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Acute kidney injury or AKI refers to an extremely heterogeneous group of 
clinical conditions that share common diagnostic features: a rise in the serum 
creatinine concentration and/or a decrease in urine output. These two ele-
ments that comprise the diagnostic criteria for AKI reflect major life- 
sustaining functions of the kidneys, which are to clear the blood of waste 
products and to regulate circulating plasma volume. A wide array of condi-
tions can acutely injure or impair kidney function and result in a diagnosis of 
AKI, including tubular injury, tubulointerstitial nephritis, glomerulonephritis, 
and pre-renal azotemia (functional AKI).

AKI has a multitude of causes. Worldwide, the most common cause of 
AKI is pre-renal azotemia from diarrheal illnesses. Environmental exposures, 
toxins, and injuries are among the many environmental factors that can lead 
to AKI. Over the past 30 years, the advent of new technologies to diagnose 
and treat human disease has resulted in a whole new set of causes of AKI, 
such as cardiac surgery, immune checkpoint inhibitors, iodinated contrast 
media, and various nephrotoxic injuries.

Notions about the natural history of AKI date back to a seminal report by 
Swann and Merrill in 1953 that espoused sequential phases: initiation, main-
tenance, extension, and recovery. This description was based on cases of 
severe oligoanuric AKI in hospitalized individuals at the Peter Bent Brigham 
Hospital who had conditions barely recognizable in today’s modern hospi-
tals, such as transfusion reactions (25%), distilled water irrigation or infusion 
(9%), and carbon tetrachloride toxicity (8%)—in addition to more recogniz-
able entities such as postoperative hemorrhage (21%). AKI today frequently 
does not adhere to the idealized phases outlined by Swann and Merrill.

The importance of AKI as a public health issue in both the developed and 
developing world is indisputable. AKI is a major risk factor for prolonged 
length of stay, mortality, and subsequent cardiovascular disease and chronic 
kidney disease. AKI continues to evolve as our population ages, new environ-
mental threats arise, and new drugs and procedures with nephrotoxic poten-
tial are developed. Along with this, basic and clinical investigation into AKI 
prevention and treatment continues. Although only a single drug has been 
FDA approved for the treatment or prevention of AKI (“Osmitrol” or intrave-
nous mannitol, approved on June 8, 1964), a number of novel targets and 
strategies are being investigated, with some promising signs.
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In this textbook, we have invited leading clinicians, epidemiologists, basic 
scientists, and clinical trialists to provide an update on AKI. After reading 
their contributions, we hope you will share both their and our optimism and 
enthusiasm for a future in which AKI prevention and treatment will be yet 
another one of modern medicine’s success stories.

Boston, MA, USA Sushrut S. Waikar 
Dublin, Ireland  Patrick T. Murray 
Boston, MA, USA  Ajay K. Singh 
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Epidemiology, Incidence, Risk 
Factors, and Outcomes of Acute 
Kidney Injury

Marlies Ostermann

1.1  Background

Acute kidney injury (AKI) is a syndrome which 
comprises many different types of renal disease. 
It is defined as an abrupt decline in kidney func-
tion. There are numerous different aetiologies, 
but the most common causes of AKI are sepsis, 
volume depletion, haemodynamic instability and 
nephrotoxic drugs. AKI is a frequent complica-
tion in hospitalised patients, especially in the 
intensive care unit (ICU). The exact incidence 
and prognosis depend on the specific patient pop-
ulation, the presence of comorbid factors and the 
overall severity of illness but also the criteria 
used to define AKI. There is increasing evidence 
that AKI is associated with serious short- and 
long-term medical problems, premature mortal-
ity and high healthcare costs.

The definition of AKI has evolved from the 
Risk, Injury, Failure, Loss, End-stage (RIFLE) 
criteria in 2004 to the AKI Network (AKIN) clas-
sification in 2007. In 2012, both were merged 
resulting in the Kidney Disease: Improving 
Global Outcomes (KDIGO) classification. 
Accordingly, AKI is diagnosed if serum creati-
nine increases by 0.3  mg/dL (26.5  μmol/L) or 

more in ≤48 h or rises to at least 1.5-fold from 
baseline within 7 days [1] (Table 1.1). AKI stages 
are defined by the maximum change of either 
serum creatinine or urine output. The importance 
of both criteria was confirmed in a study in 
>32,000 critically ill patients which showed that 
short- and long-term risk of death or renal replace-
ment therapy (RRT) was greatest when patients 
met both criteria for AKI and when these abnor-
malities persisted for longer than 3 days [2].

Although serum creatinine is routinely used in 
clinical practice, it has important limitations 
which impact the diagnosis of AKI [3, 4] 
(Table  1.2). The serum creatinine concentration 
may take 24–36  h to rise after a definite renal 
insult [5]. Furthermore, creatinine generation 
depends on liver function and muscle bulk. 
Therefore, in patients with liver disease, muscle 
wasting and/or sepsis, a true fall in GFR may not 
be adequately reflected by the serum creatinine 
concentration. Serum creatinine can also change 
following exposure to certain drugs without a 
change in renal function. In addition, serum cre-
atinine concentrations may be affected by the 
method used in the laboratory. Substances like 
bilirubin or drugs can interfere with certain ana-
lytical techniques, more commonly with Jaffe-
based assays [4]. Finally, serum creatinine is 
measured as a concentration and therefore affected 
by variations in volume status. This means that the 
diagnosis of AKI may be delayed or missed in 
patients with rapid fluid accumulation.

M. Ostermann  
Department of Nephrology and Critical Care Medicine, 
King’s College London, Guy’s & St Thomas’ 
Foundation Hospital, London, UK
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Another important limitation of all creati-
nine-based definitions of AKI is that they require 
a reference value to describe “baseline” renal 
function. Ideally, the reference value should 
reflect the patient’s steady-state kidney func-
tion  immediately before the episode of 
AKI. However, information on pre-hospital kid-
ney function may not always be available. In 
this case, various methods are used to estimate 
renal function, including the application of in-
patient results. Another approach is to assume 
that patients with missing results had normal 
baseline renal function. It is clear that these dif-
ferent methods can inflate as well as reduce the 
true incidence of AKI.

All current AKI classifications also include 
urine criteria. Urine output is an important clini-

cal sign but, like creatinine, it is not renal spe-
cific. In fact, urine output may persist until renal 
function almost ceases. In contrast, oliguria 
may be an appropriate physiological response of 
functioning kidneys during periods of prolonged 
fasting, hypovolaemia, after surgery and follow-
ing stress, pain or trauma. Finally, in obese 
patients, weight-based urine output criteria may 
be particularly misleading if urine output is cal-
culated in mL/min/kg without adjusting for lean 
body weight.

Table 1.1 KDIGO definition and classification of AKI 
(Diagnostic criteria for AKI and AKI staging system)

AKI is defined as any of the following:
•  Increase in serum creatinine by ≥0.3 mg/dL 

(≥26.4 μmol/L) within 48 h
•  Increase in serum creatinine to ≥1.5 times baseline, 

which is known or presumed to have occurred 
within the prior 7 days

• Urine volume < 0.5 mL/kg/h for 6 h
AKI 
stage

Serum creatinine 
criteria

Urine output 
criteria

AKI 
stage I

Increase of serum 
creatinine by ≥0.3 mg/
dL (≥26.4 μmol/L)
or
Increase to 1.5—1.9 
times from baseline

Urine 
output < 0.5 mL/
kg/h for 6–12 h

AKI 
stage II

Increase of serum 
creatinine to 2.0—2.9 
times from baseline

Urine 
output < 0.5 mL/
kg/h for ≥12 h

AKI 
stage III

Increase of serum 
creatinine ≥3.0 times 
from baseline
or
Serum creatinine 
≥4.0 mg/dL 
(≥354 μmol/L)
or
Treatment with RRT
or
In patients <18 years, 
decrease in estimated 
GFR to <35 mL/min 
per 1.73 m2

Urine 
output < 0.3 mL/
kg/h for ≥24 h
or
Anuria for ≥12 h

Abbreviations: AKI acute kidney injury, GFR glomerular 
filtration rate, RRT renal replacement therapy

Table 1.2 Potential pitfalls of AKI diagnosis based on 
creatinine and urine criteria

Clinical scenario Consequence
Reduced production of 
creatinine (i.e. muscle 
wasting, liver disease, sepsis)

Delayed or missed 
diagnosis of AKI

Ingestion of substances which 
lead to increased generation 
of creatinine independent of 
renal function (i.e. creatine 
products, cooked meat)

Misdiagnosis of AKI

Administration of drugs 
which inhibit tubular secretion 
of creatinine (i.e. cimetidine, 
trimethoprim)

Misdiagnosis of AKI

Conditions associated with 
physiologically increased 
GFR (i.e. pregnancy)

Delayed diagnosis of 
AKI

Interference with laboratory 
technique of measuring 
creatinine (i.e. 
5-fluorocytosine, cefoxitin, 
bilirubin)

Misdiagnosis/delayed 
diagnosis of AKI 
(depending on 
substance)

Rapid fluid accumulation Delayed diagnosis of 
AKI (dilution of 
serum creatinine 
concentration)

Progressive CKD with 
gradual rise in serum 
creatinine

Misdiagnosis of AKI

Obesity Overdiagnosis of 
AKI if actual weight 
is used when 
applying urine output 
criteria

Oliguria due to acute 
temporary release of ADH 
(i.e. post-operatively, nausea, 
pain)

Misdiagnosis of AKI

Abbreviations: AKI acute kidney injury, ADH antidiuretic 
hormone, CKD chronic kidney disease, GFR glomerular 
filtration rate

M. Ostermann
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These limitations of both serum creatinine and 
urine output need to be acknowledged when 
interpreting epidemiology data related to AKI.

1.2  Epidemiology

The reported incidence of AKI has increased in 
the last 20 years due to changes in population 
(ageing/comorbidities) and healthcare (increas-
ing use of potentially nephrotoxic drugs, con-
trast media, high-risk interventions) but also 
increased awareness and recognition. In high-
income countries, AKI affects between 7 and 
22% of hospital in-patients. Older and critically 
ill patients are particularly at risk. A large, mul-
tinational meta-analysis of 154 studies pub-
lished between 2004 and 2012 showed that the 
pooled incidence of AKI among hospitalised 
patients was 22% [6]. Patients with AKI had 
five times greater odds of death than those 
without AKI.

The International Society of Nephrology con-
ducted a global snapshot study during a 10-week 
period in 2014 and collected the data of 4018 
hospitalised patients with AKI from 8 geographi-
cal regions (North America, Latin America, 
Caribbean, Europe, Middle East, Asia, Oceania 
and Africa) [7]. The median age was 60  years 
with younger patients more commonly seen in 
lower-income countries. Chronic heart and liver 
diseases were more frequent in patients from 
high-income countries, whereas dehydration was 
the most common cause of AKI in lower-income 
countries. Twenty-two percent of all patients 
were treated with RRT. Mortality at 7 days was 
12% in lower-income countries and 10% in high-
income countries.

Acute kidney injury is particularly common 
during critical illness, affecting >50% of patients 
in the ICU of whom a quarter need RRT [8]. 
Hospital mortality appears to increase in a step-
wise manner with increasing AKI severity.

Less is known about the true incidence of 
AKI in the community. The majority of data 
stems from hospital-only studies that identified 
patients who had an elevated serum creatinine 
at the time of hospital admission and were 

therefore assumed to have community-acquired 
AKI.  For instance, an analysis of 15,976 
patients admitted to hospital showed that 4.3% 
had AKI on admission to hospital compared to 
2.1% of patients with hospital-acquired AKI 
[9]. Patients with AKI on admission were more 
likely to have AKI stage III but had a shorter 
length of stay in hospital than patients with hos-
pital-acquired AKI. They also had better hospi-
tal survival (80.4% versus 57.2%, respectively) 
and survival 14 months later (55% versus 37%, 
respectively).

The incidence and outcome of patients with 
AKI in the community who are not admitted to 
hospital remain unclear. Studies are in progress 
to address this issue.

1.3  Risk Factors for the  
Development of AKI

In general, the risk for any disease represents the 
interaction between susceptibility (i.e. features 
intrinsic to the patient) and type and extent of 
exposure (i.e. causative factors) which may or 
may not be modifiable (Table 1.3). Typical expo-
sures known to produce AKI in susceptible 
patients include sepsis; major surgery, in particu-
lar cardiovascular and emergency surgery; and 
nephrotoxic drugs. Typical risk factors which 
increase the susceptibility for AKI are age, 
 pre-existing chronic kidney disease (CKD), left 
ventricular dysfunction, liver disease and pro-
teinuria. A previous episode of AKI also increases 
the risk of a further event.

Table 1.3 Risk factors for AKI

Non-modifiable factors Potentially modifiable factors
Older age Use of nephrotoxic drugs
Female gender Obesity
Genetics Hyperuricaemia
CKD Diabetes with proteinuria
Previous episode of 
AKI

Hypoalbuminaemia

Chronic heart disease
Chronic liver disease

Abbreviations: AKI acute kidney injury, CKD chronic kid-
ney disease

1 Epidemiology, Incidence, Risk Factors, and Outcomes of Acute Kidney Injury



6

The importance of proteinuria as a risk factor 
for AKI was highlighted in a prospective cohort 
of 11,200 participants in the Atherosclerosis Risk 
in Communities (ARIC) study [10]. Using a 
urine albumin-to-creatinine ratio <10 mg/g as a 
reference, the relative hazards of AKI after an 
average follow-up of 8  years, adjusted for age, 
gender, race, cardiovascular risk factors, and cat-
egories of estimated glomerular filtration rate 
(eGFR), were 1.9 [(95% confidence interval (CI) 
1.4–2.6)], 2.2 (95% CI 1.6–3.0) and 4.8 (95% CI 
3.2–7.2) for urine albumin-to-creatinine ratio 
groups of 11–29  mg/g, 30–299  mg/g and 
≥300 mg/g, respectively.

Recent studies have identified several other 
nontraditional risk factors [11]:

 (a) Hyperuricaemia: The risk of AKI from hyper-
uricaemia and intratubular uric acid crystalli-
sation is well known in the context of tumour 
lysis syndrome. Hyperuricaemia has also been 
identified as a risk factor for AKI in patients 
undergoing cardiac surgery [12]. The potential 
underlying pathophysiological mechanisms 
appear to be related to renal vasoconstriction 
and increased oxidative stress.

 (b) Hypoalbuminaemia: A meta-analysis of 11 
observational studies including 2745 patients 
from various medical and surgical cohorts 
concluded that the adjusted odds ratio for 
AKI was 2.34 per 10 g/L decrement in serum 
albumin [13]. Subsequent studies showed 
similar results with no convincing evidence 
that albumin supplementation ameliorates 
the risk.

 (c) Obesity: There is a consistent signal that the 
risk of AKI increases with rising body mass 
index (BMI) [14, 15]. The reported rates of 
AKI in patients undergoing bariatric surgery 
are between 6 and 8% which is significantly 
higher than following elective orthopaedic or 
general surgery. The exact reasons are not 
known, but obesity is often associated with 
traditional risk factors for AKI. In addition, 
drug dosing can be challenging in obese 
patients, and the risk of harm from nephro-
toxic drugs is higher. However, it should also 
be acknowledged that reports showing links 
between obesity and AKI may be confounded 

by the fact that AKI is overdiagnosed if urine 
output is measured in mL/kg/h without 
adjusting for lean body weight (Table 1.2).

 (d) Hydroxyethyl starch solutions: Starch 
 solutions are effective volume expanders. 
Different preparations are available that vary 
with regard to mean molecular weight, molar 
substitution, concentration and substitution 
of hydroxyethyl for hydroxyl groups. There 
is clear evidence that they can deposit in the 
skin, liver, spleen and kidneys. Several ran-
domised controlled trials and systematic 
reviews have concluded that their use is inde-
pendently associated with an increased risk 
of AKI [16–20].

 (e) Genetics: Evidence suggests that genetic 
 factors play a very important role and influ-
ence patients’ susceptibility to nephrotoxic 
exposures [21, 22].

Understanding an individual patient’s suscep-
tibility and risk profile is essential to prevent or 
ameliorate AKI through modification and avoid-
ance of non-essential potentially nephrotoxic 
exposures.

1.4  CKD, CVD and ESRD 
as Possible Outcomes  
After an Episode of AKI

After an episode of AKI, there are four potential 
outcomes:

 1. Full recovery of renal function to baseline:
 2. Incomplete recovery of renal function result-

ing in de novo CKD
 3. Exacerbation of pre-existing CKD and accel-

erated progression towards end-stage renal 
disease (ESRD)

 4. Non-recovery of function leading directly to 
ESRD

It was previously assumed that patients who 
recovered kidney function after an episode of 
AKI had a favourable outcome. However, there is 
convincing evidence that this is not always the 
case. Complete recovery from severe AKI is far 
less common than previously assumed, and CKD 

M. Ostermann
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post AKI has now been recognised as a major 
public health problem [23–29] (Table 1.4).

AKI survivors represent a high-risk group fac-
ing significant chronic health problems, includ-
ing CKD, cardiovascular and cerebrovascular 
events, infections and premature mortality 
(Table 1.5). Patients with diabetes, chronic vas-
cular disease and pre-existing proteinuria and 
CKD are particularly vulnerable to the develop-
ment of CKD after AKI.  Other risk factors 
include older age and genetic predisposition.

AKI and CKD are clearly interlinked where 
CKD is a risk factor for AKI and AKI is associ-
ated with a long-term risk of CKD [30] 
(Fig.  1.1). A meta-analysis of 13 retrospective 
studies confirmed that patients with AKI had an 
almost 9 times higher risk of developing CKD, a 
3 times greater risk of ESRD needing long-term 
dialysis and a 2 times higher risk of premature 
death compared to patients without AKI [26]. 
The risk of CKD and ESRD is particularly high 
in patients with more severe and more prolonged 
AKI. Follow-up data of the ATN study demon-
strated that 24.6% of patients with AKI requir-
ing RRT were still RRT dependent at 60  days 
[31]. Wald et  al. compared 3769 adults with 
dialysis-dependent AKI to 13,598 matched con-
trols who did not have acute dialysis [24]. After 
a median follow-up of 3 years, the incidence of 

Table 1.4 Short- and long-term complications of AKI

Short-term complications
Long-term 
complications

Uraemia Proteinuria
Fluid accumulation CKD/ESRD
Dosing errors of renally 
excreted medications

Risk of 
cardiovascular 
morbidity

Non-recovery of renal function Risk of strokes
Prolonged stay in hospital Hypertension
Organ crosstalk (i.e. effects of 
AKI on distant organ systems)

Risk of fractures

Healthcare costs Risk of infections/
sepsis
Recurrent AKI
Premature mortality
Healthcare costs
Reduced quality of 
life

Abbreviations: CKD chronic kidney disease, ESRD end-
stage renal disease

Table 1.5 Select studies demonstrating links between 
AKI and CKD

Study Population
Effect of AKI on 
CKD

Ishani 
et al., 
2009 [23]

233,803 
hospitalised 
patients >67 years

Relative risk of 
ESRD 13.0

Wald 
et al., 
2009 [24]

3769 patients with 
dialysis-dependent 
AKI versus 13,598 
controls

Rate of ESRD
In AKI patients: 
2.63/100 
person-years
In controls: 0.9/100 
person-years

Chawla 
et al., 
2011 [25]

5351 patients with 
AKI

Development of 
CKD stage IV: 
13.6%

Coca 
et al., 
2012 [26]

>1,000,000 
participants

Hazard ratio for 
new CKD 8.8
Hazard ratio for 
ESRD 3.1

Bucaloiu 
et al., 
2012 [27]

1610 AKI patients 
without pre-
existing CKD who 
recovered renal 
function within 
90% of baseline 
eGFR compared to 
3652 matched 
controls without 
AKI

Hazard ratio of de 
novo CKD during 
3.3 year follow-up 
in AKI patients: 
1.91

Heung 
et al., 
2015 [28]

VA in-patients
17,049 patients 
with AKI
87,715 patients 
without AKI

Relative risk of 
new CKD III, IV or 
V
AKI <3 days: 1.43
AKI 3–10 days: 2.0
AKI >10 days: 2.65

Abbreviations: AKI acute kidney injury, CKD chronic kid-
ney disease, ESRD end-stage renal disease, eGFR esti-
mated glomerular filtration rate

AKI

CKD

glomerular hyperfiltration

cell-cycle arrest

capillary rarefaction

mitochondrial dysfunction

maladaptive repair

activation of myofibroblasts

tubulo-interstitial fibrosis

age 
comorbidities 

proteinuria 

inflammation 

other factors 

Fig. 1.1 Relationship between AKI and CKD. 
Abbreviations: AKI acute kidney injury, CKD chronic kid-
ney disease

1 Epidemiology, Incidence, Risk Factors, and Outcomes of Acute Kidney Injury



8

chronic dialysis in the AKI cohort was 2.63/100 
person-years compared to 0.91/100 person-
years among controls (adjusted HR, 3.23; 95% 
CI, 2.70–3.86).

Other long-term risks of AKI survivors are 
cardiovascular and cerebrovascular events, frac-
tures, infections, gastrointestinal haemorrhage 
and premature mortality [32–36] (Fig.  1.2). 
Analysis of a large matched cohort study includ-
ing 4869 patients of the Taiwan National Health 
Insurance Database who had recovered from 
dialysis-dependent AKI showed a significantly 
higher incidence of coronary events compared to 
matched controls without AKI (19.8 versus 10.3 
per 1000 person-years, respectively), indepen-
dent of the development of CKD [32]. In addi-
tion, survivors of AKI also had a higher incidence 
of strokes, bone fractures and de novo severe 
sepsis [33–35].

Quality of life (QoL) after AKI is another 
important outcome that has been investigated 
in several studies with mixed results. A sys-

tematic review including 18 studies concluded 
that health-related QoL of survivors of critical 
illness complicated by AKI was reduced when 
referenced to population norms but it was not 
significantly different from that of survivors 
without AKI [37]. Although physical limita-
tions and disabilities were more commonly 
experienced by AKI patients, the impaired 
QoL was generally perceived as acceptable to 
patients.

Finally, the risk of premature death in patients 
who survived AKI is high, especially in those 
with more severe AKI.  Follow-up analysis of 
the RENAL study, a multicentre RRT dosing 
study, showed that only one third of patients 
who had had acute RRT whilst in the ICU were 
alive 3.5 years later [38]. A prospective cohort 
evaluation of 2010 ICU patients in a tertiary 
care centre revealed that even survivors of AKI 
stage I had significantly lower 10-year survival 
rates than matched critically ill patients without 
AKI [39].

short term                                   long term 

RRT   

respiratory complications   

cardiac complications   

inflammation   

CKD   

full / partial renal recovery   

cardiovascular 
morbidity   

stroke

fractures   

infections 

brain dysfunction   

hepatic dysfunction   AKI

Fig. 1.2 Short- and long-term complications of acute kidney injury
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1.5  Risk Factors for Poor 
Outcomes Following AKI

The reasons for the high risk of long-term complica-
tions and premature mortality after AKI are not fully 
understood but likely to be multifactorial, including 
pre-existing comorbidities and factors directly 
related to AKI per se [30]. In general, AKI occurs 
more frequently in an older population with a greater 
burden of recognised and unrecognised health prob-
lems in whom there may be a higher risk of adverse 
events anyway. In many patients, the factors that pre-
disposed to AKI continue to exist after the episode of 
AKI has finished. For instance, Harel et al. followed 
survivors of dialysis-dependent AKI who had recov-
ered renal function and showed that pre-existing 
CKD [hazard ratio (HR), 3.86; 95% CI, 2.99–4.98], 
hypertension (HR, 1.82; 95% CI, 1.28–2.58) and a 
higher Charlson comorbidity index score (HR, 1.10; 
95% CI, 1.05–1.15/per unit) were significantly asso-
ciated with risk of progression to ESRD [40].

The relationship between AKI and CKD also 
depends on the severity, duration, frequency and 
nature of AKI [41–43]. An analysis of 5351 
patients with normal baseline renal function who 
had AKI whilst in hospital showed that severity 
of AKI was a strong predictor of CKD stage IV 
[42]. Advanced age, low serum albumin and the 
presence of diabetes were also predictive. 
Analysis of a Veterans’ data set of over 3600 
patients with diabetes revealed that in those with 
repeated episodes of AKI, each additional AKI 
event resulted in a doubling of the CKD risk [43].

The aetiology of AKI may also impact long-
term renal sequelae. Patients with multifactorial 
AKI appear to have a higher risk of long-term 
CKD compared to those with single-cause 
AKI. However, more detailed work is necessary 
to investigate the link between specific aetiolo-
gies of AKI and risk of CKD.

1.6  Potential Pathogenetic 
Mechanisms for AKI:  
CKD Transition

In the aftermath of AKI, changes persist in the 
kidney, even if serum creatinine initially returns 
to baseline [44, 45]. Important processes involved 

in the pathophysiology and recovery from AKI 
play a role, including cell cycle arrest, maladap-
tive repair, recruitment of infiltrating inflamma-
tory and stem cells, capillary rarefication, 
glomerular hyperfiltration and activation of myo-
fibroblasts and fibrocytes [46] (Fig. 1.1).

 1. Endothelial injury and reduced capillary den-
sity: Vascular density is reduced after an epi-
sode of AKI, resulting in activation of 
hypoxia-inducible pathways and promotion of 
pro-inflammatory and pro-fibrotic processes. 
In a vicious circle, capillary rarefaction, 
hypoxic signalling and tissue hypoxia may 
mutually reinforce each other leading to fur-
ther damage and fibrosis.

 2. Glomerular hyperfiltration: AKI can lead to a 
critical loss of nephron mass that exceeds the 
regenerative capability of the kidney to fully 
recovery. Hyperfiltration followed by hyper-
trophy of the residual glomeruli causes an 
increase in workload of tubular cells. This can 
lead to hypoxic signalling and stimulation of 
tubulo-interstitial fibrosis, the latter of which 
is a significant component in the development 
of CKD.

 3. Cell cycle arrest: Mitotic arrest at the G2/M 
phase of the cell cycle in response to AKI is 
a natural, usually protective process. 
However, if prolonged, it can lead to mal-
adaptive repair of damaged tubular cells and 
progressive fibrosis through the secretion of 
pro-fibrotic factors and the stimulation of 
myofibroblasts [44].

 4. Mitochondrial dysregulation: In health, mito-
chondria constantly undergo regular fission 
and fusion. During cell injury, the dynamics 
are shifted to fission, a process that is associ-
ated with damage in the outer and inner mem-
branes of the organelles and membrane 
leakage. A persistent disruption of mitochon-
drial homeostasis after AKI has been demon-
strated which can lead to suboptimal cellular 
respiration, reduction in cellular adenosine 
triphosphate (ATP) levels and consequent tis-
sue dysfunction, all contributing to the devel-
opment of chronic cell damage.

 5. Maladaptive repair: It has been shown that 
following an episode of AKI, dedifferentiated 
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tubular cells fail to redifferentiate during the 
repair phase and exhibit a persistent pro-
fibrotic signal which leads to the activation of 
myofibroblasts [30, 42]. The range of change 
in response to tubular injury and the balance 
of full repair and maladaptive repair can com-
prise the entire spectrum of renal disease fol-
lowing AKI.

 6. Tubulo-interstitial inflammation/fibrosis: 
Tubulo-interstitial fibrosis is a predominant 
feature of CKD following AKI.  Tubular 
hypertrophy, reduced capillary density, 
recruitment of inflammatory cells and activa-
tion of fibroblasts play an important role in the 
pathogenesis [30]. Pro-fibrotic processes are 
initiated and maintained by ongoing produc-
tion and secretion of a variety of peptides, 
including cytokines and growth factors. 
Although they are necessary for repair and 
tubule regeneration, these bioactive molecules 
have a stimulating effect on perivascular fibro-
blasts and the development of fibrosis.

A better understanding of the pathophysiolog-
ical processes and key regulators is necessary to 
develop potential therapies and interventions.

 Conclusions
Acute kidney injury is common and associ-
ated with serious short- and long-term 
 complications and premature mortality. The 
underlying reasons are not fully understood, 
but pre-existing comorbidities and factors 
related to the pathophysiology of AKI per se 
play a role. More in-depth research is urgently 
required to identify the key factors and poten-
tial therapeutic interventions.
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Definition and Classification 
of Acute Kidney Injury

Kelly V. Liang and Paul M. Palevsky

Acute kidney injury (AKI) is the sudden loss of 
kidney function, characterized by a rapid decline 
in the glomerular filtration rate (GFR), usually 
occurring over a period of hours to days. The 
loss of kidney function leads to the retention of 
metabolic waste products (e.g., urea and creati-
nine) and abnormalities of fluid, electrolyte, and 
acid-base homeostasis [1]. AKI is not a discrete 
disease; rather it is a heterogeneous syndrome 
associated with a broad constellation of patho-
physiologic processes of variable severity and 
etiology. From a didactic standpoint, AKI is 
often subdivided into three broad pathophysi-
ologic categories—prerenal AKI, intrinsic AKI, 
and post-renal AKI.

Prerenal AKI arises when hypoperfusion of 
the kidneys causes a reduction in glomerular fil-
tration rate without causing overt parenchymal 
damage. Etiologies of prerenal AKI include both 
states of overt volume depletion and states of 

decreased effective arterial blood volume 
(EABV), as seen with heart failure, hepatic 
 cirrhosis, and nephrotic syndrome. Intrinsic AKI 
encompasses multiple diseases involving the 
renal parenchyma including acute and rapidly 
progressive glomerulonephritis, acute interstitial 
nephritis, acute tubular injury, and acute vascular 
syndromes, such as seen with atheroembolic dis-
ease. The most common etiology of intrinsic AKI 
is acute tubular necrosis (ATN) resulting from 
ischemia-reperfusion injury, nephrotoxins, or 
sepsis. Post-renal (obstructive) AKI results from 
the acute obstruction of the urinary tract with 
either partial or complete obstruction to urinary 
flow. Although severe post-renal AKI requires 
obstruction of the bladder outlet or bilateral ure-
teral obstruction (or unilateral ureteral obstruc-
tion with an absent or nonfunctional contralateral 
kidney), lesser decrements in kidney function can 
be seen with unilateral ureteral obstruction, even 
in the presence of a normal contralateral kidney. 
Although this tripartite categorization conceptu-
ally is useful, considerable overlap may exist. For 
example, prerenal AKI may be associated with 
subclinical parenchymal injury, and prolonged 
prerenal or post-renal states may result in paren-
chymal damage.

The term AKI has now generally supplanted 
the older terminology of acute renal failure 
(ARF). This evolution in terminology reflects a 
recognition that the relationship between normal 
kidney function and overt organ failure is not 
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dichotomous but rather that small to modest 
acute decrements in kidney function are associ-
ated with adverse outcomes. Although the newer 
terminology emphasizes the graded aspect of 
acute kidney disease, this terminology is also 
imperfect. The term “injury” implies the pres-
ence of parenchymal organ damage, even though 
parenchymal injury is not characteristic of the 
acute decrement in kidney function associated 
with prerenal or post-renal AKI [2, 3]. Although 
the term AKI has sometimes been used inter-
changeably with ATN, these terms are not syn-
onymous. While ATN is one of the most common 
forms of intrinsic AKI, particularly in critically 
ill patients, it represents only one of multiple eti-
ologies of AKI.  Furthermore, even in patients 
with a classic presentation of AKI in the setting 
of sepsis or ischemia-reperfusion injury, there 
may be a lack of concordance between the clini-
cal syndrome of and the histopathologic findings 
described by the term ATN [4, 5].

2.1  Diagnosis and Staging of AKI

Prior to the last decade, there was no uniform 
operational definition of AKI. The AKI literature 
was characterized by a multitude of definitions, 
primarily based on a varying combination of 
absolute and relative changes in creatinine con-
centration in the blood. These definitions occa-
sionally incorporated criteria based on urine 
output, with urine volumes of less than 400–
500  mL/day defining oliguria and less than 
100 mL/day classified as anuria [6]. The lack of 
consensus across these definitions limited under-
standing of the epidemiology of AKI and impeded 
comparisons across studies.

2.2  RIFLE Criteria

In 2002, the Acute Dialysis Quality Initiative 
(ADQI) group proposed the first of a series of 
three related consensus definitions of AKI. This 
definition, known by the acronym RIFLE (Risk, 
Injury, Failure, Loss, and End-stage), defined 
AKI utilizing three strata of criteria of increas-
ing stringency based on relative change in cre-

atinine concentration in the blood and duration 
of  oliguria and two outcomes, based on duration 
of need for renal replacement therapy (Table 2.1). 
The first level (Risk) was defined as an increase in 
blood creatinine concentration to more than 1.5 
times the baseline over no more than 7  days or 
the presence of oliguria, defined as a urine output 
of <0.5 mL/kg per hour, for more than 6 h. The 
second level (Injury) increased the stringency of 
the definition to an increase in creatinine concen-
tration in the blood to more than two times the 
baseline or the presence of oliguria, again defined 
as a urine output of <0.5 mL/kg per hour, for more 
than 12 h. The third level (Failure) utilized even 
more stringent cutoffs, with the blood creatinine 
concentration needing to exceed more than three 
times the baseline value or, in patients with acute-
on-chronic disease, increase by more than 0.5 mg/
dL to a value of more than 4 mg/dL. The corre-
sponding urine output criteria were oliguria, now 
defined as a urine output of <0.3 mL/kg per hour, 
for more than 24 h, and anuria for more than 12 h 
[7]. The concept underlying this three-tiered defi-
nition was that Risk would provide the most sensi-
tive criteria and that each of the subsequent tiers 
would provide greater specificity at the expense 
of decreased sensitivity [8–10]. The final two tiers 
of the RIFLE criteria represented outcomes, with 
Loss defined as dialysis dependence for >4 weeks 
and End-stage as need for renal replacement ther-
apy for more than 3 months.

In its original form, the Risk, Injury, and 
Failure categories also included criteria based on 
declines in eGFR of 25%, 50%, and 75%, respec-
tively [9]. These eGFR criteria were subsequently 
dropped based on criticism that calculated eGFR 
should not be utilized as an index of kidney func-
tion in AKI since in the non-steady-state condi-
tions that characterize AKI, creatinine levels in 
the blood do not correlate with glomerular filtra-
tion rate. Furthermore, even if the changes in 
blood creatinine concentration did correlate with 
calculated eGFR, the proposed decrements in 
eGFR did not correlate with the expected changes 
in eGFR associated with the 50%, 100%, and 
200% increments in blood creatinine concentra-
tion (the corresponding decline in eGFR would 
be approximately 33%, 50%, and 67%, respec-
tively, if blood creatinine was in steady state).
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2.3  Acute Kidney Injury Network 
(AKIN) Definition 
and Staging Criteria

The Acute Kidney Injury Network (AKIN) pro-
posed modification to the RIFLE criteria. The 
most significant change proposed by AKIN was 
the addition of an absolute increase in blood 
creatinine concentration of ≥0.3  mg/dL to the 
>50% relative increase in blood creatinine con-
centration from the RIFLE-Risk criteria, speci-
fying that these increases develop over no more 
than 48 h. This change was based on an epide-
miologic study that demonstrated that an 
increase in blood creatinine concentration of 
0.3–0.4  mg/dL was associated with an 80% 
increase in the odds of death during hospitaliza-

tion [11]. In addition, AKIN introduced a more 
fundamental conceptual change. Unlike the 
original RIFLE concept of nested definitions of 
AKI characterized by increasing stringency, the 
AKIN criteria adopted a single definition, based 
on an increase in the creatinine concentration in 
blood of ≥0.3 mg/dL or ≥50% as compared to 
baseline developing over no more than 48 h or 
oliguria (0.5 mL/kg per hour) for more than 6 h. 
The Injury and Failure strata from the RIFLE 
criteria were transformed into subsequent 
“stages” of severity of AKI. In addition, initia-
tion of renal replacement therapy was proposed 
as an additional criterion for stage 3 AKI. The 
AKIN criteria also eliminated the two outcome 
levels (Loss and End-stage) from the RIFLE cri-
teria (Table 2.1).

Table 2.1 RIFLE and AKIN and KDIGO criteria for diagnosis and staging of AKI

RIFLE class
AKIN/KDIGO 
AKI stage

Blood creatinine criteria Urine output 
criteria 
(common to all)RIFLEa

AKINb

KDIGO
RIFLE-Risk
AKIN/KDIGO 
stage 1

Increase in 
creatinine to >1.5× 
baseline

Increase in creatinine 
to ≥0.3 mg/dL
or
Increase in creatinine 
to ≥150–200% of 
baseline

Increase in creatinine to 
≥0.3 mg/dL within 48 h or 
increase in creatinine to 
≥150–200% of baseline over 
<7 days

Urine output 
<0.5 mg/kg/h 
for >6 h

RIFLE-Injury
AKIN/KDIGO 
stage 2

Increase in 
creatinine to >2× 
baseline

Increase in creatinine 
to >200–300% of 
baseline

Increase in creatinine to 
>200–300% of baseline

Urine output 
<0.5 mg/kg/h 
for >12 h

RIFLE-Failure
AKIN/KDIGO 
stage 3

Increase in 
creatinine to >3× 
baseline
or
Increase in 
creatinine of 
≥0.5 mg/dL to a 
value of ≥4 mg/dL

Increase in creatinine 
to >300% of baseline
or
Increase in creatinine 
to ≥4 mg/dL with an 
acute increase of 
≥0.5 mg/dL
or
On RRT

Increase in creatinine to 
>300% of baseline
or
Increase in creatinine to 
≥4 mg/dL with an acute 
increase of ≥0.3 mg/dL
or
Initiation of RRT
or
In patients <18 years, a 
decrease in eGFR to 
<35 mL/min per 1.73 m2

Urine output 
<0.3 mg/kg/h 
for >24 h
or
Anuria for 
>12 h

RIFLE-Loss Need for RRT for 
>4 weeks

RIFLE-End-
stage kidney 
disease

Need for RRT for 
>3 months

Abbreviations: AKI acute kidney injury, AKIN Acute Kidney Injury Network, KDIGO Kidney Disease: Improving 
Global Outcomes, RIFLE Risk, Injury, Failure, Loss, End-stage disease, RRT renal replacement therapy, eGFR esti-
mated glomerular filtration rate
aFor RIFLE, the increase in blood creatinine concentration should be abrupt (within 7 days) and sustained (>24 h)
bFor AKIN, AKI is defined as meeting the stage 1 criteria with the increase in blood creatinine concentration occurring 
in less than 48 h
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2.4  Kidney Disease: Improving 
Global Outcomes (KDIGO) 
Classification

More recently, the Kidney Disease: Improving 
Global Outcomes (KDIGO) acute kidney injury 
workgroup proposed a revision to the AKIN 
definition and staging system as part of the 
KDIGO Clinical Practice Guidelines for Acute 
Kidney Injury. The KDIGO definition and stag-
ing system harmonizes several of the inconsis-
tencies between the prior RIFLE and AKIN 
criteria. In the KDIGO definition, the urine out-
put criteria, which were the same in RIFLE and 
AKIN, were retained without change. The 
increase in blood creatinine concentration of 
≥0.3 mg/dL within 48 h that had been proposed 
by AKIN was retained, but the time frame for 
the ≥50% increase in blood creatinine concen-
tration was extended to 7  days, as originally 
proposed in the RIFLE criteria. The concept of 
a single definition with three stages of severity 
was retained, with only minor modifications 
from the AKIN criteria (Table 2.1). One modifi-
cation was that the minimum threshold change 
in blood creatinine concentration required to be 
classified as stage 3 based on a blood creatinine 
of >4 mg/dL was changed from ≥0.5 mg/dL to 
≥0.3 mg/dL to be consistent with the underlying 
definition of AKI.

The KDIGO workgroup also recognized an 
important nosological conundrum created by 
the gap between the definition of AKI based on 
changes in blood creatinine concentration over 
less than 7 days duration and the definition of 
CKD based on the presence of kidney disease 
of more than 90-day duration. Patients with 
decrements in kidney function that were pres-
ent for less than 90  days but that developed 
more gradually than required to meet the defini-
tion of AKI did not fall into either category. For 
this reason, the KDIGO workgroup introduced 
the term acute kidney diseases and disorders 
(AKD) defined as AKI or a GFR of <60  mL/
min/1.73 m2, a decline in eGFR of ≥35%, or an 
increase in the concentration of creatinine in 
the blood of ≥50% of less than 3-month 
duration.

2.5  AKI Definition and Staging 
in Pediatric Patients

The RIFLE criteria were modified for use in 
pediatric patients as the pRIFLE criteria [12]. 
The primary modifications to apply these criteria 
to children were the replacement of the blood 
creatinine concentration/eGFR criteria with 
declines in estimated creatinine clearance (eCrCl) 
calculated using the Schwartz formula, which 
better reflects the importance of weight-based 
calculations of renal function in children and 
alterations in the duration of oliguria to 8, 16, and 
24 h, respectively (Table 2.2) [8, 12]. In addition, 
acute reduction in eCrCl to <35 mL/min/1.73 m2 
was added as a criterion for pRIFLE-Failure. In 
the KDIGO criteria, the only modification of the 
adult criteria for pediatric patients is the retention 
from the pRIFLE criteria of an acute reduction in 
eGFR (or eCrCl) to <35  mL/min/1.73  m2 in 
patients <18 years in the criteria for stage 3 AKI.

2.6  Validation of AKI Definitions

Optimal validation of a definition of AKI would 
be based on an incontrovertible “gold standard” 
for the diagnosis. Unfortunately, such a standard 

Table 2.2 Pediatric modified RIFLE (pRIFLE) criteria 
for diagnosis and classification of AKI in children

Class eCCl Urine output
Risk eCCl decrease by 

>25%
Urine output 
<0.5 mL/kg/h for 
>8 h

Injury eCCl decrease by 
>50%

Urine output 
<0.5 mL/kg/h for 
>16 h

Failure eCCl decrease by 
>75%
or
eCCl <35 mL/
min/1.73 m2

Urine output 
<0.3 mL/kg/h for 
>24 h;
or
Anuria for >12 h

Loss Persistent failure 
for >4 weeks

End-stage 
kidney 
disease

Persistent failure 
for >3 months

Abbreviations: AKI acute kidney injury, eCrCl estimated 
creatinine clearance using the Schwartz formula, RIFLE 
Risk, Injury, Failure, Loss, End-stage disease
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does not exist. The use of change in blood cre-
atinine concentration as a marker for change in 
kidney function has substantial face validity. 
The reliability of the urine output criteria and 
the clinical evidence to support the specific 
thresholds selected were less robust. Cross vali-
dation of the different classification schemes 
has demonstrated expected differences in diag-
nosis and staging. For example, in an analysis of 
over 14,356 critically ill patients, 5093 (35%) 
were diagnosed with AKI using the RIFLE cri-
teria as compared to 4093 (28%) using the 
AKIN definition and staging system [13]. 
Among the 9263 patients who were not diag-
nosed with AKI based on the RIFLE criteria, 
504 (5%) were diagnosed as having AKI using 
the AKIN definition, while 1504 of the 10,263 
patients (15%) who did not have AKI by the 
AKIN definition were classified as RIFLE-Risk 
(781 patients), RIFLE-Injury (452 patients), or 
RIFLE-Failure (271 patients).

The majority of studies assessing the validity 
of the AKI definitions have used mortality as 
their primary outcome. In the cross validation 
study cited above, increasing severity of AKI 
using either RIFLE or AKIN was associated 
with an increased risk of hospital mortality [13]. 
Similar findings have been observed across a 
wide range of clinical settings including sepsis, 
trauma, post-cardiac surgery, and hematopoietic 
cell transplant populations [2, 14–20]. Most 
recently, the Acute Kidney Injury-Epidemiologic 
Prospective Investigation (AKI-EPI) study pro-
spectively evaluated the KDIGO definition and 
staging system among 1802 ICU patients in 97 
intensive care units in 33 countries in North and 
South America, Europe, Africa, Asia, and 
Australia [21]. Increasing AKI severity was 
associated with progressively greater risk for in-
hospital mortality when adjusted for other vari-
ables. The odds of death increased from 1.68 
(95% CI 0.89–3.17; p = 0.11) with stage 1 AKI 
to 2.95 (95% CI 1.38–6.28; p  =  0.005) with 
stage 2 AKI and 6.88 (95% CI 3.88–12.23; 
p  <  0.001) with stage 3 AKI as compared to 
patients without AKI [21]. Patients developing 
AKI had worse kidney function at hospital dis-
charge with an eGFR <60  mL/min/1.73  m2 in 

47.7% (95% CI 43.6–51.7) in those with AKI as 
compared to only 14.8% (95% CI 11.9–18.2) in 
those without AKI [21].

2.7  Limitations of the Current 
Definitions and Staging 
Criteria

The definitions of AKI are based on the long-
standing clinical use of blood creatinine concen-
tration as a marker of kidney function. Creatinine 
is an endogenous marker of glomerular filtration 
produced from muscle within an individual at a 
relatively constant rate and predominantly 
excreted in the urine primarily by filtration at the 
glomerulus. Thus, over relatively short periods 
of time, changes in the creatinine concentration 
in blood generally reflect reciprocal changes in 
glomerular filtration rate. Increases in blood cre-
atinine concentration correspond to decrements 
in GFR, while decreases in creatinine concentra-
tion correspond to increases in GFR. There are, 
however, several important caveats to this rela-
tionship that need to be recognized. First, a small 
percentage of creatinine is excreted by tubular 
secretion with the percentage excreted by secre-
tion increasing in patients with underlying 
 kidney disease. Thus, medications such as trim-
ethoprim and cimetidine that can interfere with 
creatinine secretion may raise blood creatinine 
levels in the absence of changes in kidney func-
tion. Second, several drugs, such as cefoxitin 
and flucytosine, and metabolic intermediates, 
such as acetoacetate, may interfere with colori-
metric assays for creatinine, resulting in artifac-
tual elevations. Third, serum creatinine 
concentrations may be affected by alterations in 
volume of distribution. Thus rapid fluid resusci-
tation may blunt the rise in creatinine levels in 
the blood despite marked impairment of kidney 
function. Fourth, creatinine production may be 
altered in acute illness. For example, studies 
have suggested that creatinine generation 
declines early in sepsis [22]. Thus, the use of 
definitions based on changes in blood creatinine 
concentration is subject to inherent limitations. 
Other markers, such as cystatin C, have been 

2 Definition and Classification of Acute Kidney Injury



18

proposed as alternatives to  creatinine in the 
assessment of kidney function [23–26], but are 
not widely used in clinical practice.

Separate from these more generic issues, sev-
eral additional limitations regarding the consen-
sus definitions have been raised. Since a definition 
that is based on change in a laboratory parameter 
requires a baseline value for comparison, one key 
issue in the use of these definitions is selection of 
the most appropriate baseline value for compari-
son. It has been suggested that in hospitalized 
patients, the ideal comparator should be a recent 
premorbid outpatient blood creatinine concentra-
tion; however, these values are often not avail-
able. In an analysis of alternative surrogate 
baseline creatinine measurements, Siew and col-
leagues found significant bidirectional misclassi-
fication associated with use of the first admission 
blood creatinine value, the lowest inpatient value, 
or back-calculation using an assumed eGFR of 
75 mL/min/1.73 m2 [27].

Using a threshold change in blood creatinine 
concentration of as little as 0.3 mg/dL is associ-
ated with several issues. Although small changes 
in blood creatinine concentration are associated 
with increased mortality risk and were the justifi-
cation of the 0.3 mg/dL threshold, there remains 
uncertainty whether the mortality risk is medi-
ated by these changes or whether small changes 
are merely a marker of diminished renal reserve 
and underlying vascular disease, either of which 
might be an independent mediator of mortality 
risk. Second, the significance of small changes in 
blood creatinine concentration varies based on 
the underlying level of kidney function. Thus, an 
increase in blood creatinine concentration from 
0.7 to 1.0 mg/dL represents a much more signifi-
cant change in kidney function than an increase 
from 3.2 to 3.5 mg/dL. While the first represents 
both a substantial absolute and relative decline in 
glomerular filtration, the latter may represent 
changes in glomerular filtration consistent within 
the range of normal biologic variability in patients 
with chronic kidney disease.

In addition, the use of small changes in serum 
creatinine to define AKI increases the likelihood of 
misclassification based on both inherent biological 
variability in blood creatinine concentration and 

errors in laboratory measurement. In a simulation 
analysis using known coefficients of laboratory 
and biological variability, use of a threshold of 
0.3  mg/dL was associated with an 8% rate of 
incorrect diagnosis of AKI, with a markedly higher 
false-positive rate in individuals with a baseline 
blood creatinine concentration of ≥1.5  mg/dL 
(false-positive rate of AKI approximately 30%) as 
compared to individuals with a baseline blood cre-
atinine concentration of <1.5  mg/dL (false-posi-
tive rate of AKI of approximately 2%) [28].

Another limitation that has been suggested is 
that the definitions were developed without 
regard to consideration of creatinine kinetics. In 
the setting of severe AKI, the initial rate of 
increase in the blood creatinine concentration is 
relatively independent of baseline kidney func-
tion although the time required to attain a fixed 
percent change in blood creatinine concentration 
is dependent on the baseline creatinine concen-
tration [29]. Therefore, early in the course of 
AKI, absolute changes in blood creatinine con-
centration may be more readily detected than 
relative changes in concentration. Using a kinetic 
modeling approach, Waikar and colleagues sim-
ulated creatinine kinetics after AKI in the setting 
of normal baseline kidney function and stages 2, 
3, and 4 CKD [29]. In their model, 24 h after a 
90% reduction in GFR, the blood creatinine con-
centration increased 2.5-fold if baseline kidney 
function was normal but increased only by 
approximately 50% in an individual with a base-
line eGFR of 15–30  mL/min/1.73  m2. In con-
trast, the absolute increase in blood creatinine 
concentration was nearly identical (1.8–2.0 mg/
dL) regardless of baseline kidney function. 
Qualitatively similar results were observed with 
a lesser acute reduction in kidney function [29]. 
Thus, based on creatinine kinetics, the use of 
graded absolute, rather than relative increases in 
blood creatinine concentration over 24 or 48 h, 
might provide a more robust diagnostic approach. 
In addition, these analyses suggest that a 
>0.3 mg/dL increase in creatinine concentration 
is an appropriate threshold for the diagnosis of 
AKI if the increase occurs over a 24-h interval 
but that the robustness of the definition is dimin-
ished if this increase occurs over 48 h.
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Several limitations related to the urine output 
criteria also need to be noted. In settings outside 
of intensive care units, documentation of urine 
output is often unreliable. Furthermore, in retro-
spective epidemiologic studies, data on urine out-
put is often missing, even in critically ill patients, 
limiting the diagnosis and staging of AKI entirely 
to changes in blood creatinine concentration. 
Several other limitations to use of urine output 
should be recognized. Urine output may be 
highly sensitive to volume resuscitation and 
diuretic administration. Oliguria may be the 
appropriate physiologic response to volume 
depletion, and the use of urine output as a marker 
of kidney dysfunction in an inadequately fluid 
resuscitated patient may be misleading [8]. 
Similarly, diuretic administration may decrease 
sensitivity of these criteria. The indexing of urine 
output to weight, while of critical importance in 
pediatric patients, decreases the reliability of 
these criteria in morbidly obese patients given the 
lack of a linear relationship between weight and 
urine volume in obesity. For example, in a patient 
who weighs 180 kg, a normal urine output of 1 L 
over 12  h would satisfy the criteria for stage 2 
AKI. Further, it should be noted that only a small 
number of studies have correlated the urine out-
put criteria for AKI with mortality and other 
adverse clinical outcomes and have found poor 
calibration between the urine output criteria 
and  the blood creatinine criteria with regard to 
 mortality risk [10].

Similar to the criteria for defining and staging 
chronic kidney disease (CKD), the definition and 
staging of AKI is independent of the underlying 
etiology of kidney dysfunction. Given the broad 
range of etiologies of AKI, with widely varying 
implications with regard to both management 
and prognosis, this is a significant limitation to 
these definition and staging criteria. The impor-
tance of identifying a specific etiology in the 
patient with AKI was explicitly recognized in the 
KDIGO Clinical Practice Guideline for AKI, 
which includes the guideline recommendation 
that “the cause of AKI should be determined 
whenever possible” immediately following the 
guideline statements encompassing the definition 
and staging of AKI.

Unlike the staging criteria for CKD, the stag-
ing of AKI is not clearly linked to the level of 
kidney function. Since blood levels of creatinine 
are not in steady state during AKI, there may be 
discordance between the time course of changes 
in creatinine concentration and underlying 
changes in kidney function. In a patient whose 
GFR acutely falls from near normal to <10 mL/
min/1.73 m2, blood creatinine concentration will 
progressively increase over several days. 
Applying the staging criteria prospectively will 
result in the appearance of worsening AKI. Given 
the lack of correlation between blood creatinine 
concentration and GFR, a patient may even prog-
ress with regard to AKI stage despite actual 
improvement in kidney function. This limitation 
is less significant when staging is applied retro-
spectively after resolution of the AKI episode. In 
addition, the staging does not take into consider-
ation duration of AKI, which has been shown to 
be an independent predictor of mortality and 
other outcomes [30].

2.8  Use of AKI Definitions 
in Epidemiology and  
Clinical Research

The availability of a standardized AKI definition is 
invaluable to the conduct of epidemiologic studies. 
In the absence of a standardized definition, a wide 
array of criteria for the diagnosis of AKI were used, 
limiting the ability to compare the results of trials 
and trend rates of AKI over time. A standardized 
definition is also of potential benefit in identifying 
populations for inclusion in therapeutic trials of 
established AKI and as an endpoint in trials for the 
prevention of AKI. Unfortunately, there are limita-
tions to the applicability of these definitions. As 
previously noted, data on urine output are often 
lacking in retrospective cohort studies, and pre-
hospitalization creatinine measurements are often 
not available. However, despite these limitations, 
numerous epidemiologic studies utilizing these cri-
teria have been undertaken across multiple patient 
populations. The availability of a standard defini-
tion may also improve administrative coding  for 
AKI. Prior studies using administrative  databases 
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have underestimated the true period prevalence of 
AKI due to poor sensitivity of administrative cod-
ing for non-dialysis-requiring AKI [31].

2.9  Utility of AKI Definitions 
and Staging in Clinical Care

The utility and applicability of the AKI definitions 
and staging systems in clinical practice are less 
certain. The change in paradigm from acute renal 
failure to acute kidney injury has increased aware-
ness of the importance of small changes in kidney 
function on patient outcomes, particularly in criti-
cally ill patients. What is less certain is the appli-
cability of the definition and staging to clinical 
management. The KDIGO Clinical Practice 
Guidelines for AKI propose that patients with 
AKI be managed according to stage and cause as 
shown in Fig.  2.1 [3]. While this opinion-based 

recommendation is well intentioned, there are 
insufficient data to support this stage-based man-
agement approach. For example, the KDIGO 
guidelines suggest consideration of ICU admis-
sion and initiation of renal replacement therapy in 
patients with stage 2 AKI despite a paucity of evi-
dence that applying such a strategy across all 
patients with AKI will improve outcomes. This 
recommendation could be considered to contra-
dict the subsequent KDIGO recommendation 
regarding initiation of renal replacement therapy 
which recommends consideration of “…the 
broader clinical context, the presence of condi-
tions that can be modified with RRT, and trends of 
laboratory tests—rather than single BUN and cre-
atinine thresholds alone—when making the deci-
sion to start RRT” [3]. A stage-based management 
strategy may, however, assume greater clinical 
applicability if effective pharmacologic therapies 
for the treatment of AKI become available.

High Risk for

Aki

KDIGO AKI

Stage 1

KDIGO AKI

Stage 2

KDIGO AKI

Stage 3

Discontinue all nephrotoxic agents when possible

Ensure volume status and perfusion pressure

Consider functional hemodynamic monitoring

Monitor serum creatinine and urine output

Avoid hyperglycemia

Consider alternatives to radio contrast procedures

Non-invasive diagnostic workup

Consider invasive diagnostic workup

Check for changes in drug dosing

Consider renal replacement therapy

Consider intensive care unit admission

Avoid subclavian catheters, if possible

Fig. 2.1 Stage-based management of acute kidney 
injury (AKI) as proposed by the KDIGO Clinical 
Practice Guideline for Acute Kidney Injury. Shading of 
boxes indicates priority of action with solid shading 
indicating actions that are equally appropriate at all 

stages, while graded shading indicates increasing prior-
ity as severity of AKI increases. Adapted from KDIGO 
Clinical Practice Guideline for Acute Kidney Injury. 
Kidney Int Suppl 2012;2:1–138
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Diagnostic Approach: Differential 
Diagnosis, Physical Exam, Lab 
Tests, Imaging, and Novel 
Biomarkers

Aparna Sharma and Jay L. Koyner

Acute kidney injury (AKI) is a complex and 
common clinical syndrome that is classically 
defined as the abrupt loss of kidney function. The 
internationally accepted definitions and staging 
systems and epidemiology of AKI are discussed 
in Chap. 2 [1]. In this chapter we will discuss the 
differential diagnosis of AKI as well as the physi-
cal exam findings and laboratory tests that can be 
used when evaluating a patient with AKI. Finally, 
we will discuss the utility of the ever-expanding 
list of novel biomarkers that are associated with 
improvements in the diagnosis, risk stratification, 
and outcome prognostication of hospitalized 
patients with AKI [2].

3.1  Differential Diagnosis

Traditionally the differential diagnosis of AKI has 
been classified into prerenal, intrinsic renal/intra-
renal, and post-renal causes [3] (Table  3.1). 
Classically this has allowed clinicians to think 
about the factors that affect renal function into 
those which occur before the kidney (prerenal), 
inside of the kidney, or after the kidney 
 (post-renal—along the remainder of the genitouri-
nary system). This anatomy-based classification 

system has been utilized for decades, and while 
more modern schemas have been suggested, the 
pre-, intra-, and post-renal remains a mainstay of 
clinical decision-making. Many clinicians believe 
that these distinctions are important as prerenal 
and post-renal causes of AKI may progress to 
becoming intrinsic/intrarenal AKI. Additionally, if 
diagnosed early, pre- and post-renal AKI may be 
readily reversible, with regard to changes in glo-
merular function/serum creatinine, and thus earlier 
diagnosis may not only mitigate the severity of the 
AKI but potentially the morbidity and mortality 
that are associated with it.

Prerenal causes of AKI result from impaired 
renal perfusion from either true intravascular vol-
ume depletion (e.g., GI losses, hemorrhage, or 
burns) or from decreases in the effective circulat-
ing volume (e.g., decompensated congestive heart 
failure with reduced ejection fraction or end-stage 
liver disease with cirrhosis). Additionally, several 
medications, which affect renal vascular autoreg-
ulation, have been associated with prerenal 
AKI.  These include nonsteroidal anti-inflamma-
tory drugs (NSAIDs) and calcineurin inhibitors 
(CNIs), angiotensin-converting enzyme inhibitors 
(ACE-I), and angiotensin II receptor blockers 
(ARBs), all of which modify renal vascular auto-
regulation. NSAIDs can cause afferent arteriole 
 vasoconstriction, leading to fall in renal blood 
flow and thus a decline in glomerular filtration 
rate (GFR)/rise in creatinine. Similarly, CNIs 
including tacrolimus and cyclosporine have been 
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shown to cause renal arteriolar vasoconstriction 
leading to an increased association with AKI as 
measured by increases in serum creatinine. 
Additionally drugs which impact the renin-aldo-
sterone system (e.g., ACE-I and ARBs) have been 
shown to alter renal hemodynamics and thus 
impact functional biomarkers of AKI (e.g., serum 
creatinine and cystatin C) but not biomarkers that 
report structural nephron injury/damage. Thus 
while ACE-I and ARBs lead to alterations of 
serum creatinine, the extent to which this is truly 
AKI remains under-investigated. This failing of 
currently available biomarker of AKI accounts for 
the growing push in nephrology to fundamentally 
change the manner in which we discuss the dif-
ferential diagnosis of AKI (see new AKI para-
digm below). The kidney has the capacity to 
autoregulate renal blood flow and GFR through 
changes in afferent and efferent arteriolar tone. 
However, prerenal conditions, if severe, can over-
whelm these compensatory processes and lead to 
a dramatic fall in GFR. Furthermore in the setting 
of AKI, these autoregulatory mechanisms can be 
impaired leading to an exacerbation of initial 
injury following even mild decreases in blood 
pressure, eventually potentially converting to an 
intrarenal injury [4].

In the hospital setting, obstructive uropathy 
(post-renal) accounts for approximately 10% of 
cases of AKI [5]. Post-renal causes of AKI can 
result from obstruction anywhere along the uri-
nary tract but is most commonly from bladder 
outlet obstruction as seen in prostatic hypertro-
phy in men [6]. It can also be seen in cases of 
pelvic masses and tumors compressing bilateral 
ureters [7]. Common obstructing tumors include 
those of the prostate, bladder, uterus, and cervix. 
A rare cause of obstructive uropathy is retroperi-
toneal fibrosis which may be idiopathic, but it can 
be associated with previous pelvic irradiation or 
malignancies such as lymphoma and a variety of 
solid tumors [8]. Importantly unilateral obstruc-
tion in those with two functioning kidneys is 
often not diagnosed through changes in GFR. 
Larger changes in GFR, in the setting of obstruc-
tion, often represent bilateral obstruction or the 
presence of a single functioning kidney (e.g., 
renal transplantation). Further information on 
post-renal AKI is presented in Chap. 16.

Intrarenal causes of AKI can be subdivided 
into processes affecting the glomeruli, intrare-
nal vasculature, or tubules/interstitium. The 
most common intrinsic cause of AKI is acute 
tubular necrosis (ATN), which accounts for 

Table 3.1 Classical differential diagnosis of AKI

AKI

Prerenal causes Intrinsic renal causes Post-renal causes
True volume depletion (diarrhea, 
vomiting, burns, hemorrhage, 
pancreatitis)

Processes involving renal microvasculature 
such as vasculitis, TTP, malignant 
hypertension, and renal atheroemboli

Bladder outlet obstruction 
including prostate disease in 
men and pelvic tumors

Renal artery stenosis Processes affecting primarily glomeruli such 
as rapidly progressive glomerulonephritis

Ureteral: stones, stricture

Effective circulating volume 
depletion (decompensated heart 
failure, cardiac cirrhosis)

Processes affecting the tubulointerstitium 
such as acute tubular necrosis (ischemic or 
nephrotoxic), acute interstitial nephritis

Retroperitoneal fibrosis

Abdominal compartment 
syndrome

The table displays the common causes of AKI along the prerenal, intrarenal, and post-renal classification. This tradi-
tional anatomic approach remains in clinical use despite disease processes crossing over in between categories. For 
example, persistently prolonged intravascular volume depletion in the setting of concomitant hypotension may lead to 
intrinsic tubular injury/tubular necrosis, or chronic urinary obstruction may eventually cause tubular loss and fibrosis 
leading to intrarenal manifestations
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roughly 75% of intrinsic AKI in hospitalized 
patients [5]. In one study done at 13 tertiary care 
hospitals in Spain, the incidence of ATN among 
all causes of AKI (including pre- and post-renal) 
was found to be 45% [9]. ATN is a clinical-
pathologic syndrome of intrinsic acute renal 
injury that is secondary to ischemic (e.g., car-
diac surgery or septic shock) or nephrotoxic 
insults. Common nephrotoxins include drugs 
such as aminoglycosides, cisplatin, tenofovir, or 
iodinated radiocontrast media as well as endog-
enous products such as the hemoglobin and 
myoglobin pigments that can damage nephrons 
in the setting of rhabdomyolysis leading to 
ATN. The histopathologic findings of ATN are 
frequently patchy. When present on a biopsy, 
ATN may subtly involve discrete cell injury in 
the proximal tubule, the collecting duct, and the 
medullary thick ascending limb without frank 
necrosis. Thus, the term ATN may often be a 
misnomer, and the term acute tubular injury 
may better reflect the physiopathologic dissoci-
ation often seen in this entity [10].

Other less common forms of intrinsic tubu-
lointerstitial renal injury include acute urate 
nephropathy from tumor lysis syndrome, cast 
nephropathy in the setting of multiple myeloma, 
and acute phosphate nephropathy. Tumor lysis 
syndrome in oncology patients with a high tumor 
burden (e.g., leukemia or lymphoma) can lead to 
AKI from intratubular obstruction by urate crys-
tals. Acute phosphate nephropathy can occur fol-
lowing the administration of a phosphate 
containing bowel preparation. Another more 
common intrinsic tubulointerstitial cause of AKI 
is acute interstitial nephritis (AIN). AIN is char-
acterized by an inflammatory infiltration of the 
renal interstitium and is most commonly drug 
induced although it can be associated with auto-
immune diseases and infectious processes. 
Common agents include antimicrobial agents 
(β-lactams, sulfonamides, quinolones, antiviral 
agents), antiulcer agents (proton-pump inhibi-
tors, H2 antagonists), nonsteroidal anti-inflam-
matory drugs (NSAIDs), anticonvulsants, and 
allopurinol [11].

3.1.1  Rethinking the Differential 
Diagnosis of AKI

While the pre-, post-, and intrarenal paradigm of 
AKI has been a mainstay of clinical care, it 
remains an imperfect classification system with 
several subtypes of AKI crossing over anatomic 
categories. For example, persistently prolonged 
intravascular volume depletion (prerenal) in the 
setting of concomitant hypotension may lead to 
intrinsic tubular injury/ATN.  Chronic urinary 
obstruction if left untreated may eventually 
cause tubular loss and fibrosis (intrarenal mani-
festations). These faults combined with the 
imperfections of serum creatinine and urine out-
put as biomarkers of renal function and the 
emergence of newer kidney injury biomarkers 
have led to the development of a novel schema of 
AKI classification [12].

This revamped classification system has been 
proposed to classify patients based on the pres-
ence or absence of changes in functional (e.g., 
serum creatinine, serum cystatin C, urine output) 
and structural/injury biomarkers (e.g., neutrophil 
gelatinase-associated lipocalin (NGAL), inter-
leukin 18 (IL-18) (Fig. 3.1), kidney injury mole-
cule-1 (KIM-1)). Briefly, it is easy to understand 
that those without a change in functional or injury 
biomarkers do not have AKI, while those who 
have changes in both functional and injury bio-
markers are akin to those with severe intrinsic 
AKI (e.g., ATN). Those with a change in func-
tional biomarkers but no change in injury bio-
markers can be potentially thought of as those 
with prerenal AKI, where there has been a drop in 
GFR in the absence of true tubular injury. Finally, 
those with changes in their injury biomarkers 
without a concomitant change in functional bio-
markers may be viewed as having “subclinical 
AKI.” This newer entity exists due to the inability 
of serum creatinine to adequately measure the 
underlying renal function in those with normal 
and near normal GFR.  This concept of renal 
reserve [13] has led to several investigations 
which have demonstrated that in the absence of 
changes in urine output and serum creatinine, 
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those with increases in their injury biomarkers 
are at increased risk of needing renal replacement 
therapy (RRT) and death [14, 15]. The uses of 
these newer biomarkers and their clinical impli-
cations are discussed further in this chapter.

3.2  Physical Exam

The physical exam findings associated with AKI 
can involve almost every organ system. In the set-
ting of AKI, the physical findings may be reflec-
tive of the AKI itself, i.e., a clinical manifestation 
of the decrease in GFR and associated retention 
of uremic toxins and/or total body fluid. However, 
the physical exam findings may also help the 
astute clinician identify the underlying etiology 
causing the AKI.

Hypotension may indicate a state of volume 
depletion and point toward a diagnosis of intra-
vascular volume depletion/prerenal azotemia 
(change in biomarkers of glomerular function). 

However, if hypotension persists for long enough, 
it may progress to the point of ATN. Importantly, 
the absence of documented hypotension does not 
preclude AKI or more specifically ATN given the 
clinical entity of normotensive acute renal failure 
[16]. A lower mean arterial pressure (MAP) has 
been shown to increase the risk of developing 
severe/progressive AKI.  In a multicenter pro-
spective observational study of 423 Finnish sub-
jects with sepsis, a MAP of less than 73 mmHg 
was associated with increased risk of progressive 
AKI (defined as a worsening of the Kidney 
Disease: Improving Global Outcomes (KDIGO) 
AKI criteria) [17]. Similarly, several other stud-
ies have demonstrated the importance of main-
taining adequate renal perfusion pressures in the 
setting of AKI, with higher pressures being asso-
ciated with decreased risk of adverse patient out-
comes [18–22].

Overt neurologic signs and symptoms may 
occur in advanced kidney injury and may manifest 
as decreased mental acuity, asterixis, peripheral 

Proposed Revised Differential of AKI

No Functional 

Change  /

Creatinine

Negative

Functional

Change /

Creatinine
Positive

No Damage /
Biomarker Negative

Damage Present /
Biomarker Positive

No functional changes
          or damage

Damage without loss
        of function

loss of function
without damage

Damage with loss of
         function

“ Sub-clinical
        AKI ”

“Pre-Renal
 Azotemia ”

“Intrinsic
    AKI”

Fig. 3.1 Currently the definition of AKI is made exclu-
sively through changes in urine output and/or serum cre-
atinine, functional biomarkers of the kidney. The ADQI 
consensus meeting delineated a novel criteria for defining 
AKI in terms of changes in biomarkers of renal function 
(serum creatinine, urine output, serum cystatin) and bio-
markers of kidney damage/injury (e.g., NGAL, TIMP-
2*IGFBP7, IL-18). This paradigm allows for the 

combination of injury biomarkers with functional bio-
markers and has proven useful in the discrimination of 
patients with AKI (Adapted from: Endre ZH, Kellum JA, 
Di Somma S, et al. Differential diagnosis of AKI in clini-
cal practice by functional and damage biomarkers: work-
group statements from the tenth Acute Dialysis Quality 
Initiative Consensus Conference. Contrib Nephrol. 
2013;182:30–44; used with permission)
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neuropathy, and seizures [23]. However, given the 
nonspecific nature of these signs, it is difficult to 
attribute a given neurologic sign to one specific 
source of AKI.  The cardiovascular exam may 
reveal findings suggestive of fluid overload/con-
gestive heart failure such as S3, pedal/sacral 
edema, and elevated JVD.  A pericardial friction 
rub if present may be indicative of uremic pericar-
ditis, which is traditionally an end-stage manifes-
tation of severely decreased kidney function. The 
pulmonary exam may reveal coarse crackles that 
can suggest pulmonary edema due to volume over-
load but in rare instances may be associated with 
glomerular disease and result from pulmonary 
hemorrhage in the setting of an ANCA-associated 
vasculitis.

The dermatologic exam findings in AKI can 
be diverse and varied. They include livedo reticu-
laris which may be suggestive of cholesterol 
emboli particularly in patients who have under-
gone recent endo-vascular procedures; however, 
livedo reticularis may also be seen in antiphos-
pholipid antibody syndrome, cryoglobulinemia, 
and even calciphylaxis. Other dermatologic find-
ings include palpable purpura which has been 
associated with leukocytoclastic vasculitis. 
Contrary to popular belief, AIN is infrequently 
associated with a rash; in a retrospective analysis 
of over 60 cases of biopsy-confirmed AIN, the 
incidence of rash at the time of presentation was 
found to be 21% [24]. Additionally, in this same 
case series, the incidence of AIN-associated uve-
itis (tubulointerstitial nephritis and uveitis syn-
drome (TINU)) was 7%.

The abdominal and genitourinary exams 
deserve close attention in the evaluation of a 
patient with AKI. A distended bladder may sig-
nify bladder outlet obstruction: a common cause 
of AKI particularly in elderly males with pros-
tatic disease. The diagnosis of abdominal com-
partment syndrome (ACS) should be considered 
in any patient with a tense distended abdomen 
and concomitant oliguria. The clinical definition 
of ACS is intra-abdominal hypertension-induced 
new organ dysfunction without a strict intra-
abdominal pressure threshold, since no intra-
abdominal pressure can predictably diagnose 
ACS in all patients [25–27]. For clinical research 

purposes, ACS has been defined as a sustained 
intra-abdominal pressure greater than 20 mmHg, 
and this is different than intra-abdominal hyper-
tension (IAH, defined as greater than 12 mmHg 
for research purposes). Both ACS and IAH have 
been associated with increased risk of AKI [28]. 
Finally, the presence of an abdominal bruit can 
indicate renal artery stenosis and can be indica-
tive of AKI particularly in the setting of recent 
initiation of angiotensin-converting enzyme 
inhibitors or angiotensin receptor blocker use.

3.3  Lab Tests

3.3.1  Blood Tests

The laboratory evaluation of patients with AKI 
should be driven by their clinical presentation 
and their risk factors for kidney injury. Initial 
laboratory tests to be ordered include measure-
ment of blood urea nitrogen (BUN) and serum 
creatinine, as well as other serum electrolytes, 
sodium, chloride, potassium, and bicarbonate 
(carbon dioxide) levels. These tests are important 
not only for the diagnosis but also for assessment 
of complications of AKI. In prerenal conditions 
resulting from enhanced salt and water avidity, 
the classic teaching is that there is a dispropor-
tionate increase in the ratio of BUN to creatinine 
(>20:1).The increase in BUN may stem from the 
presence of ADH that acts on distal tubules to 
increase urea transport from the luminal to the 
basolateral side. However, recent studies have 
demonstrated that the BUN to creatinine ratio is 
quite variable and higher ratios may not be indic-
ative of prerenal etiologies [29]. In the setting of 
AKI, lab tests may show hyponatremia, due to 
decreased free water clearance in the setting of 
positive fluid balance. Hyponatremia is often 
found in the presence of AKI with several studies 
linking the two entities; in one prospective obser-
vational study of all patients admitted to an urban 
hospital with hyponatremia, AKI was evident in 
32% of patients [30]. In a separate study of hypo-
natremia, AKI was present in 16% of the hospi-
talized cohort with AKI rates reaching over 20% 
in those older than 74 years [31]. Up to one third 
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of the patients with severe AKI may develop dilu-
tion hyponatremia through decreased free water 
clearance, and this lab abnormality is associated 
with worse outcomes including an increased risk 
of death [32, 33].

Hyperkalemia is commonly seen and treated as 
a complication of AKI. In a multicenter observa-
tional study of 923 inpatients with hyperkalemia 
of >6.5 mEq/L, AKI was present in over 22% of 
those with normal baseline renal function and in 
over half (51.8%) of those with pre-existing 
chronic kidney disease [34]. In one study, hyper-
kalemia, although known to be a serious complica-
tion of AKI, had a smaller effect size/association 
with inpatient mortality than metabolic acidosis 
and cumulative fluid balance [35]. This result is 
likely due to the existence of standardized thresh-
olds to define hyperkalemia and its risk as well as 
the rapid institution of several reliable therapeutic 
options for hyperkalemia (diuretics, RRT, and 
bicarbonate, among others). Such thresholds and 
treatment options are not as robust for volume 
overload or metabolic acidosis.

Metabolic acidosis is a common feature of 
both acute and chronic kidney injuries and results 
from the accumulation of anions such as urate, 
hippurate, phosphate, and other anions that are 
not routinely measured, such as sulfates. In a pro-
spective randomized multicenter trial comparing 
high and low intensity of continuous RRT, severe 
acidosis, defined as a pH  <  7.2, was present in 
34.9% of subjects. Similarly in a post hoc analysis 
of the Finnish Acute Kidney Injury (FINNAKI) 
study, 52% of all subjects had a pH < 7.15 prior to 
the initiation of RRT, with acidosis being cited as 
the indication for RRT in 35.8% [36, 37]. 
Metabolic acidosis is thought to interfere with 
normal functioning of many processes in the body 
and contributes to adverse outcomes through the 
promotion of hemodynamic instability via 
decreased cardiac output and vasodilatation.

3.3.2  Urinary Test

Examination of urine sediment is a crucial com-
ponent in formulating a differential diagnosis in 
the setting of AKI [38–40]. There is a growing 

body of evidence that suggests that urinalysis and 
the presence of renal tubular epithelial cells and 
cellular casts correlate with early diagnosis of 
AKI as well as AKI severity [38, 41–43]. 
Table 3.2 presents a summary of several of the 
recently published urinalysis score systems. A 
recent study demonstrated that a higher urine 
microscopy severity score, as measured by the 
increased presence of urinary granular and 
muddy brown casts, was associated with a greater 
than sevenfold increased risk of progressive AKI 
(i.e., a worsening of AKI clinical stage) [42]. 
However, despite the resurgence of interest in 
microscopic urinalysis, this clinical tool has not 
been well integrated into recent large-scale mod-
ern biomarker investigations [44–49]. Despite 
several published scoring systems, there have 
been no large-scale multicenter validation studies 
describing the performance of urine microscopy 
in the setting of hospital-based AKI [40–42].

In prerenal AKI, urine sediment exam may 
reveal hyaline casts (see Fig. 3.2a). Hyaline casts 

Table 3.2 Summary of three previously published uri-
nalysis severity scores: these scores have been shown 
to correlate well with severity of AKI and been specific 
for AKI

Study Scoring system
Chawla et al. [41] Grade 1: no casts or RTE

Grade 2: at least 1 cast or RTE 
but <10% of LPF
Grade 3: many casts or RTEs 
(between 10 and 90% of LPF)
Grade 4: sheet of muddy brown 
casts and RTEs in >90% of LPF

Perazella et al. [42] 0 points: no casts or RTE seen
1 point each: 1–5 casts per LPF 
or 1–5 RTEs per HPF
2 points each: ≥6 casts per LPF 
or ≥6 RTEs per HPF

Bagshaw et al. [40] 0 points: no casts or RTE seen
1 point each: 1casts or 1 RTEs 
per HPF
2 points each: 2–4 casts or 
RTEs per HPF
3 points each: ≥ 5 casts or ≥ 5 
RTEs per HPF

Several of these scores have been combined with bio-
markers of tubular injury to improve prognostication of 
AKI and other adverse patient outcomes [40, 42, 43]
RTE renal tubule epithelial cells, LPF low-power field, 
HPF high-power field
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are cylindrical molds of precipitated Tamm-
Horsfall protein that are formed in the distal 
tubule. In ATN, muddy brown, coarse, granular 
casts are characteristically seen in addition to 
free renal tubular epithelial cells (Fig.  3.2b). 
Rapidly progressive glomerulonephritis (RPGN) 

is part of the differential diagnosis of AKI and is 
characterized by urine sediment containing RBC 
casts (Fig. 3.2c). These casts are composed of red 
cells in the matrix of Tamm-Horsfall protein. The 
presence of white blood cells (WBCs) in clumps 
and in casts, in the presence of bacteria, is 

a b

c

d

Fig. 3.2 (a) Hyaline cast at 400× power. These casts 
made of Tamm-Horsfall proteins are incredibly sticky and 
can collect elements in the tubule as seen by the calcium 
oxalate crystal attached to this hyaline cast. (b) Low-
power field (40×) of ATN, with a large number of muddy 
brown casts. (c) RBC cast (400×)—where you can see the 
hyaline outline of the cast and the RBCs forming a multi-

layer matrix on top of each other. (d) WBC cast (400×) in 
the setting of AIN. There are several nucleated white cells 
throughout the cast, and there are renal tubule epithelial 
cells in the background, which would be expected in the 
setting of AIN/active AKI.  All photos are courtesy of 
Randy Luciano MD PhD, Yale University
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 suggestive of pyelonephritis, while the absence 
of bacteria suggests AIN (Fig. 3.2d). Importantly, 
while previously thought to be a useful tool, urine 
eosinophils are neither sensitive nor specific for 
AIN.  In a recent retrospective study of renal 
biopsies with concomitant urine eosinophils 
(n = 566 biopsies, 91 of which had AIN), a cutoff 
of 1% provided a sensitivity of 30.8% and a spec-
ificity of 68.2% [50].

Urinary electrolyte indices such as the frac-
tional excretions of sodium (FENa) and urea 
(FEUrea) have long been used by clinicians in 
order to differentiate etiologies of AKI.  The 
FENa which measures the percentage of filtered 
sodium excreted by the kidney can be potentially 
helpful in differentiating decreased intravascular 
volume and renal perfusion (prerenal) from 
intrinsic tubular damage (e.g., ATN) [51]. 
Classically, a FENa below 1% suggests a prere-
nal etiology, where the kidney is acting appropri-
ately to perceived paucity of renal perfusion by 
reabsorption of most of filtered sodium load [52, 
53]. However, the clinical utility of FENa in criti-
cally ill patients with AKI has been challenged 
[54, 55]. A FENa below 1% can often be found in 
circumstances of established AKI (ATN) reflect-
ing nonhomogeneous injury to the kidney paren-
chyma and preservation of tubular function in 
some regions. Additionally, the FENa may be 
below 1% in the setting of hepatorenal syndrome 
(see Chap. 7), radiocontrast administration 
(Chap. 6), urinary tract obstruction (Chap. 16), 
and sepsis (Chap. 10) [56–60]. Finally, several 
recent papers have explored the ability of the 
FENa to predict the future development of AKI 
(e.g., in the setting of cardiac surgery) or the 
presence of progressive AKI and determined that 
this biomarker is unable to predict any of these 
AKI outcomes in a significant fashion [61–63]. 
Similarly the FENa has not been shown to dif-
ferentiate hepatorenal syndrome from ATN or 
prerenal AKI or predict AKI progression in those 
with cirrhosis and AKI [64, 65]. In the original 
paper by Schrier and colleagues, the FENa was 
evaluated in the absence of CKD (serum creati-
nine had to be less than 1.6 at baseline), those 
with oliguria (<500 ccs of urine per day), and in 
the absence of diuretics; however, in the decades 

since this original study, there have been broad 
acceptance and implementation of the FENa in a 
variety of AKI clinical setting despite a lack of 
wide-scale validation [52].

The FEUrea has been cited as a more precise 
method for discriminating early AKI in those 
receiving diuretics, which may impact the uri-
nary sodium concentration rendering the FENa 
difficult to interpret. Importantly, should the 
urine sodium remain exceedingly low in the set-
ting of active diuresis, this may point to the pres-
ence of intravascular volume depletion as the 
source of AKI. Regardless, a FEUrea of less than 
35% has been thought to indicate prerenal AKI, 
whereas one above 35% is thought to be consis-
tent with intrinsic AKI (ATN) [66]. However, 
FEUrea has been described in far fewer studies 
compared with FENa. In a study by Carvounis 
et al., a FEUrea less than 35% was evident in 90, 
89, and 4% for prerenal, prerenal with diuretics, 
and ATN patients, respectively [67]. Additionally, 
as with the FENa, attempts to validate the FEUrea 
as a diagnostic/prognostic tool in the setting of 
early AKI have failed to demonstrate its clinical 
utility [61–63].

3.4  Imaging

A variety of imaging techniques have been used 
in the diagnosis and workup of patients with 
AKI. In this section we discuss the strengths and 
limitations of these modalities and then review 
newer methods for renal imaging.

