2 mg every 4 h if baseline serum
creatinine level does not improve by 25 % at day 3 of therapy. Alternatively, terlip-
ressin can be administered as continuous intravenous infusion [18, 19]. The treat-
ment should be continued until resolution of AKI. Adverse events, mainly including
ischemic events involving the heart, fingers, and mesenteries, are reported in
approximately 5-12 % of patients during terlipressin treatment. There is evidence
that when terlipressin is administered using continuous infusion rather than as a
bolus for the treatment of HRS, better efficacy can be achieved with a lower total
daily dose and with fewer side effects [13, 19].

15.5 Future Perspectives

There is emerging data suggesting the presence of structural renal damages in
patients with cirrhosis and a presumed diagnosis of HRS [17]. Moreover, patients
with ACLF develop structural kidney damage more often as compared to patients
with cirrhosis [17]. RCTs are therefore needed in order to assess the efficacy of
terlipressin as compared to other vasoconstrictors specifically in patients with
ACLEF, as well as to identify the frequency and predictors of non-response to the
drug. Two other groups where terlipressin needs to be studied, which are
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Fig. 15.2 Pathophysiology of hepatorenal syndrome (HRS) and role of terlipressin. In patients
with cirrhosis, portal hypertension causes splanchnic and systemic vasodilatation, decreasing the
effective arterial blood volume. The consequent activation of sympathetic nervous system (SNS),
renin-angiotensin-aldosterone system (RAAS), and antidiuretic hormone (ADH) leads to retention
of sodium and water, formation of ascites, dilutional hyponatremia, and decrease in systemic vas-
cular resistances (SVR) and mean arterial pressure (MAP). At the same time, chronic renal vaso-
constriction and decreased renal perfusion occur. Factors disrupting the resulting precarious
balance, such as nonsteroidal anti-inflammatory drugs (NSAIDs), vasodilators, infections, large-
volume paracentesis (LVP), gastrointestinal (GI) bleed, diarrhea, and excessive diuresis due to
diuretics, may precipitate AKI. Cirrhotic cardiomyopathy is often associated. Vasoconstrictors
such as terlipressin are effective in reversing HRS in 30-50 % of patients by acting at various levels
(double-slashed arrows). Possible mechanisms of non-response are presence of structural tubular
injury, failure to increase cardiac output, severity of liver failure, and inflammation-associated
renal dysfunction (dashed lines)

currently excluded from the diagnostic criteria for HRS, include patients with
cirrhosis with acute-on-chronic kidney disease, in which vasoconstrictors may
reverse the acute component, and patients with cirrhosis and septic shock.
Preliminary data from our group has reported the efficacy of terlipressin against
noradrenaline in improving renal function in cirrhotic patients with septic shock
[20]. The management of non-responders still remains an unmet challenge. It is
also important to understand the role of dialysis and artificial liver support in
ACLF patients with HRS. Lastly, the efficacy of terlipressin in the treatment of
HRS needs to be reassessed in future studies considering the revised criteria for
HRS-AKI.
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Clinical Summary

Drug Indication

Terlipressin | Hepatorenal
syndrome
type 1

References

Cautions

Ischemic heart
disease

Known
hypersensitivity
Chronic kidney
disease
Pregnancy
Mesenteric
ischemia
Peripheral
arterial disease

Side effects

Cardiac: atrial
fibrillation,
ventricular
extrasystoles,
torsade de
pointes,
tachycardia,
myocardial
infarction,
hypertension
Gastrointestinal:
abdominal
cramps, loose
stools, nausea,
intestinal
ischemia

Skin and
subcutaneous
tissue:
peripheral
cyanosis and
gangrene
Others:
hyponatremia in
patients with
variceal
bleeding

Dose

Starting
dose 2 mg
daily,
possibly
increased
up to

12 mg/day
(as bolus
or
continuous
infusion)
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Notes

Most
common
adverse
effects

(1-10 %) are
paleness,
hypertension,
abdominal
pain, nausea,
diarrhea, and
headache
Drug
interactions:
terlipressin
potentiates
the
hypotensive
effect of
nonselective
beta-blockers
on the portal
vein
Concomitant
treatment
with drugs
with a known
bradycardic
effect (e.g.,
propofol,
sufentanil)
may reduce
heart rate
and cardiac
output and
should
therefore be
avoided

1. Gines P, Schrier RW et al (2009) Renal failure in cirrhosis. N Engl J Med 361:1279-1290
2. Solanki P, Chawla A, Garg R et al (2003) Beneficial effects of terlipressin in hepatorenal syn-
drome: a prospective, randomized placebo-controlled clinical trial. J Gastroenterol Hepatol

18(2):152-156

3. Testro AG, Wongseelashote S, Angus PW et al (2008) Long-term outcome of patients treated
with terlipressin for types 1 and 2 hepatorenal syndrome. J Gastroenterol Hepatol

23:1535-1540



132 R. Maiwall and S.K. Sarin

4. Sanyal AJ, Boyer T, Garcia-Tsao G et al (2008) A randomized prospective double-blind pla-
cebo controlled trail of terlipressin in type 1 Hepatorenal syndrome. Gastroenterology
134:1360-1368

5. Martin Llahi M, Pepin MN, Guavera M et al (2008) Terlipressin plus albumin vs. albumin
alone in patients with hepatorenal syndrome: a randomized study. Gastroenterology
134:1352-1359

6. Neri S, Pulvirenti D, Malaguarnera M et al (2008) Terlipressin and albumin in patients with
cirrhosis and type I hepatorenal syndrome. Dig Dis Sci 53:830-835

7. Sagi SV, Mittal S, Kasturi KS et al (2010) Terlipressin therapy for reversal of type 1 hepatore-
nal syndrome: a meta-analysis of randomized controlled trials. J Gastroenterol Hepatol
25:880-885

8. Fabrizi F, Dixit V, Messa P et al (2009) Terlipressin for hepatorenal syndrome: a meta-analysis
of randomized trials. Int J Artif Organs 32:133-140

9. Gluud LL, Christensen K, Christensen E et al (2010) Systematic review of randomized trials
on vasoconstrictor drugs for hepatorenal syndrome. Hepatology 51:576-584

10. Alessandria C, Ottobrelli A, Debernardi-Venon W et al (2007) Noradrenalin vs. terlipressin in
patients with hepatorenal syndrome: a prospective, randomized, unblinded, pilot study.
J Hepatol 47:499-505

11. Sharma P, Kumar A, Shrama BC et al (2008) An open label, pilot, randomized controlled trial
of noradrenaline versus terlipressin in the treatment of type 1 hepatorenal syndrome and pre-
dictors of response. Am J Gastroenterol 103:1689-1697

12. Nassar Junior AP, Farias AQ, D’ Albuquerque LA et al (2014) Terlipressin versus norepineph-
rine in the treatment of hepatorenal syndrome: a systematic review and meta-analysis. PLoS
One 9(9):e107466

13. Cavallin M, Kamath PS, Merli M, for the Italian Association for the Study of the Liver Study
Group on Hepatorenal Syndrome et al (2015) Terlipressin plus albumin versus midodrine and
octreotide plus albumin in the treatment of hepatorenal syndrome: a randomized trial.
Hepatology 62(2):567-574

14. Boyer TD, Sanyal AJ, Garcia-Tsao G et al (2011) Terlipressin Study Group. Predictors of
response to terlipressin plus albumin in hepatorenal syndrome (HRS) type 1: relationship of
serum creatinine to hemodynamics. J Hepatol 55(2):315-321

15. Angeli P, Gines P, Wong F et al (2015) Diagnosis and management of acute kidney injury in
patients with cirrhosis: revised consensus recommendations of the International Club of
Ascites. Gut 64(4):531-537

16. Rodriguez E, Elia C, Sola E et al (2014) Terlipressin and albumin for type-1 hepatorenal syn-
drome associated with sepsis. J Hepatol 60(5):955-961

17. Maiwall R, Sarin SK, Moreau R (2016) Acute kidney injury in acute on chronic liver failure.
Hepatol Int 10(2):245-57

18. Sarin SK, Sharma P (2011) Terlipressin: an asset for hepatologists! Hepatology 54(2):724-728

19. Gerbes AL, Huber E, Giilberg V et al (2009) Terlipressin for hepatorenal syndrome: continu-
ous infusion as an alternative to i.v. bolus administration. Gastroenterology 137:1179

20. Choudhury AK, Vashishtha C, Saini D et al (2014) A prospective open label randomized non-
inferiority trial to compare the efficacy and safety of monotherapy with noradrenaline and
terlipressin in patients of cirrhosis with septic shock admitted to the Intensive care unit
(NCTO01836224). Hepatology 60:254A [Abstract # 113]



Christian J. Wiedermann

16.1 General Principles

Acute kidney injury (AKI) occurs in up to one-fifth of cirrhotic patients hospitalized
with portal hypertension and portosystemic collaterals [1]. As discussed in Chap. 15
(see Fig. 15.2), these conditions cause systemic and splanchnic vasodilation and,
accordingly, a decrease in the “effective” arterial blood volume. As a consequence,
antidiuretic hormone (ADH) is released and both renin-angiotensin-aldosterone
system (RAAS) and sympathetic nervous system (SNS) are activated, leading to
water/sodium retention and, hence, to an increase in intravascular volume. As cir-
rhosis progresses, these compensatory mechanisms become inadequate, and a fur-
ther reduction in the effective blood volume leads to pronounced vasoconstriction,
involving preferentially renal and central nervous system blood vessels. The conse-
quent reduction in renal blood flow that is typical of advanced cirrhosis is respon-
sible for a decrease in glomerular filtration rate (GFR) and may also contribute to
the development of ischemic injury. Even in the presence of low-grade renal hypo-
perfusion, AKI may develop due to the exposure to nephrotoxic drugs or to condi-
tions causing acute fluctuations in intravascular volume such as gastrointestinal
bleeding, diarrhea, use of diuretics, and large-volume (>4-5 L) paracentesis (LVP).
The outpatient use of diuretics and the occurrence of lactulose-associated diarrhea
are responsible for the majority of AKI cases in cirrhotic patients. Finally, up to
30 % of patients with cirrhosis and ascites develop spontaneous bacterial peritonitis
(SBP): in these patients, AKI may also be precipitated by inflammation-associated
vasodilation, as well as by the use of potentially nephrotoxic antibiotics prescribed
for the treatment of SBP.

C.J. Wiedermann, MD

Department of Internal Medicine, Central Hospital of Bolzano,
Lorenz Bohler Street 5, Bolzano 39100, Italy

e-mail: christian.wiedermann @asbz.it

© Springer International Publishing Switzerland 2016 133
G. Landoni et al. (eds.), Reducing Mortality in Acute Kidney Injury,
DOI 10.1007/978-3-319-33429-5_16


mailto:christian.wiedermann@asbz.it
http://dx.doi.org/10.1007/978-3-319-33429-5_15
http://dx.doi.org/10.1007/978-3-319-33429-5_15

134 C.J. Wiedermann

Table 16.1 International Club of Ascites new definitions for the diagnosis and management of
acute kidney injury (AKI) in patients with cirrhosis (ICA-AKI)

Subject Definition

Baseline sCr A value of sCr obtained in the previous 3 months, when available, can be
used as baseline sCr. In patients with more than one value within the
previous 3 months, the value closest to the hospital admission time should
be used
In patients without a previous sCr value, the sCr on admission should be
used as baseline

Definition of Increase in sCr >0.3 mg/dL (>26.5 pmol/L) within 48 h or a percentage

AKI increase sCr >50 % from baseline which is known, or presumed, to have
occurred within the prior 7 days

Staging of AKI | Stage I: increase in sCr >0.3 mg/dL (26.5 pmol/L) or an increase in sCr
>1.5-fold to twofold from baseline
Stage 2: increase in sCr > two- to threefold from baseline
Stage 3: increase of sCr >threefold from baseline or sCr >4.0 mg/dL
(353.6 pmol/L) with an acute increase >0.3 mg/dL (26.5 pmol/L) or
initiation of RRT

Progression of | Progression Regression
AKI Progression of AKI to a higher stage and/or Regression of AKI to a
need for RRT lower stage
Response to No response | Partial response Full response
treatment No regression | Regression of AKI stage with | Return of sCr to a value
of AKI a reduction of sCr to within 0.3 mg/dL
>0.3 mg/dL (26.5 pmol/L) (26.5 pmol/L) of the
above the baseline value baseline value

Reproduced with permission from Angeli et al. [1]
RRT renal replacement therapy, sCr serum creatinine

AKI is associated with a stepwise increase in the risk of death according to its
severity. Since even small increases in serum creatinine (sCr) have been shown to be
associated with adverse outcomes, new diagnostic criteria for AKI in cirrhotic patients
have been recently introduced that provide higher sensibility for the diagnosis of mod-
erate AKI and allow an earlier identification of severe AKI (Table 16.1) [1].

Although paracentesis is generally the first-line treatment for patients with
refractory ascites, it causes further reduction in the effective circulating volume.
The consequent pronounced reactivation of RAAS and SNS may be responsible for
the so-called post-paracentesis circulatory dysfunction (PPCD), which is associated
with a high risk of ascites recurrence, dilutional hyponatremia, development of hep-
atorenal syndrome (HRS), and death. Unlike prerenal uremia, HRS does not respond
to volume expansion [2].

In more than two-thirds of cirrhotic patients, however, AKI is due to renal hypo-
perfusion and shows an improvement with volume expansion. Administration of
human albumin to treat hypovolemia is recommended in cirrhotic patients with AKI
[1] and, as discussed below, has been shown to reduce mortality in these patients,
especially in those with SBP [3, 4].
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16.2 Main Evidence
16.2.1 Albumin, AKI, and Mortality in Cirrhotic Patients

Serum albumin levels have been identified as an independent factor affecting mor-
tality in patients with AKI [5]. Moreover, low serum albumin has been found to be
arisk factor for AKI in different clinical settings, including hyperuricemic patients
treated with nonsteroidal anti-inflammatory drugs (NSAIDs) [6], patients with cys-
tic fibrosis receiving intravenous aminoglycosides [7], patients with acute coronary
syndromes treated with percutaneous coronary intervention (contrast-induced AKI)
[8], and surgical patients [9—12]. In particular, preoperative low serum albumin has
been shown to be an independent risk factor for AKI following off-pump coronary
artery bypass (OPCAB) surgery, which in turn is associated with poor outcomes [9].
Similarly, low serum albumin has been found to be an independent risk factor for
postoperative AKI in patients undergoing surgery of the thoracic aorta [10], cardio-
pulmonary bypass and aortic cross-clamp surgery [11], and esophageal cancer sur-
gery [12]. It is reasonable to expect, therefore, that the administration of albumin
would prevent AKI and even reduce mortality in patients with or at risk for AKI.

Moreover, since liberal fluid administration can be associated with AKI and
increased mortality in critically ill patients (see also Chap. 19), especially in those
with sepsis [13, 14], it has been traditionally believed that the use of colloids (includ-
ing albumin) for fluid resuscitation could be advantageous in such situations thanks
to a reduced risk of overhydration [15]. However, it has been also hypothesized that
hyperoncotic colloids might contribute to AKI.