Ultrasound is often the first-line imaging 
modality in the evaluation of AKI given its inex-
pensive nature, wide availability, and safety [68]. 
It is particularly helpful in diagnosing obstructive 
causes of AKI. In a study of 286 ultrasound exam 
reports for 63 consecutive patients who received 
64 renal transplants, it was found that the sensi-
tivity of detection of ureteral obstruction with 
ultrasound was 100% with a specificity of 91.9% 
[69]. In a large multicenter, pragmatic, compara-
tive effectiveness trial, in 2759 patients with sus-
pected nephrolithiasis, ultrasonography was 
associated with lower cumulative radiation expo-
sure than initial computed tomography scan 
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(CT  scan), without significant differences in 
high-risk diagnoses (such as obstructive AKI) 
with complications [70]. Importantly, the renal 
caliceal dilation that is a hallmark of ureteral 
obstruction is not specific to obstructive uropathy 
as it may be seen in pregnancy as well as diabetes 
insipidus [71, 72].

Ultrasound also provides information regard-
ing kidney size, shape, anatomic location, and 
cortical echogenicity. Enlarged kidneys in the 
setting of AKI may suggest infiltrative diseases 
such as lymphoma or the presence of pre-existing 
diseases known to be associated with enlarged 
kidneys (e.g., HIV or diabetic nephropathy) but 
can also be seen in RPGN and AIN [73]. Doppler 
ultrasound can provide valuable information on 
renal blood flow. In one study of 41 individuals 
with kidney diseases, comparing Doppler US 
findings with biopsy results, kidneys with higher 
tubulointerstitial disease activity had higher 
resistive index compared to the kidneys with 
other forms of renal disease, including glomeru-
lar disease [74]. Importantly, ultrasound remains 
limited as a user-dependent tool, as images and 
their interpretation are only as good as those 
operating the modality.

Helical CT scan is another commonly used 
imaging modality for the diagnosis of obstructive 
AKI, especially in the setting of suspected neph-
rolithiasis. While CT scan is able to diagnose ure-
teral obstruction with accuracy on par with 
ultrasonography, it comes with the higher radia-
tion exposure and is not able to be done at the 
bedside in unstable patients [70]. CT scans with 
iodinated contrast are to be avoided in the setting 
of AKI owing to the further risk of nephrotoxicity 
from the contrast.

Magnetic resonance imaging (MRI) without 
gadolinium is of limited utility in the workup of 
AKI. Imaging with gadolinium is limited in part 
by the concern of nephrogenic systemic fibrosis/
nephrogenic fibrosing dermopathy (NSF/NFD). 
NSF has been associated with the gadolinium 
contrast agent particularly in pts with estimated 
glomerular filtration rates eGFR  <  30  mL/min 
and as such is a concern for both those with AKI 
and those with end-stage renal disease (ESRD) 
[75]. However, newer non-gadolinium contrast 

agents have shown promise and safety in assess-
ing renal blood flow [76]. This advance could 
improve care in the setting of ischemia-induced 
AKI while also improving patient safety in the 
setting of reduced kidney function in human 
studies.

Blood oxygen level-dependent magnetic reso-
nance imaging (BOLD MRI) is a relatively new 
technique used to noninvasively measure intrare-
nal oxygenation and may have important impli-
cations in future research in the field of AKI [77]. 
BOLD MRI quantifies the differences in mea-
surements of renal oxygenation based on changes 
in the magnetic properties of hemoglobin during 
its conversion from oxyhemoglobin to deoxyhe-
moglobin. The relationship between BOLD MRI 
signal intensity and renal oxygen tissue levels has 
been established by direct measurements of tis-
sue partial pressure of oxygen (pO2) utilizing 
oxygen-sensing microelectrodes and fiber-optic 
probes in experimental models of aortic occlu-
sion. In swine and rat models of aortic occlusion/
renal ischemia, medullary and cortical hypoxias 
were demonstrated during acute ischemia by 
BOLD MRI followed by an immediate return to 
baseline oxygenation after reperfusion [77–83]. 
In an observational study of BOLD MRI in renal 
transplant allografts performed by Han and col-
leagues, allografts with ATN had cortical and 
medullary hypoxia (n = 7) as compared with nor-
mal functioning allografts studied 10 days post-
operatively [83]. However, based on this and 
other studies in the setting of contrast- and sep-
sis-associated AKI, the ideal cutoffs for the diag-
nosis of renal hypoxia and the associated AKI 
remain unclear [84]. The applicability of BOLD 
MRI in patients with AKI and more specifically 
critically ill patients however remains to be seen 
given that the modality is not point of care and 
the scans themselves take longer to perform than 
CT scans. However, in the future it may serve as 
a method to evaluate renal oxygenation and a 
trigger to initiate novel therapies aimed and 
reversing the effects of renal ischemia.

More recently, contrast-enhanced ultrasound 
(CEUS) has been investigated in animal and 
human models as a novel method to investigate 
renal microperfusion [85–88]. This technology 

3 Diagnostic Approach: Differential Diagnosis, Physical Exam, Lab Tests, Imaging, and Novel Biomarkers



32

utilizes the systemic infusion of gas-filled micro-
bubbles to assess organ perfusion. Microbubbles 
have increased echogenicity compared to other 
tissues, and thus the presence of bubbles can 
readily identify areas of both ischemia and perfu-
sion. Bonventre and colleagues demonstrated 
that this technique can be used to monitor changes 
in renal ischemia over time (24  h) and provide 
mapping of injured areas in a murine model of 
renal ischemia reperfusion [85]. CEUS has also 
been investigated in humans. Bellomo and col-
leagues performed scans in four patients with 
hepatorenal syndrome as a proof-of-concept 
report to estimate the effect of terlipressin on 
renal microcirculation [86]. This promising pre-
liminary report, which detected increased perfu-
sion in response to terlipressin, serves as a 
follow-up to their investigations of an ovine 
model [88]. This same group has reported a 36 
scan investigation demonstrating that CEUS was 
feasible and well-tolerated and can detect 
decreased renal perfusion within the first 24  h 
following adult cardiac surgery [87]. We antici-
pate future investigations around the novel, non-
invasive, and portal imaging modality and its 
ability to identify alterations in renal 
microcirculation.

While several other imagining modalities such 
as positron emission tomography (PET) and bio-
electrical impedance analysis (BIA) have been 
explored in the setting of AKI, they remain 
beyond the scope of this chapter [89].

3.5  Novel Biomarkers

As discussed in Chap. 2, the internationally 
accepted KDIGO consensus definition of AKI 
relies on either serum creatinine, urine output, or 
both to define AKI.  Thus the KDIGO criteria, 
like the consensus definitions before them, rely 
on long-standing imperfect markers of kidney 
function [90, 91]. Serum creatinine is not sensi-
tive for the diagnosis of AKI, as there can be a 
large amount of tubular injury/nephron loss with-
out a significant change in creatinine (e.g., living 
donor renal transplant and renal reserve). 
Additionally, creatinine is not 100% specific for 

renal tubular injury, as previously mentioned pre-
renal azotemia occurs when there is a change in 
creatinine in the absence of true tubular damage. 
Moreover, serum creatinine level can be affected 
by several clinical factors including muscle mass, 
age, race, and assay interference (caused by clini-
cal factors such as hemolysis and lipemia as well 
as certain drugs) [92, 93]. Due to these shortcom-
ings of serum creatinine as well as the ability to 
manipulate urine output through the use of diuret-
ics, in 2005, the American Society of Nephrology 
Renal Research Report called for the standard-
ization and discovery of new biomarkers of AKI 
as its highest research priority. Over the last 
decade, there has been a proliferation of studies 
focussing on the detection and validation of new 
biomarkers of AKI in a variety of different patient 
populations and clinical settings [2, 94–96].

An ideal AKI biomarker should fulfill several 
criteria including being highly sensitive and spe-
cific to renal injury and inexpensive to carry out 
and provide information regarding the underly-
ing source of the AKI, AKI severity, and overall 
prognosis [97]. To date, there have been well over 
30 candidate biomarkers for AKI identified and 
investigated with the characteristics and physio-
logic action of several of the most widely investi-
gated biomarkers summarized in Table 3.3.

Biochemical biomarkers of AKI can be low 
molecular weight proteins that are present in the 
systemic circulation and undergo filtration, 
enzymes that are released by tubular cells into the 
urine after cell injury or inflammatory mediators 
released by renal cells or infiltrating inflammatory 
cells (markers of degree of damage and indicators 
of site of injury) [2, 94–96]. More recently func-
tional biomarkers of AKI have been investigated 
but require large-scale validation [62, 89, 98]. 
Given that AKI is a heterogeneous complex clini-
cal syndrome, investigations have attempted to 
focus on specific clinical scenarios (e.g., cardiac 
surgery/cardiopulmonary bypass, septic shock, 
end-stage liver disease). Each of these clinical set-
tings has their own unique AKI fingerprint, and it 
is reasonable to expect that biomarkers that detect 
post-cardiopulmonary bypass AKI might be dif-
ferent from those for septic  shock-associated AKI 
or AKI from hepatorenal syndrome.
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Table 3.4 summarizes the findings of several 
large-scale multicenter studies that investigated 
the abilities of several biomarkers to detect clini-
cal endpoints around AKI in a variety of clinical 

settings. Importantly, novel biomarkers have 
been investigated for more than just the ability to 
diagnose/detect AKI earlier than serum creati-
nine or urine output. Biomarkers have been 

Table 3.3 Characteristics and physiologic action for biomarkers of AKI

Category Biomarker Description Physiologic action
GFR 
markers

Serum cystatin C 13 kDa protein produced at a 
constant rate with limited 
protein binding [94, 124]

Inhibitors of cysteine proteinases cathepsin 
H, B, and L and calpains [94, 124]. Freely 
filtered at the glomerulus reflecting 
underlying GFR, but levels are affected by 
corticosteroids, hyperthyroidism, 
hypertriglyceridemia, hyperbilirubinemia, 
and inflammation [125, 126]

Tubular 
injury 
markers

Urine cystatin C 13 kDa protein produced at a 
constant rate with limited 
protein binding [94, 124]

Freely filtered in glomerulus and degraded 
in proximal tubules, so in the absence of 
injury not present in urine [94]. Urinary 
level may increase with albuminuria through 
competitive inhibition of reabsorption [127]

Interleukin-18 (IL-18) IL-1 family cytokine precursor 
cleaved by caspase-1 to 
17.2 kDa active form [128]

Induces IFN-Υ and T-cell activation [128]. 
Urinary IL-18 found to be a marker of ATN 
in humans [129]

Kidney injury 
molecule 1 (KIM-1)

40–70 kDa glycosylated 
transmembrane protein 
receptor expressed in proximal 
tubules, important in 
recognizing apoptotic cells 
[130, 131]

Upregulated after proximal tubule ischemic 
injury [130]. Expressed by immune cells to 
activate differentiation of T helper 1, 2, and 
17 cells [132]
FDA-approved for use in preclinical drug 
development

Liver-type fatty 
acid-binding protein 
(L-FABP)

15 kDa protein expressed in 
proximal tubules [133]

Binds free fatty acids and transports them to 
mitochondria or peroxisomes. Found to be 
upregulated after ischemic injury [94, 134]. 
In mouse models found also a marker for 
COX-inhibitor and cisplatin-induced AKI 
[135, 136]

Urinary NAG
(N-acetyl-β-
glucosaminidase)

~140 kDa proximal tubule 
enzyme, not renally filtered 
[94]

A sensitive urinary marker of loss of 
lysosomal integrity in proximal tubule and 
may reflect improvements in proximal 
tubular function. Inhibited by urea, 
industrial solvents, and heavy metals [94]. 
Not elevated with sepsis [137]

Neutrophil gelatinase-
associated lipocalin 
(NGAL)

25 kDa lipocalin protein 
covalently bound to gelatinase 
from neutrophils. May exist as 
monomer or dimer. Expressed 
in the lung, liver, and kidney 
[138]

Binds to free iron and assists in response to 
bacterial infection [139]. Upregulated in 
distal nephron in response to AKI but are 
also released from the liver and neutrophils 
in sepsis [140]. Assay differences due to 
different forms of NGAL [141]. Plasma 
levels may correlate with GFR/CKD

Cell 
cycle 
arrest

Tissue inhibitor 
metalloproteinase-2 
and insulin-like growth 
factor-binding 
protein-7 
(TIMP-2*IGFBP7)

TIMP-2 is part of the TIMP 
family of protease inhibitors 
expressed ubiquitously [142].
IGF-binding protein 7 is 
expressed in vascular 
endothelial cells and binds to 
insulin and insulin-like growth 
factor [143]

TIMP-2 inhibits matrix metalloproteinases, 
promoting fibrosis and blocking endothelial 
proliferation [144, 145]. IGFBP7 inhibits 
endothelial angiogenesis, among other 
functions [143, 146]. Both markers are 
linked to cell cycle arrest and are highly 
upregulated after kidney injury [44, 106]

Adapted and edited from: Chen LX, Koyner JL. Biomarkers in Acute Kidney Injury. Critical care clinics. 2015;31(4): 
633–648; used with permission
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shown to detect AKI severity, whether defined as 
the need for RRT or progressive AKI, help dif-
ferentiate transient AKI from more intrinsic 
forms of kidney injury, and also predict short- 
and long-term mortality.

A seminal investigation by Mishra and col-
leagues demonstrated the role of plasma and uri-
nary NGAL as a marker of kidney injury in 71 
children undergoing cardiopulmonary bypass 
[99]. In this prospective observational single-
center study, the 2-h post-bypass NGAL levels in 
urine and plasma predicted AKI (defined as a 
50% increase from baseline), with an AUC of 
0.998 for the urine NGAL and 0.91 for the plasma 
NGAL. This study, along with several other sin-
gle-center investigations, served the basis for the 
formation and funding of the Translational 
Research Investigating Biomarker Endpoints for 
AKI (TRIBE-AKI). TRIBE-AKI performed a 
multicenter prospective observational study of 
over 1200 adults and over 300 children undergo-
ing cardiac surgery and has measured several 
AKI biomarkers in the blood and urine. Several 
of their findings with regard to early AKI, pro-
gressive AKI, and long-term mortality are sum-
marized in Table  3.4 [47–49, 100–102]. While 
other groups have investigated biomarkers in the 
setting of cardiac surgery, the TRIBE-AKI group 
remains the largest cohort to date. Ho and col-
leagues have recently published a meta-analysis 
of 28 published studies/cohorts around both urine 
and serum biomarkers of AKI concluding that 
several biomarkers, including NGAL, KIM-1, 
IL-18, NAG, and albuminuria, all possess modest 
discriminatory function when measured within 
24 h of cardiac surgery [103]. This conclusion is 
based on their analyses of the myriad of afore-
mentioned studies which demonstrate that these 
biomarkers provide a composite AUC of less than 
0.75. As of the end of 2015, there is limited sin-
gle-center data linking tissue inhibitor metallo-
proteinase-2 and insulin-like growth 
factor-binding protein-7 (TIMP-2*IGFBP7) with 
post-CV surgery AKI; we anticipate large-scale 
validation of this marker in this clinical setting in 
the near future [104–106].

While TIMP-2*IGFBP7 remains under-vali-
dated in the setting of cardiac surgery, these cell 

cycle arrest biomarkers have been investigated in 
the setting of mixed medical surgical ICU patients 
[44, 107–109]. In fact these markers have been 
cleared for marketing and clinical use by the US 
Food and Drug Administration for their ability to 
assist in the risk stratification of those at risk for 
the future development of severe (stage 2 or 3) 
AKI. Kashani and colleagues investigated these 
markers in a multicenter prospective observa-
tional study (derivation cohort (n = 622) and vali-
dation cohort (n  = 744)) and demonstrated that 
they exhibited an AUC of 0.80 for the develop-
ment of stage 2 AKI or higher within the next 
12  h [44]. When measured alone, IGFBP7 and 
TIMP-2 exhibited an AUC of 0.76 and 0.79, 
respectively, with several other biomarkers (e.g., 
NGAL, KIM-1, IL-18) demonstrating a similarly 
modest ability to predict impending severe 
AKI. TIMP-2*IGFBP7 at the time of ICU arrival 
was also associated with 9-month long-term out-
comes; in an adjusted analysis of 692 subjects, 
TIMP-2*IGFBP7 values demonstrated a step-
wise increase in the long-term risk of death or 
dialysis in those with AKI [109].

Investigations around these most common bio-
markers remain ongoing with studies looking to 
validate their use in other clinical settings as well 
as determine factors that impact their prognostic 
abilities. There remains uncertainty around the 
impact of baseline chronic kidney function and 
other clinical factors such as diabetes or sepsis on 
the individual biomarker performance [110–115]. 
Similarly it remains unclear if biomarkers mea-
sured at the time of AKI are associated with the 
long-term development of CKD, but this is also an 
area of current investigation [116].

Finally, investigators have begun to examine 
the utility of these new biomarkers of AKI in the 
context of the aforementioned revised differential 
diagnosis of AKI proposed by the Acute Dialysis 
Quality Initiative (Fig. 3.1). Several studies have 
demonstrated that elevation in damage biomark-
ers (e.g., KIM-1 or NGAL) in the absence of 
changes in functional markers (e.g., serum creati-
nine and urine output) (this correlates with the 
“subclinical AKI” group in Fig.  3.1) places 
patients at increased risk of adverse events such 
as the need for RRT or inpatient mortality [14, 
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15, 100]. Some of these same studies have dem-
onstrated that the risk of “subclinical” AKI is 
similar to the risk for those who have increases in 
functional marker without the increase in damage 
markers (prerenal azotemia).

Haase and colleagues conducted a pooled, 
prospective study (n  =  2322) that designated 
subjects as NGAL-positive or NGAL-negative 
and creatinine-positive or creatinine-negative. 
In this compilation of ten previously published 
biomarker cohorts, AKI (creatinine-positive) 
was defined by the RIFLE-Risk criteria (50% 
increase in serum creatinine). Subjects who 
were NGAL-negative-creatinine-positive had 
similar lengths of ICU and hospital stay com-
pared to those who were NGAL-positive-
creatinine-negative. Additionally, individuals 
who were NGAL-positive-creatinine-negative 
received RRT more than 16 times more often 
than those who were NGAL- and creatinine-
negative [14]. NGAL-positive-creatinine-
negative patients were also in the ICU and 
hospital longer and more likely to experience 
inpatient mortality compared to NGAL-negative 
creatinine-negative.

NGAL’s clinical utility and this concept of 
“subclinical AKI” are further strengthened in a 
similar analysis by Nickolas et al. who investi-
gated NGAL and KIM-1, among other bio-
markers in an international, prospective, 
observational study of 1635 unselected emer-
gency room patients. Using a cutoff of 104 ng/
mL for urine NGAL and 1.4 mg/dL for serum 
creatinine, Nickolas demonstrated that 5.3% of 
those who had NGAL defined subclinical AKI 
(NGAL >104 ng/mL and a creatinine <1.4 mg/
dL) received RRT or experienced inpatient 
mortality. This was not different from the 5.1% 
of those who were NGAL-negative-creatinine-
positive who experienced the same composite 
endpoint but was significantly higher than 
those who had no elevation in either their 
serum creatinine or NGAL [15]. The authors 
demonstrated a similar trend for KIM-1 (cutoff 
2.82 ng/mL) and creatinine with those patients 
with KIM-1 defined subclinical AKI 
(KIM-1 > 2.82 ng/mL, creatinine < 1.4 mg/dL) 

being at increased risk for the same composite 
endpoint. In this study, as in the Haase pooled 
analysis, those subjects who were biomarker-
positive-creatinine-positive were at highest 
risk for all of the adverse patient outcomes, 
again demonstrating the strength of combining 
biomarkers with serum creatinine to improve 
AKI risk stratification [14, 15].

Finally, Basu and colleagues have investigated 
the utility of combining urine NGAL (cutoff of 
200  ng/mg creatinine) and serum cystatin C 
(another functional marker, cutoff of 0.8 mg/L). 
In a cohort of 345 pediatric cardiac surgery sub-
jects, they demonstrated that the composite of 
NGAL-positive/cystatin-positive outperformed 
the change in serum creatinine for both the devel-
opment of severe AKI (defined as KDIGO stage 
2 or higher) and persistent AKI (defined as last-
ing more than 48 h) [117]. Thus the combination 
of a glomerular function and tubular injury bio-
marker improved diagnostic precision over serum 
creatinine alone.

This idea of combining novel biomarkers with 
each other as well as with serum creatinine is 
attractive. Several studies have attempted to com-
bine two or more biomarkers to improve their 
predictive capabilities for early and severe AKI 
[44, 49, 118–120]. While some studies have sim-
ply used the product of two biomarkers and then 
assessed the AUC, others have used techniques 
such as logistic regression to assess the AUC for 
two or more biomarkers. No consensus for the 
statistical methods for combining biomarkers 
exists, and this topic remains an area of continued 
investigation. More recent studies have acknowl-
edged the premise that individual biomarkers will 
have their own specific kinetics and that combin-
ing biomarkers from different time points may 
improve their predictive capabilities [49]. As we 
learn more about the pathophysiologic and clini-
cal factors that impact these new tests, our ability 
to combine them in a clinically meaningful man-
ner will increase, and this in turn will lead to 
improved clinical care.

With data demonstrating a clear association 
between biomarker-positive-creatinine-nega-
tive patients and adverse outcomes, clinicians 
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will increasingly face the challenge of caring 
for these patients. There is limited data on the 
how best to care for such patients; however, 
recent studies demonstrate a clear benefit of 
guideline-driven care in the setting of early 
AKI and biomarker-defined AKI [121–123]. 
Kolhe et al. investigated outcomes in a cohort 
of patients whose treating physicians received 
an interruptive electronic alert when those 
patients developed clinical AKI (AKIN and 
KDIGO definitions). This AKI alert was linked 
with a care bundle that followed simple guide-
line-based recommendations (assess history 
and examine patient, check a urinalysis, attempt 
to classify AKI, and treat the AKI) [122]. 
Completion of the AKI care bundle (which 
occurred in only 12.2%, n = 306) was associ-
ated with significantly improved patient out-
comes including decreased progression to more 
severe AKI and lower inpatient mortality [122]. 
Similarly, Zarbock and colleagues conducted a 
single-center randomized controlled trial inves-
tigating the implementation of the KDIGO 
treatment guidelines in patients deemed to be 
high risk for AKI (as measured by a TIMP-
2*IGFBP7 > 0.3) following adult cardiac sur-
gery [123]. Biomarker-positive patients who 
were randomized to receive a KDIGO cardiac 
surgery care bundle (avoidance of nephrotox-
ins, discontinuation of renin-angiotensin agents 
for 48  h, volume management through a pre-
specified algorithm with a cardiac output moni-
toring catheter, avoidance of hyperglycemia, 
and strict monitoring of inputs and outputs) 
developed KDIGO AKI less frequently than 
those with elevated biomarkers receiving usual 
care (71.7% vs. 55.1%; p = 0.004). More spe-
cifically, those receiving the care bundle had 
fewer episodes of stage 2 and 3 AKI (29.7% vs. 
44.9%) with an odds ratio (95%CI) of 0.52 
(0.32–0.85) and p  =  0.009 [123]. Thus while 
there are many exciting and novel therapeutics 
being investigated for the treatment (and pre-
vention) of AKI, recent data demonstrate a 
clear benefit to simple guideline-driven inter-
ventions in the setting of early creatinine-based 
AKI as well as biomarker-defined AKI.
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PIDD          p53-induced protein with 
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PUMA-α[alpha]   p53 upregulated modulator of 
apoptosis-α[alpha]
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substances
TGF          Transforming growth factor
TIMP-2          Tissue inhibitor of 

metalloproteinases-2
TNF-α[alpha]    Tumour necrosis 

factor-α[alpha]
VEGF           Vascular endothelial growth 

factor

4.1  Introduction: Evidence 
of the Human Significance 
of Acute Kidney Injury

Acute kidney injury (AKI) is the consensus term 
for acute kidney failure, previously termed acute 
renal failure, and is an important global clinical 
problem with adverse effects on patient progno-
sis and healthcare costs [1, 2]. AKI is a syndrome 
of multifactorial origin characterised by rapid 

loss of kidney function and oliguria. Depending 
on the definition used, AKI has been estimated to 
occur in 3–30% of hospitalised patients [1, 3, 4] 
and up to 60% of critically ill patients [5–8] with 
severe AKI that requires dialysis complicating 
the care of more than 5% of patients who require 
intensive care [8]. The scale of the problem is 
enormous. Recent large-scale meta-analyses, 
utilising the consensus Kidney Disease: 
Improving Global Outcomes (KDIGO) definition 
and incorporating data from over 49 million sub-
jects, confirm that 1 in 5 adults and 1 in 3 chil-
dren worldwide experience AKI during a hospital 
episode of care [9], with 2% of hospital admis-
sions and 11% of all AKI requiring dialysis [10].

Mortality and morbidity associated with AKI 
are high. Using the Acute Kidney Injury Network 
(AKIN) staging of AKI (Table  4.1), the pooled 
AKI-associated all-cause mortality rate was 
23.0% (95% CI, 21.3–24.8) and increased with 
higher stages of severity amongst 110 studies that 
used the KDIGO-equivalent AKI definition [9]. 
For AKI stages 1–3, the odds ratios (OR) for 
mortality versus no-AKI were, respectively, 3.37 
(95% CI, 2.43–4.68), 7.52 (95% CI, 5.03–11.27) 
and 13.19 (95% CI, 8.39–20.76). For patients 
who required dialysis, the OR for mortality was 
24.08 (95% CI, 12.62–45.95) [9]. Thus mortality 

Table 4.1 Classification and staging of acute kidney injury

Serum creatinine Urine output
RIFLE classification
Risk Serum creatinine increase to >1.5-fold <0.5 mL/kg/h for 6 h
Injury Serum creatinine increase to >2.0-fold <0.5 mL/kg/h for 12 h
Failure Serum creatinine increase to >3.0-fold OR serum creatinine ≥354 μ[mu]

mol/L (≥4 mg/dL) with an acute increase of at least 44 μ[mu]mol/L 
(0.5 mg/dL)

Anuria for 12 h

AKIN staging
1 Serum creatinine increase ≥26.5 μ[mu]mol/L (0.3 mg/dL) OR increase to 

1.5–2.0-fold from baseline
<0.5 mL/kg/h for 6 h

2 Serum creatinine increase 2.0–3.0-fold from baseline <0.5 mL/kg/h for 12 h
3 Serum creatinine increase to 3.0-fold OR GFR decrease >75% from 

baseline OR serum creatinine ≥354 μ[mu]mol/L (≥4 mg/dL) with an acute 
increase of at least 44 μ[mu]mol/L (0.5 mg/dL) OR need for renal 
replacement therapy

<0.3 mL/kg/h for 24 h 
OR anuria for 12 h OR 
need for renal 
replacement therapy

RIFLE risk, injury, failure, loss, end-stage kidney disease, AKIN acute kidney injury network, GFR glomerular filtration rate
Adapted from KDIGO. KDIGO Clinical Practice Guideline for Acute Kidney Injury. Kidney International Supplements. 
2012;2:1–143; used with permission
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rates of 45–55% were observed in recent large 
intensive care unit (ICU)-based trials [11, 12].

Although it was originally assumed that most 
survivors of an episode of AKI recover, it is now 
clear that adults who experience AKI have a nine-
fold increased risk of developing chronic kidney 
disease (CKD), a threefold increased risk of 
developing end-stage kidney disease (ESKD) and 
a twofold increased long-term mortality risk 
compared with those without AKI [13]. Children 
are also at risk of CKD after an episode of AKI 
although the risk is lower [1, 14]. For example, 
Pannu and colleagues [15] evaluated renal recov-
ery after AKI between 2002 and 2007 in a large 
population-based cohort study in Canada 
(n = 190,714). They utilised a definition of AKI 
equivalent to stage 2, that is, a twofold increase 
between prehospital and peak in-hospital serum 
creatinine (SCr), and assessed recovery using the 
value of SCr closest to 90 days after AKI. They 
evaluated all-cause mortality and the combined 
renal outcome of sustained doubling of SCr or 
progression to ESKD. Of the 3.7% of the partici-
pants (n  =  7014) who developed AKI, 62.7% 
(n = 4400) survived 90 days. Recovery could be 
assessed in 3231 patients with a median follow-
up of 34 months; of these AKI survivors, 30.8% 
(n = 1268) died, and 2.1% (n = 85) progressed to 
kidney failure. When AKI participants who 
recovered to within 25% of baseline SCr were 
used as the reference group (adjusted mortality 
hazard ratio/HR, 1.26; 95% CI, 1.10–1.43), par-
ticipants who did not recover kidney function had 
a fourfold higher risk for mortality and adverse 
renal outcomes (adjusted renal outcomes HR, 
4.13; 95% CI, 3.38–5.04). The mortality HR 
increased sharply when participants failed to 
recover to within 55% of baseline.

AKI is associated with septic shock, major 
surgery, cardiogenic shock, hypovolaemia, neph-
rotoxic drugs, liver disease (hepato-renal syn-
drome), obstruction and other multiple factors 
[8]. This review will examine the pathophysiol-
ogy of AKI, including the human evidence, 
mechanisms, pathological correlations and ani-
mal models. Mechanisms that might contribute to 
failure to recover kidney function are highlighted, 
along with clinico-pathological correlations that 

allow development or use of novel biomarkers 
that diagnose AKI early, or herald non-recovery. 
Most examples cited are from human studies.

4.2  Defining Acute Kidney Injury

4.2.1  Traditional Acute Kidney 
Injury Descriptors

The traditional “anatomical flow” model divides 
AKI aetiology into prerenal, renal (intrinsic) and 
postrenal causes. While useful, this construct has 
been challenged [16, 17]. Historically, prerenal 
AKI (or “prerenal azotemia”) was regarded as 
distinct from “intrinsic” AKI which included 
acute tubular necrosis (ATN, otherwise known as 
acute tubular injury, ATI, discussed below). 
Prerenal AKI is commonly attributed to a tran-
sient decrease in the effective perfusion of the 
kidney from volume depletion or relative hypo-
tension [18] and defined by prompt improvement 
after fluid resuscitation (“volume responsive-
ness” or “reversibility”), along with preservation 
of renal tubular function, as typified by sodium 
reabsorption, typically a fractional excretion of 
sodium (FENa) of <1% [16]. However, recent 
studies show that patients with prerenal AKI 
(defined using KDIGO criteria plus a duration 
less than 48 h and preservation of tubular func-
tion, FENa <1.0%) had increased urinary con-
centrations of protein biomarkers that indicate 
cellular damage [16, 17]. These studies suggest 
that prerenal AKI is not a reversible loss of func-
tion without cellular damage but simply the mild 
end of a continuum of renal injury. Furthermore, 
other prerenal conditions, including cardiorenal 
syndromes, present with similar laboratory find-
ings, yet management requires fluid restriction. 
Consequently, the “prerenal” nomenclature can-
not be used to suggest clinical management. We 
have previously suggested that it is preferable to 
describe AKI according to specific aetiology and 
duration (transient or persistent) [19].

Similarly, postrenal AKI (alternatively “acute 
obstructive AKI”, or “postrenal azotemia”) was 
recognised as a transient decrease in kidney func-
tion from acute obstruction to urinary outflow and 
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characterised by prompt improvement following 
alleviation of mechanical obstruction [20]. Recent 
consensus statements suggest that functional 
impairment follows intrinsic kidney damage [19, 
21] and preclinical studies usually confirm this. 
For example, in acute ureteric obstruction, struc-
tural injury detected by increases in the damage 
biomarker, kidney injury molecule-1 (KIM-1), 
occurred before detectable functional change [22]. 
The precise sequence of functional impairment 
and kidney damage with urinary outflow obstruc-
tion remains to be delineated [21]. The third his-
torical anatomical construct is “intrinsic” AKI, 
whereby acute damage within the kidneys causes 
rapid loss of function. This is further divided into 
conditions primarily affecting glomerulus, tubules 
and interstitium (sometimes considered together 
as the “tubulointerstitium”) and non-glomerular 
vessels (sometimes further divided into microvas-
culature and larger vessels such as arterioles).

While accumulated evidence suggests these 
distinctions are arbitrary, they are sometimes 
helpful in delineating the cause of AKI.  For 
example, “glomerular” causes (e.g. acute glo-
merulonephritis) are recognised by the presence 
of proteinuria and/or haematuria [23]. Acute 
(tubulo)interstitial nephritis is typically oligo-
symptomatic but may be suggested by constitu-
tional symptoms such as fever, rash, joint pain 
and peripheral eosinophilia [24]. Thrombotic 
microangiopathies, recognised histologically by 
endothelial abnormalities, thrombosis of the glo-
merular capillaries and arterioles and sometimes 
myocyte proliferation and onion skinlike thick-
ening of small arteries, are suspected through an 
association with systemic features such as micro-
angiopathic haemolytic anaemia or thrombocyto-
paenia [25]. Even amongst well-recognised 
syndromes, there is considerable overlap. 
Histological features of tubulointerstitial injury 
frequently accompany glomerulonephritis and 
are the most important histological determinant 
of long-term outcome [8, 26, 27]. Thrombotic 
microangiopathies are typically complicated by 
pathological changes to glomeruli and tubules in 
addition to peritubular capillaries and arterioles 
[28]. Acute interstitial nephritis can be accompa-
nied by glomerulopathy [29].

4.2.2  Functional Descriptors: Serum 
Creatinine, SCr, and Oliguria

As surrogates of glomerular filtration rate (GFR), 
SCr and oliguria are intuitive markers of global 
kidney function, notionally representing failed 
clearance of nitrogenous waste and insufficient 
urine output to facilitate obligate solute excre-
tion. Although the relationship between impaired 
GFR and urine output is complex, oliguria is eas-
ily detected in catheterised patients. SCr estima-
tion is standardised [30] and familiar to all 
physicians, and there is a “dose-response” rela-
tionship change between perturbations in SCr 
and the risk of adverse outcomes, including death 
[31]. Consequently, consensus diagnostic criteria 
recognise that AKI following even a small, abso-
lute (0.3 mg/dL or 26.5 μmol/L) increase in SCr 
reflects the risk of a more severe functional dis-
turbance [32, 33].

However, the increased recognition of the 
importance of AKI has not yet translated into 
improved outcomes for affected patients [21]. 
Amongst the reasons are the limitations of both 
increased creatinine and oliguria as biomarkers 
of AKI. Multiple factors are responsible for the 
delay between renal insult and the recognition of 
reduced GFR, which adversely affects the prompt 
recognition and timely management of AKI [34].

First, if AKI can be attributed to a single insult, 
there is a delay before a decrease in GFR which 
has been termed the “injury evolution time” [34]. 
Second, even an abrupt fall in GFR will produce 
a gradual, exponential increase in SCr with an 
inevitable lag before SCr reaches a threshold for 
detection and longer before the extent of reduced 
GFR can be accurately calculated (three to five 
times the new half-life). As GFR falls, the half-
life of SCr, which is approximately 4  h when 
GFR is normal, increases by the reciprocal of the 
decline in GFR. In response to an abrupt altera-
tion in GFR, SCr will increase slowly, often tak-
ing up to 72 h to reach steady state, at which time 
it is again a surrogate for GFR. Staggered or con-
tinuing renal injury extends the time to reach the 
new steady state. Third, although small increases 
of SCr are associated with increased cohort mor-
tality [32], this is of less significance if baseline 
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SCr is increased. Small increases are also diffi-
cult to recognise due to intra-person variability 
from biological and analytical factors and inter-
patient variability. In healthy individuals, the 
intra-person variability in SCr averages 8% [35]. 
Variability is increased by factors such as intrave-
nous fluid replacement [36], altered creatinine 
generation and release, drugs affecting tubular 
creatinine secretion [37] and chronic conditions, 
including diabetes and cardiovascular disease 
[38]. Analytical variability is increased by use of 
the Jaffe reaction compared to enzymatic assay 
[39], use of multiple laboratories [40] and time 
[40]. Furthermore, baseline SCr is frequently 
unavailable and difficult to estimate. Baseline 
SCr is affected by GFR, age, sex, race and body 
mass. The back-calculation of baseline creatinine 
using such formula as the Modification of Diet in 
Renal Disease and an assumed estimated GFR 
(eGFR) of 75 or 100 mL/min/1.73m2 has become 
widespread for post hoc analysis in research. 
This results in misclassification of AKI in 
research [41] and has similar limitations in clini-
cal management.

The use of oliguria to diagnose AKI also 
remains open to further refinement. While typi-
cally defined by urine output <0.5 mL/kg/h over 
a minimum of 6 h [32], others suggest this defini-
tion is too liberal. Ralib, Pickering and colleagues 
[36] observed that a 6-h urine output of<0.3 mL/
kg/h was better associated with dialysis require-
ments, in-hospital and 1-year mortality. In indi-
viduals, clinical adjudication needs to include the 

effects of drugs (e.g., diuretics), fluid balance and 
obesity. In early goal-directed therapy for shock, 
protocols have typically randomised patients to 
haemodynamic targets or central venous oxygen 
saturation versus standard care [11, 42] rather 
than urine output targets, and a similar hemody-
namic intervention in high-risk subjects after car-
diac surgery reduced the frequency of AKI [43]. 
Several interventions, which have targeted oligu-
ria, such as low-dose dopamine, did not reduce 
renal dysfunction or death [44]. A recent meta-
analysis [45] evaluating perioperative fluid man-
agement strategies targeting oliguria was limited 
by a non-standard definition of AKI. Guidelines 
[32] only recommend that oliguria “serve as the 
starting point for further evaluation [of] patients 
recognized to be at increased risk” of AKI.

4.3  Aetiology of Acute Kidney 
Injury

Uchino et al [8] reported that, in 1726 ICU patients, 
AKI was associated with septic shock in 48%, 
major surgery in 34%, cardiogenic shock in 27%, 
hypovolaemia in 26%, potentially nephrotoxic 
drugs in 20%, liver disease (hepato-renal syn-
drome) in 6%, obstruction in 2% and other factors 
in 12%. Several studies report sepsis and cardiac 
surgery as prominent risk factors for AKI in hospi-
talised patients [8, 26] (Table 4.2). The majority of 
cases of AKI are attributed to ATI, also known as 
ATN. Authors have increasingly rejected “ATN” 

Table 4.2 Aetiology of acute kidney injury categorised by setting

Contributing factor Setting
Community Hospital ICU

Sepsis or septic shock ~12 24–73 48
Major surgery N/A 25 34
Hypoperfusion

Reduced circulating blood volume 53–60 26–36 26
Cardiogenic shock Unclear Unclear 27
Chronic liver disease Unclear Unclear 6

Nephrotoxicant drugs 6–19 17–27 20
Kidney obstruction ~11 <5% 2
Other Unclear Unclear 12

Data derived from [8, 50–52]
ICU: intensive care unit
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as a misnomer [46]. ATI reflects that, even in the 
absence of overt cell death, tubular injury may still 
occur, recognisable by histological features such 
as loss of epithelial brush border, or cytoplasmic 
vacuolisation [46, 47], or induction of injury 
mechanisms or cellular dysfunction. Molecular 
studies have established that cell death in AKI is 
due to both unprogrammed and accidental cell 
death (necrosis) and that there are distinct mecha-
nisms of programmed cell death including apopto-
sis, necroptosis and mitochondrial permeability 
transition—summarised by Linkermann and 
Green and others [48, 49]. Even the term “ATI” 
may be misleading, with increasing awareness of 
the roles of endothelial injury, altered renal micro-
vasculature and local and systemic inflammatory 
responses in AKI development.

The three most common causes of AKI are 
ischaemia-reperfusion injury, systemic or local-
ised inflammation such as in sepsis and after sur-
gery and nephrotoxic injury (Table 4.2). Sepsis, 
surgery and (some) nephrotoxicant drugs are 
more prominent in hospital-acquired AKI than 
community-acquired AKI [8, 26]. Obstruction 
and hypovolaemia are more prominent in com-
munity-acquired AKI [8, 48, 50–53]. Some 
causes of AKI are more prevalent in specific geo-
graphical settings. For example, herbicide and 
pesticide self-poisoning [54] and snakebite [55] 
are frequent causes of AKI in Sri-Lanka but 
infrequent in more developed countries.

In contrast to general belief, renal ischaemia 
may not be central to the pathogenesis of sepsis-
induced AKI [47]. For example, in a sheep model, 
sepsis caused an increase of renal blood flow and 
SCr, and, although nonselective nitric oxide syn-
thase (NOS) inhibition normalised blood flow, it 
did not correct SCr [56]. Alternative mechanisms 
of injury in sepsis include heterogeneity in renal 
blood flow (with some capillaries underperfused, 
while others have apparently normal blood flow 
[57]), direct injury including bacterial toxins and 
cytokines and hypoxia in the absence of overt 
hypoperfusion [58].

The incidence of AKI is much greater follow-
ing cardiac than after noncardiac surgery. 
Following noncardiac surgery, AKI incidence is 
approximately 1% [59] and approximately 9% in 

those patients requiring ICU support [60]. The 
incidence of AKI in cardiac surgery is between 
10 and 40% [61–65]. The pathophysiology of 
AKI after major surgery, particularly cardiac sur-
gery, is conceived as multifactorial via a combi-
nation of hemodynamic instability and impaired 
cardiac output leading to ischaemia-reperfusion 
injury with a systemic inflammatory response 
associated with surgery and particularly cardio-
pulmonary bypass [66]. Perioperative sepsis and 
nephrotoxic drug exposures may contribute.

4.4  Pathophysiology of Acute 
Kidney Injury

Although most AKI is probably due to ATI, 
biopsy series typically report higher proportions 
of acute glomerulonephritis, interstitial nephritis 
and thrombotic microangiopathy than epidemio-
logical series [50], which probably reflects sam-
pling bias. Firstly, because there is no specific 
therapeutic intervention available, clinicians 
rarely confirm the diagnosis of ATI by biopsy. 
Whereas, since specific therapies exist for acute 
glomerulonephritis [23], interstitial nephritis [67] 
and thrombotic microangiopathy [28, 68], ther-
apy is often guided by biopsy. Secondly, biopsies 
allow only limited sampling of tissue and typi-
cally focus on the cortex and glomeruli. This 
leads to underappreciation of ATI since the histo-
logical changes of acute tubular injury may be 
greater in the outer medulla than in cortex and 
may be focal due to regional variations in blood 
flow [69]. Thirdly, in contrast to standardised his-
topathological diagnoses such as renal allograft 
rejection [70], widely adopted consensus criteria 
for the histological diagnosis of ATI are lacking. 
This leads to high interobserver variability in 
diagnosis. Fourthly, there is a poor correlation 
between changes in GFR and histological injury 
in AKI.  Differences in the timing, severity or 
even presence of classic histological injury and 
functional change are repeatedly demonstrated in 
animal studies. For example, in toxicant-induced 
AKI, histological injury typically precedes 
 substantial functional change, particularly where 
injury is mild [71, 72]. While challenged by 
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recent research [16, 17, 73], it remains possible 
that severe reductions in GFR could occur with 
minimal observable renal histological abnormali-
ties, particularly where autoregulation is modi-
fied or glomerular capillary pressure is reduced 
without change in renal blood flow, such as that 
occurs during renin-angiotensin blockade. 
However, it is doubtful if such physiological 
modifications are identical to those characteris-
ing typical volume depletion.

4.4.1  Tubular Injury and Linked 
Biomarkers

In most models of ischaemia-reperfusion and 
hypoxic injury and many cytotoxic models, tubu-
lar epithelial cell damage is most prominent in the 
S3 segment of the proximal tubule [74]. Cellular 
damage is marked by a loss of cytostructural 
integrity and cell polarity with mislocation of pro-
teins, such as Na+/K+ATP-ase, adhesion proteins 
and β[beta]1-integrin on the cell membrane [75]. 
Shedding of the brush border is accompanied by 
release of a number of preformed proteins in the 
tubular cell membrane such as alkaline phospha-
tase, γ[gamma]-glutamyl transpeptidase and 
α[alpha]-glutathione S-transferase [76].

Even sublethal cellular injury can result in 
loss of critical kidney function. Proximal tubular 
dysfunction can be recognised by glucosuria and 
enhanced excretion of amino acids suggesting 
impaired sodium-dependent glucose and amino 
acid transport. When accompanied by proximal 
renal tubular acidosis, hyperphosphaturia, hyp-
ouricaemia and aminoaciduria, this generalised 
proximal dysfunction is designated the Fanconi 
syndrome [77]. Recent studies have identified 
distinct nonesterified fatty acids and triglycerides 
in serum, urine and kidney tissue following tubu-
lar injury [78].

Many low molecular weight proteins are recy-
cled from the glomerular filtrate in the proximal 
tubule for recirculation or tubular lysosomal 
digestion [79]. Some of these urinary proteins 
have gained prominence as biomarkers of kidney 
damage, including neutrophil gelatinase-associ-
ated lipocalin (NGAL), cystatin C and liver-asso-

ciated fatty acid-binding protein (L-FABP). 
Disruption to the glomerular filtration barrier will 
increase the protein load presented to the proxi-
mal tubule. While proteinuria and albuminuria 
are considered hallmarks of glomerular injury, 
proximal tubular injury can impair protein endo-
cytosis through the megalin-cubilin system [80]. 
Both glomerular and tubular injury can therefore 
result in increased concentrations of large pro-
teins such as albumin, β[beta]2-microglobulin or 
total protein and low molecular weight proteins 
such as cystatin C, NGAL and others. Through 
competition for megalin-cubilin transport, albu-
minuria itself increases the urinary concentration 
of other low molecular weight proteins such as 
NGAL and cystatin C [17]. It is therefore inter-
esting that urinary albumin has received regula-
tory qualification as a marker of proximal tubular 
injury in animal toxicity studies [72] while uri-
nary β[beta]2-macroglobulin, total protein and 
cystatin C were qualified as markers of glomeru-
lar injury [81, 82]. Not surprisingly, aspects of 
this pathophysiology remain under intense debate 
[80, 83–86].

Cellular injury activates a large number of 
genes and proteins including those involved in 
the cell cycle. Insulin-like growth factor-binding 
protein 7 (IGFBP7) and tissue inhibitor of metal-
loproteinases-2 (TIMP-2) are proteins that medi-
ate G1 cell cycle arrest. IGFBP7 triggers increased 
expression of p53 and p21 and TIMP-2 increases 
p27. These have been mainly investigated as 
inhibitors of tumour growth but are associated 
with AKI in numerous clinical settings, and mea-
surement in urine is now FDA-approved as bio-
markers of AKI risk (stage ≥2) [87–89].These 
proteins block cyclin-dependent protein kinase 
complexes required for progression through the 
G1/S checkpoint. This may be reno-protective in 
AKI by preventing replication of damaged cells 
[88], although direct evidence is lacking. G1 cell 
cycle arrest can also be triggered by DNA dam-
age and transforming growth factor (TGF)-
β[beta] release by other pathways [90].

Cell death in AKI may follow unpro-
grammed or accidental cell death (necrosis) 
and several distinct pathways of programmed 
cell death including apoptosis, necroptosis and 
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mitochondrial permeability transition pore dis-
charge—see Linkermann and Green [48, 49]. 
Autophagic cell death and mitotic catastrophe 
also participate. The risk of cell death increases 
with increasing severity or duration of injury. 
While good evidence of these different modes 
of cellular death is available in renal cellular 
models, only low-level evidence is available 
from in vivo studies and human tissue [49].

4.4.2  Apoptosis and Mitochondrial 
Associations

Activation of several mitochondrial mechanisms 
results in apoptosis. Direct cytotoxic DNA dam-
age triggers phosphorylation of p53, which in 
turn triggers pro-apoptotic gene pathways such 
as the PIDD (p53-induced protein with death 
domain) and Bcl-2/Bax (B-cell lymphoma 2/Bcl-
2-associated X protein) families. For instance, 
induction of PUMA-α[alpha] (p53 upregulated 
modulator of apoptosis-α[alpha]) is pro-apop-
totic, since PUMA-α[alpha] neutralises the anti-
apoptotic protein Bcl-XL, freeing Bax to 
translocate across the mitochondrial membrane 
and release apoptotic factors, such as cytochrome 
C [91, 92]. p53 and the Bcl-2 pathway are impli-
cated ischaemia-reperfusion-induced AKI [93–
95]. Mitochondrial function is essential for 
formation of endogenous antioxidants including 
α[alpha]-lipoic acid [96] and ubiquinone [97]. 
Depletion of ATP, such as that occurs in isch-
aemic AKI [98, 99], or direct toxic mitochondrial 
injury [82] can impact the mitochondrial respira-
tory chain. As well, nephrotoxic agents such as 
cisplatin can directly react with glutathione or 
related antioxidants, and the consequent deple-
tion or inactivation of antioxidants may shift the 
cellular redox status, leading to the intracellular 
accumulation of endogenous reactive oxygen 
species (ROS) [87]. Renal toxicants also directly 
induce ROS formation in microsomes via the 
cytochrome p450 system [100].

Because of their highly reactive nature, ROS 
target and modify many molecules in cells 
including lipids, proteins and DNA, resulting in 
cellular stress. This can induce apoptosis via 
p53-dependent mechanisms. Accumulation of 

unfolded or misfolded proteins at the endoplas-
mic reticulum (ER) leads to ER stress, which also 
induces apoptosis—via caspase-12 activation 
[101]. The detection of molecules modified by 
ROS may be useful biomarkers of oxidative 
stress in AKI. Tissue concentrations of thiobarbi-
turic acid-reacting substances (TBARS), includ-
ing malondialdehyde, have been reported as a 
marker of kidney lipid peroxidation [102, 103], 
and plasma TBARS have been reported as a bio-
marker of delayed graft function [104].

4.4.3  Necrosis and Necroptosis

Necrosis is cell death caused by catastrophic loss 
of cellular energy [105]. The cells usually die as 
a contiguous mass, they lyse, and an inflamma-
tory reaction is usually initiated. Some of the 
necrotic debris that is released into the tubular 
lumen includes preformed brush border enzymes, 
including alkaline phosphatase and 
γ[gamma]-GT, and cytoplasmic enzymes includ-
ing α[alpha]-glutathione S-transferase (GST) and 
π[pi]-GST isomers in the proximal and distal 
tubular epithelial cells, respectively. These form 
part of a panel of biomarker assays to indicate 
necrosis has occurred in AKI [76]. Regulated 
(programmed) necrosis, or necroptosis, has also 
been proposed as a distinct form of necrosis [48, 
49]. Initially it was described as being initiated 
by tumour necrosis factor receptor-1 ligation and 
inhibited by the receptor-interacting protein-tar-
geting chemical necrostatin-1. Other necroptosis 
triggers known to initiate apoptosis have been 
described: FAS/CD95, TNF-related apoptosis-
inducing ligand receptor, toll-like receptor 3/4, 
etoposide and ischaemia-reperfusion injury. 
Necroptotic pathways may involve the mitochon-
dria permeability transition (MPT) pore. Upon 
opening of the MPT, proteins are released that 
may induce apoptosis, but if apoptosis is inhib-
ited, a necroptotic cell death mode may be 
 initiated. Mitotic catastrophe may also occur. 
This is a mechanism of cell death initiated by 
perturbations of the mitotic apparatus during the 
M phase of the cell cycle and paralleled by some 
degree of mitotic arrest, ultimately leading to cell 
death or senescence.
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4.4.4  Autophagic Cell Death

Autophagy, or “self-eating”, is a mechanism of 
cell survival whereby stressed cells reduce their 
size and recycle cell molecules from effete cell 
parts via lysosomal digestion. Autophagic cell 
death is a feature of progression of autophagy 
whereby enough essential cell organelles are 
removed via phagocytosis that the cell cannot 
survive. Its role in AKI has recently been 
described [106]. This mode of cell death is char-
acterised by massive cytoplasmic vacuolisation 
and initiation of some specific death pathways, 
such as autophagy (atg) genes and beclin-1. 
Whether autophagic cell death constitutes a dis-
tinct cell death programme or merely a survival 
mechanism against stress remains under debate, 
and the use of this term should be limited to 
instances where the mode of cell death has been 
proven.

4.4.5  Relationship Between Tubular 
Damage and Reduced GFR

Even in AKI models where histological injury to 
glomeruli is minimal, such as collapse of the glo-
merular tuft, a substantial reduction in GFR may 
occur. The pathological events linking tubular 
injury and loss of function remain uncertain, 
despite the fundamental nature of this relation-
ship to clinical practice. In AKI, reduced GFR is 
at least partly mediated by a reduced transcapil-
lary hydraulic pressure gradient and intratubular 
obstruction. Tubular backleak may also be impor-
tant [47, 107]. A reduced transcapillary hydraulic 
pressure gradient is mediated by increased angio-
tensin II production leading to vasoconstriction 
of afferent and efferent glomerular arterioles, 
tubuloglomerular feedback, dysregulated auto-
regulation and microcirculatory obstruction and 
dysfunction. In AKI inadequate sodium reab-
sorption in the injured proximal tubule increases 
solute delivery to the distal nephron and swelling 
of the salt-sensing macula densa which generates 
tubuloglomerular feedback via adenosine-medi-
ated afferent arteriolar vasoconstriction and 
thereby decreases single nephron GFR. Although 

tubuloglomerular feedback appears preserved in 
AKI, excess nitric oxide and probably endothe-
lium-derived hyperpolarising factor produce 
endothelial dysfunction and antagonise autoregu-
lation [108]. The relative extent to which dys-
function of glomerular and peritubular 
microcirculatory networks and obstruction by 
resident and migratory leucocytes contribute to 
the loss of GFR is unclear [109].

Tubular backleak and obstruction occur with 
severe injury. Injured tubular cells are desqua-
mated, leaving the basement membrane as the 
only barrier between glomerular filtrate and the 
peritubular interstitium. The increase in permea-
bility results in leakage of filtrate into the intersti-
tium. Detached cells and debris combine with 
proteins present in the tubular lumen such as uro-
modulin to form casts that can obstruct the tubule 
and increase intratubular pressure worsening 
backleak. Despite these observations, at least one 
study of transplanted kidneys suggested that vas-
cular factors rather than tubular obstruction is the 
major cause of reduced GFR after kidney isch-
aemia [107].

4.4.6  Endothelial and Vascular 
Injury

Under normal conditions, endothelial cells main-
tain a vasodilator, antithrombotic and anti-inflam-
matory state [110]. They are major determinants 
of vascular tone and leukocyte adhesion in 
AKI. Cell adhesion molecules, such as intercellu-
lar adhesion molecule-1 (ICAM-1), are constitu-
tively expressed in the vasa recta of normal 
animals. In AKI, expression of as ICAM-1 is 
increased in injured vascular endothelial cells, as 
are counter-receptors on leucocytes resulting in 
leucocyte activation and transmigration [111]. 
Amongst the many effects of leucocytes is obstruc-
tion of the renal microvasculature and postcapil-
lary venules. Apart from their rheological 
properties, leucocytes reduce renal blood flow by 
releasing vasoactive cytokines including tumour 
necrosis factor-α[alpha] (TNF-α[alpha]) [112], 
numerous interleukins [110] and endothelin [113]. 
These chemicals can augment vasoconstriction 
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caused by an imbalance between vasoconstrictors 
and vasodilators. Reduced release of nitric oxide 
(NO) and other vasodilatory substances, and 
increased expression of endothelin by the dam-
aged endothelial cell, is seen in ischaemic and 
toxic models of AKI [114, 115] and is related to 
reduced expression of such molecules as endothe-
lial NOS [114]. Reduced responsiveness to vaso-
dilators such as NO, acetylcholine and bradykinin 
has been demonstrated [115–118]. These circula-
tory changes trigger activation of the sympathetic 
system, which induces increased renin-angioten-
sin-aldosterone activity [119], and further escalate 
renal vasoconstriction. The effect of vasoconstric-
tion is further exacerbated by vascular compres-
sion due to interstitial oedema [120].

Although total renal blood flow is frequently 
reduced in AKI, regional changes in blood flow 
appear more important in a variety of AKI mod-
els including both classic ischaemic and toxic 
models [121] and may also be important in sep-
sis-induced AKI. Outer medullary blood flow is 
reduced disproportionately to the reduction in 
total flow in animal models of ischaemic AKI 
[69], and relative hypoperfusion may also play a 
role in the greater susceptibility of the S3 seg-
ment to toxicant-induced AKI, such as seen fol-
lowing cisplatin exposure [121].

4.4.7  Inflammation and the Immune 
Response

The complex innate and adaptive immune 
responses that contribute to AKI have been 
extensively reviewed and will only be briefly 
summarised here. Components of the innate 
immune systems include neutrophils, mono-
cytes-macrophages, immature dendritic cells, 
natural killer cells and natural killer T cells and 
are responsible for response to injury in a nonan-
tigen-specific fashion. The adaptive component, 
activated by specific antigens, is initiated within 
hours and lasts more than several days after 
injury. These mechanisms include maturation of 
dendritic cells as antigen-presenting cells [122], 
T lymphocyte proliferation and activation [123] 
and T-cell-B-cell interactions. Complement acti-

vation is an important player, bridging the innate 
and adaptive immune response systems. In AKI 
it is predominantly activated via the alternative 
pathway and results in significant deposition of 
the complement activation product C3d along 
tubular basement membranes [124].

Participant cells in the inflammatory response 
are derived from extrinsic and intrinsic sources. 
Importantly, renal parenchyma including tubular 
epithelium is an active participant in the inflam-
matory response, with upregulation of several 
pro-inflammatory molecules including NGAL 
[116–118], KIM-1 [125, 126], interleukin (IL)-
18 [127] and, as discussed above, TNF-α[alpha] 
[92]. Experimental evidence also implicates renal 
epithelium as an important but not exclusive 
source of such cytokines as monocyte chemotac-
tic protein-1 (MCP-1) [128], macrophage migra-
tion inhibitory factor (MIF) [118, 129] and 
chemokine ligand 16 (CXCL16) [130]. Nuclear 
factor-κB is a key regulator of the expression of 
such genes although it frequently functions in 
concert with other transcription factors, includ-
ing activator protein-1 and the nuclear factor of 
IL-6 [131]. These biomarkers will receive further 
attention later in the review.

Numerous anti-inflammatory pathways are 
stimulated in AKI and provide a brake to the many 
pro-inflammatory positive feedback loops initi-
ated with AKI. These include induction of heme 
oxygenase 1 and IL-10 [132, 133]. Heme oxygen-
ase 1 limits free heme accumulation and iron-
induced injury, ROS generation and oxidative 
stress and therefore inhibits autophagy and apop-
tosis [132]. IL-10 inhibits the synthesis of several 
cytokines, including interferon-γ[gamma], IL-2 
and TNF-α[alpha] produced by activated macro-
phages and by helper T cells [133].

Interorgan “crosstalk”—the interaction 
between remote organs and kidneys—may help 
explain the development of some AKI and par-
tially explains the association of sepsis and major 
surgery with AKI [134, 135]. Similarly, AKI 
appears to mediate distant organ dysfunction and 
possibly explains the association between AKI 
and mortality. AKI is associated with increased 
circulating concentrations of numerous cytokines 
including pro-inflammatory IL-6, IL-8, as well as 
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anti-inflammatory molecules such as IL-10 [135]. 
The effect of AKI on distant organs is beyond the 
scope of this review, but these effects appear to be 
mediated by many of the pathways listed above 
including oxidative stress and pro-apoptotic 
pathways, by changes in levels of soluble factors 
such as cytokines and chemokines and by leuko-
cyte activation and trafficking [134].

4.5  Biomarkers

Fundamentally, it has been recognised that even 
if reduced GFR could be detected instantly, clini-
cally significant kidney damage may occur with-
out loss of GFR [21]. Firstly, the temporal role of 
injury evolution time has been discussed above. 
Secondly, due to the segmental nature of AKI 
within kidneys, even if functional impairment 
does occur in some nephrons, compensatory 
hyperfiltration in remaining functional nephron 
units may mean that total GFR is unchanged 
[136]. The role of renal reserve in AKI remains 
ill-defined. Thirdly, even in the absence of an 
overt systemic illness, AKI is marked by local 
and systemic inflammation, immune dysregula-
tion and changes to systemic vascular tone as dis-
cussed. Selective failure of other kidney functions 
may be disproportional to the loss of GFR. 
Complications of AKI may include hyperkalae-
mia, acidosis and volume overload. Other com-
plications include anaemia, platelet dysfunction 
and pathological bleeding, dysregulation of 
phosphate and calcium balance, hypomagnesae-
mia or hyperglycaemia and dysregulation of 
insulin metabolism. These events rather than 
impaired GFR appear to produce adverse patho-
physiological consequences, probably including 
yet unrecognised problems associated with an 
increased risk of morbidity or mortality.

The weaknesses of current renal functional 
markers in diagnosis of AKI are widely recog-
nised [32, 137] and have led to an explosion of 
preclinical and clinical research involving novel 
AKI biomarkers. Numerous strategies, including 
metabolomics, genomics and proteomics have 
been employed to discover candidate biomarkers, 
while numerous other known “traditional” bio-

markers including proteins, nucleic acids and 
clinical parameters have been revisited. Of these, 
several protein biomarkers in blood and urine 
appear to be best placed to improve the diagnosis 
and management of AKI.

In this light, the 10th Acute Dialysis Quality 
Initiative (ADQI) workgroup in 2013 proposed a 
new diagnostic paradigm which permits the diag-
nosis of AKI based on recognition of loss of 
function, kidney damage or both [21]. According 
to this paradigm, available biomarkers can be 
classified as representing changes in renal func-
tion (“functional biomarkers”) and those reflect-
ing kidney damage (“damage biomarkers”). The 
functional biomarkers are surrogates of GFR and 
include traditional markers such as SCr, and 
urine output, and more novel markers such as 
serum cystatin C.  Better-known examples of 
damage biomarkers include KIM-1, NGAL and 
IL-18 and have been studied in serum and urine.

Several authors [21, 76, 138] have discussed 
the potential role of novel AKI biomarkers. These 
include complementing or replacing SCr in the 
early diagnosis of AKI [21, 138], in prognosis 
[21, 138, 139] or as endpoints of clinical trials 
[140]. Analogous to the use of SCr and protein-
uria to identify patients with CKD and thus an 
increased risk of AKI, novel biomarkers might 
also help in risk stratification [138] and clinical 
trial enrichment [141]. Damage biomarkers may 
also have a unique role in evaluating patients 
already diagnosed with AKI, specifically in eval-
uating the differential diagnosis of AKI [19], in 
determining the time course or “phase” of injury 
[21, 137] and in the “biomonitoring” of therapeu-
tic interventions [142].

4.5.1  Damage Biomarkers for Early 
Diagnosis of AKI

NGAL, a member of the lipocalin superfamily, is 
induced in the distal tubule in response to a vari-
ety of kidney injuries [116, 117]. It modifies iron 
traffic in kidney injury by forming complexes 
with iron-binding siderophores. Endocytic deliv-
ery of a lipocalin-siderophore-iron complex 
resulted in amelioration of injury in an ischaemic 
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AKI model [116]. Since the endocytic receptor 
megalin is responsible for binding and endocyto-
sis of NGAL, increased urinary NGAL may also 
signal proximal tubular dysfunction [143]. The 
role of NGAL in crosstalk between distal and 
adjacent proximal tubules remains to be eluci-
dated [117]. Since its recognition as one of the 
most highly upregulated genes following AKI 
[118], urinary and serum concentrations of 
NGAL have been the most extensively evaluated 
novel AKI biomarker.

KIM-1 is an epithelial cell receptor that enables 
proximal tubule cells to recognise and phagocy-
tose necrotic debris such as apoptotic cells, 
necrotic cells and oxidised lipoproteins, poten-
tially limiting the inflammatory response. KIM-1 
has been presented as the most highly upregulated 
protein in the proximal tubule of the kidney after 
acute or chronic insults [144]. KIM-1 (also known 
as T-cell immunoglobulin domain and mucin 
domain protein 1 and hepatitis A virus cellular 
receptor 1) is a type 1 membrane glycoprotein 
which contains an extracellular immunoglobulin- 
and mucin-like domain, with N- and 
O-glycosylation sites. It has a transmembrane 
domain and short intracellular domain with intra-
cellular tyrosine phosphorylation sites. KIM-1 has 
several effects on lymphocytes including T-cell 
activation [123] and influences the commitment of 
alloactivated T cells to regulatory and effector phe-
notypes [145]. The shed ectodomain of KIM-1 can 
be detected in urine following AKI [125].

IL-18 is a cytokine product of caspase-1 pro-
duced by bone marrow-derived, resident leuko-
cytes and renal parenchyma including tubular 
epithelial cells, podocytes and mesangial cells in 
response to AKI.  Although inhibition of IL-18 
has resulted in amelioration of ischaemic AKI 
[127], it activates both inflammation-suppressing 
and pro-injury pathways in experimental toxic 
AKI [146].

Various other apparently pro-inflammatory 
genes and proteins can be detected in multiple 
experimental models of AKI.  These include 
MCP-1 [147], MIF [148, 149] and CXCL16 
[130] and numerous other cytokines [47]. 
Inhibition studies demonstrate that many of these 

numerous mechanisms are overlapping and 
redundant [150].

Incorporating damage biomarkers into AKI 
diagnosis can potentially overcome the major 
weaknesses of SCr and oliguria for early diagno-
sis of AKI. First, a damage biomarker that rapidly 
signals the onset kidney injury could overcome 
the delay in AKI diagnosis due to the combina-
tion of “injury evolution time” and the slow ele-
vation of SCr after kidney failure. Several kidney 
damage biomarkers including KIM-1, NGAL, 
L-FABP and IL-18 may be elevated before an 
increase in SCr [138]. Second, damage biomark-
ers can diagnose clinically significant AKI in the 
absence of functional change. Damage biomark-
ers have been used to identify patients with 
increased risk of adverse outcomes, in the 
absence of diagnostic increases in SCr and in the 
absence of azotemia or oliguria [36, 151, 152]. 
Haase, Devarajan [151] reported a multicentre 
pooled analysis including 2322 critically ill 
patients from 10 separate studies. Approximately 
one fifth of patients had a significant elevation in 
either urinary or serum NGAL but did not have 
elevation in SCr sufficient to meet RIFLE criteria 
for AKI [153]. This subgroup of NGAL-positive-
creatinine-negative subjects encountered a sub-
stantial increase in hospital stay, dialysis 
requirement, ICU stay and mortality. Similarly, 
in a multicentre prospective cohort study of 1635 
emergency department patients, patients with 
increased urinary NGAL or KIM-1 but low SCr 
at hospital admission were at increased risk of 
dialysis or death [152]. Md Ralib, Pickering [36] 
reported that fluid resuscitation following cardiac 
arrest can mask elevations in SCr and thus 
AKI. Patients with increased urinary cystatin C, 
plasma NGAL or urinary NGAL but unchanged 
SCr (biomarker-positive, creatinine-negative) 
had increased risk of mortality. This preliminary 
evidence suggests that combining functional and 
damage biomarkers allows for a graded assess-
ment of prognosis. Following a potential kidney 
insult, patients with no evidence of a significant 
reduction in GFR or of significant kidney damage 
appear at lowest risk of morbidity and mortality. 
Patients with either reduced function or kidney 
damage but not both appear at intermediate risk. 
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Patients with both damaged and reduced function 
are at greatest risk. In Fig. 4.1, the combination 
of kidney functional and damage biomarkers 
may simultaneously provide a simple method to 
stratify patients with AKI in terms of both prog-
nosis (e.g. at presentation represented by colour) 
[36, 151, 152] and injury progression and resolu-
tion over time (represented by arrows) [21]. This 
approach might also permit using the time 
sequence of changes in functional or damage 
markers to determine the duration and progress 
of AKI. For example, some causes of AKI (e.g. 
renal obstruction) are thought to be purely func-
tional at first but are characterised by a combina-

tion of damage and dysfunction if not promptly 
and effectively reversed. Conversely, in other 
causes of AKI (e.g. toxin-induced AKI), damage 
is expected to precede a change in function. Such 
cases of AKI are expected to proceed from no 
functional changes or damage (damage bio-
marker +/functional biomarker −), to damage 
without loss of function (damage biomarker +/
functional biomarker −), through to damage with 
loss of function (damage biomarker +/functional 
biomarker +). According to this paradigm, recov-
ery might involve normalisation of damage bio-
markers prior to functional biomarkers, or vice 
versa (Fig. 4.1).
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Fig. 4.1 A proposed framework for evaluating acute kid-
ney injury (AKI) based on functional and damage bio-
markers. The combination of kidney functional and 
damage biomarkers may simultaneously provide a simple 
method to stratify patients with AKI in terms of prognosis 
and injury progression and resolution over time (repre-
sented by arrows). This approach might also permit using 
the time sequence of changes in functional or damage 
markers to determine the duration and progress of AKI. 
Adapted from Murray P, Mehta R, Shaw A, Ronco C, 

Endre Z, Kellum J, et al. Potential use of biomarkers in 
acute kidney injury: report and summary of recommenda-
tions from the 10th Acute Dialysis Quality Initiative con-
sensus conference. Kidney International. 2014;85:513–21 
and McCullough P, Bouchard J, Waikar S, Siew E, Endre 
Z, Goldstein S, et al. Implementation of novel biomarkers 
in the diagnosis, prognosis, and management of acute kid-
ney injury: executive summary from the tenth consensus 
conference of the Acute Dialysis Quality Initiative 
(ADQI). Contributions to Nephrology. 2013;182:5–12
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4.6  Novel Roles for Damage 
Biomarkers in Acute Kidney 
Injury

4.6.1  Differential Diagnosis

The differential association of different damage 
biomarkers to aetiology or pathophysiological 
mechanisms underlying AKI may permit their 
use in differential diagnosis of AKI (see [19]. 
Although this application remains experimental 
for the syndrome currently known as acute tubu-
lar injury, as discussed above, this is already 
well established in clinical practice for some 
causes of AKI.  For example, AKI due to glo-
merular disease such as glomerulonephritis is 
suggested by the presence of proteinuria or hae-
maturia or both. Preclinical studies have implied 
site specificity for several kidney damage bio-
markers. For instance, renal papillary antigen-1 
demonstrated high specificity for collecting 
duct injury and is approved as a marker of distal 
tubule injury in rodent kidney toxicity studies 
[154], while urinary cystatin C and β[beta]2-
microglobulin have been approved as markers 
of glomerular injury [81].

Identifying a predominant pathophysiological 
mechanism in cases of AKI is even more attrac-
tive, as it may permit therapy targeted to that 
mechanism [21]. Whether identifying such broad 
mechanisms as oxidative stress or inflammation 
will be clinically useful remains unclear. 
Biomarkers better targeted to more precise mech-
anisms may be more useful. For example, recog-
nition of the role of deficiency of the von 
Willebrand factor-cleaving protease ADAMTS13 
(a disintegrin and metalloproteinase with a 
thrombospondin type 1 motif, member 13) has 
transformed the diagnosis and management of 
thrombotic microangiopathy [25].

4.6.2  Biomonitoring Treatment 
Success or Failure

Using biomarkers as physiological goals to which 
therapy can be targeted has been called “delinea-
tion of the functional space” [21]. Analogous to 

the current use of arterial blood pressure moni-
toring or pulse oximetry, novel biomarkers could 
provide a feedback loop linking alterations in 
renal homeostasis, biomarker expression and 
therapeutic intervention. For example, this has 
been illustrated for experimental nephrotoxic 
AKI induced by cisplatin [155]. While real-time 
GFR will provide timely functional assessment, 
the absence of baseline information will still re. 
Further research is required to determine which 
strategies are best suited for evaluation in specific 
circumstances and disease states [21].

4.7  Recovery and Renal Reserve

The repair process after kidney injury involves a 
regeneration phase in which injured or dead cells 
are replaced by cells of the same lineage. If 
regeneration of the tubular epithelium is incom-
plete, a fibrotic phase may be initiated in which 
connective tissues replace normal kidney paren-
chymal tissue [156]. AKI can result in incom-
plete repair and persistent tubulointerstitial 
inflammation, with proliferation of fibroblasts 
and excessive deposition of extracellular matrix, 
a common feature of many kinds of kidney dis-
eases and a primary determinant of progression 
to ESKD.  The efficiency of tubular epithelial 
cells to proliferate and regenerate lost cells is cru-
cial for repair and enables recovery from 
AKI. This is often determined by expression of 
cell cycle regulatory proteins p53, p21 and p16. 
These proteins have been implicated in repair in 
ischaemic and cisplatin-induced toxic AKI ani-
mal models, deteriorating renal transplants and 
chronic-diseased native kidneys in humans [156]. 
Modulating these cell cycle regulatory proteins 
may impact on severity of AKI from multiple 
causes. Cell cycle arrest or dysregulation may 
also be linked with progression to fibrosis and 
CKD.  The release of TIMP-2 and IGFBP7 is 
understood to mark cell cycle arrest in AKI, and 
the measurement of the product of urinary 
TIMP-2 and urinary IGFBP7 concentrations was 
the first urinary biomarker granted regulatory 
approval to aid risk assessment for AKI in inten-
sive care units [87].
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The kidneys can maintain function by com-
pensatory hyperfiltration and hypertrophy even 
while there is significant injury. This is one of the 
reasons people with early CKD are not detected. 
Renal reserve explains maintenance of GFR in 
the presence of renal injury or nephron loss. 
Recovery is facilitated by migration of viable 
epithelial cells, which help to cover denuded 
areas of the basement membrane. Histologically, 
regeneration is marked by basophilia and 
increased mitosis with increased expression of 
cell proliferation biomarkers such as Ki-67. 
Several molecules including clusterin appear to 
facilitate renal recovery and protect from fibrosis 
[157, 158]. Clusterin is a secreted heterodimer 
glycoprotein found in numerous physiological 
fluids, and its expression is upregulated in 
response to AKI in a variety of models [81, 158–
160]. Clusterin appears to be involved in regulat-
ing tubular epithelial cell migration. In normal 
physiology, clusterin appears to maintain inter-
cellular and cell-matrix interactions [115, 161]. 
In a clusterin knockout model, clusterin expres-
sion was associated with upregulation of a vari-
ety of genes required to protect cell cycle 
progression and renal recovery in ischaemia-
reperfusion injury [158]. However, in vitro, clus-
terin suppressed tubular epithelial cell migration 
in the same study. Taken together these data sug-
gest that successful cell migration is a complex 
function that requires active regulation.

4.7.1  Maladaptive Healing 
and Chronic Kidney Disease

AKI and CKD are interconnected syndromes 
(reviewed by [90, 162]). The presence of CKD is 
a major risk factor for AKI, and the progression to 
CKD is common after AKI. Pathologically, mal-
adaptive or incomplete repair after AKI can result 
in the histological hallmarks of CKD including 
tubular atrophy, interstitial fibrosis and loss of 
capillary density. Perpetuation of defects in tubu-
lar proliferation contributes to tubular apoptosis 
and “dropout” [162]. DNA damage is a trigger for 
failed progression through the G2/M phase of the 
cell cycle. Unlike G1/S arrest, which appears to 
protect kidneys, G2/M phase arrest appears mal-

adaptive [90]. During sustained cell cycle arrest, 
tubular epithelium develops a secretory pheno-
type and, in concert with macrophages, releases 
increased profibrotic growth factors such as 
IL-13, arginase and TGF-β[beta]1. This results in 
increased myofibroblast deposition and prolifera-
tion and deposition of extracellular matrix [90]. 
Persistently high expression of NGAL and KIM-1 
4 weeks after experimental AKI suggests a possi-
ble role for these genes in the transition from AKI 
to CKD [113]. The role of epithelial to mesenchy-
mal (phenotypical) transformation in this process 
remains under debate [163]. Capillary rarefaction 
is associated with impaired GFR both directly 
[164] and indirectly via hypertension [165] which 
is a feature of, and risk factor for, CKD.

Vascular endothelial growth factor (VEGF), 
and in particular VEGF-A, is an important mole-
cule in the regulation of angiogenesis following 
AKI and has mitogenic and anti-apoptotic prop-
erties [166]. However contradictory evidence 
clouds the precise role of VEGF in the pathogen-
esis AKI. For instance, while VEGF expression 
was decreased in numerous models of AKI [112, 
166], [167] increased urinary VEGF was reported 
in patients with AKI [168].

4.8  Animal Models

As mentioned previously, the cause of AKI is typ-
ically multifactorial. Table  4.3 lists preclinical 
animal models of AKI that are in common use. 
The three most prominent models involve isch-
aemia-reperfusion injury, systemic or localised 
inflammation such as that occurs in sepsis and 
after surgery and toxicity due to exogenous fac-
tors such as nephrotoxic drugs. The best-studied 
animal models of AKI seek to mimic these three 
causes of AKI [169]. The most  commonly used is 
ischaemia-reperfusion induced by acute occlu-
sion of the renal artery plus reperfusion. Much of 
the understanding of AKI mechanisms is inferred 
from such models. However, many authors have 
lamented the simplicity of these models and their 
inadequacy for modelling more complex clinical 
conditions including cardiogenic shock or sepsis 
[58]. The seemingly “uncomplicated” models of 
ischaemia-reperfusion injury have been able to 
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define many mechanisms and molecular path-
ways involved in AKI. They have demonstrated 
that AKI is mediated by a complex series of events 
which overlap in space and time with similarly 
complex repair mechanisms [47]. Nevertheless, 
renal oxygenation is critically impaired in AKI 
beyond the initiation of injury [170]. The major 
events in ischaemia-reperfusion-induced AKI 
include endothelial injury and vasoconstriction; 
inflammation including activation of the comple-
ment cascade, induction of an inflammatory phe-
notype in tubular cells and activation of 
proliferation of numerous resident and migratory 
leucocyte subtypes; tubular epithelial injury, 
including loss of cellular polarity, cellular adhe-
sion and the cellular brush border and apoptosis 
and necrosis; and also simultaneous upregulation 
of endogenous inhibitors of inflammation includ-
ing epithelial cell heme oxygenase-1 [47]. 
Furthermore, crosstalk in which extrarenal injury 
can trigger organ injury and vice versa [134] may 
account for some of the association between AKI 
and increased mortality.

Despite differences, animal models have been 
able to demonstrate that AKI from ischaemia-

reperfusion injury, and toxicant-induced AKI, 
share many common injury mechanisms, 
although the sequence and, possibly, the relative 
importance of each mechanism may vary. For 
example, in ischaemia-reperfusion injury, endo-
thelial injury, with accompanying vasoconstric-
tion and adhesion of leucocytes to vascular 
endothelium and migration to the interstitium, 
appears to precede tubular injury, apoptosis and 
necrosis [47]. The injured tubular epithelium 
releases pro-inflammatory cytokines and chemo-
kines, which help to amplify endothelial injury, 
leucocyte adhesion or migration and tubular 
injury. By contrast, in toxicant-induced AKI, 
tubular dysfunction, apoptosis and necrosis are 
considered primary events with the consequent 
local pro-inflammatory signals leading to endo-
thelial injury and systemic inflammation, thereby 
amplifying tubular injury. However, it is apparent 
that even these distinctions, particularly between 
inflammation and cellular injury, are arbitrary. 
For example, TNF-α[alpha] which is produced 
by injured tubular epithelial cells can act simulta-
neously: intracellularly via the death receptor 
pathway to induce apoptosis in the cell of origin; 

Table 4.3 List of preclinical animal models for AKI

Model Method
Ischaemia-reperfusion Clamping of both renal arteries in rats for 45–60 min followed by varying times of 

reperfusion. Unilateral renal artery clamping may also be used, with or without 
contralateral nephrectomy

Sepsis Ligation of caecum and punctured three times
Sepsis Administration of LPS 2.5–15 mg/kg single dose ip
Drug toxicity Gentamicin dose of 100 mg/kg, ip for 5 days
Drug toxicity Cisplatin dose range 5–60 mg/kg, ip single dose (up to 100 mg/kg)
Radiocontrast media Diatrizoate single dose range 2–10 mL/kg, iv

Ioxaglate dose 1 mL/min, intra-aortic injection for 3 min
Iohexol dose range 1.5–3 g of iodine/kg, ip injection
Sodium iothalamate dose 6 mL/kg intra-aortic administration for 2–3 min

NSAIDs Acetaminophen dose range 375–3000 mg/kg, ip single dose
Diclofenac sodium dose 15 mg/kg, ip injection for 3 days

Glycerol Single dose 8 mg/kg, im
Osmotic nephrosis Sucrose, single dose 4–27% w/v ip
Ifosfamide Dose range 50–1100 mg/kg, ip 1–5 days
Uranium Uranyl nitrate dose range 0.5–25 mg/kg

Uranyl acetate single dose 5 mg/kg, sc
Mercuric chloride Dose range 1–10 mg/kg ip and 10 mg/kg sc
Folic acid Single dose 250 mg/kg, iv
Ferric nitrilo-triacetate Dose range 1–15 mg of iron/kg, ip

LPS lipopolysaccharide, ip intraperitoneal, iv intravenous, im intramuscular
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in a paracrine fashion, to induce death of neigh-
bouring tubular cells in a process called fratricide 
[171]; to injure vascular endothelium including 
glomerular endothelium [112]; and to amplify 
local and systemic inflammation.

 Conclusion
AKI is important. It affects approximately one 
fifth of all hospitalised adults and one third of 
hospitalised children and is associated with 
excess mortality. AKI is also associated with 
maladaptive healing and the development of 
CKD, which in turn is a risk factor for further 
AKI. Important causes of AKI include sepsis, 
hypovolaemia and hypotension, nephrotoxic 
drugs and surgery. However multiple causes 
are frequently present in the same patient, and 
acute tubular injury is probably underrepre-
sented in biopsy series. The syndrome is cur-
rently defined clinically by the recognition of 
impaired function, namely, by elevated SCr or 
oliguria, but this is a flawed paradigm. 
Traditional constructs including prerenal AKI 
have been challenged by evidence demon-
strating that cellular injury may occur without 
functional impairment and vice versa.

Animal models have helped elucidate 
many of the cellular events of AKI but poten-
tially lack sufficient accuracy or complexity to 
translate to human AKI.  Important events 
include tubular epithelial injury, including 
loss of cellular polarity, cellular adhesion and 
the cellular brush border and apoptosis and 
necrosis; endothelial injury and vasoconstric-
tion; inflammation including complement 
activation, induction of an inflammatory phe-
notype in tubular cells and activation of prolif-
eration of numerous resident and migratory 
leucocyte subtypes; but also simultaneous 
upregulation of endogenous inhibitors of 
inflammation.

Proteins or other molecules that appear in 
greater or lesser concentrations in plasma or 
urine after the initiation of kidney injury rep-
resent distinct physiological or pathological 
processes in the pathway of acute kidney 
injury. Collectively, these molecules represent 
potential kidney damage biomarkers. Recent 

consensus criteria propose the definition of 
AKI by either impaired function, or the detec-
tion of kidney damage biomarkers. Potential 
kidney damage biomarkers include urinary or 
plasma KIM-1, NGAL and IL-18, although to 
date only the product of urinary TIMP-2 and 
urinary IGFBP7 concentrations has obtained 
regulatory approval in the USA for clinical 
use. Expanding the use of novel biomarkers 
will hopefully lead to better recognition and in 
turn management of this deadly condition.
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Tubular Physiology in Acute 
Kidney Injury: Cell Signalling, 
Injury and Inflammation

David A. Ferenbach, Eoin D. O’Sullivan, 
and Joseph V. Bonventre

5.1  Introduction

Acute kidney injury (AKI) is a highly prevalent 
and devastating clinical problem, one for which 
new treatments and prophylactic therapies are 
urgently required. In order to understand and 
devise novel interventions, a complete under-
standing of the changes seen in renal physiology 
in response to acute insults is required. This 
chapter will discuss the alterations seen in cell 
polarity, the cell–cell signalling in the tubular 
compartment and the function of the enzyme 
heme oxygenase-1 (HO-1) in experimental 
AKI. Furthermore, the role of acute inflammation 

in AKI will be considered, including the roles 
played by cytokine release, inflammatory leuko-
cytes, toll-like receptors (TLRs) and complement 
activation on disease initiation and progression 
(Fig. 5.1). Much of our understanding of this area 
is based on experimental models of acute kidney 
injury in rodents such as cisplatin nephrotoxicity 
and renal ischaemia/reperfusion injury. While 
these models provide valuable information of 
putative pathophysiological changes within the 
injured kidney, it must be borne in mind that in 
the clinical setting, patients with AKI are usually 
advanced in age, with multiple comorbidities and 
renal insults, and where human data exists, this 
will also be discussed.