In order to shed some light on this issue, Wiedermann et al. [4] performed a
meta-analysis of randomized controlled trials (RCTs) assessing the risk of AKI
after infusion of hyperoncotic albumin and hydroxyethyl starch (HES) solutions.
Mortality was a secondary end point. Data from 11 RCTs including a total of 1,220
patients were analyzed: 7 studies evaluated hyperoncotic albumin and 4 hyperon-
cotic HES. Clinical indications for albumin or HES administration were surgery,
sepsis, ascites, and SBP, with most studies involving patients with cirrhosis. The
risk of AKI was decreased by 76 % with albumin (odds ratio [OR] 0.24, 95 % con-
fidence interval [CI] 0.12-0.48, p<0.0001) and increased by 92 % with HES (OR
1.92, 95% CI 1.31-2.81, p=0.0008). Moreover, albumin reduced mortality (OR
0.52, 95 % C1 0.28-0.95, p=0.035), while HES increased mortality (OR 1.41, 95 %
CI 1.01-1.96, p=0.043).

These findings are consistent with those of a previous investigation in which 126
cirrhotic patients with SBP were randomized to receive or not 20 % albumin (at a
dose of 1.5 g/kg at the time of diagnosis and 1 g/kg 3 days after) in addition to anti-
biotic therapy [3]. Nonreversible deterioration of renal function occurred in 10 % of
patients receiving antibiotics and albumin as compared with 33 % of patients receiv-
ing only antibiotics (p =0.002). Furthermore, both in-hospital and 90-day mortality
were lower in the albumin group (10 % vs. 29 %, p=0.01 and 22 % vs. 41 %, p=0.03,
respectively).
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A trend toward reduced 28-day mortality with albumin was also found in a sub-
group analysis of patients with severe sepsis from a large multicenter investigation
in which a total of 6,997 intensive care unit (ICU) patients were randomized to
receive either 4 % albumin or normal saline for fluid resuscitation (relative risk [RR]
0.87,95 % CI10.74-1.02, p=0.09) [16].

16.2.2 Albumin and Other Complications of Cirrhosis

There are only a few small studies on the prophylactic effects of albumin against
ascites. Lower ascites recurrence and improved survival have been observed in an
RCT investigating long-term administration of diuretics plus albumin (25 g per
week in the first year and 25 g every 2 weeks thereafter) as compared with diuretics
alone [17]. In another study, albumin infusion was as effective as the combination
of octreotide and midodrine in preventing ascites recurrence after LVP and was
associated with a better outcome [18]. Interestingly, when ascites recurred, sCr lev-
els were lower in the albumin group (0.9 vs. 1.2 mg/dL, p=0.051). These effects are
thought to be related to the reduced function of endogenous albumin in patients with
liver failure [19].

The beneficial effect of albumin infusion on the occurrence of PPCD was first
demonstrated in the 1980s [20]. Clinical practice guidelines recommend albumin
treatment after LVP (>5 L) [21, 22]. However, there are few RCTs to about, and
most of them are small in size (<100 patients). Treatment alternatives such as syn-
thetic colloids and vasoconstrictors have been widely investigated. In a recent
meta-analysis on albumin infusion in patients undergoing LVP, 17 trials (1,225
patients, overall) including PPCD, hyponatremia, and mortality as primary end
points were identified [23]. Albumin significantly reduced the incidence of PPCD,
hyponatremia, and mortality as compared with alternative treatments. Incidence of
AKI was reported in 10 of the 17 trials, and a 17 % reduction in the risk of renal
impairment was found, though not statistically significant. Since patients with
hyponatremia (which develops because of an impaired renal capacity to eliminate
solute-free water) show greater susceptibility to the development of refractory
ascites, lower responsiveness to diuretics, and higher requirement for LVP, the
reduced occurrence of hyponatremia in patients receiving albumin is of potential
clinical importance.

16.3 Pharmacologic Properties

The most well-established physiological role of albumin is the maintenance of col-
loid osmotic pressure (COP). Albumin contributes up to 80 % of the normal COP,
due to its high plasma concentration (55-60 % of plasma protein content) and its net
negative charge that promotes the retention of positively charged solutes within the
intravascular compartment [24]. In addition, albumin acts as an effective plasma
buffer thanks to its high concentration and to the numerous charged residues which
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are present on its surface [24]. Albumin also binds different molecules (including
fatty acids, ions, thyroxine, bilirubin, and amino acids), functioning as a reservoir
and transporter [25]. The binding properties of albumin also affect the delivery,
distribution, and metabolism of drugs [24]. Moreover, albumin has antioxidant
properties, primarily due to its reduced sulthydryl groups (—SH), which are effec-
tive scavengers of reactive oxygen and nitrogen species generated during oxidative
stress [25]. The ability of albumin to bind free copper (Cu?*), which acts as a cata-
lyst in reactions where free radicals are generated, further contributes to its antioxi-
dant activity [24]. Albumin has also antithrombotic and anticoagulant effects,
probably due to its ability to bind nitric oxide (NO) to form S-nitrosothiols. In the
S-nitrosothiol form, NO is protected from rapid degradation, allowing for prolonged
effects on platelet aggregation and vasodilation [24, 25]. Finally, albumin is thought
to play a role in the maintenance of vascular integrity [24] and to exert immune-
modulatory and anti-inflammatory effects [19].

Maintaining/improving renal perfusion through volume expansion due to its col-
loid osmotic properties has probably a key role in the nephroprotective action of
albumin. However, other mechanisms such as the prevention of oxidative injury and
the binding of endogenous toxins or nephrotoxic drugs may contribute to the
observed effects on AKI incidence and mortality [4].

16.4 Therapeutic Use

Albumin, alone or associated with vasopressors, is indicated before paracentesis in
cirrhotic patients with more than three admissions per year due to ascites reaccumu-
lation, in addition to sodium restriction and diuretic treatment [26].

In most studies included in the abovementioned meta-analysis of albumin infu-
sion in patients undergoing LVP [23], favorable effects on mortality were obtained
with the administration of 8 g albumin per liter of ascites fluid removed. However,
albumin may also be effective at lower doses, as suggested by a pilot study directly
comparing eight with 4 g/L [27]. These findings might help in reducing treatment
costs, but need to be confirmed in further studies.

Albumin infusion is recommended for the treatment of hypovolemia in patients
with cirrhosis and AKI according to the International Club of Ascites staging of
AKI (ICA-AKI) (Table 16.1) [1]. In patients with ICA-AKI stage 1, volume expan-
sion is recommended for clinically suspected hypovolemia. Crystalloids, albumin,
or blood (in patients with gastrointestinal bleeding) should be used according to
clinical judgment, after potentially nephrotoxic drugs, vasodilators, and diuretics
have been reduced or withdrawn. In case of progression of the AKI stage or in
patients presenting with ICA-AKI stage 2 and 3, volume expansion with intrave-
nous albumin (at a dose of 1 g/kg of body weight per day for two consecutive days)
is recommended in order to treat prerenal AKI and to allow differential diagnosis of
AKI (Fig. 16.1). The maximum dose of 100 g albumin per day should not be
exceeded [20]. Differential diagnosis of those cases which do not respond to albu-
min includes HRS, intrinsic AKI, and postrenal AKI.



138 C.J. Wiedermann

el

Fig. 16.1 Proposed algorithm for the management of acute kidney injury (AKI) according to
International Club of Ascites-AKI (ICA-AKI) classification that combines “Kidney Disease:
Improving Global Outcomes” (KDIGO) criteria and conventional criteria in patients with cirrhosis
and ascites. *Treatment of spontaneous bacterial peritonitis (SBP) should include albumin infusion
according to current guidelines. #Initial AKI stage is defined as AKI stage at the time of first fulfill-
ment of the AKI criteria. §No global consensus was reached on this point. HRS hepatorenal syn-
drome, NSAIDs nonsteroidal anti-inflammatory drugs, sCr serum creatinine (Reproduced with
permission from Angeli et al. [1])

Table 16.2 Unconfirmed indications for albumin in liver cirrhosis

Indications Albumin use

Non-SBP infections One study available — improvement in renal and circulatory function
but no effect on survival

Hepatic encephalopathy | Two studies available — improvement in HE grade observed in one
study but not the other

Ascites Two studies available — better results observed in patients receiving
albumin but limitations in both studies prevented a definitive
conclusion on the utility of chronic treatment with albumin (answer
study currently ongoing)

Acute-on-chronic liver | Albumin dialysis (MARS and Prometheus) — beneficial effect on
failure systemic hemodynamics, severe HE, and removal of toxic molecules
but no substantial effects on survival

Modified from Bernardi et al. [28]
MARS molecular adsorbent recirculating systems, Prometheus fractionated plasma separation and
adsorption, SBP spontaneous bacterial peritonitis, HE hepatic encephalopathy
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Conclusion

The most well-established indications for albumin in cirrhosis are prevention of
PPCD during LVP in the treatment of refractory ascites, prevention of HRS in
patients with SBP, and HRS treatment [28]. According to the literature evidences
discussed earlier, a strong recommendation can be made for albumin administra-
tion in order to prevent AKI and to reduce mortality in cirrhotic patients with
SBP [1, 29]. Albumin may also have beneficial effects on a number of other
complications in cirrhosis (Table 16.2), although further studies are needed
before any definitive conclusion can be drawn.

References

12.

13.

14.

. Angeli P, Gines P, Wong et al (2015) Diagnosis and management of acute kidney injury in

patients with cirrhosis: revised consensus recommendations of the International Club of
Ascites. Gut 64:531-537

. Egerod Israelsen M, Gluud LL, Krag A (2015) Acute kidney injury and hepatorenal syndrome

in cirrhosis. J Gastroenterol Hepatol 30:236-243

. Sort P, Navasa M, Arroyo V et al (1999) Effect of intravenous albumin on renal impairment

and mortality in patients with cirrhosis and spontaneous bacterial peritonitis. N Engl J Med
341:403-409

. Wiedermann CJ, Dunzendorfer S, Gaioni LU et al (2010) Hyperoncotic colloids and acute

kidney injury: a meta-analysis of randomized trials. Crit Care 14:R191

. Ulusoy S, Ari D, Ozkan G et al (2015) The frequency and outcome of acute kidney injury in a

tertiary hospital: which factors affect mortality? Artif Organs 39:597-606

. Moon KW, Kim J, Kim JH et al (2011) Risk factors for acute kidney injury by non-steroidal

anti-inflammatory drugs in patients with hyperuricaemia. Rheumatology (Oxford)
50:2278-2282

. Downes KJ, Patil NR, Rao MB et al (2015) Risk factors for acute kidney injury during amino-

glycoside therapy in patients with cystic fibrosis. Pediatr Nephrol 30:1879-1888

. Murat SN, Kurtul A, Yarlioglues M (2015) Impact of serum albumin levels on contrast-induced

acute kidney injury in patients with acute coronary syndromes treated with percutaneous coro-
nary intervention. Angiology 66:732-737

. Lee EH, Baek SH, Chin JH et al (2012) Preoperative hypoalbuminemia is a major risk factor

for acute kidney injury following off-pump coronary artery bypass surgery. Intensive Care
Med 38:1478-1486

. Kim WH, Park MH, Kim HJ et al (2015) Potentially modifiable risk factors for acute kidney

injury after surgery on the thoracic aorta: a propensity score matched case-control study.
Medicine (Baltimore) 94:¢273

. Moguel-Gonzalez B, Wasung-de-Lay M, Tella-Vega P et al (2013) Acute kidney injury in

cardiac surgery. Rev Invest Clin 65:467-475

Lee EH, Kim HR, Baek SH et al (2014) Risk factors of postoperative acute kidney injury in
patients undergoing esophageal cancer surgery. J Cardiothorac Vasc Anesth 28:936-942

De Oliveira FS, Freitas FG, Ferreira EM et al (2015) Positive fluid balance as a prognostic
factor for mortality and acute kidney injury in severe sepsis and septic shock. J Crit Care
30:97-101

Acheampong A, Vincent JL (2015) A positive fluid balance is an independent prognostic fac-
tor in patients with sepsis. Crit Care 19:251



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Albumin to Reduce Mortality in Cirrhotic Patients with Acute Kidney Injury 141

Wiedermann CJ, Joannidis M (2015) Nephroprotective potential of human albumin infusion:
a narrative review. Gastroenterol Res Pract 2015:91283916

Finfer S, Bellomo R, Boyce N et al (2004) A comparison of albumin and saline for fluid resus-
citation in the intensive care unit. N Engl J Med 350:2247-2256

Romanelli RG, La Villa G, Barletta G et al (2006) Long-term albumin infusion improves sur-
vival in patients with cirrhosis and ascites: an unblinded randomized trial. World J Gastroenterol
12:1403-1407

Bari K, Mifiano C, Shea M et al (2012) The combination of octreotide and midodrine is not
superior to albumin in preventing recurrence of ascites after large-volume paracentesis. Clin
Gastroenterol Hepatol 10:1169-1175

Garcia-Martinez R, Caraceni P, Bernardi M et al (2013) Albumin: pathophysiologic basis of its
role in the treatment of cirrhosis and its complications. Hepatology 58:1836-1846

Gines P, Tité L, Arroyo V et al (1988) Randomized comparative study of therapeutic paracen-
tesis with and without intravenous albumin in cirrhosis. Gastroenterology 94:1493—1502
European Association for the Study of the Liver (2010) EASL clinical practice guidelines on
the management of ascites, spontaneous bacterial peritonitis, and hepatorenal syndrome in
cirrhosis. J Hepatol 53:397-417

Runyon BA, AASLD Practice Guidelines Committee (2009) Management of adult patients
with ascites due to cirrhosis: an update. Hepatology 49:2087-2107

Bernardi M, Caraceni P, Navickis R et al (2012) Albumin infusion in patients undergoing
large-volume paracentesis: a meta-analysis of randomized trials. Hepatology 55:1172-1181
Nicholson JP, Wolmarans MR, Park GR (2000) The role of albumin in critical illness. Br
J Anaesth 85:599-610

Evans TW (2000) Review article: albumin as a drug—biological effects of albumin unrelated
to oncotic pressure. Aliment Pharmacol Ther 16(Suppl 5):6-11

Lenz K, Buder R, Kapun L et al (2015) Treatment and management of ascites and hepatorenal
syndrome: an update. Ther Adv Gastroenterol 8:83—100

Alessandria C, Elia C, Mezzabotta L et al (2011) Prevention of paracentesis-induced circula-
tory dysfunction in cirrhosis: standard vs half albumin doses. A prospective, randomized,
unblinded pilot study. Dig Liver Dis 43:881-886

Bernardi M, Ricci CS, Zaccherini G (2014) Role of human albumin in the management of
complications of liver cirrhosis. J Clin Exp Hepatol 4:302-311

Landoni G, Bove T, Székely A et al (2013) Reducing mortality in acute kidney injury patients:
systematic review and international web-based survey. J Cardiothorac Vasc Anesth
27(6):1384-1398

Martin-Llahi M, Pepin MN, Guevara M et al (2008) Terlipressin and albumin vs albumin in
patients with cirrhosis and hepatorenal syndrome: a randomized study. Gastroenterology
134:1352-1359

Sanyal AJ, Boyer T, Garcia-Tsao G et al (2008) A randomized, prospective, double-blind,
placebo-controlled trial of terlipressin for type 1 hepatorenal syndrome. Gastroenterology
134:1360-1368



Gianluca Paternoster, Paolo Fabbrini, and Imma Attolico

17.1 General Principles

Multiple myeloma (MM) is a clonal B-cell cancer of proliferating plasma cells. It
represents nearly a tenth of all hematologic malignancies [1]. Renal dysfunction is
among the most common complications in patients with active MM, together with
hypercalcemia, osteolytic lesions, and anemia [2]. Kidney injury in plasma cells
dyscrasias may be extremely heterogeneous. However, only cast nephropathy
should be regarded as a myeloma-defining event since all other histological forms
should be regarded as different entities related to a monoclonal serum-free light
chain (sFLC) production [3].

Renal dysfunction is present in 25-50 % of newly diagnosed MM patients, about
9 % of which needs hemodialysis (HD) [4]. Half of patients with MM may develop
renal injury during the course of the disease. Kidney dysfunction can be reversed in
approximately 50 % of patients, but the remaining patients will have some degree of
persistent chronic kidney disease (CKD). Patients with acute kidney injury (AKI)
have higher early and overall mortality. Evidence is accumulating suggesting that
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kidney function is tightly related to myeloma cell mass: accordingly, CKD is more
common in patients with a large tumor burden [5].

Since the recovery of renal function is associated with a dramatic improvement
in survival, MM with severe renal dysfunction at presentation deserves a prompt
and aggressive treatment, with the following key objectives [6]:

* Removal or prevention of those factors possibly aggravating renal injury.
Maximizing urine output in not anuric patients by optimizing intravascular vol-
ume, avoiding loop diuretics, correcting acidosis and hypercalcemia [7], and
avoiding intravenous radiological contrast media or other nephrotoxic drugs.

* Reduced exposure of the kidneys to SFLC. Effective chemotherapy is the corner-
stone of treatment in patients with myeloma-related AKI. Hematologic response
usually translates into renal improvement. Bortezomib, an ubiquitin-proteasome
inhibitor, may counteract the harmful effects of FLCs on the kidney through a rapid
reduction of sSFLC (due to the reduction of myeloma cells) and a reduction of kid-
ney inflammation due to the blockade of NF-«xB activation. Bortezomib does not
need dose adjustment in patients with renal failure. The International Myeloma
Working Group (IMWG) [8] recommended the use of bortezomib-based regimens,
including high-dose dexamethasone, as first choice. The combination of bortezo-
mib with melphalan and prednisone may be used in elderly patients with renal
disease. In patients with mild-to-moderate renal impairment, lenalidomide may be
used as an alternative, adjusting the dose according to renal function. Several stud-
ies reported reversal of myeloma-associated renal injury, also in a 20-30% of
patients on dialysis who become dialysis independent following treatment [6].

Removal of sFLC with extracorporeal techniques such as plasma exchange has
been also described as an adjunctive treatment to further reduce kidney exposure to
sFLC and, possibly, to improve renal outcome in patients with MM. However, as
discussed below, the impact of extracorporeal SFLC removal (with any technique)
on survival is unclear.

17.2 Main Evidence

There is only a small single-center randomized controlled trial (RCT) reporting a
reduction in mortality with plasma exchange in patients with MM-associated AKI
[9]. Zucchelli et al. [10] randomized 29 patients to receive either peritoneal dialysis
or plasma exchange in addition to hemodialysis (HD) and found a significantly
reduced 1-year mortality in the plasma exchange/HD group. However, this study is
rather old and therapy of MM has profoundly changed since its publication.
Moreover, the combination of plasma exchange with HD and the comparison with
a different dialysis technique (peritoneal dialysis) make it difficult to attribute the
observed benefits to plasma exchange per se [9]. Indeed, more recent studies of
plasma exchange in patients with MM-associated renal impairment failed to show
any difference in renal outcomes or survival [11, 12].
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Nevertheless, new evidence is now available regarding the role of extracorporeal
sFLC removal combined with chemotherapy in patients with MM-associated kid-
ney injury [13, 14]. In summary, extracorporeal removal of sFLC is considered
reasonable in current clinical practice if it is reserved to patients with cast nephropa-
thy [13] and if it aims to a great reduction of sSFLC (60 %) in a very short time
(12-21 days from the beginning of treatment) [14, 15].

17.3 Pathophysiological Principles and Clinical Practice

Cast nephropathy is determined by an overflow of filtered sFLC in the proximal
tubule that largely overwhelms its endocytic capacity. The high amount of exceed-
ing FLC in the tubular fluid leads to their accumulation within the proximal tubular
cells and to intraluminal cast formation into distal tubules [13]. As mentioned, this
state is usually induced by concomitant conditions such as hypovolemia, electro-
lyte/acid-base disturbances, and nephrotoxic drugs, which can impair tubular
function.

Therefore, treatment should aim at preventing or removing such precipitant fac-
tors, at reducing sFLC production (with anti-myeloma drugs), and, reasonably, at
removing sFLC through extracorporeal techniques.

17.3.1 Extracorporeal sFLC Removal

Since sFLC molecular weight is 25 and 50 kDa for x and A chains, respectively,
even high/superflux dialyzers can barely remove these molecules [14]. Therefore,
extracorporeal clearance of SFLC can only be achieved through dialyzers with either
higher cutoft (high cutoff and/or plasma exchange dialyzers) or specific adsorption
properties.

Plasma exchange has been for a long time the only extracorporeal technique
used in cast nephropathy to achieve an effective removal of SFLC through a com-
plete plasma substitution. Three RCTs [10, 11, 16] were performed, two of which
[11, 16] found no benefit of plasma exchange on overall survival. It should be
underlined that all these studies suffer from several methodological limitations:
plasma exchange efficacy was not measured since sFLC assays were not available,
patients included had a very wide range of renal failure, and the cause of renal
failure was not clearly determined. Furthermore, novel chemotherapeutic agents
which have proven effective in the treatment of MM were not used at the time of
these studies, and this makes impossible to translate their results into the modern
clinical practice.

However, plasma exchange has some conceptual disadvantages. The treatment is
short and its efficacy is limited to the intravascular compartment, which may con-
tain only 15-20% of the total sFLC, due to their high volume of distribution.
Moreover, AKI patients often need renal function replacement which is not pro-
vided by plasma exchange.
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In recent years, other extracorporeal techniques showed their efficacy in sFLC
removal [15, 17, 18]. In particular, the new generation of high cutoff dialyzers can
provide effective removal of sFLC by either diffusion or convection. Different treat-
ment schedules have been proposed, mainly consisting of daily long dialysis ses-
sions in order to remove as much sFLC as possible. Two RCTs, the EuLITE trial in
the UK and Germany [19] and the MYRE trial in France (NCT01208818), are now
trying to determine the actual role of these devices, but no results are currently
available. All other techniques are anecdotally reported in small case series and, to
our knowledge, no RCTs are currently ongoing.

Finally, a new type of high cutoff membrane has been introduced in clinical
practice. The Ultraflux EMiC2 dialysis filter (Fresenius, Bad Homburg v.d.H.,
Germany) was developed to increase the clearance of middle-sized molecules such
as cytokines. The filter has a molecular weight cutoff of about 40 kDa (only 5 kDa
less than ordinary high cutoff membranes) and allows a lower loss of larger mole-
cules such as albumin or coagulation factors. These characteristics may be of great
clinical interest since intensive dialysis with rapid reduction of sFLC but without
loss of albumin should be considered as the best goal of extracorporeal therapy. No
data have been published so far on this topic. However, our preliminary observa-
tions in few patients are encouraging.

Conclusion

Plasma exchange is now not recommended for sFLC removal in patients
with MM-associated AKI. However, new extracorporeal therapies, espe-
cially high cutoff dialysis, should now be considered for a more rapid reduc-
tion of sFLC levels in combination with bortezomib-based therapies. RCTs
are needed in order to better clarify the indications and the impact on rele-
vant outcomes of such new techniques for SFLC removal. Meanwhile, we

Clinical Summary

Strategy Indications | Main evidence Notes

Extracorporeal | Multiple The only evidence of a | Plasma exchange is now not

removal of myeloma survival benefit comes | recommended in patients with

serum-free light | (MM)- from an old, small MM-associated AKI

chains (sFLC) associated | RCT in which plasma | Therapy of MM has profoundly

AKI exchange in addition changed in the last decades.

to hemodialysis was Newer extracorporeal techniques
compared with for sFLC removal (especially
peritoneal dialysis high cutoff dialysis) seem to be
Other studies of promising in addition to modern
plasma exchange in anti-myeloma drugs (adequate
this clinical setting RCTs are needed)

were inconclusive
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recommend a careful patient selection since only dialysis-dependent patients
with cast nephropathy seem to be really eligible to extracorporeal removal
of sFLC, and treatment should be tailored on the basis of SFLC levels and
efficacy of chemotherapy.
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Lisa Mathiasen, Roberta Maj, and Gianluca Paternoster

18.1 General Principles

Sepsis and septic shock are the most common causes of acute kidney injury (AKI)
in critically ill patients [1]. Intravenous immunoglobulin (IVIG) therapy has been
suggested to be beneficial in sepsis and septic shock by modulating the immune
response, neutralizing bacterial toxins, and stimulating leucocytes and serum bacte-
ricidal activity [2]. Commercially available intravenous polyclonal immunoglobulin
preparations are derived from human B-lymphocytes and contain highly purified
immunoglobulins (Ig), mainly IgG and IgM, with intact Fc portion and with the
broad spectrum of activities that constitutes the basis of the humoral immune
response. Monoclonal preparations are derived from a single cell line and are
directed against a single antigen such as endotoxin or cytokines.

18.2 Main Evidence

Most studies of IVIG therapy reporting data on mortality have focused on septic
patients. The only study focusing on the use of IVIG in patients with AKI was a
single-center randomized clinical trial (RCT) including 40 patients with mostly
sepsis-induced AKI [3]. This study found a significant reduction in mortality in the
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IVIG group as compared with the placebo-treated control group (12 vs. 44 %,
p=0.025). However, this study is a small, old, single-center study, and after its pub-
lication no other studies have reported a significant reduction in mortality with the
use of IVIG in the setting of AKI or critical illness [4].

A recent meta-analysis identified 43 RCTs comparing monoclonal and poly-
clonal IVIG with either placebo or no intervention in septic patients [5]. Among
these, 25 studies were RCTs of polyclonal IVIG therapy, 17 in adults (n=1,958) and
8 in neonates (n=3,831). In adult patients, ten trials on polyclonal IVIG (n=1,430)
and seven trials on IgM-enriched polyclonal IVIG (n=528) were identified.
Compared with placebo or no intervention, IVIG resulted in significant reduction in
mortality in adult patients with sepsis (relative risk [RR] 0.81, 95 % confidence
interval [CI] 0.7-0.93 and RR 0.66, 95 % CI 0.51-0.85, respectively). No significant
reduction in mortality was found in neonates in five trials using polyclonal IVIG
(n=3,667, RR 1.00, 95% CI 0.92-1.08) and in three trials using IgM-enriched
IVIG (n=164, RR 0.57, 95 % CI 0.31-1.04). This meta-analysis included one large
multinational RCT in infants with neonatal sepsis (n=3,493), which found no ben-
efits from IVIG administration [6].

Eight trials studying the effect of monoclonal IVIG showed no cumulative ben-
efit of antiendotoxin, whereas nine trials of anti-cytokines showed a marginal over-
all reduction in mortality in adult patients with sepsis.

The results of the meta-analysis by Alejandra et al. [5] are consistent with those of
two older meta-analyses [7, 8]. Pildal et al. [7] analyzed 20 trials including a total of
1,711 septic patients and showed a reduction in mortality with IVIG therapy (RR 0.77,
95 % CI 0.68-0.88). However, there was no reduction in the risk of mortality (RR
1.02, 95 % CI 0.84—1.24) when only high-quality studies were included in the analysis
(763 patients, overall). The meta-analysis by Laupland et al. [8] included 14 RCTs
and found a significant reduction in mortality with IVIG administration in adult
patients with severe sepsis or septic shock. The overall beneficial effect on mortality
appeared to be more pronounced when higher doses of IVIG (>1 g/kg) were used.
Again, the survival benefit was lost when only high-quality studies were included.

In contrast to these results, two meta-analyses using less strict criteria for quality
evaluation found a significant reduction in patient mortality with IVIG therapy [9, 10].

Most studies on polyclonal IVIG therapy in adults are small and some of them
have been criticized for methodological flaws [11]. The only large RCT (n=624) in
adult patients showed no effect on mortality [12]. All trials identified to have a low
risk of bias showed no reduction in mortality with polyclonal IVIG: three of these
used standard polyclonal IVIG [12-14] and two used IgM-enriched IVIG [15, 16].

18.3 Possible Rationale for Mortality Reduction in Patients
with Sepsis

The mechanisms of action of intravenous polyclonal immunoglobulins are complex
and not yet fully elucidated. It has been hypothesized that polyclonal immunoglobulin
preparations contain neutralizing and opsonizing antibodies that inactivate bacterial
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endotoxin and exotoxins, stimulate leukocytes, and increase serum bactericidal activ-
ity. Immunoglobulins may also modulate the release of cytokines and thereby either
up- or downregulate inflammatory and immune responses [2]. Both the Ig constant
fragment (Fc fragment) and the F(ab’), fragment have been found to have immuno-
modulating effects by activating complement and innate immune cells [17].

18.4 Therapeutic Use

Immunoglobulins have been used for more than 25 years as replacement therapy in
primary immunodeficiency disorders. Since then, their use has been extended to
include a number of chronic inflammatory diseases such as multiple sclerosis, rheu-
matoid arthritis, and sepsis. Doses of approximately 0.5 g per kg body weight (BW)
are used in replacement therapies, whereas higher doses (up to 3 g per kg BW) may
be used in inflammatory diseases.

Adpverse effects of IVIG can be generally categorized as immediate, delayed, or
late depending on the time of onset [18, 19]. Immediate adverse events occur during
infusion and may be related to the rate of infusion. Headache, fever, and nausea are
common, while more serious events such as anaphylaxis and anaphylactoid reactions
are less common. Delayed adverse events occur hours, or even days, after infusion
and include potential serious events like renal dysfunction as well as pulmonary,
hematologic, or neurologic events. Late adverse events are related to the transmis-
sion of infectious agents such as hepatitis C virus [19]. However, IVIG is generally
considered a reasonably well-tolerated therapy and serious complications are rare.

Conclusion

The results of clinical trials of IVIG therapy are conflicting. There is a high
degree of heterogeneity among studies, some trials using IgM-enriched formu-
las, while others using non-enriched formulas or combinations. Furthermore,
patient populations are highly heterogeneous, with diagnoses ranging from sys-
temic inflammatory response syndrome (SIRS) to septic shock. It cannot be
excluded that IVIG may be effective in certain subgroups of septic patients.
However, larger well-designed RCTs are needed to evaluate the clinical efficacy
of IVIG in sepsis. Currently, there is insufficient evidence to recommend IVIG
therapy as an adjuvant therapy to reduce mortality in septic patients with AKI.