5.2  Cell Polarity in AKI

Tubular cell polarity is of fundamental impor-
tance to normal renal function. The maintenance 
of luminal and basolateral membrane specificity 
is central to providing vectorial and selective 
molecule transport. During tubulogenesis, epi-
thelia coordinate the polarity of individual cells 
in relation to their neighbouring cells and matrix 
to create spatially and functionally distinct mem-
branes. This coordination occurs largely through 
orientating signals from cell–cell and cell–matrix 
interactions.

The essential structures in determining cell 
polarity include specific surface membrane 
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domains, a number of junctional complexes (tight 
junctions, gap junctions, adherens junctions and 
desmosomes) and the actin cytoskeleton [1].

5.2.1  Acute Injury

There is a loss of cell polarity in acute renal 
injury [2–6]. Much of our current understand-
ing stems from in vivo ischaemia/reperfusion 
injury (IRI) models and in vitro models of cul-
tured tubular cells, which allow variable degrees 
of injury and ATP depletion [7, 8]. An impor-
tant response to tubular injury is the redistribu-
tion of key structural proteins between the 
apical surface and basolateral membrane. Both 
actin and the actin-binding protein, villin, have 
been shown to migrate from the apical to the 
basolateral plasma membrane within 1  h of 
reperfusion following ischaemic injury [9]. The 
tubular apical cytoskeleton is exquisitely sensi-
tive to hypoxia, and assembly of actin and 
intracellular microfilaments diminishes rapidly 
as ATP levels are reduced [9–12]. Furthermore, 
in IRI models, fragmentation of the microtu-
bule network itself has been described [13]. 
Human studies are consistent with the observa-

tions in rodents. In human transplant allograft 
studies, redistributed cytoskeletal proteins are 
seen in injured kidneys [14].

Ischaemic injury and ATP depletion in  vitro 
and in vivo also disrupt the epithelial tight junc-
tions [15, 16]. Depleting ATP causes tight junc-
tions to aggregate intracellularly and to form 
insoluble particulate complexes [17, 18]. 
β[beta]1-integrins, which mediate epithelial 
matrix and cell–cell adhesion, migrate to the api-
cal surface during ischaemic injury [19]. The 
now apically expressed β[beta]1-integrins remain 
functional and may contribute to abnormal epi-
thelial cell adhesion within the tubule following 
desquamation [20]. These free tubular cells may 
adhere to each other and to exocytosed cytoplas-
mic contents and result in tubular blockage, rais-
ing intratubular pressure and resulting in 
increased “backleak” (see below) of glomerular 
filtrate from tubular lumen into peritubular capil-
laries [21]. Loss of these junctional proteins and 
resultant cytoskeletal change disrupts the molec-
ular anchors, leading to exfoliation of tubular 
cells into the lumen [22–25].

In humans, posttransplant allograft biopsies of 
injured kidneys demonstrate redistribution of the 
Na+/K+-ATPase from the basolateral membrane 

TLR activation Cell:cell signalling

Cytokine release

Complement activation

Changes in cell polarity

Leukocyte recruitment

Ischaemia/Reperfusion
Injury
  Transient hypoperfusion
   Sepsis
   Nephrotoxicity
   Oxidative stress
   Triggering of DAMPs

The Normal Kidney Acute kidney injury
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Fig. 5.1 Acute kidney injury. This diagram illustrates the various topics covered in this chapter and their approximate 
timings and roles in the initiation, propagation and subsequent repair of the injured kidney
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to both the apical membrane and cytoplasm [3, 
26–28]. The Na+/K+-ATPase is thought to be 
crucial in tight junction formation in addition to 
its functions in sodium reabsorption [29]. The 
loss of epithelial cells and Na+/K+-ATPase 
reduces overall tubular reabsorptive capacity. 
When the increased sodium load is sensed at the 
macula densa, this triggers tubuloglomerular 
feedback, reducing blood flow to the glomerulus 
and further decreasing effective GFR. The loss of 
epithelial continuity leads to tubular filtrate trans-
locating paracellularly into the renal interstitium 
and renal venous system. This phenomenon 
results in reduced effective glomerular filtration 
and is known as “backleak” [14, 22, 30, 31].

Recovery of polarity following ischaemic 
injury requires reassembly of the tight junction 
catenin components. While milder injury may 
allow reuse of preformed catenins, more severe 
ischaemia may require synthesis of new proteins 
in the endoplasmic reticulum [15]. In some mod-
els of injury, reorganisation of the tubular micro-
structure can be observed as early as 24-h 
post-reperfusion [13].

5.3  Cell Signalling in AKI

5.3.1  Arachidonic Acid Metabolites

While three pathways of arachidonic acid metab-
olism exist, cyclooxygenase (COX)-generated 
compounds are believed to be the most important 
for renal tubule–tubule signalling [32]. It is worth 
noting that other arachidonic acid metabolites 
(e.g. epoxyeicosatrienoic acids or 
20- hydroxyeicosatetraenoic acid derived from 
the P450 system) can alter epithelial sodium 
transport, glomerular haemodynamics and vascu-
lar reactivity and have anti-inflammatory effects 
[33, 34]. Both COX1 and COX2 enzymes pro-
duce PG compounds in the normal and diseased 
kidney, with ischaemia and vasoconstriction both 
reported to produce acute increases in levels of 
vasodilatory PGE2 and PGI2 [35]. Levels of 
COX2 increase in response to renal insults, age-
ing, diabetes [36], heart failure [37] and lithium 
treatment [38], with COX2 inhibition reported to 

be protective [39]. The metabolites of COX1 and 
COX2 have important roles within the kidney, 
regulating blood flow, affecting the release of 
renin and mediating NaCl excretion [40]. 
Supporting this, agonists of the PGE2 receptor 
have lessened renal injury after experimental 
mercuric chloride-induced AKI [41], while a 
clinical trial of the PGI2 analog Iloprost lessened 
contrast-induced AKI in patients [42]. While 
these functions fulfil important physiologic roles, 
increased levels of COX metabolites are seen in 
disease states and likely contribute to inflamma-
tory injury. COX2-derived prostanoids are renal 
vasodilators [43], and the inhibition of this effect 
by non-steroidal anti-inflammatory drugs likely 
contributes to their nephrotoxicity [44].

Three studies of 20-HETE antagonism or sup-
plementation have been published with conflict-
ing results [45–47], with the most recent papers 
agreeing that inhibition of 20-HETE improves 
vascular tone and renal function after murine 
experimental IRI [45, 46]. Resolvins, protectins 
and maresins produced via the degradation of 
omega-3 fatty acids and docosahexaenoic acid 
have all been reported to promote the resolution 
of the inflammation following the acute phase of 
renal injury [48], with their administration to 
mice mitigating the adverse effects of experimen-
tal IRI [49].

5.3.2  Adenosine Triphosphate (ATP)

While ATP is generated within mitochondria and 
is predominantly intracellular, it is recognised 
also to be a paracrine signal that acts among renal 
tubules [50, 51]. At one-thousandth of the intra-
cellular concentration, extracellular ATP (eATP) 
mediates autocrine and paracrine signalling 
between renal tubular cells. ATP ligates two fam-
ilies of purinergic receptors—ionotropic (P2X) 
and metabotropic (P2Y) [52]. When released by 
dying renal cells in AKI, ATP functions as a 
danger- associated molecular pattern (DAMP) 
and elicits immunostimulatory responses in leu-
kocytes [53].

In the mouse, P2X7 receptor inhibition pro-
tects against IRI, with protection also seen in the 
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unilateral ureteric obstruction (UUO) model of 
renal injury and fibrosis in rats [54, 55].

5.3.3  Nitric Oxide

Nitric oxide (NO) is generated in tissues by nitric 
oxide synthase (NOS) with all three NOS 
enzymes present within the tubular cells of the 
kidney [56]. NOS3 is expressed in cells of the 
proximal convoluted tubule (PCT), thick ascend-
ing limb (TAL) and collecting duct (CD) and 
NOS2 within PCT, TAL, distal convoluted tubule 
(DCT) and CD cells, while NOS1 is found at low 
levels in the TAL and CD. Tubular epithelial NO 
exerts autocrine and paracrine effects promoting 
natriuresis and diuresis and conveys signals to the 
adjacent vasculature [57]. Physiologic renal NO 
release has beneficial effects on renal haemody-
namics and function. Renal NO levels decline 
with advancing stages of CKD [58].

Studies of experimental IRI demonstrate that 
pre-induction of NO ameliorates disease severity, 
while co-treatment with NO inhibitors abolishes 
protection [59]. Potentiating tubular NO produc-
tion merits investigation as a translational protec-
tive therapy for acute and chronic renal injury [60].

5.3.4  Dopamine

Renal dopamine is generated within the cells of 
the PCT and secreted through the apical and baso-
lateral membranes exhibiting local paracrine 
effects and hormonal actions via the blood stream 
on distal nephron segments [61]. Dopamine sig-
nals via five known receptors, broadly grouped 
into D1-like (D1 and D5 receptors) and D2-like (D2, 
D3 and D4) groups. In the kidney, the D1 receptor 
family is expressed throughout the nephron, jux-
taglomerular apparatus and vasculature [62].

In experimental IRI in animals, dopamine has 
been associated with improved urine output and 
renal function. However, attempts to translate this 
into clinical practice have been unsuccessful, with 
no beneficial effect on rates of death/AKI or dialy-
sis after cardiac surgery seen after dopamine infu-
sion in multiple small studies (reviewed in [63]).

5.3.5  Angiotensin II

Angiotensin II (ATII) is synthesised and released 
from the proximal tubule and impacts renal 
water and electrolyte uptake in addition to other 
sides of production and effects on the vascula-
ture. ATII stimulates sodium uptake by the cells 
of the PCT, TAL and the CD [64]. In health, ATII 
augments salt and water uptake via the tubular 
AT1 receptor with the renal AT1R, a driver of sys-
temic hypertension [65]. Via hormonal or para-
crine signalling, ATII also induces proliferation, 
hypertrophy, inflammation and matrix produc-
tion by tubular cells [66]—all features common 
to progressive renal disease. Additionally, ATII 
mediates tubule–tubule crosstalk indirectly via 
interstitial pericytes and fibrocytes [67]. Recent 
work has shown that in murine experimental IRI, 
ATII levels increase in the aftermath of injury, 
although its vasoconstrictive actions appear to be 
antagonised by the presence of reactive oxygen 
species [68].

5.3.6  Bradykinin

The nine-amino acid peptide bradykinin has 
effects on the heart, kidney and systemic blood 
vessels [69]. Bradykinin is synthesised in the kid-
ney by the TAL and CD with secretion occurring 
across apical and basolateral membranes [70]. 
Bradykinin’s effects occur predominantly at a 
local tissue level, influencing blood pressure via 
release of NO and prostaglandins [69]. Through 
interaction with bradykinin B1 and B2 receptors, 
bradykinin promotes diuresis and natriuresis.

Bradykinin B1 receptors are expressed by dif-
ferentiating renal tubules [71] and mediate poten-
tially pro-inflammatory effects, with B1 receptor 
KO mice normotensive and protected from 
inflammation and AKI [72]. Both kinin receptor 
inhibition and kinin B1 and B2 receptor knockout 
mice are protected against cisplatin-induced AKI 
[73, 74], with B1 receptor antagonists also reduc-
ing fibrosis after experimental UUO presumably 
due to inhibition of bradykinin’s pro- inflammatory 
actions, including promotion of migration of 
immune cells to injured tissue [75].
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5.4  Heme Oxygenase-1

Although the constitutively expressed enzymes 
heme oxygenase-2 and oxygenase-3 provide 
some basal metabolic activity, the predominant 
route of mammalian heme metabolism is via the 
inducible enzyme heme oxygenase-1 (HO-1). 
While removing a source of oxidative stress and 
generating free iron, the other products of heme 
metabolism, biliverdin and carbon monoxide 
(CO), are all recognised to possess immunomod-
ulatory, antiapoptotic and in the case of CO vaso-
active properties [76–79]. HO-1 induction is also 
coupled to increased availability of ferritin, lead-
ing to prompt conjugation and removal of free 
iron—removing another source of potential oxi-
dative stress.

5.4.1  Heme Oxygenase 
and the Kidney

Our current knowledge of the role of HO-1  in 
renal disease is largely based on experience of 
animal models of kidney disease, with additional 
insights from limited studies performed in 
human renal biopsy material. Such human data 
would support HO-1 as being a component of 
the response of the tubulo-interstitial compart-
ment to injury, with tubular induction of HO-1 in 
response to injury correlating with reduced 
markers of oxidative stress [80]. These findings 
are consistent with the first reported case of 
human HO-1 deficiency, which was character-
ised by systemic inflammation, haemolysis and 
nephropathy with progressive tubulo-interstitial 
inflammation [81]. Consistent with this, the 
HO-1 −/− mouse demonstrates exaggerated iron 
accumulation in the kidney under physiologic 
conditions with heightened susceptibility to AKI 
following models of IRI, rhabdomyolysis and 
cisplatin-induced AKI [82–84].

As the principal route of free heme conjuga-
tion in the event of tissue injury, HO-1 is induced 
in a range of organs in response to IRI.  Such 
upregulation has been demonstrated in the rodent 
kidney in response to experimental IRI [85], 
human renal allografts (maximal in organs 

 subject to delayed graft function) [86] and car-
diac surgery (maximal in patients with AKI) [87]. 
Renal HO-1 can be induced by diverse noxious 
stimuli including hypoxia, LPS administration 
and bile duct ligation, all of which result in pro-
tection against a subsequent, more severe experi-
mental IRI insult—implicating HO-1 induction 
as a potential mediator of the phenomenon of 
ischaemic preconditioning [88].

In general, chemical upregulation of HO-1 
prior to the induction or renal injury results in 
functional and structural protection against IRI, 
while inhibition of HO-1 activity results in an 
abolition of protected phenotype and often an 
augmented pattern of injury. Such approaches are 
not without caveats, as the widely used HO-1 
inducer, hemin, is itself a pro-oxidant and the 
HO-1 inhibiting protoporphyrin compounds 
almost ubiquitously impact the activity of induc-
ible nitric oxide synthase [89].

The mechanisms underlying the protected 
phenotypes reproducibly seen by HO-1 induction 
are likely multifactorial (Fig.  5.2). Three broad 
areas have been identified as downstream targets 
of HO-1: the maintenance of renal blood flow, the 
promotion of cell survival and the modulation of 
immune phenotype in response to renal injury.

5.4.2  Renal Blood Flow 
and the Microcirculation

Chemical inhibition of HO activity results in 
reduced medullary blood flow, supporting a role 
for HO-1 in the maintenance of medullary perfu-
sion [90]. HO-1 induction in renal transplantation 
in rats increased capillary flow and diameter of 
intrarenal vessels when assessed by intravital 
microscopy [91]. Carbon monoxide has impor-
tant effects on the circulation—via its potent 
vasodilatory effects and the inhibition of platelet 
aggregation [92]. Micropuncture studies have 
demonstrated that HO-1 induction via stannous 
mesoporphyrin resulted in the abolition of tubu-
loglomerular feedback-induced afferent arterio-
lar vasoconstriction, with the effect reproducible 
by the administration of either a CORM or exog-
enous biliverdin—implicating both heme metab-
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olites in the mediation of this effect [93]. Studies 
combining inhaled CO with infused bilirubin in 
rat renal transplantation demonstrated synergistic 
effects on both graft survival and on GFR and 
blood flow rates [94].

5.4.3  Cell Apoptosis and Survival

A consistent pattern of reduced cell death is pres-
ent throughout the studies of HO-1 upregulation, 
while HO-1 inhibition/genetic depletion results 
in increased levels of apoptosis/necrosis and 
impaired autophagy, jeopardising cell survival 
after AKI [95]. The pleiotropic effects of HO-1 
make the dissection of the exact mechanism of 
this survival benefit problematic. It remains pos-
sible that protection is related to a secondary phe-
nomenon due to improved perfusion and reduced 
immune activation. Mitochondrial dysfunction is 
a feature of IRI, and mice with transgenic overex-
pression of HO-1 within these organelles are pro-
tected from experimental IRI [96]. In vitro 
evidence from studies of tubular epithelial cell 
culture has implicated HO-1 as promoting cell 
survival by induction of the cyclin-dependent 
kinase inhibitor p21 [97].

5.4.4  Effects of HO-1 on Immune 
Phenotype

It is now widely accepted that HO-1 may act as a 
‘molecular brake’ on the activation, recruitment 
and amplification of immune responses (reviewed 
in [76]). Overexpression of HO-1 results in 
reduced expression of leukocyte adhesion mole-
cules and reduced activity of the NF-κ[kappa]B 
pathway. Constitutively HO-1-deficient animals 
exhibit increased levels of monocyte chemoat-
tractant protein (MCP-1) [82]. HO-1 has been 
shown to be a target antigen for CD8+ regulatory 
T cells, resulting in modulation of cellular 
immune responses [98]. Given the recognised 
role of lymphocyte populations in determining 
susceptibility to IRI, this adds an additional 
‘extra-enzymatic’ arm to the immunomodulatory 
properties of HO-1.

Studies in aged mice demonstrated reduced 
levels of renal HO-1 after IRI, with dosing of the 
HO-1 inducer heme arginate protective. Of note, 
this effect was lost when HO-1-expressing 
 macrophages were pharmacologically depleted—
implicating the myeloid cell as an important tar-
get of HO-1’s effects [99]. Further studies have 
borne out the importance of myeloid cell HO-1 
expression, with animals where HO-1 deficiency 
is restricted to myeloid cells, exhibiting delayed 
recovery and increased fibrosis after IRI [100]. 
Studies in HO-1 −/− mice injected with a bacte-
rial artificial chromosome containing functional 
human HO-1 demonstrate protection from subse-
quent IRI, again validating the potential role of 
this protein in human AKI [101].

5.4.5  Candidate Pharmacological 
Inducers of HO-1

Given the accumulating experimental evidence 
for the beneficial effects of HO-1 in renal injury, 
induction of HO-1 in the clinical setting is under 
active investigation. While statins have been 
shown to induce HO-1 in  vitro [102], data in 
recent large prospective clinical trials have not 
shown alterations in rates of acute kidney injury 
[103]. The lipid-lowering agent probucol has 
HO-1-inducing activity in animal models [104]; 
however its clinical utility has been limited by its 
undesired effect of lowering HDL levels. The 
compound heme arginate (HA) has HO-1- 
inducing properties [105], is stable at injectable 
pH [106] and is licenced and available for the 
treatment of acute porphyria [107]. As such, HA 
represents a promising translational agent for 
HO-1 induction in man, with clinical studies cur-
rently ongoing [108].

5.5  Cytokine Release in AKI

The release of cytokines by injured/necrotic renal 
cells or resident leukocytes is a well-recognised 
component of early AKI. Subsequent signals pro-
duced by recruited leukocytes contribute to fur-
ther inflammation and tissue damage [109]. A 
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wide range of cytokines and chemokines has 
been detected in experimental animal models of 
AKI, with chemokine release occurring in both 
intrinsic renal cells and recruited leukocytes in 
response to reactive oxygen species, cytokine 
release, nuclear factor κ[kappa]B (NF-κ[kappa]
B) activation and ligation of TLRs (summarised 
in Table 5.1) [110].

The exact roles for each cytokine have been 
harder to define. An example of this is the case of 

IL-18 where studies in septic AKI and cisplatin- 
induced AKI show different outcomes to those 
seen with IRI [111–113] when the effects of 
IL-18 blockade have been investigated. These 
differences may reflect the different pathways of 
importance in the various experimental models of 
kidney injury or indeed the relative efficacy and 
off-target effects of blocking sera vs. genetic 
ablation in the models used. It is also worth not-
ing that despite various successful interventions 

Table 5.1 Cytokine/chemokine release and receptor expression in experimental AKI

Cytokine/receptor Role in AKI Therapeutic studies

IL-1 α[alpha], 
IL-1β[beta], 
IL-1R

Upregulated in response to 
experimental AKI. IL-1β[beta] is 
cleaved by caspase-1 to active form

Caspase-1-deficient mice are protected from cisplatin- 
induced AKI [221], but IL-1β[beta] inhibition had no 
effect on cisplatin injury [112]. Blockade/deficiency of 
IL-1R protects against cisplatin but not IRI [222]

IL-2 Upregulated in response to 
experimental AKI

IL-6/IL-6R Both cytokine and soluble receptors 
are increased in experimental AKI

Inhibition of IL-6 had no effect on pathogenesis of 
cisplatin-induced injury [112]. IL-6-deficient mice are 
protected from MgCl2-induced renal injury [223]

IL-10 Produced by M2 macrophages and 
stimulate epithelial cell 
proliferation

IL-10 is acutely reduced in patients following D+HUS 
[196]

IL-18 Upregulated in response to 
experimental AKI. Cleaved by 
caspase-1 to active form

Caspase-1-deficient mice are protected from IRI [224]. 
IL-18 blockade protects against IRI [224] but not 
against cisplatin-induced injury [112]

IL-22 Secreted by macrophages in 
response to TLR4 ligation in 
recovery phase of injury [200]

TNF-α[alpha] Secreted by resident dendritic cells 
after IRI [134]. Capable of inducing 
necroptosis

TNF-α is increased in patients at d1 following D+HUS 
[196]. Blockade of TNF-α[alpha] or its signalling 
protects in multiple animal models of AKI [225–227]

Interferon- 
γ[gamma]

Upregulated in response to 
experimental AKI. Capable of 
inducing necroptosis

Transforming 
growth 
factor-β[beta]

Upregulated in response to 
experimental AKI. Expressed by 
senescent tubular cells [120]

Production by tubular cells in the aftermath of renal 
injury is implicated in the progression of post-AKI 
fibrosis [124, 125]

CCL2 Increased in IRI Induction after IRI is suppressed by methylprednisolone 
therapy [228]

CCR1 Facilitates leukocyte infiltration in 
experimental AKI [131]

Pharmacological antagonism reduced myeloid 
infiltration after IRI [131]

CX3CL1 Increased in response to IRI and 
cisplatin nephropathy [229]

CX3CR1 Expressed by resident renal 
phagocytes

CX3CR1 blockade using antibodies reduced 
macrophage infiltration and IRI injury [229], but 
inhibition or deficiency had no effect on cisplatin injury 
[230]

CXCL1 Neutrophil chemoattractant. Levels 
increased in rodent AKI [203]

Use of a CXCL1 blocking antibody reduced neutrophil 
ingress and injury levels in murine IRI [138]

CXCR1/2 Receptors for CXCL1 CXCR2 inhibitor treatment reduced IRI-related renal 
dysfunction in rats [231]
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targeting cytokine signalling in rodent models of 
AKI, no therapies have yet proved successful in 
clinical trials, reinforcing the limitations of cur-
rent in  vivo experimentation in modelling the 
multifaceted aetiologies of AKI in man.

5.5.1  Factors Released by Injured/
Necrotic Cells in Early AKI

Hypoxia and reoxygenation in the kidney can 
induce apoptosis or regulated necrosis (‘necropto-
sis’) via diverse mechanisms including conse-
quent to mitochondrial injury [114]. While 
apoptosis is considered a non-inflammatory mode 
of cell death, necrotic death results in the release 
of damage-associated molecular patterns 
(DAMPs), including alarmins and cytokines in 
the early aftermath of acute renal injury, all of 
which are capable of inducing further regulated 
cell death in the parenchymal cell pool [115, 116]. 
As indicated previously, release of free heme moi-
eties in the context of cell stress acts as an addi-
tional source of oxidative damage to neighbouring 
cells, with the potential for further propagation of 
cellular injury and death if it is not metabolised 
via the induction of protective HO-1 [117].

Both the tumour necrosis factor (TNF- 
α[alpha]) and interferon-γ[gamma] have recently 
been shown to be capable of inducing necroptosis 
[118], while TNF-α[alpha] and interleukin-18 
can induce neutrophil cell death via neutrophil 
extracellular traps (NETosis) [119]. The release 
of extracellular histones (a DAMP) has also been 
shown in experimental murine systems to be 
capable of inducing necrotic cell death within the 
kidney [119].

5.5.2  Cytokine Production 
in Senescent or 
G2/M-Arrested Tubular Cells

Paracrine signalling is a recognised feature of 
senescent tubular cells expressing p16INK4a 
[120]. These cells accumulate with ageing and 
renal injury. They produce TGF-β[beta],HGF, 
IGF-1 and VEGF and promote fibrogenesis and 

further senescence and are associated with 
impaired tubular proliferation. Studies in both 
progeroid and wild-type aged mice demon-
strate that depletion of p16INK4a+ve senes-
cent cells delays ageing and increases healthy 
lifespan [121, 122].

Transgenic mice expressing the simian diph-
theria toxin receptor allow the study of the effects 
of selective, repeated tubular injury on the kidney 
signalling, function and scarring. Repeated tubu-
lar injury results in tubular, vascular and glomer-
ular loss with increased fibrosis [123]. The 
response of tubular cells to acute injury, includ-
ing expression of TGF-β[beta] acting in a para-
crine and autocrine way, has been implicated as 
important in determining fibrotic outcomes and 
eventual glomerulosclerosis [124, 125].

Our group has demonstrated that models of 
severe and progressive renal injury (including 
severe IRI) show accumulation of tubular cells in 
the G2/M phase of the cell cycle [126]. These 
cells adopt a pro-fibrotic profile in  vivo and 
in vitro, secreting growth factors including con-
nective tissue growth factor (CTGF) and TGF- 
β[beta]1  in addition to increased collagen 4 
α[alpha] 1 and 1 α[alpha] 1 mRNA [126] 
(Fig.  5.3). Thus, cell cycle arrest can induce 
paracrine signalling from tubular cells them-
selves, which can be a key component of the 
fibrotic response to renal injury, a hypothesis 
supported by recent reports from other laborato-
ries [127–129]. Pharmacological inhibition of 
G2/M-arrested cells reduced fibrosis, whereas 
increases in the G2/M-arrested proportion of 
cells in the cell cycle exacerbated fibrosis 
[127–129].

5.6  Inflammation in AKI

There is a growing body of evidence suggesting 
that the disruption of renal architecture and func-
tion seen in acute tubular necrosis may have a 
more prominent inflammatory aetiology than ini-
tially believed [130]. Renal IRI is associated with 
the production of numerous proinflammatory 
cytokines and chemokines from the kidney, which 
are chemotactic for leukocytes, including macro-
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phage inflammatory protein 1 α[alpha] (MIP-
1α[alpha]), monocyte chemotactic protein- 1 
(MCP-1), regulated upon activation normal T-cell 
expressed and secreted (RANTES), interleukins 1 
and 6, the CXC cytokine KC and tumour necrosis 
factor-α[alpha] (TNF-α[alpha]) [131–136]. 
Several types of leukocytes have been implicated 
as potentially pathogenic and are discussed below.

5.6.1  Neutrophils

The neutrophil has been identified as infiltrating 
early into the post-ischaemic kidney [137] and is 
often measured as a surrogate of tissue injury 
severity [110]. However studies employing anti-
neutrophil strategies have not shown consistent 
protection. Part of the explanation for differences 
may relate to the species studied (e.g. rat vs. 
mouse) and incomplete neutrophil depletion 
strategies. It is possible that the volume of neu-
trophil recruitment is a marker of injury severity 
rather than the driver of the process. While block-
ing cytokines or integrins to reduce neutrophil 
ingress have demonstrated functional protection 
in animal models [138, 139], two different deplet-
ing antibody approaches failed to protect the 
post-ischaemic kidney from injury despite altera-

tions in neutrophil number [140, 141]. Additional 
recent work studying experimental cisplatin 
nephropathy showed no change in renal injury 
levels despite 90% neutrophil depletion [142]. 
Transplanted kidneys from aged animals demon-
strate higher levels of tubular injury, despite neu-
trophil influx equivalent to younger kidneys 
[143], and a multicentre human renal transplant 
trial showed no benefit from neutrophil inhibition 
via ICAM-1 blockade [144]. As such any role for 
the neutrophil as the major effector of renal IRI 
remains unproven and controversial [145].

5.6.2  Lymphocytes

A number of studies have presented results dem-
onstrating the involvement of the lymphocytes, 
components of the adaptive immune system, in 
the initiation of IRI. Several studies have demon-
strated profound functional protection from IRI 
in rodent models with either genetic or pharma-
cologic depletion of T lymphocytes, [146–150], 
with a similar magnitude of protection seen in 
μ[mu]MT mice lacking B lymphocytes [151].

The actual effector mechanisms underlying 
the pathogenic role of lymphocytes in IRI remains 
unclear, although IFN γ[gamma] production by 
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Fig. 5.3 Paracrine effects of the secretory phenotype 
seen in G2/M-arrested tubular epithelial cells. The propor-
tion of tubular cells in the G2/M phase of the cell cycle 
increases in response to severe or sustained renal injuries. 
These cells produce factors, including CTGF and TGF- 

β[beta]1. These exert paracrine effects on both neighbour-
ing tubular cells as well as on the phenotypes and numbers 
of interstitial cells, endothelial cells and macrophages. 
There is deposition of collagen and other matrix material 
within the kidney
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CD4+ cells has been implicated [146]. Wild-type 
serum, but not cell transfer into μ[mu]MT ani-
mals, restores the injury phenotype, suggesting a 
soluble factor originating in B lymphocytes 
[151]. The complexity of the system is empha-
sised by the conflicting data relating to the RAG-1 
knockout (KO) mouse. Although the mouse is 
deficient in both T and B lymphocytes, there is no 
resultant protection from IRI [152]. Interestingly, 
injury is ameliorated by adoptive transfer of 
wild-type lymphocytes [147].

Studies have reported the key role played by T 
regulatory lymphocytes (Tregs) in determining 
the recovery from ischaemic renal injury [153]. 
Tregs are present in augmented numbers within 
the post-ischaemic kidney at both 3 and 10 days 
post-injury. Furthermore, when anti-CD25 anti-
bodies were employed to deplete Tregs in vivo in 
the recovery phase of IRI, there were a persis-
tence of structural injury and a reduction of tubu-
lar proliferation in both cortical and medullary 
compartments.

5.6.3  Macrophages

The macrophage (MΦ[phi]) is well characterised 
as a key effector cell in several models of renal 
inflammation [154–156]. Furthermore, in a 
model of lymphocyte-mediated injury such as 
renal transplantation, it has been demonstrated 
that targeting MΦ[phi] for depletion enhances 
allograft survival [155]. It is known that MΦ[phi] 
enters the kidney in the aftermath of IRI [137], 
and recent studies have demonstrated that abla-
tion of renal MΦ[phi] can improve outcome in 
models of renal IRI [157, 158], glomerulonephri-
tis [159] and fibrosis [160].

The role of the MΦ[phi] in renal IRI remains 
incompletely understood. One report of their 
depletion in rats showed improved long-term 
recovery after IRI [161]. This stands in contrast to 
evidence from other renal models in mice show-
ing that depletion of MΦ[phi] prevented repair in 
mice after IRI [162]. Thus MΦ[phi]  represents 
key contributors to the successful resolution of 
renal inflammation but if persisting can contribute 
to renal fibrosis (reviewed in [163, 164]).

Macrophages have conventionally been 
described as either classically (‘M1’) or alterna-
tively (‘M2’) activated in response to stimuli. 
Classically activated MΦ[phi] was thought to 
arise in response to interferon-gamma and LPS 
stimulation, produce NO and had been demon-
strated to be pathogenic to renal cells both in vitro 
and in  vivo [165–168]. Alternatively activated 
macrophages were thought to be induced by IL-4, 
IL-10 and IL-13 and stimulate cellular prolifera-
tion and collagen deposition [169, 170]. However, 
more complete characterisation of the various 
functional states of tissue MΦ[phi] has con-
founded attempts to subdivide these cells into two 
discrete-activated subgroups. A recently proposed 
revision to this classification scheme again sug-
gests a more fluid ‘spectrum’ of activation states 
based on cytokine profile [171] (summarised in 
Fig. 5.4). Briefly, this variability allows for mac-
rophages to respond to various environmental and 
cytokine cues to adopt features of ‘classical acti-
vation’, ‘regulatory’ and ‘wound healing’ 
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Neutrophil
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Fig. 5.4 This diagram summarises the proposed classifi-
cation of macrophage phenotype proposed by Mosser and 
Edwards. Solid black arrows indicate cellular/cytokine 
stimuli for each polarisation, and dotted lines indicate the 
plasticity which exists between all activation states. 
Adapted from Mosser DM, Edwards JP. Exploring the full 
spectrum of macrophage activation. Nat Rev Immunol. 
2008 Dec;8(12):958–69. PubMed PMID: 19029990. 
Pubmed Central PMCID: 2724991. Epub 2008/11/26. 
eng.; used with permission
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MΦ[phi] subsets, with provision for further alter-
ation in the expressed characteristics on the basis 
of subsequent interactions.

There is circumstantial evidence supporting a 
role for classically activated MΦ[phi] in the evo-
lution of renal IRI. T-cell-derived IFN-γ[gamma] 
is of documented importance in IRI pathogenesis 
[146]—a cytokine associated with classical acti-
vation of MΦ[phi]. Classically activated MΦ[phi] 
has been shown to be pathogenic to renal cells 
both in vitro and in vivo [165–168]. It is recog-
nised that MΦ[phi] phenotype is modified within 
a hypoxic microenvironment, such as a tumour 
[172] or an ischaemic organ [173].

Previous work has demonstrated the patho-
genic significance of MΦ[phi]-derived nitric 
oxide (NO) production as a death signal for resi-
dent renal cells both in  vitro and in  vivo [166, 
167]. NO is implicated in the evolution of renal 
injury [174], and it is interesting that inhibition of 
NO generation has also been shown to be protec-
tive in models of IRI [175–177]. The leukocyte 
Fc receptor is recognised as an important mecha-
nism for MΦ[phi] interaction with deposited 
immunoglobulins, an important step in the initia-
tion and progression of renal inflammation [178, 
179]. Activating FcR knockout mice exhibit 
reduced infarct size in models of cerebral isch-
aemia [180].

Until recently, a widely accepted view of the 
resident mononuclear phagocyte system held 
MΦ[phi] and dendritic cells (DC) as clearly dis-
tinct in terms of cellular function while occupy-
ing overlapping anatomical sites in peripheral 
tissues and the reticuloendothelial system. In 
practice, distinguishing between macrophages 
and dendritic cells has relied on the use of cell 
surface markers thought to be specific to either 
cell. The progressive refinement and increasing 
number of available markers have served to com-
plicate rather than simplify our understanding of 
the renal mononuclear phagocyte system.

Increasing the characterisation of both the 
surface markers expressed by MΦ[phi] and DC, 
and further characterisation of the functional 
capabilities and phenotypic plasticity of both 
cells, has led to an ongoing blurring of the pre-
viously accepted ‘unique’ characteristics of 

each lineage [181]. It is now recognised that 
activated macrophages can demonstrate antigen 
presentation and co-stimulatory capacity [182], 
while DCs are capable of NO production and 
cytotoxicity [183, 184]. This has led to the 
emergence of an alternative conceptual view 
where a common myeloid progenitor gives rise 
to a spectrum of mature cells within tissues 
adapted to diverse roles with overlapping func-
tions, rather than two functionally distinct lin-
eages [185, 186].

5.7  Toll-Like Receptors 
in the Kidney and AKI

5.7.1  Toll-Like Receptors 
in the Kidney

The toll gene was first described in Drosophila 
melanogaster in 1985 [187]. Toll-like receptors 
(TLRs) have been identified in humans and mul-
tiple vertebrate and invertebrate species in subse-
quent years [188, 189]. In humans and 
experimental mice, TLRs are expressed by cells 
of the innate immune system, including macro-
phages, dendritic cells and natural killer cells, 
along with some epithelial, endothelial and mes-
enchymal cell populations. TLRs comprise a 
range of receptors to various pathogen-associated 
molecular patterns, which when triggered acti-
vate the innate immune response. In the kidney, 
epithelial and mesenchymal cells express TLRs 1 
to 4 and 6, with similar expression patterns seen 
in both mice and humans [190].

5.7.2  TLR Activation in Response 
to Acute Kidney Injury

It has been demonstrated at both a transcriptional 
and protein level that TLR2 and TLR4 are upregu-
lated in the rodent kidney in the aftermath of exper-
imental IRI [191] and can be found at markedly 
increased levels at 5-day post-injury [192]. In the 
context of the acutely injured kidney, damage- 
associated molecular patterns (DAMPs) and alarm-
ins released from necrotic renal cells are capable of 
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ligating TLRs, activating MyD88- dependent and 
MyD88-independent signalling leading to 
NF-κ[kappa]B expression and a rapid activation 
and recruitment of innate immune cells [53].

Supporting the importance of TLR2 signalling 
in the evolution of IRI, studies using various 
approaches to block TLR2 signalling in one or 
more of the kidney and leukocyte populations 
demonstrated that renal TLR2 deficiency was 
sufficient to protect the kidney from both inflam-
mation and injury [193]. Similarly, TLR −/− 
mice demonstrated reduced numbers of renal 
neutrophils and chemokines in the aftermath of 
injury and a reduced degree of renal injury and 
dysfunction after IRI [194], with chimeric mice 
suggesting an equal contribution from renal and 
leukocyte-derived TLR4 activation. TLRs are 
also triggered by both DAMPs and PAMPs in 
sepsis-induced AKI, with LPS triggering inflam-
matory activation via TLR4, a situation where 
TLR4−/− mice exhibit marked protection [189]. 
Haemolytic uraemic syndrome with associated 
diarrhoea (D  +  HUS) is a significant cause of 
AKI, particularly in the paediatric population. 
There is experimental evidence that the recog-
nised nephrotoxicity of Shiga toxin in this dis-
ease is augmented by the presence of bacterial 
LPS [195] with studies in man demonstrating 
much higher TLR4 positivity in neutrophils in 
acute D + HUS patients [196].

5.7.3  Ligands Responsible for TLR 
Activation in the Kidney

The endogenous ligands activating inflammatory 
signalling via TLR ligation remain incompletely 
understood. Potential TLR4 ligands biglycan, 
HMGB1 and hyaluronan are all increased in the 
aftermath of experimental IRI [197]. Studies 
using chimeric animals with TLR4 deficiencies 
in either kidneys or leukocytes suggest that 
HMGB1 is released from injured intrinsic renal 
cells and activates leukocytes via TLR4 ligation 
[198]. Supporting this, blockade of HMGB1 via 
antibody administration protects against experi-
mental IRI [199].

TLR signalling via DAMPs such as HMGB1 
results in inflammatory macrophage activation and 
immune-mediated tissue damage in the early 
‘amplification’ phase of kidney injury [53]. 
Subsequent macrophage phenotypic switching 
from pro-inflammatory M1 to a pro-repair M2 
polarisation state has been shown to be a vital part 
of successful renal repair after experimental injury 
[162]. These pro-repair macrophages secrete IL-22 
via a mechanism requiring TLR4 ligation [200]—
suggesting that these pathways could have dual 
roles of importance in both injury and repair phases.

5.8  Complement Activation 
in the Kidney in AKI

5.8.1  The Complement System 
in Health and Disease

The complement pathway is an ancient, highly 
conserved component of innate immunity [201]. 
It is a complex system, which can be activated via 
three cascades, namely, the classical, alternate 
and lectin pathways. Complement activity is reg-
ulated by over 40 genes, but despite this com-
plexity, each pathway ultimately converges on 
C3 and C5 cleaving them to form soluble C3a, 
C3b, C5a and C5b.

A key downstream effect of C3a and C5a is 
the generation of a pro-inflammatory and chemo-
tactic environment. C3a and C5a bind to G 
protein- coupled anaphylatoxin receptors C3aR 
and C5aR1 which increase production of co- 
stimulatory molecules and interleukin 6 [202]. 
C3b or C4b may opsonise cell surfaces for mac-
rophages and lead to the production of macro-
phage inflammatory protein-2 and 
keratinocyte-derived chemokine [203].

The second major effect of C5 cleavage is the 
ability of C5b to catalyse the formation of the 
C5b-9 membrane attack complex. The membrane 
attack complex can insert itself into cell mem-
branes leading to cell lysis and contributing to an 
inflammatory milieu by activating intracellular 
pathways and synthesis of pro-inflammatory 
eicosanoids [204].
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5.8.2  Activation of Complement 
in Acute Kidney Injury

The complement system is a dynamic equilib-
rium where there is a balance between continu-
ous complement activation and regulation. Within 
the human kidney, there is continuous C3 activa-
tion, as demonstrated by C3d staining along the 
basement membranes of Bowman’s capsule and 
renal tubules in normal kidneys [205]. This acti-
vation is regulated by a variety of proteins includ-
ing factor H, decay-accelerating factor, membrane 
cofactor protein, C4-binding protein and comple-
ment receptor 1-related gene/protein y [206].

Complement plays an important role in vari-
ous disease processes, which affect the kidney 
and lead to acute injury. Complement activity is 
central in atypical haemolytic uraemic syndrome, 
ANCA-associated vasculitis and anti-glomerular 
basement membrane disease [207]. It is unclear 
whether the role of complement in these specific 
processes is novel or reflects the broader role of 
complement in AKI. Thus IRI is used experimen-
tally as a generic injury model from which to 
draw broader conclusions.

In AKI, the renal microenvironment shifts the 
balance towards complement activation. 
Following ischaemia reperfusion, there is upreg-
ulation of tubular cell production of C3, which 
activates local complement [208–210]. 
Compounding this increased activation, isch-
aemic tubules lose their regulatory surface mole-
cules [211, 212]. Other factors contributing to 
complement activation may include an acidic 
environment, circulating pathogens, vascular 
congestion, exposed intracellular antigens and 
microparticles [207, 213–216].

During AKI, complement activation occurs 
primarily through the alternative pathway [152, 
217, 218]. Kidneys from patients with acute 
tubular necrosis had increased C3d deposition 
along a greater number of tubules than normal, 
but C4d was absent supporting the central role of 
alternative pathway activation [205]. In murine 
experimental IRI, in contrast to the heart, intes-
tine and lung, tubular epithelial cells were the 
main structures damaged by complement- 
mediated attack, and the renal vasculature was 

spared [219]. The formation of the membrane 
attack complex may also contribute to the dam-
aging effect of complement on the kidney [219].

Inhibiting complement remains an attractive 
avenue of potential intervention with inhibition 
reducing IRI-induced renal damage in murine 
models [205, 212, 220]. Difficulties in translating 
complement inhibition to human studies include 
the challenges of tissue penetration to the level of 
the tubule, the uncertainties surrounding timing 
and intensity of complement inhibition and the 
potential for serious adverse effects, most cru-
cially infection [207].
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Contrast-Associated Acute 
Kidney Injury

Steven D. Weisbord

6.1  Pathophysiology of CA-AKI

Several pathophysiological processes triggered 
by intravascular contrast administration result in 
renal tubular epithelial cell damage and acute 
kidney injury. These include vasoconstriction 
that results in mismatch of oxygen supply and 
demand in the renal medulla, direct toxicity to 
tubular epithelial cells, and generation of oxygen- 
free radicals that augment renal injury (Fig. 6.1).

6.1.1  Vasoconstriction 
and Medullary Hypoxia

Following the intravascular administration of 
iodinated contrast, blood flow to the renal 
medulla decreases, resulting in diminished oxy-
genation in a region of the kidney parenchyma 
with marginal oxygen reserve under normal cir-
cumstances [1, 2]. Concurrently, iodinated con-
trast increases oxygen requirements by leading to 
active transport in the distal nephron. Thus, con-
cominant reductions in oxygen delivery and 

increases in oxygen demand in the outer renal 
medulla lead to tissue hypoxia and tubular epi-
thelial cell injury.

6.1.2  Direct Tubular Toxicity 
and Generation of Reactive 
Oxygen Species

Tubular epithelial cell injury also results from the 
direct cytotoxicity of iodinated contrast and indi-
rectly through the effects of reactive oxygen species 
(ROS) [3–8]. Intravascular iodinated contrast is fil-
tered at the glomerulus and enters the tubular lumen 
where it has directly toxic effects that lead to necro-
sis of tubular epithelial cells [5–7, 9]. The genera-
tion of oxygen-free radicals in the kidney following 
contrast administration is also associated with renal 
injury [10–14]. Endothelial damage related to oxy-
gen-free radicals and reparative effects can further 
aggravate tissue hypoxia and epithelial cell damage 
[11, 15–17]. Thus, direct and indirect toxic effects 
of iodinated contrast collectively contribute to epi-
thelial cell injury, tubular necrosis, and AKI.
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6.2  Incidence of CA-AKI

The incidence of CA-AKI varies based on patient 
and procedural characteristics and criteria used to 
define the development of renal injury. Among 
patients with a baseline estimated glomerular fil-
tration rate (eGFR) less than 60 ml/min/1.73 m2, 
Weisbord and colleagues reported incident rates 
of CA-AKI, defined by an increase in serum cre-
atinine (SCr) of ≥25%, of 13.2%, 8.5%, and 
6.5% following non-emergent non-coronary 
angiography, coronary angiography, and contrast- 
enhanced computed tomography, respectively 
[18]. In a study of 1111 hospitalized patients who 
underwent contrast-enhanced procedures, the 
incidence of CA-AKI, defined as an increase in 
SCr of ≥0.5 mg/dL within 1–5 days, was as high 
as 44% among diabetic patients with underlying 
kidney disease [19]. D’Elia et al. defined CA-AKI 
using a larger increment in SCr of at least 1.0 mg/
dL and found that 33% of patients with kidney 
disease developed this condition following angi-

ography [20]. However, the aforementioned 
study by Weisbord et al. documented a consider-
ably lower rate of CA-AKI (0.3–3.8%), defined 
by an increase in SCr of at least 1.0 mg/dL [18].

Identifying precise incidence estimates of 
CA-AKI is confounded by changes in SCr that 
occur independently of iodinated contrast admin-
istration. This was demonstrated in a study by 
Bruce et al. that compared the incidence of AKI, 
defined by an increase in SCr ≥0.5  mg/dL or 
decrease in eGFR ≥25%, among 11,588 patients 
who underwent computed tomography scans 
either with (N  =  5790) or without (N  =  7484) 
iodinated contrast [21]. Among subjects with 
CKD, the incidence of AKI following computed 
tomography without contrast (8.8%) was compa-
rable to that following contrast-enhanced com-
puted tomography (9.7% with iso-osmolal 
iodixanol and 9.9% with low-osmolal iohexol). A 
series of more recent observational studies have 
questioned the nephrotoxicity of iodinated con-
trast by demonstrating comparable rates of AKI 
among patients who underwent procedures with 

Intravascular
administration of
iodinate contrast

Oxygen delivery/
demand mismatch

Generation of
injurious reactive
oxygen species

Epithelial tubular cell
injury

Direct toxicity to
tubular epithelial cells

Medullary hypoxia

Development of
CA-AKI

Fig. 6.1  
Pathophysiology of 
contrast-associated acute 
kidney injury. 
Pathophysiology of 
contrast-induced acute 
kidney injury involves 
medully hypoxia, direct 
toxicity to tubular 
epithelial cells, and 
effects of injurious 
reactive oxygen species
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and without intravascular iodinated contrast [22–
26]. A meta-analysis by McDonald and colleagues 
that included 13 studies with a total of 25,950 
patients demonstrated that the risk of AKI follow-
ing procedures with intravascular contrast admin-
istration was similar to the risk following 
procedures that did not utilize contrast (relative 
risk = 0.79, 95% CI: 0.62–1.02) [27]. Similarly, 
Wilhelm-Leen and colleagues compared the inci-
dence of AKI in a very large population of hospi-
talized patients who did and did not undergo 
contrast-enhanced procedures [26]. In adjusted 
analyses, the incidence of AKI was lower (5.1%) 
among patients who received intravascular con-
trast compared with those who did not (5.6%; 
adjusted odds ratio 0.93; 95% CI: 0.88–0.97). 
However, careful examination of these studies 
demonstrates methodological limitations related 
to study design and unmeasured confounding that 
call into question the conclusion that contrast may 
not be nephrotoxic. What is clear is that baseline 
fluctuation in SCr and causal factors unrelated to 
iodinated contrast should be considered when 
estimating the incidence of AKI following con-
trast-enhanced procedures, particularly when 
defined by small increments in SCr.

6.3  Risk Factors for CA-AKI

6.3.1  Patient-Related Risk Factors

There are well-recognized patient-related and 
procedure-related risk factors for CA-AKI. 
(Table 6.1) Patient-associated risk factors include 
conditions and clinical states that reduce the 

capacity of the kidneys to effectively counteract 
the hemodynamic and microcirculatory effects of 
iodinated contrast administration. Underlying 
impairment in kidney function is the most impor-
tant patient-related risk factor for CA-AKI, with 
an inverse relationship between the level of kid-
ney function and degree of risk [28]. D’Elia et al. 
demonstrated a markedly higher incidence of 
CA-AKI among azotemic patients compared to 
non-azotemic patients (33% vs. 2%) and found 
that baseline kidney disease was the only clinical 
risk factor for CA-AKI among hospitalized 
patients undergoing angiography [20]. In a large 
cohort of patients who underwent angiography, 
McCullough et al. demonstrated a strong associa-
tion of baseline renal insufficiency with risk of 
CA-AKI [29]. Contrary to popular belief, the 
presence of diabetes in patients with intact kid-
ney function does not appear to confer an 
increased risk for CA-AKI [20, 29–32]. However, 
diabetes substantially amplifies risk in patients 
with underlying kidney disease as demonstrated 
by Rudnick et  al. in the Iohexol Cooperative 
Study. This trial of 1196 patients found that post- 
angiography increments in SCr of ≥1.0  mg/dL 
developed in none of the 359 patients without 
diabetes or underlying CKD, in less than 1% of 
patients with diabetes and intact kidney function, 
in 6% of non-diabetics with impaired renal func-
tion, yet in 20% of diabetics with renal impair-
ment [30]. These findings indicate that diabetes 
significantly amplifies the risk of CA-AKI in the 
setting of underlying kidney disease, but does not 
increase the risk in patients with intact kidney 
function. Of note, elevated serum glucose con-
centration at the time of contrast administration 
was shown in one study to be associated with an 
increased risk of CA-AKI among non-diabetic 
patients, but not in diabetics [33]. The clinical 
significance of this observation warrants determi-
nation in future studies.

Patients with absolute (e.g., GI losses) or 
effective (e.g., heart failure) intravascular volume 
depletion are at increased risk for CA-AKI as the 
associated reduction in renal blood flow can mag-
nify the effect of contrast-induced renal vasocon-
striction [34, 35]. Similarly, the risk for CA-AKI 
is increased in patients consuming selective and 

Table 6.1 Risk factors for CA-AKI

Patient associated Procedure associated
Renal impairment High-osmolal contrast 

media
Diabetes mellitusa Large contrast volume
Reduced absolute 
intravascular volume

Multiple sequential 
procedures

Reduced effective 
intravascular volume

Intra-arterial contrast 
administration

Concomitant nephrotoxic 
agents

aAmplifies risk in patients with kidney disease
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non-selective non-steroidal anti-inflammatory 
medications, which inhibit vasodilatory prosta-
glandins in the kidney [36]. There are a series of 
other patient-related factors, including older age, 
hypertension, anemia, and proteinuria that have 
been associated with increased risk for CA-AKI 
in some studies, yet each is closely correlated 
with kidney disease, confounding confirmation 
of their independent association with CA-AKI 
[37–40].

6.3.2  Procedure-Related Risk 
Factors

Factors related to the performance of contrast- 
enhanced procedures are also associated with 
risk for CA-AKI.  The administration of large 
volumes of contrast is associated with increased 
risk although the threshold volume beyond 
which at- risk patients are likely to experience 
renal injury has not been definitively determined 
[29, 41]. Similarly, higher doses of iodine are 
associated with increased risk for CA-AKI 
although the importance of iodine dose relative 
to contrast volume remains unclear [42, 43]. 
The performance of multiple consecutive con-
trast-enhanced procedures over a short period of 
time also appears to confer risk for 
CA-AKI. Finally, the use of high- osmolal con-
trast media is linked with an increased risk for 
CA-AKI [30, 44].

The risk for CA-AKI appears to be higher 
following intra-arterial contrast administration 
than intravenous (IV) administration. Although 
no large clinical trials have directly compared 
risk for CA-AKI based on procedure type and 

route of contrast administration, an observa-
tional analysis by Weisbord et al. demonstrated 
lower rates of CA-AKI following computed 
tomography (6.5%) than coronary (8.5%) and 
non-coronary angiography (13.2%) in patients 
with CKD [18]. However, this study did not 
adjust for differences in clinical risk factors 
such as diabetes mellitus, heart failure, or sever-
ity of CKD; or in differential application of pre-
ventive interventions such as IV fluids. 
Dissimilarity in underlying comorbidity and uti-
lization of preventive care may explain the find-
ings of this study.

6.4  Outcomes Associated 
with CA-AKI

6.4.1  Adverse Short-Term Outcomes 
Associated with CA-AKI

Multiple studies have reported that CA-AKI is 
associated with increased risk for short-term 
mortality (Table  6.2) [29, 45–49]. McCullough 
et  al. found a significantly higher rate of in- 
hospital mortality among patients who developed 
CA-AKI following percutaneous coronary inter-
vention compared to patients who did not develop 
CA-AKI (7.1% vs. 1.1%, p < 0.0001) [29]. Other 
large observational studies and several clinical 
trials also demonstrated higher short-term mor-
tality rates among patients who developed 
CA-AKI [45–49]. As part of a clinical trial inves-
tigating N-acetylcysteine, Marenzi and col-
leagues reported that subjects with CA-AKI 
experienced a higher incidence of in-hospital 
death compared with patients without CA-AKI 

Table 6.2 Association of CA-AKI with short-term mortality

Study authors (N) CA-AKI definition Adjusted Odds Ratio 95% Confidence Interval
Levy et al. 357 ↑ SCr ≥25% to ≥2.0 mg/dL 5.5 2.9–13.2

Gruberg et al. 439 ↑ SCr >25% 3.9 2.0–7.6

Shema et al. 1111 ↑ SCr ≥50% or ↓ eGFR ≥25% 3.9 1.2–12.0

McCullough et al. 1826 ↑ SCr >25% 6.6 3.3–12.9

From et al. 3236 ↑ SCr ≥25% or ≥ 0.5 mg/dL 3.4 2.6–4.4

Rihal et al. 7586 ↑ SCr >0.5 mg/dL 10.8 6.9–17.0

Bartholomew et al. 20,479 ↑ SCr ≥1.0 mg/dL 22 16–31

Weisbord et al. 27,608 ↑ SCr 0.25–0.5 mg/dL 1.8 1.4–2.5
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(26% vs. 1.4%, p < 0.001) [50]. Similarly, a clini-
cal trial by Maioli et al. that compared IV sodium 
bicarbonate with IV sodium chloride documented 
a significantly higher in-hospital mortality rate 
among patients with CA-AKI compared with 
patients without CA-AKI (11.1% vs. 0.2%, 
p = 0.001) [51]. CA-AKI is also associated with 
increased length of hospital stay as demonstrated 
in a study by Adolph et al. that found that patients 
who developed this complication had an average 
prolongation in hospitalization of 2  days [52]. 
Extended hospital length of stay translates into 
higher healthcare costs as shown in a decision 
analysis by Subramanian et al. that estimated an 
increase in hospital-related costs of more than 
$10,000 with the development of CA-AKI [53].

6.4.2  Long-Term Outcomes 
Associated with CA-AKI

CA-AKI is also associated with increased long- 
term mortality (Table 6.3) [49, 54–58]. A study 
by Solomon and colleagues demonstrated a 
higher than threefold increased risk of death, 
stroke, myocardial infarction, and/or end-stage 
renal disease at 1-year among patients who devel-
oped post-angiography CA-AKI [57]. Harjai 
et al. documented an independent association of 
post-angiography CA-AKI with increased risk of 
death at 24 months (HR = 2.6; 95% CI: 1.5–4.4) 
[55]. Brown et  al. examined outcomes in 7856 
patients and found that either transient or persis-
tent post-angiography decrements in kidney 
function were associated with a two- to threefold 
increase in long-term mortality [58]. In a smaller 
study of 78 patients, Goldenberg et  al. docu-

mented that post-angiography CA-AKI that 
recovered to baseline was associated with a 
greater than twofold increase in mortality after 
5 years of follow-up (HR = 2.66, 95% CI 1.72–
4.46) [54].

CA-AKI also associates with an acceleration 
in the rate of progression of underlying CKD [51, 
54, 59, 60]. Goldenberg et al. demonstrated that 
patients who manifested transient CA-AKI expe-
rienced a larger loss of kidney function 2  years 
following angiography than patients without 
CA-AKI (∆ eGFR −20 ± 11 ml/min/1.73 m2 vs. 
−6 ± 16 ml/min/1.73 m2, p = 0.02) [54]. James 
et al. found that patients who developed CA-AKI 
following coronary angiography lost kidney func-
tion over 3 months more rapidly than patients who 
did not develop CA-AKI (loss of eGFR 0.8 ml/
min/1.73  m2/year vs. 0.2  ml/min/1.73  m2/year) 
[59]. In this study, CA-AKI was also associated 
with an increased risk of mortality and end-stage 
renal disease over 3 years of follow-up [60].

6.4.3  Potential Clinical Implications 
of Data Associating CA-AKI 
with Adverse Outcomes

While the aforementioned studies demonstrated 
associations of CA-AKI with serious, adverse 
short- and long-term outcomes, the causal nature 
of these associations remains unproven. It is 
plausible that CA-AKI represents a marker of 
patients with more hemodynamic instability and 
less renal reserve that places them at increased 
risk for adverse short- and long-term events, 
rather than a mediator of such outcomes. This 
possibility is particularly relevant in light of the 

Table 6.3 Association of CA-AKI with long-term mortality

Study authors (N) CA-AKI definition Follow-up (months)
Adjusted 
Hazard Ratio

95% Confidence 
Interval

Goldenberg et al. 78 ↑SCr ≥0.5 mg/dL or ≥25% 60 2.7 1.7–4.5

Solomon et al. 294 ↑SCr ≥0.3 mg/dL 12 3.2a 1.1–8.7

Harjai et al. 985 ↑SCr ≥0.5 mg/dL 24 2.6 1.5–4.4

Roghi et al. 2860 ↑SCr ≥0.5 mg/dL 24 1.8 1.0–3.4

Rihal et al. 7075 ↑ SCr >0.5 mg/dL 6 b b

Brown et al. 7856 ↑SCr ≥0.5 mg/dL 90 3.1 2.4–4.0
aDenotes incident rate ratio of death, cerebrovascular accident, MI, ESRD
b6-month mortality 9.8% v. 2.3% (p < 0.0001)
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growing evidence documenting the practice of 
“renalism,” which denotes the under-perfor-
mance of indicated diagnostic and/or therapeutic 
contrast- enhanced procedures in patients with 
kidney disease out of concern, in the case of angi-
ography, for adverse renal outcomes. Chertow 
et al. initially described “renalism” in an observa-
tional study of over 57,000 patients with acute 
myocardial infarction, demonstrating that the 
presence of CKD was associated with an approx-
imately 50% decrease in the performance of cor-
onary angiography after adjustment for the 
appropriateness of this procedure [61]. 
Percutaneous revascularization was also less 
commonly utilized in those with CKD (54.7% vs. 
62.0%, p < 0.0001), while mortality at 1 year was 
nearly twice as common among patients with 
CKD who did not undergo coronary angiography 
compared with patients with CKD who did 
undergo angiography. Concern for the risk of 
CA-AKI was a hypothesized explanation for the 
under-utilization of angiography and revascular-
ization in subjects with CKD.

There have since been several other studies 
documenting renalism related to the perfor-
mance of coronary angiography in patients with 
CKD and acute coronary syndrome (ACS) 
(Table  6.4) [62–65]. A study by Han et  al. of 
approximately 45,000 patients found that sub-
jects with CKD were nearly 50% less likely to 
undergo coronary angiography than those with-
out CKD [62]. In a study by Nauta et  al. that 
included patients with even more emergent pre-

sentations characterized by ST elevation myo-
cardial infarction, rates of percutaneous 
revascularization were lower in subjects with 
stage 4 CKD compared to those without CKD, 
while thrombolysis was used more commonly in 
this patient group. These findings are of particu-
lar importance in light of data documenting a 
survival advantage with the performance of cor-
onary angiography and revascularization in 
those with CKD. In the initial study of renalism 
by Chertow et  al., patients with CKD deemed 
appropriate for angiography experienced a 
nearly 50% decrease in 1-year mortality (adjust 
OR = 0.58; 95% CI: 0.50–0.67) with the perfor-
mance of this procedure. More recently, James 
et  al. compared short- and long- term outcomes 
among patients presenting with non-ST eleva-
tion ACS who received either conservative or 
early invasive management. Among patients 
with stage 3 CKD, early invasive management 
consisting of coronary angiography was associ-
ated with a slightly higher rate of in- hospital 
AKI (risk ratio 1.42; 95% CI 1.18–1.71), a com-
parable rate of end-stage renal disease (risk ratio 
1.53; 95% CI 0.62–3.75), yet considerably lower 
long-term mortality (risk ratio 0.61; 95% CI 
0.46–0.79) compared with conservative manage-
ment [66].

Collectively, these data suggest that indicated 
coronary procedures are under-utilized in patients 
with CKD, likely related to provider concern for 
the development of CA-AKI; however, the per-
formance of indicated angiographic procedures 

Table 6.4 Studies reporting under-utilization of coronary angiography in patients with CKD

Authors
Presenting 
condition

Patients 
(N)

Patients with CKD 
(%)

Angiography/revascularization CKD v. no 
CKD (%)

Chertow et al. MI 57,284 26.3 25.2 v. 46.8
Han et al. NSTE ACS 45,343 14.5 47.6 v. 73.8
Goldenberg 
et al.

NSTE ACS 13,141 31.8 49.9 v. 67.7

Szummer 
et al.

MI 57,477 33.3 33.2 v. 58.4a

Nauta et al. MI 12,087 25b NRc

aDenotes % patients with non-ST elevation MI who underwent revascularization by CKD status, defined as eGFR 
<60 ml/min/1.73 m2

bCKD defined based on eGFR <60 ml/min/1.73 m2

cProcedure rates not reported
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in patients with CKD and ACS is associated with 
lower mortality. The clinical relevance of these 
observations is brought into focus by the lack of 
sound data confirming a causal link between the 
development of CA-AKI and adverse short- and 
long-term outcomes. These findings underscore 
the need to definitively determine the causal 
effects of CA-AKI on patient-centered outcomes 
and the importance of establishing and imple-
menting effective interventions for the prevention 
of this iatrogenic condition.

6.5  Prevention of CA-AKI

6.5.1  Overview

CA-AKI is one of the few preventable forms of 
AKI as its risk factors are well characterized, the 
timing of renal insult is known in advance, and 
most contrast-enhanced procedures are per-
formed on a non-emergent basis allowing suffi-
cient time to implement preventive care. 
Identifying high-risk patients based on underly-
ing risk factors informs the appropriate use of 
alternative imaging procedures that do not 
involve the administration of iodinated contrast, 
but that provide comparable diagnostic yield. 
Once a determination is made that intravascular 
iodinated contrast is required, evidence-based 
preventive care to mitigate risk of renal injury 
should be implemented. A sound understanding 
of current data on the efficacy of different pre-
ventive measures facilitates the use of an 
evidence- based approach to reduce risk.

Research on interventions for the prevention 
of CA-AKI has focused on four strategic 
approaches: (1) identification of contrast media 
that are less nephrotoxic; (2) utilization of renal 
replacement therapy to eliminate iodinated con-
trast from the vasculature prior to glomerular fil-
tration; (3) administration of pharmacologic 
agents that neutralize the nephrotoxic actions of 
contrast; and (4) delivery of intravenous fluids to 
expand the intravascular space and diminish the 
adverse hemodynamic and direct tubular effects 
of contrast in the kidney.

6.5.2  Choice of Contrast Agent

Iodinated contrast media are commonly charac-
terized by their osmolality relative to plasma. The 
first-generation contrast media, referred to as 
“high-osmolal” agents, were ionic compounds 
that had osmolalities of approximately 
1500 mOsm/kg to over 2000 mOsm/kg and that 
were associated with relatively high rates of 
CA-AKI in at-risk patients. The development of a 
second generation of contrast media (“low- 
osmolal”) with osmolalities of approximately 
600–1000 mOsm/kg led to trials comparing these 
agents with the first-generation “high-osmolal” 
contrast media. The Iohexol Cooperative Study 
was a multi-center clinical trial that compared 
high-osmolal diatrizioate with low-osmolal 
iohexol in 1196 patients undergoing non- 
emergent coronary angiography [30]. Overall, 
CA-AKI was less common with iohexol than dia-
triazoate (3.2% vs. 7.1%, p = 0.002), and this dif-
ference was particularly notable among patients 
with both diabetes mellitus and renal impairment. 
Incorporating data from this and several other tri-
als, Barrett and Carlisle conducted a meta- 
analysis demonstrating a lower risk of CA-AKI 
with low-osmolal contrast compared to high- 
osmolal contrast (OR = 0.61; 95% CI: 0.48–0.77) 
[44]. Among patients with underlying renal 
impairment, the risk of CA-AKI with low- 
osmolal contrast was even lower (OR = 0.5; 95% 
CI: 0.36–0.68); a finding that informed the pref-
erential use of these agents in patients with 
impaired baseline kidney function.

More recently, clinical trials have compared 
the effects of low-osmolal contrast with iso- 
osmolal iodixanol. Although preliminary studies 
found lower rates of CA-AKI with iodixanol 
compared with certain low-osmolal agents (i.e., 
iohexol, ioxaglate), others reported comparable 
risk for CA-AKI [67–74]. The findings of meta- 
analyses comparing iodixanol to low-osmolal 
contrast agents reflect those of the clinical trials 
[75–79]. Clinical practice guidelines issued most 
recently by the American College of Cardiology/
American Heart Association cite an absence of 
sufficient data to support the preferential use of 
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iso-osmolal compared with low-osmolal contrast 
[80]. Similarly, the European Society of 
Urogenital Radiology recommends the use of 
either low- or iso-osmolal contrast in patients at 
elevated risk of CA-AKI [81].

6.5.3  Use of Renal Replacement 
Therapies to Prevent CA-AKI

Iodinated contrast media are highly water solu-
ble, bind proteins to a very limited degree, and 
distribute in vivo to the extracellular space; prop-
erties that enable their efficient removal from the 
circulation by extracorporeal renal replacement 
therapy. Lee et  al. reported that prophylactic 
hemodialysis at the time of coronary angiogra-
phy resulted in a smaller decrement in creatinine 
clearance and lower likelihood of requring 
chronic hemodialysis among 82 patients with 
advanced CKD [82]. However, this trial had a 
very small sample size, used measured creatinine 
clearance as the primary endpoint despite the 
inherent limitations and inaccuracies of 24  h 
urine collection, and found that only a small 
number of patients developed dialysis-requring 
ESRD. Most other trials of prophylactic hemodi-
alysis to date demonstrated no benefit, and in 
some instances noted a higher risk for AKI in 
patients who received prophylactic hemodialysis 
[83–88]. Thus, there is presently no role for this 
therapy for the prevention of CA-AKI.

Continuous renal replacement therapy (CRRT) 
also removes iodinated contrast from the vascular 
space. Marenzi and colleagues conducted two tri-
als examining the effect of continuous veno- 
venous hemofiltration (CVVH) on the prevention 
of CA-AKI, both of which found a lower risk for 
CA-AKI and death with this therapy [89, 90]. 
However, these trials used a surrogate primary 
study endpoint based on small increments in SCr, 
which is problematic given that CRRT lowers 
SCr independent of any effect it might have on 
the prevention of renal injury. CRRT is associ-
ated with significant costs and potential infec-
tious and non-infectious complications and data 
drawn from clinical trials to date are insufficient 

to support the use of CRRT for the prevention of 
CA-AKI.

6.5.4  Pharmacological Agents 
to Prevent CA-AKI

Multiple pharmacological agents with different 
physiological actions have been evaluated for the 
prevention of CA-AKI. Some were found to be 
ineffective and in some cases potentially deleteri-
ous, whereas data on other agents are mixed, with 
some studies demonstrating benefit and others 
showing no effect (Table 6.5).

Loop diuretics inhibit active sodium transport 
in the ascending limb of the loop of Henle and by 
virtue of their potential to reduce tubular epithe-
lial cell oxygen utilization were hypothesized to 
decrease the risk of renal injury from iodinated 
contrast. However, data from clinical trials fail to 
support the use of these agents for the prevention 
of CA-AKI [91]. A clinical trial by Solomon 
et  al. reported a higher incidence of CA-AKI 
among patients who received peri-procedural 
furosemide and hypotonic saline compared with 
hypotonic saline alone (40% vs. 11%, p = <0.02) 
[91]. The lack of benefit with furosemide in this 
study mirrored the findings of an earlier study 
that found a higher risk for CA-AKI with the use 
of this agent [92].

Several studies have investigated the adminis-
tration of dopamine as a potential treatment to 
reduce the risk for contrast-induced renal injury 
[93–95]. While small studies suggested a benefi-
cial effect, larger clinical trials have failed to 

Table 6.5 Pharmacological agents for CA-AKI 
prevention

Ineffective Indeterminate effectiveness
Loop diureticsa Atrial natriuretic peptide
Dopaminea Theophylline/

aminophylline
Fenoldopama Statins
Calcium channel 
blockers

Prostaglandin analogs

N-acetylcysteine Allopurinol
Acetazolamide

aAssociated with adverse effects
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confirm these findings [93, 95, 96]. Weisberg 
et  al. found no difference in the incidence of 
CA-AKI among patients who received dopamine 
and hypotonic saline compared to patients who 
received just hypotonic saline, yet observed 
higher rates of CA-AKI among diabetics who 
received dopamine [95]. Fenoldopam, a selective 
dopamine receptor agonist was reported in a 
series of small, mostly non-randomzied studies 
to be protective against the development of 
CA-AKI [97–102]. Subsequent studies, includ-
ing a clinical trial by Stone et al. that enrolled 315 
patients with CKD undergoing coronary angiog-
raphy, failed to demonstrate a benefit of fenoldo-
pam for the prevention of CA-AKI [103].

Atrial natriuretic peptide (ANP), which has 
renal vasodilatory properties, was studied in a 
multi-center randomized controlled trial by 
Kurnik et al. that enrolled 247 patients with base-
line CKD.  This trial reported no reduction in 
CA-AKI with the use of ANP compared to pla-
cebo [104]. Conversely, Morikawa and col-
leagues studied 254 patients with CKD 
undergoing coronary angiography and reported a 
lower incidence of CA-AKI among patients who 
received ANP and IV fluids compared to patients 
who received just IV fluids [105]. In light of the 
discordant findings on the benefit of ANP, and the 
potential side effects of this therapy, the use of 
ANP for the prevention of CA-AKI is not cur-
rently recommended.

Because of the role adenosine may play in the 
pathogenesis of CA-AKI, studies have examined 
the potential for adenosine antagonists such as 
theophylline to reduce the risk for renal injury 
from iodinated contrast [106, 107]. A clinical 
trial by Early et al. that enrolled 80 patients found 
no benefit to theophylline for the prevention of 
CA-AKI [106]. Conversely, Huber et al. reported 
a lower incidence of CA-AKI with the use of the-
ophylline in a study of 100 patients with 
CKD. Subsequent meta-analyses reported incon-
sistent findings on the potential benefit of theoph-
ylline [108–110]. As theophylline has potential 
side effects, its use for the prevention of CA-AKI 
cannot be recommended based on currently avail-
able data.

Clinical trials on the role of statins for the pre-
vention of CA-AKI have demonstrated conflict-
ing findings although two recent trials 
demonstrated a benefit [111, 112]. However, the 
findings of these studies should be viewed with 
an understanding that the administration of rosu-
vastatin has been shown to be associated with an 
increase in estimated glomerular filtration rate 
[113]. Hence, the use of small increments in SCr 
as an endpoint in trials investigating statins for 
the prevention of CA-AKI is problematic due to 
the potential for these agents to affect renal func-
tion parameters independently of any potentially 
protective effect against contrast.

N-acetylcysteine (NAC) is an anti-oxidant 
with vasodilatory effects that has been the focus 
of substantial research as a preventive interven-
tion for CA-AKI. The initial clinical trial of NAC 
by Tepel et al. randomized 83 patients and found 
a lower incidence of CA-AKI with NAC than 
with placebo (2% vs. 21%, p = 0.01) [114]. Since 
the publication of this study, a multitude of clini-
cal trials evaluating NAC for the prevention of 
CA-AKI have been published, yielding highly 
conflicting results [50, 114–138]. The acetylcys-
teine for contrast nephropathy trial enrolled over 
2300 patients undergoing angiography and found 
no reduction in the risk for CA-AKI with oral 
NAC compared with placebo. However, the large 
majority of participants in this trial were at low 
risk for CA-AKI, which significantly reduced the 
generalizability of the findings to those most 
likely to develop this condition. Multiple system-
atic reviews and meta-analyses sought to recon-
cile the discordant clinical trial findings, yet 
collectively documented similarly incongruous 
results [110, 139–148]. However, the recently 
published Prevention of Serious Adverse Events 
Following Angiography (PRESERVE) trial, 
which enrolled 4993 patients undergoing non- 
emergent angiography, has finally provided a 
definitive answer to the effectiveness of NAC 
[149]. As part of its 2  ×  2 factorial design, 
PRESERVE randomized 2495 patients to receive 
oral NAC (1200 mg twice daily for 5 days begin-
ning on the day of angiography), and 2498 
patients to receive matching oral placebo [149]. 
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The study demonstrated that compared with oral 
placebo, NAC was not associated with a reduc-
tion in 90-day death, need for dialysis, or persis-
tent impairment in kidney function (OR = 1.02, 
95% CI: 0.78–1.33), nor was it associated with a 
decrease in the incidence of CA-AKI (OR = 1.06, 
95% CI: 0.87–1.28). Based on these findings in a 
very large and high-risk patient population, there 
is currently no role for oral NAC for the preven-
tion of CA-AKI or associated serious, adverse 
outcomes.

While none of the aforementioned agents, or 
others including calcium channel blockers, prosta-
glandins, acetazolamide, or mannitol have been 
definitively shown to prevent CA-AKI, many of 
the trials of pharmacological thereapies were lim-
ited by small sample size, use of surrogate primary 
study endpoints based on nominal increments in 
SCr, and in some cases, inclusion of low-risk 
patients. Although current recommendations for 
the prevention of CA-AKI do not incorporate the 
administration of any of these pharmacological 
therapies, future research, other than with NAC, is 
needed to examine these and other novel agents in 
large, high-risk patient groups.

6.5.5  Intravenous Fluids for the 
Prevention of CA-AKI

The provision of intravenous (IV) fluid prior to 
and following contrast administration has been 
shown to reduce the risk for CA-AKI [91, 150–
152]. Expanding the intravascular space with IV 
fluid is believed to counteract the vasoconstrictive 
effect of iodinated contrast and to decrease the 
concentration and viscosity of contrast media in 
the tubular lumen, reducing tubular damage [153].

Following a series of observational studies 
suggesting a benefit of IV fluid, Solomon et al. 
conducted a clinical trial that compared IV 0.45% 
saline alone to IV 0.45% saline with 25 g of IV 
mannitol or with 80 mg of IV furosemide [91]. 
CA-AKI occurred less frequently in patients who 
received IV fluid alone compared to IV fluids 
with either mannitol or furosemide. Subsequently, 

Trivedi et al. conducted a clinical trial that ran-
domized patients undergoing coronary angiogra-
phy to receive IV isotonic saline for 12 h prior to 
and 12 h following the procedure or unrestricted 
oral fluids [152]. The trial was stopped at a pre-
liminary time point for safety reasons given a 
substantially lower incidence of CA-AKI in 
patients who received IV saline (3.7% vs. 34.6%; 
p  =  0.005). Mueller et  al. enrolled over 1600 
patients undergoing coronary angiography into a 
trial that compared peri-procedural IV 0.45% 
saline to 0.9% saline [151]. Although the overall 
study population was at relatively low risk for 
renal injury, the administration of 0.9% saline 
was associated with a lower incidence of CA-AKI 
than 0.45% saline (0.7% v 2.0%, p = 0.04).

Recent research on IV fluid composition and 
the prevention of CA-AKI has focused on the 
comparative effects of isotonic sodium bicarbon-
ate and isotonic sodium chloride. The underlying 
hypothesis for the benefit of sodium bicarbonate 
relates to enhanced urinary alkalinization with 
the filtration of HCO3− that decreases the genera-
tion of reactive oxygen species (ROS) and attenu-
ates renal injury. This hypothesis was first tested 
by Merten et  al. in a clinical trial that enrolled 
119 patients and demonstrated a lower incidence 
of CA-AKI with IV isotonic bicarbonate com-
pared with IV isotonic saline (1.6% vs. 13.6%, 
p = 0.02) [150]. These results resulted in a prolif-
eration of clinical trials, some reporting a lower 
incidence of CA-AKI with IV sodium bicarbon-
ate and others demonstrating no difference [51, 
52, 154–160]. As occurred following the publica-
tions of clinical trials of NAC, these incongruent 
clinical trial results led to the performance of sys-
tematic reviews and meta-analyses, the results of 
which were as disparate as the component clini-
cal trials [155, 161–169]. To definitively address 
the persistent clinical equipoise on the role of IV 
sodium bicarbonate, the PRESERVE trial ran-
domized 4993 high-risk patients to receive IV 
isotonic sodium bicarbonate (N  =  2511) or IV 
isotonic sodium chloride (N = 2482) prior to, dur-
ing, and following angiography [149]. Compared 
with IV sodium chloride, sodium bicarbonate did 
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not result in a decrease in 90-day death, need for 
dialysis, or persistent impairment in kidney func-
tion (OR  =  0.93; 95% CI: 0.72–1.22) or in the 
incidence of CA-AKI (OR = 1.16, 95% CI: 0.96–
1.41) [149]. Thus, at the present time, IV isotonic 
sodium chloride should be considered the stan-
dard of care with regard to the provision of IV 
fluid for the prevention of CA-AKI and associ-
ated adverse outcomes.

6.5.6  Limitations of Clinical Trials 
to Date

Notwithstanding the substantial effort to identify 
pharmacological and non-pharmacological inter-
ventions for the prevention of CA-AKI, many of 
the clinical trials to date had methodological lim-
iations that precluded meaningful interpretation 
of potential benefit. First, most trials used small 
increments in SCr as the primary study endpoint 
based on observational data demonstrating an 
association of such biochemical perturbations 
with serious, adverse outcomes. However, the 
causal nature of such associations has not yet 
been proven, as it is plausible that small changes 
in kidney function are a marker of more hemody-
namically tenuous patients who are at increased 
risk for adverse outcomes, rather than a mediator 

of such outcomes. Moreover, most patients who 
manifest small increments in SCr following 
contrast- enhanced procedures do not experience 
serious adverse outcomes (Fig. 6.2). The use of a 
surrogate primary endpoint defined by nominal 
increments in SCr, which occurs much more 
commonly after contrast-enhanced procedures 
than serious, adverse outcomes (e.g., death, need 
for dialysis), has facilitated the design of clinical 
trials with inflated event rates and relatively small 
sample sizes that are unable to effectively deter-
mine whether interventions reduce the develop-
ment of clinical outcomes of greatest importance 
to patients and providers. Designing clinical tri-
als based on the estimated effect of interventions 
on less common but far more serious patient- 
centered outcomes (e.g., death, need for dialysis) 
necessitates the enrollment of large numbers of 
patients as evidenced by the PRESERVE trial 
[149]. Unless and until the association of CA-AKI 
with serious, adverse short- and long-term events 
is confirmed to be causal, the conduct of clinical 
trials that utilize primary outcomes defined by 
small biochemically based short-term changes in 
kidney function to determine preventive efficacy 
will continue to generate disparate and inconclu-
sive findings. Finally, some of the trials to date of 
preventive interventions for CA-AKI enrolled 
patients at low risk for CA-AKI. This can lead to 

Performance of contrast-enhanced procedure

No serious adverse
outcomes

arrow width denotes approximate proportion of patients

Death, dialysis,
progressive CKD

CA-AKI

Fig. 6.2 Outcomes 
of contrast-enhanced 
procedures. Most 
patients undergoing 
contrast-enhanced 
procedures do not 
develop AKI (white 
arrow). Among patients 
with AKI defined by 
small increments in 
serum creatinine, most 
do not experience 
serious adverse 
outcomes (dark gray 
arrow)
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lower-than-expected rates of CA-AKI, decreased 
statistical power, and reduced capacity to deter-
mine efficacy in patients truly at increased risk.

6.5.7  Current Recommendations 
for the Prevention of CA-AKI

The initial step in preventing the development of 
CA-AKI involves the identification of patients at 
increased risk. For such patients, consideration 
should be made to perform alternative imaging 
procedures that do not require iodinated contrast 
but that provide comparable diagnostic yield. 
Among those who require intravascular contrast, 
all modifiable risk factors should be addressed. 
Non-steroidal anti-inflammatory medications 
should be discontinued prior to contrast adminis-
tration and held until CA-AKI has been ruled out. 
The lowest necessary volume of either low or iso- 
osmolal contrast should be used. Isotonic IV 
sodium chloride should be administered prior to, 
during, and after the procedure [149]. For hospi-
talized patients, particularly those undergoing 
non-emergent procedures, isotonic IV sodium 
chloride can be delivered at a rate of 1 ml/kg/h 
for 12 h preceding, during, and for 12 h following 
the procedure. For subjects undergoing outpa-
tient or urgent inpatient procedures, IV sodium 
chloride can be administered at a rate of 3  ml/
kg/h over 1 h prior to and 1–1.5 ml/kg/h during 
and for 4–6 h following contrast administration. 
The POSEIDON trial documented that the provi-
sion of isotonic IV fluid to patients undergoing 
coronary angiography with elevated left ventricu-
lar end-diastolic pressure is effective and safe 
[170]. Therefore, isotonic IV sodium chloride 
should be administered to patients with non-
decompensated heart failure, albeit with careful 
monitoring for the development of pulmonary 
compromise. At present, there is no role for other 
pharmacological interventions for the prevention 
of CA-AKI. Similarly, available data do not sup-
port the discontinuation of diuretics or blockers 
of the renin-angiotensin aldosterone axis prior to 
contrast administration. In patients at-risk for 
CA-AKI, including those who receive appropri-
ate preventive care, it is essential to assess SCr 

48–96  h following contrast administration to 
determine whether CA-AKI has developed. This 
permits the timely implementation of supportive 
care to mitigate further renal injury.