References

1. Uchino S, Kellum JA, Bellomo R et al (2005) Acute renal failure in critically ill patients: a
multinational, multicenter study. JAMA 294(7):813-818

2. Werdan K (2001) Intravenous immunoglobulin for prophylaxis and therapy of sepsis. Curr
Opin Crit Care 7(5):354-361

3. Keane WF, Hirata-Dulas CA, Bullock ML et al (1991) Adjunctive therapy with intravenous
human immunoglobulin G improves survival of patients with acute renal failure. J Am Soc
Nephrol 2(4):841-847



18

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

Can Intravenous Human Immunoglobulins Reduce Mortality in Acute Kidney Injury? 153

Landoni G, Bove T, Székely A et al (2013) Reducing mortality in acute kidney injury patients:
systematic review and international web-based survey. J Cardiothorac Vasc Anesth
27(6):1384-1398

. Alejandria MM, Lansang MA, Dans LF, Mantaring JB 3rd (2013) Intravenous immunoglobu-

lin for treating sepsis, severe sepsis and septic shock. Cochrane Database Syst Rev 9,
CD001090

. INIS Collaborative Group, Brocklehurst P, Farrell B, King A et al (2011) Treatment of neona-

tal sepsis with intravenous immune globulin. N Engl J Med 365(13):1201-1211

. Pildal J, Ggtzsche PC (2004) Polyclonal immunoglobulin for treatment of bacterial sepsis: a

systematic review. Clin Infect Dis 39(1):38-46

. Laupland KB, Kirkpatrick AW, Delaney A (2007) Polyclonal intravenous immunoglobulin for

the treatment of severe sepsis and septic shock in critically ill adults: a systematic review and
meta-analysis. Crit Care Med 35(12):2686-2692

. Kreymann KG, de Heer G, Nierhaus A, Kluge S (2007) Use of polyclonal immunoglobulins

as adjunctive therapy for sepsis or septic shock. Crit Care Med 35(12):2677-2685

Turgeon AF, Hutton B, Fergusson DA et al (2007) Meta-analysis: intravenous immunoglobu-
lin in critically ill adult patients with sepsis. Ann Intern Med 146(3):193-203

Almansa R, Tamayo E, Andaluz-Ojeda D et al (2015) The original sins of clinical trials with
intravenous immunoglobulins in sepsis. Crit Care 19:90

Werdan K, Pilz G, Miiller-Werdan U et al (2008) Immunoglobulin G treatment of postcardiac
surgery patients with score-identified severe systemic inflammatory response syndrome-the
ESSICS study. Crit Care Med 36(3):716-723

Burns ER, Lee V, Rubinstein A (1991) Treatment of septic thrombocytopenia with immune
globulin. J Clin Immunol 11(6):363-368

Darenberg J, IThendyane N, Sjolin J et al (2003) Intravenous immunoglobulin G therapy in
streptococcal toxic shock syndrome: a European randomized, double-blind, placebo-controlled
trial. Clin Infect Dis 37(3):333-340

Hentrich M, Fehnle K, Ostermann H et al (2006) IgMA-enriched immunoglobulin in neutro-
penic patients with sepsis syndrome and septic shock: a randomized, controlled, multiple-
center trial. Crit Care Med 34(5):1319-1325

Rodriguez A, Rello J, Neira J et al (2005) Effects of high-dose of intravenous immunoglobulin
and antibiotics on survival for severe sepsis undergoing surgery. Shock 23(4):298-304
Schwab I, Nimmerjahn F (2013) Intravenous immunoglobulin therapy: how does IgG modu-
late the immune system? Nat Rev Immunol 13(3):176-189

Berger M (2013) Adverse effects of IgG therapy. J Allergy Clin Immunol Pract 1(6):558-566
Nydegger UE, Sturzenegger M (1999) Adverse effects of intravenous immunoglobulin ther-
apy. Drug Saf 21(3):171-185



Part Il

Interventions That May Increase Mortality



Ken Parhar and Vasileos Zochios

19.1 General Principles

Development of acute kidney injury (AKI) is common in critically ill patients, most
often as a result of sepsis or hemodynamic shock. AKI is associated with significant
morbidity and mortality, with published mortality rates in the intensive care unit
(ICU) population of greater than 50 % [1]. The prevention and appropriate treatment
of AKI is thus a major priority in patients admitted to the ICU.

Intravenous fluid administration is a common intervention in ICU patients, and it
is used for both the prevention and the treatment of AKI. Fluid administration can
increase stroke volume and cardiac output and accordingly can improve renal blood
flow (RBF). Moreover, it can increase mean arterial pressure, improving the perfu-
sion gradient between the renal capillaries and Bowman’s space. However, the
pathogenesis of AKI is multifactorial and not only due to perturbed hemodynamics
but also the result of direct cellular injury as well as indirect injury from inflamma-
tion and microcirculatory changes [2].

AKI with oliguria as well as fluid resuscitation often results in accumulation of
excess total body fluid. This fluid accumulates in all tissues of the body through
third spacing into the interstitial space as well as remaining within the vascular
space resulting in increased venous pressure. The presence of oliguria is associated
with a poor prognosis; however, it remains unclear if this is due to severity of injury
or to fluid overload [3]. It is becoming increasingly evident that fluid accumulation
is associated with significant risks and with poor patient outcomes.
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19.2 Main Evidence

Several studies have found an association between volume overload and outcome in
patients with AKI. A secondary analysis of the SOAP (Sepsis Occurrence in Acutely
I11 Patients) study, a multicenter prospective observational trial examining the inci-
dence of septic patients in the ICU, demonstrated that patients with acute renal
failure (ARF) had increased mortality and that the presence of a higher mean fluid
balance was an independent predictor of 60-day mortality (hazard ratio [HR] 1.21,
95% confidence interval [CI] 1.13-1.28, p<0.001) [4]. Similarly, the PICARD
(Program to Improve Care in Acute Renal Disease) study, an observational study of
618 patients admitted to ICU with ARF, demonstrated an independent association
between fluid overload and increased mortality which was not dependent on the use
of renal replacement therapy (RRT) [5]. In fact, an increased risk of death was
shown in both nondialyzed patients with fluid overload at AKI diagnosis (odds ratio
[OR] 3.14, 95 % CI 1.18-8.33) and dialyzed patients with fluid overload at dialysis
initiation (OR 2.07, 95 % CI 1.27-3.37). This study included a wider diversity of
patient conditions (including both septic and non-septic patients) in contrast to the
study by Payen et al. [4, 5]. In a prospectively enrolled cohort of 81 patients with
AKI requiring continuous renal replacement therapy (CRRT), Fiilop et al. [6] dem-
onstrated not only an association between fluid accumulation and mortality but also
a dose-dependent effect of increasing mortality with increased fluid balance.
Patients with a volume-related weight gain (VRWG) >10 % or a VRWG >20 % had
a higher risk of mortality as compared with those with a VRWG <10% (OR 2.62,
95% CI 1.07-6.44, p=0.046 and OR 5.1, 95% CI 1.22-21.25, p=0.025,
respectively).

A secondary analysis of the “Fluid and Catheter Treatment Trial” (FACTT) dem-
onstrated that patients with acute lung injury who developed AKI had a higher mor-
tality (regardless of a conservative or liberal fluid administration strategy) [7]. This
study demonstrated some evidence of causality, as greater diuretic use was associ-
ated with a protective effect on mortality, potentially due to its effect on fluid bal-
ance. In fact, when the diuretic effect was adjusted for fluid balance, the protective
affect was attenuated, thus suggesting that the observed survival benefit was pro-
moted by the modulation of fluid balance.

Volume overload may influence the natural history of AKI. A retrospective
cohort study of 170 patients who underwent dialysis for ARF demonstrated that a
higher degree of fluid overload was associated with a decreased chance of renal
recovery at 1 year [8]. In a secondary analysis of the RENAL (Randomized
Evaluation of Normal versus Augmented Level of Replacement Therapy) study, a
multicenter study involving 1,453 patients with severe AKI requiring CRRT, an
association between fluid overload and mortality, was present [9]. In addition to
this, patients who achieved a positive mean fluid balance had decreased CRRT-free
days. A prospective observational cohort study from Finland examining 296 criti-
cally ill patients with AKI requiring RRT had similar findings [10]. Fluid overload
atinitiation of RRT was independently associated with mortality in a dose-dependent
fashion. Despite having a lower mean creatinine at initiation of RRT, non-survivors
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had higher mean fluid balances at initiation and had a higher mean time to initiation
of RRT. This suggests that the degree of AKI may not be as critical to outcome as
the degree of volume overload.

Oliguria, in addition to volume resuscitation, can lead to fluid overload. Whether
these two factors are related or independently modulate outcome remains unclear as
several of the studies demonstrating an association between volume overload and
increased mortality did not adjust for urine volume [4, 5]. A secondary analysis of
the NEFROINT study, a prospective observational study looking at patients admit-
ted to ICU with AKI, attempted to address this question [11]. In this cohort, the
investigators found both oliguria and fluid overload to be independently associated
with increased mortality, suggesting that both factors play an important role. Further
supporting this, the authors also found that diuretic use improved survival, even
after adjustment for fluid balance and urine volume.

Another common limitation of trials conducted to date is that they are unable to
accurately estimate the fluid balance from hospital admission, due to incomplete or
limited charting. In addition to this, the accuracy of fluid balance measurements is
questionable given most studies do not account for insensible losses and wound
losses. As a potential solution to this problem, a recent study looked at the use of
N-terminal pro B-type natriuretic peptide (NTpro-BNP) in combination with bio-
impedance vector analysis (BIVA) for diagnosis of a volume overload state in
patients admitted to ICU requiring CRRT [12]. Patients with both abnormal BIVA
and elevated NTpro-BNP had a higher mortality than those with normal BIVA and
NTpro-BNP. However, this study was limited by a small sample size (89 patients).

Most studies to date have been conducted in the general ICU population. Similar
findings have been reproduced in the cardiac surgery population, as early adminis-
tration of fluid can lead to AKI. In a prospective observational cohort of 100 patients
undergoing cardiac surgery, those patients in the quartile receiving the highest vol-
ume of fluid suffered the highest degree of AKI [13]. Also this study, as the previ-
ously cited one, was limited by the small number of patients included.

19.3 Pathophysiology

There are several mechanisms through which volume administration and overload
may lead to AKI or worsen outcomes in AKI patients. Fluid administration results
in elevated venous pressures and venous congestion. Increased venous congestion
reduces the renal arterial-venous pressure gradient resulting in reduced RBF. In a
murine model of renal injury, clamping of the renal vein reduced RBF and caused
more renal injury than clamping of the renal artery [14]. Studies in swine demon-
strated a similar effect of reduction of both RBF and glomerular filtration rate when
the renal venous pressure was raised to 30 mmHg [15].

Fluid overload also results in interstitial edema. This subsequently causes tubular
leakage and increased tubular pressure, leading to a reduced ultrafiltration gradient.
Elevated tubular pressure has been implicated as an important factor in persistent
loss of renal function [16]. Studies of patients who have had fluid administration
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demonstrate an increase in renal volume when examined by magnetic resonance
imaging (MRI) [17].

In addition to renal venous congestion and renal interstitial edema, extrinsic fac-
tors can impair the hemodynamics of the kidneys. Intra-abdominal hypertension
and development of intra-abdominal compartment syndrome (ACS) are known
risks of large volume fluid resuscitation due to third spacing from leaky capillary
endothelium in the context of inflammatory conditions, sepsis, or large volume
hemorrhage [18]. Indeed, AKI is a common complication of untreated ACS [19,
20], in which kidney injury may occur due to impaired renal perfusion from
increased renal venous pressure [21].

19.4 Therapeutic Aspects

Although a weak recommendation can be made to avoid a positive fluid balance in
order to reduce mortality in patients with AKI, thus far there is no compelling data
that preventing fluid overload may be a way to improve outcomes in patients with
AKI [22]. Studies looking at diuretic use have failed to demonstrate a benefit to
either recovery of renal function or any other outcome such as mortality [23, 24].
There may be several reasons for this. For example, diuretic use may be associated
with transient intravascular volume shifts leading to further AKI. Indeed, evidence
(though weak) exists that diuretic use may even increase mortality in AKI patients
(see Chap. 21). The modality of RRT may also play a role (see Chap. 4), as a sys-
tematic review of studies comparing the use of intermittent hemodialysis (IHD)
with CRRT did demonstrate a higher rate of recovery of renal function in patients
who were initiated on CRRT [25]. CRRT is more likely to be successful at actually
achieving a negative fluid balance due to its continuous delivery and hourly regula-
tion of total fluid balance. Like diuretics, IHD may cause much more profound
intravascular fluid shifts. Moreover, it is generally less efficient in volume manage-
ment due to its shorter runs. Finally, protocolized fluid administration has been
studied extensively (see Chap. 10). However, a systematic review and meta-analysis

Clinical Summary

Strategy | Cautions | Clinical implications Notes
Positive | May Only a weak Among strategies which can be
fluid cause AKI | recommendation can be used to avoid fluid overload,
balance | May made to avoid a positive diuretics and GDT have not been
increase fluid balance in order to clearly demonstrated to improve
mortality | reduce mortality in patients | outcomes in patients with AKI,
in patients | with AKI while CRRT may provide a
with AKI survival advantage as compared to

IHD


http://dx.doi.org/10.1007/978-3-319-33429-5_21
http://dx.doi.org/10.1007/978-3-319-33429-5_4
http://dx.doi.org/10.1007/978-3-319-33429-5_10

19

Fluid Overload May Increase Mortality in Patients with Acute Kidney Injury 161

examining studies actively restricting fluid administration using protocol-based
goal directed therapy (GDT) did not demonstrate any reduction in AKI with fluid
restriction [26]. Further prospective trials need to be conducted to better study these
questions.
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20.1 General Principles

Volume replacement therapy is essential to maintain adequate tissue perfusion and
oxygenation in patients with hypovolemia. Crystalloids are inexpensive, readily
available, and effective for replenishing both the intra- and extravascular space.
However, excessive fluid extravasation with consequent tissue edema is a problem
with crystalloid resuscitation, especially in larger volumes. Colloids are more effi-
cient than crystalloids in expanding the intravascular space and can help prevent
tissue edema because of better vascular persistence. Compared with crystalloids,
the use of colloids is limited by their higher cost and the risk of rare but potentially
serious anaphylactoid reactions. Although less expensive than the natural colloid
albumin, artificial colloids such as hydroxyethyl starch (HES), gelatin, and dextran
display a less favorable safety profile.

HES is a semisynthetic volume expander consisting of carbohydrate polymers of
different molecular weights and degrees of hydroxyethyl substitution. HES is mar-
keted as different solutions (with differing compositions) by several manufacturers.
Despite a lack of evidence of clinical benefit compared with albumin and crystal-
loids, HES has been used in a variety of clinical settings to treat hypovolemia
including during surgery and after trauma and burns and in critically ill patients in
intensive care units (ICUs). Serious side effects of HES due to coagulopathy had
already been observed in the 1970s, shortly after it was first licensed. In 2013, medi-
cal regulatory authorities limited the use of HES because of safety concerns, includ-
ing hemorrhage and acute kidney injury (AKI).
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20.2 Main Evidence

Based on data from clinical studies, HES was shown to be associated with an
increased risk of mortality and need for renal replacement therapy (RRT) as com-
pared with crystalloids. A higher risk for other adverse reactions was also reported.
These harms of HES were not limited to one manufacturer, molecular weight (MW),
or molar substitution and thus probably represent a class effect. In particular, HES-
induced AKI was reported in clinical studies independent of differences in product
composition. Participants in these trials included kidney donors [1], patients with
sepsis [2—4], and critically ill patients [5]. Experimental and clinical studies strongly
suggest that toxicity of HES can be attributed to tissue storage: significant doses of
HES remain stored in tissues [6, 7], contributing to AKI [1-5] or other organ inju-
ries [8—10], as well as to side effects such as pruritus [11]. Increased risk of bleeding
and requirement for blood transfusions due to HES-related coagulopathy have been
also documented in ICU patients, patients with sepsis, those undergoing anesthesia
for major surgery, and those following blunt trauma [12].

20.2.1 Risk of Mortality

Volume resuscitation with HES has been associated with reduced survival at 90 days
in patients with sepsis and septic shock [2, 3]. In the multicenter, randomized,
blinded 6S (Scandinavian Starch for Severe Sepsis/Septic Shock) study, 804 patients
with severe sepsis (84 % of which in septic shock) were randomized to receive fluid
resuscitation with either 6 % HES 130/0.42 (see below), at a dose of up to 33 mL/kg
of ideal body weight per day, or Ringer’s acetate (RA). 201/398 (51 %) patients in
the HES group had died by day 90, as compared with 172/400 (43 %) in the RA
group (relative risk [RR] 1.17; 95 % confidence interval [CI] 1.01-1.36; p=0.03)
[3]. In the VISEP (Efficacy of Volume Substitution and Insulin Therapy in Severe
Sepsis) multicenter, two-by-two factorial study, involving 600 patients with severe
sepsis, fluid resuscitation with 10% HES 200/0.5 vs. modified Ringer’s lactate
(RL), and glycemic control with intensive vs. conventional insulin therapy were
investigated [2]. Although survival rates at day 28 did not significantly differ
between the HES and the RL group (26.7 % and 24.1 %, respectively; p=0.48), the
subgroup of patients who received >22 mL/kg bodyweight per day of HES had
significantly higher 90-day mortality, as compared with patients who received
<22 mL kg~! day~! (57.6 % vs. 30.9 %, p<0.001). The findings of these two studies
were subsequently confirmed in several meta-analyses [13-16] including the
increase in mortality in patients who developed AKI after both iso-oncotic and
hyper-oncotic HES preparations [2, 17, 18].

The open-label Colloids Versus Crystalloids for the Resuscitation of the Critically
Il (CRISTAL) trial [19] failed to show any difference in 28-day mortality in patients
admitted to the ICU with hypovolemic shock randomized to receive colloids or
crystalloids for fluid resuscitation. At day 90, mortality was significantly lower in
the colloid group (but not following post hoc multivariate comparisons). However,
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it should be noted that the 90-day endpoint was not included in the original protocol
and was added during the conduct of the study. Furthermore, recruitment of 2,857
sequential ICU patients began in February 2003 and ended only in August 2012.
Finally, patients in the colloid arm received three different kinds of colloids, rather
than HES alone. Due to this, as well as to the high risk of bias, the results of this
study add little to the question of HES-related mortality in volume resuscitation.

20.2.2 Adverse Renal Effects

Different mechanisms might be involved in the adverse renal effects of HES, includ-
ing an increased uptake of starch into the kidneys [6, 7] inducing osmotic nephrosis,
tubular obstruction by hyperviscous urine, and renal inflammation [20].

In the VISEP study [2], patients treated with low doses of HES 200/0.5 (<2 mL
kg™! day™') had a higher rate of renal failure (30.9 % vs. 21.7 %, p=0.04) and were
more likely to need RRT (25.9% vs. 17.3 %, p=0.03), as compared with patients
treated with RL. It was noted that a number of patients received higher than recom-
mended doses of HES (>22 mL/kg/day). However, the higher risk of RRT was also
seen in patients treated with HES at the recommended daily doses.

The primary outcome in the 6S trial [3] was a composite of death or RRT need at
day 90. Risk for RRT was significantly higher in patients treated with HES 130/0.42
compared with patients receiving RA (22 % vs. 16 %, p=0.04). AKI occurred with
equal frequency in the two intervention groups. Although 282 patients already had
AKI at randomization, this is unlikely to have affected the results of the study. In
fact, at baseline, patients with AKI were evenly randomized to the two treatment
groups, and the rate of AKI in patients receiving HES did not differ significantly
between patients with and without prior AKI at the time of randomization.

In the Crystalloid versus Hydroxyethyl Starch Trial (CHEST) [5], the largest
blinded volume therapy study ever performed, 7,000 ICU patients (surgical, sepsis,
and trauma adult patients in a ratio of approximately 4:3:1) received either 6 % HES
130/0.4 or 0.9 % sodium chloride (NaCl) in a 1:1 ratio for all fluid resuscitation until
ICU discharge, death, or 90 days after randomization. Fluid resuscitation was defined
as bolus of intravenous fluid over and above that required for maintenance or replace-
ment fluids. Patients were excluded if they had received more than 1,000 mL of HES
before screening. There was no significant difference in serum creatinine levels and
urine output between groups at baseline. RRT was administered to 7% of patients
treated with HES and to 5.8 % of patients treated with NaCl (p=0.04), confirming an
increased risk of RRT with HES. Although indications for RRT were non-standard-
ized, physicians were unaware of study group assignments, making it unlikely that the
observed difference was caused by variations in the thresholds for initiating therapy.
AKI was evaluated according to the RIFLE criteria (see Chap. 2), serum creatinine
levels and urine output: RIFLE-R and RIFLE-I AKI occurred significantly more often
in the NaCl than in the HES group (57.3 % vs. 54.0 %, p=0.007 and 38.0 % vs. 34.6 %,
p=0.005, respectively). However, post hoc results showed that serum creatinine levels
were significantly increased in the HES group during the first 7 days (p=0.004),
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suggesting a progressive reduction in creatinine clearance. Furthermore, urine output
was significantly lower in the HES group (p=0.003).

The Fluids in Resuscitation of Severe Trauma (FIRST) study [21] is a small, blinded
trial in which 115 patients with blunt or penetrating trauma, requiring 3 L of resuscita-
tion fluid, were randomized to receive either 6 % HES 130/0.4 or 0.9 % NaCl. There was
no difference in RIFLE criteria between groups in the 30 days following randomization.
However, less renal injury and a significantly better lactate clearance were observed in
the HES group for patients with penetrating trauma, but not for those with blunt trauma.

In another small, double-blind, single-center study (Basel Starch Evaluation in
Sepsis, BASES) [22], 241 patients with severe sepsis/septic shock were randomized to
0.9% NaCl or 6 % HES 130/0.4. Volume resuscitation was performed with alternating
infusions of 1,000 mL study fluid and 1,000 mL RL until a total amount of study fluid
of 50 mL/kg of bodyweight per day was reached for up to 5 days. Primary endpoints
were ICU and hospital length of stay (LOS) and 30-day mortality. Secondary endpoints
included the course of serum creatinine levels with calculated and measured glomeru-
lar filtration rates and RRT need. Use of HES neither significantly reduced the amount
of study fluid used nor increased the incidence of AKI. The primary endpoints were
also not significantly different between groups. However, the study is most probably
underpowered (it is yet to be published and calculation of sample size is unknown).
Accordingly, no conclusions about renal safety of HES can be drawn.

The Crystalloids Morbidity Associated with Severe Sepsis (CRYSTMAS) study
[23] is a small, randomized, multicenter, double-blind post-marketing study in
patients with severe sepsis that compared 6 % HES (n=100) versus 0.9% NaCl
(n=96). The primary endpoint was the volume of study drug required over 4 days
to achieve hemodynamic stabilization. Safety endpoints included AKI (defined as
doubling of serum creatinine levels) or requirement for RRT over the study period.
Neither the volume required to achieve hemodynamic stabilization nor the time to
hemodynamic stabilization was significantly different in the two groups. AKI was
reported in 8 % of patients in the HES group and in 10.4 % of patients in the NaCl
group (p>0.05). Acute renal failure (doubling of serum creatinine levels or need for
RRT) occurred in 24.5 % and 20 % of patients receiving HES and NaCl, respectively
(p=0.454). Additional data on renal outcomes, not included in the original publica-
tion, were presented later by the US regulatory authorities [24]: up to day 90, RRT
was required in 21 % of patients in the HES group and in 11.4 % of patients in the
NaCl group [25]; duration of RRT was higher in the HES group (9.1 vs. 4.3 days);
finally, time to RRT also showed a trend against HES [24]. The study was under-
powered for renal safety evaluations but renal side effects were still of sufficient
concern that changes were made to the US package inserts for HES solutions. This
study illustrates the problem of publication bias in clinical HES studies [26].

20.2.3 Safety Data from Meta-analyses

Large clinical trials with low risk of bias suggest that the use of HES is associated
with increased risk of death and AKI in critically ill patients. It is uncertain whether
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similar adverse effects occur with perioperative administration in surgical patients
because the trials conducted to date are small and have a high risk of bias.

A review by Van der Linden et al. [27] including 4,529 patients found no differ-
ences in mortality, AKI or RRT need between patients receiving HES (mainly HES
130/0.4), and control groups receiving another colloid, a crystalloid, a blood prod-
uct, a vasoactive drug, or no other treatment during surgery. The number of patients
in the included trials ranged from 20 to 203. In general, conclusions on renal safety
or mortality differences between HES and crystalloids could not be drawn owing to
small sample sizes, differences in comparators, rather small doses of HES, and very
short follow-up periods with lacking data from the entire postoperative period [28].

Gillies et al. [29] analyzed 19 studies (1,567 patients, overall) comparing periop-
erative 6 % HES with clinically relevant non-starch comparators in surgical patients,
showing no differences in mortality. Six studies (445 patients) assessed RRT
requirement and also showed no significant differences between the two treatment
groups. Finally, the incidence of author-defined AKI was investigated in five studies
(401 patients) and again no significant difference was found between arms. The
conclusion from this meta-analysis was of a more favorable renal safety profile of
6 % HES in surgical patients. However, the studies included were small and with
low event rates.

The meta-analysis by Wilkes and Navickis [30] included 15 randomized trials
(4,409 patients, overall) that compared HES to non-HES comparators in surgical
ICU patients. Fourteen studies used 6 % HES while one (94 patients) used 10 %
HES. The CHEST trial [5] provided 65.1 % of the patients included in which 6 %
HES 130/0.4 was compared to 0.9% NaCl. 3.8 % of patients in the HES group
underwent RRT, as compared to 2.5% in the control group. HES significantly
increased the risk of RRT (pooled RR 1.44, 95% CI 1.04-2.01). Similar results
were shown in a subset of trials comparing 6 % HES 130/0.4 with crystalloids
(pooled RR 1.47, 95 % CI 1.02-2.12). The conclusion of this meta-analysis was that
HES increased RRT need among surgical patients.

Using author-defined AKI data from studies included in the meta-analysis by
Wilkes and Navickis [30], the pooled Mantel-Haenszel risk difference (95 % CI)
between perioperative infusion of HES and non-HES comparators was 1.7 %
(—0.4-3.6, p=0.116). This pooled effect size for AKI clearly differs from that
found by Gillies et al. [29], since the two meta-analyses were based on different
trials and had different patient numbers. Therefore, an updated meta-analysis was
performed including studies with data about author-defined AKI rate analyzed by
Gillies et al. [29] and Wilkes and Navickis [30], as well as two additional studies
[31, 32] identified using an updated PubMed search with the same criteria used by
Gillies et al. The CHEST trial was not included because patients did not receive
the study fluid during surgery but postoperatively in the ICU. The results shown
in Fig. 20.1 indicate a trend toward increased AKI events in patients receiving
HES as compared with those in the non-HES groups (Wiedermann CJ,
unpublished).

Regarding ICU patients, recently conducted meta-analyses clearly confirm the
increase in both AKI rate and mortality in HES-treated patients. Zarychanski et al.
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Study name Statistics for each study AKI1/ Total MH risk difference and 95 %
MH risk Lower Upper
difference limit limit p-value HES Non-HES

Diel et al. (1982) 0.061 -0.040 0161 0237 2/33 0/27 ' ' —J‘—'—:— '
Ando et al. (2008) 0000  -0.174 0474 1000 0/10 0/10 I T * T I
Godet et al. (2008) 0.038  -0.167 0243 0717 8/32 7/33 \ . " . .
Mukhtar etal. (2009) 0000  -0.135 0185 1.000 1/20 1/20 I — I
Ooi et al. (2009) 0.000  -0.042 0042 1.000 0/45 0/45 . . —— . .
Lee et al. (2011) 0019 0032 0070 0468 1/53 0/52 I I — I
Hung et al. (2012) 0.000  -0.048 0.048 1.000 0/41 0/39 \ . —— . .
Gurbuz et al. (2013) 0044  -0052 0139 0370 9/74 6/77 I I —— I
Skhirtladze etal. (2014) 0.000 ~ -0.024  0.024  1.000 0/81 0/79 . i - i !
Yates et al. (2014) 0038  -0.003 0080 0067 4/104 0/98 I I —— I
Kancir et al. (2014) 0.000  -0.097  0.097 1.000 0/19 0/19 . ;T — .
Kancir et al. (2015) 0000  -0.102 0402 1.000 0/18 0/18 I I I I

0.021 -0.003  0.046  0.083 . . = . .

-0.25 -0.13 0 0.13 0.25

Risk difference (fixed, 95 % Cl):2.1 % (-0.3 %, 4.6 %)
Heterogeneity: z°=6.785, df=11 (p=0.816), I>=0 %
Test for overall effect: Z=1.731 (p=0.083) Favours HES Favours non-HES

Fig. 20.1 Forest plot of author-defined postoperative AKI associated with use of 6 % HES. The
meta-analysis by Gillies et al. [29] was updated using the same search criteria in
PubMed- “starch[MeSH Terms] OR hetastarch OR voluven OR volulyte OR haes-steril OR
hespan OR tetraspan AND surgery OR general surgery”; filters applied were “Randomized
Controlled Trial; Publication date from 2013/06/01 to 2015/06/31; Humans’’; the reference list of
Wilkes and Navickis [30] was also searched. Two randomized controlled trials not included in
Gillies et al. [29] and Wilkes and Navickis [30] were identified [31, 32]. The software
Comprehensive Meta Analysis Version 2.2.64 was used. AKI acute kidney injury, MH Mantel-
Haenszel, CI confidence interval, HES hydroxyethyl starch

[13] found that HES was associated with increased risk for renal failure among
8,725 patients (RR 1.27,95 % CI 1.09—1.47) and for RRT among 9,258 patients (RR
1.32, 95% CI 1.15-1.50). Haase et al. [33] compared HES 130/0.38-0.45 versus
crystalloids or albumin in patients with sepsis. The meta-analysis of nine trials
showed a higher risk for RRT (RR 1.36, 95% CI 1.08-1.72) and AKI (RR 1.18,
95 % CI 0.99-1.40) in patients receiving HES.

20.3 Pharmacologic Properties

Starch molecules are semisynthetic colloids and polydisperse with a wide distribu-
tion of molecular weights (MW) [34, 35]. HES solutions for clinical use differ
largely in their composition (Table 20.1).