 Conclusion
The administration of intravascular iodinated 
contrast media is a common cause of acute 
kidney injury. Past research has elucidated the 
pathophysiology of and risk factors for 
CA-AKI.  A series of studies, principally 
observational, have shown that CA-AKI is 
associated with serious adverse short- and 
long-term outcomes; findings that have likely 
contributed to the under- utilization of indi-
cated diagnostic and therapeutic procedures in 
patients with kidney disease. However, the 
causal nature of these associations remains 
unproven. Therefore, contrast-enhanced pro-
cedures with clear clinical indications should 
be performed, albeit with appropriate preven-
tive care. The cornerstone of prevention of 
CA-AKI is the provision of peri-procedural 
isotonic IV fluids, namely sodium chloride. 
Additional studies that enroll large numbers of 
high-risk patients and evaluate clinically rele-
vant patient-centered outcomes are needed to 
determine if other pharmacological or non-
pharmacological interventions have a role in 
the prevention of this iatrogenic condition.
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Acute kidney injury (AKI) is a common and dev-
astating complication in patients with cirrhosis, 
occurring in an estimated 19% of hospitalizations 
[1], and is associated with significant mortality, 
55–91% [2–4]. The clinical impact of this grave 
confluence of illnesses will continue to worsen as 
the incidence of both AKI and cirrhosis is increas-
ing [5]. Importantly, etiologies of AKI in patients 
with cirrhosis vary, and distinguishing between 
them is critical as distinct therapies exist. 
Approximately one third of such patients have 
acute tubular necrosis (ATN) [1]. Care in such 
patients is supportive, and, if clinically necessary, 
they are typically offered dialysis. Of the remain-
ing patients, two thirds have prerenal azotemia, a 
functional AKI that is responsive to volume 
expansion. Such patients are managed by holding 
diuretics and providing albumin, typically dosed 
as 1 mg/kg/day. The remaining patients have kid-
neys that are primarily structurally intact but 
whose AKI is unresponsive to volume expansion. 
These patients are clinically diagnosed with hep-
atorenal syndrome (HRS), which can either be a 
rapidly progressive form (type 1) or a more indo-
lent form, that more accurately can be thought of 
as an aggressive form of chronic kidney disease 

in patients with refractory cirrhosis (type 2). The 
management of type 1 HRS will be extensively 
discussed below but consists of attempting to 
shunt blood from the splanchnic to the systemic 
vasculature so as to improve renal perfusion.

7.1  Pathogenesis of Hepatorenal 
Syndrome and Other Causes 
of AKI in Patients 
with Cirrhosis

Patients with cirrhosis have an increased pro-
pensity for renal failure secondary to the hemo-
dynamic abnormalities associated with the 
progression of liver disease and the development 
of ascites. The initial precipitating factor is the 
onset of portal hypertension and portosystemic 
collaterals and consists of splanchnic vasodilata-
tion. It is likely that much of this vasodilatation is 
driven by bacterial translocation, which has been 
demonstrated to be increased in both animals and 
patients with cirrhosis [6, 7]. Such translocation 
elicits an inflammatory response, with increased 
production of proinflammatory cytokines includ-
ing tumor necrosis factor-α and interleukin-6 and 
vasodilator factors (nitric oxide) in the splanch-
nic area. In experimental cirrhosis, nitric oxide 
blockade increases systemic blood pressure and 
sodium excretion and decreases ascites [8, 9]. 
Indeed, patients with cirrhosis and increased 
levels of lipopolysaccharide-binding protein 
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or  circulating levels of bacterial DNA have 
increased serum levels of cytokines, reduced sys-
temic vascular resistance, and increased cardiac 
output, as compared with those who have cir-
rhosis but are without these markers of bacterial 
translocation [10, 11]. More recent studies have 
indicated that increased angiogenic factors and 
endogenous cannabinoids also appear to contrib-
ute importantly to vasodilatation of the splanch-
nic arterial vessels [12].

This vasodilatation results in a decrease in 
effective arterial blood volume, resulting in the 
stimulation of neurohumoral systems, specifi-
cally the renin-angiotensin-aldosterone system 
(RAAS), sympathetic nervous system, and 
non-osmotic release of antidiuretic hormone. 
Activation of RAAS and the sympathetic ner-
vous system induces sodium retention, increases 
intravascular volume, and results in a hyperdy-
namic circulatory state characterized by low sys-
temic vascular resistance and increased cardiac 
output [13]. These compensatory mechanisms 
are initially able to maintain a reasonable arte-
rial pressure and effective arterial blood volume. 
However, as cirrhosis progresses and vasodilata-
tion worsens, such mechanisms are no longer suf-
ficient, and patients experience a further decrease 
in effective blood volume with enhanced activa-
tion of vasoconstrictive systems [14]. This acti-
vation leads to preferential vasoconstriction in 
several vascular beds, most prominently the renal 
and central nervous systems [12, 15]. The predi-
lection toward renal vasoconstriction cannot be 
countered by the usual intrarenal release of vaso-
dilatory substances such as prostaglandins and 
prostacyclin owing to their decreased production 
in the renal vasculature in advanced cirrhosis, and 
vasoconstriction is exacerbated further by local 
release of vasoconstrictors such as endothelin 
and thromboxane [16]. The resulting progressive 
renal hypoperfusion perpetuates the increased 
sodium avidity and results in worsening of asci-
tes and edema. While an increase in cardiac out-
put initially acts as a compensatory mechanism, 
there is evidence that cardiac output decreases as 
cirrhosis progresses [17]. A relatively lower out-
put (<6 L/min) with a lack of response to further 
arterial vasodilatation and physiological stress-

ors can compound the deceased renal blood flow 
and has been shown to be a strong predictor of 
HRS [17–19]. The precipitants and physiologic 
derangements leading to AKI in patients with cir-
rhosis are shown in Fig. 7.1 [20].

In normal physiologic conditions, the renal 
vasculature is able to autoregulate renal per-
fusion in the setting of decreased flow via 
tubuloglomerular feedback and the myenteric 
stretch reflex. This autoregulation ensures an 
essentially constant blood flow to the kidneys 
irrespective of fluctuations in systemic blood 
pressure. However, when mean arterial pressure 
reaches a decisive threshold around 65 mmHg, 
autoregulatory mechanisms are overwhelmed, 
and renal blood flow begins to decrease in pro-
portion to renal perfusion pressure [21]. That 
is, for any given perfusion pressure, the amount 
of blood the kidney actually receives will pro-
gressively decrease [22, 23]. With advancing 
cirrhosis it has been demonstrated that this 
ability to autoregulate renal perfusion is lost. 
Patients with advanced cirrhosis are therefore 
both predisposed to renal hypoperfusion and 
ill-equipped to respond to it. Strong evidence is 
lacking that such chronic hypoperfusion itself 
leads to ischemic injury. However, hypoperfu-
sion clearly predisposes cirrhotic patients to 
structural kidney injury when coupled with a 
second hit. Such renal insults are common in 
cirrhosis and include hypovolemia secondary to 
gastrointestinal bleeding, diarrhea or excessive 
use of diuretics, use of nephrotoxic medications, 
and infections. Renal failure is particularly fre-
quent and severe in patients with spontaneous 
bacterial peritonitis. Stemming from bacte-
rial translocation, peritonitis is associated with 
an intense inflammatory response resulting in 
impairment of an already under functioning 
circulatory system [24, 25]. Nonsteroidal anti-
inflammatory drugs may also cause renal failure 
in patients with cirrhosis as their renal perfusion 
is extremely dependent on renal prostaglandin 
synthesis [14]. Once structural injury is estab-
lished in patients with cirrhosis, recovery may 
be retarded because of an inability to reconsti-
tute optimal renal perfusion even after resolu-
tion of the precipitating insult.
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7.2  Classification (Definition 
and Staging) of AKI 
in Cirrhosis

Despite improved understanding of the precipi-
tants of and physiology underlying AKI in cir-
rhosis, considerable confusion continues to 

surround its diagnosis. One of the primary rea-
sons for such struggles is that creatinine, the chief 
biomarker of glomerular filtration, is unsuited for 
this role in patients with cirrhosis. In this setting, 
low protein intake, loss of muscle mass, dimin-
ished hepatic synthesis of creatine, and an 
enlarged volume of distribution decrease serum 

Precipitants Mechanism Clinical Correlates

Portal hypertension

Splanchnic/systemic vasodilatation
Infection, LVP,
vasodilators

Diarrhea, 
diuretics, GI bleed

Ø Effective blood volume

Ø SVR, MAP

≠ Cardiac output
≠ Arterial underfilling

≠ SNS, RAAS, ADH

Renal vasoconstriction

Sodium and water
retention

Ascites
Hyponatremia

Precipitant (mostly
infection)

Worsening liver
function

Relative decline
in cardiac output

Progressive
hypoperfusion

Acute tubular necrosis

Stru
ct

ura
l i

nju
ry

Hepatorenal syndrome

Reduced GFR

NSAIDS

Sepsis

Fig. 7.1 Precipitants, mechanisms, and clinical corre-
lates of HRS and ATN in cirrhosis. Portal hypertension 
leads to splanchnic and systemic vasodilatation, reducing 
effective arterial blood volume. This reduction stimulates 
activation of sympathetic nervous system (SNS), RAAS, 
and antidiuretic hormone (ADH) with ensuing retention 
of sodium and water, increasing cardiac output, ascites, 
and hyponatremia. The increased activity of vasoconstric-
tor systems results in renal vasoconstriction and consis-
tently decreased renal perfusion. Any factor that worsens 
vasodilatation (infection, large-volume paracentesis 
[LVP], vasodilators) or decreases blood volume (diarrhea, 
over-diuresis, bleeding) will further decrease renal perfu-
sion and lead to AKI.  In advanced cirrhosis, splanchnic 
vasodilatation and renal vasoconstriction can become 

refractory to volume expansion and, compounded by 
decreased cardiac function, lead to severe renal hypoper-
fusion and development of HRS.  Alternatively, precipi-
tants may be severe enough to produce structural tubular 
injury (e.g., septic or hypovolemic shock) and AKI. The 
extent to which prolonged severe HRS can progress to 
ATN remains unclear and thus is depicted with a dashed 
line. Abbreviations: GI gastrointestinal, MAP mean arte-
rial pressure, NSAIDs nonsteroidal anti-inflammatory 
drugs, SVR systemic vascular resistance. Reprinted from 
Belcher JM, Parikh CR, Garcia-Tsao G.  Acute kidney 
injury in patients with cirrhosis: perils and promise. Clin 
Gastroenterol Hepatol. 2013;11(12):1550–1558; used 
with permission
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creatinine level irrespective of renal function and 
thus lead to overestimation of glomerular filtra-
tion rate (GFR) [26]. Major extrarenal influences 
on serum creatinine level are shown in Fig. 7.2. 
The traditional definition of AKI in cirrhosis has 
involved an increase in creatinine to greater than 
1.5  mg/dL [27]. However, with the above-
described factors frequently resulting in a base-
line creatinine level as low as 0.5 or 0.6 mg/dL, 
adherence to such an elevated threshold may 
result in delayed diagnosis for patients with 
severe AKI and likely fails to detect many cases 
of mild to moderate disease.

In 2010, a working group composed of mem-
bers of the International Ascites Club (IAC) and 
the Acute Dialysis Quality Initiative (ADQI) pub-
lished diagnostic criteria for what they term “hep-
atorenal disorders,” covering AKI, chronic kidney 
disease (CKD), and HRS [28]. Recognizing that 
serum creatinine level is an especially poor bio-
marker of renal dysfunction in patients with 
cirrhosis [26], the group recommended the adap-
tation of a rise in serum creatinine of ≥0.3 mg/
dL in <48 h as the threshold for AKI rather than a 

fixed cutoff greater than 1.5 mg/dL. However, the 
threshold of 2.5 mg/dL for the diagnosis of type 1 
HRS (which was to be considered as special form 
of AKI) was left unchanged. The component of 
urine output included in the Acute Kidney Injury 
Network (AKIN); Risk, Injury, Failure, Loss, and 
End-Stage Renal Failure (RIFLE); and Kidney 
Disease: Improving Global Outcomes (KDIGO) 
sets of criteria was excluded from the new con-
sensus guidelines as patients with decompen-
sated cirrhosis frequently have reduced urine 
output as a result of their high renal sodium and 
water retention [29]. Such patients with refrac-
tory ascites unresponsive to diuretic therapy may 
have daily urine outputs below the threshold for 
the diagnosis of AKI but also have stable serum 
creatinine levels.

The IAC-ADQI diagnostic criteria were eval-
uated in a cohort of patients with decompensated 
cirrhosis and normal serum creatinine levels who 
were monitored regularly as outpatients. AKI 
was observed in 54% of patients, with many 
patients having repeated episodes of AKI over 
a 12-month period [30]. Despite peak serum 

Protein intake
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conversion to

creatinine

Volume of
distribution Measurement

Excretion Gastrointestinal
elimination

Drugs

Non-modifiable

• Trimethoprim

• Age
• Race
• Sex

• Cimetidine
• Probenecid

Hyperbilirubinemia

Production

Muscle mass Sepsis

Fig. 7.2 Extrarenal influences on serum creatinine levels. 
Primary extrarenal influences on serum creatinine are 
depicted. In addition to the status of renal filtration, creati-
nine levels are affected by factors that influence its pro-
duction and excretion as well as those that impact its 

measurement. Factors especially relevant to patients with 
cirrhosis are shown in red. Reprinted from Belcher JM, 
Parikh CR, Garcia-Tsao G. Acute kidney injury in patients 
with cirrhosis: perils and promise. Clin Gastroenterol 
Hepatol. 2013;11(12):1550–1558; used with permission
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creatinine levels remaining within the normal 
laboratory range in the majority of episodes of 
AKI, there was a gradual and statistically signifi-
cant (P < 0.05) rise in serum creatinine levels in 
the AKI group over the ensuing 12 months. This 
increase was associated with a significant reduc-
tion in survival in comparison with the non-AKI 
group (P < 0.05). Meeting the IAC-ADQI diag-
nostic criteria for AKI therefore has prognostic 
relevance even in the outpatient setting. When 
the same IAC-ADQI criteria were applied to a 
cohort of hospitalized patients with cirrhosis and 
a bacterial infection, those patients diagnosed 
with AKI using the new criteria had reduced 
30-day survival compared with those who did 
not develop AKI [31]. Even in those patients 
whose creatinine returned to baseline, survival at 
30 days was still substantially decreased in com-
parison with those patients who never developed 
AKI (P < 0.05).

Despite these findings, there has been con-
siderable controversy on whether to adopt these 
new diagnostic criteria in lieu of the conventional 
standard of creatinine rising above 1.5 mg/dL out 
of concern that the increased sensitivity of the 
new criteria would ameliorate its predictive value 
[32, 33]. Two studies independently found that 
the short-term prognosis of hospitalized patients 
with cirrhosis and stage 1 AKI whose peak serum 
creatinine level was <1.5  mg/dL was excellent, 
similar to patients without AKI [34, 35]. Ferreira 
et al. evaluated the new definition in a study of 94 
ICU patients with cirrhosis with a documented 
baseline creatinine level less than 1.5  mg/dL 
[36]. Forty-three patients (46%) had AKI by IAC-
ADQI vs. 24 patients (26%) using the traditional 
definition. AKI by the traditional standard had a 
stronger association with mortality than AKI by 
IAC-ADQI, with an odds ratios (ORs) and 95% 
confidence intervals of 6.8 (2.4–18.8) and 3.1 
(1.2–7.8), respectively. Similarly, patients meet-
ing traditional criteria had higher mortality rates 
(58%) than those who only reached the IAC-
ADQI threshold (40%). The authors concluded 
the new definition may not be better at defining 
in-hospital mortality risk. It is certainly true that 
adopting a more lenient definition of AKI will 
decrease specificity for predicting mortality. 

By labeling more patients as having AKI, cases 
on average will be less severe and on aggregate 
patients will have better outcomes, evidenced in 
the study by Ferreira et al. by IAC-ADQI’s lower 
positive predictive value (40% vs. 58%).

The benefits of adopting the new, more sen-
sitive definition, however, are twofold. First, 
although necessarily losing specificity, lowering 
the threshold for a diagnosis of AKI will increase 
sensitivity, and the association between even 
mild acute increases in creatinine and adverse 
outcomes has been well established [37]. In the 
study by Ferreira et  al. [36], the AKIN defini-
tion identified 21% more patients who ultimately 
would die. Second, and perhaps more impor-
tantly, the lower threshold of AKIN will identify 
those more severe cases who ultimately would 
have qualified for the 1.5  mg/dL threshold as 
having AKI significantly earlier, thus facilitating 
earlier interventions and potentially improving 
outcomes [37]. Prospective validation of these 
potential benefits awaits definitive demonstration 
in further prospective trials.

7.2.1  Definition of Baseline 
Creatinine

With the adaptation of an AKI definition contin-
gent upon changes in creatinine from a patient’s 
baseline, the decision as to which creatinine 
value to consider as the baseline necessarily 
assumes tremendous import. Historically studies 
used ad hoc definitions of baseline serum creati-
nine levels, and the prevalence and mortality 
unsurprisingly differed considerably depending 
on which definition was used. The most com-
monly utilized value in the setting of cirrhosis 
was creatinine at hospital admission. However, 
when compared with the use of accurate outpa-
tient baseline values, such an approach obscures 
the presence of nearly 40% of AKI cases [38]. At 
the recommendation of an expert consensus con-
ference, the baseline serum creatinine level is 
now defined as a stable serum creatinine within 
the previous 3  months [39]. Only if none is 
 available should the value obtained upon admis-
sion be considered the baseline.
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7.2.2  Staging of AKI Severity 
in Cirrhosis

In addition to adopting new criteria for the diagno-
sis of AKI, the most recent IAC recommendations 
also endorse the breakdown of AKI into stages as 
per the AKIN guidelines. The applicability of the 
staging system in the assessment of AKI in cirrho-
sis was evaluated in a cohort of 192 patients admit-
ted into hospital with AKI [38]. Patients were 
classified into different stages of AKI on admis-
sion according to the AKIN creatinine criterion. At 
enrollment, 91 patients were in AKIN stage 1, 
56  in stage 2, and 42  in stage 3. A correlation 
between the in-hospital mortality with the initial 
stage at the time of diagnosis of AKI was found, 
with higher in-hospital mortality noted for higher 
stages of AKI. During their hospital stay, 85 of 192 
(44%) patients’ AKI progressed, and this worsen-
ing was associated with the development of sig-
nificantly more medical- and cirrhosis-specific 

complications (P  <  0.05) and an exponential 
increase in mortality (Fig. 7.3). Significantly more 
non-survivors had progression of AKI compared 
with survivors (P < 0.0001). Conversely, improve-
ment of serum creatinine levels was more frequent 
among survivors than non-survivors (P = 0.01). A 
similar improvement in survival was observed 
after downstaging of AKI with terlipressin in a dif-
ferent cohort of patients with type 1 HRS [40].

The same findings were confirmed in the 
second study consisting of 110 prospectively 
enrolled patients with decompensated cirrho-
sis and AKI, and 52 retrospectively identified, 
but well-matched, controls who were cirrhotic 
inpatients admitted during the same period, but 
without AKI [41]. An overall mortality of 32% 
was observed in the AKI group, versus 4% in the 
control group (P < 0.001). In-hospital mortality 
increased significantly with ascending stages of 
AKI (14% stage 1, 38% stage 2, and 43% stage 
3; P < 0.001).

AKIN Stage 1
N=91

No
Progression

48 (53%)

Stage 2
17 (40%)

Stage 3
10 (23%)

Dialysis
16 (37%)

Mortality

2% 29% 50% 56% 7% 18% 60% 21% 71%

Stage 3
11 (42%)

Dialysis
15 (58%)

Dialysis
14 (100%)

Progression
43 (47%)

No
Progression

30 (54%)

Progression
26 (46%)

No
Progression

28 (67%)

Progression
14 (33%)

AKIN Stage 2
N=56

AKIN Stage 3*
N=42

Fig. 7.3 Degree of AKI progression and mortality. 
Progression is defined by an increase in AKIN stage 
after initially fulfilling AKIN criteria. Progression to 
dialysis refers to any patient who presented as non-dial-
ysis-dependent but subsequently developed the require-

ment for dialysis. Reprinted from Belcher JM, 
Garcia-Tsao G, Sanyal AJ, et  al. Association of AKI 
with mortality and complications in hospitalized 
patients with cirrhosis. Hepatology. 2013;57(2):753–
762; used with permission
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7.3  Diagnostic Evaluation 
and Differential Diagnosis 
of AKI in Patients 
with Cirrhosis

The impact of AKI on mortality is not homoge-
neous but instead contingent on the etiology of 
AKI [42]. The primary causes of AKI in patients 
with cirrhosis are prerenal azotemia (PRA), acute 
tubular necrosis (ATN), and HRS.  The preva-
lence of these diagnoses among patients with cir-
rhosis and AKI is shown in Fig. 7.4. HRS is one 
of the most common complications suffered by 
patients with advanced cirrhosis. In those with 
ascites, HRS will develop in 18% by 1 year and 
40% after 5 years [43]. The functional nature of 
HRS has been convincingly demonstrated via the 
absence of significant morphologic damage on 
kidney biopsy, the restoration of renal function 
following liver transplant and subsequent restora-
tion of renal perfusion, and the potential revers-
ibility of the renal dysfunction following 
treatment with volume expansion and vasocon-
strictors. The major diagnostic challenge (which 

is a critical one for prognosis and treatment strat-
egies) is distinguishing structural (ATN) from 
functional (HRS) AKI. In spite of the severity of 
kidney dysfunction, kidneys in patients with 
HRS are primarily structurally intact. Kidney 
function in this setting, therefore, can be mark-
edly improved if kidney blood flow is restored. In 
addition to treatment with vasoconstrictors (see 
below), liver transplantation in patients with 
advanced cirrhosis can restore systemic vascular 
resistance, mitigate systemic and kidney vaso-
constriction, and restore normal kidney hemody-
namics. Patients with HRS at the time of liver 
transplantation can, thus, experience rapid 
improvement in kidney function posttransplant 
[44]. Patients with ATN should be dialyzed if 
clinically indicated, but in such patients with 
frank structural injury, interventions to restore 
kidney perfusion do not result in resolution of 
AKI, and application of vasoconstrictors or liver 
transplantation is, therefore, inappropriate. 
Finally, patients with ATN must be differentiated 
from patients with HRS when considering a com-
bined liver/kidney transplant.

Hospitalized patients with cirrhosis

Chronic renal failure
1% 19

Pre-renal
68% (437/639)19,23,24

Volume-responsive
66% (288/437)19,23,24

HRS type 119,23,24

25% (108/437)
HRS type 219,23,24

9% (41/437)

Not volume-responsive

• Infection*
• Hypovolemia
• Vasodilators
• Other

Intra-renal (ATN, GMN)
32% (224/712)19,21,23,24

Post-renal
(obstructive)

(<1%)23

ARF / AKI
19% (293/1544) 18-22

Fig. 7.4 Prevalence and types of acute kidney injury in 
hospitalized patients with cirrhosis. Abbreviations: ARF 
acute renal failure, AKI acute kidney injury, ATN acute 
tubular necrosis, GN glomerulonephritis, HRS hepatore-

nal syndrome. Reprinted from Garcia-Tsao G, Parikh CR, 
Viola A.  Acute kidney injury in cirrhosis. Hepatology. 
2008;48:2064–2077; used with permission
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HRS is divided into two distinct clinical pat-
terns based on intensity and rate of progression, 
type 1 and type 2. Type 1 HRS is the more severe 
and rapidly progressive and has been significantly 
more studied. It has traditionally been defined by 
a rapid loss of renal function with a doubling 
of creatinine to greater than 2.5  mg/dL in less 
than 2 weeks. Clinically patients with HRS are 
virtually always hypotensive with hyponatremia 
(serum sodium <130  mEq/L) and demonstrate 
extreme sodium avidity with urine sodium often 
<10  mEq/L.  The mortality in type 1 HRS is 
severe, with untreated patients surviving an aver-
age of 2 weeks. Despite these characteristic clini-
cal findings, it can frequently be very challenging 
to differentiate HRS from other causes of AKI 
in patients with cirrhosis, in particular ATN.  In 
light of the cost, scarcity, and potential toxicity 
of HRS therapies, accurately making this distinc-
tion is critical.

Many of the tests typically used to identify 
ATN in the general population are ineffective 
in the setting of cirrhosis. The fractional excre-
tion of sodium (FENa), so commonly used by 
nephrologists evaluating AKI, has historically 
been very challenging to interpret in patients 
with cirrhosis. While HRS is well recognized to 
be associated with very low urine sodium, such 
is the degree of renal sodium avidity in advanced 
cirrhosis that FENa is low even in the absence of 
AKI [45], and ATN can present with a FENa less 
than 1% despite the presence of tubular injury 
[46]. The traditional dichotomy where a FENa 
less than 1% indicates hypoperfusion and more 
than 1–2% signifies tubular dysfunction and ATN 
is, therefore, inapplicable. As a result, FENa has 
historically been thought of as less useful in the 
setting of cirrhosis. Similarly, urine microscopy 
is potentially helpful in the differential diagnosis 
of AKI but is complicated in patients with cir-
rhosis by biliary staining of sediment and has 
not been rigorously evaluated in this setting. The 
gold standard for diagnosing AKI, kidney biopsy, 
is rarely performed in patients with advanced cir-
rhosis for fear of bleeding complications.

In an attempt to standardize the diagnosis of 
HRS, the IAC established and then revised six 
clinical criteria [27]. Once prerenal azotemia is 

ruled out by failure to improve with withhold-
ing of diuretics and albumin resuscitation, those 
patients meeting all six IAC criteria were deter-
mined to have HRS, whereas those who do not 
were assumed to have ATN (barring signs con-
sistent with a glomerulonephritis or interstitial 
nephritis). Unfortunately, these criteria lack spec-
ificity as patients with ATN often (1) present with 
ascites, (2) have creatinine more than 1.5  mg/
dL, (3) do not respond to volume resuscitation, 
(4) lack significant proteinuria or hematuria, and 
(5) have no gross structural changes to the kid-
ney. Although ATN can certainly be associated 
with shock, (6) ischemic ATN can develop in the 
absence of shock and, indeed, frequently occurs 
in the setting of ostensibly normal blood pressure 
[47]. In addition, the degree of creatinine eleva-
tion does not distinguish ATN from HRS [48]. In 
2015, as part of adopting the IAC-ADQI diagnos-
tic criteria, the IAC again revised the definition 
for type 1 HRS (Table 7.1) [39]. As long as they 
meet the criteria for AKI (an increase in creati-
nine of ≥0.3 mg/dL within 48 h or an increase of 
≥50% from baseline within 7  days) and fulfill 
the other five traditional IAC criteria for HRS, 
there is no longer a fixed creatinine threshold that 
patients must cross before being diagnosed with 
HRS. In addition, as long as patients present with 
stage 2 or 3 AKI or progress from one stage to 
a higher stage, the creatinine no longer must be 
more than 2.5 mg/dL before treatment with vaso-
constrictive agents is indicated.

Table 7.1 International Ascites Club diagnostic criteria 
for hepatorenal syndrome

Diagnosis of cirrhosis with ascites
Diagnosis of AKI according to IAC-ADQI criteria
No response after 2 consecutive days of diuretic 
withdrawal and plasma volume expansion with 
albumin 1 g/kg of body weight
Absence of shock
No current or recent use of nephrotoxic drugs
No macroscopic signs of structural kidney injury
Absence of proteinuria (>500 mg/day)
Absence of microscopic hematuria (>50 RBCs per 
high-power field)
Normal finding of renal ultrasound

Abbreviations: AKI acute kidney injury, IAC-ADQI 
International Ascites Club-Acute Dialysis Quality 
Initiative, RBC red blood cell
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7.3.1  Role of Biomarkers

While the updated HRS definition will lead to earlier 
initiation of therapy, it does not resolve the difficulty 
in distinguishing ATN from HRS. The critical diag-
nostic shortcoming is that serum creatinine is a 
marker of kidney filtration, not injury, and, thus, can-
not distinguish functional from structural etiologies 
of AKI.  Nearly 30 biomarkers of kidney tubular 
injury have recently been investigated for early 
detection, differential diagnosis, and prognosis of 
AKI [49]. Such biomarkers reflect frank structural 
injury and, thus, when appearing in consort with an 
acute drop in glomerular filtration rate (GFR), 
should indicate the drop is attributable to structural 
damage. Among the most promising are interleu-
kin-18 (IL-18), kidney injury molecule-1 (KIM-1), 
liver-type fatty acid-binding protein (L-FABP), and 
neutrophil gelatinase-associated lipocalin (NGAL).

In one of the first studies investigating the 
potential of biomarkers for differential diagnosis 
in cirrhosis, Verna and colleagues assessed 118 
cirrhotic patients with urine samples collected in 
the emergency room and evaluated the utility of 
NGAL for the differential diagnosis of their kidney 
status and risk stratification for mortality [48]. HRS 
was diagnosed via the IAC criteria, PRA as a rise in 
creatinine by at least 0.3 mg/dL to >1.5 mg/dL with 
a fall to either baseline or <1.5 mg/dL within 48 h 
and ATN as a rise in creatinine by at least 0.3 mg/
dL to >1.5 mg/dL without a fall to <1.5 mg/dL in 
48  h despite withdraw and diuretics and volume 
resuscitation in patients not meeting HRS criteria. 
Patients with HRS (n = 20) had urine NGAL lev-
els intermediate between PRA (n  =  17) (median 
[interquartile range] 105  ng/mL [27.5–387.5] vs. 
20 ng/mL [15–45], P = 0.004) and ATN (n = 15) 
(325  ng/mL [100–700], P  =  0.001). Serum cre-
atinine, however, did not differ between ATN and 
HRS.  Fifteen (13%) patients died. In adjusted 
analysis, NGAL at a cutoff of 110  ng/mL (odds 
ratio, 6.05; 95% confidence interval, 1.35–27.2) 
and diagnosis of HRS (odds ratio, 6.71; 95% confi-
dence interval, 1.76–25.5) independently predicted 
mortality. Fagundes et  al. studied urinary NGAL 
in 84 patients with kidney dysfunction, defined as 
creatinine greater than 1.5 mg/dL [50]. HRS was 
diagnosed via the IAC criteria. Prerenal azotemia 

was considered when patients had a history of fluid 
losses in the preceding days (due to either bleed-
ing, diuretic overdose, or other causes), together 
with compatible findings, absence of other causes 
of impairment of kidney function, and reversibility 
of kidney impairment as indicated by decrease of 
serum creatinine below 1.5 mg/dL after fluid resus-
citation. ATN was diagnosed in patients who had 
at least three of the following: hypovolemic and/or 
septic shock or treatment with potentially nephro-
toxic agents, urine sodium greater than 40 mEq/L, 
urine osmolality lower than 400  mOsm/kg, and 
fractional excretion of sodium greater than 2% 
without diuretics. Patients with ATN (n = 11) had 
NGAL levels significantly higher than seen in PRA 
(n  =  16), 417  ng/mL (239–2242) vs. 30  ng/mL 
(20–59). HRS (n = 33) was once again intermedi-
ate, 76 ng/mL (43–263), and differed significantly 
from both ATN and PRA. NGAL levels in patients 
with PRA were similar to cirrhotic patients without 
AKI, showing biomarker specificity for structural 
AKI.  Qasem and colleagues evaluated the utility 
of both NGAL and IL-18 in 150 patients with cir-
rhosis admitted to ICU [51]. The diagnostic criteria 
utilized were identical to Fagundes. Values of both 
biomarkers in patients with HRS (n  =  14) were 
found to be significantly higher than in those with 
PRA (n = 17) and significantly lower than in those 
with ATN (n = 22). NGAL and IL-18 demonstrated 
an excellent ability to discriminate ATN from HRS 
with area under the receiving operating character-
istic curve (AUCs) of 0.91 and 0.98, respectively.

Belcher et  al. used retrospective adjudication 
by a panel of nephrologists and hepatologists after 
the patients’ death or discharge in a study of 102 
patients with cirrhosis and AKI whose creatinine 
either returned to within 25% of baseline within 
48  h of meeting Acute Kidney Injury Network 
(AKIN) criteria or whose AKI progressed to a 
higher stage after initially meeting the criteria 
[52]. Patients were adjudicated as PRA (n = 55), 
ATN (n = 19), and HRS (n = 16). Median values 
for NGAL, 565 (76–1000) vs. 59 ng/mL (22–203); 
IL-18, 124 (15–325) vs. 15 ng/mL (15–65); KIM-1, 
8.4 (4.1–18.3) vs. 5.1 ng/mL (2.1–10.7); L-FABP, 
27 (8–103) vs. 10 ng/mL (4–19); and albumin, 92 
(44–253) vs. 21  mg/dL (4–70) were significantly 
higher in patients with ATN compared with those 
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without ATN.  Comparing the three distinct diag-
noses, all biomarkers were significantly elevated in 
ATN relative to PRA, but only NGAL, IL-18, and 
albumin were statistically higher in ATN compared 
with HRS, and no injury markers distinguished 
PRA from HRS.  Across the majority of studies, 
levels for NGAL, the most investigated biomarker, 
have been remarkably consistent in patients diag-
nosed with HRS, raising the tantalizing promise of 
NGAL as an objective test to distinguish primarily 
functional from structural AKI in patients with cir-
rhosis and guide decisions regarding vasoconstric-
tor therapy (see below). Ariza et al. investigated 55 
patients with acutely decompensated cirrhosis [53]. 
Differential diagnosis was performed according to 
the criteria of Fagundes. In those patients who devel-
oped AKI, NGAL levels were once again lowest in 
PRA (n = 12), 36 μg/g creatinine (26–125); inter-
mediate in HRS (n = 15), 104 (58–208); and highest 
in ATN (n = 12), 1807 (494–3716). Interestingly, in 
the study by Belcher et  al., spot albuminuria was 
significantly higher in patients adjudicated with 
ATN, 92 mg/dL (44–254), than it was in either prer-
enal azotemia, 21 mg/dL (4–70), or HRS, 24 mg/dL 
(13–129), P < 0.001. The AUC identifying ATN at a 
cutoff of 44 mg/dL was 0.73 (0.64–0.83).

While NGAL and other biomarkers of structural 
injury hold great promise to distinguish HRS from 
ATN, the test is not clinically available in much of 
the world. Objective tests to make this distinction are 
therefore thought to be lacking, and the diagnosis of 

HRS is a clinical one and often one of exclusion. 
However, it is possible that a common, frequently 
utilized test in AKI, the fractional excretion of 
sodium (FENa), may hold unrecognized potential 
to assist with this differential diagnosis. In many 
settings of AKI, FENa is useful for distinguishing 
functional from structural disease. In functional, 
such as with prerenal azotemia, tubules are structur-
ally intact, and sodium avid due to renal hypoperfu-
sion and thus FENa is very low, below 1%. With 
structural etiologies such as ATN, tubular injury 
limits sodium resorption, and FENa increases, typi-
cally >2–3%. Due to the physiology of cirrhotic cir-
culation, virtually patients with advanced cirrhosis 
have chronic renal hypoperfusion and have a FENa 
<1%, even in the absence of AKI. Such is the degree 
of sodium avidity in advanced cirrhosis that even 
patients with ATN typically have a FENa <1% and 
the test has thus historically been thought unhelpful 
in distinguishing HRS from ATN [46]. However, in 
the abovementioned studies by Verna, Fagundes, 
Qasem, Belcher, and Ariza et  al., the FENa in 
patients diagnosed with HRS clustered tightly 
around 0.15% and in each case were significantly 
lower than those for patients with ATN.  While 
the values for ATN varied across studies based on 
diagnostic definitions, it appears that FENa, after 
reconceptualizing how “low is low,” may in fact 
be clinically useful for distinguishing HRS from 
ATN. Values for FENa in prerenal azotemia, HRS, 
and ATN are shown in Fig. 7.5.
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7.4  Therapy

7.4.1  Vasoconstrictors

The current pharmacologic mainstay of treatment 
for HRS is the use of vasoconstrictors. While this 
may seems superficially paradoxical in a condi-
tion driven by renal artery vasoconstriction, the 
physiologic rationale is that they improve circu-
latory function by causing constriction of the 
dilated splanchnic vasculature, shunting the 
blood back to the systemic circulation, and sub-
sequently de-escalating the endogenous vasocon-
strictor systems with a resulting improvement in 
renal perfusion. The most commonly used and 
extensively studied vasoconstrictors in the man-
agement of HRS include vasopressin analogues 
(terlipressin) and alpha-adrenergic agonists (mid-
odrine and norepinephrine). Studies have shown 
that renal response to vasoconstrictors is 
enhanced when paired with albumin in order to 
further improve systemic underfilling and this is 
thus the standard of care. Despite not being 
approved for clinical use in the United States, the 
majority of studies have focused on the use of ter-
lipressin in the treatment of type 1 HRS.

Terlipressin (paired with albumin) is typically 
started intravenously at 1  mg every 4–6  h and 
increased up to a maximum of 2 mg every 4–6 h 
after 3 days if there has not been response to ther-
apy as defined by a fall in creatinine of at least 
25% from pretreatment values. If the patient has 
not responded in 10–14 days, the treatment is dis-
continued. A full response has traditionally been 
considered a fall in creatinine to below 1.5 mg/
dL.  Meta-analysis has shown response rates to 
be approximately 40–50% [54]. More recently, 
Boyer et al. studied 196 patients randomized to 
either terlipressin administered as 1 mg every 6 h 
or placebo, with both groups receiving concomi-
tant albumin. While patients in the terlipressin 
arm had a significantly greater fall in creatinine, 
there was no difference between the groups in 
HRS reversal or in survival. Those receiving ter-
lipressin who did have reversal had significantly 
improved survival versus those who did not, 
while in the placebo arm, there was no difference 
in survival between patients who did and did not 

have HRD reversal [55]. However, when this 
study was analyzed together with another simi-
lar large trial by the same authors, resulting in 
a total of 153 patients receiving terlipressin and 
155 placebo, HRS reversal was more common 
with terlipressin than placebo, 27% vs. 14%; 
P  =  0.004 [56]. The effect was more profound 
in male patients, those with creatinine <3  mg/
dL at treatment initiation, Model for End-Stage 
Liver Disease (MELD) <34, and baseline mean 
arterial pressure (MAP) ≥70 mmHg. Despite the 
improved renal recovery, there was no difference 
in transplant-free or overall survival at 90 days. 
Interestingly, a very recent randomized controlled 
trial demonstrated that continuous infusion of 
terlipressin rather than intermittent boluses pro-
duced a trend toward improved response rates 
and was associated with significantly fewer 
adverse events and lower cumulative dose [57].

7.4.2  Predictors of Nonresponse

Several studies have looked to established predic-
tors of response to vasoconstrictor therapy. Nazar 
et  al. found bilirubin levels at the initiation of 
treatment and an increase in mean arterial 
 pressure (MAP) by ≥5 mmHg by day 3 of treat-
ment as independent predictors of renal recovery 
[58]. Response rates in patients with serum bili-
rubin <10 or ≥10  mg/dL were 67% and 13%, 
respectively (P  =  0.001). Corresponding values 
in patients with an increase in mean arterial pres-
sure ≥5 or <5  mmHg at day 3 were 73% and 
36%, respectively (P  =  0.037). In a trial by 
Sharma et  al. [59], creatinine level, MAP, and 
plasma renin activity at the initiation of treatment 
were associated with renal response on multivari-
ate analysis, while Boyer et al. found only creati-
nine level at the initiation of therapy to be 
independently associated [60]. Given these find-
ings that creatinine at the initiation of treatment is 
predictive of response, it was realized that it is 
likely imprudent to wait until it rises to 2.5 mg/
dL to initiate therapy. According to the newly 
proposed IAC algorithm, HRS can now be diag-
nosed when patients have stage 1 AKI and meet 
the other five criteria and vasoconstrictor therapy 
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can be initiated when AKI presents in stage 2 or 
3 or if there is progression of the initial stage 
despite general therapeutic measures [39]. An 
algorithm for HRS treatment is shown in Fig. 7.6.

7.4.3  Alternatives to Terlipressin

With terlipressin unavailable, the tradition alter-
native utilized in the United States has been a 
combination of midodrine and octreotide along 
with albumin. However, this regimen is inferior 
to intravenous vasopressor agents. Cavallin et al. 
randomized 27 patients with type 1 HRS to 
receive terlipressin and albumin, while 22 
received midodrine, octreotide, and albumin [61]. 
Both groups could receive escalating doses if 
there was no response to a maximum of 
12  mg/24  h of terlipressin and 12.5  mg and 
200 μg thrice daily of midodrine and octreotide, 

respectively. They found a dramatically higher 
rate of recovery of renal function in the terlipres-
sin group (19/27, 70.4%) compared to the mido-
drine/octreotide group (6/21, 28.6%), P = 0.01. 
Few prospective trials have compared terlipressin 
and norepinephrine. However, a meta-analysis of 
four small randomized trials (totaling 78 patients 
treated with terlipressin and 76 with norepineph-
rine, all treated with albumin) found no differ-
ence in either HRS response rate or 30-day 
mortality between the two vasopressors [62]. 
Therefore, in situations where terlipressin is not 
available, norepinephrine is likely a superior 
alternative to midodrine and octreotide.

Srivastava and colleagues compared terlipres-
sin versus a combination of dopamine, furosemide, 
and Lasix over 5 days in patients with both type 
1 and type 2 HRS [63]. In both groups, the two 
treatment arms resulted in similar increase in urine 
output and urine sodium along with similar falls 
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Specific treatment for
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decided on a
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Remove risk factors (withdrawal of

nephrotoxic drugs, vasodilators
and NSAIDs, decrease/withdrawal
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when diagnosed), plasma volume
expansion in case of hypovolemia

Fig. 7.6 Proposed algorithm for the management of 
acute kidney injury (AKI) according to the International 
Ascites Club-Acute Dialysis Quality Initiative (IAC-
ADQI) consensus criteria for patients with cirrhosis and 
ascites. There was considerable concern during the formu-
lation of the algorithm regarding the use of vasoconstric-
tors in patients with AKI stage 1 and sCr <1.5  mg/
dL. Their utility in this setting remains to be established. 
#Initial AKI stage is defined as AKI stage at the time of 

first fulfilment of the AKI criteria. §No global consensus 
was reached on this point. Abbreviations: HRS hepatore-
nal syndrome, NSAIDs nonsteroidal anti-inflammatory 
drugs, sCr serum creatinine. Reprinted from Angeli P, 
Gines P, Wong F, et  al. Diagnosis and management of 
acute kidney injury in patients with cirrhosis: revised con-
sensus recommendations of the International Club of 
Ascites. Gut. 2015;64(4):531–537; used with permission
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in plasma renin activity. Thirty-day mortality was 
also similar between the two groups. Interestingly 
though, neither arm in the type 1 HRS patients had 
a significant decreased in serum creatinine.

7.4.4  Transjugular Intrahepatic 
Portosystemic Shunts

The use of transjugular intrahepatic portosys-
temic shunts (TIPS) for the treatment of HRS has 
long held physiologic promise. By shunting 
blood for the splanchnic to the systemic circula-
tion, TIPS alleviates systemic underfilling and 
should therefore lead to a reduction in the activa-
tion of RAAS and the SNS. However, the setting 
where HRS is typically encountered (advanced 
cirrhosis) is also one in which TIPS is often con-
traindicated for fear of provoking or worsening 
hepatic encephalopathy. Therefore, few studies 
have prospectively investigated TIPS in the treat-
ment of HRS.  In two small studies, the use of 
TIPS in patients with type 1 HRS significantly 
improved GFR and reduced plasma renin activ-
ity, serum aldosterone, and norepinephrine levels 
in approximately 60% of patients [64, 65]. 
However, both studies excluded patients with 
advanced cirrhosis as defined by Child-Pugh 
score ≥12 or serum bilirubin >5 mg/dL as well as 
those with hepatic encephalopathy.

Type 2 HRS develops in patients with asci-
tes refractory to treatment with diuretics. In 
such patients both therapeutic paracentesis and 
TIPS have been shown to be effective in reduc-
ing  ascites. Randomized trials suggest that TIPS 
may improve survival compared to paracentesis 
[66]. In such patients, the MELD score has been 
shown to predict survival in patients treated with 
elective TIPS and should be included in the pro-
cess of selecting patients who would benefit from 
TIPS placement.

7.4.5  Renal Replacement Therapy

The role of renal replacement therapy in patients 
with HRS is controversial. Most clinicians agree 
that its use is appropriate when intended as a 

bridge to transplant but there are no randomized 
trials comparing its efficacy for this to other 
forms of therapy such as vasoconstrictors. More 
problematic are instances when patients are not 
transplant candidates. There is scant data on out-
comes for patients with cirrhosis and AKI requir-
ing dialysis as such patients are routinely 
excluded from trials and, when included, are 
typically not distinguished as having HRS or 
ATN. Those studies that have specifically investi-
gated dialysis in patients with HRS have either 
had extremely small numbers [67] or utilized out-
dated HRS definitions [67, 68]. Wong et al. stud-
ied 102 liver transplant candidates receiving RRT 
for AKI [69]. A total of 32 (31%) survived to 
transplant, with 1-year postoperative survival of 
70% versus 90% for patients not requiring 
RRT. Mortality in those not receiving a transplant 
was near universal, 64/69 (94%); 50% of patients 
died within 8 days of initiating RRT, and the sur-
vival curve did not begin leveling off until 
15–20  days. Little is known about the relative 
outcomes with continuous versus intermittent 
dialysis. Given the near universal hypotension in 
patients with decompensated cirrhosis, continu-
ous renal replacement therapy (CRRT) is 
 frequently employed as a matter of necessity. In 
the study by Wong et al., patients receiving CRRT 
had a significantly higher mortality than those 
receiving intermittent hemodialysis, 48/66 (73%) 
versus 18/36 (50%), OR 2.67 (1.14–6.23). 
However, as CRRT patients had significantly 
higher APACHE II scores, lower mean arterial 
pressure, increased rates of intubation, and higher 
rates of infection, this finding is clearly influ-
enced by selection bias. Zhang retrospectively 
studied 80 patients who received vasoconstrictors 
and albumin for HRS, 37 of whom received dial-
ysis and 43 of whom did not [70]. Baseline serum 
creatinine was similar between the groups though 
it is not clear what time-point was considered as 
the baseline in the non-dialysis group. There was 
no difference in 30 and 180  days mortality 
between the two groups, even after censoring for 
liver transplantation.

While the development of any successful treat-
ment for AKI is to be celebrated, there is con-
siderable cause for skepticism as to whether the 
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results of trials of vasoconstrictors are applicable 
to patients requiring dialysis. Patients already on 
dialysis have been excluded from randomized 
trials to date. Critically, across multiple studies 
looking at both terlipressin and norepinephrine, 
serum creatinine at initiation of treatment is one 
of the strongest independent predictors of renal 
response [60]. It is very unlikely that, either not 
having started vasoconstrictor therapy before 
dialysis is required or having progressed to RRT 
despite being on vasoconstrictors, patients would 
respond at this advanced stage. In addition, the 
majority of trials excluded patients in shock or 
with uncontrolled infections, complications fre-
quently present in ICU patients with HRS. In light 
of this, dialysis of HRS patients ineligible for 
transplant is unlikely to prolong length or qual-
ity of life and should typically not be performed.

7.5  Acute-On-Chronic Liver 
Failure

Historically the study of AKI in cirrhosis was 
understood to revolve around the setting of 
decompensated cirrhosis. Recently an apprecia-
tion has developed for the unique entity of acute-
on-chronic liver failure (ACLF) and its relation to 
AKI. ACLF combines an acute deterioration in 
liver function in an individual with pre-existing 
chronic liver disease with hepatic and extrahe-
patic organ failures and is associated with sub-
stantial short-term mortality. Common 
precipitants include bacterial and viral infections, 
alcoholic hepatitis, and surgery, but in more than 
40% of patients, no precipitating event is identi-
fied. Although clinicians have recognized acute 
decompensation and acute-on-chronic liver fail-
ure as separate clinical entities for many years, no 
universally accepted diagnostic criteria were 
available [71, 72]. Recently, two definitions have 
been proposed, by the Asian Pacific Association 
for the Study of the Liver (APASL) [73] and the 
European and American associations for the 
study of liver disease [74]. The definitions were 
merged under the auspices of the World Congress 
of Gastroenterology, affirming that acute-on-
chronic liver failure is distinct from both acute 

liver failure and decompensated cirrhosis, with 
clear clinical, laboratory, and pathophysiological 
features [75]. Subsequently investigators in two 
large, prospective, observational studies, one in 
Europe (Chronic Liver Failure [CLIF] 
Consortium Acute-on-Chronic [CANONIC]) 
[76] and one in Canada and the United States 
(North American Consortium for the Study of 
End-Stage Liver Disease [NACSELD]) [77], 
have attempted to define groups of patients with 
cirrhosis at high risk for ACLF and associated 
increased short-term mortality [78].

ACLF develops in approximately 30% of 
hospitalized patients with cirrhosis who have an 
acute complication of their liver disease [79]. 
In the CANONIC study which prospectively 
enrolled 1343 hospitalized patients with cirrho-
sis and an acute complication, kidney dysfunc-
tion (defined as serum creatinine 1.5–1.9 mg/dL) 
was reported in 13% and kidney failure (defined 
as serum creatinine ≥2  mg/dL or requirement 
of renal replacement therapy) in 56% of ACLF 
patients [76]. Studies based on APASL criteria 
have reported kidney dysfunction in 23–51% of 
patients [80–82] with ACLF as compared to the 
reported prevalence of 20% in overall hospital-
ized patients with cirrhosis [1]. Few studies have 
assessed the prevalence of AKI in ACLF employ-
ing the new definitions of AKI. As reported in one 
abstract, utilizing the AKIN criteria and APASL 
ACLF definition, a significantly higher incidence 
of AKI was noted in patients with ACLF (51%) 
as compared to 32% in patients with decompen-
sated cirrhosis not meeting ACLF criteria [82].

Angeli et al. studied 510 patients prospectively 
enrolled in the CANONIC study and assessed for 
the development of AKI at 48 h [83]. Two hun-
dred and forty patients (47%) met the criteria 
for ACLF, while 98 (19%) developed AKI. The 
development of both ACLF and AKI was strongly 
associated with mortality. 28-day transplant-free 
mortality and 90-day transplant-free mortality 
of patients with ACLF (32% and 50%, respec-
tively) were significantly higher with respect to 
those of patients without ACLF (6% and 16%, 
respectively; both P < 0.001). Corresponding val-
ues in patients with and without AKI were 46% 
and 59% and 12% and 26%, respectively (both 
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P < 0.0001). ACLF classification was more accu-
rate than AKI classification in predicting 90-day 
mortality (AUC 0.72 vs. 0.62; P < 0.0001) in the 
whole series of patients. Moreover, assessment 
of ACLF classification at 48 h had significantly 
better prognostic accuracy compared with that of 
both AKI classification and ACLF classification 
at enrollment.

Ariza et al. noted that LCN2, the gene respon-
sible for NGAL production, is upregulated in 
experimental models of liver injury and cultured 
hepatocytes as a result of injury by toxins or pro-
inflammatory cytokines, particularly interleu-
kin-6 [84]. To investigate whether NGAL could 
be a biomarker of ACLF and whether the LCN2 
gene may be upregulated in the liver in ACLF, 
they measured both urinary and plasma NGAL 
levels in 716 patients from the CANONIC study 
hospitalized for complications of cirrhosis, 148 
of whom developed ACLF. LCN2 expression 
was assessed in liver biopsies from 29 additional 
patients with decompensated cirrhosis with and 
without ACLF. The authors found urine NGAL 
(uNGAL) was markedly increased in ACLF vs. 
no ACLF (108 (35–400) vs. 29 (12–73) μg/g 
creatinine; P  <  0.001) and was an independent 
predictive factor of ACLF.  The independent 
association persisted after adjustment for kidney 
function and exclusion of variables present in 
ACLF definition. uNGAL was also an indepen-
dent predictive factor of 28-day transplant-free 
mortality together with MELD score and leu-
kocyte count (AUC 0.88). uNGAL significantly 
improved the accuracy of MELD in predicting 
prognosis. For example, for a MELD score of 30, 
the probability of death at 28 days was only 5% 
in patients with uNGAL below 15 μg/g of cre-
atinine compared to 41% in those with uNGAL 
above 105 μg/g of creatinine. LCN2 gene expres-
sion was markedly upregulated in the liver of 
patients with ACLF. Conversely, expression did 
not differ between patients with acute decompen-
sation but no ACLF and those with compensated 
cirrhosis.

While structural injury accounts for only 
approximately one third of AKI generally occur-
ring in cirrhosis, this percentage increases in the 
setting of ACLF due to increased prevalence of 

inflammation and infection [82, 85]. In nearly 500 
patients in hospital with cirrhosis and clinically 
significant renal dysfunction, 3-month survival 
was only 15% in those developing hepatorenal 
syndrome; however these patients accounted 
for only 13% of all cases [42]. Patients with cir-
rhosis whose renal failure had other causes were 
more than twice as likely to survive. Studies are 
needed to determine if biomarkers can assist with 
AKI differential diagnosis in ACLF as well as to 
evaluate the efficacy of vasoconstrictor therapy in 
those patients who do develop HRS.

Little data exists regarding the prevention of 
ACLF or of mitigating the risk of AKI in those who 
do suffer it. Administration of albumin for the pre-
vention of HRS [86] in patients with SBP and also 
use of prophylactic antibiotics have shown reduc-
tion in the incidence of kidney  failure by modula-
tion of NFkB and cytokines and by a TLR-4-based 
mechanism [87]. Use of norfloxacin for primary 
prophylaxis of SBP also holds promise in the pre-
vention of AKI [86]. While some trials in patients 
with severe alcoholic hepatitis have shown reduc-
tions in HRS and/or mortality with treatment with 
pentoxifylline and N-acetylcysteine [88–90] with 
or without steroids, others have found no effect 
[91, 92]. Administration of granulocyte colony-
stimulating factor (G-CSF) in patients with ACLF 
diagnosed as per APASL criteria has also been 
shown to reduce the development of HRS as well 
as decreasing the incidence of sepsis [93, 94].

 Conclusions
AKI is a common complication in patients 
with cirrhosis and remains associated with 
significant mortality. Advances in understand-
ing its pathogenesis and better delineating its 
etiologies have however provided hope for 
improved outcomes. The critical issue remains 
establishing an accurate and timely distinction 
between functional (HRS or prerenal azote-
mia) and structural (ATN) causes. Prerenal 
azotemia can often be ruled out by holding 
diuretics and challenging the patient with 
2  days of albumin dosed at 1  mg/kg/day. 
While distinguishing between HRS and ATN 
in the remaining patients is clinically very 
challenging, new tools and a reappraisal of 
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some nephrology old standbys hold the prom-
ise of illuminating a path through the diagnos-
tic fog. Urinary biomarkers reflecting frank 
structural injury to the tubules such as NGAL 
are significantly elevated in ATN compared 
with HRS, while FENa, reflecting tubular 
integrity and sodium avidity, is significantly 
lower in HRS.  Moving forward, a panel of 
structural and functional markers will likely 
provide significant clarity to this clinically 
vexing differential diagnosis. Once HRS is 
identified, new therapies hold promise to 
improve outcomes in what was once, outside 
of receiving a transplant, an essentially uni-
versally fatal condition. The vasoconstrictor 
terlipressin, in conjunction with albumin, has 
been shown to lower serum creatinine and 
lead to an increased rate of durable HRS 
reversal, though data demonstrating improved 
mortality remain scant. Importantly, norepi-
nephrine appears to be as effective as terlip-
ressin and is an acceptable clinical alternative 
in areas of the world where terlipressin is not 
available. In patients with ATN, dialysis 
should be offered when clinically indicated, 
and, if renal failure is persistent, patients 
should be evaluated for a combined liver-kid-
ney transplant.
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Acute Kidney Injury and Cancer: 
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Prevention/Treatment, 
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8.1  Introduction

Acute kidney injury (AKI) is an important 
complication of cancer and its treatment [1] 
[1–3].

Although AKI in the cancer patient is often 
multifactorial, it is useful to consider the causes 
of AKI in the traditional categories of prerenal, 
intrarenal, and postrenal [1]. These are summa-
rized  in Table 8.1. Risk factors which predispose 
to AKI in the cancer patient include advanced 
age, pre-existing renal disease, hypovolemia, 
intrinsic nephrotoxicity of a given chemotherapy 
drug, the cumulative dose received of that drug, 
and exposure to other nephrotoxins such as non-
steroidal anti-inflammatory drugs (NSAIDs). Not 
only does AKI complicate the general manage-
ment of the cancer patient, but it can delay or pre-
vent administration of optimal anticancer therapy. 
As in many areas of medical practice, the devel-
opment of AKI is generally associated with a 
poorer overall prognosis.

8.2  Prerenal AKI

Hypovolemia is a common complication of can-
cer. Fluid intake may be inadequate due to 
anorexia from the underlying disease or from the 
chemotherapy. Cancers involving the abdomen 
and pelvis—particularly when advanced—can 
cause small bowel obstruction (an example being 
ovarian cancer with peritoneal metastases). The 
chemotherapy may directly cause vomiting and 
diarrhea. Hypercalcemia of malignancy can 
exacerbate volume depletion.

Anticancer drugs can cause renal hypoperfu-
sion and prerenal AKI by other mechanisms. 
High-dose interleukin-2 can cause a capillary 
leak syndrome (and nausea + vomiting), leading 
to reduced effective circulatory volume. Cancer 
patients are at increased risk of NSAID-induced 
prerenal syndromes because (a) NSAIDs are 
often prescribed to treat cancer pain and (b) 
hypovolemia is common in these patients. The 
topic of NSAID-induced AKI is discussed in 
more detail in Chap. 9.

8.2.1  Hepatorenal Syndrome

Hepatorenal syndrome can be a rare complica-
tion of massive liver infiltration by tumor cells. 
Occasional cases occur because of severe drug-
induced hepatitis, e.g., with erlotinib, a tyrosine 
kinase inhibitor. Hepatorenal syndrome is most 
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commonly seen after myeloablative hematopoi-
etic cell transplantation.

8.2.2  Hypercalcemia

Hypercalcemia is a relatively common com-
plication of malignancy and indeed may be its 
presenting feature [2, 4]. Most cases of cancer-
associated hypercalcemia are due to release of 
parathyroid hormone-related peptide (PTHrp) or 
local bone breakdown (mediated by cytokines)—
see Table  8.2. Rarely, hypercalcemia is due to 
ectopic production of 1,25-dihydroxyvitamin 

D (calcitriol) in patients with lymphoma. AKI 
associated with hypercalcemia is predominantly 
due to renal vasoconstriction and hypovolemia. 
Treatment typically involves large volumes of 
normal saline (followed later by loop diuretics), 
high-dose bisphosphonates, steroids (where the 
tumor is presumed to be steroid sensitive, e.g., 
myeloma or lymphoma), and treatment of the 
underlying disease. Occasionally, oliguric AKI 
associated with severe hypercalcemia is treated 
with hemodialysis with a low calcium dialysate. 
In general, the renal prognosis is good because 
the hypercalcemia is usually reversible. The 
overall prognosis is frequently poor, however.

Table 8.1 Causes of AKI in the cancer patient

Prerenal
Hypovolemia (poor fluid intake, vomiting, diarrhea, capillary leak syndrome with IL2)
NSAIDs
Hypercalcemia
Hepatorenal syndrome (after HCT, massive infiltration by cancer cells)
Intrarenal
Glomerular
Rapidly progressive glomerulonephritis syndromes (rare)
Collapsing glomerulopathy (IV bisphosphonates, interferon)
Tubulointerstitial
ATN due to septic or hypovolemic shock
ATN due to IV contrast
ATN due to drugs (cisplatin, ifosfamide, zoledronate)
Acute cast nephropathy (myeloma)a

Tumor lysis syndrome (uric acid and calcium-phosphate deposition)a

High-dose methotrexatea

Interstitial nephritis (immune checkpoint inhibitors such as ipilimumab, nivolumab, and pembrolizumab)
Lysozymuria
Vascular
HUS (gemcitabine, mitomycin C, and other drugs; conditioning regimen for allogeneic HCT)
Anti-VEGF inhibitors and tyrosine kinase inhibitors
Postrenal
Obstruction of both urinary tracts by urological and non-urological cancers
Retroperitoneal fibrosis
Other
Bilateral nephrectomy (renal cancer)
Massive infiltration of kidneys by lymphoma
Partial or total nephrectomy for renal cell carcinoma

This list is not exhaustive
ATN acute tubular necrosis, HCT hematopoietic cell transplantation
aAssociated with both tubular injury and tubular obstruction
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8.3  Intrarenal AKI

Cancer and its treatment are associated with mul-
tiple intrarenal causes of AKI which can be sub-
divided into glomerular, tubulointerstitial, and 
vascular—see Table 8.1.

8.3.1  Glomerular Diseases

In general, cancer-associated glomerular disease 
tends to present with proteinuric syndromes and/
or subacute deterioration in renal function (rather 
than AKI; see “angiogenesis inhibitors” below). 
Well-described—but rare—examples of such 
presentations are tumor-associated membranous 
nephropathy and minimal change disease. Light 
chain deposition disease and amyloidosis are 
well-known complications of myeloma and other 
forms of monoclonal gammopathy. Again, “pure” 
AKI with these conditions is rare.

Other glomerular diseases (membranoprolifer-
ative glomerulonephritis, ANCA-associated vas-
culitis) have been reported in patients with cancer, 
although the association overall is not strong. In 
patients with membranoproliferative glomeru-
lonephritis, however, an underlying monoclonal 
gammopathy should always be excluded.

One glomerular disease that has been described 
almost exclusively in cancer patients is bisphospho-
nate-induced collapsing focal segmental glomerulo-
sclerosis (FSGS). This form of FSGS is thought to 
be a direct toxic effect of high doses of intravenous 
bisphosphonates, particularly pamidronate (histori-

cally, cancer patients tended to receive higher doses 
of bisphosphonates than other non-cancer patients). 
Patients with this form of kidney damage typically 
present with nephrotic syndrome and renal failure 
[3, 5]. Stopping the bisphosphonate may improve 
renal function somewhat, but many patients have 
residual CKD. This complication can be minimized 
by avoiding very high-dose bisphosphonate regi-
mens (especially in patients with pre-existing renal 
disease), administering the drug slowly and with IV 
fluids, and monitoring the patient’s plasma creati-
nine and urinalysis. Another clue to bisphosphonate 
“overdose” is the development of hypocalcemia. 
Fortunately, bisphosphonate nephrotoxicity appears 
to be less common because of greater awareness of 
this significant adverse effect.

8.3.2  Tubulointerstitial Diseases

Acute tubular necrosis may occur (just as in any 
patient) after inadequate renal perfusion associated 
with the shock syndromes (hypovolemic, septic, or 
cardiogenic shock). Again, cancer patients are 
more at risk of hypovolemic and septic shock due 
to their underlying diagnosis and the toxic effects 
of chemotherapy (neutropenia, mucositis, etc.). 
The management of AKI from ATN in this setting 
is broadly similar to that of the non-cancer patient. 
Acute tubular injury/necrosis may also have more 
“cancer-specific” causes—typically nephrotoxic 
effects of a chemotherapy drug or of a toxic sub-
stance released by the tumor cells. General mea-
sures to prevent chemotherapy nephrotoxicity are 
summarized in Table 8.3.

Table 8.2 Causes of hypercalcemia in the cancer patient

Type
Approximate % 
of total cases Typical cancers

Bone 
metastases Mediators

Humoral hypercalcemia 
of malignancy

80 Squamous cell cancers (of the 
lung, head + neck, uterine cervix), 
ovarian cancer, renal cancer

Minimal PTH-related 
protein (PTHrP)

Local bone breakdown 20 Multiple myeloma, breast cancer, 
lymphoma

Extensive Cytokines, 
chemokines

Excess 1,25 vitamin D3 <1 Lymphomas Variable 1,25 vitamin D3
Ectopic PTH <1 Various Variable PTH
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AKI due to acute interstitial nephritis has 
recently been associated with a new class of drug 
called immune checkpoint inhibitors. These 
drugs function—at least in part—by unblocking 
checkpoints in the patient’s immune response. 
Not surprisingly, severe inflammatory reactions 
have been reported in a number of organs includ-
ing the kidneys, lungs, and GI tract [3, 6].

8.3.3  Cisplatin

Cisplatin, commonly used in the treatment of 
solid organ cancer, is associated with dose-related 
nephrotoxicity [4, 7]. Its nephrotoxic effects 
include AKI, CKD, Fanconi-like syndrome, and 
magnesium wasting. Hemolytic uremic syn-
drome (HUS) has been reported when cisplatin is 
combined with gemcitabine or bleomycin.

Typically, the patient presents with non-oligu-
ric AKI after repeated exposure to cisplatin. 
Hypomagnesemia is common. There may be other 
evidence of tubular injury such as glycosuria and 
hypophosphatemia. Prevention involves adequate 
hydration at the time of administration and moni-
toring plasma creatinine. Worsening renal function 
may prompt a switch to a less nephrotoxic alterna-
tive such as carboplatin. Some degree of renal dys-
function and electrolyte wasting may persist for 
years, even after stopping the offending agent.

8.3.4  Ifosfamide

Ifosfamide can also cause severe tubular injury 
again resulting in AKI, CKD, and electrolyte 

wasting [4–8]. Nephrotoxicity is associated with 
higher cumulative doses. Preventive strategies 
are as described above for cisplatin.

8.3.5  Bisphosphonates

High doses of intravenous bisphosphonates, par-
ticularly zoledronate, can cause acute tubular 
necrosis, as opposed to the collapsing glomeru-
lopathy described above [6, 9]. Prevention of this 
form of AKI is similar to that proposed for the 
glomerular lesion.

8.3.6  Acute (Myeloma) Cast 
Nephropathy

The term “cast nephropathy” is preferable to the 
less specific “myeloma kidney.” The AKI in acute 
cast nephropathy is due to a combination of tubu-
lar injury and tubular obstruction (by casts con-
taining light chains) [2].

In the healthy person, small amounts of light 
chains are filtered across the glomerular barrier 
and resorbed in the proximal tubule. In the setting 
of massive production of a pathological light 
chain (i.e., multiple myeloma), the normal kid-
ney resorptive mechanisms are overwhelmed, 
and the light chains cause direct tubular injury 
and—when combined with Tamm-Horsfall pro-
tein—intratubular obstruction. Risk factors for 
acute cast nephropathy (in addition to production 
of a nephrotoxic light chain) include hypovole-
mia, hypercalcemia, and NSAIDs.

AKI in the setting of myeloma (or presumed 
myeloma) is a medical emergency. A high index 
of suspicion for acute cast nephropathy should be 
entertained in any elderly patient presenting with 
AKI especially if bone pain, hypercalcemia, ane-
mia, or high plasma globulins are present. Urgent 
serum electrophoresis, urine electrophoresis (or 
serum free light chain assay), and bone marrow 
biopsy should be performed. Immediate treatment 
includes large volumes of intravenous fluids and 
treatment of exacerbating factors (hypercalcemia, 
sepsis, etc.). Where the index of suspicion for 
acute cast nephropathy is high and results are 

Table 8.3 General strategies to minimize the nephrotox-
icity of chemotherapy

Avoid supra-therapeutic doses
Adjust dose for lower GFR
Administer high volumes of NS or other solution to 
maintain high urine output before/during/after infusion 
of drug
Monitor patient for rising creatinine and proteinuria; 
consider switching or postponing therapy if these 
occur
Avoid other nephrotoxins such as NSAIDs

NS normal saline
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pending, dexamethasone therapy should be started 
immediately. Renal biopsy is sometimes useful in 
making the diagnosis of cast nephropathy but may 
not be required where the diagnosis of myeloma 
is very likely or already known.

Once the diagnosis is established, definitive 
chemotherapy can be given. The goal of such 
chemotherapy is to reduce light chain production 
as quickly as possible. Current regimens in this 
setting usually incorporate the proteasome inhib-
itor, bortezomib, plus dexamethasone. In theory, 
extracorporeal removal of light chains might has-
ten renal recovery. Early small trials of plasma-
pheresis were somewhat encouraging in this 
regard, but the most recent randomized controlled 
trial showed little benefit [7, 10]. Similarly, high 
cutoff dialysis showed promise in preliminary 
studies, but a benefit has not yet been shown in 
larger randomized controlled trials. It should be 
noted that plasmapheresis is useful in the rare 
cases of AKI due to hyperviscosity syndrome.

In summary, the management of presumed or 
confirmed acute cast nephropathy involves a high 
index of suspicion, rapid diagnosis, IV fluids, and 
early aggressive chemotherapy to rapidly reduce 
light chain production. Other causes of AKI in 
the myeloma patient are summarized in Table 8.4.

8.3.7  Tumor Lysis Syndrome

TLS is a metabolic syndrome that can complicate 
cancer treatment but can occasionally arise de 
novo, in the setting of rapid cell turnover [2].

It is most commonly associated with lympho-
mas and leukemias but can complicate any rap-
idly proliferating malignancy, particularly if 
highly sensitive to chemotherapy. The metabolic 
abnormalities that occur in TLS result from mas-
sive cell death with the release of intracellular 

contents—see Fig. 8.1. The pathogenesis of the 
AKI is twofold. Firstly, uric acid crystals are 
deposited within the renal tubules, causing direct 
tubular toxicity and intratubular obstruction. 
Such deposition will be favored by a low ambient 
pH.  Secondly, calcium-phosphate crystals pre-
cipitate in the renal parenchyma—this is exacer-
bated by a high ambient pH.

The typical onset of TLS is within 24–72 h of 
starting cancer treatment. TLS is characterized by 
hyperkalemia, hyperphosphatemia, hyperurice-
mia, hypocalcemia, and AKI. Plasma lactate dehy-
drogenase (LDH) is also elevated. With appropriate 
measures TLS is preventable—see also Table 8.5:

 (a) Identify those at high risk of developing 
TLS, e.g., patients with pre-existing renal 
impairment or hypovolemia and high tumor 
load with a rapid cell turnover.

 (b) Administer large volumes of IV fluids to 
ensure a high urine output. Typically, normal 
saline is used because of concerns that 
sodium bicarbonate solutions might worsen 
calcium-phosphate deposition (see above). 
Overuse of bicarbonate solutions might also 
cause significant hypocalcemia. Intravenous 
normal saline at >200  mL/h should com-
mence prior to starting cancer treatment.

 (c) Allopurinol or rasburicase (recombinant 
uricase) should be started prior to chemo-
therapy to treat or prevent hyperuricemia. 
Allopurinol is the less costly option. Note 
that these drugs do not prevent calcium-
phosphate deposition.

Established TLS is a medical emergency. 
Treatment involves high-volume normal saline to 
maintain a high urine output and high-dose allo-
purinol or rasburicase (usually the latter). The 
metabolic derangements, such as hyperkalemia, 
should be aggressively treated. In advanced or 
severe cases, renal replacement therapy should 
be started early. High-dose hemodialysis or 
CRRT (preferably the former) is required to 
remove the large amounts of potassium being lib-
erated; high-dose dialysis will also tend to rap-
idly normalize uric acid, calcium, and phosphate 
concentrations, thus treating the underlying 

Table 8.4 Causes of AKI in the myeloma patient

Hypercalcemia
NSAIDs
Hyperviscosity syndrome
Acute cast nephropathy
ATN
High-dose bisphosphonates
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causes of AKI and hastening renal recovery. In 
general, the renal prognosis with TLS is good, 
assuming the patient survives the acute event.

8.3.8  Methotrexate

High-dose IV methotrexate followed by folinic 
acid rescue is used in the treatment of certain leu-

kemias, lymphomas, and solid organ cancers. 
High-dose protocols can cause severe AKI [3].

Nephrotoxicity is not a concern with low or 
standard dose methotrexate, but at high doses the 
drug and its metabolites can crystallize in the 
tubular lumina (causing obstruction and direct 
tubular damage). Precipitation of the drug is 
exacerbated by a lower urine pH. The resultant 
fall in GFR reduces the elimination of methotrex-
ate—potentially exposing the patient to severe 
toxic effects such as myelosuppression and 
hepatitis.

Risk factors for methotrexate nephrotoxic-
ity include pre-existing renal impairment, 
hypovolemia, and a high drug concentration at 
72  h  post-infusion. As urinary alkalinization 
reduces the intrarenal precipitation of metho-
trexate, a bicarbonate-based hydration regimen 
is recommended for the prevention of nephro-
toxicity. This solution should be commenced 

Massive tumor cell lysis

Phosphate PotassiumPurines

Xanthine

Uric acid

Allantoin
AKI

Arrhythmias

Urinary excretion

Calcium-
phosphate

precipitation
Allopurinol-

Rasburicase+

Fig. 8.1 Pathophysiology of tumor lysis syndrome. The mechanisms by which allopurinol and rasburicase prevent uric 
acid deposition in the kidneys are also illustrated

Table 8.5 Prevention of tumor lysis syndrome in the 
high-risk patient

Therapy Comment
Large volumes 
of IV fluids

Aim to keep urine output >150 mL/h

Allopurinol High doses needed. Safe and 
moderately effective; not expensive

Rasburicase Recombinant form of uricase. Rapid 
acting, safe, and very effective but 
expensive. Can be used to treat 
established cases
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prior to therapy and continued for 24–48  h 
after the infusion, aiming to achieve a urinary 
pH of >7.0.

An acute rise in plasma creatinine during or 
immediately after methotrexate infusion is usu-
ally the first marker of AKI. Established cases are 
treated with ongoing urinary alkalinization and 
additional folinic acid. Glucarpidase (a rescue 
agent, which cleaves methotrexate into nontoxic 
metabolites) is used in severe cases [8, 11]. 
Although methotrexate is not readily dialyzable 
and a rebound in levels occurs after cessation of 
dialysis, dialysis is sometimes prescribed in 
severe, established cases of MTX-induced AKI, 
pending administration of glucarpidase. Early 
recognition and treatment of this complication is 
essential.

8.3.9  Vascular Diseases

The most common vascular cause of AKI in 
patients with cancer is hemolytic uremic syn-
drome (HUS). HUS is a well-described compli-
cation of both cancer and its treatment. In some 
cases, an underlying adenocarcinoma of the 
stomach, pancreas, or prostate is directly respon-
sible. However, most cases arise in the setting of 
cancer plus chemotherapy. The most frequently 
implicated chemotherapy drugs are gemcitabine, 
mitomycin C, and the combination of cispla-
tin + bleomycin. HUS can also complicate hema-

topoietic cell transplantation (HCT), particularly 
if the conditioning regimen includes irradiation 
and high-dose cyclophosphamide. Other causes 
of AKI in the patient with HCT are summarized 
in Table 8.6.

The renal dysfunction in cancer-associated 
HUS may be acute or subacute and is often asso-
ciated with severe hypertension. Other clues to 
the diagnosis are the laboratory features of 
thrombotic microangiopathy (raised plasma 
LDH, schistocytes on blood film, falling hemo-
globin, falling platelets, low haptoglobin), but 
these abnormalities can be subtle. The AKI may 
not manifest until several months after initial 
exposure to the offending drug (median time to 
diagnosis in our gemcitabine series was 8 months) 
[9, 12]. Patients who are receiving the above 
drugs should have regular monitoring of blood 
pressure, platelet count, renal function, and 
LDH. New or exacerbated hypertension is often 
the first sign of an evolving HUS. Further tests 
such as serum haptoglobin and blood films can be 
done when clinical suspicion for HUS is high. 
Urinalysis typically shows blood and protein. 
Renal biopsy is occasionally performed when the 
diagnosis is not apparent. Management involves 
cessation of the offending agent, control of 
hypertension, and supportive care. Data to sup-
port the use of plasma exchange is lacking, but 
some centers use it in severe cases. The overall 
prognosis in cancer patients who develop HUS is 
often guarded.

Table 8.6 Types of hematopoietic cell transplant (HCT)  and associated AKI

Allogeneic myeloablative Autologous myeloablative
Allogeneic 
nonmyeloablative

Cancers treated Many leukemias, lymphomas, 
myelodysplastic syndromes

Lymphomas, multiple 
myeloma

As for allogeneic 
myeloablative

Intensity of 
conditioning regimen

High High Low

AKI after HCT Common; sometimes severe Rare Common; rarely 
severe

Causes of AKI 
(usually first 
3 months)

HRS, shock syndromes, 
nephrotoxic drugsa, CNIs, 
sirolimus

Shock syndromes, 
nephrotoxic drugs, 
occasionally HRS

CNIs

This list is not exhaustive
HRS hepatorenal syndrome, CNI calcineurin inhibitor
aAminoglycosides, amphotericin
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8.3.10  Angiogenesis Inhibitors

Both vascular endothelial growth factor (VEGF) 
inhibitors (bevacizumab, aflibercept) and tyro-
sine kinase inhibitors (imatinib and dasatinib) 
have been reported to cause proteinuria and 
hypertension. Less commonly, AKI may occur. 
The predominant histological findings have been 
renal thrombotic microangiopathy [4] [2, 7].

8.4  Postrenal AKI

Postrenal causes of AKI are common and should 
always be considered in the differential diagnosis 
of causes of AKI in the cancer patient. Conversely, 
malignancy should be considered in any patient 
who presents with bilateral urinary tract obstruc-
tion. Obstruction can be intrarenal (intratubular) 
or extrarenal—only the latter will be associated 
with hydronephrosis on imaging.

Intratubular obstruction can be caused by light 
chain casts, uric acid crystals (in tumor lysis syn-
drome), or crystallization of certain drugs (such 
as high-dose methotrexate). Acute cast 
 nephropathy, tumor lysis syndrome, and metho-
trexate nephrotoxicity are discussed above. 
Maintaining a high urine output in “at-risk” 
patients is the best way to avoid intratubular pre-
cipitation and AKI.

Extrarenal obstruction typically occurs at the 
level of the ureters or bladder (urethral obstruc-
tion is rare). Of course, both urinary tracts must 
be obstructed for severe AKI to occur, unless the 
patient has, at baseline, a solitary functioning 
kidney. Bilateral ureteric obstruction can be 
caused by a wide range of cancers, most com-
monly gynecological, gastrointestinal, or urolog-
ical; its presence usually indicates metastatic 
(and advanced) disease. Pelvic irradiation and 
certain malignancies such as lymphomas and sar-
coma can cause retroperitoneal fibrosis and ure-
teric obstruction; here there may be minimal or 
no hydronephrosis/hydroureter.

The clinical presentation of postrenal failure 
depends to some extent on the degree, the acuity, 
and the site of the obstruction. Severe, acute 
cases may present with oliguria and suprapubic 
or flank pain. Examination may show an enlarged 

bladder and/or flank tenderness. There may be 
other symptoms and signs (such as bone pain) 
suggesting a diagnosis of cancer. Ultrasound is 
the initial imaging modality of choice because it 
is inexpensive, is readily available, involves no 
IV contrast, and is a sensitive test for hydrone-
phrosis—see Fig. 8.2. It does not, however, pro-
vide good visualization of the distal ureters. CT 
or MRI are often used to define the level of 
obstruction and to stage the underlying malig-
nancy. Initial treatment involves relief of the 
obstruction (see Fig.  8.2) and treatment of the 
underlying malignancy. Nephrostomies and ure-
teric stenting often result in reasonable recovery 
of renal function—assuming renal parenchyma is 
reasonably well preserved at the time of presenta-
tion. Unfortunately, the overall prognosis is often 
guarded because the obstruction is usually due to 
extensive tumor. The prognosis can be better, 
however, with lymphoma-induced obstruction; 
indeed effective treatment of the lymphoma can 
dramatically reduce tumor and lymph node bulk 
in the retroperitoneum, allowing safe removal of 
nephrostomies/stents.

In summary, the general management of 
postrenal AKI involves:

 (a) Making the diagnosis based on history, 
examination, and basic tests (e.g., ultrasound 
showing bilateral hydronephrosis)

 (b) Where appropriate, excluding prerenal and 
intrarenal causes

 (c) Rapid relief of the obstruction and treatment 
of its underlying cause

8.4.1  Miscellaneous Conditions

8.4.1.1  Bilateral or Unilateral 
Nephrectomy

Von Hippel-Lindau (VHL) disease is an autoso-
mal dominant condition manifested by a variety 
of benign and malignant tumors, including clear 
cell carcinoma of the kidney. Renal cancers may 
be bilateral—see Fig.  8.3. Bilateral renal call 
cancers may also occur in the absence of 
VHL.  Although partial nephrectomy and other 
nephron-sparing treatments are now widely used 
in such cases, some patients ultimately require 
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single and then double nephrectomy. This obvi-
ously precipitates the need for dialysis.

Unilateral or partial nephrectomy is often 
required for the optimal treatment of renal cell 

carcinoma. Such surgery can precipitate AKI, 
particularly in the patient with risk factors for 
renal disease [2, 13].

8.4.1.2  Tumor Infiltration
Metastases to the kidney are not uncommon, 
particularly on autopsy. However, involvement 
severe enough to cause AKI requires that both 
kidneys are extensively involved—this happens 
occasionally with rapidly growing hematologic 
malignancies, such as lymphoma or acute leuke-
mia. Affected patients usually present with AKI, 
a bland urinalysis, and enlarged kidneys. The 
presence of large kidneys on imaging in a patient 
with known lymphoma or leukemia is sugges-
tive of tumor infiltration. When large kidneys 
and AKI are observed in a patient with no known 
malignancy, the diagnosis can be established by 
renal biopsy. The renal prognosis depends on 
the responsiveness of the tumor to therapy. A 
rapid reduction in kidney size and improvement 
in renal function may be seen within days if the 

Fig. 8.2 Ultrasound images of a 70-year-old male who 
presented with suprapubic discomfort and oliguria and 
was ultimately diagnosed with prostate adenocarcinoma. 
Examination showed a palpable suprapubic mass (blad-
der). Plasma creatinine was 4.3  mg/dL.  Insertion of a 
bladder catheter improved urine output, and creatinine 
fell, but not to normal. Panels (a) and (b) show the right 

kidney before and after insertion of a bladder catheter 
(resolution of the hydronephrosis). Panels (c) and (d) 
show the left kidney before and after insertion of the blad-
der catheter (persistent hydronephrosis). Further imaging 
showed obstruction of the left ureter by enlarged lymph 
nodes. Note the left kidney is also somewhat atrophic

Fig. 8.3 CT of a 27-year-old male recently diagnosed 
with intracranial hemangioblastoma. Arrows show com-
plex cysts/masses in both kidneys. The patient ultimately 
needed bilateral nephrectomy
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tumor responds rapidly to therapy. Appropriate 
prophylaxis to prevent tumor lysis syndrome is 
important.