The pharmacokinetics of HES solutions is partly determined by their (mean)
MW: the lower the MW, the greater the oncotic effect (and, accordingly, the efficacy
in maintaining euvolemia), but the shorter its persistence in the intravascular com-
partment before glomerular filtration or interstitial absorption. MW of commer-
cially available HES solutions ranges from 130 to 450 kDa. Starch molecules
consist of branch polymers of glucose which are made more soluble in water by
substitution of some of the hydroxyls with hydroxyethyl residues. This also reduces
metabolic degradation by alpha-amylase. HES solutions are commonly classified
according to their molar substitution (MS), which is the average number of hydroxy-
ethyl residues per glucose unit. HES is available as tetrastarch, pentastarch, hexas-
tarch, and hetastarch solutions, with molar substitutions of 0.4, 0.5, 0.6, and 0.7,
respectively [33].
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Hydroxyl substitution occurs preferentially at certain positions of the carbon
atom skeleton of glucose, with the most frequently hydroxyethylated positions
being C2 and C6. The lower the MS and the ratio of hydroxyethylation at C2 and
C6 positions, the more susceptible the HES molecule is to degradation by amylase.
Since the rate of HES elimination from the circulation depends on metabolism by
alpha-amylase, HES molecules with higher MS and C2/C6 ratios are retained for
longer within the circulation [35].

After infusion, HES is cleared from plasma by both renal excretion and tissue
uptake. Fecal elimination is negligible. HES molecules of less than 45-60 kDa can
be filtered through the glomerulus and excreted in the urine. HES can also be taken
up by a wide variety of cells and tissues, such as monocytes, macrophages, endothe-
lium, renal epithelial cells, parenchymal liver cells, Schwann cells, and keratino-
cytes. Intracellular HES becomes incorporated into lysosomes and is resistant to
degradation. After tissue storage, HES remains detectable in skin, muscles, and
bowel for up to 54, 16, and 14 months, respectively. As a consequence of these
properties, the size and number of metabolized HES molecules that remain within
the circulation and tissues determine both volume effects and side effects [7].

It was observed that some side effects were more prominent with HES solutions
of higher MW, MS, and C2/C6 ratio. Initially, concerns about HES 450/0.7 arose
because the possible tissue accumulation after multiple administrations and the pro-
longed intravascular retention were considered undesirable. HES development
therefore aimed at preparations with lower MW, MS, and C2/C6 ratios. It soon
became clear, however, that HES 200/0.5 did not achieve the purpose of rapid com-
plete clearance, since measurable HES was shown to persist in the intravascular
compartment over 5 weeks after a single 500 mL infusion. In recent years, HES
130/0.4 has been promoted as the new “optimized” standard for HES solutions. Due
to its lower MW and MS, HES 130/0.4 might be expected to exhibit shorter intra-
vascular persistence and tissue uptake. On the other hand, its higher C2/C6 ratio
(9:1 as compared to 5:1 of HES 200/0.5) would slow its clearance. As a result of
these counterbalancing factors, HES 130/0.4 has been found to be equivalent to
HES 200/0.5 with respect to volume expansion, hemodynamic effects, fluid require-
ments, and attained colloid osmotic pressure. Additionally, there appear to be no
consistent differences between HES 130/0.4 and HES 200/0.5 in either plasma half-
life or maximum intravascular persistence after a single infusion [7, 35].

In a recent meta-analysis of 25 pharmacokinetic studies of HES (including 287
participants, overall) [6], tissue uptake was 42.3 % for low MW HES (<200 kDa)
and 24.6 % for high MW HES (p<0.001). Similarly, tissue uptake was greater for
lower MS HES (<0.5) than for higher MS HES (42.4% vs. 26.6 %, p<0.001).
Among the three most frequently investigated HES solutions, tissue uptake of HES
130/0.4 (42.6 %) was similar to that of HES 200/0.5 (43.3 %), whereas both showed
a significantly higher tissue uptake as compared to HES 450/0.7 (22.2 %, p=0.001
and p<0.001, respectively). Thus, this meta-analysis did not support the hypothesis
that lower MW and MS can reduce tissue uptake of HES.

Tissue uptake of HES is highest in kidneys, where non-inflammatory damage
and osmotic nephrosis are held responsible for AKI [36].
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20.4 Therapeutic Use

Strong long-term safety data in surgical or trauma patients are lacking. The fact that
no harmful effects have been identified in surgical populations may be the result of
poor study quality rather than of the absence of adverse effects in these patients. As
stated by the European Medicines Agency, the expected benefits of treatment should
be carefully weighed against the uncertainties with regard to long-term safety, and
available alternative fluids should be considered [37]. To minimize potential risks,
HES solutions should be used at the lowest effective dose for the shortest period of
time. Treatment should be guided by continuous hemodynamic monitoring in order
to stop the infusion as soon as appropriate hemodynamic targets have been achieved.
Finally, patients’ kidney function should be monitored after HES administration,
and infusion must be discontinued at the first sign of renal injury. Monitoring of
kidney function for 3 months after the use of HES has been suggested [37], but this
seems impractical, difficult to control, and of questionable impact on patient safety.

HES solutions are now contraindicated in patients with renal impairment or
requiring RRT, as well as in severe sepsis/septic shock. HES solutions are also con-
traindicated in severe coagulopathy and should be discontinued at the first sign of
coagulopathy. Blood coagulation parameters should be monitored carefully in case
of repeated administration.

The adverse effects of HES appear to be common to all HES classes [13, 38] and
to be dose dependent. To date, no safe dose for HES has been defined [34]. In the
CHEST trial, an increased need for RRT was observed in ICU patients after an aver-
age dose of 5 mL kg~! day~!, one tenth of the maximal daily dose (50 mL/kg) [7].

Conclusion

In 2013, the Medicines Agency and the US Food and Drug Administration deter-
mined that the use of HES solutions was associated with an increased risk of mortal-
ity and RRT or renal failure. HES is also associated with other serious adverse
reactions such as increased bleeding, hepatic organ failure, anaphylactic reactions,
and pruritus. For patients with severe sepsis or septic shock, the risks of increased
mortality and more frequent use of RRT are considered to outweigh the limited
benefits of more rapid attainment of hemodynamic stability as compared with crys-
talloids. Furthermore, sufficient evidence is not available to indicate that the benefits
of using HES in other clinical settings (e.g., during surgery) outweigh the risks.
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21.1 General Principles

Intensive care unit (ICU) patients are often at high risk of fluid retention not only
due to underlying conditions such as heart or liver failure but also because they
often receive multiple additional intravenous infusions of crystalloids and colloids,
including parenteral nutrition, to manage their critical disease [1-3]. Loop diuretics
are often used for prevention or treatment of volume overload in patients with or at
risk for acute kidney injury (AKI). In addition to the management of fluid imbal-
ance, other acknowledged indications for administration of diuretics in the critically
ill include hyperkalemia, hypercalcemia, hyperazotemia, and all their clinical
sequelae [1-3].

Since fluid overload is associated with worse clinical outcomes (see Chap. 19),
any measure employed to avoid it could potentially improve survival [4, 5]. However,
fluid management should be very careful in patients with AKI as overaggressive
diuresis may lead to decreased cardiac preload and act adversely on the kidneys.
Both hypovolemia (regardless of left ventricle function) and low cardiac output
(even with normo- or hypervolemia) result in inadequate renal perfusion, which
leads to adrenergic stimulation and activation of the renin-angiotensin system. The
resulting vasoconstriction in the renal cortex causes redistribution of renal blood
flow in favor of the vulnerable medulla. Hence, the use of diuretics in the setting of
AKI should be extremely considerate [6]. Moreover, hemodynamic optimization
should be sought whenever possible [7], and fluid management should be guided by
the measurement of volume responsiveness using appropriate methods (i.e., central/
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mixed venous oxygen saturation, esophageal Doppler, dynamic parameters from
arterial pulse contour analysis).

Loop diuretics may convert an oliguric state into a nonoliguric one [1-3]. This
allows the ICU team to apply more sophisticated and complex pharmacological
treatments, as urinary excretion of drugs’ metabolites is improved. Moreover, urine
flow theoretically flushes out debris (including denuded epithelium) and avoids
tubular obstruction and backflow of glomerular filtrate into the renal interstitium
[1-3]. Altogether, nonoliguric AKI is associated with better prognosis [1-3].

Nevertheless, the protective properties of loop diuretics on the kidneys are
unclear, and the use of diuretics in patients with AKI has been even suggested to be
associated with an increase in mortality [6].

21.2 Main Evidence

Several observational studies as well as randomized controlled trials (RCTs) inves-
tigated the impact of loop diuretics on survival in different settings, including AKI
(Table 21.1). Their results were mostly inconclusive and often conflicting. The
observational study by Mehta et al. [8] was the only investigation that reported a
significant effect of diuretics on mortality. Among 552 critically ill patients with
acute renal failure, these authors found an increased risk of nonrecovery of renal
function or death in those receiving diuretics (odds ratio [OR] 1.77, 95 % confidence
interval [CI], 1.14-2.76).

However, no difference or a nonsignificant trend toward increased mortality was
found by subsequent meta-analyses [9-12]. In 2006, Ho et al. [10] analyzed 9 RCTs
including a total of 849 patients with or at risk for AKI [10]. The relative risk (RR)
of in-hospital mortality associated with the use of furosemide was 1.11 (95% CI
0.92-1.33, p=0.28). It was much higher in patients receiving furosemide for pre-
vention (RR 2.33, 95 % CI 0.75-7.25) than in patients treated for established renal
failure (RR 1.09, 95% CI 0.9-1.31). Also Bagshaw et al. [9] found only a nonsig-
nificant trend toward increased mortality in patients receiving loop diuretics (OR
1.28, 95 % CI 0.89-1.84, p=0.18). Sampath et al. [12] summarized 13 studies and
found that mortality did not differ between subjects treated with loop diuretics or
not (RR 1.10, 95% CI 0.85-1.42). These results were similar when considering
either the eight non-randomized studies (RR 1.09, 95 % CI 0.91-1.25) or the five
RCTs (RR 1.12, 95 % CI 0.92—-1.35) alone. Finally, in 2010 Ho et al. published an
updated review summarizing data on 244 patients at risk for AKI and 632 patients
with renal failure [11]. The overall effect on mortality was not significant (RR 1.12,
95% CI 0.93-1.34), and it slightly differed quantitatively between “prevention”
(RR 1.73, 95% CI 0.62-4.80) and “treatment” group (RR 1.10, 95%CI
0.92-1.33).

On this basis, the current KDIGO guidelines [13] do not recommend loop diuret-
ics to prevent AKI (class 1B recommendation, i.e., strong recommendation based
on moderate-quality evidence), while only a weak recommendation can be made



21

Loop Diuretics and Mortality in Patients with Acute Kidney Injury

177

Table 21.1 Effect of loop diuretics on mortality in non-randomized and randomized trials

Author (year of
publication)

Non-randomized trials

Beroniade (1969)

Borirakchanyav et al.

(1978)

Chandra (1975)

Mehta (2002)

Minuth (1976)

Uchino (2004)

Randomized trials
Brown (1981)

Canterovich (1973)

Setting

Treatment of RF

Treatment of RF

Treatment of RF

Treatment of RF

Treatment of RF

Treatment of RF

Treatment of RF

Treatment of RF

Mortality
rate

LD: 3/12
CTR: 6/12

LD: 0/6
CTR: 0/8

LD: 5/12
CTR: 3/5

NA

LD: 47/69
CTR:
12/25

NA

LD: 18/28
CTR:
16/28

1st cohort:
LD:
15/34
CTR:
7/13

2nd

cohort:
LD:
18/39
CTR:
11/19

OR/RR
(95% CI)

OR 0.33
(0.06—
1.88)

OR 1.31
(0.02—
75.12)

OR 0.48
(0.06—
3.99)

OR 1.68
(1.06—
2.64)

OR 2.31
0.91-
5.89)

OR 1.22
(0.91-1.6)

RR 1.13
(0.74—
1.72)
OR 135
(0.46—
3.96)

1st cohort:
RR=
0.82
(0.44—
1.54)
OR 0.68
(0.19-
2.44)
2nd

cohort:
RR 0.80
(0.48-
1.33)
OR 0.62
0.21-
1.89)

p

0.21

0.9

0.45

NA

0.12

NA

0.58

0.54

0.38

Overall effect
on mortality

NONE/NS

NONE/NS

NONE/NS

INCREASE

NONE/NS

NONE/NS

NONE/NS

NONE/NS

(continued)
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Table 21.1 (continued)

Author (year of
publication)

Canterovich (2004)

Grams (2011)

Hager (1996)

Kleinknecht (1976)

Lassnigg (2000)

Lumlertgul (1989)

Mahesh (2008)

Shilliday (1997)

Mortality
Setting rate
Treatment of LD:
AKI 59/166
CTR:
50/164
Treatment of NA
AKI (in ALI)
Prevention of LD: 6/62
RF CTR: 3/59
Treatment of RF | LD: 13/33
CTR:
12/33
Prevention of LD: 4/41
AKI CTR: 1/40
Treatment of RF | LD: 0/4
(in malaria) CTR: 0/4
Prevention of LD: 1/21
AKI CTR: 2/21
Treatment of RF | LD: 42/62
CTR:
15/30

OR/RR
(95% CI)

RR 1.17
(0.86—
1.59)
OR 1.26
(0.79-
1.99)
OR0.73
(0.42—
1.26)

RR 1.90
(0.5-7.26)
OR 2.07
(0.49—
8.71)

RR 1.08
(0.58-
2.01)
OR 1.14
(0.42—
3.08)

RR 3.90
(0.46—
33.42)
OR 4.22
(0.45-
39.5)

RR 1.0
(0.02—
41.2)
OR 1.0
(0.02—
62.3)
RR 0.50
(0.05—
5.10)
OR 0.47
(0.04—
5.68)

RR 1.10
(0.73—
1.67)
OR 2.10
(0.86—
5.12)

t.J. Krzych and P. Czempik

p
0.33

0.26

0.35

0.8

0.21

1.0

0.56

0.1

Overall effect
on mortality

NONE/NS

NONE/NS

NONE/NS

NONE/NS

NONE/NS

NONE/NS

NONE/NS

NONE/NS

(continued)
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Table 21.1 (continued)

Author (year of Mortality | OR/RR Overall effect
publication) Setting rate O5%CI) |p on mortality
Van der Voort (2009) | Treatment of LD: 13/36 |RR 1.15 0.68 | NONE/NS
AKI CTR: (0.6-2.21)
11/35 OR 1.23
(0.46—
3.31)

AKI acute kidney injury, ALl acute lung injury, CTR control group, LD loop diuretic group, OR
odds ratio, RR relative risk, CI confidence interval, NA nonapplicable, NS not significant, RF renal
failure

against their use in patients with established AKI (class 2C recommendation, i.e.,
weak recommendation based on low- or very low-quality evidence) [6, 13].

As mentioned, the renal protective role of loop diuretics is controversial. The
meta-analysis by Bagshaw et al. [9] found that in patients treated with diuretics, as
compared with control, the mean duration of renal replacement therapy (RRT) and
the mean time to spontaneous decline in serum creatinine level were reduced by 1.4
(p=0.02) and 2.1 days (p=0.01), respectively. Moreover, patients receiving diuret-
ics had a 2.6 times greater chance of increase in urine output (p =0.004). Conversely,
in their two subsequent meta-analyses, Ho et al. [10, 11] showed that furosemide
had no effect on RRT need (RR 0.99, 95% CI 0.8-1.2 [10] and RR 1.02, 95 % CI
0.9-1.06 [11]). Also the number of dialysis sessions required after pharmacological
treatment was not significantly affected by furosemide (weighted mean difference
-0,48, 95 % CI —1.45-0.50) [10]. Using a Bayesian statistical approach, Sampath
et al. [12] confirmed that the oliguric period of acute renal failure was shortened by
the use of loop diuretics (mean difference —7.7 days, 95% CI —12.5 to —2.08),
which was also associated with a high probability of a significant reduction in the
number of dialysis sessions. However, there was no between-group difference in
terms of time to normalization of creatinine/urea concentrations (mean difference
—1.54 days, 95 % CI -5.62 to 2.46).