8.4.2  AKI after Hematopoietic Cell 
Transplantation

The general purpose of HCT is to allow adminis-
tration of otherwise lethal (and ideally curative) 
doses of chemoradiotherapy, followed by engraft-
ment of stem or progenitor cells for marrow 
recovery. Most commonly, HCT is used to treat 
hematologic cancers, but other indications now 
include certain nonhematologic cancers, severe 
genetic disorders (such as immunodeficiencies), 
and severe autoimmune diseases. The three main 
types of HCT are summarized in Table  8.6. Of 
note, calcineurin inhibitors are commonly 
 prescribed after forms of allogeneic HCT, to pre-
vent graft-versus-host disease.

AKI is common after HCT, but its incidence 
and severity depend on the type of HCT (and on 
the definition of AKI used in reported series) [10, 
14]. It is most common after myeloablative allo-
geneic HCT, reflecting the propensity of this regi-
men to cause profound immunosuppression (with 
associated risk of severe sepsis) and liver damage 
(with associated risk of hepatorenal syndrome); 
furthermore, CNIs are routinely prescribed for 
the first 100  days after transplantation. Severe 
AKI is least common after nonmyeloablative 
HCT—even though patients are older and some-
times sicker—reflecting the shorter period of 
pancytopenia and the rarity of severe posttrans-
plant liver disease [10, 14]. The principal cause 
of AKI in this setting is probably CNI toxicity; 
severe AKI necessitating dialysis is relatively 
rare. Myeloablative autologous HCT has an 
intermediate incidence of AKI.  If dialysis is 
required for severe AKI, the overall prognosis is 
usually very poor, whatever the type of 
HCT.  Fortunately, rates of AKI appear to be 
decreasing—probably related to multiple 
improvements in peritransplant care [11, 15].

Hepatic sinusoidal obstructive syndrome 
(SOS), also known as veno-occlusive disease 
of the liver, is one of the most common causes 

of severe AKI after myeloablative HCT, par-
ticularly allogeneic myeloablative HCT.  The 
pathophysiology is thought to involve radiother-
apy—and chemotherapy-induced damage to the 
hepatic venules. Clinically, SOS is manifested 
as a form of hepatorenal syndrome and usually 
appears in the first 30 days. In mild to moderate 
cases, sodium and fluid restriction, diuresis, and 
analgesia may be required, and the syndrome 
eventually resolves. Severe SOS complicated by 
liver and renal failure (and frequently respira-
tory failure) carries a very high mortality >80% 
[12, 16]. Treatment involves supportive care 
(sodium and fluid restriction, avoidance of all 
hepatotoxins, etc.) and, in severe cases, defib-
rotide [13, 17]. Hemodialysis or CRRT may be 
required; the latter has the potential advantages 
of minimizing changes in intracranial pressure 
and more easily controlling the large daily obli-
gate fluid intake.

 Conclusion
AKI is an important complication of cancer 
and its treatment. As new therapies are con-
stantly being introduced into oncology, physi-
cians need to be aware of the possibility of 
new nephrotoxic drugs and “new” renal syn-
dromes. Common sense strategies such as 
identifying the high-risk patient in advance 
(allowing close monitoring of renal function), 
minimizing unnecessary exposure to nephro-
toxins, and avoiding hypovolemia can prevent 
some cases of AKI. Early diagnosis and treat-
ment of AKI is important—this is most likely 
to happen when there is close collaboration 
between oncologists and nephrologists.
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Drug-Induced Acute Kidney Injury

Randy L. Luciano and Mark A. Perazella

9.1  Introduction

Therapeutic and diagnostic agents have long 
been noted to alter kidney function. The kidney 
is a common site of drug toxicity since many 
drugs are filtered, secreted, reabsorbed, bio-
transformed, and excreted by the kidney. The 
resulting enhanced and prolonged renal expo-
sure to various drugs and drug metabolites can 
lead to injury within all compartments of the 
kidney: the interstitium, tubules, glomeruli, and 
renal blood vessels. Recognizing acute kidney 
injury (AKI) syndromes that are associated 
with various agents can lead to early identifica-
tion in the treatment course of potentially harm-
ful drugs and therapeutic agents. Once 
identified, the medication or agent can be with-
held or dose-reduced, thereby significantly 
impacting and potentially reducing the duration 
and severity of kidney injury. This chapter 
focuses on diagnosis and recognition of pat-

terns of AKI associated with certain drugs. 
While not all encompassing, it highlights major 
drugs.

9.2  Epidemiology of Drug-
Induced Kidney Injury

The incidence and prevalence of drug-induced 
acute kidney injury (DI-AKI) are problematic 
and difficult to determine for several reasons. 
While therapeutic agents have been implicated in 
up to 60% of all hospital-acquired acute kidney 
injury (AKI) [1], the incidence is actually quite 
variable. In-hospital administration of medica-
tions has contributed to approximately 17–27% 
of all AKI, based on various studies [2–6]. The 
wide variability of estimating AKI prevalence in 
these studies is multifactorial. First, the preva-
lence variability of AKI may be related to the 
definition of AKI employed in certain studies. 
Second, most studies capture data on ICU patients 
yet miss the data on non-ICU patients, and very 
few studies examine AKI in non-hospitalized 
patients. Third, the inclusion of diagnostic agents, 
such as radiocontrast, can significantly alter the 
percentages of drug-induced versus other causes 
of AKI in hospitalized patients. Fourth, the effect 
of therapeutic agents on patients with chronic 
kidney disease (CKD) is often overlooked or 
actively excluded. Despite the variability, drug-
induced AKI does have a high incidence and 

R. L. Luciano 
Section of Nephrology, Department of Internal 
Medicine, Yale University School of Medicine,  
New Haven, CT, USA
e-mail: randy.luciano@yale.edu 

M. A. Perazella (*) 
Section of Nephrology, Yale University School of 
Medicine, New Haven, CT, USA 

Department of Medicine, Yale University,  
New Haven, CT, USA
e-mail: mark.perazella@yale.edu

9

http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-4939-8628-6_9&domain=pdf
mailto:randy.luciano@yale.edu
mailto:mark.perazella@yale.edu


146

prevalence and is associated with an increased 
morbidity and mortality.

9.3  Risk Factors for Drug-
Induced Kidney Injury

Risk factors for drug-induced AKI can be 
divided into risks specific to the drug or diag-
nostic agent, factors specific to the kidney’s 
drug handling, or characteristics specific to the 
patient (Table 9.1) Distinguishing these various 
risks is critical to assess whether any modifiable 
factors exist that can facilitate the use of mea-
sures that prevent or alleviate injury. While 
medications or therapeutic agents themselves 
are directly toxic or injurious to the kidney, 

development of AKI is significantly influenced 
by the presence of concurrent patient risk fac-
tors for nephrotoxicity.

9.3.1  Renal Risk Factors

The kidney itself is more prone to injury based 
on several factors. First, the kidney has signifi-
cant exposure to potentially nephrotoxic medica-
tions and therapeutic agents by virtue of its high 
blood flow rate, which averages approximately 
20–25% of cardiac output. As a result, therapeu-
tic and diagnostic agents are delivered at a high 
rate to the kidney, allowing for greater exposure 
of potentially toxic substance to the kidney, 
thereby contributing to the burden of kidney 
injury [7].

On a cellular level, certain areas of the kidney 
are more prone to injury. Renal tubular epithelial 
cells (RTECs) that exist deep in the renal med-
ullary regions are highly metabolically active, 
resulting in increased oxygen consumption. This 
demand creates a relatively hypoxic environ-
ment that makes cells exquisitely sensitive to 
toxic injury. As a result, these RTECs, through 
localized hypoxia, have a decreased ability to 
adequately respond to nephrotoxic substances 
that are encountered. In addition to this inherent 
hypoxic property of the cellular environment, the 
medullary region also has a significant concen-
trating ability, which can lead to the accumulation 
of drugs or drug metabolites at high concentra-
tions. Ultimately, this concentrating effect on 
drug levels may promote toxic renal injury [7].

The unique transport properties of proximal 
RTECs make this region more prone to injury. 
These cells have extensive apical and basolat-
eral cellular uptake mechanisms. Apical uptake 
of compounds occurs through endocytosis and 
other uptake mechanisms [8–10]. Upon uptake 
via the megalin/cubilin receptor, compounds 
enter lysosomes, accumulate and form myeloid 
bodies and/or rupture, and spill toxic substances 
into the cytoplasm. This results in the accumu-
lation and concentration of potentially nephro-
toxic substances within cells that can result in 
signaling pathways and cascades that ultimately 

Table 9.1 Risk factors for drug-induced acute kidney 
injury

Kidney-specific factors
High blood flow rate (up to 25% if cardiac output)
Differential sensitivity based on metabolic activity 
with kidney (cells in loop of Henle are more sensitive)
Increased accumulation and concentration of drugs or 
metabolites
Transport properties of renal tubular epithelial cells
Enzymes specific for biotransformation that can lead 
to generation of reactive oxygen species
Patient-specific factors
Older ager (>65 years)
Female gender
Acute kidney injury
Chronic kidney disease
Nephrotic syndrome
Acute and chronic heart failure
Cirrhosis
True or effective volume depletion
Metabolic derangements
Hypercalcemia, hypokalemia, hypomagnesemia
Alkaline or acidic urine pH
Host genetic factors
Gene mutations in hepatic or renal CYP450 enzymes
Gene mutations in renal transport channels
Drug-specific factors
Prolonged exposure
Direct nephrotoxic effects of a compound
Combinations of medications leading to or enhancing 
nephrotoxicity
Insolubility leading to crystal precipitation
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lead to cell injury and death. Basolateral deliv-
ery also leads to proximal tubular exposure of 
compounds. Delivery occurs via peritubular 
capillaries, with uptake occurring through trans-
porters called human organic anion/cation trans-
porters (HOAT/HOCT) [9, 11]. This movement 
of potentially toxic substances into the intracel-
lular space, and subsequent shuttling and apical 
excretion, increases the exposure of the proximal 
tubular cells to these substances, thereby con-
tributing to AKI.

On a biochemical level, the kidney has several 
enzymes responsible for the biotransformation of 
drugs. These include CYP450 and flavin-contain-
ing monooxygenases. The breakdown of com-
pounds in the kidney results in the generation of 
potentially nephrotoxic metabolites and reactive 
oxygen species that can promote injury (apop-
tosis and/or necrosis). Reactive oxygen species 
generation leads to oxidative stress and the gen-
eration of free radicals. Through nucleic acid oxi-
dation and alkylation causing DNA breaks, direct 
protein damage, and lipid peroxidation, kidney 
injury can occur [7].

9.3.2  Patient Risk Factors

Various patient-specific factors also contribute 
to drug-induced kidney injury. Certain factors 
are not modifiable including age and sex. Both 
older age (>65  years old) and female sex 
increase the risk of drug-induced AKI.  This 
effect is generally multifactorial. First, reduc-
tions in total body water are common in the 
elderly due to decreased lean body mass, lead-
ing to a decrease in total body water that affects 
drug distribution and plasma concentrations of 
water-soluble drugs. Second, lower muscle 
mass may impair the ability to detect abnormal 
GFRs masked by apparently normal serum cre-
atinine concentrations. GFR estimating equa-
tions that are based on age attempt to ameliorate 
this concern, but oftentimes serum creatinine 
concentration, and not estimated GFR is 
assessed when clinicians are dosing drugs. 
Lastly, the elderly also tend to be more prone to 
increased renal arteriolar vasoconstriction sec-

ondary to angiotensin II or endothelin excess. 
This renal effect may expose the patient to 
increased drug concentrations [12–14].

Additional risk factors for drug-related injury 
unique to patients include the presence of acute 
or chronic kidney disease. Underlying kidney 
injury, either current AKI or CKD, makes a 
patient more susceptible to drug nephrotoxic-
ity. Acutely injured kidneys may have ischemia 
preconditioned tubules that generate a more 
pronounced renal oxidative injury response to 
toxins. In both AKI and CKD, there may be 
an increased exposure of a decreased number 
of functioning nephrons to toxins, which will 
exacerbate pre-existing kidney dysfunction. 
Employing GFR estimating equations during 
AKI may also result in an overestimation of the 
GFR, especially with rapidly declining renal 
function. This can potentially lead to mis-dosing 
of medications leading to the accumulation of 
toxic doses of medications or metabolites [7]. 
More severe and prolonged AKI often develops, 
which risks development of CKD.

Apart from underlying kidney disease, other 
systemic diseases that are known to impair renal 
perfusion can increase susceptibility to drug 
injury. These include edematous states such 
as acute and chronic heart failure, nephrotic 
syndrome, and cirrhosis, which create a state 
of effective circulating volume depletion and 
renal underperfusion. This effectively volume-
depleted state will lead to the activation of 
neurohormonal cascades that reduce renal per-
fusion. Patients with nephrotic syndrome and 
cirrhosis, and to a minor degree in malnour-
ished heart failure patients, will develop hypo-
albuminemia. As a result of reduced protein 
binding of drugs, low serum albumin can lead 
to increased free drug concentrations, thereby 
increasing exposure of certain potentially toxic 
drugs to the kidney [13, 14].

Certain host genetic differences can explain 
the heterogenous response that patients have to 
drug-induced kidney injury. For example, dif-
ferences in innate host immune response genes 
can predispose certain patients to allergic drug 
reactions with acute interstitial nephritis (AIN) 
developing. In addition, the kidney has CYP450 
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enzymes, and polymorphisms in these genes may 
lead to altered metabolism with the potential for 
increased nephrotoxicity [15, 16]. Also, spe-
cific polymorphisms in transport channels may 
lead to altered metabolism with associated drug 
nephrotoxicity.

9.4  Diagnosis of Drug-Induced 
Acute Kidney Injury

Diagnosis of DI-AKI is similar to that of other 
forms of AKI and utilizes a combination of clini-
cal, laboratory, and imaging findings (Table 9.2). 

Table 9.2 Tests use to diagnose drug-induced acute kidney injury

Test Findings Advantages Disadvantages
Physical exam
Volume 
assessment

Peripheral or pulmonary edema Relatively easy to assess May not be an accurate 
representation of 
intravascular volume 
status

Rash Multiple rashes Superficial and easy to 
assess or biopsy

Non-specific and 
non-sensitive

Fever Elevated temperature vs. hyperpyrexia Objective Non-specific and 
non-sensitive

Flank pain Associated flank swelling or tenderness Easy to obtain history Non-specific and 
non-sensitive

Serum laboratories
BUN or 
creatinine

Elevated BUN or creatinine Easy to measure Need to know baseline 
creatinine

Electrolytes Decreased phosphorous or potassium in 
tubular disorders

Easy to measure May be due to non-kidney 
causes

CBC Elevated eosinophils could suggest 
allergic reaction

Easy to assess Non-specific and 
non-sensitive

Urine evaluations
FeNa, FeUrea Alterations around a predetermined value Easy to obtain and 

calculate
Non-specific and 
non-sensitive

Urinalysis Evaluate for specific gravity, protein, 
glucose, heme, leukocyte esterase, red 
and white blood cells, bacteria, yeast, 
and casts

Easy to obtain False negatives exist, 
inaccuracy with cast and 
crystal interpretation

Urine 
eosinophils

Presence of eosinophils in urine with 
Hansel stain

Should not be used Low sensitivity and 
specificity

Urine 
sediment 
analysis

Identify abnormal cells, casts, crystals Direct correlation with 
kidney injury that can be 
localized to the site of 
injury

Requires a trained 
nephrologist and the 
presence of a microscope 
and centrifuge

Imaging
Ultrasound Kidney size, echogenicity, 

hydronephrosis
Evaluation of 
obstruction in 
noninvasive safe way

Technologist dependent, 
limited in diagnostic 
capabilities

Computed 
tomography

Kidney size, echogenicity, 
hydronephrosis

Noninvasive Requires radiation 
exposure, contrast not 
often used, but is a 
nephrotoxin

Gallium 
scintigraphy

Enhancement of kidneys with active 
inflammatory cells

Noninvasive Low sensitivity and 
specificity, may be 
difficult to order

FDG-PET 
scan

Enhancement of kidneys with active 
inflammatory cells

Noninvasive Only small studies have 
looked at this

Biopsy Identifies kidney injury based on light, 
immunofluorescence, and electron 
microscopy

Direct look at site of 
kidney injury

Invasive with risks of 
bleeding and infection
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Kidney injury may lead to various physical exam 
abnormalities. If allergic in nature, drug-induced 
injury may lead to a fever or rash; however these 
findings are relatively uncommon. The rash can 
present as a morbilliform, maculopapular, toxic 
epidermal necrolysis or a purpuric rash depend-
ing on the underlying renal lesion [17]. In addi-
tion to these findings, the patient may experience 
flank pain if there is swelling in the renal paren-
chyma and stretching of the renal capsule.

Laboratory evaluations can provide insight 
into the type of kidney injury. Elevations in blood 
urea nitrogen (BUN) and serum creatinine con-
centrations are often the first clinical manifesta-
tion of drug-induced kidney injury. As shown in 
animal (and some human) studies, novel serum 
and urinary biomarkers of kidney injury may pro-
vide an earlier diagnosis of acute kidney injury 
but are currently not available in the USA. Serum 
potassium and phosphorous are usually elevated 
in AKI; however hypophosphatemia and hypoka-
lemia can also be important findings in the setting 
of certain forms of drug-induced tubular injury. 
Low serum phosphorus and potassium, in the cor-
rect context, can indicate adequate or modestly 
reduced GFR, yet impaired tubular reabsorption, 
suggesting proximal RTEC dysfunction. This 
injury pattern is often seen in a Fanconi syn-
drome, which occurs with several drugs.

A complete blood count can also provide 
clues into the type of kidney injury. Increased 
serum eosinophils may be seen with allergic or 
hypersensitivity-related renal disorders, both 
of which are common forms of drug-induced 
kidney injury. The combination of anemia and 
thrombocytopenia is very suggestive of a micro-
angiopathic hemolytic anemic disease, such 
as drug-induced thrombotic microangiopathy, 
which is associated with AKI.

When evaluating drug-induced kidney injury, 
a thorough examination of the urine, through 
both automated laboratory analysis and direct 
sediment analysis, is critical in classifying the 
various types of renal injury and predicting the 
severity of injury. Automated urinalysis provides 
information that is complimentary to clinical labs 
and the urine sediment findings. Normoglycemic 
glucosuria suggests decreased proximal tubular 

glucose reabsorption, indicative of tubular dys-
function. Positive leukocyte esterase indicates 
the presence of leukocytes in the urine suggest-
ing infection when accompanied by bacteria or 
yeast in the urine or, in the absence of microor-
ganisms, inflammation along the genitourinary 
tract. Urinary eosinophils have been used in the 
past to suggest the possibility of AIN. However, 
the sensitivity and specificity of this test are quite 
low, and therefore, it is not recommended in the 
diagnostic workup [18].

Protein present on automated urinalysis indi-
cates urinary albumin and not other proteins. 
Protein positive on a urinalysis is qualitative and 
should prompt protein quantification by the direct 
measurement of urinary albumin and total pro-
tein. Kidney injury that is predominantly glomer-
ular in nature will generally have a large amount 
of albuminuria relative to total urinary protein. In 
contrast, low urinary albumin levels relative to 
total protein suggest either the presence of excess 
filtered non-albumin serum proteins or tubular 
dysfunction with tubular proteinuria [19, 20].

Urine sediment examination is an extremely 
useful diagnostic tool. The presence of RTECs, 
white blood cells (WBCs), or red blood cells 
(RBCs) can be suggestive of kidney injury. 
While RTECs may exist in low numbers in a 
patient without kidney injury, an abundance of 
RTECs often indicates underlying tubular injury. 
The presence of isomorphic RBCs can suggest 
an injury anywhere along the genitourinary tract, 
from the kidney to the urethra. However, dys-
morphic RBCs is highly specific for glomerular 
injury, although they can be seen with certain 
inflammatory tubular disorders. The presence of 
urinary WBCs suggests inflammation anywhere 
along the genitourinary tract. The presence of 
bacteria or yeast alongside WBCs should raise 
the suspicion for an infection, whereas sterile 
pyuria raises suspicion for a renal inflammatory 
process [21].

Apart from cells, the urinary sediment is also 
useful in the identification of casts (cellular and 
noncellular) and crystals. Casts are composed 
of Tamm Horsfall protein, or uromodulin, a 
protein secreted by loop of Henle renal tubular 
cells. Hyaline casts are made of this protein and 
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form in the setting of sluggish urinary flow rates. 
Cellular casts, whether RBC, WBC, RTEC, or a 
mix of these cells, is indicative of intrinsic kidney 
injury [22]. Muddy brown granular casts are also 
indicative of kidney injury and generally reflect 
ischemic or nephrotoxic acute tubular injury. 
Crystals may also be present in the urinary sedi-
ment [23]. Crystal-induced kidney disease will 
be discussed in detail in subsequent sections.

Imaging may be a useful tool in the diagnosis 
of acute and chronic kidney disease. Ultrasound 
demonstrates kidney size and echogenicity, which 
may indicate the possibility of chronic kidney 
disease or congenital or acquired unilateral kid-
ney. Ultrasound is also helpful in evaluating for 
obstruction, manifested by hydronephrosis and/
or hydroureter. Gallium scintigraphy and FDG-
PET scans have also been used to diagnose AKI 
due to kidney inflammation such as AIN but are 
insensitive and non-specific findings [17].

Kidney biopsy is the gold standard in the 
diagnosis of drug-induced kidney injury. With 
examination of renal histology, the vasculature, 
glomeruli, tubules, and interstitium should be 
evaluated for injury patterns that can differentiate 
between the different etiologies of drug-induced 
kidney injury. Examples include drug-induced 
thrombotic microangiopathy and vasculitis as 
indicative of drug-associated vascular injury and 
immune-complex deposition and podocytopa-
thies from a large number of drugs causing glo-
merular injury. Numerous medications promote 
acute tubular injury and necrosis through direct 
toxic effects, ischemic injury, osmotic effects, 
and crystal deposition within tubular lumens. 
An inflammatory infiltrate within the renal 
interstitium along with tubulitis and sometimes 
granulomas are histologic manifestations of 
drug-induced acute interstitial nephritis observed 
on kidney biopsy.

9.5  Drug-Induced Acute Kidney 
Injury

Many drugs can affect kidney function. The fol-
lowing sections describe drug-induced kidney 
injury patterns based on the underlying location 

in the kidney. Common drugs or drug classes are 
included, with more in-depth listings of drugs 
included in associated tables.

9.5.1  Prerenal (Hemodynamic) 
Acute Kidney Injury

Glomerular filtration is modulated by a number 
of local and systemic hormones which include 
the prostaglandins (PG), angiotensin, endothelin, 
catecholamines, and atrial natriuretic peptide, to 
name a few. Afferent vasodilation and efferent 
vasoconstriction allow maintenance of glomeru-
lar filtration, especially when renal perfusion is 
compromised by hypotension and true or effec-
tive volume depletion. Perturbations of these vas-
cular forces can lead to prerenal physiology or 
hemodynamic reductions in GFR. Several drugs 
may reduce GFR by altering afferent or efferent 
vascular tone (Fig. 9.1).

9.5.1.1  Afferent Vasoconstriction
Nonsteroidal anti-inflammatory drugs Non-
steroidal anti-inflammatory drugs (NSAIDs)  are 
commonly employed as analgesics, antipyretics, 
and anti-inflammatory medications. NSAIDs are 
implicated in many forms of drug-related injury 
including hemodynamic AKI from dysregulation 
of glomerular blood flow [24, 25]. NSAIDs inhibit 
cyclooxygenase (COX) enzymes, which convert 
arachidonic acid (AA) to various PGs. Inhibition 
of the COX enzymes leads to a decrease in pros-
taglandin synthesis, thereby severely curtailing 
prostaglandin function to modulate afferent arte-
riolar tone. As PGs potentiate afferent arteriolar 
dilatation, inhibition of their synthesis through 
NSAID use can lead afferent vasoconstriction, 
thereby impairing renal blood flow leading to a 
decreased GFR and hemodynamic AKI.  Nor-
mally the effects of prostaglandins on arteriolar 
tone are minimal;  however in severe acute vol-
ume depletion, in effective volume depletion (cir-
rhosis, heart failure, nephrotic syndrome), or in 
CKD, patients are prostaglandin dependent for 
maintenance of GFR. In these settings, PG inhi-
bition can tip the afferent arteriole to vasocon-
striction, thus leading to decreased GFR.  COX 
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enzymes can exist as either a COX-1 or COX-2 
subtypes, both of which are important to main-
tain GFR and inhibition of either can hemody-
namic AKI [26–28].

Calcineurin inhibitors Cyclosporine and tacro-
limus belong to a class of medications known as 
the calcineurin inhibitors (CNI). These medica-
tions function by binding cytoplasmic proteins 
(cyclophilins and FK-binding protein, respec-
tively), which leads to the inhibition of calcineu-
rin, which in turn prevents the transcription of 
certain immune cytokines. These medications are 
widely used as immunosuppressants for solid 
organ transplantation and a variety of autoim-
mune disorders. One side effect of these drugs, 
especially at higher doses with supratherapeutic 
levels, is afferent and efferent arteriolar vasocon-
striction caused primarily by endothelial dys-
function. This leads to the decreased production 
of vasodilators, such as PGs and nitric oxide, and 
the release of vasoconstrictors, such as throm-
boxane A2 and endothelin, which reduce renal 
perfusion and GFR [29, 30]. As with the NSAIDs, 
true or effective volume depletion and CKD pre-
dispose to reductions in GFR and AKI. In addi-
tion, the use of these agents in the setting of graft 
ischemia can prolong primary graft dysfunction 

and failure. In addition to CNI dose reduction, 
discontinuation of certain drugs (NSAIDs, ACE/
ARBs), calcium channel blocker therapy, and 
administration of intravenous volume can miti-
gate the effects of CNI nephrotoxicity.

Angiotensin converting enzyme inhibition/
angiotensin receptor blockade Activation of the 
angiotensin type I receptor (AT-I) of the efferent 
arteriole causes arteriolar vasoconstriction that 
leads to an increase in intraglomerular capillary 
pressure and thereby maintains GFR in the setting 
of mild to moderate renal underperfusion. In nor-
mal states, angiotensin antagonism by angiotensin 
converting enzyme inhibitors (ACEI) or angioten-
sin receptor blockers (ARBs) has little effect on 
renal hemodynamics. However, ACEI or ARBS 
are administered in settings of reduced RBF, as 
with severe renal artery stenosis, states of true or 
effective volume depletion, with CKD, or NSAID 
or CNI therapy, intraglomerular capillary pressure 
decreases and GFR declines [31, 32]. A decline in 
GFR that stabilizes is typically beneficial in 
patients with proteinuric CKD. However, in severe 
RAS and volume-depleted states, AKI with rising 
serum creatinine develops and warrants investiga-
tion with temporary drug discontinuation (and cor-
rection of the underlying disease state).

Glomerulus
Afferent
Arteriole

RBF

Vasoconstrictors
Vasodilators VasoconstrictorsCatecholamines

Endothelin
Angiotensin II
Vasopressin

Prostaglandins
Nitric Oxide

Normal GFR

ACE-I
ARBs

Angiotensin II

NSAIDs
COXIBs

• Calcineurin
  inhibitors
• Contrast

• Ampho B

• IL-2

• α-agonist

RBF

Decreased GFR

Efferent
Arteriole

Fig. 9.1 Glomerular 
filtration is determined 
in part by afferent 
arteriolar and efferent 
arteriolar vascular tone. 
In states of reduced 
blood flow and low 
blood pressure, the 
afferent arteriole is 
dilated, and the efferent 
arteriole is constricted. 
The medications noted 
in the figure disturb this 
response and reduce 
GFR
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9.5.2  Intrinsic Kidney Disease

9.5.2.1  Vascular Disease
Several medications have been implicated in 
drug-induced AKI as a result of vascular injury. 
As the kidney is extremely vascular organ, local 
and systemic disease causing renal vascular 
injury is often associated with AKI.  Below are 
three forms of vascular injury that have been 
associated with drug-induced AKI.

Cholesterol embolization is a syndrome that 
can be induced by anticoagulant and thrombo-
lytic therapy. While this complication more often 
occurs following arteriography and certain vas-
cular procedures, the diagnosis is sometimes dif-
ficult to differentiate from radiocontrast-induced 
AKI.  Upon administration of the thrombolytic 
agents, which dissolve thrombus covering athero-
sclerotic plaques, cholesterol fragments embolize 
to vessels in various end organs including the kid-
neys. Most often the skin, as manifested by acute 
distal cyanosis in the form of infarcted digits or 
livedo reticularis, or the kidney, as manifested 
by AKI and acute hypertension, is involved. 
Recognition of the syndrome can be tricky as AKI 
usually manifests upward to 1–2  weeks, and it 
mimics other syndromes including vasculitis [33, 
34]. Therapy is supportive although cases of ste-
roid therapy responsiveness have been reported. 
Outcomes are quite poor, with one study showing 
greater than 25% of patients requiring chronic 
hemodialysis and a large percentage of patients 
developing nondialysis-dependent CKD.

Drug-induced thrombotic microangiopathy 
(TMA) has also been reported with numerous 
medications (Fig.  9.2). TMA following drug 
administration can either be caused by drug-
related induction of antibody production (tar-
geting ADAMTS-13, inhibitory complement 
factors, or platelets) or direct toxicity of the 
drug leading to vascular injury and platelet-rich 
thrombus formation in small blood vessels. A 
list of drugs implicated in both forms of TMA is 
listed in Table 9.3. Anticancer agents such as the 
anti-angiogenesis drugs, gemcitabine, and mito-
mycin C are associated with TMA.  Proteinuria 
and hypertension are the most common renal 
effects of the ADs; however AKI often signal 

severe TMA. This class of drugs is now the most 
common cause of drug-induced TMA. Systemic 
evidence of TMA is absent in 50% of patients, 
and a renal limited form of TMA must be enter-
tained in patients with AKI. Although relatively 
rare, a cumulative TMA incidence of 0.31% has 
been noted in patients exposed to gemcitabine. 
Gemcitabine use has been noted to have both 
immune-mediated and direct toxicity leading to 
its nephrotoxicity profile [35, 36]. Interferon when 
used in high dose and for prolonged periods is 
associated with TMA, especially in patients with 
chronic myelogenous leukemia. The antiplatelet 
agents (ticlopidine, clopidogrel, and prasugrel) 
are all associated with TMA, while quinine expo-
sure through prescription,  beverages, and health 
food stores is associated with TMA via formation 
of quinine-dependent IgG antibodies to platelets.

Kidney-specific ANCA-associated vasculitis 
(AAV) has been associated with certain drugs, 
including hydralazine, minocycline, phenytoin, 
penicillamine, allopurinol, sulfasalazine, antitu-
mor necrosis factor agents, and propylthiouracil 
(PTU) (Table  9.4). Cocaine cut with levamisole 
is another cause of AAV. ANCA-associated vas-
culitides refer to a disease that results in the 
production of anti-neutrophil cytoplasmic anti-
bodies (ANCA) that can either have a cytoplasmic 

Fig. 9.2 Thrombotic microangiopathy (TMA) is seen in 
the glomerulus of a patient treated with gemcitabine. As 
seen in this image, the glomeruli containing multiple 
intracapillary fibrin thrombi, mesangiolysis, and numer-
ous red blood cell fragments within the injured subendo-
thelial and mesangial areas of the glomerular tuft. These 
findings characterize TMA
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(C-ANCA) or perinuclear (P-ANCA) pattern. The 
C-ANCA pattern is almost exclusively caused by 
antibodies directed against proteinase 3 (PRC), 
while P-ANCA is usually due to antibodies 
directed against myeloperoxidase (MPO) but 
also can be seen with antibodies against lacto-
ferrin and human leukocyte esterase (HLE) [37, 
38]. Presence of these antibodies leads to small 

vessel injury and when present in the kidney is 
manifested as a necrotizing glomerulonephritis 
(Fig.  9.3). Induction of vasculitis is quite rare 
in these medications. PTU is the drug that is 
most commonly associated with an AAV. PTU-
associated ANCA conversion has been reported 
in 20–64% of patients, with only a very small 
fraction of patients (4–6%) having clinical evi-
dence of vasculitis. Although vasculitis is not 
common, it should be recognized early, as con-
sequences can be fatal if the medication is not 
withheld and immunosuppressive therapy not 
administered.

9.5.2.2  Glomerular Disease
Several forms of drug-induced glomerular dis-
ease (Table  9.5) have been reported, and these 
agents target all glomerular cell types (podocyte, 
endothelial cell, and mesangial cell). Classic 

Table 9.3 Drugs associated with thrombotic 
microangiopathy

Antiplatelet agents
Ticlopidine, clopidogrel, prasugrel
Dipyridamole
Defibrotide
Antineoplastic agents
Anti-angiogenesis drugs
Mitomycin C
Gemcitabine
Cisplatin/carboplatin
Estramustine/lomustine
Cytarabine
Tamoxifen
Bleomycin
Daunorubicin
Hydroxyurea
Interferon

IFN-α
IFN-β
Immunosuppressive agents
Calcineurin inhibitors
Anti-CD33
Antimicrobial agents
Valacyclovir
Penicillins
Rifampin
Metronidazole
Tetracycline
Sulfisoxazole
Albendazole
Nonsteroidal anti-inflammatory agents
Diclofenac
Piroxicam
Ketorolac
Hormones
Conjugated estrogens ± progestins
Others
Quinine
Simvastatin
Iodine
Cocaine

Table 9.4 Drugs associated with immune-mediated glo-
merular injury

ANCA-associated vasculitis
Hydralazine
Antithyroid medications
Propylthiouracil, methimazole
Minocycline
Allopurinol
Penicillamine
Sulfasalazine
Cocaine (levamisole)
Drug-induced lupus
Anti-arrhythmics
Procainamide, quinidine, amiodarone
Antihypertensives
Hydralazine, methyldopa, captopril
Antipsychotics
Chlorpromazine, lithium
Antibiotics
Isoniazid, minocycline, sulfamethoxazole
Anticonvulsants
Carbamazepine, phenytoin, valproic acid
Antithyroids
Propylthiouracil
Diuretics
Chlorthalidone, hydrochlorothiazide
Biologics

TNF-α inhibitors, IFN-α
Miscellaneous
Statins, levodopa
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lesions include minimal change disease (MCD), 
membranous nephropathy (MGN), and focal and 
segmental glomerulosclerosis (FSGS). These 
are secondary forms of glomerulopathy which, 
while relatively uncommon, must be recognized 
to facilitate drug discontinuation and therapy to 
limit kidney injury. In these cases, drug-induced 
glomerular disease presents similarly to idio-
pathic or primary forms of glomerular diseases, 
although the effects, often proteinuria, may not be 
as severe. In general, one can demonstrate a tem-
poral association between offending agent expo-
sure and development of the glomerulopathy.

Drug-induced podocyte (glomerular epi-
thelial cell) injury leading to either MCD or 
FSGS is well described. As with the idiopathic 
or primary counterparts, patients will usually 
have nephrotic-range proteinuria and peripheral 

edema; however, it can be less severe. Drugs that 
have been implicated in MCD include interferon, 
pamidronate, lithium, and NSAIDs. Another 
podocytopathy associated with glomerular scar-
ring is FSGS. Drugs implicated in causing FSGS 
(Fig. 9.4) include interferon, pamidronate, siro-
limus, lithium, and anabolic steroids. These 
patients tend to have more severe AKI and may 
not fully recover kidney function following 
discontinuation. As with other forms of drug-
induced injury, care is largely supportive with 
removal of the offending agent and sometimes a 
course of steroids [39].

Membranous nephropathy (Fig. 9.5) is a form 
of glomerular disease characterized by nephrotic 
syndrome and varying severities of AKI. Biopsy, 
unlike the two previously mentioned nephropa-
thies, will demonstrate with thick capillary loops 
on light microscopy, granular immunofluores-
cence (IF) pattern, and glomerular subepithe-
lial membrane immune complexes on electron 
microscopy. In contrast to primary MGN, immu-
nofluorescence is often negative for anti-PLAR2 
antibodies with absent IgG4 subtype staining on 
IF [40]. MGN is described with penicillamine/
bucillamine and gold salts, three antiquated 
agents that were used to treat rheumatoid arthri-
tis. Now, however, MGN is reported, albeit rarely, 
with NSAIDs and selective COX inhibitors, the 
antitumor necrosis factor agent adalimumab,  

Fig. 9.3 The glomerulus reveals fibrinoid necrosis and 
early crescent formation in a patient with an ANCA-
associated vasculitis (AAV) due to cocaine contaminated 
with levamisole

Table 9.5 Drugs associated with glomerular injury

Minimal change disease
IFN-α, IFN-β
Pamidronate
Lithium
Nonsteroidal anti-inflammatory drugs
FSGS
IFN-α, IFN-γ
Pamidronate
Lithium
Sirolimus
Anabolic steroids

Fig. 9.4 Focal segmental glomerulosclerosis (FSGS) is a 
glomerular lesion due to a number of drugs including 
pamidronate, anabolic androgenic steroids, and inter-
feron. There is sclerosis in a segment of the glomerular 
tuft (arrow), which is diagnostic for the FSGS lesion
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captopril, and certain organic mercurials con-
tained in skin-lightening creams. As NSAIDs are 
widely used, recognition that MGN can occur 
is important for clinicians, although it is less 
common than MCD.  Drug discontinuation may 
reverse the lesion, but immunosuppressive ther-
apy may also be employed.

Drug-induced lupus (DIL) is relatively uncom-
mon, occurring more commonly in older patients 
(Table  9.4). Major organ involvement is rare 
but has been reported with glomerular involve-
ment associated with hydralazine, sulfasalazine, 
penicillamine, and anti-TNF-a therapy [41]. 
Serologies in drug-induced lupus nephritis are 
slightly different than idiopathic lupus, with 
antihistone antibodies more prevalent, yet anti-
dsDNA antibodies still present in hydralazine-
induced lupus nephritis. Complement levels are 
variably reduced, and other abnormalities may 
be reported, such as the presence of p-ANCA 
antibodies. Treatment of drug-induced lupus 
nephritis includes removing the offending agent, 
with manifestations of disease resolving within 
days to weeks of this intervention. Major organ 
involvement including AKI can require the use of 
immunosuppressive agents.

9.5.2.3  Acute Interstitial Nephritis
Drugs are the most predominant cause of acute 
interstitial nephritis (AIN), ahead of autoim-

mune disorders and infections. In developed 
countries, studies have shown upward of 70% of 
AIN attributed to medications, especially hospi-
tal-acquired AIN.  AIN typically presents as a 
steady, not abrupt, rise in serum creatinine 
approximately 2  weeks after introduction of a 
medications. This is not always the case, as 
repeat exposure may lead to a more abrupt rise in 
serum creatinine. Along this line, drugs such as 
the NSAIDs and proton-pump inhibitors may 
present with a gradual and prolonged rise in 
serum creatinine. Except for methicillin, AIN 
rarely presents with a systemic hypersensitivity 
reaction, with triad of fever, skin rash, and eosin-
ophilia <5–10% and clearly much less common 
than kidney involvement. In contrast, AKI, as 
evidenced by a rise in serum creatinine, sterile 
pyuria with the presence of leukocyturia and 
white blood cell casts, and low-grade proteinuria 
are more commonly present [17].

AIN is an allergic response that is mediated 
predominantly by T cells in concert with plasma 
cells, eosinophils, neutrophils, and mast cells. The 
end result is an inflammatory cell-rich interstitial 
infiltrate accompanied by tubulitis and sometimes 
granuloma (Fig. 9.6). Certain factors can play a 
role in the development of AIN, including drugs 
acting as haptens, molecular mimicry, and an 
individual’s underlying immune response genes. 
However at times, although rarely, a humoral 

a b

Fig. 9.5 (a) Membranous glomerulonephritis is seen 
on light microscopy in a patient treated with a nonste-
roidal anti-inflammatory drug. The capillary loops are 
thickened and appear rigid. (b) On electron microscopy, 

electron dense deposits are seen in the subepithelial 
space. These findings are diagnostic for membranous 
glomerulonephritis
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response may lead to the inflammatory response, 
whereby portion of the drug, which acts as a hap-
ten, binds to the tubular basement membrane and 
evokes an antibody response with formation of 
tubulointerstitial immune complexes [17].

All drugs are suspect when AIN has been diag-
nosed, but certain medications, perhaps based on 
usage patterns, are more common. When discov-
ered, the first and foremost therapy is to remove the 
offending agent. If AKI is severe enough, time of 
recognition is recent, minimal interstitial fibrosis is 
present on histology, and the resulting AIN is from 
a more acute rather than chronic exposure, a course 
of steroids may be warranted with the hopes of pre-
serving kidney function. Table 9.6 lists drugs that 
are commonly associated with AIN. Three classes 
of medications that have been commonly impli-
cated in acute interstitial nephritis are discussed.

Antimicrobials have a high potential to cause 
AIN [42]. Beta-lactams (penicillin derivatives and 
cephalosporins) are more common inducers of 
AIN than other antibiotics. Methicillin frequently 
caused AIN with an associated hypersensitivity 
syndrome and for this reason is no longer rou-
tinely used. Other beta-lactams remain a common 
cause of AIN along with the sulfonamides. As with 
methicillin, these drugs more tend to cause more 
hypersensitivity reactions, with fever, rash, and 
eosinophilia than other drugs. Fluoroquinolones 
have also been implicated in AIN, with ciproflox-
acin being more common than the others. Several 

antiviral agents can also cause AIN and must be 
considered when AKI develops. Discontinuation 
of the culprit drug is the mainstay of therapy. 
However, it may be difficult identifying the caus-
ative agent when several are employed. In addi-
tion, it may also be difficult to discontinue the 
antibiotic that is being used for a documented 
infection unless other good options are avail-
able. Avoidance of the particular antibiotic and 
possibly similar antibiotics of the same class is 
advised. Steroid therapy may also be warranted 
in cases of severe AKI, especially when AIN is 
documented within 2–3 weeks of drug initiation 
and histology has limited interstitial fibrosis. This 
can be tricky when patient has severe underlying 
infection although steroids have been employed 
in sepsis and septic shock. Discussion with the 
infectious disease consultant is often warranted.

Fig. 9.6 An inflammatory infiltrate within the renal inter-
stitium along with separation and injury to the tubules is 
seen. This is diagnostic of acute interstitial nephritis, 
which can be due to any number of medications

Table 9.6 Drugs associated with interstitial nephritis

Antibiotics
β-lactams
Fluoroquinolones
Rifampin
Sulfa-based drugs
Vancomycin
Minocycline
Ethambutol
Antivirals
Acyclovir
Abacavir
Indinavir
Atazanavir
GI medications
Proton-pump inhibitors
Histamine-2 receptor blockers
Analgesics
Nonsteroidal anti-inflammatory drugs (including 
COX-2 inhibitors)
Anticonvulsants
Phenytoin
Carbamazepine
Phenobarbital
Miscellaneous
Allopurinol
Captopril
Tyrosine kinase inhibitors
Thiazide diuretics
Loop diuretics
Immune Checkpoint Inhibitors
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NSAIDs are another important cause of AIN 
[43]. Clinical presentation tends to be more sub-
acute or chronic and usually falls well outside the 
classical range of the medication initiation within 
1–2 weeks. Hypersensitivity symptoms and signs 
are extremely rare with these drugs. Unlike other 
forms of AIN, NSAIDs may be accompanied by 
nephrotic-range proteinuria due to associated 
MCD.  The interstitial infiltrate typically shows 
a mononuclear infiltrate with few or no eosino-
phils. NSAID-induced AIN may develop due 
to inhibition of COX enzyme, which leads to 
 leukotriene overproduction through the activity 
of lipoxygenases on arachidonic acid. These pro-
inflammatory cytokines can be responsible for 
the interstitial inflammatory lesion observed with 
NSAID therapy. All NSAIDs, including topical 
preparations and the selective COX-2 inhibitor 
celecoxib, can cause AIN [44].

Proton-pump inhibitors (PPIs), which are a 
mainstay of therapy for acid-related gastroin-
testinal (GI) disease, are a well-described cause 
of AIN [45–47]. AIN was first described with 
omeprazole and subsequently with several other 
PPIs. Unlike other forms of drug-induced AIN, 
PPIs develop the lesion at a mean time of approx-
imately 11 weeks. Like NSAIDs, patients often 
do not develop a typical hypersensitivity reac-
tion. Early recognition of PPI-induced AIN and 
drug discontinuation is generally associated with 
a good prognosis. Importantly, AIN with the PPIs 
is a class affect, and switching to H2 antagonists 
is required for further treatment of acid-related 
GI disorders. While kidney function usually 
recovers, many patients may develop CKD.

9.5.2.4  Acute Tubular Injury/Necrosis
One of the most common renal lesions associated 
with drug therapy is acute tubular injury/necrosis 
(ATI/ATN), which often develops from direct 
tubular toxicity [48]. As mentioned, most patients 
have underlying risk factors for drug-induced 
tubular injury (Fig.  9.7). Tubular injury usually 
occurs in a dose-dependent fashion with increased 
exposure producing progressively worse injury 
moving from subclinical damage to advanced 
stage 3 AKI from severe ATN.  The proximal 
tubule is particularly prone to injury as it is the 

site of drug reabsorption through multiple path-
ways. Medications may injure cells through pro-
moting mitochondrial dysfunction, disrupting 
lysosomal or cell membranes, enhancing cellular 
entry of calcium and other ions, and directly pro-
moting the formation of free radicals. Indirect 
tubular injury by drugs can occur through induc-
tion of rhabdomyolysis with associated myoglo-
binuria and direct tubular pigment toxicity, as 
seen with the statin drugs. Table 9.7 lists various 
drugs associated with acute tubular injury/necro-
sis. Selected drugs or drug classes that have been 
commonly associated with acute tubular injury/
necrosis are reviewed.

Aminoglycosides are bactericidal agents that 
have been employed for many years to treat 
gram-negative infections. Kidney injury with 
select aminoglycosides has been reported as 
high as 25% [49]. Aminoglycosides are freely 
filtered and due to cationic charge are attracted 
by apical phospholipids and reabsorbed in proxi-
mal tubules via megalin/cubilin receptor bind-
ing. Toxicity is associated with cationic charge 
with neomycin (most cationic) demonstrating 
a high degree of nephrotoxicity, followed by 
gentamicin, tobramycin, amikacin, and strepto-
mycin. Tubular injury usually occurs 5–7  days 

Fig. 9.7 Acute tubular injury/acute tubular necrosis 
(ATI/ATN) is seen with a number of medications. This 
lesion is characterized by tubular dilatation, tubular cell 
flattening with simplification, and dropout of cells into the 
tubular space
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after administration, with nephrotoxicity being 
dose dependent. Risks for AKI include volume 
depletion, underlying AKI or CKD, and patient 
age. AKI is generally nonoliguric and may be 
associated with electrolyte and acid-base distur-
bances due to aminoglycoside-related Fanconi 
or Bartter-like syndromes. Prevention or reduc-
tions in AKI are based on volume repletion and 
careful calculation of loading and maintenance 
doses based on eGFR.  While monitoring peak 
and trough serum aminoglycoside levels can 
reduce risk of nephrotoxicity, single daily versus 
multiple doses per day reduced tubular injury 
and maintains drug efficacy. Dialysis is some-
times required for severe ATI/ATN. Dialysis does 
effectively remove aminoglycosides.

Several osmotically active agents that are 
excreted by the kidney can cause AKI from 
tubular injury [50]. These agents, which include 
intravenous sucrose (a carrier in some forms of 
intravenous immunoglobulin), radiocontrast dye, 
hydroxyethylstarch, mannitol, and intravenous 
cyclodextrin, are filtered macromolecules that 
are not metabolized by the kidney due to a lack 
of enzymes. These substances undergo proxi-
mal tubular uptake via pinocytosis, are internal-

ized, and taken up by lysosomes. Lysosomes 
are packed with these substances and due to 
inefficient removal cause severe cell swelling. 
Cellular swelling leads to disturbed cell func-
tion and tubular luminal occlusion, a process 
termed osmotic nephrosis or nephropathy. Risks 
for AKI include volume depletion, excessive 
drug concentrations, and underlying AKI or 
CKD.  Patients may develop oliguric AKI and 
may require dialysis until renal recovery occurs 
within 5–7 days. Several large trials demonstrate 
increased AKI and dialysis requirement in criti-
cal care patients treated with hydroxyethyl starch 
[51, 52]. Treatment is largely supportive with 
avoidance of further nephrotoxin exposure and 
dialysis when indicated, which may also reduce 
drug levels and facilitate renal recovery.

Cisplatin is a member of the platinum-based 
chemotherapeutic agents utilized to effec-
tively treat various malignancies. Tumor kill-
ing results from the ability of cisplatin to bind 
to and crosslink DNA, thereby leading to tumor 
cell apoptosis. AKI has long been recognized as 
a complication of cisplatin and is due primarily 
to direct tubular toxicity with some contribu-
tion from glomerular and vascular injury [11, 
53]. Drug uptake into proximal tubular cells 
occurs primarily via OCT2. Once inside of cells, 
it can cause injury and apoptosis via inflamma-
tion, oxidative stress, and activation of cell death 
 pathways (caspase, cyclin-dependent kinases, 
etc.). Chloride at the cis position of the mol-
ecule is thought to promote much of the injury. 
Risks for toxicity include volume depletion and 
underlying CKD.  Forced diuresis with normal 
saline and 3% saline may reduce tubular injury. 
Intravenous magnesium, amifostine, and other 
agents may also reduce AKI. Other platin agents 
such as carboplatin and oxaliplatin are less neph-
rotoxic in part due to absent OCT2 transport and 
replacement of chloride at the cis position with 
carboxylate and cyclobutane. Therapy is mainly 
supportive and dialysis initiated for the usual 
indication, but it will not remove the drug. Other 
anticancer agents associated with various degrees 
of tubular injury include ifosfamide, pemetrexed, 
zoledronate, pentostatin, imatinib, and the BRAF 
inhibitors among others.

Table 9.7 Drugs associated with acute tubular necrosis

Antibiotics
Aminoglycosides
Gentamicin > amikacin > tobramycin
Cephalosporins
Cefazolin > cephalexin > ceftazidime
Vancomycin
Amphotericin B
Osmotically active agents
Contrast
Hydroxyethyl starch
Intravenous sucrose
Intravenous cyclodextrin
Mannitol
Antineoplastic agents
Platin-based chemotherapy agents
Cisplatin > carboplatin
Ifosfamide
Nucleotide analogues
Tenofovir
Cidofovir
Adefovir
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Tenofovir is a reverse transcriptase inhibitor 
that is used as part of combination anti-retrovi-
ral therapy (cART) in patients with HIV infec-
tion. The drug is structurally similar to naturally 
occurring oligonucleotides and the known neph-
rotoxins adefovir and cidofovir. This structure, 
along with its pathway of excretion through 
proximal tubular cells via OAT1, promotes cel-
lular injury. While initial clinical trials suggested 
renal safety, subsequent case reports/series, sys-
tematic reviews, VHA database study, and more 
recent phase 3 trials have shown clear-cut AKI 
and proximal tubulopathy (Fanconi syndrome) 
associated with tenofovir [54, 55]. Animal studies 
and patient biopsies demonstrate ATI/ATN with 
associated mitochondrial disturbance/disrup-
tion [55]. Risks for tenofovir-associated kidney 
injury include underlying CKD, coadministra-
tion of medications that increase tenofovir levels, 
and endogenous apical efflux transport mutations 
(MRP2 gene) [56]. AKI typically resolves with 
drug discontinuation, and patients may rarely 
require dialysis. Up to 50% of patient may be left 
with some level of CKD [55].

9.5.2.5  Crystalline Nephropathy
Certain drugs and/or their metabolites can pre-
cipitate within tubular lumens to form crystals 

(Fig.  9.8). This process usually occurs in distal 
tubular lumens leading to both a tubular obstruc-
tion and an interstitial cellular activation and 
inflammation [57]. Crystals generally form due 
to inherent insoluble properties, sluggish urine 
flow rates, urine pH effects on drug solubility, 
and underlying kidney disease. Risks that can 
therefore lead to intratubular crystal formation 
include true or effective volume depletion as seen 
in cirrhosis, CHF, renal salt wasting or chronic 
diarrhea, underlying AKI or CKD, and excessive 
drug dosing. Table 9.8 lists drugs that have been 
reported to cause crystalline nephropathy. A cou-
ple of illustrative examples are discussed.

Acyclovir is an antiviral agent that is used to 
treat herpes simplex virus infection and when 
employed intravenously can cause crystalluria and 
AKI. Rapid high-dose acyclovir bolus employed 
for viral meningoencephalitis leads to high con-
centrations of drug within tubular lumens. In fact, 
upward of 90% of the drug is eliminated through 
the kidney. Due to high urinary concentrations 
and the relative insolubility of acyclovir, drug 
crystals precipitate within the tubular lumens. As 
a result, AKI has been described in between 12 
and 48% of patients receiving high-dose intrave-
nous acyclovir, a number that increases with con-
comitant volume depletion and underlying CKD 

Fig. 9.8 Crystalline 
nephropathy is seen with 
a number of medications 
that are insoluble in the 
urine and precipitate 
within the tubular 
lumens. Classic 
medications include 
acyclovir, sulfadiazine, 
methotrexate, and 
certain protease 
inhibitors (like indinavir 
seen in this biopsy 
specimen)
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[58, 59]. Acyclovir crystals can be identified on 
urine sediment exam where they are usually nee-
dle shaped and positively birefringent with polar-
ization. Prevention or reduction of AKI can be 
achieved with appropriate drug dosing adjusted 
to GFR, volume repletion prior to drug admin-
istration, and slower infusion of drug (versus 
bolus). When AKI occurs and is associated with 
neurotoxicity, dialysis can effectively remove the 
drug. Most patients recover kidney function with 
supportive therapy.

Orlistat, an inhibitor of gastric and pancreatic 
lipase, is approved as a prescription and an over-
the-counter medication for weight loss. It func-
tions by promoting fat malabsorption, which can 
promote enteric hyperoxaluria. Fat within the 
bowel lumen saponifies calcium, which allows 
unbound oxalate to be absorbed and increase 
serum oxalate levels. The resulting hyperoxal-
uria promotes calcium oxalate precipitation with 
tubular lumens. This results in acute/subacute 
oxalate nephropathy and AKI, which stems from 
both tubulointerstitial inflammation and lumi-
nal obstruction. Several case reports of AKI in 
the setting of orlistat therapy have demonstrated 
biopsy-proven calcium oxalate nephropathy [60, 
61]. All patients in these cases had underlying 
diabetes mellitus and CKD. A population-based 
study of 953 patients also documented increased 
AKI in patient-administered orlistat. CKD, 
hypertension, and CHF were AKI risks for those 
taking orlistat. Drug avoidance in patients with 
known CKD and careful monitoring in high-
risk patients prone to volume depletion can 
help reduce the risk. Using lower doses may 
also decrease AKI risk as well. In general, AKI 
recovers with drug discontinuation and support-
ive care.

Methotrexate is dihydrofolate reductase inhib-
itor that is used in high intravenous doses to treat 
certain malignancies. The drug and its metabolite 
(7-OH methotrexate) are filtered and secreted by 
the tubules into the urine. Nephrotoxicity devel-
ops predominantly in patients treated with doses 
ranging from 1 to 12  grams/m2, and AKI inci-
dence ranges from 1.8 to 12% depending on the 
population studied [58, 62]. Methotrexate crystal 
precipitation within tubular lumens is associated 
with kidney injury (plus interstitial inflamma-
tion), although direct tubular injury from oxi-
dative stress associated with reduced adenosine 
deaminase activity may contribute. The poor 
solubility of methotrexate/7-OH methotrexate in 
acidic urine as well as reduced urine flow rates 
enhances crystal precipitation. Prevention of or 
reduction in AKI involves urinary alkalinization 
(pH  >  7.1) and induction of high urinary flow 
rates. Treatment of AKI revolves around leu-
covorin rescue and in some instances the use of 
high-flux hemodialysis or carboxypeptidase G2 
administration (to convert the drug to a harmless 
metabolite)  [63].

Atazanavir is a protease inhibitor that is used 
as a once daily medication to treat HIV.  IT has 
a rather favorable side effect profile. However, 
case reports of atazanavir crystal nephropathy 
have been reported. Early reports have shown 
stones with birefringent atazanavir crystals [64, 
65]. About 7% of the medication is excreted non-
metabolized in the urine [66]. It is poorly soluble 
and more likely to precipitate in alkaline urine. 
A large retrospective study has demonstrated 
nephrolithiasis in approximately 1% of patients 
on atazanavir with a median time of onset of 
23 months [67].

9.5.3  Postrenal AKI

AKI can also present as the result of post-kidney 
obstruction promoted by a medication [48]. 
Obstruction occurring downstream of the kid-
ney can be the result of injury or obstruction to 
the ureters, bladder, prostate, or urethra. This 
can either be the result of direct injury to these 
organs, luminal or outflow obstruction, or 

Table 9.8 Drugs associated with crystal nephropathy

Sulfadiazine
Acyclovir
Indinavir
Atazanavir
Triamterene
Methotrexate
Orlistat
Ciprofloxacin
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extrinsic compression of these organs impeding 
urinary flow. Ultrasonography reveals dilatation 
of the pelvis and calyces of the kidneys 
(Fig. 9.9).

Medications that increase the risk of nephroli-
thiasis should be suspected in patients who pres-
ent with stone-related obstruction. Approximately 
1–2% of kidney stones are caused by drugs with 
lithogenic potential [48]. Either the drug or its 
metabolite may form all or part of the stone, or 
the drug or metabolite may impair calcium oxa-
late or purine metabolism, thereby leading to the 
formation of these stones [68]. Coadministration 
of medications that alter drug metabolism can 
also enhance stone formation. Lastly, chronic 
drug use or high medication dose can increase 
the risk of stone formation. Patient-specific fac-
tors increase the risk of nephrolithiasis including 
either a personal or family history of lithogenesis, 
abnormal urine pH, current or frequent genitouri-
nary tract infections, low urine volume, acute or 
chronic states of volume depletion, and underly-
ing AKI or CKD. Table 9.9 lists drugs commonly 
associated with nephrolithiasis.

Aside from the formation of kidney stones, 
medications that cause retroperitoneal fibro-
sis (RPF) can also lead to ureteral encasement 
thereby creating a significant urinary obstruc-
tion and AKI.  Ergot derivatives, beta-blockers, 
and dopaminergic agents have all been reported 

as causing RPF.  Finally agents that promote 
urinary retention, including anticholinergics, 
 antihistamines, anesthetic agents, opiates, ecstasy, 
and alcohol, can also lead to AKI from impaired 
bladder emptying.

9.5.4  Summary

All parts of the kidney are vulnerable to effects of 
medication. Certain patient- and kidney-specific 
factors are not modifiable and may make some 
patients more susceptible to injury. Medications 
themselves or metabolites can have varied neph-
rotoxic potential. Injury can take the form of 
hemodynamic, tubular, interstitial, or glomerular 
injury. Recognizing signs of kidney injury early 
and identifying potential medications that can 
cause injury can help to decrease the burden and 
impact of medication-induced acute kidney 
injury.

Fig. 9.9 Hydronephrosis is seen in this ultrasound image. 
Severe dilatation of the pelvis and calyces is demon-
strated. Obstruction anywhere along the renal collecting 
system can cause acute kidney injury if both kidneys are 
involved (or a single functioning kidney is obstructed)

Table 9.9 Drugs associated with postrenal kidney injury

Nephrolithiasis
Antibacterials
Sulfonamides
Aminopenicillins
Quinolones
Nitrofurantoin
Protease inhibitors
Indinavir
Nelfinavir
Atazanavir
Diuretics
Acetazolamide
Triamterene
Miscellaneous
Guaifenesin
Aluminum derivatives
Silicum derivatives
Calcium-vitamin D supplements
Retroperitoneal fibrosis
β-blockers
Ergot derivatives
Dopaminergic agonists
Urinary retention
Anticholinergic agents
Antihistamines
Anesthetic agents
Opiates
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10.1  Introduction

Acute kidney injury (AKI) is increasingly 
encountered, particularly in critically ill 
patients, with sepsis consistently identified as a 
leading contributing factor. The short- and long-
term consequences of an episode of AKI com-
plicating critical illness are considerable, 
predisposing to increased risk of death and 
major morbidity. Importantly, not only does 
sepsis predispose to AKI, but the development 
of AKI increases patient susceptibility to de 
novo infection and sepsis, likely through an 
array of effects on humoral and cell-mediated 
immune function. The distinction between sep-
tic and non-septic AKI may have particular clin-
ical relevance considering evolving evidence to 
suggest that sepsis-associated AKI (SA-AKI) is 
characterized by a unique pathophysiology. 
SA-AKI has distinct complex and dynamic 
mechanisms that include systemic and intrare-
nal hemodynamic mechanisms, renal microcir-
culatory dysfunction, and activation of immune 

and inflammatory pathways resulting in direct 
kidney damage and dysfunction. Presently, 
there is a paucity of treatment options specific 
for SA-AKI, making this a challenging problem 
for clinicians. However, rigorous attention to 
basic medical care, risk identification, early 
diagnosis, harm avoidance, and planning for 
renal replacement therapy support when com-
plications are anticipated or ensue are of critical 
importance to improve outcomes for those at 
risk of or with early evidence of SA-AKI.

10.2  SA-AKI Epidemiology

AKI is common in critically ill patients with accu-
mulating evidence to suggest increasing inci-
dence. A recent systematic review of worldwide 
incidence of AKI, synthesizing 312 studies that 
included over 49 million patients, found that AKI 
affects 1 in 5 adults and 1 in 3 children hospital-
ized with acute illness [1]. A large 10-year cohort 
that included more than 90,000 patients from 20 
intensive care units reported that AKI incidence 
increased by 2.8% per year [2]. Overall, recent 
estimates of AKI incidence in ICU has been 
reported to range between 39 and 65% [3–6]. 
Similar to AKI, secular trends of growing sepsis 
incidence have been described. A 22-year retro-
spective analysis of hospitalization records in the 
United States found an 8.7% annual increase for a 
primary diagnosis of sepsis [7]. The incidence of 
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severe sepsis between 2004 and 2009 showed an 
average annual increase of 13% [8]. A recent 
meta-analysis of 27 sepsis studies reported a pop-
ulation incidence rate of 288 cases per 100,000 
person-years. When the results were restricted to 
the last decade, the incidence rate increased to 
437 cases per 100,000 person-years [9].

Numerous observational studies have found 
sepsis to be a foremost contributing factor for 
AKI (Table  10.1). A large study from 57 adult 
ICUs in Australia and New Zealand identified 
AKI in 36.1% of 120,123 patients, with 32.4% of 
them having SA-AKI (11.7% of the total cohort) 
[10]. The Beginning and Ending Supportive 
Therapy (BEST) for the Kidney, a large prospec-

tive observational study of more than 29,000 
patients, reported an AKI incidence of 5.7%, with 
sepsis being described as the most common con-
tributing factor (47.5%) [11]. Analysis of 276,731 
admissions to 170 adult critical care units of the 
UK Intensive Care National Audit and Research 
Center identified AKI in 17,326 ICU admissions 
in the first 24 h, of those 47.3% were associated 
with sepsis [12]. Recent AKI cohorts reported 
similar high incidence of SA-AKI ranging 
between 30 and 49% [3, 4, 6]. Studies in primar-
ily sepsis cohorts have also reported high occur-
rence of SA-AKI (Table 10.2). More than 60% of 
4532 adult patients with septic shock from 1989 
to 2005 suffered AKI [13]. Another multicenter 

Table 10.1 Selected observational studies of SA-AKI in cohorts with AKI

Study Year
Cohort 
(n)

AKI
(%)

SA-AKI 
(%) AKI definition

BEST kidney 
[11]

2007 29,269 5.7 47.5 Any of: BUN >84 mg/dLa,
UOP <200 mL/12  h, RRT

Cruz [99] 2007 2164 10.8 25.6 RIFLE
Bagshaw [100] 2008 120,123 36.1 32.4 RIFLE
Kolhe [12] 2008 276,326 6.3 47.3 SCr >3.4 mg/dLb and/or BUN >112 mg/dLa during the 

first 24 h
Andrikos [101] 2009 1062 16 45 RIFLE
Piccinni [3] 2011 576 65 30.6 RIFLE
Nisula [4] 2013 2901 39.3 32.2 AKIN
Shum [6] 2016 3687 54.7 49.2 KDIGO

Abbreviations: SCr serum creatinine, SA-AKI sepsis-associated acute kidney injury, BUN blood urea nitrogen, UOP 
urine output
aBUN: 1.0 mg/dL = 0.357 mmol/L
bSCr: 1.0 mg/dL = 88.4 mcmol/L

Table 10.2 Selected observational studies of SA-AKI in cohorts with sepsis

Study Year Cohort (n) SA-AKI (%) AKI definition
Hoste [21] 2003 185 16.2 SCr >2 mg/dLa

Yegenaga [22] 2004 257 11 SCr >2 mg/dLa or urine output <400 mL/24 h
Lopes [102] 2007 182 37.4 RIFLE
Oppert [103] 2008 401 41.4 SCr twice normal

Or urine output <0.5 mL/kg
Daher [104] 2008 722 17.7 RIFLE
Bagshaw [10] 2008 33,375 42.1 RIFLE
Bagshaw [13] 2009 4532 64.4 RIFLE
Lopes [20] 2009 315 31.4 AKIN
Poukkanen [105] 2013 918 53.2 KDIGO
Suh [23] 2013 992 57.7 RIFLE
Sood [14] 2014 5443 77.6 RIFLE

Abbreviations: SCr serum creatinine, SA-AKI sepsis-associated acute kidney injury
aSCr: 1 mg/dL = 88.4 mcmol/L
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cohort reported that SA-AKI affected 77.6% of 
5443 septic shock patients [14]. Likewise, sepsis 
carries a strong association with the development 
of AKI in critically ill children. Infection was 
identified as an independent predictor of AKI in a 
large pediatric cohort of 2106 critically ill chil-
dren (AKI incidence, 18%) [15]. Similarly, sepsis 
was a primary risk factor for the development of 
AKI in 18–58% of pediatric patients [16–19]. 
The incidence of SA-AKI appears to closely cor-
relate with severity of sepsis. In a cohort of 315 
patients, AKI incidence increased significantly 
from 4.2% for sepsis, 22.7% for severe sepsis, 
and 52.8% for septic shock, respectively [20].

10.3  SA-AKI Risk Factors

The risk of developing SA-AKI is higher in the 
elderly. Patients with a greater burden of baseline 
comorbid disease are also at greater risk. In par-
ticular, these comorbidities include chronic kid-
ney disease, diabetes mellitus, heart failure, liver 
disease, and malignancy [10, 11, 13, 21–24]. 
Selected sources of infection have shown associ-
ation with greater likelihood of developing AKI; 
specifically sources include bloodstream, chest, 
abdominal, and genitourinary infections [11, 13]. 
A recent large retrospective multicenter analysis 
showed that non-pulmonary infections have 
higher risk of developing AKI compared with 
other sources. The specific pathogen has not 
shown clear association with modified risk for 

SA-AKI [24]. However, in another small cohort 
study, bloodstream infection, in particular gram-
negative bacilli and fungi, has shown modest 
increased risk for SA-AKI [23].

AKI alone likely increases the short- and lon-
ger-term susceptibility to infection and sepsis 
through a variety of mechanisms (Fig.  10.1). 
Uremia is known to induce immune system dys-
function including abnormal phagocytic func-
tion, depletion in B-cell and T-cell functions, and 
impaired leukocyte trafficking [25]. Critically ill 
patients with AKI were found to have reduced 
monocyte cytokine production and high plasma 
cytokine levels [26]. Additionally, AKI is associ-
ated with fluid accumulation which can poten-
tially disrupt normally protective cellular and 
tissue barriers. Multicenter analysis of 618 
patients with AKI found that 56% developed sep-
sis after AKI diagnosis. Risk factors for sepsis 
development included higher severity of illness 
scores, oliguria, fluid overload, and receipt of 
RRT [27].

10.4  SA-AKI Clinical 
Characteristics 
and Outcomes

Observational data suggest that kidney injury 
associated with SA-AKI occurs early in the 
course of critical illness. Several studies report 
that AKI occurred within 24 h of ICU admission 
for adult patients with sepsis [13, 28]. In a large 

100%

80%

60%

40%

20%

0%

Septic pre-AKI Sepsis-free Sepsis post-AKI

p = 0.26

Not Dialyzed Dialyzed

p = 0.002 p = 0.0005
Fig. 10.1 In-hospital 
mortality stratified by 
AKI severity (received 
RRT or not) and timing 
of sepsis (pre- or 
post-AKI) (Reproduced 
with permission from 
Mehta R et al. Intensive 
Care Med. 2011 Feb; 
37(2): 241–248)
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recent cohort, 68% of 5443 patients with septic 
shock had evidence of AKI within 6 h after pre-
sentation [14]. Compared with non-septic AKI, 
SA-AKI has generally been associated higher 
acuity of illness. Observational studies showed 
that SA-AKI patients have higher Acute 
Physiology and Chronic Health Evaluation II 
(APACHE II) and Sequential Organ Failure 
Assessment (SOFA) scores. Similarly, SA-AKI 
patients received larger volumes of fluid resusci-
tation and had higher vasopressor needs, worse 
pulmonary function, higher central venous pres-
sure, and more abnormalities in blood chemistry. 
Additionally, SA-AKI patients often have more 
pronounced oliguria and achieve greater degrees 
of positive fluid balance and overload [10, 11, 
21]. Finally, SA-AKI patients have greater rela-
tive and absolute changes to serum creatinine 
from baseline, and more SA-AKI patients fulfill 
severe AKI criteria (RIFLE-Failure or KDIGO 
stage 3) [10].

Accumulating data suggest that SA-AKI por-
tends a worse prognosis. Lengths of ICU stay are 
generally longer in patients with SA-AKI versus 
AKI without sepsis or sepsis alone. This is likely 
driven by underlying illness severity and the 
alternative contributing factors for AKI among 
non-septic patients. Septic patients developing 
AKI were found to have twice the duration of 
ICU stay compared with septic patients without 
AKI [21]. Similar findings from a larger cohort 
found SA-AKI patients to have longer ICU and 
hospital stays compared with non-septic AKI or 
sepsis alone. Moreover, there was a stepwise 
increase in length of stay according to AKI sever-
ity. The median ICU length of stay increased 
from 3.1 to 4.8  days as SA-AKI patients had 
worsening AKI, progressing from RIFLE-Injury 
to RIFLE-Failure [10].

Recovery of renal function was similar for 
patients with SA-AKI versus AKI without sepsis. 
Complete renal function recovery occurred in 
95.7% of 315 SA-AKI patients, with a mean time 
for complete recovery of 10.1  ±  8  days. 
Interestingly, the BEST Kidney study showed 
similar rates of progression to ESKD and RRT 
dependence for septic AKI (5.7%) versus non-
septic AKI (7.8%) survivors [11].

Both ICU and in-hospital mortality rates 
have consistently been described as higher for 
SA-AKI compared with non-septic AKI (ICU 
mortality, 19.8% vs. 13.4%; in-hospital mortal-
ity, 29.7% vs. 21.6%) [10]. In addition, there 
was a stepwise increase for ICU, in-hospital, 
and 90-day mortality rates in septic AKI patients 
reported when patients were stratified by 
increasing severity of AKI [13]. Mortality was 
significantly higher in patients with SA-AKI for 
AKI-AKIN stage 3 (64.1%) compared with 
AKI-AKIN stage 1 (34.6%) after adjustment for 
illness severity [20].

10.5  SA-AKI Pathophysiology

Our evolving understanding of SA-AKI suggests 
that septic AKI is precipitated by unique and 
complex mechanisms. Previously, sepsis-medi-
ated kidney hypoperfusion leading to ischemic 
injury was often cited as the primary pathophysi-
ological mechanism contributing to SA-AKI. 
Acute tubular necrosis (ATN) has been classi-
cally used to describe the cellular effects of sep-
sis-driven ischemia-reperfusion injury. However, 
this terminology is dated and likely should be 
supplanted by modern clinical descriptions of 
AKI. Autopsy studies have shown that only 22% 
of 184 patients with clinically defined SA-AKI 
had classic histopathologic features suggestive 
of tubular necrosis on biopsy [29]. Accumulating 
evidence suggests that AKI in sepsis may occur 
in settings of preserved or increased global renal 
blood flow (RBF). This provides clues to why 
early restoration of renal hemodynamics does not 
necessarily reverse AKI in a significant propor-
tion of patients with SA-AKI. Experimental data 
are beginning to unravel the scope of additional 
drivers of kidney damage and dysfunction in sep-
sis, including the simultaneous and amplifying 
effects of renal microcirculatory dysfunction (i.e., 
endothelial dysfunction, inflammation, coagula-
tion disruption), systemic and kidney-derived 
inflammation, tubular epithelial cell adaptation to 
injurious stimuli, and the often multiple baseline 
 susceptibilities and discrete insults experienced 
by patients (Fig. 10.2).
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10.5.1  Alteration in Renal 
Hemodynamics 
and Microcirculatory 
Dysfunction

Experimental studies in animal models suggest that 
sepsis leads to aberrations in global and regional 
microvascular RBF. In an ovine model, Escherichia 
coli-induced sepsis conferred a period of hyperdy-
namic RBF associated with 50% reduction in glo-
merular filtration rate (GFR) [30]. Similar findings 
were reported in another experimental model where 
sepsis induced significant increases in RBF associ-
ated with reductions in creatinine clearance [31]. In 
humans, renal vein thermodilution measurement of 
renal blood flow (RBF) in eight septic critically ill 
patients showed preservation of renal plasma flow. 

In these patients, decreases in GFR did not correlate 
with changes in RBF and vice versa [32]. A system-
atic review of 159 animal studies of experimental 
sepsis found that majority (62%) reported dimin-
ished RBF; however, this was predominantly related 
to sepsis-induced low cardiac output states [33]. 
Overall, RBF seems to be less contributory to renal 
perfusion during hyperdynamic sepsis unless car-
diac output is impaired. A randomized trial in an 
ovine model of hyperdynamic sepsis evaluated the 
impact of angiotensin II infusion (ATII) on renal 
hemodynamics. AT II infusion resulted in a further 
reduction of RBF; however, it contributed to a sig-
nificant increase in creatinine clearance (70%) and 
urine output (sevenfold increase) compared with 
placebo [34]. These findings suggest that an early 
primary irregularity occurring in sepsis may be the 

Afferent arteriole Efferent arteriole

Leukocyte

Cytokine/DAMPs and PAMPS

Cytokine and DAMP/PAMP-
receptor

Peritubular capillary

Proximal Tubule

Cell cycle
arrest

Apoptosis

Fig. 10.2 During sepsis, DAMPs, PAMPs, and addi-
tional inflammatory mediators can injure renal tubular 
epithelial cells from both the tubular lumen and interstitial 
side. Inflammatory mediators derived from bacteria 
(PAMPs) or immune cells (DAMPs) are filtered through 
the glomerulus, where they enter the tubular lumen and 
can contribute to tubular cell injury by binding to specific 
receptors (e.g., TLR). Similarly, cytokines, DAMPs, and 

PAMPs are also released from extravasated leukocytes, 
where they amplify damage by binding to receptors on the 
interstitial side of tubular cells. The activation of cytokine 
or DAMP/PAMP receptors may induce apoptosis or cell-
cycle arrest, depending on the pattern and severity of the 
signaling. Reproduced with permission from Zarbock A 
et al. Curr Opin Crit Care 2014;20(6):588–95
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loss of glomerular perfusion pressure and relative 
shunting, coupled with the maldistribution of 
regional blood flow and deranged microcirculatory 
perfusion. Indeed, grossly impaired microcircula-
tory flow can occur in regional tissues beds, such as 
the renal cortex or medulla, despite preserved or 
even increased global RBF [35]. Numerous factors 
coalesce to disrupt the microcirculation. Loss of the 
endothelial glycocalyx contributes to altered vascu-
lar permeability, excess fluid extravasation, and 
renal tissue edema. Cellular debris, including leuko-
cytes and platelets, and coagulation activation fur-
ther contribute to endothelial disruption and 
occlusion [36]. These factors contribute to impaired 
microcirculatory perfusion and may be further 
exacerbated by intrarenal pressure (encapsulated 
organ) and macro-hemodynamic factors such as 
elevated renal venous pressure and/or excessive 
intra-abdominal pressure.

10.5.2  Immune- and Inflammatory-
Mediated Injury

Sepsis is known to release a vast array of inflam-
matory mediators, commonly referred to as 
damage-associated molecular proteins (DAMPs—
derived from the host response [e.g., DNA, RNA, 
HMGBP1]) and pathogen-associated molecular 
proteins (PAMPs—derived from pathogens) [37] 
(Fig.  10.2). Elevated circulating levels of selected 
inflammatory mediators in sepsis are known to be 
associated with development of SA-AKI.  Renal 
tubular apoptosis, cell-cycle arrest, and overt necro-
sis are adaptive responses to DAMPs/PAMPs and 
cytokine signaling pathways from the luminal and 
interstitial (i.e., peritubular capillary) surfaces of 
the epithelial cells and may be a potent contribut-
ing mechanism of kidney damage and dysfunction 
in SA-AKI. Indeed, in a side-by-side experimental 
comparison of murine models of SA-AKI versus 
ischemia-reperfusion (using cecal-ligation puncture 
model), renal cell apoptosis was more prominent on 
histology in the SA-AKI mice with minimal tubu-
lar injury or inflammation. In addition, the SA-AKI 
mice showed increased renal interleukin-10 
expression and proliferation of regulatory T cells. 
Inhibition of caspase-3 modulated the severity of 
AKI, supporting a mechanistic role for apoptosis in 

propagating injury [38]. In a porcine model of fecal 
peritonitis, renal tubular cells showed vacuolization 
and injury to cellular brush borders but no evidence 
of necrosis [39]. A comparison of postmortem kid-
ney biopsy specimens from 19 patients with septic 
shock versus trauma and non-septic patients showed 
an increase in renal tubular cell apoptosis and leuko-
cyte infiltration in the septic group, while apoptosis 
was not observed in the non-septic group [40].

10.5.3  Adaptive Response to Cellular 
Stress

Oxidative stress, bioenergetic failure, and cellu-
lar hypoxia are molecular drivers of injury during 
SA-AKI. Tissue hypoxia in the kidney during sep-
sis may be defined by inflammation, changes in 
intrarenal nitric oxide, nitrosative stress or oxygen 
radical homeostasis, and dysregulation [41, 42]. 
Downregulation of mediators of oxidative phos-
phorylation occurs during sepsis, and protection of 
mitochondrial respiration as an adaptive response 
may mitigate kidney damage during sepsis [43]. 
In a model of lipopolysaccharide-induced endo-
toxemic AKI, reactive nitrogen species and reac-
tive oxygen species (ROS) were overexpressed in 
the renal cytosolic dysfunction during sepsis. This 
study suggests that injury occurs during SA-AKI 
from dysregulation of transcriptional events, ROS 
signaling, mitochondrial activity, and metabolic 
orientation such as apoptosis [44]. However, recent 
data have shown renal epithelial cells may adapt 
to local milieu to limit apoptosis and/or necrosis 
in SA-AKI. These data imply epithelial cells may 
adapt to limit cellular damage by altering meta-
bolic processes and entering a state of cell-cycle 
arrest [45]. This adaptive response phenotypically 
manifests as reduced kidney function; however, 
the cellular level provides opportunity for renal 
epithelial cell repair and recovery.

10.6  SA-AKI Diagnosis and Risk 
Recognition

The risk of poor outcomes associated with SA-AKI 
worsens with delays in recognition of injury. Because 
no singular effective therapy has been discovered, 
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early initiation of supportive care targeting the drivers 
of injury is the mainstay of therapy. The activation of 
such support relies on risk identification, early recog-
nition, and timely diagnosis of injury. The recent 
diagnostic and staging criteria by the Kidney Disease: 
Improving Global Outcomes (KDIGO) utilizes abso-
lute and relative changes in serum creatinine level 
and urine output to define and assess the severity of 
kidney injury [46]. While the KDIGO classification 
is an important advance in the field of AKI, use of 
creatinine and urine output come with well recog-
nized limitations. Serum creatinine is insensitive and 
can vary widely by age, sex, diet, muscle mass, and 
the volume status of the patient. Changes to serum 
creatinine are often delayed, usually requiring >24 h 
to increase significantly, and several days to reach a 
new steady state after acute changes to glomerular 
filtration rate (GFR). Due to the nonlinear relation-
ship between GFR and serum creatinine, GFR may 
decrease by more than 50% prior to significant incre-
ments in serum creatinine occurring. Septic patients 
typically receive aggressive fluid resuscitation, which 
can have a dilutional effect on serum creatinine. 
Similarly, sepsis has been shown to reduce the mus-
cular production and/or release of creatinine, even in 
the absence of any changes in weight, hematocrit, or 
extracellular fluid volume [47]. These pitfalls impair 
the sensitivity of serum creatinine and limit its effi-
cacy in the early detection of SA-AKI.

The role of classic urine biochemistry and 
derived indices in the diagnosis and discrimina-
tion of AKI remains controversial. Data from 
observational studies have found many of these 
parameters, in particular urine sodium (UNa), 
and fractional excretion of sodium and urea 
(FeNa, FeU) has relatively poor operative char-
acteristics to inform about diagnosis and pro-
vide clinical decision support [48]. In a study of 
83 critically ill adults, fractional excretion of 
sodium and urea (FeNa and FeU) was not sig-
nificantly different in patients with SA-AKI ver-
sus AKI without sepsis. In addition, they were 
not predictive of worsening AKI severity, renal 
replacement therapy, or mortality [49]. On the 
other hand, the evaluation of the urinary sedi-
ment for renal epithelial cells and casts can pro-
vide diagnostic and prognostic information 
about the risk for worsening AKI. A prospective 
evaluation of a urine microscopy score derived 

from renal tubular cells and casts correlated 
with urinary neutrophil gelatinase-associated 
lipocalin (NGAL) levels and with severity of 
AKI [50].

The precise role of novel kidney damage bio-
markers, such as cystatin C; neutrophil gelatin-
ase-associated lipocalin (NGAL); insulin-like 
growth factor-binding protein 7 (IGFBP7) and 
tissue inhibitor of metalloproteinases-2 (TIMP-
2); kidney injury molecule-1; interleukin-18; and 
L-type fatty acid-binding protein, detectable in 
the blood and urine for the diagnosis of AKI and 
for clinical decision support, while very promis-
ing, is still undergoing investigation. Novel bio-
markers have shown an ability to identify 
SA-AKI before changes in serum creatinine lev-
els. Plasma and urine NGAL levels were signifi-
cantly higher at 0, 12, and 24 h in 83 patients with 
SA-AKI compared with patients with non-septic 
AKI [51]. While other studies showed inconsis-
tent findings, a recent systematic review that 
included 15 studies evaluating plasma and urine 
NGAL in septic patients suggested that they have 
good precision in diagnosing SA-AKI and pre-
dicting outcome including receipt of RRT and 
mortality [52]. Other markers specific for sepsis-
induced cellular injury may carry high predictive 
precision for SA-AKI. An increase of E-selectin, 
typical of inflammatory and endothelial activa-
tion, is associated with future risk of AKI in sep-
tic patients [53]. In a large multicenter study of 
critically ill adults, cell-cycle arrest markers 
TIMP-2 and IGFB7 showed superior discrimina-
tion for AKI compared with other novel biomark-
ers such as NGAL, interleukin-18, liver-type 
fatty acid-binding protein, and kidney injury 
molecule-1 (AUC, 0.80 for TIMP-2/IGFBP7 ver-
sus <0.72 for the others). In this study, the predic-
tive performance of TIMP-2/IGFBP7 for AKI 
was increased further in patients with sepsis 
(AUC, 0.82) [54]. The use of Doppler-based 
renal resistance index has shown potential utility 
in the diagnosis of SA-AKI.  However, its use 
remains limited by inter-operator variability and 
the influence of age, other hemodynamic vari-
ables, and intra-abdominal pressure [55–57]. 
Newer modalities such as contrast-enhanced 
ultrasound might have promising role in early 
detection of AKI in the future [58].
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Risk prediction tools can be utilized to identify 
patients at greater risk of developing overt or wors-
ening AKI.  The concept of renal angina index 
(RAI), a composite based on risk factors and early 
signs of kidney injury, has shown good predictive 
performance in severe AKI in critically ill children 
with sepsis (Table  10.3) [59]. The use of auto-
mated electronic alerting (e-alert) from electronic 
medical records and clinical information systems 
has been suggested to improve the recognition of 
AKI in hospitalized patients at risk. Electronic 
alerting has shown promise in triggering earlier 
interventions and improving AKI outcomes [60].

10.7  SA-AKI Management

The general principles in the evaluation and man-
agement of SA-AKI are aimed at early resuscita-
tion targets to physiological endpoints, source 
control, and antimicrobial administration, fol-
lowed by strategy of limiting injury, avoiding 
life-threatening complications, and eliminating 
any potential contributors to worsening kidney 
function to facilitate recovery (Fig. 10.2). While 
numerous novel therapies have been evaluated 
for the prevention and management of SA-AKI, 
no specific intervention has been shown to con-
tribute to improved patient outcomes.

10.7.1  Fluid Resuscitation

When shock is identified, resuscitation and opti-
mization of intravascular volume should be per-
formed promptly by the administration of fluid 

and vasoactive therapy titrated to physiological 
endpoints. Optimizing systemic and kidney 
hemodynamics should always be a priority, as 
reestablishment of adequate intravascular vol-
ume and perfusion pressure using early aggres-
sive fluid administration and vasoactive support 
can be lifesaving [61, 62]. Of the numerous strat-
egies evaluated for the prevention of AKI, only 
fluid therapy has been shown to be effective. 
However, following the acute resuscitation phase, 
patients who are no longer “fluid responsive” 
should be carefully monitored for complications 
of fluid accumulation and overload. Fluid over-
load is associated with less favorable outcomes 
including higher mortality, higher utilization of 
RRT, and reduced probability of renal recovery 
[63–66]. A recent meta-analysis of three large 
randomized trials that evaluated protocolized 
early goal directed therapy (EGDT) resuscitation 
compared to standard care found no difference in 
90-day mortality (OR 0.97; 95% CI, 0.82–1.14, 
p = 0.68) [67]. In addition, the use and duration 
of RRT were similar between the two groups.

Recent data have provided additional insights 
into the type of fluid to be used for acute resuscita-
tion in patients with sepsis. In randomized trials of 
fluid resuscitation in septic patients, the use of syn-
thetic colloid hydroxyethyl starch (HES) compared 
with crystalloids was associated with increased risk 
of AKI, greater RRT utilization, and increased mor-
tality [68–70]. Based on these data, the use of HES 
fluids for resuscitation in sepsis should be discour-
aged. Evidence for albumin use in acute resuscita-
tion in sepsis has suggested some benefit; however, 
it remains controversial. A secondary analysis of the 
SAFE study and a recent systematic review have 

Table 10.3 The renal angina index (RAI) to predict risk of AKI among critically ill children [59]

Risk Injury

Demographics Class Score ↓eCCl ↑%FO Score
ICU admission Moderate 1 × 0 <5% 1
Transplantation High 3 1–24% ≥5–10% 2

Ventilation + inotropic support Very high 5 25–49% ≥10–15% 4

≥50% ≥15% 8

Abbreviations: eCCl estimated creatinine clearance by the Schwartz formula; %FO percentage of fluid overload nor-
malized for ICU admission weight
The RAI is calculated by multiplying the patient risk score by the injury score. The higher score for either of the injury 
criteria (eCCl or FO) is used. A RAI product of ≥8 fulfills the renal angina classification. Transplantation refers to solid 
organ or stem cell transplantation
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shown use of albumin solutions is associated with 
reduced mortality; however, there is no significant 
difference in the incidence of AKI [71, 72]. 
Although the ALBIOS trial showed that albumin 
replacement in sepsis was not associated with sur-
vival benefit, a post hoc analysis suggested albu-
min-containing solutions may improve the 
hemodynamic profile and reduce fluid volumes, 
organ dysfunction, and survival in patients with sep-
tic shock [73]. However, there remain a number of 
uncertainties regarding the routine use of albumin 
for resuscitation in septic shock (i.e., cost-effective-
ness). Recent data have also focused on the compo-
sition of crystalloid solutions and the risk of adverse 
kidney sequelae. The preferential use of balanced 
crystalloid solutions (such as Ringer’s lactate and 
PlasmaLyte) has been shown in observational stud-
ies to reduce the risk of iatrogenic metabolic acido-
sis, AKI, and mortality [74, 75]. A recent large 
randomized crossover trial enrolling 2278 predomi-
nantly non-septic, low-risk, postoperative patients 
from 4 ICUs did not show significant differences in 
the occurrence of AKI or mortality; however, AKI 
occurred in relatively few patients [76]. The issue of 
the ideal crystalloid solution for acute resuscitation 
to optimize kidney and patient survival remains to 
be definitively proven.

10.7.2  Antimicrobial Therapy

Early antibiotic administration has been shown to 
improve outcome in sepsis [62]. Similarly, 
delayed administration of appropriate antimicro-
bial therapy was found to be an independent pre-
dictor of the development of SA-AKI [13]. 
Incremental delays in antimicrobial delivery after 
the onset of hypotension showed a direct rela-
tionship with increased SA-AKI incidence and 
severity. In that cohort, the mean time to receive 
antimicrobials in SA-AKI patients was 6.0 h ver-
sus 4.2 h in patients with no AKI (p < 0.001). For 
every 1-h delay in administering antibiotics, the 
odds of AKI increased by >40% (OR 1.41; 95% 
CI, 1.10–1.20, p < 0.001). In another recent study, 
early administration of antimicrobials was asso-
ciated with greater likelihood of recovery of 
SA-AKI within 24 h from admission [14].

10.7.3  Vasoactive Support

The optimal perfusion pressure to target vasoac-
tive support in sepsis and septic shock remains to 
be determined. The SEPSISPAM trial suggested a 
lower MAP target (MAP 65–70 mmHg compared 
with 80–85 mmHg) was as effective as a higher 
MAP target for survival and occurrence of adverse 
events in septic shock; however, in the subgroup 
of patients with chronic hypertension, the higher 
MAP target was associated with lower utiliza-
tion of RRT [77]. Whether a greater MAP target 
reduces risk for AKI and RRT utilization remains 
uncertain. The Surviving Sepsis Campaign rec-
ommends the preferential use of norepinephrine 
as first vasopressor agent in treating adult septic 
shock patients who remain hypotensive follow-
ing fluid resuscitation [62]. This recommendation 
is supported by evidence showing superiority of 
norepinephrine over dopamine [78]. Specific to 
AKI, the use of “renal-dose” dopamine has not 
proven effective for preventing the development 
of AKI [79]. Fenoldopam (selective dopamine 
receptor-1 agonist) was found to have protective 
effect against the development of SA-AKI in a 
small RCT; however, that did not show survival 
benefit, suggesting the need for further verifi-
cation in high-quality trials [80]. In the VASST 
trial, low-dose vasopressin plus norepinephrine 
was not associated with reduced mortality com-
pared to norepinephrine alone in patients with 
septic shock [80]. A post hoc analysis suggested 
that vasopressin may reduce the progression of 
SA-AKI (from RIFLE-Risk to Failure or Loss) 
and reduce the utilization of RRT [81]. Recently, 
the VANISH trial showed that vasopressin was 
not associated with decreased mortality or sig-
nificant differences in kidney failure-free days 
compared to norepinephrine-treated in patients 
with septic shock (difference −2.3  days; 95% 
CI: −13.0 to 8.5 days); however, the vasopressin-
treated patients had lower use of RRT (difference 
−9.9%; 95% CI: −19.3 to −0.6%) [82]. Use of 
recombinant angiotensin II (ANGII) infusion as a 
novel vasopressor has shown kidney-specific ben-
efits in experimental sepsis models, and a recent 
phase 3 RCT showed use of ANGII showed sig-
nificant improvements in mean arterial pressure in 
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patients with catecholamine-resistant vasodilatory 
shock compared to placebo [83]. Further trials are 
anticipated to evaluate whether these findings can 
further translate to survival and kidney benefits.

10.7.4  Renal Replacement 
Therapy (RRT)

Renal support therapy is the cornerstone for treat-
ment of established, persistent, or complicated 
AKI following acute resuscitation. The decision 
to start RRT is often complex and shows consid-
erable variability. RRT should be initiated when 
confronted with life-threatening complications 
attributed to AKI, such as medically refractory 
metabolic acidosis, hyperkalemia, azotemia, or 
fluid overload. Starting RRT in the absence of 
these criteria remains controversial, with selected 
data from observational studies suggesting early 
or preemptive RRT initiation before the onset of 
overt complications of AKI may be associated 
with improved survival. A systematic review that 
included 15 studies comparing early versus late 
initiation of RRT therapy found improved mor-
tality with early RRT use (odds ratio 0.45; 95% 
CI, 0.28–0.72). However, the studies included in 
the meta-analysis were generally small and het-
erogeneous, suffered low methodological quality, 
and had considerable risk of bias, limiting their 
applicability [84]. Recently, two large RCTs 
evaluated the question of when to optimally start 
RRT in AKI [85, 86]. The single-center Early 
Versus Late Initiation of Renal Replacement 
Therapy in Critically Ill Patients with Acute 
Kidney Injury (ELAIN) trial showed decreased 
in 90-day mortality in the early RRT group 
(39.3% vs. 53.6%; p = 0.03). In addition, early 
RRT was associated with improved kidney recov-
ery, decreased duration of RRT, and reduction in 
selected plasma pro-inflammatory mediators. On 
the other hand, the multicenter Artificial Kidney 
Initiation in Kidney Injury (AKIKI) trial showed 
no difference in 60-day mortality between early 
and delayed RRT initiation strategies (48.5% vs. 
49.7%, p  =  0.79). RRT-free days were greater, 
and the occurrence of catheter-related blood-
stream infection was lower in the delayed RRT 

strategy group. These conflicting findings will 
hopefully be further clarified with the completion 
of two ongoing large multicenter RCTs [87, 88].

The ideal modality to support critically ill sep-
tic patients with AKI remains unresolved. 
Continuous renal replacement therapy (CRRT) is 
used most commonly early in the course for 
hemodynamically unstable patients because of its 
adaptability to the patient condition, achievement 
of more consistent hemodynamic tolerance, and 
metabolic and fluid homeostasis. Although no 
definitive evidence has shown a survival advan-
tage with one particular modality, recent data 
have suggested that initial support with CRRT 
may better facilitate recovery of kidney function 
to RRT independence and reduce the long-term 
risk of incident chronic kidney disease [89, 90].

Despite early data by Ronco et al. [91] suggest-
ing a potential benefit from higher-intensity dose 
RRT (CRRT effluent 35–45 mL/kg/h), subsequent 
evidence from two large multicenter RCTs 
(Randomized Evaluation of Normal Versus 
Augmented Level Renal Replacement Therapy 
[RENAL] and Veterans Affairs/National Institutes 
of Health Acute Renal Failure Trial Network [ATN] 
study) showed no incremental benefit of higher-
intensity compared to lower-intensity RRT, with 
fewer metabolic complications occurring in those 
receiving lower-intensity support [92, 93]. In addi-
tion, in both the RENAL and ATN studies, there 
was no significant difference in the odds ratios 
(ORs) for mortality in the subgroups with sepsis 
who received higher- vs. lower-intensity RRT.

Experimental and preliminary clinical data had 
suggested that high-volume CRRT may confer sur-
vival benefit by exerting a nonspecific immunomodu-
latory effect in sepsis. The hIgh VOlume in Intensive 
caRE (IVOIRE) study investigated high-volume 
hemofiltration (HVHF) in septic shock patients with 
AKI and found no survival or clinical benefits [94]. 
A recent systematic review evaluating high-vol-
ume hemofiltration (CRRT effluent >50 mL/kg/h) 
for SA-AKI found no outcome benefits and more 
metabolic abnormalities using higher effluent rates 
compared to standard doses [78]. A number of addi-
tional extracorporeal blood purification techniques 
are being actively investigated as potential adjuvant 
therapies in sepsis, including novel membranes and 
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hemofilters, plasma exchange, sorbent technologies 
(i.e., polymyxin B hemoperfusion); however, defini-
tive evidence of patient and kidney survival benefit 
are pending.

10.7.5  Targeted Molecular- 
and Cell-Based Therapy

The pathogenesis of SA-AKI is as a multifactorial 
process involving apoptotic, immune, and inflam-
matory processes. Novel perspective medical 
therapies directed at these pathways have emerged 
and could be of potential therapeutic value.

Recent preclinical and clinical studies of alka-
line phosphatase (ALP) have shown promise 
for improving outcome in SA-AKI. The precise 
mechanism for ALP remains uncertain; however, 
it may exert its anti-inflammatory activity by 
direct dephosphorylation of bacterial endotoxins 
and through conversion of adenosine triphos-
phate into adenosine [95]. In a phase 2 clinical 
trial of 36 patients with sepsis, recombinant ALP 

infusion was associated with improved creatinine 
clearance and reduction in inflammatory mark-
ers; however, there is no evidence for reduced 
utilization of RRT [96]. Targeting the apoptotic 
pathway with caspase inhibitors and suppressing 
inflammatory cascades have shown some prom-
ising results in experimental models. In a sep-
tic mouse model, caspase-3 and interleukin-10 
inhibitors had some protective effect against the 
development of SA-AKI [38]. Similar findings 
were observed in an earlier rat model with glyc-
erol-induced AKI, where early caspase inhibition 
attenuated apoptosis and inflammation processes, 
and reduced kidney injury [97]. Modulation of 
mitochondrial oxidative phosphorylation through 
antioxidants also may be of benefit in SA-AKI by 
mediating hypoxia-induced reactive oxygen spe-
cies (ROS) and nitric oxide synthase renal epithe-
lial tubular cell injury during sepsis [98]. Other 
therapeutic agents have shown some kidney anti-
inflammatory and apoptosis-suppressing quali-
ties (Table 10.4). Further evidence assessing their 
beneficial effect in SA-AKI patients is needed.

Table 10.4 Selected novel therapeutic agents with potential in the prevention and treatment of SA-AKI

Agent Proposed mechanism of action Study design (n)
Fenoldopam [80] Dopamine-1 receptor agonist

Increase renal blood flow
RCT (300)

Low-dose vasopressin [81] Glomerular efferent arteriolar 
vasoconstriction
Catecholamine sparing

Post hoc analysis of VASST trial 
(778)

Alkaline phosphatase [96] Anti-inflammatory activity
Dephosphorylation of endotoxins
Conversion of adenosine triphosphate to 
adenosine

RCT [36]

Caspase-3 inhibitors [38, 97] Suppressing apoptotic pathways Experimental
Ghrelin [106, 107] Anti-inflammatory activity

Reduce cytokine levels
Decrease serum nitric oxide levels

Experimental

Soluble thrombomodulin 
[108]

Anti-inflammatory and anticoagulant effects
Reduce microvascular endothelial injury
Improve microvascular perfusion

Experimental

Resveratrol [109, 110] Anti-inflammatory activity
Reduce cytokine levels
Minimize endothelial injury
Suppress macrophage activity
Decrease reactive nitrogen species

Experimental

Adenosine receptor agonists 
[111]

Anti-inflammatory activity Experimental

Erythropoietin [112] Anti-apoptotic and antioxidant activity Experimental
Temsirolimus [113] Promote autophagy and kidney recovery Experimental
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 Conclusion
SA-AKI is a major clinical challenge for the 
clinicians. SA-AKI can be a catastrophic com-
plication that exacerbates an already less than 
favorable outcome in patients with sepsis and 
septic shock. Identification of those at great-
est risk or with early signs of injury is critical. 
Clinical risk scores, electronic alerting sys-
tems, enhanced monitoring, and novel damage-
specific markers can aid in risk identification, 
early diagnosis, and implementation of bundled 
interventions aimed at mitigating the course of 
SA-AKI. Our understanding of SA-AKI patho-
physiology suggests a redundant and multi-
factorial process that remains incompletely 
understood. Early aggressive fluid resuscita-
tion and vasoactive support to restore hemo-
dynamics and perfusion, coupled with harm 
avoidance, are the cornerstones of treatment. 
Crystalloid solutions are generally preferred 
over colloids solutions. HES solutions should 
be avoided. Balanced crystalloids have theo-
retical advantages over 0.9% saline for prevent-
ing iatrogenic acidosis and AKI during large 
volume resuscitations; however, definitive evi-
dence is pending. Unnecessary fluid accumu-
lation with excessive central venous pressures 
and/or intra-abdominal hypertension should 
be avoided. Norepinephrine remains the first-
line vasopressor in septic shock. While sparing 
high catecholamine exposure by the additional 
of vasopressin may reduce AKI progression, 
more evidence is needed. The optional timing 
of RRT initiation in the absence of life-threat-
ening complications of AKI remains unknown. 
CRRT is generally first-line renal support in 
septic shock; however, it may be adapted to 
intermittent therapies as resuscitation evolves. 
Less intensive RRT is preferable and cur-
rent evidence would not support an adjuvant 
role for high-volume hemofiltration. As our 
understanding of the pathobiology of SA-AKI 
expands, additional rigorous investigation is 
needed to develop novel and effective preven-
tative and therapeutic interventions.
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Acute Kidney Failure and Minimal 
Change Disease

Alain Meyrier and Patrick Niaudet

11.1  Introduction

Minimal change disease (MCD), a subset of 
“idiopathic nephrotic syndrome” (INS), defines 
a glomerulopathy with a normal appearance of 
glomeruli by light microscopy, negative immuno-
fluorescence, and foot process flattening (or efface-
ment) and fusion by electron microscopy. This 
definition excludes other variants of INS, such as 
focal segmental glomerulosclerosis and membra-
nous glomerulopathy. Minimal change disease 
is the main cause of nephrotic syndrome in chil-
dren—“childhood nephrosis”—representing about 
95% of all cases before adolescence. It accounts 
for 70–90% of the NS in children who are younger 
than 10 years and 50% in older children.

Minimal change disease is also an important 
cause of INS in adults of all ages, accounting for 
10–20% of cases, and is also observed in patients 
older than 60 years, especially in association with 
acute kidney injury (AKI) [1–5].

The functional expression of MCD is character-
ized by a profound change in the permselectivity 
of the glomerular capillary barrier to serum albu-

min. Proteinuria is greater than 40  mg/m2 body 
surface area/h (>3.5 g/24 h in a 70 kg adult). This 
results in hypoalbuminemia, with serum albumin 
concentration lower than 30 g/L. Proteinuria can 
be massive, greater than 20  g daily with serum 
albumin levels below 10 g/L. Profuse proteinuria 
and severe hypoalbuminemia are associated with 
widespread pitting edema. Pleural and peritoneal 
serosal exudates can be abundant. Conversely, 
at variance with the nephritic syndrome, severe 
hypertension and visceral edema involving the 
brain or the lung (at least clinically significant 
[6]) are not features of nephrotic edema, a first 
clinical indication that sodium and water retention 
is mostly restricted to the extravascular compart-
ment. Contrary to other causes of extracellular 
sodium and fluid retention, edema involves the 
face, especially in children and young adults. This 
and the fact that blood pressure is usually normal 
give the clinical impression that MCD is a par-
ticular form of nephrotic syndrome in which a 
vascular permeability factor is at work [7].

The pathogenesis of nephrotic edema is not 
entirely understood. The issue at stake is to 
determine why as soon as profuse proteinuria 
appears the renal tubules start reabsorbing mas-
sive amounts of sodium filtered at the glom-
erulus. Two pathophysiologic mechanisms have 
been proposed. One hypothesis, prevalent until 
the 1970s, maintained that low plasma colloid 
osmotic (or “oncotic”) pressure (COP) is the 
cause of capillary leakage of extracellular fluid 
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into the interstitium, reduced plasma volume, and 
intense hormonal stimulation of renal sodium 
reabsorption. Since, this “underfill” explanation 
was refuted by a number of studies demonstrat-
ing that in nephrotic MCD the blood volume is 
not diminished and that sodium retention pro-
ceeds from changes of the intrinsic properties of 
the capillary endothelial filtration barrier [8].

In a majority of cases of MCD, renal function, 
defined by the glomerular filtration rate (GFR), 
is normal or moderately impaired. However, over 
the past 50 years, a number of reports of acute, 
oliguric, and in most cases reversible kidney 
insufficiency (AKI) in the course of idiopathic 
nephrotic syndrome with minimal glomerular 
changes have stimulated interest on this compli-
cation of a form of glomerular disease consid-
ered in most cases as entailing little risk of renal 
failure and a high rate of corticosteroid-induced 
remission.

The subject of this chapter requires to recall-
ing the acquired knowledge regarding nephrotic 
edema in patients with minimal histopathologic 
glomerular changes.

11.2  Background

11.2.1  Nephrotic Edema: Movements 
of Blood Extracellular Fluid 
to the Interstitium, Lymphatic 
Uptake and Return to Plasma

In a normal physiological state (for a comprehen-
sive review, see [9]), the extracellular compart-
ment of total body water (ECF) is made up of 
plasma water and interstitial fluid. The move-
ments of water and albumin along an interstitial 
capillary, from the arterial to the venous ends, are 
the result of a balance between filtration (F) and 
reabsorption (R). F and R are a function of cap-
illary (c) and interstitial tissue (i) hydraulic (P) 
and oncotic (π) pressure and of capillary perme-
ability (Kf: the ultrafiltration coefficient). These 
factors are integrated in the Starling equation 
where fluid movement (Jv) = Kf × S × EFP. EFP 
is the effective filtration pressure, S the capillary 
surface area, and Kf the ultrafiltration coefficient. 

EFP = (Pc − Pi) minus (πc − πi) [for figures in 
mmHg, see [10]].

To simplify these basic physiological data, 
it suffices to indicate that in nephrotic edema a 
new equilibrium is achieved between a decrease 
of albumin concentration in the plasma and in 
the interstitial fluid and a higher tissue pressure. 
In this setting interstitial fluid is taken up by 
lymphatics, and the increased lymph flow con-
tributes to maintain a near normal blood volume. 
In order to explain why in most patients with 
the nephrotic syndrome blood volume is not 
low despite a reduced plasma colloid osmotic 
pressure (COP), Koomans et  al. measured the 
transcapillary oncotic pressure difference in 
12 patients with the nephrotic syndrome and 
in 6 patients during complete (n = 3) and par-
tial (n = 3) remission [11]. Subcutaneous nylon 
wicks were used to collect tissue fluid and mea-
sure the albumin content. The albumin content 
and COP were low in both plasma and tissue 
fluid in the nephrotic phase and rose gradually 
during recovery. During these changes the trans-
capillary COP difference only rose slightly: 
from 6.2 ± 1.7 mmHg when the plasma COP was 
below 10 mmHg (n  = 11) to 8.7 ± 1.5 mmHg 
when the plasma COP exceeded 20  mmHg 
(n  =  12). These observations indicated that in 
hypoalbuminemia preservation of the intravas-
cular volume is strongly dependent on main-
tenance of the difference in oncotic pressure 
across the capillary wall.

The same group, using a similar experimen-
tal protocol (subcutaneous wicks), studied the 
role of adjustments of tissue-fluid COP in the 
maintenance of the blood volume in ten patients 
with the nephrotic syndrome before and after 
diuretic treatment until dry weight [12]. A mean 
weight reduction of 13.5 ± 6.4 kg was attended 
by a fall in blood volume in three patients and 
no change in six, but the final blood volume 
was within the normal range. Albumin content 
and COP of tissue fluid were low before edema 
removal and rose slightly after it, parallel to 
changes in the plasma. Thus, the transcapil-
lary gradient in COP did not change before 
and after diuretic treatment. Considering the 
low COP (8.6  ±  1.6  mmHg in edematous and 
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11.7 ± 3.7 mmHg in dry conditions), this gradi-
ent was only slightly below the value of about 
10 mmHg normally found with this technique. 
The authors concluded that a lowered tissue-
fluid COP is important for preserving the blood 
volume in non-edematous proteinuric and hypo-
albuminemic patients. They suggested that this 
adaptation can explain why the blood volume is 
often normal and not expanded despite massive 
overhydration in these patients. However, these 
findings apply to nephrotic adults in a steady 
state of hypoalbuminemia. This is not the case 
when the onset of the nephrotic syndrome is 
explosive, a situation mostly observed in chil-
dren [13–16].

On the same line, factors that abruptly dimin-
ish blood volume, such as vigorous loop diuretic 
treatment, tip the balance between interstitial and 
plasma volume toward hypovolemia and severe 
impairment of the glomerular filtration rate.

11.2.2  Nephrotic Patients with MCD 
in Steady-State Conditions 
Are Not Hypovolemic

As stated by Dorhout Mees, “The notion that 
fluid retention in the nephrotic syndrome is 
caused by a decreased circulating blood volume 
(hypovolemic concept) has dominated medical 
thinking and practice for decades. During recent 
years evidence has accumulated that this concept, 
logical as it may seem, does not reflect reality in 
most patients” [17, 18].

In fact these studies conducted by nephrolo-
gists from Utrecht in the Netherlands confirmed 
initial observations made by Eisenberg in 1968 
that demonstrated that the blood volume is nor-
mal in nephrotic syndrome, observations con-
firmed in numerous subsequent studies [19]. 
These studies were based on blood and plasma 
volume measurements [12, 20–28] and/or on 
demonstrating that sodium retention and edema 
formation in the nephrotic syndrome was not 
the consequence of a hormonal response to 
hypovolemia but, rather, to an intrarenal defect, 
the nature of which is still not perfectly clear 
[29–36].

A remarkable experiment of unilateral protein-
uria was performed by Ichikawa et al. [37]. This 
group produced a unilateral model of puromycin 
aminonucleoside (PAN)-induced albuminuria in 
Munich-Wistar rats to examine the mechanisms 
responsible for renal salt retention. Two weeks 
after selective perfusion of left kidneys with PAN 
or isotonic saline, increases in albumin excretion 
and decreases in sodium excretion were demon-
strated in PAN-perfused but not in non-perfused 
kidneys of PAN-treated rats, although systemic 
plasma protein concentration remained at control 
level. Total kidney GFR and superficial single-
nephron GFR were also reduced selectively in 
PAN-perfused kidneys, on average by approxi-
mately 30%, due primarily to a marked decline in 
the glomerular capillary ultrafiltration coefficient 
(Kf), which was also confined to PAN-perfused 
kidneys.

In vitro microperfusion experiments showed 
an increased rate of sodium reabsorption in the 
cortical collecting ducts from PAN nephrotic 
rats. The increased sodium reabsorption is 
associated with the stimulation of two selec-
tive sodium channels, Na,K-ATPase and ENaC 
[38–40].

11.2.3  Renal Function Is Moderately 
Altered in Nephrotic 
Syndrome with Minimal 
Glomerular Changes

Mild to moderate reduction in GFR has been 
observed in approximately 30% of children and 
adults. This reduction of the GFR is reversible 
with remission of proteinuria. The International 
Study of Kidney Disease in Children (ISKDC) 
reported that among 345 children with MCD, 
one third had serum creatinine levels greater than 
the 95th percentile of age-matched controls [41]. 
Similar observations were made in children by 
White et al. and by Habib and Kleinknecht [42, 
43]. Bohlin reported on 13 unselected children 
with MCD who were followed up to 7.5 years. 
GFR determined as clearance of inulin was 
decreased at the first episode in six patients, but 
none of them had a decreased GFR later during 
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the course of the disease [44]. The same trend to 
depressed GFR measured by creatinine clearance 
was observed in nephrotic adults with minimal 
change disease by Hopper et al. in a series of 31 
patients studied by light, electron, and immuno-
fluorescence microscopy [45].

However creatinine clearance is a poor 
marker of GFR in glomerular proteinuric dis-
eases, in which the tubular secretion of cre-
atinine is greatly increased, overestimating the 
glomerular filtration by about 40% [46]. More 
reliable clearance measurements with inulin 
confirmed depression of the GFR in the active, 
proteinuric phase of MCD, a depression in the 
order of 25%, followed by a return to normal 
GFR when treatment has induced a remission 
[44, 47–49].

Several studies analyzed the relationship 
between proteinuria, effective blood volume, and 
glomerular function. Considering the wealth of 
observations that rule out a state of hypovolemia 
that would ascribe reduced GFR to functional 
renal insufficiency, investigators sought other 
explanations. 

Lowenstein et  al. proposed a theory of 
“nephrosarca,” that is, interstitial edema of the 
kidney, which would physically cause vascular 
and/or tubular occlusion and consequent filtra-
tion failure [50].

In fact, although some kidney biopsies dem-
onstrate severe interstitial edema in grossly 
enlarged kidneys [51, 52], this is far from being 
a constant finding, and renal pathologists rarely 
mention conspicuous interstitial edema with 
tubular compression and collapse in their labora-
tory reports.

In severe forms of nephrotic syndrome, uri-
nary albumin may reach extremely high concen-
trations with excretion of viscous urine, as in one 
case of AKI reported by Koomans whose patient 
voided small amounts of gel-like urine, which 
contained >120  g/L albumin and virtually no 
sodium [53].

Increased tubular urine viscosity might explain 
GFR reduction in less severe forms of INS, even 
in the absence of tubular protein casts.

In fact a simple explanation stems from 
the histological changes observed by electron 

microscopy in MCD, changes made of flattening 
and fusion of the podocyte foot processes along 
the outer aspect of the GBM [54].

Bohman et al. also analyzed the role of podo-
cyte foot process flattening and fusion on the 
glomerular capillary permeability to small mol-
ecules, such as creatinine or inulin [55]. The 
authors studied a group of children with minimal 
change nephrotic syndrome to investigate the 
possible relationship between the fusion of glo-
merular epithelial foot processes and the reduc-
tion in GFR. The degree of foot process fusion 
was estimated as the harmonic true mean of foot 
process width and the length density of epithelial 
slit pores as determined by quantitative electron 
microscopic stereology. In the patients the GFR 
ranged between 40 and 127  mL/min/1.73  m2 
body surface area, the filtration fraction between 
6.9 and 22.5%, and the serum albumin concen-
tration between 14 and 46  g/L.  The mean foot 
process width, which varied between 330 and 
870  nm, showed a close correlation with the 
GFR and the filtration fraction, as well as with 
the serum albumin concentration. As expected, a 
reduction of epithelial slit pore length occurred 
concomitant with the broadening of the foot 
processes. These observations agree with the 
hypothesis that the reduction in the total length 
of glomerular epithelial slit pores, due to the 
fusion of foot processes, results in a reduced 
glomerular capillary permeability to water and 
small solutes.

Other studies by renal physiologists con-
firmed that in MCD the filtration coefficient (Kf) 
of the glomerular basement membrane (GBM) 
to small molecules is impaired, with a decrease 
in filtration slit frequency that causes the aver-
age path length for the filtrate to increase, 
thereby explaining the decreased hydraulic per-
meability [56].

To summarize these findings, it appears 
that the poorly identified factor that revers-
ibly affects the glomerular capillary framework 
in patients with MCD leads to a lesion that 
increases the permeability of the GBM to serum 
albumin and reduces its permeability to small 
molecules, such as water, urea, creatinine, and 
inulin [57].
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11.3  Acute Kidney Injury 
Complicating Minimal 
Change Disease

11.3.1  Historical Period: 1966–1992

The first report of oliguric acute renal failure in 
the course of nephrotic syndrome dates back to 
1966 with a remarkable paper by Chamberlain 
et  al. [58] but presented at a time when immu-
nofluorescence was not available for studying 
kidney biopsies. There were nine cases that had 
been observed between 1961 and 1964. Four 
patients (all four were women aged 42–49 years) 
had initially minimal glomerular changes by 
light and electron microscopy. In fact the third 
case exhibited glomerular hypercellularity and 
most probably suffered from acute GN follow-
ing vaccination, and the fourth case who died 
with bilateral renal vein thrombosis exhibited 
membranous glomerulopathy (MGN) at autopsy. 
Three other patients had MGN and two a prolif-
erative GN. Thus two patients only were without 
doubt cases of MCD, while the others were cases 
of nephritic rather than nephrotic syndrome. 
These two patients were oliguric (<500 mL/day). 
The period of oliguria lasted, respectively, 48 and 
114 days. They were grossly edematous and one 
was hypertensive with distended cervical veins. 
They were treated with dialysis and survived. In 
their discussion the authors considered, accord-
ing to the prevalent belief, that their patients’ 
oliguria was explained by hypovolemia. In fact 
the clinical reports show that the blood volume 
was most probably increased and the main factor 
of recovery consisted of corticosteroid therapy 
inducing remission of proteinuria.

Since the time when this seminal paper was 
published, several reports appeared in the English 
literature on AKI complicating nephrotic syn-
drome [45, 49, 50, 52, 59–68]. This literature was 
the subject of a comprehensive in-depth review 
by Smith and Hayslett in 1992 [69]. They ana-
lyzed 84 cases and excluded 9 of these (including 
2 of Chamberlain et  al.) whose kidney histol-
ogy was not compatible with MCD and 3 cases 
in which the precipitating event was an allergic 
interstitial nephritis [52]. This selection yielded 

75 cases with the following clinical attributes. 
There were 49 males and 26 females, with a mean 
age of 58 ± (SEM) 2 years (range 15–83). In 38 
(84%) edema was described as massive. Forty-
nine were hypertensive (systolic blood pressure 
161  ±  4  mmHg, diastolic BP 91  ±  2  mmHg). 
The majority demonstrated a rather severe form 
of nephrotic syndrome with 11.6 ± 0.6 g/day of 
proteinuria (range 3.5–25) and hypoalbuminemia 
(19 ± 01 g/L, range 4–34). Most were oliguric at 
the time of referral, which made the concentration 
of urinary albumin per liter unusually high. The 
time between onset of nephrotic syndrome and 
AKI was 29 ± 5 days (range 7–90) and the time 
between onset of AKI and recovery 47 ± 11 days 
(range 3–180  days), although the two latter 
pieces of information were often lacking in the 
analyzed reports (21 and 19 cases, respectively). 
In any event the time to recovery was on aver-
age much longer than in cases of acute ischemic 
tubular necrosis, in which the average duration is 
in the order of 2 weeks.

In these 75 cases, a kidney biopsy was per-
formed, in most but not all cases at the time of 
AKI.  In fact the histopathologic diagnosis was 
one of minimal changes in 64, but in 11 cases, 
the kidney biopsy disclosed other lesions: focal 
segmental glomerulosclerosis in 6, mesangial 
proliferation in 4, and focal proliferation in 1. 
We have indicated above that kidney histology 
cannot be considered fully reliable when immu-
nofluorescence along with electron microscopy 
was not done. As an example, careful reading 
of the paper by Chamberlain et  al. reveals that 
two cases out of four were wrongly interpreted as 
being “MCD,” including one in which different 
glomerular lesions strongly suggest MGN were 
found at autopsy [58].

With regard to lesions affecting the tubu-
lointerstitium in cases where a kidney biopsy 
was done during the renal failure, about two 
thirds comprised a sufficient description of this 
compartment. In 65 biopsies the tubular lesions 
were compatible with a diagnosis of acute tubu-
lar necrosis with frank interstitial edema and 
in some scattered interstitial infiltrates. In the 
other 26 cases, tubular necrosis was specifically 
denied. Despite these uncertainties regarding the 
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 tubulointerstitial lesions, on the whole it seemed 
that in cases without tubular necrosis, the degree 
of renal insufficiency was relatively moder-
ate with serum creatinine levels averaging 460 
moles per liter and no necessity to treat AKI with 
dialysis.

In these reports little attention was directed to 
the vascular lesions. However Jennette and Falk, 
in a report of 21 cases of MCD and renal fail-
ure, noted vascular lesions that are common in 
hypertensive persons [64]. Their study included 
a control group and revealed that systolic blood 
pressure was significantly higher in nephrotic 
patients with AKI than in those without. Esparza 
et  al. also noted in their relatively old patients 
lesions of arterial and arteriolar sclerosis [52]. 
We shall comment below on the issue of idio-
pathic nephrotic syndrome in older patients with 
so-called lesions of “nephrosclerosis.”

More disquieting were some observations 
of patients whose kidney biopsy did not reveal 
unusually severe lesions and in whom AKI was 
irreversible. Raij et  al. reported five such cases 
in adults aged 44–74 years in whom irreversible 
acute renal failure developed [65]. Prior to renal 
disease, associated systemic illness or occlusion 
of major renal vasculature was not present. All 
patients continued to excrete large amounts of 
proteins (8.6–15 g/24 h) despite a minimal glo-
merular filtration rate and severe oliguria. One 
patient died after 5  months without recovering 
renal function. Four patients required hemodialy-
sis for a period of 12–58 months. The failure to 
recover renal function could not be explained by 
the light microscopic findings. The authors sug-
gested that the irreversibility of the renal failure 
might be related to either permanent alterations 
in renal blood flow or ultrastructural changes or 
to both. They stressed the fact that some adult 
patients in whom acute renal failure develops 
during the course of idiopathic nephrotic syn-
drome seem to have a grave prognosis and that 
protracted oliguria or irreversible renal failure 
can be expected to occur.

Despite some drawbacks the review by Smith 
and Hayslett remains usefully informative. In 
particular their commentary illustrates the vari-
ability of treatments and outcomes in this com-

pilation of 75 cases scattered over a period of 
25 years. Treatments variably comprised volume 
expansion, or diuretics and/or ultrafiltration, or 
glucocorticoids alone. The overall impression is 
that recovery of renal function was achieved in 
about two thirds of the cases (58/75) within an 
average of 7 weeks but with wide variations in 
this length of time. However 14 patients died of 
various complications, and as mentioned above, 
some remained indefinitely on dialysis. These 
patients who did not recover were older than their 
fellow sufferers and more hypertensive.

Following this “historical” period that covers 
25 years (1966–1991), the matter of AKI compli-
cating minimal change nephrotic syndrome con-
tinued to stimulate the interest of nephrologists. 
The following section analyzes the publications 
that appeared over the subsequent quarter of a 
century.

11.3.2  Experience Acquired Between 
1992 and 2014

11.3.2.1  Acute Kidney Injury 
in Adults with Minimal 
Glomerular Changes

By comparison with the “historical” period ana-
lyzed above, a Medline search covering the two 
following decades does not yield many publica-
tions specifically dealing with AKI complicating 
adult MCD. Large series of histopathologic stud-
ies indeed mention that MCD is not rare among 
patients undergoing a kidney biopsy in the setting 
of acute renal failure, especially in older patients 
[1–5], but few articles add useful information to 
the pre-existing literature. Some papers report-
ing large numbers of patients with MCD do not 
even mention cases of AKI in their experience 
[70]. Others mix up various forms of nephrotic 
glomerulopathies without specifically focusing 
on MCD [71].

We analyze below the main articles compris-
ing sufficient information for the renal clinician, 
information based on well-documented cases of 
AKI and MCD.

Waldman et  al. performed a retrospective 
review of 95 adults who had MCD and were 
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observed in the same referral center between 
1990 and 2005 [72]. Most patients (84%) were 
referred for a second opinion regarding treat-
ment. The majority of them were white (80.6%) 
with more women (61%) than men, and mean age 
was 45.1  ±  1.6  year. Hypertension was present 
in 42.9%, and microscopic hematuria in 28.9%. 
Mean serum creatinine was 1.39 ± 0.13 mg/dL and 
mean GFR was 71.7 ± 4.0 mL/min per 1.73 m2. 
Mean serum albumin was 2.21 ± 0.08 g/dL and 
urinary protein excretion was 9.93 ± 0.71 g/day. 
Mean duration of follow-up for the cohort as a 
whole was 132 weeks. AKI associated with the 
NS occurred in 24 patients. In 17 patients, it was 
concurrent with the initial presentation of MCD, 
and in 7 it occurred during a relapse. Patients 
with AKI, compared with 75 patients without 
AKI, were more likely to be male (63.2% vs. 
33.3%), older (54.5 ± 3.4 vs. 41.7 ± 1.7 years), 
and hypertensive (68.8 vs. 36.8 years) with lower 
serum albumin (18.3 g/L vs. 23.1 g/L) and greater 
protein excretion (13.14 ± 2.03 vs. 9.1 ± 0.7 g/
day) than those without AKI. There were no dif-
ferences in the use of medications, including 
diuretics, angiotensin-converting enzyme inhibi-
tors, angiotensin receptor blockers, and nonste-
roidal anti-inflammatory agents between patients 
with or without AKI.  Mean time to recovery 
of renal function was 6.4  ±  2.0  weeks. Four 
patients required hemodialysis that ranged from 
5 to 24 weeks. Serum creatinine at last follow-
up was significantly higher in patients with AKI 
(2.11 ± 0.44 vs.1.15 ± 0.17 mg/dL in those with-
out AKI). It was not possible to define treatments 
that best correlated with recovery of renal func-
tion. Kidney biopsies that were performed in 22 
patients during an episode of AKI were reviewed. 
Features of acute tubular injury, evident in 14 
biopsies, were mild in 9, moderate in 2, and 
severe in 3. Patchy interstitial inflammation, seen 
in 13 biopsies, was mild in 11, moderate in 1, 
and severe in 1. Interstitial edema was mild in 
six biopsies, moderate in two, and severe in one. 
Mild tubular atrophy and interstitial fibrosis were 
seen in 13 biopsies. Arteriosclerosis was mild in 
13 and moderate in 2 biopsies. Six biopsies did 
not have any evidence of acute tubular injury, 
interstitial edema, or interstitial inflammation. At 

mean follow-up of 223 weeks, patients with an 
episode of AKI had a significantly higher mean 
serum creatinine compared with those without 
ARF (2.11  ±  0.44 versus 1.15  ±  0.17  mg/dL; 
P < 0.001). Four had developed lesions of FSGS.

Chen et al. presented data on 25 patients with 
MCD and AKI and focused their study on an 
interesting pathophysiologic hypothesis dealing 
with endothelin-1 (ET-1) expression in vessels, 
tubules, and glomeruli [73]. Their patient popula-
tion consisted of 53 patients consecutively diag-
nosed with adult-onset MCN during a 10-year 
period. Based on creatinine clearance, 25 patients 
were assigned to the AKI group and 28 patients to 
the non-AKI group. The AKI group had a higher 
blood pressure, higher serum cholesterol level, 
and lower serum albumin level than the non-AKI 
group. Pathological data showed more severe 
foot process effacement, interstitial edema, and 
flattened tubular epithelium in the same group. 
Greater ET-1 expression was detected in vessels, 
tubules, and glomeruli of the AKI compared with 
non-AKI group. The AKI group experienced a 
lower steroid response rate. However, there was 
no significant difference in stability of remission 
to steroid treatment in patients who achieved a 
remission. The authors hypothesized that AKI 
associated with enhanced kidney ET-1 expression 
is a reversible complication of MCN that occurs 
frequently in patients with apparently expanded 
extracellular fluid. They presumed that AKI may 
develop as an amplification of the underlying 
pathogenesis of MCN involved in enhanced ET-1 
expression, which may be superimposed by a 
transient episode of circulatory insufficiency dur-
ing diuretic treatment.

11.3.2.2  Acute Kidney Injury 
in Children with Minimal 
Change Nephrosis

Acute kidney injury is much less frequent in chil-
dren with MCD compared to adults. In a study 
including 1006 patients observed between 1990 
and 1999, the incidence of acute kidney injury 
was 0.8% [74]. However, the frequency of AKI 
is higher if we consider those children with 
 minimal change disease who are hospitalized. 
A recent publication from the Midwest Pediatric 
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Nephrology Consortium in the USA reports 
that AKI occurred in 58.6% of 336 children and 
50.9% of 615 hospitalizations of children with 
nephrotic syndrome [75]. In this study, risk fac-
tors for AKI were steroid-resistant nephrotic syn-
drome, infection, and nephrotoxic medication 
exposure.

In children with MCD, AKI may be second-
ary to severe volume depletion, infection, acute 
tubular necrosis, allergic interstitial nephritis 
(due to antibiotics or nonsteroidal anti-inflamma-
tory drugs), or drug toxicity such as calcineurin 
inhibitors (cyclosporine and tacrolimus which 
are often used in children with steroid-dependent 
nephrotic syndrome) or ACE inhibitors [76, 77]. 
ACE inhibitors or angiotensin receptor block-
ers are often prescribed to reduce proteinuria in 
steroid-resistant children and may be responsible 
for AKI. Volume depletion may be exacerbated 
by the use of diuretics or diarrhea. Peritonitis is a 
well-known complication of idiopathic nephrotic 
syndrome and may occur at presentation or at 
onset of a relapse. This serious infection may 
be associated with AKI [78, 79]. Sakarcan et al. 
reported AKI in four children, three of them in 
association with peritonitis [79]. Renal biopsy 
showed acute tubular ischemia. All children 
required dialysis, and renal function recovered in 
all of them within 12 days and in some of them 
up to 1 year.

These factors, which are associated with 
a risk of AKI, may be absent, and changes in 
renal perfusion and glomerular permeability 
are suspected. Vande Walle et  al. studied 11 
children with biopsy-proven MCD and oliguric 
acute renal failure [80]. They measured inu-
lin and para-aminohippurate clearances before 
and after the intravenous administration of an 
albumin solution. Prior to albumin infusion, the 
GFR was significantly decreased in all patients, 
but renal plasma flow (RPF) values were in the 
normal range in most patients. This indicated 
a significant decrease of the filtration fraction. 
The response to albumin infusion was a slight 
but not significant increase of the RPF. The GFR 
increased in some patients and decreased in oth-
ers. The authors concluded that although vol-
ume depletion may contribute to a reduced renal 

function in some patients, changes in glomeru-
lar permeability probably have a major role in 
AKI that occurs in the absence of precipitating 
factors. These data are in accordance with those 
reported by Bohman et al. [55], analyzed above 
in Sect. 11.2.3.

11.4  Pathophysiology of AKI 
in Minimal Change 
Nephrotic Syndrome

The foregoing commentary reveals several points 
of interest with regard to idiopathic nephrotic 
syndrome with minimal glomerular changes. 
First, it appears that in this form of nephrotic 
syndrome, the blood volume is normal, but can 
be abruptly diminished by a reckless use of loop 
diuretics for treating edema in a patient whose 
foot process flattening moderately decreases the 
GFR. Second, that AKI with tubular cell injury is 
more frequent in older patients with pre-existing 
hypertension and arterial/arteriolar lesions. Other 
factors that may cause AKI in MCD include 
drugs, contrast media, infection, and renal vein 
thrombosis.

11.4.1  Vascular Lesions

Vascular lesions are common in aged and/or 
hypertensive patients with MCD. They are inter-
preted as “nephrosclerosis,” an umbrella term 
that covers microvascular lesions that do not uni-
formly reduce the afferent arteriolar blood sup-
ply to the glomerular tuft [81–83]. However these 
microvascular lesions along with inflammatory 
interstitial fibrosis and tubular atrophy undoubt-
edly contribute to compromise the viability of 
renal tubules, tubules that already suffer from 
reabsorption of proteins filtered at the glomerulus 
with droplets of athrocytosis.

Other vascular factors may contribute to jeop-
ardize the kidney blood supply, in particular ath-
erosclerotic stenosis of the renal arteries [84]. 
The common factor among these vascular lesions 
is ischemia. This explains the frequent finding of 
tubular necrosis on kidney biopsies in nephrotic 
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patients with AKI, a form of postischemic injury 
with delayed improvement of renal function, irre-
spective of corticosteroid treatment.

11.4.2  Diuretics

Loop diuretics are widely used for treating 
nephrotic edema, and overtreatment resulting in 
hypovolemia is cited in most of the analyzed pub-
lications as having induced an acute rise in serum 
creatinine levels. Hypovolemic shock may occur, 
especially in elderly patients with a background 
of compromised cardiac function.

In fact, as indicated above extracellular salt and 
water retention in MCD can be rather crippling but 
not life threatening, as it would be in some cases 
of nephritic syndrome. As long as remission of 
proteinuria has not been achieved, essentially with 
corticosteroids, the patient remains edematous.

11.4.3  Iodinated Contrast Media

Iodinated contrast media are nephrotoxic and 
may induce AKI in a nephrotic patient older than 
≈60 years [85]. The risk of AKI is greater when 
a high-osmolality ionic contrast medium is used 
in a nephrotic patient with an eGFR <60  mL/
min/1.73 m2.

11.4.4  Nonsteroidal Anti-
inflammatory Drugs (NSAIDs)

11.4.4.1  NSAID-Induced MCD with or 
Without Acute Interstitial 
Nephritis

Since the late 1970s, NSAIDs have been iden-
tified among the causes of “secondary minimal 
change disease” [86]. NSAIDs can produce 
nephrotic syndrome associated with glomerular 
lesions identical to that seen in primary MCD. In 
most, but not all, cases there is a concomitant 
acute interstitial nephritis characterized by the 
influx of polyclonal T and B cells [87–93]. The 
association of NSAID with MCD is character-
ized by an abrupt decline in renal function, usu-

ally eventuating in AKI. Skin rashes and fever are 
uncommon.

Recrudescence may occur upon reexposure to 
the drug, implying that a cell-mediated hypersen-
sitivity reaction is operative. Withdrawal of the 
agent is usually associated with full recovery, but 
glucocorticoids may hasten the rate of return of 
renal function and disappearance of proteinuria. 
Nevertheless, a clear beneficial effect of steroids 
on the course of NSAID-induced MCD is not 
clearly established.

11.4.4.2  NSAID-Induced AKI in Pre-
existing Minimal Change 
Disease

Nonsteroidal anti-inflammatory drugs diminish 
renal function in patients with minimal change 
disease by decreasing the synthesis of vasodilator 
prostaglandins, thereby inducing renal vasocon-
striction [94].

Selective NSAIDs (COX-2 inhibitors) are 
credited with fewer symptomatic gastric and 
duodenal ulcers than nonselective ones. However 
they have a renal toxicity.

In a large cohort study, Lafrance and Miller 
found a higher risk of AKI, defined by a creati-
nine increase of greater than 50% in new users of 
any single NSAID compared to nonusers without 
recent use [95]. The risk of AKI varied among 
different NSAIDs with risk generally increas-
ing with decrease in selectivity. The higher risk 
was observed with the selective NSAIDs and was 
lower with selective NSAIDs (COX-2 inhibitors).

Almansori et al. reported one case of AKI in 
a patient with biopsy-proven MCD plus acute 
tubular necrosis, without interstitial nephritis, 
which was attributed to celecoxib, a selective 
COX-2 inhibitor [96]. Proteinuria resolved after 
the agent was discontinued, although impaired 
renal function did not completely improve.

Chen and Tarng presented a case of celecoxib-
associated minimal change disease with profound 
urinary protein loss and AKI [97]. Renal function 
and nephrotic syndrome in this patient resolved 
completely after discontinuation of celecoxib and 
treatment with methylprednisolone.

These observations demonstrate that a high 
index of suspicion exists in patients developing 
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nephrotic syndrome and acute renal failure after 
taking COX-2 inhibitors. This cause of second-
ary MCD responds well to timely cessation of 
COX-2 inhibitors and administration of steroid 
therapy.

11.4.4.3  Other Causes of AKI 
in Minimal Change Disease

Renal vein thrombosis Renal vein thrombo-
sis is occasionally cited among the causes of 
AKI complicating MCD [98]. In fact thrombo-
embolism is a well-known complication of any 
etiology of nephrotic syndrome, a hazard that 
justifies preventive anticoagulation when serum 
albumin concentration is durably lower than 
20 g/L. However renal vein thrombosis which is 
unusually frequent in membranous glomerulopa-
thy rarely leads to AKI as a vicarious circulation 
relieves the pressure in the renal venous circu-
lation [99]. Bilateral massive thrombosis of the 
whole renal venous circulation is a cause of AKI 
in dehydrated and febrile newborns, but it is not 
specifically cited in papers dealing with adult 
[72] or childhood MCD [75].

Folk medicines Traditional medicines are 
widely used in Eastern countries [100]. These 
folk remedies that may contain heavy metals, 
including mercury, can be a cause of AKI in 
Asian patients with the nephrotic syndrome. 
These patients should be questioned about their 
intake of such medications.

11.5  Treatment 
Recommendations

While there are many published reports describ-
ing MCD and AKI, there are no firm treatment 
recommendations. In adults with MCD and AKI, 
one cannot rely on publications that appeared 
before the 1970s, at a time when—as an exam-
ple—mercurial diuretics were still occasionally 
used, and the “underfill” hypothesis led to advo-
cating blood volume replenishment with albumin 
solutions and macromolecules along with loop 
diuretics. The acquired experience shows that 
infused albumin is rapidly wasted the next day 

in the urine, and neither improves serum albu-
min levels nor renal function. In the same line, 
treatment with loop diuretics may help reduce 
massive edema, but edema and renal failure are 
independent variables, and overtreatment with 
diuretics was for decades cited among the main 
causes of hypovolemia and AKI in nephrotic 
adults. In any event AKI complicating minimal 
change disease often requires performing a kid-
ney biopsy in order to determine the nature and 
the degree of tubular injury, the involvement of 
the interstitium, and the appearance of arteries 
and arterioles. In a patient with hypertension and 
atherosclerosis, the main renal arteries must be 
examined by pulsed Doppler ultrasonography. 
Management of AKI is based on supportive treat-
ment, including dialysis when necessary, in order 
to buy time until remission is—hopefully—
achieved with glucocorticoids. In steroid-resis-
tant cases with persistent massive proteinuria, 
regression of AKI is unlikely. In some of such 
cases, a repeat kidney biopsy may reveal lesions 
of FSGS [72].

In children with MCD, the occurrence of AKI 
requires a careful investigation of precipitat-
ing factors, such as severe intravascular volume 
depletion aggravated by the use of diuretics, 
infection, or nephrotoxic drugs. In the absence 
of precipitating factors, changes in glomerular 
permeability may explain AKI which most often 
resolve when corticosteroid therapy induces a 
remission. The management of AKI is support-
ive. It rarely requires dialysis.
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12.1  Diagnosis and Epidemiology

Acute kidney injury (AKI) following cardiac sur-
gery occurs in up to 30% of patients, and the inci-
dence is highest in patients with known risk factors 
[1, 2]. Patients undergoing cardiac surgery typically 
have several risk factors (Table 12.1) [3]. Many of 
these risk factors including hypertension, advanced 
age, hyperlipidemia, and peripheral vascular disease 
are not modifiable, which makes the prevention of 
AKI in their presence more challenging [4]. Certain 
characteristics unique to cardiac surgery also con-
tribute to an increased risk of AKI postoperatively, 
including cardiopulmonary bypass (CPB), the use 
of ventricular assist devices (VAD), use of extracor-
poreal membrane oxygenation (ECMO), and aortic 
cross-clamping. These interventions may lead to 
end-organ hypoperfusion and the initiation of a sys-
temic inflammatory response, which both may play 
roles in the development of AKI [5].

The development of AKI may contribute 
to several complications, while also increas-
ing mortality in this patient population. 
Complications of AKI after cardiac surgery 
include the need for dialysis, a prolonged length 
of stay in the intensive care unit, a prolonged 
hospital stay, and an increased risk for stroke 
[6]. Given the known high risk associated with 
cardiac surgery, increasing the risk for these 
complications has major implications on this 
patient population.

The incidence of AKI after cardiac surgery in 
the pediatric population is similar to that in 
adults, with rates up to 42% in the published lit-
erature [7]. The short-term outcomes in these 
patients are already suboptimal, but the develop-
ment of AKI also places these patients at risk for 
the development of chronic kidney disease [8].
While certain risk factors such as atherosclero-
sis, hypertension, and diabetes are not typically 
present in this population, several other charac-
teristics can place them at high risk. Some of the 
known risk factors for AKI in the pediatric 
patient undergoing cardiac surgery include ele-
vated preoperative creatinine, age less than 
1 year old, lesions associated with cyanosis, pro-
longed CPB time, lower weight, and low cardiac 
output syndrome postoperatively [9]. Special 
consideration should be on congenital heart 
defect patients, as drastic variations in kidney 
perfusion may occur, depending on the type of 
defect being corrected. 
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12.2  Pathophysiology

As previously mentioned, CPB provides a unique 
stress to the kidneys during surgery. Non-pulsatile 
blood flow alters organ perfusion, contributing to 
a state of hypoperfusion in the renal medulla. If 
exposed to CPB, VAD placement, ECMO, or 
another source of external hemodynamic support 
(i.e., intra-aortic balloon pump (IABP)), one 
must ensure that adequate mean arterial pressure 
(MAP) is preserved. Maintaining sufficient end- 
organ perfusion pressure throughout the body 
while on bypass can be quite difficult, and its 
assessment is both challenging and sometimes 
inaccurate, particularly in the presence of vaso-
plegia and/or dampened radial arterial line sig-
nals. This may increase the risk for end-organ 
ischemia and in turn lead to a prerenal compo-
nent of AKI. Also, given the extent of the surgery, 
excessive sympathetic tone may increase the lev-
els of circulating endogenous and exogenous cat-
echolamines such as norepinephrine, which may 
cause vasoconstriction of the renal arteries with 
subsequent decreased renal blood flow (RBF) 
[10]. The increase in sympathetic activity also 
increases renin production which may further 
reduce RBF [11]. One must also consider the iat-
rogenic effects of vasopressors administered to 
support a target MAP (Table 12.2). Interestingly, 
therapies that increase RBF above basal levels do 
not routinely decrease AKI. An increase in RBF 
increases solute delivery to renal tubules and con-
sequently tubule oxygen requirements for solute 
resorption. If an increase in RBF increases glo-
merular perfusion to a greater extent than tubule 

perfusion, increases in RBF may actually increase 
medullary ischemia and AKI [12]. Therefore, the 
focus should remain on maintaining renal perfu-
sion by avoiding cardiac failure and hypotension, 
but not renal hyper-perfusion.

With the significant amount of systemic 
inflammation induced by sternotomy and CPB, 
indirect damage to the kidneys is common. 
Although the mechanisms by which inflamma-
tion leads to AKI are not fully understood, several 
theories have been proposed [11, 13]. A hypoth-
esis of relevance for cardiac surgery is that an 
initial insult to the vascular or tubular endothelial 
cells from ischemia due to hypoperfusion, reper-
fusion injury, and/or hemolysis leaves the kid-
ney susceptible to inflammatory infiltration and 
injury. Leukocytes including neutrophils, macro-
phages, and lymphocytes are now readily able to 
infiltrate the kidneys leading to the recruitment 
of various cytokines and chemokines [13]. Thus, 
direct damage from these inflammatory media-
tors ensues and causes injury to the kidneys.

Plasma-free hemoglobin rises rapidly dur-
ing CPB due to erythrocyte trauma from rotor 
heads, oxygenators, pump suckers, and filters. 

Table 12.1 List of perioperative risk factors associated with AKI and cardiac surgery

Preoperative Intraoperative Postoperative
Diabetes Use of furosemide and other diuretics on bypass Sepsis
Hypertension Cardiopulmonary bypass time (CPB) Use of vasopressors
Hyperlipidemia Use of inotropes Use of inotropes
Anemia Low hematocrit during CPB Anemia
Advanced age Aortic cross-clamp time Blood transfusion
Peripheral vascular disease Need to return to CPB Diuretic administration
Previous stroke Hypoperfusion Hypovolemia
Smoking history Reperfusion injury
Liver disease Hypovolemia
Chronic kidney disease

Table 12.2 Vasoactive agents and effect on renal blood 
flow

Vasoactive medication Effect on renal blood flow
Dopamine ↑↑
Dobutamine ↑
Fenoldopam ↑↑↑
Epinephrine ↓↓
Norepinephrine ↔
Vasopressin ↓
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Haptoglobin stores are rapidly exhausted, and 
free hemoglobin injures the kidneys via redox 
cycling and free iron-induced reactive oxygen 
species production, lipid peroxidation, heme pro-
tein with Tamm-Horsfall protein precipitating in 
the collecting system, and renal vasoconstriction 
[14–16]. In a clinical study, patients that devel-
oped AKI had more than twice the concentration 
of free hemoglobin in the plasma as non-AKI 
patients, despite similar risk factors and CPB 
durations (150 min)  (Fig. 12.1) [17].

12.3  Prevention

Given the high incidence and negative outcomes 
associated with AKI, especially following car-
diac surgery, preventive strategies are of the 
utmost importance given that up to 30% of cases 
of AKI may be preventable [18]. Fluid manage-
ment during and after the operation, as well as 
maintaining adequate urine output, should be 
considered preoperatively with a plan set in 
place prior to the induction of the patient. 

Surgeons can assist with AKI prevention by lim-
iting (or perhaps avoiding) CPB and reducing 
aortic cross- clamp times. Other strategies such 
as the use of bicarbonate and individualized 
hemodynamic management throughout the peri-
operative period may potentially play a role in 
preventing AKI, although large clinical trials 
have not demonstrated an overall benefit, par-
ticularly for bicarbonate therapy which should 
continue to be considered an experimental 
treatment.

The plan for fluid management should begin 
with assessing the patient’s preoperative fluid 
balance. Determination as to whether the patient 
is hypovolemic, euvolemic, or hypervolemic can 
provide the clinician initial guidance. A strategy 
which aims for euvolemia is typically desired 
during the perioperative period with a few excep-
tions (i.e., relative hypervolemia in cases of car-
diac tamponade, hypertrophic cardiomyopathy, 
etc.). Several monitors may assist the clinician in 
maintaining euvolemia including pulse pressure 
variation (PPV), stroke volume variation (SVV), 
central venous pressure (CVP), and echocardiog-
raphy. Generally speaking, these monitors are 
more beneficial when used in a dynamic fashion 
(i.e., to assess the effect of a fluid bolus). The 
typical cardiac surgical patient will have an arte-
rial line, central venous line, and transesophageal 
echocardiography probe in place intraoperatively 
enabling the real-time gathering and interpreta-
tion of these data elements. The use of goal- 
directed therapy (GDT) during cardiac surgery 
which aims to utilize one or more of these moni-
toring techniques to guide fluid and/or pressor/
inotrope support has been investigated. Some 
studies have suggested benefits showing a reduc-
tion in overall complications when using GDT 
[19, 20]. One study specifically investigating 
GDT and AKI found that targeting stroke volume 
optimization with fluid challenges reduced the 
incidence of AKI [21]. The amount of literature 
on GDT and its effect on AKI are not extensive; 
however, whether or not GDT truly influences 
AKI after cardiac surgery has yet to be fully elu-
cidated, and as with GDT in other settings, the 
type of fluid and/or vasoactive agent to use is not 
well established.
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Fig. 12.1 Plasma-free hemoglobin (Hb) concentrations 
prior to surgery (baseline), 30 min into CPB, immediately 
following CPB, at ICU admission, 6 h after ICU admis-
sion, and on postoperative days 1, 2, and 3 in 10 patients 
that developed AKI and 10 risk-matched control patients 
that did not develop AKI.  Free Hb concentrations were 
significantly higher during surgery in patients that devel-
oped postoperative AKI
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Prevention planning should include the consid-
eration of whether to use colloid and/or crystalloid 
as integral components of the IV fluid prescription 
plan. As for the various types of colloid, albumin 
and hydroxyethyl starch have both been shown to 
be hazardous when considering AKI as an out-
come [22, 23]. Although, the debate regarding 
whether or not there is benefit or harm with colloid 
use in surgical patients is still ongoing [24]. The 
type of crystalloid may be more important than 
previously appreciated [25]. The animal [26], 
human volunteer [27], and clinical observational 
evidence [24, 28] that IV fluid solutions contain-
ing high levels of chloride are harmful continues to 
accumulate. The interventional studies [29, 30] 
conducted to date have also suggested either an 
adverse effect or no benefit, although it is true that 
a definitive randomized controlled trial has not yet 
been conducted. Limiting fluids which remain in 
the circulation for a shorter time period may be a 
good strategy, although concerns for hypovolemia 
should be considered. With more liberal fluid 
administration, the dilution of clotting factors, 
platelets, and other blood products as well as 
extravascular accumulation such as pulmonary 
edema may arise. Hypovolemia for prolonged 
periods of time is known to cause AKI, while 
hemodilution with hypervolemia similarly has a 
net negative effect on the kidneys.

Regarding medications and the prevention of 
AKI, the discontinuation of angiotensin- 
converting enzyme inhibitors (ACE-Is), angio-
tensin receptor blockers (ARBs), nonsteroidal 
anti-inflammatory drugs (NSAIDs), metformin, 
and diuretics a couple of days before surgery is 
normally recommended. Several medications 
have been investigated for intraoperative use as 
part of a preventive strategy. Several studies sug-
gested a benefit with the use of calcium channel 
blockers including nifedipine, nicardipine, and 
diltiazem [31–33], although the use of these 
medications has not gained popularity over the 
years. The use of fenoldopam in septic patients 
may reduce mortality and the need for dialysis in 
critically ill patients in the intensive care unit 
(ICU) [34]. This may be attributed to the increase 
in RBF observed with the use of this medication. 
Within cardiac surgery, some studies suggest 

benefit when using fenoldopam intraoperatively 
[35, 36]; however, others have found no advan-
tage and also demonstrated a higher rate of 
hypotension [37]. One might expect comparable 
results from dopamine, but at low-dose infu-
sions, perfusion to the kidneys may be blunted 
and therefore associated with worse outcomes 
[38]. Diuretics including furosemide and man-
nitol do not prevent AKI but may preserve urine 
output perioperatively [39, 40]. The use of 
sodium bicarbonate to prevent AKI in cardiac 
surgery patients is somewhat controversial. One 
study demonstrated that sodium bicarbonate 
may reduce the incidence of severe AKI and the 
need for renal replacement therapy (RRT) [41], 
while others showed harm in patients receiving 
sodium bicarbonate with reports of increased 
risk for AKI and higher in-hospital mortality 
rates [42]. Given these findings, alkalinization of 
urine with a bicarbonate infusion during cardiac 
surgery is not recommended or commonly 
 practiced [43].

Reducing the amount of time on bypass and 
under general anesthesia is preferred, but unfor-
tunately this is not always possible. A prolonged 
duration of CPB secondary to redo sternotomy or 
complex surgery may increase the duration of 
renal hypoperfusion and, depending on the type 
of procedure, may increase the time in which the 
patient’s blood volume is exposed to processes 
that contribute to a systemic inflammatory 
response. When appropriate and feasible, the use 
of off-pump coronary artery bypass is preferred 
by some as this technique is thought to be associ-
ated with a lower incidence of AKI [44, 45]. This 
may also hold true for transcatheter aortic valve 
replacement (TAVR) in comparison with on- 
pump aortic valve replacement (AVR) and should 
be considered as an option in high-risk patients. 
Typically the surgical candidates for TAVR pos-
sess more comorbidities than the patient popula-
tion undergoing surgical AVR making studies 
comparing the two techniques difficult to com-
plete. As indications for TAVR extend into mod-
erate and perhaps low-risk AVR patients, this 
may become more important in the future. There 
is evidence to suggest better hemodynamic con-
trol with TAVR [46], and a lower rate of systemic 
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inflammatory response (SIRS) [47], but whether 
or not TAVR is associated with a lower incidence 
of AKI is currently unknown.

12.4  Treatment

When prevention strategies fail, knowing how to 
effectively treat AKI can help to minimize some 
of the devastating long-term complications asso-
ciated with this insult. Before treating AKI, one 
must make the correct diagnosis. The diagnosis 
of AKI should be made as early as possible fol-
lowed by the initiation of an appropriate treat-
ment strategy. Multiple criteria for the diagnosis 
of AKI are available [48, 49]. Typically the incor-
poration of both serum creatinine (SCr) and UOP 
data assist with the diagnosis. Using SCr may be 
based on the change from the baseline or reach-
ing a threshold value. Cutoffs in UOP can help to 
further categorize kidney impairment. The 
RIFLE (risk, injury, failure, loss of function, and 
end-stage renal disease) criteria make use of both 
SCr and UOP to characterize AKI. An issue when 
using SCr and/or UOP to diagnose AKI is that the 
timing may be late as damage to the kidneys 
reflected by an increase in SCr typically takes 
several days. This could result in prolonging the 
time to reach a diagnosis of AKI leading to poten-
tially worse outcomes. The more recent KDIGO 
(Kidney Disease Improving Global Outcomes) 
criteria are an acceptable way to confirm the 
diagnosis of AKI.

Using KDIGO, AKI is defined as any of the 
following [48]:

• Increase in SCr by ≥0.3 mg/dL (≥26.5 mmol/L) 
within 48 h

• Increase in SCr to ≥1.5 times baseline, which 
is known or presumed to have occurred within 
the prior 7 days

• Urine volume ≤0.5 mL/kg/h for 6 h

Given the limitations with current lab studies 
to assist with the diagnosis of AKI, clinicians and 
researchers are actively seeking more efficient 
ways to diagnose AKI.  The utilization of bio-
markers may be a way to diagnose AKI before 

lab values such as SCr and UOP truly reflect 
damage to the kidneys. Many novel biomarkers 
have been studied in AKI, both for diagnosis and 
risk stratification. Some of these, including 
NGAL, KIM 1, IL 18, NAG, and GST, are only 
available as research tools. Several are available 
commercially however (cystatin C, TIMP2/
IGFBP7), and their place in the diagnostic and 
risk stratification process for AKI is evolving.

After making the diagnosis of AKI, establish-
ing the type of AKI is crucial. The treatment 
strategy will be reflective of the type of AKI in 
the patient. The details and differences between 
prerenal, intrarenal, and postrenal AKI have been 
discussed previously in great detail.

Strategies for treatment of prerenal AKI are 
focused on reestablishing a status of euvolemia 
in the patient. This should be done quickly, 
but overcompensating may actually worsen 
the patient’s condition. Several considerations 
should be made before treatment as the type of 
fluid administered is dependent on the patient’s 
condition. Is the patient anemic, coagulopathic, 
or thrombocytopenic? If so, blood products, with 
minimal crystalloid, should be administered. The 
decision between packed red blood cells, fresh 
frozen plasma, cryoprecipitate, and/or platelets 
will be guided by whether or not the patient is 
actively bleeding, and the presence of abnormal 
lab values and individualized appropriate target 
values should be established for each patient. 
Clues which may suggest the need for blood 
products include increased chest tube output and 
hemodynamic instability (hypotension and tachy-
cardia). The mistake of administering crystalloid 
in the setting of ongoing bleeding may ultimately 
worsen the patient’s condition and extend the 
time before AKI is effectively managed.

The use of diuretics to treat AKI is somewhat 
controversial. Loop diuretics have several mech-
anisms one would assume to be protective against 
AKI such as decreasing oxygen consumption at 
the loop of Henle and possibly providing higher 
thresholds for ischemia in the kidney. This 
 unfortunately is not the case as studies specific to 
cardiac surgery patients have found furosemide 
to have no reduction in AKI and even showed that 
furosemide could be harmful to patients [40, 50]. 
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While the routine intraoperative use of loop 
diuretics is generally not recommended, a cir-
cumstance where it should be considered is in the 
postoperative volume-overloaded patient. 
Cardiac surgery has high transfusion rates which 
can sometimes lead to volume overload in the 
perioperative period. As with loop diuretics, the 
use of mannitol is also not recommended for 
treatment of AKI following cardiac surgery.

Clinicians should not neglect nutrition when 
treating AKI.  Patients undergoing cardiac sur-
gery are often nutritionally depleted, and oral (or 
enteral) feeding should be started as early as pos-
sible postoperatively. This is supported by evi-
dence suggesting increased mortality in 
malnourished patients with AKI [51]. In concert 
with the KDIGO guidelines, goals of 20–30 kcal/
kg/day in patients with any stage of AKI should 
be maintained [48]. Tighter glycemic control in 
these patients may also be beneficial in patients 
developing AKI [52]. Aiming for glucose 
≤150 mg/dL is an appropriate target while avoid-
ing episodes of hypoglycemia (≤110 mg/dL).

Contingent on the extent of kidney injury, the 
use of dialysis may be necessary. In emergent 
situations of severe acidosis, electrolyte imbal-
ance, volume overload, or uremia following car-
diac surgery, RRT should be started immediately. 
Some clinicians may postpone the initiation of 
RRT in hopes that the patient will recover renal 
function without invasive measures. Others 
believe that an early return to normal blood 
chemistry and early initiation of dialysis prevents 
further deterioration. Clinical trials of early ver-
sus late initiation of RRT have been inconclusive. 
Many factors should be considered in this type of 
situation including clinical context, trends of lab-
oratory values, and anticipated benefit from 
RRT.  The decision to implement hemodialysis 
(HD) versus continuous veno-venous hemofiltra-
tion (CVVH) should be guided by the hemody-
namic stability of the patient.

 Conclusions
Acute kidney injury developing soon after 
cardiac surgery is typically mild, but common. 
Its appearance is a predictor of subsequent 
adverse outcomes, particularly impaired renal 

function, and if severe (which fortunately is 
rare) it can lead to increased mortality. 
Attempts to stratify the risk for AKI in cardiac 
surgery patients focus on pre-existing comor-
bidities such as diabetes, CKD, advanced age, 
and complexity of surgery. The diagnosis of 
AKI is likely to advance in the coming years 
as the role of newly approved diagnostic tests 
becomes clearer, and new advances in preven-
tion and treatment are keenly awaited as the 
studies that will lead to their approval are 
ongoing. For now, efforts to minimize the 
impact of AKI on outcomes after cardiac sur-
gery focus on the identification and mitigation 
of those risk factors which are modifiable.
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Rare and Overlooked Causes 
of Acute Kidney Injury
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13.1  Introduction

While prerenal acute kidney injury (AKI) and 
acute tubular injury remain the most common 
causes of AKI in the community and hospital set-
ting, respectively, there is increasing recognition 
of more subtle and rare causes of AKI.  In this 
chapter, we describe some of the rarer etiologies 
of AKI. We discuss cholemic nephropathy, which 
is seen in the setting of  cirrhosis or acute liver 
failure and may be difficult to distinguish from 
acute tubular injury and hepatorenal syndrome. 
We describe anticoagulation- related nephropathy, 
in which patients who are taking warfarin or other 
novel oral anticoagulants develop obstructing 
tubular red cell casts leading to AKI. Oxalate 
nephropathy is another rare cause of AKI that is 
increasingly being recognized in those with high 
dietary intake of oxalate, post-gastric bypass, or 
in the setting of short gut syndrome. There are 
several drugs that can trigger drug-related crystal-
luria, whereby precipitation of intratubular drug 

crystals leads to AKI and oliguria. Methotrexate 
and acyclovir are well- known causes of drug-
related crystalluria, but antibiotics like ciproflox-
acin and possibly even vancomycin may be 
offenders as well. Abdominal compartment syn-
drome occurs when intra- abdominal pressures 
rise, often in the setting of trauma, hemorrhage, 
or gut edema; this condition is often lethal if not 
diagnosed in a timely fashion. Patients with a sig-
nificant burden of atherosclerotic disease are at 
high risk of cholesterol embolization, particularly 
in the setting of angiography. This condition is 
sometimes misdiagnosed as contrast-induced 
nephropathy, but its course and clinical presenta-
tion are markedly different. Finally, numerous 
street drugs, like cocaine, K2, and marijuana, are 
a growing cause of AKI in the younger 
population.

One common thread among all of the afore-
mentioned causes of kidney injury is that they 
often go unrecognized until it is too late. This is 
the case because these conditions may lack sup-
portive clinical or laboratory findings, and the 
urine sediment is often nondiagnostic. It is there-
fore critical to maintain a high index of suspicion 
for all of these rarer causes of AKI, so that they 
can be diagnosed and managed in a timely 
fashion.
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13.2  Bile Acid Nephropathy

Bile acid nephropathy was first described in the 
1920s as cholemic nephrosis by Haessler, given 
the association of severe jaundice with acute kid-
ney injury; however, until recently, this entity has 
been largely under-recognized in the literature 
for many decades [1]. Furthermore, the underly-
ing mechanisms are not totally clear, and there 
are no accepted diagnostic criteria for cholemic 
nephrosis. It is therefore important to review and 
understand the clinical features of bile acid 
nephropathy given the incidence of hyperbiliru-
binemia in many disease states, while also bear-
ing in mind that there are often many other 
contributors to AKI in the setting of liver failure.

Bile acids are steroid acids with different 
molecular forms that are synthesized in the liver. 
They are conjugated with taurine or glycine in the 
liver, thereby forming toxic and carcinogenic bile 
salts. Hyperbilirubinemia can occur in the setting 
of a number of clinical conditions such as cirrho-
sis, cholestatic or obstructive jaundice, acute 
hepatic jaundice with severe acute liver damage, 
and hemolytic anemia. In both animal models and 
human subjects, biliary salts have been shown to 
induce tubular injury, particularly in the proximal 
tubule; the ensuing Fanconi-related tubular effects 
(glucosuria, phosphaturia, uricosuria, and tubular 
proteinuria) are reversible with normalization of 
bilirubin levels [2, 3]. Van Slambrouck et al. per-
formed a clinicopathologic study of 44 patients 
with severe liver injury and identified the precipita-
tion of biliary casts in the distal tubules, with the 
majority of the cases associated with higher total 
and direct bilirubin concentrations [4]. It has been 
hypothesized that in low albumin states, bile acids 
are preferentially unbound, thereby allowing them 
to be filtered by the glomerulus with subsequent 
increased tubular exposure. Furthermore, the 
increased and prolonged exposure of bilirubin in 
the tubules can lead to precipitation of biliary casts 
more distally in the nephron [4].

The clinical identification of bile acid 
nephropathy can be challenging, since hyperbili-
rubinemia is commonly associated with hepa-
torenal syndrome (HRS) and its associated 

hemodynamic permutations of a low effective 
circulatory volume state and kidney hypoperfu-
sion. However, bile salts have been demonstrated 
to cause direct acute kidney injury in the absence 
of hypoperfusion and/or hemodynamic changes, 
further supporting a causal effect on kidney 
injury [5, 6]. Upon ligating bile ducts, mice 
develop acute tubular injury within 3 days, fol-
lowed by progressive interstitial injury and tub-
ulo interstitial fibrosis after a longer period 
(3–8 weeks) [7]. To this end, there have been sev-
eral case reports of acute kidney injury in the set-
ting of severe cholestatic jaundice in young men 
using anabolic steroids, in the absence of hemo-
dynamic instability [8]. In each of these cases, 
the pathognomonic histologic findings of bile 
casts on kidney biopsy were observed, as well as 
a modest improvement in kidney function with 
restoration of normal bilirubin levels [4, 9].

The clinical features associated with bile acid 
nephropathy include oliguria, bilirubin levels 
greater than 20  mg/dL, hypoalbuminemia, and 
acidosis in the setting of acute kidney injury [4, 
8]. Urinalysis often lacks significant proteinuria 
or hematuria, though direct urine microscopy 
may reveal coarse pigmented granular casts and 
heavily pigmented renal tubular epithelial cell 
casts (see Fig. 13.1a) [4]. A kidney biopsy may 
be indicated if the clinical suspicion remains high 
and other etiologies are being entertained. Kidney 
histology of bile acid nephropathy may reveal a 
tubular epithelium showing cytoplasmic vacuol-
ization with pigmented protein reabsorption 
droplets [4] (see Fig.  13.1b). In addition, bile 
casts within the distal tubular show a luminaI 
“myeloma-like” process that leads to tubular 
obstruction (see Fig.  13.1c). This obstructive 
tubular process may further delay recovery of 
kidney function, even after improvement in bili-
rubin levels. The clinical management is geared 
toward supportive measures. Therapies like ste-
roids, cholestyramine, ursodeoxycholic acid, and 
lactulose have shown to have minimal effect [10]. 
Nevertheless, the recognition of bile acid 
nephropathy may be helpful in deciding on can-
didacy for dual liver-kidney transplantation ver-
sus liver transplantation alone.
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a b

c

Fig. 13.1 Bile nephropathy. (a) Urine sediment (heavily 
pigmented renal tubular epithelial cell cast, original mag-
nification, ×40). From: Luciano RL, Castano E, Moeckel 
G, Perazella MA. Bile acid nephropathy in a bodybuilder 
abusing an anabolic androgenic steroid. Am J Kidney Dis. 
2014 Sep;64(3):473–6. doi: 10.1053/j.ajkd.2014.05.010. 
Epub 2014 Jun 18; used with permission. (b) Hall stain 

confirms the presence of bilirubin in several tubular casts. 
(c) Pigmented sloughed tubular epithelial cells can also be 
identified (Hall stain). From: van Slambrouck CM, Salem 
F, Meehan SM, Chang A. Bile cast nephropathy is a com-
mon pathologic finding for kidney injury associated with 
severe liver dysfunction. Kidney Int. 2013;84(1):192–197; 
used with permission
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13.3  Anticoagulation-Related 
Nephropathy

Warfarin, a vitamin K antagonist, has been used 
as an anticoagulant for many clinical indications, 
ranging from atrial fibrillation to  hypercoagulable 
states. Furthermore, warfarin has been increas-
ingly substituted with novel non- vitamin K oral 
anticoagulants (NOAC) such as direct thrombin 
inhibitors and factor Xa inhibitors; as a result, the 
term anticoagulation-related nephropathy (ARN) 
has been used in the literature to include a broader 
range of anticoagulants and their associated 
effects on the kidney [11]. ARN can be over-
looked since anticoagulation is often administered 
in patients with extensive comorbid conditions, 
many of whom have other reasons to have AKI.

Warfarin-induced nephropathy was first 
described by Brodsky as a type of acute kidney 
injury occurring within 1  week of a supra- 
therapeutic international normalized ratio (INR), 
with or without the evidence of hemorrhage [12]. 
Typically, this process is observed within the first 
8  weeks after initiating anticoagulation. On 
pathology, there may be histological evidence of 
disruption of the glomerular filtration barrier and 
an association with obstructing tubular red blood 
cell casts (see Fig. 13.2a, b) [12, 13]. The patho-

genesis remains unclear, as molecular mecha-
nisms have yet to be defined. However, given the 
histologic findings, it is hypothesized that disrup-
tion of the glomerular filtration barrier leads to 
hemorrhage into the Bowman’s space and renal 
tubules. As a result, red blood cell casts form in 
the renal tubules, causing obstruction, ischemia, 
and eventual obliteration [12, 13].