The use of loop diuretics has been even suggested to cause harm to the kidney
and be associated with both renal and extrarenal diseases. In a prospective observa-
tional study of critically ill patients, Levi et al. [14] identified the use of furosemide
as a significant risk factor for AKI (OR 3.27, 95 % CI 1.57-6.80), also after adjust-
ment for age (OR 1.02, 95 % CI 1.00-1.04) and coexistence of sepsis/septic shock
(OR 3.12,95% CI 1.36-7.14). In the subset of patients with septic shock, the use of
furosemide increased the risk of AKI even further (OR 5.5, 95% CI 1.16-26.02).
Wu et al. [15] found that AKI patients treated with furosemide were more likely to
have cardiovascular disease (38.9 vs. 18.4%), arterial hypertension (42.0 vs.
29.2 %), chronic kidney disease CKD (55.0 vs. 27.0 %), and type 2 diabetes mellitus
(17.6 vs. 4.3%) as compared to subjects not treated with diuretics. Interestingly,
only in 27.5% of cases these conditions were solely associated with the use of
diuretics, whereas in 29.8 % of cases a combination of diuretics and other nephro-
toxic agents (including antibiotics, contrast media, nonsteroidal anti-inflammatory
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drugs, angiotensin-converting enzyme inhibitors, angiotensin-receptor blockers,
etc.) was present. The degree of renal injury is believed to be positively correlated
with the dose of diuretic [9-12, 15], and the risk of AKI is increased by approxi-
mately 64 % when diuretics are combined with nonsteroidal anti-inflammatory
drugs (RR 1.64, 95 % CI 1.17-2.29) [16]. The great asset of the study by Wu et al.
[15] was the opportunity to look into histopathology results of renal biopsies: 58 out
of 63 examined cases showed signs of tubular injury or necrosis, out of which 51
showed vacuolar degeneration of tubular epithelial cell and 27 cases showed tubular
basement membrane fracture or exposure.

21.3 Pharmacological Properties

The use of loop diuretics to prevent or treat fluid overload is based on their pharma-
cological properties to increase urine output. Loop diuretics act on the thick ascend-
ing limb of the loop of Henle where they inhibit sodium-potassium-chloride
(Na-K-2Cl) cotransporter, causing natriuresis. This leads to reduced osmolality of
renal medulla and decreased water reabsorption. The inhibition of active sodium
transport reduces both oxygen consumption and oxygen metabolic demand of renal
tubules. Furosemide also inhibits the enzyme prostaglandin dehydrogenase and
causes renal vasodilation with improved renal blood flow. All these effects can theo-
retically confer protection against ischemic or nephrotoxic injury by improving
renal medullary oxygen balance [1-3, 11], although, as mentioned, loop diuretics
are thought to possibly cause renal injury [14-16].

Since loop diuretics are largely excreted unchanged in the urine and influence
reabsorption from the luminal site, it is the urinary excretion of the drug, not its
plasma concentration, that determines the diuretic efficacy. Because loop diuretics
are bound to plasma proteins, the reduction in the protein-bound fraction of furose-
mide due to hypoalbuminemia or the presence of another highly protein-bound drug
(e.g., warfarin, phenytoin) increases its volume of distribution, thereby augmenting
its external clearance and decreasing urinary excretion. Albuminuria results in uri-
nary drug binding, decreasing furosemide effectiveness [1-3, 11].

Through their renal action, loop diuretics potentially induce hypovolemia, hypo-
kalemia, hypophosphatemia, hypomagnesemia, and metabolic alkalosis. As a weak
organic acid, furosemide acidifies urine and reduces the solubility of myoglobin and
hemoglobin in patients with rhabdomyolysis and intravascular hemolysis (e.g., due
to cardiopulmonary bypass or intra-aortic balloon pump counterpulsation). Aciduria
may also promote free radical formation in the urine caused by contrast media. In
patients with reduced renal clearance, high-dose furosemide may cause mostly
reversible ototoxicity. High-dose furosemide may also induce systemic vasocon-
striction. Finally, loop diuretics promote the reduction of mucociliary transport and
sputum clearance by inhibiting Na-K-2Cl cotransporter in the respiratory tract [1-3,
11].

There are several drug interactions that need to be taken into account. Loop
diuretics reduce the clearance of theophylline, gentamicin, and other organic acids
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(e.g., benzylpenicillin, cephalosporins, oxypurinol, active metabolite of oseltami-
vir), increase the risk of amphotericin-induced hypokalemia, the antiepileptic effect
of valproate, the hypotensive effect of angiotensin-converting enzyme (ACE) inhib-
itors, and reduce the therapeutic effect of warfarin [11].

21.4 Therapeutic Use

The most popular loop diuretic in clinical use is furosemide (frusemide), and most
clinical trials used this drug in the treatment arm [1]. Other loop diuretics available
on the market include torasemide (torsemide), bumetanide, and ethacrynic acid.

Furosemide is approved to be used to treat edema in the course of congestive
heart failure (CHF), liver cirrhosis, and renal failure and in treatment of arterial
hypertension mainly as part of a multidrug regimen [17, 18]. The recommended
dose is 40-80 mg per day orally (maximum 600 mg/day) in adults and 1-3 mg kg™
day~! orally in children. The intravenous dose is approximately 0.1 mg kg™' h™".
However, the dose is usually adjusted according to the clinical response. A small
dose of furosemide (i.e., <10 mg) can be considered to correct hyperchloremic aci-
dosis induced by a large amount of 0.9 % saline infusion in patients who are not
hypovolemic [11]. If intravenous furosemide is used to replace oral furosemide, one
half of the oral dose is required. In fact, i.v. furosemide is about twice as potent and
rapid than oral furosemide in inducing diuresis [11].

Torasemide is approved to be used to prevent or treat edema in the course of CHF
[17, 18]. Its starting dose is 5 mg/day (up to 20 mg/day) given orally or i.v. (maxi-
mum single dose 200 mg). Bumetanide and ethacrynic acid are used for ascites,
edema, and pulmonary edema [17, 18]. Bumetanide is given once daily at dose of
0.5-2 mg orally or 0.5-1 mg by i.v. or intramuscular injection. Continuous i.v. infu-
sion is usually 1 mg/h (up to 12 mg/day). The dose of ethacrynic acid is 50 mg
(orally or i.v.) once daily.
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Part IV
Update



Marta Mucchetti, Federico Masserini, and Luigi Verniero

22.1 Introduction

Acute kidney injury (AKI) is a major concern in critically ill patients. Despite con-
siderable progress, up to 67 % of intensive care unit (ICU) patients develop some
degree of AKI, and 5-6 % require renal replacement therapy (RRT). Moreover, AKI
and RRT correlate with an increased risk of death [1]. The first international web-
based Consensus Conference on mortality reduction in patients with or at risk for
AKI (see Chap. 3) [1] specifically addressed this issue and identified the 18 drugs,
techniques, and strategies which are discussed in this book.

As described in detail in Chap. 3, this process is made up of three fundamental
components: (a) a systematic literature search, (b) the evaluation of the selected
papers during an expert meeting, and (c) the validation of the selected interventions
through an international web vote. This approach has been named “Democracy-
Based Medicine” and is meant to integrate the traditional “Evidence-Based
Medicine,” especially in those settings such as intensive care where it cannot give
strong recommendations, due to the lack of high-quality evidence [2, 3].

Since literature is constantly evolving, systematic updates are needed to con-
firm or challenge the validity of the selected interventions and to evaluate new
ones. In this chapter, we report all papers that have been published since the
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Consensus Conference was held and that show a significant effect on mortality in
patients with AKI.

22.2 Methods

A sensitive PubMed search was performed to systematically identify all papers
dealing with interventions influencing survival in patients with AKI, published
since February 15, 2012. The same search strategy of the Consensus Conference
was used (Box 22.1). The search was updated on July 1, 2015. Further topics were
identified by cross-checking of references.

Box 22.1. The Full Search Strategy Used to Identify All Studies Reporting a
Significant Effect on Mortality in Patients with AKI

((acute AND (renal OR kidney) AND (failure OR injury)) OR (renal AND
replacement AND therapy)) AND ((death* OR survival OR mortality)) AND
(prevent* OR reducti* OR reduci*) AND (significat* OR significan*) AND
(randomized controlled trial[pt] OR controlled clinical trial[pt] OR random-
ized controlled trialsimh] OR random allocation[mh] OR double-blind
method[mh] OR single-blind method[mh] OR clinical trial[pt] OR clinical
trials[mh] OR (clinical trial[tw] OR ((singl*[tw] OR doubl*[tw] OR trebl*[tw]
OR tripl*[tw]) AND (mask*[tw] OR blind[tw])) OR (latin square[tw]) OR
placebos[mh] OR placebo*[tw] OR random*[tw] OR research
design[mh:noexp] OR comparative study[tw] OR follow-up studies[mh] OR
prospective studies[mh] OR cross-over studiesimh] OR control*[tw] OR
prospectiv*[tw] OR volunteer*[tw]) NOT (animal[mh] NOT human[mh]))

Papers were selected if they fulfilled all the following criteria: (a) published in a
peer-reviewed journal, (b) dealt with adult patients with or at risk for AKI, and (c)
reported a statistically significant reduction or increase in mortality.

22.3 Intervention That Might Influence Survival in Patients
with or at Risk for AKI

The systematic search yielded 224 results. By screening titles and abstracts, 201
papers were excluded, and the remaining 23 were carefully read. Seven further
papers were excluded. Finally, 13 studies [4-16], dealing with 10 different interven-
tions, were included in the present update (Table 22.1).

Seven new interventions have been found to possibly improve survival. In car-
diac surgery patients, the preoperative administration of renin-angiotensin system
inhibitors (RAS-I) [4] and of aspirin [5], the intraoperative use of aprotinin [6], and
the use of dexmedetomidine after cardiopulmonary bypass (CPB) [7] showed some
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Table 22.1 The 13 studies dealing with interventions with a significant effect on mortality in
patients with or at risk for AKI published after the Consensus Conference

Refs. | Author
Improve survival
[4] | Shi(2013)

[5] | Yao (2015)

[6] ‘Walkden
(2013)

[71 |Ji(2013)

[8] Spini
(2013)

[9] Wang
(2014)

[10] | Guo
(2014)

Increase mortality

[11] | Bellomo
(2012)
[12] | Vaara
(2012)
[13] | Silversides
(2014)
[14] | Zhang
(2015)

Type of evidence

Retrospective
cohort study

Retrospective
cohort study

Retrospective
case-control study

Retrospective
cohort study

Prospective
interventional
study

Post hoc analysis
of an mRCT
(RENAL study)

Prospective
cohort study

Post hoc analysis
of an mRCT
(RENAL study)

Retrospective
cohort study

Prospective
cohort study

Meta-analysis of
retrospective/
cohort studies

Drug/technique/
strategy

Preoperative RAS-I

Aspirin within the
5 days preceding
surgery

Aprotinin on the
market

Sedation with
dexmedetomidine
after CPB

CRRT pre- and
post-PCI

ACEI

Short-term high-
volume hemofiltration

Positive mean fluid
balance within 28 day

>10% of body weight
at initiation of dialysis

>10% of body weight
at initiation of dialysis

Fluid overload

Control

Nothing

Nothing

Aprotinin
withdrawal
from the
market

Other
sedatives

CRRT
post-PCI

Nothing

Optimal
standard
therapy

Null or
negative
balance
<10% of
body
weight at
initiation of
dialysis
<10 % of
body
weight at
initiation of
dialysis
Null or
negative
balance

Setting

Cardiac
surgery
Cardiac
surgery

Cardiac
surgery

Cardiac
surgery

Contrast-
induced
nephropathy
after primary
PClin
patients with
CKD

AKI needing
renal
replacement
therapy

Severe acute
pancreatitis

Critically ill
patients with
AKI
Critically ill
patients in
RRT

Critically ill
patients in
RRT

Critically ill
patients with
AKI

(continued)
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Table 22.1 (continued)

Drug/technique/
Refs. | Author Type of evidence | strategy Control Setting
[15] | Manari mRCT High-volume Standard Contrast-
(2014) hydration volume induced
hydration nephropathy
after primary
PCI
[16] |Haase mRCT Prophylactic sodium Sodium Cardiac
(2013) bicarbonate chloride surgery

ACEI angiotensin-converting enzyme inhibitor, AKI acute kidney injury, CKD chronic kidney dis-
ease, CPB cardiopulmonary bypass, CRRT continuous renal replacement therapy, mRCT multi-
centerrandomized controlled trial, PCI percutaneous coronary intervention, RAS-/renin-angiotensin
system inhibitor, RRT renal replacement therapy

beneficial effect on both renal function and survival. Similarly, the use of continu-
ous renal replacement therapy (CRRT) both before and after percutaneous coronary
intervention (PCI) might be more effective in preventing contrast-induced nephrop-
athy (CIN) and improving long-term survival than CRRT performed only after the
procedure [8]. The use of angiotensin-converting enzyme inhibitors (ACEI) in
patients with AKI needing RRT showed some dubious beneficial effect [9]. Finally,
a short-term course of high-volume hemofiltration (HVHF) in severe acute pancre-
atitis (SAP) may reduce renal complications and mortality [10].

Three interventions were shown (or confirmed) to increase mortality in patients
with or at high risk for AKI: positive fluid balance in critically ill patients with AKI
[11-14], high-volume hydration to prevent CIN after primary PCI [15], and prophy-
lactic sodium bicarbonate in cardiac surgery [16].

The quality of the selected evidence was low. Only two studies were randomized
controlled trials (RCTs) [15, 16], two were post hoc analyses of a large multicenter
RCT [9, 11], and the remaining were retrospective [4—7, 12] or prospective [8, 10,
13] cohort or case-control studies and a meta-analysis of cohort studies [14].

Only positive fluid balance [11-14] and RRT to prevent CIN [8] were already
selected and discussed by the 2012 Consensus Conference [1].

22.3.1 Interventions That Might Improve Survival

22.3.1.1 Preoperative Renin-Angiotensin System Inhibitors
in Cardiac Surgery

RAS-I, including ACEI, angiotensin-receptor blockers, and antialdosterone drugs,
can provide end-organ protection in patients with cardiovascular and renal disease.
Nevertheless, perioperative studies remain few and inconclusive. Only one study
found a survival benefit in this context. Shi et al. [4] performed a retrospective
cohort study involving 2,322 patients who underwent on-pump cardiac surgery at a
single US medical center over a 10-year period (2001-2011). Patients were divided



22 Reducing Mortality in Patients with Acute Kidney Injury: A Systematic Update 191

into two groups, which were compared afterward: one formed by patients treated
for at least 2 weeks before surgery with RAS-I (RAS-I group) and the other formed
by the remaining patients (non-RAS-I group). The RAS-I group showed a higher
incidence of diabetes and cardiovascular diseases/medications. Despite this, opera-
tive mortality (defined as in-hospital or 30-day mortality) was lower in the RAS-I
group (2.99 %) as compared to the non-RAS-I group (4.62%) (odds ratio [OR]
0.636, 95 % confidence interval [CI] 0.42-0.981, p=0.039). The overall incidence
of AKI was also reduced (27.2 % vs. 34 %, OR 0.726, 95 % C10.60-0.87, p=0.0007),
although the difference was statistically significant only for AKI stage I but no for
stages II and III (see Chap. 2). In this study, RAS-I also reduced the incidence of
septicemia.