At the molecular level, thrombin, which is a 
vitamin K-dependent coagulation factor, acti-
vates signaling proteinase-activated receptors 
(PARs) that are expressed in endothelial cells 
[14]. Thrombin has been postulated to be the 
common link between vitamin K antagonists and 
direct thrombin inhibitors in ARN, as decreased 
thrombin activity leads to breakdown of the 
endothelial barrier through the depletion of 
PARs, thereby leading to glomerular hemorrhage 
[14]. To further support this hypothesis as a 
“proof in concept,” the administration of PAR 
antagonists to animal models with chronic kid-
ney disease reproduces the ARN, while adminis-
tration of vitamin K attenuates it [14, 15].

The risk of ARN appears to be heightened at 
an INR >3.0, and it is associated with comorbidi-
ties such as older age, diabetes mellitus, hyper-
tension, and cardiovascular disease [13]. Patients 
may present with or without overt hemorrhage 

a b

Fig. 13.2 Anticoagulation nephropathy. (a) Numerous 
RBCs and RBC occlusive casts were noticed in tubules 
and Bowman space (hematoxylin and eosin stain; original 
magnification ×200). (b) Immunohistochemical stain for 
cytokeratin AE1/AE3 (arrows, dark brown) highlights dis-
tal tubules with occlusive RBC casts (counterstain with 

hematoxylin/eosin; original magnification ×200). From: 
Brodsky SV, Satoskar A, Chen J, et  al. Acute Kidney 
Injury During Warfarin Therapy Associated With 
Obstructive Tubular Red Blood Cell Casts: A Report of 9 
Cases. Am J Kidney Dis. 2009;54(6):1121–1126; used 
with permission
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but often manifest with a rise in serum creatinine 
even several weeks out from having supra- 
therapeutic levels of anticoagulation [13, 15]. In 
one data registry analysis, there appears to be a 
higher mortality risk with ARN, with approxi-
mately one third of patients with CKD and ARN 
dying within 1 month after the onset of this con-
dition [13]. Clinical management is therefore 
geared toward timely adjustment of the antico-
agulant dose to the proper target range, especially 
in patients with CKD, who are at highest risk for 
ARN.  In the setting of hemorrhage, immediate 
reversal is necessary to limit toxicity and renal 
tubular obstruction. A high index of suspicion 
should be maintained in conditions of unex-
plained AKI in the setting of CKD with concomi-
tant anticoagulation usage, especially if there is 
clinical evidence of persistent supra-therapeutic 
levels. A kidney biopsy may be necessary to 
make diagnosis; however, this is often deferred 
due to the bleeding risk, and a presumptive diag-
nosis is made on clinical grounds. Lastly, in cases 
of AKI thought to be secondary to novel non- 
vitamin K oral anticoagulants (NOAC) such as 
direct thrombin inhibitors (including, but not lim-
ited to dabigatran), hemodialysis has been shown 
to improve NOAC drug elimination [16, 17]. 
Prognosis is variable, with most patients experi-
encing stabilization or improvement of renal 
function; however, in Brodsky’s study of nine 
patients, six did not recover from their AKI [13].

13.4  Acute Oxalate Nephropathy

Hyperoxalosis is defined by an excess of sys-
temic oxalate and can lead to significant kidney 
injury. It can occur through both primary and sec-
ondary processes. Primary hyperoxaluria repre-
sents a group of genetic disorders characterized 
by inborn errors of glyoxylate metabolism, 
resulting in high oxalate levels [18]. Secondary 
oxalosis encompasses a broader range of etiolo-
gies which are usually classified into four major 
categories: increased dietary oxalate, increased 
oxalate absorption and metabolism, decreased 
oxalate elimination, and vitamin deficiencies 
[19]. Due to its heterogeneity and lack of obvious 

clinical and laboratory findings, acute oxalate 
nephropathy may be overlooked in the clinical 
evaluation of acute kidney injury.

Under normal physiologic conditions, oxalate 
is derived from glyoxylate, ascorbic acid and 
dietary intake. Anywhere from 2 to 20% of oxa-
late is absorbed in the gastrointestinal tract, with 
the colon believed to be the major site of absorp-
tion [8]. When present at high concentrations, 
oxalate can form a variety of salts, including cal-
cium oxalate, which is insoluble in the urine and 
leads to direct tubular injury with crystallization 
in the tubules [20, 21]. Oxalate is found in large 
quantities in many plants, such as beets, spinach, 
black tea, and rhubarb. The average oxalate 
intake in an American diet, estimated to be 150–
500 mg/day, is threefold higher than the recom-
mended daily allowance by the Academy of 
Nutrition and Dietetics [21]. High intake can lead 
to systemic effects, accumulation of oxalate in 
the urine, and nephrolithiasis. There have been 
several case reports of acute kidney injury from 
starfruit [21] and black tea [22] as a result of up 
to a tenfold increase of daily oxalate intake.

Enteric hyperoxalosis occurs secondary to 
malabsorptive states and can be associated with a 
variety of conditions, including small intestinal 
resection, use of orlistat [23], short gut post gas-
tric bypass surgery [24], and/or chronic pancre-
atitis [25]. The pathophysiology is related to the 
inability of the small intestine to absorb fatty 
acids, which results in increased calcium saponi-
fication and subsequent decreased availability of 
calcium in the intestine [24]. The decrease in free 
intestinal calcium leads to higher levels of 
unbound oxalate in the colon, which is readily 
absorbed and then filtered and excreted by the 
kidneys. In addition, the active metabolism of 
ethylene glycol and high doses of vitamin C can 
also increase systemic oxalate levels [21]. To this 
end, impairment of GFR due to pre-existing CKD 
or an acute decrement in GFR will further 
increase circulating oxalate accumulation.

The clinical evaluation should include a 
detailed dietary and medical history. The urinaly-
sis may reveal hematuria or small amounts of 
proteinuria (<500 mg/day) in cases of nephroli-
thiasis; however, often the urine is unrevealing. 
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Direct urine microscopy in the setting of acute 
kidney injury may reveal calcium oxalate crys-
tals, which come in two forms: envelope-shaped 
calcium oxalate dihydrate crystals and the more 
commonly visualized calcium oxalate monohy-
drate crystals. The latter tend to appear more 
 heterogeneous and may take dumbbell, hairpin, 
and hexagonal shapes (see Fig.  13.3a). A 24-h 
urine collection in steady state for unexplained 
and asymptomatic kidney injury may be helpful 
to measure for excess excretion of calcium and 
oxalate. If this initial evaluation fails to reveal a 
diagnosis and there remains a high index of sus-
picion for acute oxalate nephropathy, a kidney 
biopsy may be appropriate to further clarify the 
diagnosis. The pathognomonic histologic finding 
is acute tubular necrosis with intratubular, bire-
fringent calcium oxalate crystals (see Fig. 13.3b).

Management of hyperoxaluria is generally 
supportive once the underlying cause has been 
identified. In the case of idiopathic and enteric 
hyperoxaluria, patients should adhere to a low 
oxalate diet. In cases of persistent enteric hyper-

oxalosis, management includes the use of bind-
ing therapy to lower intestinal absorption of 
oxalate, high fluid intake (>1.5  L/m2/day), and 
calcium citrate supplementation. Intestinal recol-
onization with oxalate-degrading bacteria such as 
Oxalobacter formigenes has been trialed with 
some success [25, 26].

13.5  Drug-Related Crystalluria

Drug-related crystalluria is a process triggered 
by the administration of a number of different 
drugs, many of which have been implicated in 
causing acute kidney injury (AKI) [27]. These 
medications are typically administered intra-
venously at high doses in order to achieve high 
plasma concentrations. In addition, the AKI 
risk is elevated in hypovolemic states, and in 
the setting of a depressed glomerular filtration 
rate, and poor metabolite solubility profile [28]. 
Characteristically, this condition leads to pre-
cipitation of intratubular drug crystals, leading 

a b

Fig. 13.3 Acute oxalosis. (a) Urine microscopy. Calcium 
oxalate monohydrate crystals (dumbbell, hairpin, hexago-
nal shapes) in clumps in a patient with ethylene glycol 
ingestion (original picture). (b) Kidney biopsy, light 

microscopy (H&E stain in a patient with chronic pancre-
atitis reveals acute tubular necrosis, along with intratubu-
lar calcium oxalate deposition, which shows positive 
birefringence under polarized light)
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to AKI and oliguria [27, 28]. Patients are gener-
ally asymptomatic, and kidney injury is detected 
typically on the basis of a chemistry panel. 
Occasionally, patients may present with renal 
colic symptoms within 1–7 days after  initiation 
of the offending drug [28]. It is important to 
identify and understand the key features of those 
drugs which are most likely to cause crystal- 
induced acute kidney injury. Early recognition 
by clinical history and manual urine microscopy 
may facilitate timely treatment and important 
dose adjustments, thereby mitigating the risk of 
acute kidney injury. The following is a compila-
tion of the “usual offenders,” listed by drug class, 
describing their clinical indications and pharma-
cologic and crystallization profiles.

Acyclovir is an antiviral drug that is typically 
used to treat herpes, and renal excretion accounts 
for 60–90% of its elimination [27]. Urine micros-
copy will reveal classic needle-shaped crystals 
which are birefringent under polarized light [29] 
(see Fig.  13.4a). When administered intrave-
nously, empiric isotonic fluids should be given to 
increase urine volume and reduce the risk of drug 
crystal precipitation. In addition, both dose adjust-
ment for GFR and prolonging the infusion rate up 
to 2 hours have been shown to reduce the risk of 
AKI [30]. Hemodialysis has been used to in cases 
of acyclovir- induced neurotoxicity since the drug 
is dialyzable; however, there is no clear role for 
dialysis in the setting of AKI, since it has not been 
shown to reverse or limit duration of injury [31].

Sulfonamides are one of the oldest and most 
commonly used classes of antibiotics. They con-
tain a sulfonamide group, such as sulfamethoxa-
zole or sulfadiazine. Both sulfamethoxazole and 
sulfadiazine are relatively insoluble in acidic 
urine, especially when used in high doses to treat 
infections like Pneumocystis jiroveci and toxo-
plasmosis [32]. In addition, it has been reported 
that close to one third of patients treated with sul-
fadiazine are at risk of developing AKI [31, 33]. 
The risk of crystal precipitation is dose-related 
and is typically seen with sulfadiazine 4–6 g/day 
and sulfamethoxazole 50–100  mg/kg/day [33]. 
Urine microscopy may reveal crystals that resem-
ble a “shock of wheat” (see Fig. 13.4b). Treatment 
is aimed at urinary alkalinization to a pH >7.15, 

which increases sulfadiazine solubility by more 
than 20-fold [33, 34]. Intravenous isotonic bicar-
bonate solution should be given prophylactically 
when using high doses of sulfonamides, with 
close monitoring for signs of fluid overload and/
or systemic metabolic alkalosis. Hemodialysis 
has no utility in sulfonamide removal and hence 
is only indicated for fluid and solute management 
in AKI.

Ciprofloxacin is a fluoroquinolone antibiotic 
commonly used for the treatment of gram- 
negative bacterial infections. It has been impli-
cated in cases of acute interstitial nephritis, but its 
role in causing crystalluria has not been readily 
recognized [35]. Case reports have described 
ciprofloxacin-induced crystalluria in the elderly, 
presumably because this represents a high risk 
group due to demographic features and lower 
GFR [35–37]. Concurrent use of ACE inhibitors 
and/or diuretics will increase the risk of AKI 
[38]. Urine microscopy may reveal needle- 
shaped birefringent crystals in round conglomer-
ates [35], though they can assume many shapes. 
The crystals are composed of a ciprofloxacin salt 
with a lamellar structure (see Fig. 13.4c) [36, 39]. 
They typically precipitate in the setting of an 
alkaline pH; it is therefore critical that patients 
maintain euvolemia, and alkalinization of the 
urine is avoided.

Methotrexate is the most commonly drug used 
for the treatment of rheumatoid arthritis, and 
approximately 90% is excreted in the urine [40]. 
High doses of methotrexate can precipitate in the 
tubules and cause direct tubular injury [40, 41]. 
The resulting crystals often form clumps, and 
they appear as numerous brownish and gold crys-
tals under direct urine microscopy (see 
Fig.  13.4d). Like sulfonamides, the risk of 
methotrexate- induced nephrotoxicity is increased 
in acidic urine due to the drug’s insolubility, as 
well as in the setting of volume depletion, since 
this increases methotrexate levels in the tubular 
fluid [40]. The risk of methotrexate nephrotoxic-
ity is also higher when there is sustained eleva-
tion in its plasma concentration; leucovorin, a 
reduced form of folic acid, can be effective as a 
“chemoprotectant” [41]. More recently, glucarpi-
dase has been used when the plasma level exceeds 
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Fig. 13.4 Drug crystalluria. (a) Acyclovir, with multiple 
needles crystals which show positive birefringence under 
polarized light. From: Roberts D, Myles W, Smith B, et al. 
Acute kidney injury due to crystalluria following acute 
valacyclovir overdose. Kidney Int. 2011;79:574; used 
with permission. (b) Sulfamethazole crystals in a “shock 
of wheat” appearance. From: Gorlitsky BR, Perazella 
MA.  Shocking urine. Kidney International (2015) 87, 
865; doi:10.1038/ki.2014.317 used with permission. (c) 

Ciprofloxacin, needle-shaped birefringent crystals in 
round conglomerates in renal epithelial cells. From: 
Sedlacek M, Suriawinata A, Schoolwerth A, et  al. 
Ciprofloxacin crystal nephropathy—a “new” cause of 
acute renal failure. Nephrol Dial Transpl. 2006;21:2339; 
used with permission. (d) Numerous clumps of brownish/
gold methotrexate crystals. From: Pazhayattil GS. A case 
of crystalline nephropathy, Kidney International (2015) 
87(6):1265–66; used with permission
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1 mmol/L, as it rapidly metabolizes methotrexate 
to inactive metabolites. Lastly, hemodialysis does 
not play a major role in the management of 
methotrexate- induced AKI or crystalluria, since 
methotrexate is largely protein bound and has a 
large volume of distribution [42, 43].

With the widespread use of vancomycin for 
the treatment of resistant strains of Staphylococcus 
aureus, there are increasing reports of 
vancomycin- induced nephrotoxicity. There is 
controversy regarding the nature and extent of 
vancomycin’s nephrotoxicity due to confounding 
factors, such as hypovolemia and coadministra-
tion of aminoglycosides. However, evidence sug-
gest that vancomycin treatment is associated with 
a 2.45 relative risk of AKI, though the strength of 
evidence is moderate according to one meta-anal-
ysis [44]. Total vancomycin doses >4 g and high 
troughs have been associated with nephrotoxicity 
[45]. The mechanism of nephrotoxicity is due to 
free radical- mediated injury, though most biop-
sies performed in cases of vancomycin-associ-
ated AKI demonstrate acute interstitial nephritis 
rather than tubular injury [46, 47]. AKI due to 
crystal-induced injury has also been posited as 
one form of vancomycin nephrotoxicity; a recent 
study suggests that the mechanism may be related 
to obstructive tubular casts composed of nano-
spheric vancomycin and uromodulin aggregates 
[48]. Regardless of the mechanism of injury, 
management is usually supportive and involves 
drug discontinuation and the institution of renal 
replacement therapy if needed.

13.6  Abdominal Compartment 
Syndrome

Abdominal compartment syndrome is a serious 
yet often under-recognized condition that is asso-
ciated with a wide array of clinical conditions. 
According to consensus definitions by the World 
Society of the Abdominal Compartment 
Syndrome, intra-abdominal pressure (IAP) is the 
steady-state pressure within the abdominal cav-
ity, with an IAP of 5–7 mmHg considered normal 
in critically ill patients [49]. Intra-abdominal 
hypertension (IAH) is defined by a sustained ele-

vation in IAP greater than or equal to 12 mmHg. 
Abdominal compartment syndrome (ACS) is 
usually characterized by a sustained IAP greater 
than 20  mmHg, though the defining feature is 
new-onset organ failure. IAH and ACS share the 
same underlying pathophysiology and represent 
two points along a continuum. It is critical to 
identify primary and secondary processes that 
may be contributing to IAH in order to prevent 
progression to ACS, as this condition can cause 
splanchnic ischemia, oliguric acute kidney injury, 
and even death.

ACS used to be seen predominantly in the set-
ting of blunt trauma but has since been identified 
with many surgical and medical conditions, 
including intra-abdominal hemorrhage, intestinal 
obstruction, pancreatitis, and gut edema. Patients 
who requires large-volume fluid resuscitation can 
develop bowel distension and ascites, both of 
which can increase intra-abdominal pressure 
[50]. In a prospective study of 40 patients who 
developed septic shock and received more than 
5  L of fluid resuscitation, 83% developed IAH 
and 25% developed ACS [51]. Burn patients may 
also be at particularly high risk of intra- abdominal 
hypertension and abdominal compartment syn-
drome compared to other groups of critically ill 
patients, with the percentage of total body sur-
face area affected by burns correlating with mean 
IAP [52].

Regardless of the etiology, the underlying 
pathophysiology is the same. Increased IAP com-
promises venous return, cardiac output, and sys-
temic oxygen delivery [53]. Furthermore, there is 
decreased diaphragmatic movement secondary to 
visceral edema, which leads to increased intra-
thoracic pressure and reduced venous return. Due 
to the absence of valves, the increased pressure is 
transmitted to the inferior vena cava, along with 
the hepatic and renal vein. Decreased venous 
return leads to arterial hypotension and tissue 
ischemia, with loss of capillary and membrane 
integrity. ACS ultimately leads to multi-organ 
dysfunction, and once this occurs, almost all 
patients have evidence of kidney injury [54].

The renal effects of increased IAP were first 
reported in 1876, when Wendt reported the asso-
ciation of oliguria with intra-abdominal pressure 
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[55]. Subsequently, Bradley and Bradley con-
ducted a study in which they directly measured 
renal vein pressure and IVC pressure as a 
 surrogate marker of IAP [56].As IAP was raised 
by external compression, renal plasma flow 
dropped, as did average glomerular filtration rate. 
All patients ultimately became oliguric. Studies 
have since shown that attempts to reverse 
decreased cardiac output with volume does not 
improve renal function [57]. Acute kidney injury 
secondary to ACS is likely driven in part by ele-
vation in renal vein and intraparenchymal pres-
sures [58]. However, there are likely other factors 
contributing to AKI, including renal artery vaso-
constriction due to activation of the sympathetic 
nervous system and the renin-angiotensin axis, as 
well as the release of inflammatory cytokines.

In those at high risk of developing ACS, it is 
crucial to monitor serial bladder pressures using 
an indwelling Foley catheter, as physical exami-
nation is unreliable in making the diagnosis. In 
studies of blunt trauma victims, physical exami-
nation was only 56% sensitive, with a positive 
predictive value of 35% [59]. Bladder pressures 
remain the gold standard and should be moni-
tored while the patient is supine, using an instilla-
tion of 25 mL of saline. While bladder pressures 
are accurate, it is important to bear in mind that 
patients with chronic ascites and those on perito-
neal dialysis may have chronically elevated blad-
der pressures. Furthermore, those with neurogenic 
bladder and pelvic fractures and hematomas may 
not have accurate measurements because check-
ing bladder pressures requires free movement of 
the bladder wall [60].

IAH leading to ACS can be lethal if it is not 
recognized quickly, with estimates of mortality 
ranging from 40 to 100% [61]. Definitive treat-
ment for ACS is surgical decompression via lapa-
rotomy, though there is limited data on outcomes 
post-decompression. In one prospective cohort 
study of 33 patients who underwent decompres-
sive laparotomy, 28-day mortality was 36% [62]. 
Non-survivors tended to be older and had greater 
dependence on mechanical ventilation. Among 
those with IAH who have not yet progressed to 
ACS, medical treatment may be an option. For 
instance, there may be benefit to relieving tense 

ascites through a therapeutic paracentesis or 
placing percutaneous drains for abscesses or 
hematomas [63, 64]. Diuretics may also be tri-
aled to augment urine output and mobilize edema, 
though oliguria in ACS may be unresponsive to 
diuretics. The role of renal replacement therapy 
is not well-elucidated, but may be beneficial for 
fluid removal and relief of intra-abdominal 
pressure.

13.7  Atheroembolic Disease

Atheroembolic renal disease (AERD) is a sys-
temic disease that can result in kidney injury due 
to occlusion of renal arteries, arterioles, and glo-
merular capillaries with cholesterol plaques. 
Large arteries like the aorta are the principle 
source of these atherosclerotic plaques, and 
because the renal arteries originate from the 
aorta, they are a prime target of cholesterol embo-
lization. The release of cholesterol plaques can 
occur spontaneously, or secondary to instrumen-
tation or use of thrombolytic agents. Because ath-
erosclerotic disease can be diffuse and can 
manifest as carotid disease, peripheral arterial 
disease, coronary disease, or renovascular dis-
ease, identifying the source of atheroembolic 
plaques may be challenging. It is therefore impor-
tant to maintain a high index of suspicion for 
AERD in those with predisposing factors.

The epidemiology of atheroembolic disease is 
not well-defined, in part because there are limited 
prospective data on this condition. Retrospective 
studies suggest that 1–2% of renal biopsies have 
features of AERD, though the low incidence in 
these studies may be due to selection bias [65, 
66]. In those over 60 years old, the prevalence is 
closer to 4–6.5% [67]. AERD has been nick-
named the “great masquerader,” because the 
diagnosis can only be confirmed with biopsy, 
which demonstrates cholesterol crystals in the 
renal vessels or glomeruli [68]. Because there is 
often reluctance to biopsy older patients with ath-
erosclerotic disease, the incidence of AERD may 
be underreported because of the lack of confir-
matory biopsies. Furthermore, renal failure is 
often mistakenly attributed to other conditions 
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such as acute tubular necrosis or radiocontrast 
nephropathy.

Clinically, the disease can manifest as a sud-
den decrement in renal function, or it can have a 
more smoldering course; unlike contrast nephrop-
athy, where recovery begins within 3–5  days, 
patients with AERD usually manifest with a 
slowly progressive decline in renal function or 
incomplete recovery. Predisposing factors for 
AERD include atherosclerotic disease, advanced 
age, male gender, Caucasian race, use of antico-
agulants or thrombolytics, and recent invasive 
vascular procedures [69]. Up to 77% of cases of 
AERD may be iatrogenic, perhaps due to a rise in 
the number of vascular procedures and anticoag-
ulation [70, 71]. Angiography is the most com-
mon iatrogenic cause, with AERD occurring in 
up to 80% of subjects; guidewires and catheters 
can scrape vessel walls and disrupt cholesterol 
plaques [72]. Anticoagulants and thrombolytics 
are rarely the sole precipitating factors for AERD 
but can contribute to embolization by dissolving 
superficial clots that stabilize atherosclerotic 
plaques.

Cholesterol emboli can affect multiple differ-
ent organs, mimicking a systemic vasculitis. For 
instance, patients can present with digital isch-
emia (Fig. 13.5), cerebral infarction, mesenteric 
ischemia, and retinal emboli (referred to as 
Hollenhorst plaques). When Hollenhorst 
plaques are present, tissue biopsy sampling is 
not necessary, highlighting the importance of 
fundoscopy. Skin lesions are the most common 
extra- renal manifestation, occurring in up to 
35% of cases [73]. The classic cutaneous mani-
festation is livedo reticularis, a purple net-like 
rash that develops principally in the lower 
extremities but can also occur on the buttocks or 
abdominal wall (see Fig. 13.5). Laboratory test 
findings are nondiagnostic and include elevated 
inflammatory markers, thrombocytopenia, ane-
mia, and hypocomplementemia. Eosinophilia 
may be transiently seen in up to 80% of patients 
and is thought to occur due to immunologic acti-
vation by the exposed emboli [72, 74].

Urinalysis is often bland and unrevealing; renal 
biopsy is therefore considered the most defini-
tive means of diagnosing AERD.  Classically, 

 histology reveals occlusion of the arcuate and 
interlobular arteries, as well as the glomeru-
lar capillaries with slit-like cholesterol clefts. 
Cholesterol crystals are dissolved by formalin 
fixation, leaving biconvex, needle-shaped clefts 
appearing as “ghosts” in their wake [75, 76]. In 
the acute phase, red blood cells, fibrin, and inflam-
matory cells infiltrate and surround the occluded 
vessels. Chronic lesions are surrounded by peri-
vascular fibrosis and chronic inflammatory cells. 
Because of ongoing ischemic injury, glomerular 
sclerosis and interstitial fibrosis may be found in 
the late stages of the disease.

Because there is no specific therapy for AERD, 
management consists of mitigating cardiovascu-
lar risk factors, preventing recurrent emboliza-
tion, and reducing the extent of ischemic damage. 
Hypertension and hyperlipidemia should be man-
aged appropriately. Withdrawal of anticoagulant 
therapy should be considered after carefully 
weighing the risks and benefits. Because choles-
terol crystal embolization is fundamentally a for-
eign body reaction to cholesterol crystals, 
anti-inflammatory agents have been trialed in 
small case series with variable success. Some 
studies have shown that steroids may be beneficial 

Fig. 13.5 Atheroembolic disease. Digital ischemia, 
“blue toes” with associated livedo reticular skin changes 
on the plantar aspect of the feet
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in the treatment of AERD [77–79], but a 
 prospective study of 354 patients demonstrated no 
improvement in renal or patient outcomes with 
steroid administration [80]. Though there are few 
outcome studies in patients with AERD, renal 
prognosis is poor. One prospective study found 
that 37% of patients of 95 studied needed dialysis, 
with only 14 patients regaining enough renal 
function to come off of it [71]. Those patients who 
had pre-existing CKD and hypertension were 
more likely to remain dialysis-dependent, while 
those who were treated with statins were more 
likely to regain renal function. Further research is 
greatly needed in order accurately diagnose, pre-
vent, and treat this complex condition.

13.8  Drugs of Abuse and AKI

Drugs of abuse, both illegal and legal, are becom-
ing more of a presence in the United States. 
While cocaine has been implicated as a cause of 
kidney injury, there are a number of other drugs 
that are associated with a variety of nephrotoxic 
effects. These include synthetic cannabinoids, 
opioids, anabolic steroids, ecstasy, and bath salts. 
Some of the deleterious effects of these drugs 
include alterations in hemodynamics, acute tubu-
lar injury, rhabdomyolysis, and glomerular 
pathology. While the global burden of these drugs 
is increasing, there is still a dearth of literature on 
the nephrotoxicity of drugs of abuse, most likely 
because of underreporting.

Synthetic cannabinoids, marketed under a 
variety of names including “K2,” are widely 
available, yet their harmful effects are not well- 
understood. These drugs were originally manu-
factured for research purposes but have become 
popular recreational drugs. Often marketed as 
herbal products, they are readily available, often 
mistakenly considered safe, and are not detected 
by routine drug screens. A number of disparate, 
chemically unrelated compounds fall under the 
larger umbrella of synthetic cannabinoids and all 
have one feature in common: they all bind to can-
nabis receptors. Recently, there have been a surge 
of case reports and case series of AKI among 
cannabis users [81–84]. Patients often present 
with a constellation of symptoms including 

abdominal or flank pain, along with nausea and 
vomiting. Those with AKI tend to be young 
males, which is likely due to the fact that most 
users tend to be men. Renal biopsies, when per-
formed, show acute tubular injury with tubular 
cell apical blebbing and cytoplasmic vacuoliza-
tion [82]. However, acute interstitial nephritis is 
also seen in some cases. The underlying etiology 
of the AKI is not quite clear; though ischemic 
acute tubular injury secondary to hypovolemia 
has been postulated to be one cause, many of the 
cases did not have physical signs of hypovole-
mia, like tachycardia or hypotension [81]. 
Cannabis receptors have been detected in renal 
tubular cells, podocytes and endothelial cells, 
which may implicate this as an alternate pathway 
of injury [85, 86]. In one case series, a cannabis 
product used by 5 of the 16 patients contained a 
metabolite known as XLR- 11, raising the possi-
bility that this could be the offending agent [83]. 
As with most other causes of acute tubular injury, 
treatment is largely supportive, though steroids 
can be considered in those who manifest 
AIN [87].

The United States has the highest prevalence 
of cocaine dependence, and this highly addictive 
drug has numerous nephrotoxic effects [88]. 
Cocaine is a well-known cause of rhabdomyoly-
sis, which can lead to acute kidney injury due to 
direct tubular damage from myoglobin. However, 
it can also impair hemodynamics through multi-
ple pathways. Cocaine triggers vasoconstriction 
of the glomerular circulation by activating the 
sympathetic nervous system and renin- 
angiotensin- aldosterone axis. The drug reduces 
renal blood flow through the vasoconstrictive 
effects of endothelin-1 [89]. Because of these 
hemodynamic effects, patients often present with 
hypertension and tachycardia. With regards to 
renal pathology, chronic administration of 
cocaine to rats can lead to nonspecific glomeru-
lar, interstitial, and tubular cell lesions [90]. 
Recently, there have been reports of ANCA- 
associated vasculitis among those who use 
cocaine that has been cut with levamisole, a nico-
tinic acetylcholine receptor antagonist [91, 92]. 
Almost all of these patients are seropositive for 
anti-myeloperoxidase ANCA, and at least half 
have anti-proteinase 3 positivity as well. 
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Clinically, they may present with constitutional 
symptoms and a cutaneous necrotizing vasculitis 
that often involves the earlobes (see Fig.  13.6) 
[87]. Despite its wide spectrum of deleterious 
effects on the kidney, cocaine has not been found 
to be associated with chronic kidney disease [93]. 
However, there is a need for more prospective, 
epidemiologic data to fully address this question.

Ecstasy, also known as MDMA, is an amphet-
amine derivative that is typically used as a rec-
reational drug among college-aged individuals 
because of its mood-enhancing effects. While it 
may induce feelings of euphoria, it has been asso-
ciated with a spectrum of nephrotoxic effects, 
including AKI and hyponatremia. In severe cases 
of MDMA toxicity, cardiovascular collapse, 
rhabdomyolysis, and hyperthermia can ensue 
[94]. Non-traumatic rhabdomyolysis is the most 
likely scenario associated with the development 
of AKI, and it is thought to be due to seizure activ-
ity or direct toxic effects on skeletal myocytes 
[95]. While many of the mechanisms underlying 
MDMA’s toxicities are not totally clear because 
ecstasy pills may be adulterated with other com-
pounds, they are likely mediated by activation of 
the sympathetic system, serotonin syndrome, and 
arginine vasopressin (AVP) release [96]. Ecstasy 
is a potent stimulator of AVP release, which is 
why the most common renal toxicity associated 
with ecstasy use is hyponatremia. This complica-
tion is often seen in young women who are first-
time users of the drug and take a single dose [97]. 
Hyponatremia is often exacerbated by excessive 

free water intake, as amphetamines also stimu-
late thirst. Even small doses can result in a rise in 
AVP levels and a fall in serum sodium. In severe 
cases of MDMA- induced symptomatic hypona-
tremia, cerebral edema, seizures, and coma can 
occur. These patients should be managed in the 
intensive care setting with appropriate monitor-
ing of urine output, serum sodium, and serum and 
urine osmolality.

The misuse of opioids has become so rampant 
that it is has been dubbed the “opioid epidemic” 
or “opioid crisis.” According to the Centers for 
Disease Control and Prevention, the total eco-
nomic burden of prescription opioids alone is 
$78.5  billion in the United States [98]. Opioid 
overdose can result in AKI due to dehydration, 
rhabdomyolysis, and urinary retention [99]. 
The lack of well-designed, prospective studies 
as well as disparate findings on renal pathol-
ogy among heroin users has called into ques-
tion whether there is truly an entity known as 
heroin- associated nephropathy (HAN). Heroin 
has been associated with focal segmental scle-
rosis, particularly in black individuals; however, 
renal biopsies in 19 white heroin users showed 
a spectrum of findings, with 13 of the patients 
showing evidence of membranoproliferative 
glomerulonephritis (MPGN) [100]. All of the 
patients had positive serologies for hepatitis 
C infection (HCV), and therefore the authors 
concluded that white heroin addicts most likely 
have HCV-associated MPGN. It is therefore still 
unclear whether drug use is causal or it is related 
to demographics or genetic characteristics of 
individuals who use heroin [101].
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14.1  Introduction

The characteristics of acute kidney injury 
(AKI), including etiology and outcomes, are 
highly variable and are dictated to a great 
extent by the setting in which AKI develops. 
The etiology and outcomes of AKI developing 
in hospitalized patients (hospital-acquired 
AKI—HAAKI) are different from AKI devel-
oping in the community (community-acquired 
AKI—CAAKI), especially in the tropical cli-
mate [1]. Environmental and socioeconomic 
factors play a major role in human health and 
disease development in the tropics. A majority 
of AKI in the tropics is CAAKI, mostly as a 
consequence of the prevailing disease epidemi-
ology and the variability in appropriateness of 
response by the local health system.

14.2  The Tropical Ecosystem 
as a Driver of Disease

Approximately 40% of world population lives in 
the tropics, defined geographically as area 
between approximately 23° on either side of the 
equator, where the sun is directly overhead at 
least once during the year. Tropical climate is 
characterized by high ambient temperature; some 
tropical regions receive heavy rains, while others 
get little precipitation. The rainy tropical ecosys-
tem promotes the survival of pathogenic microor-
ganisms outside the human host and is suitable 
for proliferation of parasites and vermin that 
cause disease or act as reservoirs, intermediate 
hosts, and vectors. On the other hand, water scar-
city in the arid regions increases the susceptibil-
ity of kidneys to relatively minor insults. The 
tropics are home to a number of poisonous snakes 
and arthropods. Flooding of burrows in the rainy 
season forces snakes to come to the surface at a 
time when large numbers of workers are in the 
fields for planting or harvesting crops, leading to 
a spike in the incidence of bite victims. Seasonal 
variation in the incidence of AKI due to tropical 
infections and snake envenomation is a common 
feature throughout the tropics.

Quality of drinking water plays a major role in 
the pattern of kidney disease in the tropics. A 
number of conditions that are associated with of 
AKI in the tropics (see below) can be causally 
linked to contaminated water. The leaching of 
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minerals and organic compounds into the fragile 
tropical soil during rains leads to waterlogging 
and contamination of fields [2] and also promote 
waterborne diseases. Transmission by direct con-
tact and aerosols is also more likely because of 
overcrowding and poor living conditions in the 
tropics.

Tropical countries differ from those in temper-
ate regions in socioeconomic terms as well. 
Despite occupying less than 10% of the land 
mass and only 20% of world population, coun-
tries in temperate regions account for 52% of the 
world’s gross national product [3]. Almost all of 
the tropical countries are classified by the World 
Bank into low or low-middle income categories. 
The healthcare systems in the poor tropical coun-
tries exhibit several limitations in the form of 
limited and unevenly distributed medical 
resources, lack of specialized care, high costs, 
fear and suspicion of modern medicine, and con-
tinued reliance on traditional health systems. The 
harmful consequences are both secondary to 
denial or delay of appropriate treatment, and the 
use of potentially toxic ingredients of indigenous 
remedies is toxic that can lead to AKI.

The combined effect of a high disease burden 
and poor economic performance is reflected in 
the lower life expectancy and high infant and 
maternal mortality rates in tropical countries. 
Even after correction for the level of income, the 
infant mortality rate in the tropical zone is 52% 
higher and the life expectancy 8% lower than 
those in temperate zones [3]. Tropical regions 
also have high fertility rates, which result in a 
high proportion of children in the population but 
at the cost of fewer resources per child. 
Conversely, illness depletes household savings, 
reduces productivity, decreases learning ability, 
and leads to a diminished quality of life, thereby 
perpetuating or even increasing poverty [4].

Economic considerations prevent the imple-
mentation of technological solutions that might 
be feasible in affluent nontropical countries. For 
example, advanced and expensive treatments, 
such as continuous renal replacement therapy, are 
eschewed in favor of cheaper and less complex 
peritoneal dialysis, resulting in trade-off with 
efficiency, flexibility, and personalization.

14.3  Epidemiology of AKI 
in the Tropics

14.3.1  Incidence

Paucity of community-wide reports on AKI from 
tropical countries has hampered efforts to esti-
mate its burden and compare the pattern, presen-
tation, and outcome with that from other parts of 
the world. The available reports are single-center 
studies conducted at academic institutions, which 
may not be truly representative of the true charac-
teristics of AKI, especially in rural settings. 
Patients are referred in advanced stages of illness, 
often with complications, and those developing 
AKI in rural communities may not reach hospi-
tals at all. Most of the available studies have used 
different denominators to calculate the incidence 
of AKI or described single entities like “obstetric 
AKI” or “AKI due to leptospirosis.” The absence 
of uniform definitions and use of inconsistent ter-
minology has added another layer of complexity. 
All this makes estimation of disease burden and 
accurate comparisons difficult.

AKI is recognized as the most common renal 
emergency in tropical countries. However, the 
reported incidence has been variable and in gen-
eral lower compared to other regions. In 2013, 
the International Society of Nephrology started 
the 0by25 (zero preventable deaths due to AKI by 
2025) initiative, with focus on LMIC.  A meta- 
analysis done as a part of this initiative included 
a large number of studies that have not been pub-
lished in mainstream journals and provided the 
most comprehensive documentation yet of the 
incidence of AKI in different parts of the world 
(Table 14.1) [5].

An important finding from this meta-analysis 
was that with uniform definition and better 

Table 14.1 Incidence of AKI from different regions of 
the world

Tropics Other regions
South Asia 7.5% North America 22.3%
Middle Africa 23.5% Europe 20.8–

25.2%
East Africa 13.5% Australia and NZ 16.9%
South America 31%
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reporting from the LMIC, the incidence of AKI 
in tropical countries no longer seems to be low, as 
had been reported earlier. In fact, in regions from 
where reports are gradually becoming available, 
the burden of AKI in hospitalized patients seems 
to be equivalent. Also, patients with more severe 
stages of AKI had high mortality, similar to other 
reports (42% and 46%, unadjusted odds ratio 
12.5 and 19.7, respectively) [5]. The report con-
firmed the higher incidence of CAAKI in the 
developing countries, delayed presentation, and 
greater likelihood of not receiving RRT despite 
being indicated due to lack of resources and 
being discharged from the hospital to home, 
rather than to a step-down facility.

The International Society of Nephrology 
0by25 Global Snapshot [6] provided a unique, 
though limited, picture of AKI around the globe. 
The snapshot provided significant insights into 
differences in epidemiology of AKI between 
countries in different socioeconomic categories 
and reaffirmed previous concepts about epidemi-
ology of AKI in the low-income tropical coun-
tries. The distinguishing features of patients with 
AKI in LIC and LMIC were young age, low prev-
alence of preexisting CKD, presentation with 
more severe stages of AKI and relative preva-
lence of AKI associated with sepsis, obstetric 
complications, and animal envenomation. Lack 
of resources and inability to afford therapy meant 
that a significant proportion of patients could not 
receive dialysis despite being indicated. Although 
the overall mortality was higher, the survivors 
were more likely to show complete recovery 
from AKI in LLMIC.

14.3.2  Setting of AKI

In most nontropical countries, AKI is encoun-
tered largely among patients already admitted in 
hospital, either with multi-organ failure in the 
intensive care units or after major surgical pro-
cedures. Tropical countries of Africa, South and 
Southeast Asia, and Latin America, however, 
encounter a double burden of AKI—both 
CAAKI and HAAKI.  The characteristics of 
HAAKI encountered in ICUs of large urban 

tropical centers are largely similar to the high-
income countries, with relatively accessible 
sophisticated healthcare systems, even though 
these ICUs may also have patients with AKI 
secondary to tropical diseases. In rural areas, 
CAAKI secondary to diarrheal disease, enven-
omation from snakebite, leptospirosis, malaria, 
or obstetric complications predominate [6]. The 
rural healthcare infrastructure is usually inade-
quate with limited or no facilities for renal 
replacement therapy (RRT) and lack of special-
ized doctors. Hospitals that have infrastructure 
are overwhelmed with large number of patients, 
especially with seasonal surge of infectious dis-
eases like leptospirosis.

14.3.3  Age and Sex

The mean age of patients with AKI in the trop-
ics is 37–47 years, in contrast to mean of over 
65  years in nontropical countries. Individuals 
with tropical CAAKI have few, if any, under-
lying diseases that might increase their AKI 
risk [7]. While there is no sex difference in the 
incidence of AKI from other regions, litera-
ture on tropical AKI consistently report lower 
incidence in females, with female/male ratio 
ranging from 1:1.5 to 1:5. This is unlikely to 
be a true difference and may be attributable 
to sociocultural factors with males access-
ing healthcare facilities more frequently than 
females. Of note is the consistently high preva-
lence of obstetric AKI.

14.4  Etiology of AKI in the Tropics 
and Comparison 
with Temperate Regions

Unlike AKI in high-income countries, AKI in 
the tropics is usually the predominant present-
ing feature following a specific condition (e.g., 
snakebite) or a specific infection (e.g., malaria), 
and not a part of a general multi-organ failure 
syndrome.

The causes of CAAKI in tropical countries 
can be broadly divided into those caused by 

14 Acute Kidney Injury in the Tropics
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infections; animal, plant, or chemical toxins; and 
obstetric complications (Table  14.2). Some of 
these causes have been well characterized and 
studied, whereas for others, the numbers of 
affected patients are small and only a temporal 
association suggests a cause and effect relation-

ship. Reliable estimates of the importance of the 
different causes of AKI are difficult to make, as 
these vary from region to region. Diarrheal ill-
ness and malarial AKI are major public health 
threats in most tropical countries, whereas lepto-
spirosis, typhus, and envenomation are the main 

Table 14.2 Causes of acute kidney injury in the tropics

Vector-borne infections Malaria (Plasmodium falciparum, Plasmodium vivax, or Plasmodium knowlesi, 
transmitted by Anopheles mosquito)
Dengue fever (dengue virus, transmitted by Aedes mosquito)
Scrub typhus (Orientia tsutsugamushi, transmitted by trombiculid mites)
Hemorrhagic Rift Valley fever (RVF virus, transmitted by Aedes or Culex mosquitoes)

Direct infections Leptospirosis (Leptospira interrogans)
Hantaviruses, also known as hemorrhagic fever with renal syndrome (Puumala and 
Hantaan viruses)
Zygomycosis

Diarrheal diseases Viral diarrhea (rotavirus, Norwalk agent)
Enterotoxigenic or enteroinvasive Escherichia coli
Bacillary (Shigella) dysentery
Cholera

Other infections Melioidosis (Burkholderia pseudomallei)
Typhoid (Salmonella typhi)
Chlamydia (Chlamydia trachomatis)
Legionellosis (Legionella pneumophila)
Human immunodeficiency virus

Plant and fungal toxins Herbal medicines
Impila tuber
Djenkol beans
Marking nut
Mushroom
Star fruit and other oxalate-rich plants
Plant-derived toxins used as insecticides and to kill fish

Animal poisons Snakebites
Wasp, hornet, and bee stings
Spider bite
Jellyfish sting
Scorpion sting
Carp gallbladder or bile

Chemical nephrotoxins Ethylene glycol, propylene glycol
Paraphenyldiamine
Ethylene dibromide
Copper sulfate
Chromic acid

Environmental factors Heat stroke
Natural disasters

Obstetric complications Postabortal sepsis
Ante- and postpartum hemorrhage
Preeclampsia

Other causes Intravascular hemolysis resulting from glucose-6-phosphate 1-dehydrogenase 
deficiency

Adapted from Jha and Parameswaran, Nat Rev Nephrol 9: 278–290, 2013
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causes of AKI in South Asia; malaria and indig-
enous herbal remedies are the most common 
causes of AKI in Africa; and leptospirosis, den-
gue fever, envenomation, and obstetric complica-
tions are the main causes of AKI in Latin 
American countries.

14.5  AKI Syndromes in the Tropics

CAAKI in the tropics can be part of a constella-
tion of manifestations, presenting as specific pat-
terns of AKI “syndromes” in the tropics, which 
help the clinician in deciding a diagnostic 
approach (Table 14.3).

• Fever—AKI syndrome due to tropical infec-
tions (fever + jaundice + AKI, fever + hemor-
rhagic manifestations + AKI)

• Envenomation and poisonings (including 
snakebite, illicit liquor, and industrial 
chemicals)

• Obstetric AKI
• AKI related to use of indigenous or herbal 

medicines

Knowledge of etiological factors is helpful in 
eliciting appropriate history and coming to a 
quick diagnosis. Certain facts like intake of toxic 
plants or indigenous medicines may be thought 
of as irrelevant and hence not volunteered, while 
others like a clandestine abortion may be even 
suppressed due to social or cultural reasons.

14.5.1  Febrile Illness with Acute 
Kidney Injury

A large number of patients with tropical infec-
tions develop AKI in the setting of an undifferen-
tiated febrile illness. In the absence of obvious 
evidence of common bacterial infections like 
respiratory tract infection or urinary tract infec-
tion, specific tropical infections need to be con-
sidered in the differential diagnosis of patients 
with AKI in the setting of acute febrile illness in 
the tropics or in travelers returning from the trop-
ics. AKI is encountered in over 40% of these 
cases and increases the mortality and morbidity 
risk [8]. Upto 92% of patients hospitalized with 
AKI in a tertiary care hospital in India had fever 
from a tropical infection (Table 14.4).

AKI in the setting of tropical febrile illnesses 
can have additional manifestations related to 
other organ systems like the liver, nervous sys-
tem, and heart, coagulopathy, and thrombocyto-
penia. Identification of these syndromes helps in 
narrowing the list of diagnostic possibilities. The 

Table 14.3 Common differential diagnosis of tropical 
acute febrile illness with AKI

Pattern of organ involvement 
with tropical febrile illness Differential diagnosis
Fever + jaundice Leptospirosis, malaria, 

dengue, hantavirus, 
rickettsiosis

Biphasic fever + 
conjunctival suffusion + 
thrombocytopenia + 
transaminitis

Leptospirosis

Continuous fever + severe 
respiratory symptoms 
leading to ARDS

Hantavirus

Fever + severe myalgia + 
thrombocytopenia + 
acalculous cholecystitis

Dengue fever

Fever + maculopapular rash 
+ “eschar”

Scrub typhus

Fever + splenomegaly + 
thrombocytopenia

Malaria

Fever + exposure to 
unpasteurized milk products

Brucellosis

Fever + diarrhea Bacterial or viral 
gastroenteritis

Table 14.4 Etiology of AKI in children in India [42]

Infections
  Pneumonia
  Diarrhea
  Sepsis
  Dengue
  Scrub typhus
  Leptospirosis malaria
  Malaria

92 (55%)
24 (14%)
13 (8%)
13 (8%)
10 (6%)
3 (2%)
1 (1%)
1 (1%)

Acute glomerular diseases 28 (17%)
Underlying renal diseases 10 (6%)
Underlying cardiac diseases 8 (5%)
Envenomations 7 (4%)
Hemolytic uremic syndrome 6 (4%)
Drugs 2 (1%)
Others 13 (8%)
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common differential diagnosis of tropical acute 
febrile illness based on organ involvement is 
summarized in Table 14.5.

14.6  Specific Diseases

14.6.1  Envenomation from Animal, 
Plant, or Chemical Toxins

Encounters with animals and insects are common 
in the tropics, due to their ubiquitous distribution; 
the nature of work of the inhabitants of the region, 
who are largely engaged in farming activities; 
and lack of sufficient protective gear. 
Envenomation following snakebite and insect 
stings accounts for a significant proportion of 
AKI in tropical countries. Usually the bite or 
sting is obvious, but it is important to consider 
this diagnosis even in the absence of overt history 
if the clinical manifestation are suggestive, 
because it is well known that snakebites can hap-
pen while the subject is asleep, or without the 
subject recognizing that she has been bitten by a 
snake, or made contact with a toxic plant. This is 
also important in the case of children with AKI 
(Table 14.6).

14.6.2  Snake Envenomation

There are more than 2000 species of snakes 
worldwide, of which approximately 450 are poi-
sonous. It is estimated that out of the 2.4 million 

people bitten annually by poisonous snakes, 
approximately 100,000 die. About 45% of these 
deaths are reported from India [9]. AKI is an 
important contributor of these deaths. An addi-
tional 400,000 suffer nonfatal severe health con-
sequences, such as AKI, amputation, infection, 
tetanus, scarring, contractures, and other sequelae 
attributable to envenomation [10]. Most instances 
of snake envenomation occur in tropical parts of 
Asia, Africa, and Latin America [11].

About 12% of all venomous snakebites are 
complicated by AKI, nearly all of whom following 
bites by colubrids, elapids, or hydrophids 
(Fig. 14.1). The species of the snake and the quan-
tity of venom injected determine the clinical mani-
festations. Viper bites are characterized by florid 
local swelling, blistering, pain, tender regional 
lymphadenopathy, hemolysis, bleeding, and hypo-
tension. Sea snake venom is myotoxic, and 
affected individuals develop myalgia and muscle 
weakness. Oliguria can develop within a few hours 
after the bite, or may be delayed for 3–4 days.

AKI is multifactorial in origin, with direct 
tubular toxicity, pigment-mediated tubular injury 
secondary to intravascular hemolysis or rhabdo-
myolysis, disseminated intravascular coagula-
tion, or endothelial injury being the major 
causative factors. Fluid losses secondary to gas-
trointestinal symptoms or local infections can 
also contribute.

Grossly, the kidneys are swollen and appears 
“flea-bitten” secondary to petechial hemor-

Table 14.5 Etiology of febrile illness with AKI [7]

Diagnosis Number of cases (%)
Scrub typhus 188 (51.2)
Falciparum malaria 38 (10.4)
Enteric fever 32 (8.7)
Dengue 28 (7.6)
Mixed malaria 24 (6.5)
Leptospirosis 12 (3.3)
Spotted fever 7 (1.9)
Vivax malaria 6 (1.6)
Hantaan virus infection 1 (0.3)
Undifferentiated 31 (8.4)
Total 367

Table 14.6 Animal, plant, and chemical toxins that can 
cause AKI in the tropics

Animal  
poisons

Plant and fungal 
toxins

Chemical  
toxins

Snakebites Herbal medicines PPD
Wasp, hornet, 
and bee stings

Impila tubers Ethylene or 
propylene glycol

Spider bite Djenkol beans Bromide
Jellyfish sting Marking nut Chromium
Scorpion 
sting

Mushroom Copper sulfate

Carp 
gallbladder  
or bile

Plant-derived 
toxins used as 
insecticides and to 
kill fish
Oxalate-
containing plants
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rhages. Histology shows acute tubular necrosis 
with intratubular pigment casts in 70–80% of 
patients, other lesions being thrombotic micro-
angiopathy, mesangiolysis, interstitial inflam-
mation, glomerulonephritis, vasculitis, and renal 
infarction. Acute cortical necrosis, the most 
severe form of AKI, is seen in approximately 
20–25% of patients after a Russell’s viper or 
Saw-scaled viper bite.

Management consists of wound care, admin-
istration of antivenom and supportive treat-
ment. Early antivenom administration prevents 
or attenuates the development of hematological 
abnormalities or rhabdomyolysis and AKI. There 
is no consensus on the dose of antivenom or the 
duration of therapy. One approach in the case 
of hemotoxic bites has been to titrate the dose 
according to the whole-blood clotting time. 
Some recent studies, however, have shown that 
the  outcomes are similar even with the use of a 
fixed lower dose of antivenom. Supportive mea-
sures include judicious volume replacement, 
inoculation with antitetanus immunoglobulin, 
and appropriate management of bleeding risk 
by the use of fresh frozen plasma as needed. 
Patients bitten by myotoxic snakes need aggres-
sive fluid therapy and urinary alkalinization to 
prevent intratubular precipitation of myoglobin. 
Mortality from snakebite envenomation is esti-
mated to be up to 35%. A substantial proportion, 
especially those with patchy or diffuse cortical 

necrosis and thrombotic microangiopathy, is left 
with varying degrees of renal insufficiency.

14.6.3  Insect Stings

Insects like honeybees, wasps, yellow jackets, and 
hornets are common in the tropics, and hence 
stings from these insects are also encountered not 
infrequently. AKI typically results in individuals 
who sustain multiple stings from a swarm of 
insects like honey bees or wasps, resulting in injec-
tion of a large dose of toxins. Kidney injury is usu-
ally secondary to hemolysis or rhabdomyolysis, 
though direct toxicity has also been proposed. 
Less commonly, AKI has been described follow-
ing isolated stings secondary to anaphylactic reac-
tions or thrombotic microangiopathy [12]. Apart 
from AKI, proteinuria and nephritic and nephrotic 
syndromes have also been reported after insect 
stings [13–15]. The diagnosis is usually obvious. 
Management is largely supportive and symptom-
atic, including short course of steroids, antihista-
mines, fluid replacement, and RRT if necessary.

14.6.4  Obstetric AKI

AKI related to complications of pregnancy 
(obstetric AKI) has been all but eliminated from 
developed nontropical economies due to system- 

a b

Fig. 14.1 Two common varieties of viper snakes that cause AKI in South Asia. (a) Saw-scaled viper (Echis carinatus) 
and (b) Russell’s viper (Daboia russelii)
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wide improvements in healthcare delivery. In 
contrast, obstetric AKI continues to be encoun-
tered in many tropical countries due to subopti-
mal antenatal care, frequent out-of-hospital 
childbirth, and unsafe abortion practices.

Obstetric AKI shows a bimodal temporal 
distribution: the first peak, attributable to hyper-
emesis gravidarum and septic abortion, is seen 
in the first trimester. Preeclampsia, eclampsia, 
placental abruption, postpartum hemorrhage, 
and puerperal sepsis develop close to term or 
following delivery and account for the second 
peak of AKI in third trimester or in the imme-
diate postpartum period. There is a significant 
variation, however, in the frequency and out-
come of obstetric AKI in different parts of trop-
ics. In India, the contribution of obstetric AKI 
declined from 22% of all cases of AKI in the 
1970s to approximately 8% in the 1990s. This 
decline was attributed to legalization of abor-
tion and improvements in antenatal care [16]. 
In other parts of the tropics, however, obstetric 
AKI continues to be prevalent and has a poor 
prognosis even today. Septic abortion is the 
cause of AKI in 52% of patients in Ethiopia 
[17], and in Argentina and Nigeria, gynecologi-
cal and obstetric complications still account for 
about one third of patients with AKI [18–20]. 
In one hospital in Pakistan, of 100 patients with 
obstetric AKI seen over a 3 year period, over 
90% needed dialysis, 7% died in hospital, and 
only 44% were off dialysis at discharge [21]. 
About 20% of all patients develop acute corti-
cal necrosis, the most catastrophic variety of 
AKI. In recent years, atypical hemolytic uremic 
syndrome, secondary to genetic abnormalities 
in complement regulatory proteins, has been 
recognized in several cases of third trimester 
and postpartum AKI (Ramachandran R, unpub-
lished). It is important to identify these cases 
because they respond well to eculizumab.

14.6.5  Indigenous Medicine 
and Herb Use and AKI

The use of indigenous remedies of herbal or 
animal origin is an integral part of traditional 
cultures in many parts of sub-Saharan Africa 

and Asia. AKI resulting from ingestion of plant, 
fungal, and animal nephrotoxins is common in 
countries in these regions. A variety of renal 
lesions including acute tubular necrosis, acute 
cortical necrosis, and interstitial nephritis have 
been reported [22]. Even some of the commonly 
ingested tropical plant foods can have toxic 
effects if consumed without proper preparation 
(Fig. 14.2). An example is the consumption of 
beans from the djenkol plant, a delicacy in sev-
eral Southeast Asian countries [23]. Ingestion of 
a large amount of uncooked beans, especially 
in individuals with a low fluid intake, can cause 
oliguric AKI secondary to the intratubular pre-
cipitation of djenkolic acid crystals. The breath 
and urine of these patients have a characteris-
tic, sulfurous odor, and the needlelike crystals 
can be seen in urine under light microscopy. 
Increased fluid intake and urinary alkalinization 
with sodium bicarbonate help to dissolve the 
crystals.

About 25–60% of all cases of AKI from medi-
cal causes in hospitals in sub-Saharan Africa are 
associated with the use of traditional herbal med-
icines. Such medicines are usually prepared 
under nonstandard conditions and are not tested 
for efficacy and safety, the ingredients are vari-
able, and dosage and route of administration are 
often not standardized.

A large number of cases of AKI in Africa have 
been associated with use of extracts of impila 
tubers, which are taken either orally or as an 

Fig. 14.2 Contrast-enhanced CT scan of a patient with 
acute cortical necrosis shows non-enhancing renal cortex 
bound on the outside by a rim of enhancing subcapsular 
region and on the inside by enhancing medulla
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enema for their purgative and vermifugal effects 
[24]. Atractyloside, an alkaloid that inhibits ATP 
synthesis, is thought to be the active component. 
Symptoms appear 1–4  days after consumption 
and include abdominal pain, vomiting, seizures, 
oliguria, and jaundice. The mortality rate for 
impila related AKI is over 50%.

Potentially toxic substances like paint thin-
ners, turpentine, chloroxylenol, ginger, pepper, 
soap, vinegar, copper sulfate, and potassium per-
manganate are often added to plant extracts in an 
effort to potentiate their effect [23].

The raw gallbladder or bile of sheep, freshwa-
ter carp, and grass carp are used for medicinal 
purposes in rural areas of the Middle East and 
South and Southeast Asia [25, 26] and can cause 
a syndrome of acute hepatic failure and renal fail-
ure. Oliguric AKI develops within 48 h and lasts 
2–3 weeks. Susceptibility to AKI varies accord-
ing to the species of fish, the amount of bile 
ingested, and patient-specific factors. An associa-
tion has been found between the size of the fish 
and the severity of the toxic effect. The prognosis 
is usually good, and mortality has been described 
only in those who present late and already have 
multi-organ failure.

14.6.6  Paraphenyldiamine 
Nephrotoxicity

Paraphenyldiamine (PPD) is used in Africa, 
Middle East, and Indian subcontinent as a color-
ing agent, especially as hair dye. Clinical mani-
festations include cervicofacial edema, high 
colored urine, oliguria, edema, shock, and 
 oliguric AKI.  Direct toxicity, rhabdomyolysis, 
and hypovolemia contribute to AKI. PPD poison-
ing is the chief cause of AKI in some tropical 
African countries.

14.6.7  Infections

14.6.7.1  Malaria
Malaria continues to be a public health challenge 
throughout the tropical belt. The African region 
accounted for most global cases of malaria 
(88%), followed by the Southeast Asia (10%) and 

the Eastern Mediterranean (2%). In 2015, there 
were an estimated 438,000 malaria deaths world-
wide, with 90% in Africa [27]. Although P. falci-
parum infection accounts for most case of 
malaria-related AKI, P. vivax and P. knowlesi 
infections have also been reported to lead to AKI 
in recent years [28, 29].

AKI is seen in approximately 1–4% of all 
patients with P. falciparum malaria. The inci-
dence increases to 60% in those with severe dis-
ease [27, 30]. Patients with severe parasitemia 
and children under the age of 5 years, pregnant 
women, and individuals with HIV or AIDS are 
at an increased risk [31, 32]. Mortality may be 
as high as 45%. About 70% of all deaths occur 
in children below the age of 5. The pathogenesis 
of malarial AKI is related to clogging of the 
microvasculature as a result of reduced deform-
ability and increased stickiness of the parasit-
ized erythrocytes that causes them to adhere to 
each other, other circulating cells, and the vas-
cular endothelium.

The standard method of making a diagnosis is 
by demonstration of the asexual forms of the par-
asite in a thick finger-prick blood smear. Simple 
card tests that use antibodies to detect specific 
parasitic antigens allow quick diagnosis in the 
field where microscopy facilities or trained per-
sonnel are not available. The sensitivity and spec-
ificity of these tests are variable.

Artemisinin-based combination therapies are 
the recommended treatment for severe malaria 
with AKI [33]. Early effective antimicrobial 
treatment and timely renal replacement therapy 
are associated with improved survival and recov-
ery of renal function in patients with malaria- 
induced AKI. A comparative study showed 
continuous renal replacement therapy to be better 
than peritoneal dialysis in malarial AKI.

14.6.7.2  Leptospirosis
Caused by the spirochete Leptospira interro-
gans, leptospirosis is the most widespread zoo-
nosis in the world and an occupational hazard in 
fishermen, coal miners, sewage, abattoir, and 
farm workers throughout the tropics. Human 
infection occurs when organisms in contami-
nated water, soil, or vegetation enter abraded 
skin and exposed mucosa.
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The disease presents with a biphasic febrile 
illness. Renal involvement is seen in the second 
phase and often presents with cholestatic jaun-
dice and hemorrhagic manifestations (Weil’s 
syndrome). AKI develops in 20–85% of cases 
and is oliguric in about half. Diagnosis is based 
on demonstration of anti-leptospira antibodies, 
either a single titer of >1:400 or a fourfold 
increase. Nucleic acid based testing has allowed 
identification of greater number of cases.

Renal injury is caused by direct invasion of 
the renal tissue by the organism and liberation of 
bacterial enzymes, metabolites, and endotoxins. 
Grossly, the kidneys are swollen and bile stained. 
The main light-microscopic lesion is a tubuloint-
erstitial nephritis, with mononuclear cells and 
eosinophilic infiltration.

Leptospirosis is self-limiting, and mild cases 
recover with supportive treatment. Antibiotic 
therapy can shorten the duration of illness. The 
elderly and those with multi-organ involvement 
are at risk of adverse outcome.

Recent data suggests that leptospirosis may 
have long-term consequences for kidney health. 
In a community-based study, subjects with high 
leptospira antibody titers (indicating past infec-
tion) were more likely to show a decline in eGFR 
over a 2-year follow-up.

14.6.7.3  Scrub Typhus
Scrub typhus, caused by a gram-negative bacterium 
Orientia tsutsugamushi, is endemic in Asia and a 
grossly under-recognized cause of tropical febrile 
illness. The infection is transmitted to humans by 
trombiculid mites. A recent study [34] from India, 
employing a novel PCR-based diagnostic tech-
nique, showed that 24% of all patients presenting 
with unexplained febrile illness and/or multi-system 
involvement had scrub typhus. AKI was present in 
over 50% and was an important predictor of mortal-
ity. Vascular endothelial cell injury is thought to be 
the predominant mechanism of injury. Histology 
shows mesangial hyperplasia, acute tubular necro-
sis, or tubulointerstitial nephritis. Management 
entails a short course of doxycycline and supportive 
care. It has a fatality rate of 30% if untreated.

14.6.7.4  Diarrheal Diseases
AKI related to infective diarrheal diseases con-
tinues to be a major problem in tropical countries 
with poor sanitation, especially among the pedi-
atric population and the elderly [35]. AKI related 
to diarrheal diseases is more frequent in rural 
areas and urban slums with inadequate provision 
of safe drinking water. The incidence increases 
during summer and rainy seasons. During the 
1980s, 35–50% of all children who required dial-
ysis for AKI in India had diarrhea-related AKI 
[36, 37]. The current incidence of diarrhea- 
related AKI requiring dialysis has declined to 8% 
as a result of the improved sanitation and wide-
spread use of oral rehydration solutions [8].

Infective diarrhea may result from a variety of 
viral, bacterial, and protozoal infections. The 
clinical presentation provides clues to the iden-
tity of the causative pathogen. Early vomiting is a 
feature of rotavirus infection. Loose, watery 
stools indicate infection with enterotoxigenic E. 
coli or Vibrio cholerae. Fever, cramps, and tenes-
mus accompanied by bloody diarrhea suggest 
infection with Shigella, Salmonella, or enteroin-
vasive E. coli. Diagnosis requires stool micros-
copy, as with cholera or certain parasites and 
culture for other organisms.

Early and adequate fluid replacement using 
WHO-recommended oral rehydration solution 
(ORS) is the cornerstone of management. The 
ORS can be easily prepared at home by adding 
six (6) level teaspoons of sugar and half (1/2) 
level teaspoon of salt to 1  L of clean drinking 
or boiled water and then cooled (five cup full, 
with each cup about 200 mL). This will yield a 
solution with 75  mmol/L sodium, 65  mmol/L 
chloride, 20  mmol/L potassium, 10  mmol/L 
citrate, and 75  mmol/L of anhydrous glucose, 
with a resultant osmolarity of 245 mosm/L [38]. 
Intravenous rehydration might be required in 
patients with severe dehydration, persistent vom-
iting, or paralytic ileus. Hypokalemia may worsen 
during rehydration. The mortality rate associated 
with diarrhea-related AKI remains high in some 
tropical regions. In a study from Malaysia, the 
mortality rate was 2.1 per 1000 admissions [39]. 
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In contrast, other tropical countries have practi-
cally eliminated diarrhea- associated AKI. An 
example is the nurse-led program developed by 
the International Centre for Diarrhoeal Disease 
Research, Dhaka, Bangladesh, that has achieved 
a mortality rate of <1%.

14.6.7.5  HIV and AKI
HIV continues to be a major global public health 
issue and a leading global cause of infectious 
disease-related mortality, having claimed more 
than 34 million lives so far. In 2014, about 1.2 
million people died from HIV-related causes 
[40]. The number of new HIV cases and AIDS- 
related deaths is declining, however. Between 
2000 and 2015, new HIV infections and AIDS- 
related deaths fell by 35% and 24%, respectively. 
Approximately 36.9 million people were living 
with HIV globally at the end of 2014, 70% in 
sub-Saharan Africa [41].

AKI is encountered in over 50% of patients 
hospitalized with HIV infection [41]. Patients 
with HIV-AIDS are at high risk of AKI from vari-
ous factors. Opportunistic infections, especially 
tuberculosis, volume depletion from chronic 
diarrhea due to intestinal parasites, the use of 
nephrotoxic antiretroviral drugs, and contrast 
agents for medical imaging increase the risk of 
AKI. HIV infection can give rise to AKI second-
ary to thrombotic microangiopathy.

AKI in patients with HIV has conse-
quences beyond the acute episode, including 
an increased risk of cardiovascular events, end-
stage renal disease (ESRD), and increased mor-
tality [42]. Antiretroviral drugs used in highly 
active  antiretroviral therapy (HAART), such as 
tenofovir and indinavir, can cause AKI.  AKI in 
HIV-infected patients (in the HAART era) is asso-
ciated with a sixfold increase in mortality [41]. 
Prevention of AKI requires attention to common 
risk factors like volume depletion and avoidance 
of nephrotoxic drugs, especially in individuals 
with preexisting CKD. Management entails main-
taining a high index of suspicion, prompt correc-
tion of volume deficits, and attention to the list of 
medications.

14.6.7.6  Dengue Fever
Dengue fever is a mosquito-borne tropical viral 
infection caused by the dengue virus, often caus-
ing flu-like illness and occasionally causing 
severe disease with complications including 
AKI.  The incidence of dengue has increased 
exponentially and more than half of the world 
population is at risk [43]. Dengue is found in 
tropical and subtropical climates worldwide, 
mostly in urban and semi-urban areas. The 
reported incidence of AKI in patients with den-
gue fever varies from 0.9% among Thai children 
[44] to 10.8% in reports from India [45]. Dengue 
was the cause of AKI in 4% of patients in an ICU 
in Brazil [46]. AKI usually develops in patients 
with severe disease (dengue hemorrhagic fever) 
and is frequently associated with hypotension, 
rhabdomyolysis, hemolysis, or sepsis. There is 
no specific treatment, and management is essen-
tially supportive in nature. Prevention depends on 
effective vector control.

14.6.7.7  Post-Infectious 
Glomerulonephritis

Post-infectious glomerulonephritis (PIGN) is 
the result of an immunological process triggered 
by an infection afflicting the kidney, resulting in 
immune-complex-mediated glomerulonephritis. 
Though classically associated with streptococcal 
infection, PIGN can follow any bacterial, viral, 
fungal, or parasitic infection. Manifestation can 
be with asymptomatic urinary abnormalities, 
acute nephritic illness, hypertension, or rapidly 
progressive glomerulonephritis (more common 
in adults). While the incidence of PIGN has 
declined in the high-income countries, it con-
tinues to be a common condition in the tropi-
cal LMIC, where the burden of infection due to 
nephritogenic bacteria continues to be high. The 
burden of group A streptococcal infections was 
estimated to be 24.3 cases per 100,000 person- 
years in adults and 2 cases per 100,000 person- 
years in children in the developing countries 
[47], compared to 6 and 0.3 cases per 100,000 
person- years, respectively, in developed regions. 
PIGN is primarily seen among children and 
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young adults in developing countries with a male 
preponderance of 2–3:1, while the patients in the 
developed world tend to be adults [48]. In a study 
from India, PIGN was identified as the cause in 
86.7% of children who presented with nephritic 
illness [49] and PIGN accounted for 16.9% of 
AKI [50].

14.7  Prevention and Treatment

Community-acquired tropical AKI is largely pre-
ventable but requires public health policy initia-
tives and resources directed toward improvement 
of basic health needs, such as the provision of 
safe drinking water, improved sanitation, infec-
tion control through eradication of parasites and 
disease-carrying vectors, improvements in the 
conditions of farm workers, and the provision of 
good antenatal and obstetric care.

Vector control using an integrated vector 
management strategy is the most effective way 
to prevent transmission of vector-borne diseases. 
This is based on employing a range of interven-
tions, such as rational use of pesticides and mos-
quito nets on the basis of local knowledge about 
vectors, disease determinants, and engagement 
with local communities and other stakeholders 
within a public health regulatory and legislative 
framework. Improving public awareness of the 
need for use of safe water, safe handling and use 
of pesticides and other nephrotoxins should be 
attempted by sustained campaigns in mass 
media.

Since most cases of tropical AKI are encoun-
tered in the community where trained healthcare 
personnel are scarce, nonphysician healthcare 
workers (NPHW) must be trained to look for 
early warning signs of AKI, identify those at 
highest risk for appropriate triage, and prompt 
referral of patients who need specialist care at 
secondary or tertiary hospitals. Availability of 
point-of-care tests will be helpful in this pro-
cess. The few tests in development include those 
that measure salivary urea nitrogen or work on 
an algorithm based on urine color. Early institu-
tion of rehydration therapy may limit the sever-

ity of AKI.  The ISN 0by25 initiative is 
implementing a clinical trial that will test the 
hypothesis that NPHW-driven algorithmic triag-
ing will lead to improved outcomes. Figure 14.3 
shows a suggested algorithm for risk stratifica-
tion and referral using locally appropriate point-
of-care tests.

In addition to the severity of the disease, poor 
healthcare systems and the lack of infrastructure 
are believed to contribute to mortality and morbid-
ity from AKI in the tropics. Even though HD is 
available in most tropical countries (with the pos-
sible exception of a few sub-Saharan African 
nations), facilities are concentrated in large cities 
that are often unable to cope with the huge demand 
for their services. Peritoneal dialysis is often 
resorted to, especially in remote areas [51] and for 
small children [52]. In view of the simplicity of 
technique and minimal technical requirements, the 
ISN, in association with the International Pediatric 
Nephrology Association, International Society for 
Peritoneal Dialysis, and the Sustainable Kidney 
Care Foundation, is implementing the Saving 
Young Lives project in tropical countries of Africa 
and Southeast Asia. Under this project, children 
with AKI are treated with PD [53].

14.8  Future Challenges

Tropical societies are likely to face major chal-
lenges to kidney health as a result of climate 
change and water scarcity. According to the 
UK-based risk analysis firm Maplecroft, the top 
10 countries at “extreme risk” from climate 
change are all tropical countries.

Kidneys are likely to be particularly vulnera-
ble to heat stress and the predicted reemergence 
of water- and vector-borne infectious diseases. 
Another area of concern is the evolution in the 
virulence of disease-causing organisms, as noted 
by emergence of kidney injury in vivax malaria 
and scrub typhus. This is compounded by emer-
gence of antimicrobial resistance. Degradation of 
ecosystem and air and water pollution will 
increase the risk of exposure to environmental 
toxins that can cause AKI.
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Risk stratification
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Monitor Point of care
test

Point of care test
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Fig. 14.3 A suggested algorithm for risk stratification, triaging, and referral of community-acquired tropical acute 
kidney injury
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15.1  Introduction

Acute kidney injury (AKI) is classically defined 
as an abrupt decrease in glomerular filtration rate 
(GFR), often associated with derangements in 
metabolic and volume balance.

Recent efforts to standardize AKI definitions 
have led to a more a robust understanding of pop-
ulations at risk for AKI as well as the impact on 
those affected with respect to clinical outcomes. 
It is now well established that AKI is a common 
occurrence in hospitalized children, both in the 
intensive care unit and general inpatient setting. 
In addition, there is emerging evidence that AKI 
of any severity confers a higher risk of morbid-
ity and mortality in the short-term as well as an 
increased likelihood of developing chronic kidney 
disease (CKD) over the long-term. This chapter 
provides an overview of the current understand-
ing of pediatric AKI with respect to diagnosis, 
epidemiology, treatment, and outcomes.

15.2  Diagnosis of AKI: Definitions 
and Limitations

Multiple definitions and classification schema 
for AKI have been developed for use in adults 
(see Chap. 2), all of which have been studied for 
use in pediatrics. The RIFLE (risk, injury, fail-
ure, loss, end-stage kidney disease) criterion was 
developed by the Acute Dialysis Quality Initiative 
group in 2004 [1] in an attempt to standardize the 
definition of AKI by stratifying patients based 
on changes in serum creatinine and/or urine out-
put. The pediatric RIFLE (pRIFLE) criteria were 
adapted from the RIFLE criteria in 2007 [2] and 
used changes in estimated glomerular filtration as 
calculated with the Schwartz formula rather than 
changes in serum creatinine to stratify severity. 
Subsequently, pRIFLE has been studied and vali-
dated primarily in critically ill children [2–4] and 
children who have undergone cardiac surgery [5, 
6]. In general, pRIFLE has been shown to be a 
useful classification system for not only diagnos-
ing AKI but also for providing prognostic infor-
mation with respect to morbidity and mortality in 
those affected.

More recently, the Acute Kidney Injury 
Network (AKIN) modified the RIFLE criteria to 
include an absolute increase in serum creatinine 
concentration of ≥0.3 mg/dL from baseline. The 
AKIN criteria have not been modified specifi-
cally for use in children, though have been used 
in multiple pediatric studies, primarily in the ICU 
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setting [7–9]. More recently, the KDIGO defini-
tion was published in 2012 and defines and stages 
AKI according to changes in serum creatinine 
and urine output [10]. There were no specific 
adjustments made for children. As it is the newest 
definition, there are fewer studies using it in chil-
dren; however, there is a general movement 
toward adopting this definition, and the most 
recent, larger-scale studies have used the KDIGO 
definition. Currently, there is not one universally 
accepted AKI definition, making comparison of 
findings across studies challenging. It should be 
noted that all of the above AKI definitions include 
urine output criteria. However, due to the diffi-
culty in obtaining accurate measurements of 
urine output, particularly in retrospective studies, 
these data are often not available. Thus, there is 
limited data regarding the etiology, outcomes, 
and impact of pediatric AKI as defined by urine 
output. Table  15.1 compares the definitions 
described.

Clinically, AKI is generally diagnosed follow-
ing an increase in serum creatinine or a decrease 
in urine output. Unfortunately, these metrics have 
significant limitations and result in delayed rec-
ognition of AKI, especially in children. Changes 
in serum creatinine are not timely markers of kid-
ney injury because a sudden drop in GFR to a 
constant low level is typically reflected by a grad-
ual increase in serum creatinine until the patient 
reaches a new steady state [11]. In general, 
patients with more severe AKI take longer to 
reach a new steady state, which delays determi-
nation of the severity of injury [12]. The rate of 

rise is further altered by factors unrelated to renal 
function, such as volume of distribution, tubular 
secretion of creatinine, as well as creatinine gen-
eration. Thus, at the time a patient is noted to 
have AKI, the GFR may be much lower than that 
estimated using the serum creatinine. The inverse 
is true as AKI resolves and GFR recovers. The 
improvement in serum creatinine lags behind and 
as a result renal function may be underestimated 
during the phase of renal recovery.

In addition, there is day-to-day and site-to-site 
variability between serum creatinine levels which 
complicate interpretation of serum creatinine 
changes. This is especially problematic in chil-
dren as there is more variation in patients with 
lower serum creatinine [13, 14].

15.3  Novel Biomarkers 
for the Diagnosis of AKI

Over the last decade, there has been consider-
able effort dedicated to the discovery and char-
acterization of novel biomarkers that may allow 
for increased sensitivity and specificity for the 
detection of AKI (see Chap. 3). A number of these 
biomarkers, including neutrophil gelatinase-asso-
ciated lipocalin (NGAL), kidney injury molecule-1 
(KIM-1), interleukin-18 (IL-18), and liver-type 
fatty acid binding protein (L-FABP), have been 
studied in the pediatric population. Some of the 
most important early studies characterizing these 
biomarkers in humans included pediatric patients 
at risk for AKI in the setting of cardiac corrective 

Table 15.1 Comparison of AKI diagnostic criteria

Definition AKI stages
pRIFLE R: eGFRa decreased by 25% I: eGFRa decreased by 50% F: eGFRa decreased by 75% or

eGFR* <35 mL/mn/1.73m2

AKIN 1: Increase in sCr of ≥50% or
Absolute increase in sCr of 
≥0.3 mg/dL

2: Increase in sCr of ≥100% 3: Increase in sCr ≥200%

KDIGO 1: Increase in sCr ≥50% or
Absolute increase in sCr of 
≥0.3 mg/dL

2: Increase in sCr of ≥100% 3: Increase in sCr of ≥200% or
eGFR ≤35 mL/min/1.73m2

(if age <18 year)

pRIFLE pediatric RIFLE, AKIN Acute Kidney Injury Network, KDIGO kidney disease improving global outcomes, 
eGFR estimated glomerular filtration rate, sCr serum creatinine
aeGFR calculated using the bedside Schwartz formula
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or palliative surgery. In many respects, this cohort 
 represents an ideal population to study given the 
ability to recruit subjects prospectively and closely 
approximate the timing of AKI onset. Early stud-
ies suggested that some of these biomarkers had 
superior performance characteristics for the early 
detection of AKI. For example, Mishra et al. [15] 
reported that urinary NGAL levels in excess of 
50 mc/L 2 h after cardiopulmonary bypass (CBP) 
were predictive of development of AKI, diagnosed 
by increased serum creatinine 24–72 h after CPB 
with a nearly perfect under the receiver-operating 
characteristic curve of 0.998 (sensitivity 1.00, 
specificity 0.98). Secondary analyses of a subset 
of samples from Mishra’s original study demon-
strated that urinary IL-18 [16], KIM-1 [17], and 
L-FABP [18] were also early predictive biomark-
ers of AKI after CPB, though with less robust per-
formance characteristics than NGAL.  Numerous 
additional studies have further characterized 
candidate AKI biomarkers in a variety of pedi-
atric populations including premature infants, 
newborns, critically ill older children, and those 
exposed to nephrotoxins.

Despite the work described above, serum cre-
atinine remains the metric most widely used clin-
ically to diagnose AKI. There remains optimism 
that further efforts toward biomarker discovery 
and validation will eventually enable earlier diag-
nosis of AKI, ultimately leading to improved out-
comes. The inclusion of diverse pediatric 
populations in future research in this area will be 
critically important. It is quite likely that bio-
marker profiles in children with or at risk for AKI 
will vary depending on age and stage of develop-
ment and will prove quite distinct from those in 
adults, particularly those with significant comor-
bidities (diabetes, hypertension, etc.).

15.4  Pediatric AKI Etiology 
and Risk Factors

A comparison of historical and more recent stud-
ies of AKI in children indicates a clear shift in 
AKI etiology over the last two to three decades. 
Data from the 1980s–1990s suggest that AKI was 

most commonly caused by primary renal disease, 
including hemolytic uremic syndrome (HUS) 
and glomerulonephritis, with secondary causes 
of renal disease, including sepsis and burns, 
which is less common [19, 20]. Over time, sec-
ondary causes of AKI have become increasingly 
more common. In a single-center study, Williams 
et  al. [21] noted a sharp increase of oncologic 
diagnoses as a cause of AKI from 1978–1988 
when compared to 1988–1998 (8% vs. 17%) with 
HUS simultaneously becoming less common 
(38% vs. 22%). Studies performed more recently 
clearly demonstrate that this trend has continued 
and that AKI in childhood is now most com-
monly caused by some other systemic illness 
(sepsis, cardiac disease, oncologic disease) and 
medically related therapies (ECMO, surgery, 
nephrotoxic medications) as opposed to primary 
kidney disease [2, 22–24]. It is likely that with 
improvements in critical care more children are 
surviving to develop AKI, explaining the evolu-
tion in terms of underlying etiology.

Today, it is clear that sicker children are at 
increased risk for AKI.  Multiple studies have 
shown that illness severity (often as measured by 
the pediatric risk of mortality [PRISM] score) is 
associated with AKI [2, 25–27]. In burn patients, 
higher body surface area (BSA) was associated 
with increased AKI risk [25]. Other risk factors 
include sepsis [2, 25, 28], hematologic/malignant 
diagnoses [29], and cardiac surgery (with more 
complex cardiac surgeries being associated with 
increased risk) [30]. Not surprisingly, children 
receiving longer courses of aminoglycosides [29] 
and those receiving increasing number of nephro-
toxic medications concomitantly [31] have an 
increased risk of AKI.

In adults, there are clear data that preexisting 
CKD increases risk for developing AKI; how-
ever, there are limited prospective studies in chil-
dren, and retrospective studies have yielded 
conflicting results. That being said, given the 
reduced renal reserve present in those with CKD, 
it seems logical that those with CKD would be at 
a higher risk for AKI in the setting of intercurrent 
illness, nephrotoxic medication exposure, and/or 
surgical intervention.

15 Pediatric Acute Kidney Injury: Diagnosis, Epidemiology, and Treatment
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15.5  Epidemiology of Pediatric 
AKI and Short-Term 
Outcomes

Determining the epidemiology of AKI in chil-
dren is complicated by the different criteria used 
to define AKI as well as lack of available baseline 
serum creatinine values in many of the popula-
tions studied. The reported incidence of AKI var-
ies by population and definition. The most studied 
pediatric patient population is those who are 
critically ill. There is increasing recognition that 
infants should be considered as a distinct popula-
tion. Epidemiology of this population will be 
reviewed separately.

Wide ranges in the incidence of AKI (10–
82%) have been reported in critically ill children 
using pRIFLE criteria [2, 4, 27]. Multiple studies 
have demonstrated that AKI as defined by pRI-
FLE criteria is associated with increased mortal-
ity (which generally increases with stage of AKI) 
and increased length of stay, even after adjusting 
for illness severity and other known risk factors 
[2–4, 25, 32]. These studies also generally report 
that there is increased need for renal replacement 
therapy (RRT) with increasing stages of AKI.