22.3.1.2 Preoperative Aspirin in Patients with Chronic Kidney
Disease Undergoing Cardiac Surgery

The administration of aspirin before surgery represents a balance between prevent-
ing perioperative thrombotic events and promoting surgical bleeding. Few studies
suggested that it could improve cardiovascular and renal outcome. In particular,
aspirin might protect kidneys from the ischemia/reperfusion injury induced by car-
diac surgery. Yao et al. [S] performed a retrospective cohort study on the effect of
preoperative aspirin in patients with chronic kidney disease (CKD) undergoing car-
diac surgery. They analyzed data from 3,585 patients that were treated in two ter-
tiary medical centers between 2001 and 2010. On the basis of the preoperative (i.e.,
5 days before surgery) use of aspirin or not, patients were divided into two groups.
The same patient population was also classified in five groups according to baseline
kidney function (from normal to dialysis). Patients in the aspirin group had a signifi-
cant lower risk to develop AKI (OR 0.533, 95 % CI 0.466-0.636, p<0.001). The use
of aspirin did not show any significant effect on 30-day mortality in patients with
normal renal function or mild CKD. Conversely, a survival benefit was detected in
patients with moderate, severe, or end-stage kidney disease (i.e., estimated glomer-
ular filtration rate [eGFR] <60 mL/min/1.73 m?).

However, the only high-quality trial on this subject was performed in noncardiac
surgery and did not show any positive effect of aspirin on postoperative renal func-
tion or mortality [17]. Moreover, severe bleeding was associated with an increased
risk of AKI.

22.3.1.3 Aprotinin in Cardiac Surgery

Aprotinin is a serine protease inhibitor with broad anti-inflammatory and pro-
hemostatic effects. It was initially licensed for high-risk coronary artery bypass
graft (CABG) surgery. Between 2005 and 2008, several large observational studies
reported an association between aprotinin use and AKI, myocardial infarction, and
stroke. These safety concerns led to the drug withdrawal from the market after the
publication, in 2008, of the BART trial [18], which found an apparent increase in
mortality in the aprotinin group when compared with patients receiving lysine ana-
logues. Aprotinin was reintroduced in Europe and Canada in 2010, although with
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very strict indications, after the subsequent revisiting of the BART study data raised
questions as to the validity of this safety signal.

Walkden et al. [6] analyzed retrospectively the data from 8,795 patients who
underwent cardiac surgery at the Bristol Royal Infirmary between 2005 and 2010.
Patients were divided into two cohorts according to whether they had undergone
surgery before or after aprotinin withdrawal: the first group (n=3,578) had under-
gone surgery between January 1, 2005, and June 30, 2007, and the second (n=3,030)
between January 1, 2009, and December 31, 2010. The patients who underwent
surgery between July 1, 2007, and December 31, 2008, were not included in the
study. Aprotinin withdrawal was associated with an increase in blood losses, trans-
fusion requirements, and re-sternotomy. While postoperative cardiac, pulmonary,
and infectious morbidity decreased, the incidence of postoperative AKI increased
from 23.4 % to 36.2 % (OR 1.86, 95 % CI 1.53-2.25). A trend toward increased all-
cause mortality was evident in the first postoperative month following the with-
drawal of the drug. The relative increase in mortality was significant among high-risk
patients (hazard ratio [HR] 2.51, 95 % CI 1.00-6.29). Despite the limitations related
to the “before and after” nested case-control design, these findings mirror those of
other similar studies from Europe, North America, and Asia.

22.3.1.4 Sedation with Dexmedetomidine After On-Pump Cardiac
Surgery

Dexmedetomidine is a highly selective short-acting intravenous alpha-2 agonist,
used as a sedative drug. Ji et al. [7] hypothesized that it can have a nephroprotective
role in cardiac surgery by reducing sympathetic activation, and the consequent
hemodynamic instability, after CPB. They conducted a retrospective cohort study
involving 1,219 consecutive patients who underwent cardiac surgery at a single
tertiary medical center from 2006 to 2011. The 1,133 patients identified were split
into two groups: those who received dexmedetomidine and those who did not
receive the drug over the post-CPB period. The use of dexmedetomidine after CPB
was associated with a reduction in postoperative AKI (adjusted OR 0.70, 95 % CI
0.54-0.92, p=0.0089), particularly in patients with normal preoperative kidney
function or mild CKD. Dexmedetomidine was also associated with a decrease in
postoperative in-hospital and 30-day mortality (adjusted OR 0.34, 95% CI 0.19-
0.61, p<0.0001 and adjusted OR 0.39, 95% CI 0.23-0.66, p<0.0001,
respectively).

This is the first and so far only study exploring the correlation between dexme-
detomidine use and AKI in cardiac surgery.

22.3.1.5 Continuous Renal Replacement Therapy Before and After
Percutaneous Coronary Intervention in Patients
with Chronic Kidney Disease
CIN is a major cause of morbidity and mortality in patients undergoing PCI, and it
is more likely to develop in those with preexisting CKD. In the 2012 Consensus
Conference, only two studies were identified in this setting: one on peri-angiography
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CRRT (see Chap. 8) and the other on N-acetylcysteine (see Chap. 12). In both cases,
the Consensus Conference expressed only a weak recommendation, due to the lack
of confirmation of these results in subsequent trials and meta-analyses [1].

In a small retrospective cohort study, Spini et al. [8] enrolled 46 consecutive
patients with CKD who underwent PCI. Patients were treated according to two dif-
ferent protocols: the CRRT,,. o group received CRRT at least 6 h before and 24 h
after contrast medium administration, while the CRRT,,, group was treated only
after the procedure. Demographic features of the two groups were similar. The
researchers did not observe any significant difference in serum creatinine levels and
eGFR at discharge, but during long-term follow-up the CRRT,, . group showed a
lower percentage of CKD worsening (12 % vs. 43 %, p=0.042) and a lower mortal-
ity rate (16 % vs. 57 %, p=0.009).

A complete overview on this topic can be found in Chap. 8.

22.3.1.6 Angiotensin-Converting Enzyme Inhibitors in Patients
with Acute Kidney Injury Needing Renal Replacement
Therapy
ACETI are widespread used to slow the progression of CKD, and current guidelines
recommend their use in patients on chronic hemodialysis with congestive heart fail-
ure. Nevertheless, the use of ACEI in patients with AKI is still controversial, with
available literature consisting in few low-quality studies performed in cardiac sur-
gery (see paragraph 22.3.1.1).

Using the data of a large multicenter RCT [18], Wang et al. [9] conducted a pro-
spective observational study which assessed for the first time the association
between ACEI and AKI in critically ill patients needing RRT. Complete data on
ACETI use were available for 1,463 patients, among whom 9.7 % received ACEI at
least once during the study period. Patients treated with ACEI were significantly
older (p=0.02) and had a lower APACHE III score (p=0.03) and sepsis rate
(»<0.001) at baseline. The use of ACEI was independently associated with
decreased 90-day mortality (HR 0.46, 95 % CI 0.30-0.71, p<0.001) when adjusted
for baseline variables. In addition, ACEI use was associated with lower 28-day mor-
tality (HR 0.38, 95 % CI1 0.23-0.63, p <0.001) and higher RRT-free days (p=0.001).
However, statistical significance on mortality was lost when the analysis was
adjusted for time-dependent covariates (HR for 90-day mortality 0.78, 95 %CI
0.51-1.21, p=0.3). This topic certainly deserves further investigation.

22.3.1.7 Short-Term Continuous High-Volume Hemofiltration
in Severe Acute Pancreatitis

The systemic inflammatory response contributes to the severity of SAP. Therefore,
different blood purification modalities have been tested in order to reduce morbidity
and mortality in these patients, by removing cytokines from circulation.

Guo et al. [10] conducted a prospective cohort study on the prophylactic use of
HVHF in patients with SAP and without preexisting AKI. Sixty-one patients were
enrolled and alternately allocated in a 1:1 ratio to either 72 h of continuous HVHF
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or conventional treatment. The authors observed a reduction in both morbidity and
mortality. Renal failure (RF) was defined as a serum creatinine >170 pmol/L (2 mg/
dL). The incidence of RF (15.6% vs. 44.8%, p<0.013) and its mean duration
(7.9+8.5 days vs. 15.6+12.4, p<0.001) were significantly reduced in the HVHF
group. Also mortality seemed to be positively affected by this strategy (25 % vs.
51.7%, p=0.033).

22.3.2 Interventions That Might Increase Mortality

22.3.2.1 Positive Fluid Balance in Acute Kidney Injury

On the basis of two observational studies, the Consensus Conference made a weak
recommendation to avoid positive fluid balance in patients with AKI [1]. Since then,
other three observational studies [11-13] and a meta-analysis [14] confirmed the
deleterious effects of fluid overload in critically ill patients with AKI. The main
findings of these studies are briefly reported below, while a detailed discussion on
this topic can be found in Chap. 19.

Bellomo et al. [11] conducted a secondary analysis of the RENAL study data
[19] focusing on the relationship between fluid balance and 90-day mortality.
Complete data on fluid balance were available for 1,453 patients, and both daily and
cumulative fluid balance was studied. During ICU stay, daily fluid balance among
survivors was —234 mL as compared to +560 mL among non-survivors (p <0.0001).
Mean cumulative fluid balance over the same period was —941 and +1,755 mL,
respectively (p=0.0003). A negative mean daily fluid balance during study treat-
ment was independently associated with a decreased risk of death at 90 days (OR
0.318, 95 % C1 0.24-0.43, p<0.000.1). In addition, a negative mean daily fluid bal-
ance was associated with significantly increased RRT-free days (p=0.0017).

A correlation between fluid overload and mortality was shown by Vaara et al.
[12] and Silversides et al. [13] in two large observational studies. In both investiga-
tions, the authors defined fluid overload at RRT initiation as a cumulative weight
gain >10 % compared to admission.

Vaara et al. [12] performed a prospective observational cohort study (the
FINNAKI study) in 17 Finnish ICUs from September 2011 to February 2012. These
authors analyzed data from 283 critically ill patients with AKI (without preexisting
CKD) requiring RRT, 26.9 % of which had fluid overload at the initiation of RRT,
were admitted more often for sepsis (25.0% vs. 8.2 %, p<0.001), and had a higher
hospital mortality (56.6 % vs. 23.7 %, p<0.001).

Silversides et al. [13] analyzed data from 492 critically ill patients with AKI. The
median daily fluid balance was significantly different between patients who died in
hospital (1,134 mL, interquartile range [IQR] 242-2,556 mL) and survivors
(413 mL, IQR -371 to 1,106 mL) (p<0.01). A positive fluid balance was an inde-
pendent risk factor for mortality (adjusted OR per 1,000 mL more positive fluid
balance 1.36, 95 % CI 1.18-1.57, p=0.001).

These results were pooled together in a recent meta-analysis that included 12
cohort studies [14]. Data on mortality were reported by six studies, and fluid
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overload was significantly associated with an increased risk of death (cumulative
OR 2.23,95% CI 1.66-3.01).

However, it is not clear whether fluid overload is a cause of increased mortality
or rather a marker of illness severity, or both. Only RCTs can address this issue.

22.3.2.2 High-Volume Hydration in Patients Undergoing
Percutaneous Coronary Intervention

As mentioned above, CIN is a major concern in interventional cardiology. Patients
suffering from acute myocardial infarction undergoing primary PCI have been
shown to be at greater risk of developing AKI. The only recommended prevention
regimen is moderate hydration. Manari at al. [15] conducted a multicenter RCT of
592 patients undergoing primary angioplasty in five Italian hospitals. Patients
were assigned in a 1:1:1:1 ratio to: (a) normal saline 1 mL kg~' h™! for 12 h, (b)
normal saline 3 mL kg™ h™! for 1 h and then 1 mL kg™ h™! for 11 h, (c¢) sodium
bicarbonate solution 1 mL kg~ h~! for 12 h, (d) and sodium bicarbonate solution
3 mL kg h™! for 1 hand then I mL kg=' h~! for 11 h. Contrast-induced AKI devel-
oped in 18.1% of patients, without statistically significant differences among
treatment groups. Global 30-day and 1-year mortality were 2.8 % and 4.3 %,
respectively, without any significant difference among groups. When groups were
considered clustered together per hydration volume (normal [a+c] vs. high [b+d]),
30-day mortality was significantly higher in the high-volume hydration group
(p=0.04), while only a trend toward increased 1-year mortality was found
(»p=0.00).

22.3.2.3 Prophylactic Sodium Bicarbonate in Cardiac Surgery

Sodium bicarbonate alkalinizes urine and slows down the Haber-Weiss reaction that
generates reactive oxygen species via iron-dependent pathways. Moreover, it may
also directly scavenge other reactive species from blood. Therefore, its administra-
tion might be beneficial to prevent AKI in those clinical situations in which iron-
related oxidative stress may play a role in its development (i.e., cardiac surgery and
CIN). Literature on this topic led to mixed results. Haase et al. [16] conducted a
multicenter double-blinded RCT to investigate whether prophylactic administration
of sodium bicarbonate in cardiac surgery can reduce the incidence of postoperative
AKI. Three hundred fifty patients were randomized to receive either sodium bicar-
bonate or normal saline just after anesthesia induction and for the next 24 h. A total
volume of 1.25 L was given to each patient, and a total dose of 5.1 mmol/kg sodium
bicarbonate was administered to the treatment group. The study was stopped early
under recommendation of the Data Safety and Monitoring Committee because
interim analysis suggested likely lack of efficacy and possible harm. Although
intention-to-treat analysis found that a greater proportion of patients in the bicar-
bonate group developed AKI (47.7% vs. 36.4%; OR 1.60, 95% CI 1.04-2.45,
p=0.032), the difference became nonsignificant after multivariable adjustment for
group imbalances at baseline (OR 1.45, 95% CI 0.90-2.33, p=0.12). In-hospital
mortality was 6.3 % (11 patients) in the bicarbonate group and 1.7 % (3 patients) in
the control group (OR 3.89, 95 % CI 1.07-14.20, p=0.031), while a not statistically
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significant difference in mortality was found at a longer follow-up (90-day mortality
7.5% vs. 2.8%; OR 2.76, 95 % CI 0.96-7.92, p=0.056).

Conclusion

Since the first international web-based Consensus Conference on mortality
reduction in patients with or at risk for AKI was held, 13 more papers, dealing
with ten interventions, have been published in a peer-reviewed journal showing
a statistical significant effect on survival in patients with or at risk for AKI. Seven
interventions might increase survival: preoperative RAS-I and aspirin, aprotinin,
and sedation with dexmedetomidine in cardiac surgery, CRRT before and after
PCI, ACEI in patients with AKI needing RRT, and HVHF in SAP. Three inter-
ventions might increase mortality: fluid overload in AKI patients, high-volume
hydration before PCI, and prophylactic sodium bicarbonate in cardiac surgery.
However, the overall quality of these studies is low. Only two interventions
(CRRT before PCI and fluid overload) were already included in the Consensus
Conference, and their possible role in affecting mortality of AKI patients is to
some extent strengthened by the new studies identified. The others represent new
hints for future research.
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