Using AKIN criteria, incidences are typi-
cally slightly lower than with pRIFLE, ranging 
from 33 to 65% in critically ill patients [32–34]. 
There is less data regarding the incidence of AKI 
in critically ill children using KDIGO criteria, 
but there are several large, good-quality studies. 
Selewski et  al. found an incidence of 24.5% in 
a combined pediatric intensive care unit (PICU)/
cardiac intensive care unit (CICU) cohort [26], 
and Sutherland et al. found an incidence of 42% 
in a PICU population [33]. For both KDIGO and 
AKIN definitions, AKI in PICU patients was 
associated with increased mortality and length 
of stay even in multivariate analysis. Increases in 
mortality are particularly impressive when using 
KDIGO criteria. Selewski [26] and Sutherland 
[33] reported an increased mortality in those with 
AKI when compared with those without AKI 
from 1.1% to 11.1% and 2.3% to 15.3%, respec-
tively. There is only one large-scale prospec-
tive study of AKI in the pediatric ICU (PICU) 

 population, which is the AWARE study that 
included 32 PICUs worldwide. Kaddourah et al. 
defined AKI using KDIGO criteria and found an 
overall incidence of 26.9% (15.3% stage 1, 6.3% 
stage 2, and 5.3% stage 3). Severe AKI (stage 2 
or 3) was associated with increased risk of death 
(OR 2.41–5.14) after adjustment for illness sever-
ity score (PRISM-III, PIM-2, or PELOD depend-
ing on the center). Stage 1 was not associated 
with increased mortality, but any AKI was (OR 
ranging from 1.87 to 3.91 depending on illness 
severity score.) Patients with stage 1 AKI had 
longer ICU stays and longer mechanical ventila-
tion than those with no AKI [35].

There is less data regarding the incidence and 
outcomes of AKI in the noncritically ill or gen-
eral pediatric population. Logically, one would 
expect a lower incidence than in critically ill chil-
dren; however, the incidence still appears to be 
significant. Patients receiving ≥72  h of amino-
glycosides had an AKI incidence of 56% using 
pRIFLE and 45.2% using AKIN criteria [34]. A 
similar study of patients administered aminogly-
cosides reported incidences of 33% using pRI-
FLE and 20% using AKIN [29]. In a retrospective 
review of hospitalized children at higher risk for 
AKI (defined as having a baseline creatinine 
within 3  months before hospital admission), 
Sutherland and colleagues [33] reported an over-
all incidence of 51.1% using pRIFLE, 37.3% 
using AKIN, and 40.3% using KDIGO. 
Surprisingly, the incidence of AKI in the ICU and 
non-ICU population was similar across all defini-
tions (pRIFLE, 51.3% vs. 51.0%; AKIN, 39.9% 
vs. 37.6%; KDIGO, 42% vs. 40.5%). There was 
no significant association between AKI and mor-
tality in the non-ICU population; however, AKI 
was associated with longer lengths of stay across 
all definitions, and lengths of stay increased with 
AKI stage, except that patients with pRIFLE 
stage 3 was shorter than those with stage 2. An 
additional study which used ICD-9 diagnosis 
codes in a nationally representative sample of 
noncritically ill hospitalized children reported a 
much lower incidence of 0.39% [24]. This dra-
matic difference in reported incidence is likely 
related to the fact that many patients who meet 
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criteria for AKI don’t receive an appropriate 
diagnosis. In one study of noncritically ill 
 children receiving nephrotoxins, 58% more 
patients were classified as having AKI using pRI-
FLE criteria when compared to ICD-9 codes 
[36], suggesting that strict reliance on adminis-
trative data to identify cases of AKI in retrospec-
tive studies is unreliable.

15.6  Special Population: 
Neonates

There is emerging consensus that neonates 
should be considered separately from other chil-
dren due to differences in renal physiology after 
birth and during the first few months of life as 
well as the potential for interruption of nephro-
genesis in premature infants. Nephrogenesis 
begins at week 5 of gestation with a full comple-
ment of nephrons typically achieved reached by 
34–36 weeks [37]. There are limited studies of 
kidneys of premature infants, but those that exist 
suggest that prematurity, IUGR, and AKI all 
result in decreased nephrogenesis and that for-
mer premature infants are at increased risk for 
CKD, proteinuria, and hypertension as they age. 
The normal GFR in term neonates at birth is 
10–20  mL/min/1.73  m2 and increases to 
30–40 mL/min/1.73 m2 by 2 weeks of life. The 
initial GFR is lower and improves more slowly 
in preterm infants [38]. In addition, immediately 
after birth, the infant’s serum creatinine reflects 
maternal creatinine. Thus, interpreting changes 
in creatinine can be challenging in the neonatal 
period, and this population may require different 
standards to diagnose AKI.

AKI appears to be quite common in neonatal 
intensive care unit (NICU) patients. Studies of 
very low and extremely low birth weight infants 
(defined as birth weight of <1500 g and < 1000 g, 
respectively) reported incidences between 12.5 
(using an alternative definition of urine output 
<1 mL/kg/h for at least 24 h or serum creatinine 
>1.5  mg/dL) and 39.8% (using KIDGO defini-
tion) [39, 40]. Two studies of newborns undergo-
ing therapeutic cooling for treatment of significant 

perinatal asphyxia reported incidences of 38% 
using KDIGO and 41.7% using AKIN [41, 42]. 
Extracorporeal membranous oxygenation 
(ECMO) is also associated with AKI as defined 
by RIFLE criteria with one study suggesting an 
incidence of 64% [43]. The incidence of AKI 
defined by AKIN is also high in newborns and 
infants requiring cardiac corrective or palliative 
surgery, with rates reported as high as 62% in 
those <28 days [44] and 52% in those <90 days 
[45]. Other reported risk factors include low birth 
weight, low gestational age, maternal and infant 
NSAID use, and sepsis as well as the presence of 
signs of perinatal stress including low APGARs, 
low cord pH, asystole, and intubation at birth 
[46–50]. As in older children, outcomes for 
infants with AKI appear to be worse after adjust-
ment for confounders with studies showing 
increased mortality, hospital length of stay, and 
increased likelihood of abnormal brain MRI at 
7–10 days of life [39, 42, 46, 49, 51, 52].

In 2012, Askenazi and Jetton [53] proposed a 
standardized classification system for neonatal 
AKI based on the KDIGO definition. The neona-
tal modified KDIGO criteria are described in 
Table  15.2. In 2013, a group of neonatologists 
and pediatric nephrologists reached consensus 
that this definition represented a reasonable start-
ing point to provide standardization for future 
studies. Utilization of this definition moving for-
ward will help facilitate comparison of findings 
across studies.

Table 15.2 Neonatal modified KDIGO AKI criteria

Stage Creatinine Urine output
0 No change in sCr or 

increase <0.3 mg/dL
≥0.5 mL/kg/h

1 sCr increase of ≥0.3 mg/
dL within 48 h or
sCr increase ≥1.5–
1.9 × baseline sCr within 
7 days

<0.5 mL/kg/h 
for 6–12 h

2 sCr rise 
≥2–2.9 × baseline sCr

<0.5 mL/kg/h 
for ≥12 h

3 sCr rise ≥3 × baseline 
sCr or
sCr ≥2.5 mg/dL or
RRT initiated

<0.3 mL/kg/h 
for ≥24 h or
anuria for ≥12 h

sCr serum creatinine, RRT renal replacement therapy
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15.7  Management of Pediatric 
AKI

To date, there is no clear evidence that any inter-
vention decreases the likelihood of children 
developing AKI or hastens recovery from it. As a 
result, treatment is generally supportive and 
involves removing or treating any known triggers 
of AKI and attempting to avoid added renal 
injury. Avoiding further nephrotoxin exposure 
and ensuring adequate renal perfusion are impor-
tant to avoid further damage and to promote renal 
recovery. In addition, meticulous attention to 
fluid status with strict monitoring of intake and 
output and daily weights is helpful to prevent vol-
ume excess. Prompt reduction of fluid rates in 
children with oliguria/anuria is critical as even 
modest degrees of volume overload may contrib-
ute to respiratory or cardiac compromise due to 
smaller body size.

There is a growing body of evidence that vol-
ume excess contributes to poor outcomes in criti-
cally ill children who require renal replacement 
therapy (RRT). Multiple small, single-center 
studies of PICU patients undergoing continuous 
renal replacement therapy (CRRT) have shown 
that patients who do not survive AKI tend to have 
a higher percent fluid overload, but multivariate 
analysis including illness severity scores has gen-
erally showed borderline association [54–56]. 
Two larger studies reported more compelling 
results. A prospective study of 297 children 
undergoing CRRT at 13 centers showed an 
adjusted odds ratio (OR) mortality of 1.03 (1.01–
1.05) for fluid overload, suggesting a 3% increase 
in mortality for each 1% fluid overload. When 
fluid overload was dichotomized into <20% and 
≥20%, the adjusted OR was 8.5 [57]. This was 
corroborated by a retrospective single-center 
study of 190 children undergoing CRRT in which 
a multivariate analysis showed that percent fluid 
overload was associated with mortality. Hazard 
ratio for death was also increased, even when 
adjusted for timing of CRRT initiation and illness 
severity score [58]. Some of these studies also 
suggest that earlier initiation of CRRT may be 
associated with improved survival. Further 
research is needed to better understand optimal 

timing of CRRT initiation and what degree of 
fluid overload requires RRT initiation.

Once a patient is determined to have severe 
AKI, they may require RRT for solute clearance as 
well as fluid removal. Indications for initiation 
include fluid overload, electrolyte or acid-base 
derangements refractory to medical therapy, and 
symptomatic uremia. Patients may also require 
RRT for removal of nephrotoxins such as CT con-
trast, which can further exacerbate AKI. The treat-
ment modality of choice depends on patient 
characteristics as well as center expertise. In 
patients who are more stable and are likely to toler-
ate more rapid fluid shifts, intermittent hemodialy-
sis (IHD) is an option. This modality provides the 
most efficient clearance and is most amenable to 
running without anticoagulation. Traditionally, it is 
initiated in a stepwise fashion with progressively 
increased urea reduction on successive days to 
avoid dialysis disequilibrium syndrome. The length 
of treatment time depends on patient size, access, 
and clearance desired. When patients are acutely 
ill, HD treatments are generally provided daily.

If patients are less stable or are unlikely to tol-
erate more rapid fluid shifts, CRRT is often a bet-
ter choice for RRT. Short-term clearance is lower 
with CRRT due to lower blood and dialysate 
flows, but over time, CRRT can be adjusted to 
provide comparable clearance to HD, and fluid 
removal can be continuously adjusted, which 
permits optimizing provision of nutrition and 
transfusions. CRRT can provide clearance 
through diffusion and/or convection, and modali-
ties and protocols are institution dependent. 
Close attention to electrolyte balance is critical as 
pateints can develop hypokalemia and hypophos-
phatemia depending on dialysate solutions and 
replacement fluids. Also, medications need to be 
dosed appropriately for all forms of RRT, espe-
cially antibiotics and sedation.

Pediatric-specific considerations for both IHD 
and CRRT include catheter selection, blood flow 
rate, and treatment time, all of which are deter-
mined by patient size and clinical stability. In 
addition attention must be paid to the priming 
solution. Options include saline, albumin, or 
blood. In small patients, if the extracorporeal 
 circuit volume is more than 10% of the patient’s 
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estimated blood volume, the circuit should be 
primed with blood to prevent hemodilution lead-
ing to instability. In unstable patients who do not 
require priming with blood, priming with albu-
min may be of utility. In most other patients, 
saline can be used for priming. Generally, antico-
agulation for RRT is provided with citrate or 
heparin. Other agents are available for those with 
complicating factors precluding the use of hepa-
rin. Occasionally, in patients with coagulopa-
thies, CRRT can be provided without 
anticoagulation though circuit survival may be 
compromised in this setting.

Peritoneal dialysis (PD) is another option for 
RRT in AKI. It is often the modality of choice in 
infants due to the challenges of placing a large 
catheter for hemodialysis and challenges main-
taining blood flows necessary for dialysis 
machines. In addition, infants typically require a 
blood prime for both HD and CRRT, which can 
result in sensitization, complicating future trans-
plantation. PD eliminates this blood exposure, 
allows gradual fluid removal, and does not require 
anticoagulation. The challenges of PD include 
catheter leakage (which is more common when 
initiated in the acute setting) and lack of precise 
control over fluid removal and clearance. When 
PD is initiated acutely, lower dwell volumes are 
employed to avoid leaking around the catheter 
prior to healing. In this setting, solute clearance 
through PD is not as efficient as that achieved 
with HD or CRRT. PD is contraindicated in 
patients with recent abdominal surgery or infec-
tion and is relatively contraindicated in patients 
with VP shunts.

Given the described advantages and limita-
tions of each modality, the modality of dialysis 
for those with AKI should be determined based 
on the above-noted factors, the local expertise 
and resources available, and the expected length 
of therapy required whenever possible.

15.8  Long-Term Outcomes

There is limited information about long-term out-
comes of children after AKI, though emerging 
reports suggest significant chronic sequelae. 

Mammen et  al. [59] showed an incidence of 
chronic kidney disease (CKD), defined as esti-
mated GFR <60  mL/min/1.73  m2 and/or albu-
minuria, of 10.3% at 1–3-year follow-up. Another 
46.8% were deemed at risk for CKD due to find-
ings of more mild reductions in GFR (60–90 mL/
min/1.72  m2), hypertension, and/or hyperfiltra-
tion. The study was small (n  =  126), but there 
were no differences between those with CKD and 
those without in terms of underlying diagnoses, 
severity of illness scores, or nephrotoxin expo-
sure. Patients with more severe AKI (AKIN stage 
3) demonstrated an increased trend toward CKD 
development, though this did not reach statistical 
significance. There were significantly more 
patients who required dialysis that developed 
CKD.  Askenazi [60] and colleagues reported 
3–5-year outcomes of a cohort of children who 
developed AKI at a single center between 1998 
and 2001. Of 174 patients who survived to hospi-
tal discharge, 32 subsequently died, and 16 devel-
oped end-stage renal disease. Of the 126 
remaining survivors, 29 (23%) were recruited to 
participate in a study to assess renal injury. Of 
these children, 59% had at least one sign of 
chronic renal injury, including microalbuminuria 
(31%), hyperfiltration (31%), decreased GFR 
(14%), and hypertension (21%). Of concern, a 
pediatric nephrologist was involved in the care of 
only 35% of patients with evidence of chronic 
renal injury. These small, relatively short-term 
follow-up studies not only indicate that children 
with a history of AKI are at significantly increased 
risk for developing CKD over time but also sug-
gest they are likely under-recognized and not 
being followed appropriately for such complica-
tions. Larger prospective studies are necessary to 
confirm these findings.

 Conclusion
AKI is common in hospitalized children and 
associated with poorer outcomes, including 
increased mortality in ICU patients and 
increased length of stay in ICU and non-ICU 
patients. In addition, childhood survivors of 
childhood AKI are at high risk for complica-
tions including CKD, hypertension, and pro-
teinuria. Future investigations should include 
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established standardized definitions of pediat-
ric AKI to further clarify at-risk populations 
and long-term outcomes. It will be important 
to study children from a variety of popula-
tions, as AKI susceptibility and recovery is 
very likely to be unique depending on age, 
developmental stage, as well as the presence 
of preexisting comorbidities.
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16.1  Introduction

Postobstructive renal damage has many etiolo-
gies but can be simply defined as a mechanical 
inability for urine to pass through the urinary sys-
tem resulting in kidney damage. This obstruction 
can occur at any point along the urinary tract, 
from the tip of the urethra to within the kidney 
itself. Etiologies can be intrinsic and extrinsic 
and partial and complete and can occur at any 
time. Here, we present the epidemiology, patho-
physiology, presentation, and treatment of posto-
bstructive renal damage.

16.2  Epidemiology

Most cases of obstructive uropathy are diag-
nosed in an outpatient setting with the discov-
ery of an elevated creatinine on routine labs 

[1]. Thus, the prevalence of obstructive renal 
injury is difficult to assess, as many individuals 
may have silent obstruction that is asymptom-
atic. In 1950, an autopsy study was performed 
in 59,064 individuals of all ages, and hydrone-
phrosis was found in 3.1% of the population 
[2]. When stratified by age, hydronephrosis at 
time of autopsy has been reported in 2–2.5% of 
children, largely attributed to congenital etiol-
ogies, and there were no differences in gender 
in this population. In individuals aged 
20–60 years, females were more likely to have 
hydronephrosis, which was thought to be due 
to transient obstruction during pregnancy or 
the increased likelihood of developing gyneco-
logic malignancies at a younger age. In con-
trast, among individuals older than 60  years, 
males were more likely to have hydronephrosis 
due to prostatic hyperplasia and urologic 
malignancies [3, 4].

16.3  Pathophysiology

Obstructive uropathy causes numerous functional 
changes within the kidney. These changes are 
mediated by both humoral and physical factors 
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secondary to the obstruction and are dependent 
upon duration and severity of obstruction. It is, 
therefore, worth considering obstructive uropa-
thy as comprising several pathophysiological 
entities including unilateral and bilateral disease 
and short-term and long-term obstruction. A brief 
review of glomerular filtration is warranted.

Glomerular filtration rate (GFR) can be 
thought of as the product of the permeability fac-
tor Kf and the difference between the transglo-
merular hydrostatic pressure Δ[DELTA]
P = (PGC − PT) and the transglomerular oncotic 
pressure Δ[DELTA] π[pi]  =  (π[pi]GC  −  π[pi]T) 
where GC and T represent the glomerular capil-
lary and tubule, respectively:

 
GFR K DELTA P DELTAf= [ ] - [ ]( )D D

 

Since the oncotic pressure in Bowman’s space 
is negligible, π[pi]T  =  0 and Δ[DELTA]
π[pi] = π[pi]GC.

Renal blood flow (RBF) is also an important 
determinant in glomerular filtration, and this is 
dependent upon a number of vasoactive sub-
stances as well as physical parameters.

16.3.1  Unilateral Ureteral 
Obstruction

Experiments by Vaughn and others showed a tri-
phasic response in renal blood flow within the 
first 18  h after unilateral ureteral obstruction 
(UUO). In the first phase, the increase in tubular 
pressure caused by the obstruction is mitigated 
by the increase in renal blood flow leading to 
only a slight decrease in GFR.  The increase in 
RBF lasts approximately 2 h and is secondary to 
tubuloglomerular feedback (TGF), which may be 
mediated by several factors including prostaglan-
dins (PGE2), nitric oxide (NO), and the renin-
angiotensin-aldosterone pathway [5–10].

After an initial increase in RBF and GFR, both 
decline secondary to a rise in afferent arteriolar 
resistance [11]. This vasoconstriction is medi-
ated, at least in part, by angiotensin II since 
angiotensin-converting enzyme (ACE) inhibitors 
blunt the effect [12]. Thromboxane (TXA2) is 

also an important mediator of postobstructive 
vasoconstriction, and TXA2 may be generated 
from within the kidney or by macrophages that 
have migrated to the kidney during obstruction 
[13–17]. Endothelin may also play a role: it has 
been shown in a swine model that during unilat-
eral obstruction, endothelin production is 
increased in the affected kidney and that endothe-
lin antagonists blunt the reduction in RBF and 
GFR in rats [18, 19].

Renal recovery from unilateral obstruction 
depends upon the duration and extent. After 24 h 
of complete UUO, GFR is reduced 50% in dogs 
and 25% in rats with a concomitant decrease in 
RBF. Regional differences in blood flow are also 
seen. A significant decrease in perfusion of the 
superficial cortex with increased juxtamedullary 
glomerular perfusion has been noted in rats [20]. 
The mechanism is unknown but likely involves 
tubuloglomerular feedback [21].

16.3.2  Bilateral Ureteral Obstruction

There are significant differences in the patho-
physiology of unilateral and bilateral ureteral 
obstruction (BUO). While there is a significant 
increase in RBF initially with unilateral obstruc-
tion, the increase in RBF associated with bilateral 
obstruction is more modest [22]. This typically 
lasts 90 min and is followed by a marked reduc-
tion in RBF and GFR that is longer and more pro-
nounced than with UUO. The factors involved in 
mediating this response are the same as for UUO, 
with NO involved in initial vasodilation and 
angiotensin II and TXA2 involved in vasocon-
striction [23]. Another distinction between UUO 
and BUO is the distribution of regional blood 
flow after obstruction. While in UUO there is a 
preferential distribution of blood from the outer 
to the inner cortex, in BUO there is an increase in 
cortical blood flow at the expense of medullary 
flow [24, 25].

Ureteral pressure is higher and persists longer 
in BUO than UUO, lasting at least 24 h in BUO 
compared 4–5  in UUO [26]. Ureteral pressure 
remains high in BUO due to prolonged vasodila-
tion of the afferent arteriole and vasoconstriction 
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of the efferent arteriole. This appears to be sec-
ondary to the accumulation of vasoactive sub-
stances such as atrial natriuretic peptide (ANP) 
[15]. This is not seen in UUO since the nonob-
structed kidney can excrete the excess ANP 
 keeping levels low. Elimination of excretory 
function leads to expansion of intravascular vol-
ume and subsequent increase in ANP secretion 
from the right atrium primarily. Once the bilat-
eral obstruction is relieved, there is a significantly 
greater diuresis compared to UUO because of the 
volume expansion and accumulation of urea and 
other solutes. Pathologic postobstructive diuresis 
only occurs after release of BUO and is also due 
to the lack of a functional kidney and persistent 
secretion of ANP leading to natriuresis [27].

16.3.3  Alteration of Renal Function

In addition to alterations in RBF and GFR, there 
are a number of other metabolic alterations that 
take place after ureteral obstruction. Among 
these are a derangement of concentrating ability, 
sodium transport, potassium transport, and acidi-
fication, but these are all predicated upon a shift 
from aerobic to anaerobic metabolism.

Renal obstruction alters cellular metabolism 
by shifting blood to the nutrient-rich outer cortex 
from the relatively hypoxic and nutrient-poor 
medulla. Given the high metabolic needs of the 
thick ascending limb within the medulla, it is 
acutely sensitive to changes in blood flow, and, 
consequently, ureteral obstruction can lead to a 
shift from aerobic metabolism to anaerobic 
metabolism with reduced ATP levels and 
increased ADP and AMP [28–31].

The changes in RBF and oxidative metabo-
lism affect the ability of the kidney to concentrate 
urine. Normally controlled by vasopressin, the 
aquaporin-2 (AQP2)-mediated water permeabil-
ity of the collecting duct is altered in ureteral 
obstruction, and the mechanism may involve 
cyclooxygenase 2 or the inflammasome [32]. It 
has been hypothesized that vasopressin resis-
tance is the cause, although there is conflicting 
evidence to support this [25, 33]. Regardless of 
the mechanism, the concentrating defect has an 

early onset (it can be seen as early as 6 min after 
obstruction) and can persist for many hours [34].

As described previously, the secretion of ANP 
can lead to altered sodium transport and natriure-
sis after BUO. Other factors may also play a role 
in altered sodium reabsorption in UUO including 
decreased expression of sodium transporters on 
the cell surface [35]. In addition, expression of 
sodium transporters may be altered during ure-
teral obstruction as well [36, 37].

Potassium transport is altered during ureteral 
obstruction and is dependent upon the nature of 
the obstruction [20]. After release of UUO, there 
is a decrease in K+ excretion likely due to 
decreased distal delivery of Na+. This is in dis-
tinction to the increase in K+ secretion seen after 
relief of BUO, which is due to the increased 
delivery of Na+ and water to the collecting duct as 
well as elevation in ANP [38].

16.3.4  Urinary Acidification

Ureteral obstruction leads to a disorder in urinary 
acidification that has been demonstrated in both 
humans and animal models. Relief of ureteral 
obstruction does not increase bicarbonate secretion, 
suggesting that proximal reabsorption is still intact. 
Nevertheless, urinary pH does not decrease after 
acid loading suggestive of a defect in distal nephron 
H+ transport. The exact mechanism is unknown and 
may be secondary to a defect in the H+-ATPase, H+/
K+-antiporter, or the Cl−/HCO3

− antiporter. Ureteral 
obstruction leads to a decrease in apical expression 
of the H+-ATPase among intercalated cells of the 
cortical collecting duct [39–41].

16.4  Etiology

The causes of post-renal acute kidney injury may 
be divided anatomically based on location. Upper 
tract causes of renal obstruction include renal eti-
ologies and ureteral etiologies. Lower tract 
causes of post-renal obstruction include bladder, 
prostatic, and urethral etiologies. Table 16.1 pro-
vides a non-exhaustive list of the more common 
causes of urinary obstruction.

16 Post-renal Acute Kidney Injury
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16.4.1  Renal

Renal etiologies include malignant causes such 
as Wilms’ tumors, renal cell carcinomas, or tran-
sitional cell carcinomas affecting the collecting 
system. Other neoplastic causes include meta-
static disease that has spread to the kidneys or 
other malignancies such as multiple myeloma. 
Nonneoplastic renal causes include polycystic 
kidney disease, renal cysts, and peripelvic cysts. 
Inflammatory conditions such as tuberculosis and 
Echinococcus infections can also cause post-
renal obstruction. Other rare causes include 
sloughed papillae, trauma, and renal artery 
aneurysms.

16.4.2  Ureteral

The most common cause of post-renal obstruc-
tion worldwide is pregnancy; however, this is 
usually asymptomatic, self-limiting, and gener-
ally not a cause of renal failure. Another common 
cause of post-renal obstruction worldwide is the 
presence of a renal stone obstructing one or both 
ureters. Malignant causes include intrinsic can-
cers such as transitional cell carcinomas of the 

ureters, while extrinsic compression is com-
monly seen secondary to pelvic or intra-abdomi-
nal malignancies. Inflammatory processes such 
as tuberculosis, amyloidosis, schistosomiasis, 
retroperitoneal fibrosis, and abscesses can also 
compress the ureter.

16.4.3  Bladder, Prostate, and Urethra

Malignancies involving the bladder can lead to 
compression of either the ureters or the urethra 
which can lead to post-renal acute kidney injury. 
This is also true of malignancies of the prostate, 
urethra, and penis. While prostate cancer is prev-
alent, it generally affects the peripheral zones of 
the prostate and only rarely leads to compression 
of the urinary tract. Congenital anomalies such as 
posterior urethral valves, commonly seen in the 
perinatal period, can lead to a post-renal obstruc-
tive picture, as can phimosis and hydrocolpos. It 
is important to note that posterior urethral valves 
identified in a neonate is a medical emergency 
and needs to be decompressed immediately. 
Finally, benign processes such as benign pros-
tatic hyperplasia and urethral strictures are also 
common causes of post-renal acute kidney injury.

16.5  Presentation/Diagnosis

Obstructive uropathy often presents as some com-
bination of flank or abdominal pain, hematuria, 
uremic symptoms, occasionally signs of infection 
when this is present, or rarely decreased urine out-
put. Identification of elevated creatinine and/or 
hydronephrosis on routine surveillance or workup 
of other issues can also lead to the diagnosis.

The preferred screening test for hydronephro-
sis is renal ultrasound, but up to 24% of patients 
can have hydronephrosis in the absence of 
obstruction [42, 43]. Figure  16.1 provides an 
example of a renal ultrasound showing hydrone-
phrosis. Bilateral hydronephrosis, especially 
with a fairly acute development, suggests an 
obstruction at the level of the bladder neck or 
bilateral ureteral orifices. Differentiation often 
requires the provider obtain a good medical his-

Table 16.1 Etiology of urinary obstruction

Location of 
obstruction Examples
Renal
 Malignant Wilms’ tumors, renal cell 

carcinoma, transitional cell 
carcinomas, multiple myeloma, 
metastatic disease

 Nonmalignant Polycystic kidney disease, renal 
cysts, peripelvic cysts

 Others Infections, trauma, vascular 
anomalies

Ureteral Renal stones, transitional cell 
carcinoma of the ureters, extrinsic 
compression, retroperitoneal 
fibrosis, amyloidosis, infections

Bladder Bladder cancer, prostate cancer 
extension, posterior urethral valves

Prostate Prostate cancer, benign prostatic 
hypertrophy, prostatitis

Urethra Strictures, foreign objects, 
phimosis
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tory but also typically requires further imaging 
studies. Plain radiography is useful if renal cal-
culi are a possible cause of obstruction or to 
assess stent position if one has been placed. CT 
urogram allows for better visualization of the 
anatomy and possible cause, but contrast admin-
istration is often contraindicated due to elevated 
serum creatinine. A noncontrast CT can also be 
obtained and will give the diagnosis of hydrone-
phrosis but may not elucidate its etiology. MRI 
may also be useful if a soft tissue etiology of 
obstruction is suspected or if creatinine prohibits 
a CT urogram, and a CT or MRI may be neces-
sary for surgical planning. Figure 16.2 provides 
an example of an axial CT scan showing bilateral 
hydronephrosis with ureteral stent curl present on 
the left. Figures 16.3 and 16.4 show coronal CT 
scans in patients with bilateral ureteral obstruc-
tion due to pelvic malignancies. Figure  16.4 
again has a ureteral stent in place on the left.

In cases in which contrast is contraindicated 
or the remaining function of the kidney is in 
question, renal radionuclide studies may be indi-
cated, such as Tc99-MAG3 or Tc99-DTPA scans. 
Figures 16.5 and 16.6 provide an example of a 
MAG3 scan with renal obstruction on the right. If 
intrinsic urologic pathology is suspected, stent 
placement is deemed necessary, or if the patient 
is having surgery for another reason, retrograde 
pyelograms should be considered. Although 
rarely used nowadays, the Whitaker perfusion 
pressure-flow (PPF) study can be used to assess 
possible upper urinary tract obstruction in 

patients with equivocal results from other testing, 
suspected intermittent obstruction, suspected 
obstruction with poor kidney function, pain with 
negative renal radionuclide studies, and gross 
dilation with positive renal radionuclide studies 
[44]. The Whitaker test is performed by inserting 
a nephrostomy tube, obtaining intrarenal and 

Fig. 16.1 Renal ultrasound showing hydronephrosis
Fig. 16.2 Axial CT scan showing bilateral hydronephro-
sis with ureteral stent curl present on the left

Fig. 16.3 Coronal CT scan showing bilateral ureteral 
obstruction due to pelvic malignancy
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intravesical pressure measurements, and then 
perfusing the kidney percutaneously with con-
trast while measuring pressures [45]. This test is 
classically used in children but can serve a pur-
pose in adult patients as well. It is important to 
remember, however, that hydronephrosis can 
lessen over time as renal filtration decreases from 
the affected kidney.

While imaging such as CT and ultrasound pro-
vide anatomical detail of the abdomen and pelvis 
thereby assessing the entire urinary tract, urody-
namics can provide a functional assessment of the 
lower urinary tract. Assessing for bladder outlet 
obstruction, typically from prostatic obstruction 
or urethral stricture disease, is essential as these 
are reversible causes of urinary tract obstruction. 
Urodynamics pressure assessments of the bladder 
allow determination of bladder contractility as 
well as inference of bladder outlet obstruction.

Urodynamics testing involves the placement 
of pressure-sensing catheters in the bladder and 
the rectum or vagina. The pressure detected by 
the bladder catheter represents the sum of the 
detrusor pressure (from bladder contraction) and 

Fig. 16.4 Coronal CT scan showing bilateral ureteral 
obstruction due to pelvic malignancy with ureteral stent in 
place on the left

Fig. 16.5 MAG-3 renal scan showing renal obstruction on the right
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the abdominal pressure. Subtracting the abdomi-
nal pressure as measured by the rectal/vaginal 
catheter allows calculation of bladder pressure. 
Simultaneous fluoroscopic imaging to determine 
the shape of the bladder and urethra, called vid-
eourodynamics, can enhance standard urody-
namics. This can be useful in patients with 
neurogenic bladder or who have surgically aug-
mented bladders. The anatomic detail of videou-
rodynamics can support these diagnoses.

Urodynamics includes a series of clinical 
tests, such as uroflowmetry, filling cystometry, 
pressure-flow studies, assessment of urethral clo-
sure, and electromyographic measurement of the 
urethral sphincter muscle. Urodynamics is useful 
when considering the following clinical situa-
tions: [1] conservative treatment has failed; [2] 
when considering invasive treatment; [3] assess-
ing the pressure of the bladder or urinary reser-
voir; and [4] determining the efficacy of 
intervention.

Figure 16.7 represents a sample urodynamic 
tracing from a patient with bladder outlet obstruc-
tion. The third tracing from the top represents the 
calculated bladder pressure. The increase in blad-
der pressure toward the right of the graph repre-
sents the bladder contracting during voiding. 
Note the relatively high rise in bladder pressure 
compared to the low flow rate (long blue arrow, 
below), which indicates bladder outlet obstruc-
tion. Also note the presence of a second void 
(short blue arrow) since the first was incomplete, 
another indication of bladder outlet obstruction.

16.6  Management

Management of post-renal acute kidney injury 
involves first relieving the obstruction, and this 
depends upon the anatomic location and etiology. 
Treatments are grouped based on anatomic 
location.

Fig. 16.6 MAG-3 renal scan showing renal obstruction on the right

16 Post-renal Acute Kidney Injury



254

16.6.1  Kidney and Ureter

For most upper urinary tract obstruction, the treat-
ment options in the acute setting are similar. 
Whether the origin is the kidney or the ureter, 
relief of the obstruction can be achieved by placing 
either a ureteral stent or percutaneous nephros-
tomy tube. Intervention is warranted if there is evi-
dence of renal failure or infection, if the obstruction 
appears bilateral, or if the patient has pain that is 
intractable to pain medications. Both ureteral 
stents and percutaneous nephrostomy tubes can 

achieve decompression of the urinary tract; how-
ever, extrinsic compression of the ureter from 
either malignant or nonmalignant causes can 
sometimes lead stents to fail. Should a ureteral 
stent fail due to extrinsic compression, a percuta-
neous nephrostomy tube would be necessary to 
decompress the urinary tract. If the etiology of 
compression is such that it is likely to progress sig-
nificantly without good treatment options, such as 
refractory peritoneal carcinomatosis or unresect-
able pelvic mass, percutaneous nephrostomy tubes 
should be considered as initial intervention.

 Fig. 16.7 Urodynamic tracing showing bladder outlet 
obstruction. The third tracing from the top represents the 
calculated bladder pressure. The increase in bladder pres-
sure toward the right of the graph represents the bladder 
contracting during voiding. Note the relatively high rise in 

bladder pressure compared to the low flow rate (long blue 
arrow, below), which indicates bladder outlet obstruction. 
Also note the presence of a second void (short blue arrow) 
since the first was incomplete, another indication of blad-
der outlet obstruction

V. T. Raup et al.



255

16.6.2  Bladder, Prostate, and Urethra

Obstruction of the urinary tract due to a bladder 
etiology can be relieved in one of several ways. If 
the obstruction is due to mass compression of the 
ureteral orifice or bladder outlet, it is best treated 
by endoscopic transurethral resection of the mass 
and placement of either a ureteral stent or Foley 
catheter. The same is true of prostatic obstruc-
tion. This is best relieved in the acute phase by 
placement of a urethral catheter or suprapubic 
tube. Subsequent treatment often includes medi-
cal or surgical therapy to increase the diameter of 
the bladder outlet and thereby improve urinary 
flow. Urethral strictures are also best treated 
endoscopically in the acute setting by either ure-
thral dilation or endoscopic urethrotomy with 
placement of Foley catheter in order to allow uri-
nary drainage. In particularly challenging cases, 
a suprapubic tube may be necessary.
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17.1  Introduction

Cardiovascular disease and major cardiovascular 
events represent the main cause of death in both 
acute and chronic kidney disease patients.

Kidney and heart failure are common and fre-
quently coexist; this organ-organ interaction, also 
called organ cross talk, leads to a well-known def-
inition of cardiorenal syndrome (CRS). A novel 
consensus definition and classification about 
CRS was proposed in 2008 by the Acute Dialysis 
Quality Initiative workgroup [1] (Table 17.1) and 
identified five CRS subtypes according to disease 
onset.

Here we’ll describe cardiovascular involve-
ment in patients with acute kidney injury (AKI). 
Also known as type-3 CRS or acute reno-cardiac 
CRS, it occurs when AKI contributes to and/or 
precipitates the development of acute cardiac 
injury.

AKI may directly or indirectly produce an 
acute cardiac event, and it can be associated to 
volume overload, metabolic acidosis, and elec-
trolyte disorders such as hyperkalemia and hypo-
calcemia; coronary artery disease, left ventricular 
dysfunction, and fibrosis have been also described 

in patients with AKI with consequent direct nega-
tive effects on cardiac performance [2, 3].

17.2  Definition of Type-3 
Cardiorenal Syndrome

17.2.1  Acute Kidney Disease

As previously described, type-3 cardiorenal syn-
drome is characterized by acute worsening of 
kidney function leading to heart disease. The 
spectrum of cardiac dysfunction includes acute 
decompensated heart failure (ADHF), acute cor-
onary syndrome (ACS), and arrhythmias as 
defined by RIFLE (risk, injury, failure, loss, and 
end-stage kidney disease) and AKIN (Acute 
Kidney Injury Network) criteria [4, 5].

AKIN criteria contributed to previous RIFLE 
ones adding serum creatinine increase of 0.3 mg/
dL, or more, in a time-lapse of 48 h [6]; at present 
time RIFLE and AKIN criteria are validated in 
over half-million patients worldwide [7].

AKI actually represents an independent car-
diovascular risk factor for mortality in hospital-
ized patients especially in those on renal 
replacement therapy (RRT).

AKI is particularly preeminent in over 65 
aged patients with infections at admission, under-
lying cardiovascular disease, hepatic cirrhosis, 
respiratory distress, chronic heart failure, and 
hematologic neoplasia.
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AKI is prevalent and incident in intensive care 
units (ICU), mainly due to sepsis, major surgery 
proceedings, hypovolemic status with low cardiac 
output heart failure, and drugs’ management [8].

Based on recent findings, AKI seems to 
involve almost 70% patients in ICUs (among 
these, 5–25% can develop severe AKI) with mor-
tality rates ranging from 50 to 80% [8].

17.2.2  Acute Cardiac Dysfunction

Acute cardiac dysfunction includes a broad spec-
trum of cardiac diseases from ADHF to ACS, 
arrhythmias, and cardiogenic shock; to better 
define what we mean with “acute cardiac dys-
function,” we have to relate to the European 
Society of Cardiology and American College of 
Cardiology Foundation guidelines [9, 10].

ADHF still represents the most common acute 
cardiac dysfunction syndrome all over the world, 
and it can be defined as new-onset, gradual or rapid, 
worsening of preexistent heart failure with signs and 
symptoms requiring immediate therapy [11]. The 
main pathophysiologic pathway is represented by 
increased ventricular filling pressures in the pres-
ence or absence of cardiac output’s decrease. 
Increased filling pressures lead to pulmonary and 
systemic congestion irrespective of both underlying 
(chronic ischemic heart disease) and incoming 
(severe hypertensive disease) clinical events [11].

Cardiac valvular disease, atrial fibrillation, 
arterial hypertension, as well as noncardiac 
comorbidities (renal dysfunction, diabetes, ane-
mia) and medications (especially nonsteroidal 
anti-inflammatory drugs and glitazones) can con-
tribute to ADHF development [11].

Renal dysfunction affects mortality rates in 
ADHF patients from 1.9 (mild renal disease) to 
7.6% (severe renal dysfunction) according to the 
Acute Decompensated Heart Failure National 
Registry database [12].

Adverse prognostic factors are mainly repre-
sented by low ejection fraction, low systolic 
blood pressure, hyponatremia, and older age.

Independent predictive 1-year mortality risk fac-
tors are provided by older age, male sex, low systolic 
blood pressure at hospital admission, renal dysfunc-
tion, and inflammatory status as underlined by ele-
vated serum levels of C-reactive protein (CRP) [13].

Probably AKI and ADHF could be identified 
as two sides of the same coin, and a vicious cycle 
is established: AKI leads to heart dysfunction and 
heart disease affects progressive kidney failure 
(Fig. 17.1).

17.3  Epidemiology of Type-3 CRS

Defining incidence and prevalence of type-3 CRS 
is quite difficult due to lack of epidemiologic data 
at present time.

At the same time, it’s possible to collect data 
derived from single-population studies; among 
them a 2147 per million population AKI inci-
dence was reported in northern Scotland 
population- based study [14].

Another prospective, multicenter, community- 
based study in 748 AKI patients reported  common 
death’s causes: infections (48%), hypovolemic 
shock (45.9%), respiratory distress (22.2%), 
heart disease (15%), disseminated intravascular 
coagulation (6.3%), gastrointestinal bleeding 
(4.5%), and stroke (2.7%).

Table 17.1 Classification of cardiorenal syndrome

Type Denomination Description Example
1 Acute cardiorenal Heart failure leading to AKD Acute coronary syndrome leading to 

acute heart and kidney failure
2 Chronic cardiorenal Chronic heart failure leading to 

kidney failure
Chronic heart failure

3 Acute nephrocardiac AKD leading to acute heart failure Uremic cardiomyopathy AKD related
4 Chronic nephrocardiac Chronic kidney disease leading to 

heart failure
Left ventricular hypertrophy and diastolic 
heart failure due to kidney failure

5 Secondary Systemic disease leading to heart 
and kidney failure

Sepsis, vasculitis, diabetes mellitus
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In more recent retrospective AKI study fol-
lowing traumatic disease, cardiac arrest was 
reported as the cause of death in 20% of patients. 
Other causes of death were cerebrovascular acci-
dents (46%), sepsis (17%), multiple organ dys-
function syndrome (7.3%), and respiratory 
insufficiency (3.2%) [15].

Cardiac failure is certainly the most common 
cause of death in end-stage renal disease patients 
[16] with higher incidence than hepatic failure, 
massive transfusion, older age (>60 years), and 
respiratory and neurologic failure [17].

17.4  Pathophysiology 
of Type-3 CRS

It’s clearly established that kidneys play a cru-
cial role in regulating body water and blood vol-
ume; at the same time, kidneys are involved in 
electrolyte balance (such as sodium and potas-
sium levels), help in regulating blood pH, and 
provide for excretion of nitrogen and other toxic 
molecules.

Kidney holds neuroendocrine functions as 
underlined by the production of erythropoietin 
and renin to regulate both erythropoiesis and sys-
temic blood pressure.

Kidney is also mainly involved in the excre-
tion of the majority of drugs, and tubular cells 
may be provided to regulate leukocyte activa-
tion and cytokine production in inflammatory 
 processes [18].

As kidney’s function is impaired, acid-base 
and electrolyte imbalance, fluid overload (i.e., 
pulmonary edema, pleural effusion), atrial dis-
tension (leading to arrhythmias, since to atrial 
fibrillation), gut mucosal edema, hematologic 
dysfunction (anemia, platelet and white blood 
cell dysfunction), and altered drug excretion 
occur [19].

As well, platelet and leukocyte dysfunction, 
together with delayed wound healing, may 
encourage infectious processes ‘till to sepsis also 
due to widespread inflammation [19].

Pathophysiologic cross-link between kidney 
injury and heart dysfunction has to be clearly 
understood.

Bidirectional nature of heart-kidney interactions:

Fluid/Electrolytes imbalancement
Uremia

Neuroendocrine activation
Hemodynamic changes

Inflammation

Indirect effects

Direct effects

Heart injury Acute kidney injury

Decrease cardiac output
Decrease renal perfusion

Fig. 17.1 Pathophysiology 
of type-3 CRS and the 
potential vicious cycle
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As it’s clear that heart failure leads to decrease 
in tissue perfusion also involving renal physiol-
ogy, on the other hand, AKI itself can affect heart 
by direct and indirect pathophysiologic mecha-
nisms (Tables 17.2 and 17.3).

17.4.1  Direct AKI Effects on Heart 
Function

Pathophysiological interactions between the kid-
ney and heart during AKI have been referred to 
“cardiorenal connectors” [20], like activation of 
immune (i.e., pro- and anti-inflammatory cyto-
kine and chemokine release) and sympathetic 
nervous systems, hyperactivity of RAAS, and 
coagulation cascade.

Most of experimental available data are 
focused on immune cardiorenal connectors, 
especially on renal ischemia and reperfusion 
injury; animal models show that AKI encourages 
an immune response characterized by secretion 
of pro- and anti-inflammatory mediators such as 
structural and functional changes in immune cell 
responsiveness; leukocyte function is also 
affected with alterations in adhesion. It is well- 
known that leukocytes play an important role in 
cardiac dysfunction following acute coronary 
disease; blocking leukocyte activity can protect 
against myocardial damage [21].

Circulating levels of tumor necrosis factor- 
alpha (TNF-α), interleukin-1 (IL-1), and interleu-
kin- 6 (IL-6) seem to increase immediately after 
renal experimental ischemia, and, together with 
other cytokines as well as interferon-alpha (IFN- 
α), they have direct cardio-depressant effects 
underlined by the reduction in left ventricular ejec-
tion fraction and elevation of left ventricular end-
diastolic and end-systolic volumes and areas [22].

Cytokine release can affect myocardial cells 
directly on their contractility or by close interac-
tions with extracellular matrix leading to nega-
tive inotropic effects; complete cellular 
mechanisms are still unclear, but they probably 
involve secondary mediators such as sphingolip-
ids, arachidonic acid, and intracellular Ca2+ alter-
ations [2].

In animal models, infusion of TNF-α results in 
decrease of left ventricular diastolic pressure with 
secondary coronary vasoconstriction; more infu-
sions cause time-dependent dysfunction (regional 
contractility alterations) of the left ventricle and 
its dilation lasting up to 10  days [23]. Together 
with left ventricular systolic dysfunction, several 
diastolic abnormalities are observed, including 
slow relaxation of left ventricle and raised left 
atrium filling pressure to indicate an increase in 
left ventricle diastolic stiffness. TNF-α acute infu-
sion directly increases oxygen consumption by 
myocardial cells affecting contractility and exci-
tation-contraction coupling [23].

In the presence of renal ischemia, rat hearts 
show increased expression of adhesion molecules 
such as ICAM-1 together with myocardial apop-
tosis (this is not true in case of bilateral nephrec-
tomy) to prove that systemic inflammation, and 
not AKI, plays an immediate role in myocardial 
damage and dysfunction.

Also patients with chronic heart failure show 
increased levels of pro-inflammatory cytokines asso-
ciated with higher rates of impaired left ventricle 
remodeling, chronic cachexia, and mortality [24].

In animal experiments, it has been shown 
that left ventricular dilation, increased left ven-
tricular end-diastolic and end-systolic diameters, 
increased relaxation time, and decreased fractional 
shortening can occur 48 h after renal injury [25].

Table 17.2 Summary of potential contributing causes 
for AKI contributing to type-3 CRS

Prototypical condition
Contrast-induced AKI Post-inflammatory GN
Drug-induced AKI Rhabdomyolysis
Major surgery Acute pyelonephritis
Cardiac surgery Post-obstructive uropathy

Table 17.3 Summary of susceptibilities for type-3 CRS

Risk-modifying factors
Age Congestive heart failure
Sex Pulmonary disease
Coronary artery disease Chronic kidney disease
Hypertension Systemic vascular disease
Hypercholesterolemia Systemic immune disease
Diabetes mellitus Infection/sepsis
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During AKI, a hyperactivity of SNS is also 
described with abnormal secretion of norepi-
nephrine impairing myocardial activity by sev-
eral ways: direct norepinephrine effect, 
impairment in Ca2+ metabolism, increase in 
myocardial oxygen demand with potential evo-
lution to myocardial ischemia, myocardial cell 
β[beta]1- adrenergic- mediated apoptosis, stimu-
lation of α1 receptors, and, finally, activation of 
RAAS. β[beta]1-adrenergic stimulus on juxta-
glomerular cells simplifies renal blood flow 
reduction and stimulates further renin secretion 
by RAAS.

Abnormal and uncontrolled RAAS activation 
leads to angiotensin II release with consequent 
systemic vasoconstriction and elevation of vascu-
lar resistance; on the other hand, angiotensin II 
itself directly modifies myocardial structure pro-
moting cellular hypertrophy and apoptosis [26].

In experimental model of renal ischemia, 
authors postulated how increased RAAS activ-
ity could be accountable for diminished coro-
nary response to adenosine, bradykinin, and 
L-arginine [3].

These data probably underline that AKI could 
directly account for impaired coronary vaso- 
reactivity and increased susceptibility to isch-
emia and other major cardiovascular events.

Other animal models allowed to discover how 
AKI can contribute to altered permeability of 
lung vessels, with resultant interstitial edema and 
bleeding, mediated by inflammatory mediators, 
altered expression of epithelial sodium channel, 
and aquaporin-5 expression [27].

As mentioned above, myocardial cell apopto-
sis and neutrophil activation greatly contribute to 
pathophysiologic pathways of coronary artery fol-
lowing AKI leading to lethal major cardiac events 
as can be seen in rat transgenic models [28].

Cardiac myocyte apoptosis and neutrophil 
infiltration represent two of the most important 
contributors to the pathophysiology of myocar-
dial infarction during AKI [29].

Best evidence for a cardiorenal link between 
AKI and cardiac fibrosis is beta-galactoside- 
binding lectin galectin-3 whose mRNA expres-
sion is upregulated after renal ischemia; it is 

also implicated in the development of myocar-
dial fibrosis and heart failure in AKI, and its 
inhibition can delay progression of myocardial 
fibrosis [30].

17.4.2  Indirect Effects of AKI 
on Heart Function

As renal function goes down, it can result in sig-
nificant pathophysiological derangement, lead-
ing to cardiac injury.

First of all, oliguria can lead to sodium and 
water retention with consequent fluid overload and 
development of edema, cardiac overload, hyper-
tension, pulmonary edema, and myocardial injury.

Furthermore, electrolyte imbalances (hyper-
kalemia primarily) can contribute to raised risk of 
fatal arrhythmias (see dedicated section) and sud-
den death.

Acidemia also can affect myocytes’ metabo-
lism, and it can be accountable for pulmonary 
vasoconstriction, increased right ventricular 
afterload, and negative inotropic effect.

Finally, sudden accumulation of uremic toxins 
(i.e., nitric oxide synthase-modulating guanidine- 
succinic acid and methylguanidine) can lead to 
myocardial infarction and other organ and tissue 
dysfunction [31]. Uremia itself can directly affect 
myocardial cell contractility through myocardial 
depressant factors and promoting pericardial 
effusions and pericarditis [32].

Type-3 CRS is also characterized by lung, 
brain, and liver involvement. Lung injury is 
mediated by neutrophil’s infiltration and cytokine 
release, while uremic encephalopathy represents 
AKI effects on the brain due to inflammation and 
volume overload.

Hepatic involvement is usually represented by 
development of hepatorenal syndrome.

As mentioned in previous paragraph concern-
ing direct effects of AKI on cardiac function, 
neuroendocrine system is involved in type-3 
CRS pathophysiology since both the kidney and 
heart can activate sympathetic nervous system 
(SNS) and renin-angiotensin-aldosterone system 
(RAAS) [33, 34].
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In response to systemic and renal hemody-
namic changes, baroreceptor and intrarenal che-
moreceptors lead to SNS and RAAS activation; 
SNS activation directly affects intrarenal hemody-
namics and stimulates renin incretion. SNS acti-
vation can lead to cardiomyocyte apoptosis and 
increases the release of neuropeptide Y, a vascular 
growth factor accountable for neointimal forma-
tion and following vasoconstriction [33, 34].

On the other hand, RAAS activation stimu-
lates sodium reabsorption at proximal tubule and 
determines efferent arteriole constriction, leading 
to an increase of intraglomerular pressure and fil-
tration fraction to maintain a valid glomerular 
filtration rate (GFR) despite decreased renal 
blood flow.

Overactivation of RAAS can also contribute 
to vasoconstriction due to angiotensin II produc-
tion; angiotensin II provides direct negative 
effects on cardiovascular system, increasing pre-
load and afterload, inducing apoptosis, and acti-
vating NADPH oxidase in endothelial cells, 
vascular smooth muscle cells, renal tubular cells, 
and cardiomyocytes. NDPH oxidase activation 
results in abnormal formation of reactive oxygen 
species [35–39].

17.4.3  Electrophysiological Effects

Electrolytes’ alterations directly affect cel-
lular membrane potentials with development 
of potential fatal arrhythmias. Classical ECG 
aspect of hyperkalemic patients is represented 
by tenting of T wave due to rapid and consis-
tent changes in extracellular potassium lev-
els leading to increased activity of potassium 
channel (and inactivation of sodium channel) 
with faster repolarization and inclination to 
arrhythmias.

Thus, hyperkalemia reduces resting mem-
brane potentials (both atrial and ventricular) and 
induces ST-T segment abnormalities (i.e., eleva-
tions in V1 and V2) simulating an ischemic pat-
tern. In some patients, hyperkalemia can simulate 
a Brugada-like pattern, characterized by right 
bundle branch block and persistent ST-T segment 
elevation in at least two precordial leads.

Hypercalcemia is accountable to short ven-
tricular action potential duration during phase 
2, and ECG shows shortening of QT interval; it 
can also produce ST-T segment abnormalities 
simulating ischemic pattern because Ca2+ plays 
a central role in regulation of cardiac cycle 
(contraction and relaxation) [40].

17.5  Diagnosis of Type-3 CRS

17.5.1  Ultrasound Diagnosis

Ultrasound evaluation of type-3 CRS patients 
shows several patterns both on kidney and heart 
examination.

Kidney size and echogenicity provide primary 
features to discern between acute and chronic 
nephropathies always remembering how kidney 
volume and longitudinal diameters correlate with 
patient height and body surface [41, 42] and that 
chronic renal failure does not exclude normal or 
enlarged kidneys (e.g., early stages of diabetic 
nephropathy, HIV-related glomerulonephritis, or 
cast nephropathy).

A hyperechogenic renal cortex with low 
cortico- medullary ratio is predictive of chronic 
nephropathy [41, 42] (Fig.  17.2). At the same 
time cortical hyperechogenicity can also present 
in acute tubular necrosis or systemic lupus ery-
thematosus nephritis [41, 42]. In these cases, 

Fig. 17.2 A hyperechogenic renal cortex with low 
cortico- medullary ratio in AKI patients with acute renal 
failure
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enlarged renal parenchyma may suggest a condi-
tion of edema in the acute setting.

Doppler and color Doppler evaluation can be 
crucial in the diagnosis and prognosis in the acute 
setting, mainly in relation to diastolic flow 
 evaluation in interlobular arteries [43]. Renal 
ultrasound is also crucial in differential diagnosis 
of obstructive nephropathies.

Echocardiographic pattern is not diagnostic 
showing an increase in atrial volumes or areas as 
indices of volume overload or pleural or pericar-
dial effusion, and it’s often associated to lung 
comet evidence on thoracic ultrasound [44] 
(Figs. 17.3 and 17.4).

17.5.2  Biochemical Diagnosis

17.5.2.1  Biomarkers of Type-3 CRS
During the last decades, and especially during the 
last 5–10 years, a large amount of potential bio-
markers have been proposed for the diagnosis of 
type-3 CRS (Table 17.4). Among AKI novel bio-
markers (each with pros and cons), some of them 
seem to be particularly interesting, such as neu-
trophil gelatinase-associated lipocalin (NGAL), 
kidney injury molecule-1 (KIM-1), interleu-
kin- 18 (IL-18), interleukin-6 (IL-6), cystatin C 
(Cys- C), N-acetyl-β[beta]-d-glucosaminidase, 
liver-type fatty acid-binding protein (L-FABP), 
netrin-1, klotho, and midkine.

On the other side, several cardiac biomark-
ers are routinely employed in clinical practice: 
biomarkers of myocardial necrosis, such as 

Fig. 17.3 Left atrium enlargement in AKI patient with 
acute renal failure

Fig. 17.4 Severe pericardial effusion in AKI patient with 
acute renal failure

Table 17.4 Potential biomarkers in acute kidney injury

Biomarkers of AKI, acute cardiac dysfunction, and 
type-3 CRS
Potential 
biomarkers for 
early detection of 
AKI

NGAL
KIM-1
Cystatin C
IL-18
N-acetyl-β-D-glucosaminidase 
(NAG)
L-FABP
Netrin-1
Klotho
Midkine

Potential 
biomarkers for 
differential 
diagnosis of AKI

KIM-1
IL-18
Potential for prognosis of AKI
NGAL
Cystatin C
N-acetyl-β-D-glucosaminidase 
(NAG)

Potential 
biomarkers for 
inflammation and 
immune response

Urinary IL-18
Tumor necrosis factor receptor-1 
(TNFR-1)
Urinary vascular cell adhesion 
molecule-1 (VCAM-1)
Monocyte chemoattractant 
protein-1 (MCP-1)

Early detection of 
acute cardiac 
dysfunction

BNP/NT-proBNP
cTnT, cTnI
Myoglobin
Myeloperoxidase (MPO)
C-reactive protein (CRP)
H-FABP
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 troponins T (cTnT) and I (cTnI), and markers 
of heart failure such as B-type natriuretic pep-
tide (BNP) and its inactive N-terminal fragment 
(NT-proBNP) [25].

17.5.2.2  AKI Biomarkers
NGAL is a protein of the lipocalin superfamily, 
and it is normally expressed (at low levels) by 
neutrophils and several epithelial cells (kidney, 
lung, stomach, and gut). NGAL seems to play an 
important role in limiting oxidative damage in 
acute and chronic kidney diseases, and it repre-
sents the earliest kidney biomarker of ischemic 
damage.

Cys-C is a cysteine protease inhibitor pro-
duced and secreted by all nucleated cells, and its 
blood levels are not affected by age, sex, race, or 
muscle mass. It’s freely filtrated at glomerulus 
and completely reabsorbed by tubular cells and 
not secreted (it’s not normally found in urine).

KIM-1 is a transmembrane glycoprotein, 
normally undetected in the urinary samples, 
which can be found in the urine after ischemic 
or nephrotoxic insult to proximal tubular cells; 
KIM-1 urinary levels seem to be highly specific 
for ischemic AKI (such as acute tubular necro-
sis, ATN) [25].

L-FABP is a protein mainly produced in the 
liver and expressed on hepatocytes and renal 
proximal tubular cells; it can be filtered by renal 
glomeruli and reabsorbed in the proximal tubular 
cells; if renal proximal tubular cells are injured, 
L-FABP urinary levels rapidly increase [45] but 
later in respect of NGAL.

IL-18 is a pro-inflammatory cytokine detected 
in the urine after ischemic tubular damage, asso-
ciated with AKI mortality and sepsis.

Klotho is another proximal tubule transmem-
brane protein that inhibits renal phosphate excre-
tion; AKI is characterized by an acute, but 
reversible, deficiency of klotho levels, and a 
reduction in klotho levels could be associated to 
AKI [46].

Netrin-1 is a laminin-like protein whose blood 
levels can increase in AKI patients; it can be 
detected in urine after 1–3  h after ischemia- 
reperfusion following renal injury [47].

Finally, midkine is a heparin-binding protein 
shown to increase its expression in ischemic renal 
injury; its urinary levels represent a sensitive bio-
marker for early AKI detection [48].

17.5.2.3  Cardiac Biomarkers
Cardiac biomarkers are commonly employed in 
daily clinical practice. BNP is a vasopeptide hor-
mone released by the left ventricle in response to 
wall stress and modified by a prohormone 
(proBNP).

ProBNP and BNP are found in the kidney, and 
glomerular filtration process has a role in the 
clearance of NT-proBNP.

BNP/NT-proBNP ratio is the best diagnosis 
and prognostic markers in patients with acute 
renal failure [49].

The PRIDE study has highlighted how 
NT-proBNP levels in patients with eGFR 
<60  mL/min/1.73  m2 are the best predictors of 
clinical outcomes [50].

BNP and NT-proBNP provide fundamental 
information in patients with renal dysfunction 
although it has been to remember that NT-proBNP 
seems to be reduced in patients undergoing 
hemodialysis by high-flux membranes.

Troponins are highly sensitive and specific 
for ischemic myocardial injury, and they cor-
relate with outcomes in kidney disease patients 
[51, 52].

Heart-FABP (H-FABP) is a nonenzymatic 
protein increasing during cardiac ischemia, and it 
holds more than 80% sensitivity for diagnosis of 
acute myocardial infarction in the period of 
30–210  min after symptoms’ onset [53], faster 
than CK-MB activity and cardiac troponins, but it 
shows limited diagnostic value in kidney disease 
patients.

17.5.2.4  Biomarkers of Both 
the Heart and Kidney

Many biomarkers can be associated both to 
kidney and heart acute disease; higher levels of 
Cys-C seem to be associated with increased 
left ventricular mass and concentric left ven-
tricular hypertrophy, and they could be and 
independent predictor of major cardiovascular 
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events in a 12-month follow-up period of non-
ST elevation acute coronary syndrome (ACS) 
patients [54].

IL-18, another AKI biomarker, has been indi-
cated as associated with atherogenesis, coronary 
artery disease, lipidic plaque instability, and 
myocardial infarction; high IL-18 levels have 
also been described in acute decompensated heart 
failure (ADHF) patients with clear impact on 
long-term cardiovascular outcomes [55].

Combination of H- and L-FABP seems to play 
a role in defining both kidney and heart injury, 
since H-FABP levels have been correlated with 
BNP levels in patients with ADHF. Both serum 
H-FABP and urinary L-FABP may be able to 
detect ongoing myocardial damage involved in 
the progression of ACS [56].

Finally, serum H-FABP appears as an inde-
pendent predictor of cardiac events on 1-year 
follow-up evaluation in patients with ACS, also 
showing a greater predictive capacity for cardiac 
events rather than cTnT [56].

17.6  Management Approach 
to Type-3 CRS Patients

To better provide complete management of 
type-3 CRS, the best treatment strategy is proba-
bly to identify various stages of the disease 
(according to RIFLE/AKIN criteria), from 
patients at high risk of developing AKI to stage 3 
AKI patients, those who present kidney failure 
requiring renal replacement therapy.

17.6.1  Patients at High Risk 
of Developing AKI

Risk factors for developing AKI are age older 
than 75  years, CKD (estimated GFR 60  mL/
min/1.73  m2), cardiac failure, atherosclerotic 
peripheral vascular disease, liver disease, diabe-
tes mellitus, nephrotoxic medications, hypovole-
mic status, and sepsis [7].

Avoiding or minimizing nephrotoxic medica-
tions and procedures is an important strategy to 

prevent AKI. Antibiotics (aminoglycosides) and 
contrast medium represent the main nephrotoxic 
agents employed in intensive care units, and their 
employment should be reduced. Combination 
therapy with vancomycin and aminoglycoside or 
angiotensin-converting enzyme inhibitors, non-
steroidal anti-inflammatory drugs, and diuretics 
can lead to renal tubular injury and volume 
depletion.

Preventing hypoperfusion is a cornerstone to 
avoid an acute kidney injury, and volume deple-
tion should be corrected. A vasopressor may be 
added after adequate volume resuscitation in 
hypotensive patients to maintain mean arterial 
pressure. Strict monitoring of fluid balance is 
fundamental to avoid volume overload, espe-
cially in patients with higher filling pressures and 
signs of right heart dysfunction due to increased 
preload [7].

17.6.2  Stage 1 (Risk)

Patients at risk are confident with AKI criteria, 
and they can develop severe AKI until acute renal 
failure. These patients should be treated as previ-
ous group (patients at high risk). In addition, they 
need urine analysis, routine blood tests, biomark-
ers, and ultrasound to investigate etiology, make 
diagnosis, and plan the treatment. Underlying 
and correctable diseases should be treated. Close 
monitoring and supportive care should be pro-
vided [25].

17.6.3  Stage 2 (Injury)

Stage 2 patients are characterized by high risk of 
morbidity/mortality due to renal injury. Patients 
need conservative therapy, and functional hemo-
dynamic monitoring to guide resuscitation, 
especially pulse pressure variation in venti-
lated patients, should be considered. Clinicians 
have to provide optimal intravascular volume 
status, mean arterial pressure, cardiac output, 
and oxygen carrying capacity (e.g., hemoglo-
bin). Maintenance of electrolytes and acid-base 
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homeostasis should be ensured. Drug dosing and 
their blood levels have to be in the therapeutic 
range to avoid incorrect storage [25].

17.6.4  Stage 3 (Failure)

At this stage, the patient is at the highest risk of 
death and has a high probability of extrarenal 
complications including CRS. RRT or extracor-
poreal kidney support should be considered if 
pharmacological therapy doesn’t work, kidney 
injury is severe, or there is risk of developing life- 
threatening complications. The final chapter will 
be dedicated to renal replacement therapy [25].

Cardiac dysfunction may occur in any stage of 
AKI but mainly in stage 3 when patients also 
present higher cardiovascular risk. The European 
Society of Cardiology (ESC) and American 
College of Cardiology Foundation (ACCF)/
American Heart Association (AHA) guidelines 
for ADHF [10, 11] have to be followed. 
Intravascular and extravascular volume control 
should be reached with diuretics and extracorpo-
real therapies. Prevention of left ventricular vol-
ume overload is critical to maintain adequate 
cardiac output and systemic perfusion.

Diuretics, especially loop diuretics, are the 
gold standard in ADHF and type-3 CRS therapy 
since they provide for the reduction of fluid over-
load and improve symptoms (beneficial effects 
on patients’ dyspnea and edema); on the other 
side, inappropriate diuretic therapy can worsen 
the kidney’s injury during AKI.

Therefore, diuretic therapy has been associ-
ated with increased risk of death in AKI patients 
showing no benefits in the kidneys’ function 
recovery [57]. Despite of this clinical evidence, 
diuretics remain the first choice therapy in ADHF 
patients. Continuous infusion of furosemide has 
been recommended for improved efficacy as far 
as combination therapy thiazide diuretics.

17.7  Renal Replacement Therapy

Once pharmacological treatment fails in AKI 
patients and oligo-anuric renal failure is estab-
lished, renal replacement therapy has to be 

started, and it represents a cornerstone in the 
management of severe kidney injury although 
several aspects of RRT remain still controversial.

The timing of RRT initiation is strongly 
dependent by clear impairment of renal function 
with electrolytes and acid-base imbalances, 
hypercreatininemia, and severe fluid overload not 
responsive to pharmacological treatment [58].

Clinicians are not always confident in estimat-
ing potential recovery from kidney injury, and this 
fact can complicate any decision in starting RRT.

As previously discussed, AKI biomarkers may 
be helpful to target which patients will recover 
renal function [59, 60].

Timing of RRT initiation can impact on clini-
cal outcomes; for example, early application of 
RRT in patients with severe sepsis might be ben-
eficial [18], but, at the same time, early “classic 
dose” of continuous veno-venous hemofiltration 
(CVVH) does not provide complete or partial 
renal recovery [61].

It’s also demonstrated that avoiding or delay-
ing RRT is strictly associated with higher mortal-
ity and increased hospitalization rates [62, 63].

Fluid overload represents a major outcome 
parameter in AKI patients on CRRT (continuous 
renal replacement therapy) [64]; starting RRT 
with low rates of fluid retention may improve 
renal and cardiovascular outcomes [64].

RRT can be stopped when improvement in 
renal function is clearly evident as pointed up by 
increased urine output and decrease in serum cre-
atinine levels in patients with constant CRRT 
dose. A urine output of more than 400 mL/day 
can represent a cutoff value, while a 15–20 mL/
min creatinine clearance could allow CRRT with-
drawal [65].

CRRT and intermittent hemodialysis (IHD) 
both present pros and cons; when correctly 
applied, both CRRT and IHD can achieve good 
metabolic control in many randomized controlled 
trials and meta-analyses [66], although CRRT 
seems to be associated with best outcomes and 
more frequent renal recovery in critically ill 
patients in comparison with IHD [66].

Together with CRRT and IHD therapies, some 
“hybrid therapies” have been proposed, such as 
sustained low-efficiency (daily) dialysis (SLED) 
and extended daily dialysis in which IHD tech-
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niques are adapted to provide longer dialysis ses-
sions [67–69].

Some clinical trials have not found any differ-
ence between SLED and CVVH in terms of car-
diovascular stability and mortality rates, but 
SLED seems to be associated with short duration 
of mechanical ventilation [70].

Concerning RRT dose, it was largely under-
dosed in critically ill patients in the past decades; 
the Vicenza group trial proposed the milestone 
RRT dose of 35 mL/kg to be increased in septic 
patients [71].

Large multicenter randomized controlled trials 
demonstrated that increased RRT dose was not 
associated to better clinical and renal outcomes, 
and a dose of 20–30 mL/kg/h is the recommended 
“normal dose” for CRRT treatments [72].

In conclusion, despite multiple RRT device 
availability, clinicians have to tailor RRT therapy 
on single critically ill patients to provide the ideal 
blood purification treatment.
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18.1  Incidence and Trends

The incidence of acute kidney injury (AKI) is 
generally 5–7.5%, in all acute care hospitaliza-
tions and accounts for up to 20% of admissions to 
intensive care units (ICU). Of all the cases of AKI 
during hospitalization, approximately 30–40% 
are observed in operative settings. AKI during 
hospitalization is associated with increased risk of 
mortality, prolonged length of day, and significant 
hospitalization costs [1]. More recently, it has also 
been noted that AKI can have long-term conse-
quences on the risk of chronic kidney disease as 
well as poor survival [2].

With limited treatment options, prevention of 
AKI or amelioration of its severity remains 
important cornerstones of improving outcomes. 
The purpose of the present review is to discuss 
the current knowledge regarding the epidemiol-
ogy and risk factors, outcomes, diagnosis, and 
prevention and treatment of AKI during the peri-
operative period. Much of our knowledge about 
incidence and natural history of AKI in the peri-
operative setting is derived from the literature 
that focuses on cardiac and vascular surgery set-
tings. Literature regarding non-cardiovascular 

surgery is more heterogeneous and represents 
other diverse surgical settings. We will be exam-
ining the topic of non-cardiac surgery by further 
classifying it based on specific type of clinical 
setting.

The recent KDIGO (Kidney Disease 
Improving Global Outcomes; www.kdigo.org) 
clinical practice guidelines for AKI have adopted 
the Acute Kidney Injury Network (AKIN) cri-
teria to define AKI and classify it based on the 
severity of injury [3, 4]. According to these cri-
teria, AKI is present when an abrupt (over 48 h) 
reduction in kidney function results in an abso-
lute increase in serum creatinine of more than 
or equal to 0.3 mg/dL, a percentage increase in 
serum creatinine of more than or equal to 50% 
(1.5-fold increase from baseline), or a reduction 
in urine output (oliguria of less than 0.5 mL/kg/h 
for more than 6 h). AKI is further classified into 
three stages (arbitrarily) based on the severity of 
kidney injury, as indicated by either the degree of 
rise of serum creatinine or loss of urine output.

18.2  Pathophysiology

Traditionally serum creatinine is used as a surro-
gate marker for changes in glomerular filtration 
rate (GFR) to evaluate the renal function, and 
elevation of serum creatinine remains the present 
standard of care in determining rapid decline in 
eGFR occurring in patients with AKI.
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The putative major mechanisms of periopera-
tive AKI include (1) hypoperfusion, (2) neph-
rotoxic injury, and (3) sepsis/inflammation. All 
of these mechanisms have overlapping path-
ways that eventually lead to renal tubular epi-
thelial injury, along with disruption of adjacent 
microcirculation and activation of inflammatory 
mediators, adhesion molecules, platelets, and 
thromboxane [5, 6].

The common causes of AKI include isch-
emia/hypoxia or nephrotoxicity. An underlying 
feature is a rapid decline in GFR usually associ-
ated with decreases in renal blood flow. 
Inflammation represents an important additional 
component of AKI leading to the extension 
phase of injury, which may be associated with 
insensitivity to vasodilator therapy. It is sug-
gested that targeting the extension phase repre-
sents an area potential of treatment with the 
greatest possible impact. The underlying basis 
of renal injury appears to be impaired energetics 

of the highly metabolically active nephron seg-
ments (i.e., proximal tubules and thick ascend-
ing limb) in the renal outer medulla, which can 
trigger conversion from transient hypoxia to 
intrinsic renal failure. Injury to kidney cells can 
be lethal or sublethal. Sublethal injury repre-
sents an important component in AKI, as it may 
profoundly influence GFR and renal blood flow 
(Fig. 18.1).

AKI in perioperative settings also occurs in 
the context of multi-organ failure and sepsis, 
which involves hemodynamic alterations, inflam-
mation, and direct injury to the tubular epithe-
lium. Inflammation is an important component of 
this paradigm of injury, playing a considerable 
role in its pathophysiology. Significant progress 
has been made in defining major components of 
this process, yet the complex molecular and cel-
lular interactions among endothelial cells, inflam-
matory cells, and the injured epithelium remain 
poorly understood.

Ischemia/Hypoxia Nephrotoxins

• Hemodynamic alternations
• Direct injury to epithelium
• Inflammation

Injury Kidney Cells

Sub lethal

Partial recovery Complete recovery

AKI to CKD AKI to Restoration of normal function
Non recovery

AKI to CKD/ESRD

• Repair
• Promote regeneration

Lethal

Sepsis

Fig. 18.1 Schematic of pathophysiology of acute kidney injury in perioperative settings
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Recently researchers have come to realize the 
intrinsic capacity of the damaged proximal epi-
thelium to repair itself by dedifferentiation and 
proliferation of surviving epithelial cells without 
a source of distinct progenitor cells. The nature of 
the recovery response is mediated by the degree 
to which sublethal cells can restore normal func-
tion and promote regeneration. The successful 
recovery from AKI depends on the degree to 
which these repair processes ensue and these 
may be compromised in variety of concomitant 
comorbid conditions along with age and pre-
existing CKD being more prevalent in the popu-
lation under consideration.

Investigators have also identified potential 
pathophysiological links among injury, abnormal 
repair, and the pro-fibrotic sequelae of severe 
injury that may help to explain why in humans 
AKI is such a great risk factor for progression of 
CKD [6]. Recent data suggests that AKI represents 
a potential link to CKD in surviving patients [7].

18.3  Clinical Settings and Specific 
Syndromes

In this section, we will discuss different clinical 
settings of non-cardiac surgery and associated 
incidence, risk factors, and outcomes of AKI.

18.3.1  Major Abdominal Surgery

The epidemiology of AKI in this setting is het-
erogeneous and perhaps a reflection of smaller 
sample sizes and single-center analyses. In one 
recent review of all types of abdominal surgeries, 
it was reported that the overall incidence of AKI 
among intra-abdominal surgery patients was 
1.1%, which varied from 0.2% in appendectomy 
and 0.3% in gastric bypass patients to 2.6% in 
small bowel resection and 3.5% in exploratory 
laparotomy patients. Of the patients who devel-
oped AKI, 31.3% died within 30 days, compared 
with 1.9% of those who did not develop 
AKI. After adjusting for comorbidities and oper-
ative factors, AKI was associated with a 3.5-fold 
increase in the risk of 30-day mortality (adjusted 

risk ratio, 3.51; 95% confidence interval [CI], 
3.29–3.74). Among individual procedures, the 
estimated adjusted risk ratio of 30-day mortality 
associated with AKI ranged from 1.87 (95% CI, 
1.62–2.17) in exploratory laparotomy to 31.6 
(95% CI, 17.9–55.9) in gastric bypass [8].

When studied in patients undergoing non-
cardiac surgery with normal preoperative renal 
function, the incidence of postoperative AKI was 
less than 1%; with AKI defined as an absolute 
level of estimated GFR less than 50 mL/min dur-
ing the postoperative period (representing a 40% 
reduction from preoperative levels). In this study, 
Kheterpal et al. developed a preoperative renal-
risk index in non-cardiovascular surgeries. The 
following were identified as independent risk 
factors for postoperative AKI: older age, emer-
gency surgery, liver disease, high BMI, high-risk 
surgery, peripheral vascular disease, and COPD 
[9]. Higher risk scores were associated with a 
greater frequency of AKI, which ranged between 
0.3 and 4.5% depending on the risk category 
(Table 18.1).

Another setting that has been studied in 
abdominal surgery includes those patients under-
going gastric bypass. This cohort of patients can 
present with a unique comorbidity profile includ-
ing high body mass index (BMI), high prevalence 
of diabetes, hypertension, hyperlipidemia, and 
osteoarthritis. Additionally, due to the comorbid 
conditions, these patients are commonly exposed 

Table 18.1 Incidence and risk factors of AKI after non-
cardiovascular surgery [40]

Risk factors Risk categories
Frequency  
of AKI

Age >59 years 0 risk factors  
(Class I)

0.3%

BMI >32 1 risk factor  
(Class II)

0.5%

Emergency surgery 2 risk factors  
(Class III)

1.3%

High-risk surgery ≥3 risk factors 
(Class IV)

4.3%

Peripheral vascular 
disease
COPD
Liver disease

AKI acute kidney injury, BMI body mass index, COPD 
chronic obstructive pulmonary disease
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to drugs such as angiotensin-converting enzyme 
inhibitors (ACE-I) or angiotensin receptor block-
ers (ARBs), diuretics, and nonsteroidal anti-
inflammatory agents. In a single-center study, 
which examined over 300 gastric bypass surger-
ies, risk factors associated with postoperative 
AKI included higher BMI, hyperlipidemia, and 
preoperative use of ACE-I/ARB agents. At least 
in this analysis, the study did not find any interac-
tion between combination of therapy between 
NSAID, diuretics, and ACE-I/ARB agents [10].

Abdominal Compartment Syndrome The 
incidence of intra-abdominal hypertension and 
abdominal compartment syndrome varies 
depending on population and surgical setting 
studied. The incidence of ACS is reported to be as 
high as 40.7% in surgical intensive care unit set-
ting. Abdominal compartment syndrome can be 
classified as either primary or secondary, depend-
ing on occurrence of compartment syndrome in 
the setting of abdominal pathology and the set-
ting of systemic disease, respectively. The most 
recent consensus guidelines, updated in 2013, 
defined IAH as sustained intra-abdominal pres-
sure (IAP) of ≥12  mmHg. In the more severe 
form, ACS was defined as IAPs that rose to levels 
≥20 mmHg and were associated with new organ 
dysfunction/failure [11]. Physical examination is 
not a very sensitive method to diagnose ACS. The 
World Society of Abdominal Compartment 
Syndrome (WSACS) recommends using bladder 
pressure for measurement of intra-abdominal 
pressure. In patients with ACS, maintaining 
abdominal perfusion pressure (mean arterial 
pressure—intra-abdominal pressure) at more 
than 50 mmHg has shown to be associated with 
better survival. Abdominal perfusion pressure 
has been demonstrated to be a better marker than 
MAP, IAP, arterial pH, base deficit, arterial lac-
tate, and urine output in predicting survival from 
IAH and ACS [12].

In the updated 2013 guidelines, the WSACS 
suggested using a resuscitation protocol that 
attempted to avoid a positive cumulative fluid 
balance in critically ill or injured patients at 
risk for IAH/ACS once initial resuscitation had 
been achieved and the inciting issues addressed 

(grade 2c recommendation). Sedation and neu-
romuscular blockade provide additional tools for 
the medical management of IAH by increasing 
abdominal wall compliance. Removal of exces-
sive fluids by drainage, diuresis, hemofiltration, 
and ultrafiltration are alternative potentially 
effective medical treatments for IAH. In patients 
with significant gaseous bowel distension, the 
use of prokinetics, nasogastric decompres-
sion, rectal drainage, and enemas may sus-
tain minor reductions in IAP. Avoiding reverse 
Trendelenburg positioning or proning may pre-
vent further increases in IAP.

IAH that has progressed to the point of ACS, 
i.e., organ failure, must be treated surgically. This 
typically presents clinically with IAP ≥20–
25 mmHg in association with hypotension, raised 
airway pressures, impaired ventilation, or oliguria. 
Decompressive laparotomy (DL) is almost always 
effective and is associated with a rapid improve-
ment in airway pressures, PaO2/FIO2 ratio, and 
urine output. When necessary, it can be performed 
at bedside for those too unstable to travel.

18.3.2  Orthopedic Surgery

Over the past decade, there has been a marked 
increase in the total number of total hip and knee 
arthroplasties performed in the United States. It 
is estimated that in the next decade, the demand 
for primary total hip arthroplasties will grow by 
174% to 572,000, and the total knee arthroplas-
ties are projected to grow by 673% to 3.48 mil-
lion procedures [13].

Much of the literature regarding AKI in ortho-
pedic surgery focused on traumatic hip fractures 
and has been represented as either case series or 
single-center studies. More recently, Kimmel 
et al. describe the incidence and outcomes of AKI 
in patients undergoing orthopedic surgery [14]. 
AKI occurred in 15% following elective total 
joint arthroplasty (TJA) in a population that was 
older and more obese and included patients with 
pre-existing renal dysfunction in comparison to 
the relatively younger, healthier patients studied 
by Weingarten et al. that exhibited an incidence 
of <2% in elective TJAs [15].
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An observational cohort from the United 
Kingdom reported the incidence of AKI and its 
impact on short-term and long-term outcome fol-
lowing orthopedic surgery. The following were 
identified as independent risk factors for postop-
erative AKI: older age, male sex, diabetes, number 
of prescribed drugs, lower estimated glomerular 
filtration rate, use of ACE-I/ARB, and American 
Society of Anesthesiologists severity grade. Short-
term survival was poor in AKI as compared to 
those without AKI. Even patients with mild (stage 
1) AKI had impact on survival [16].

In a recent report based on national inpatient 
survey, Nadkarni and colleagues examined 
7,235,251 discharges across the United States of 
patients undergoing elective hip or knee replace-
ment for osteoarthritis from 2002 to 2012. The 
study found that 94,367 (1.3%) had developed 
AKI. Over a 10-year period, the incidence of AKI 
has risen fourfold (from 0.5% in 2002 to 1.8–
1.9% in 2010–2012; p  <  0.0001). Preoperative 
chronic kidney disease, which is prevalent in 
such patient population, was among the most 
important risk factor for AKI. Additionally, post-
operative events including myocardial infarction, 
need for cardiac catheterization, sepsis, and need 
for transfusions were most commonly associated 
with AKI. Most importantly, patients with peri-
operative AKI were at a significantly high risk of 
hospital mortality (odds ratio, 11.32; p < 0.0001); 
and those who survived had two times greater 
risk of an adverse discharge (defined as nursing 
home or long-term acute care). It is expected that 
we will see more than doubling of hip and knee 
surgeries, and even a modest increase in the fre-
quency of postoperative AKI can have significant 
impact on both the patient outcomes as well as 
resource utilization [17].

18.3.3  Burns Surgery

Patients experiencing trauma and burns are sub-
ject to many potential risk factors for AKI, 
including hypoperfusion, sepsis, nephrotoxins, 
intra-abdominal hypertension, transfusions, and 
exposure to iodinated contrast material. Studies 
of patients with burn injuries using the RIFLE 

classification have revealed an AKI incidence of 
approximately 25% [18–20]. These studies dem-
onstrated high mortality rates in patients with 
AKI, especially in the failure category.

Palmieri et al. [21] examined the incidence of 
AKI, as defined by RIFLE criteria, in ICU burn 
patients and also identified risk factors of AKI, 
progression of AKI across RIFLE stages, and its 
impact on outcome. In this single-center eight-
bed ICU, they assessed adults with a burn injury 
of 20% or more of a total body surface area per-
cent (TBSA%). AKI occurred in 32 (53.3%) of 
the 60 patients with severe burns with the maxi-
mum RIFLE category: risk in 9 (28.1%), injury 
in 6 (18.8%), and failure in 17 (53.1%). Thirteen 
patients progressed to higher RIFLE I class of 
AKI. The progression to higher RIFLE class was 
associated with the higher extrarenal SOFA 
scores, the use of nephrotoxic drugs, the number 
of operations, the cumulative fluid balance prior 
the maximum RIFLE, and the presence of sepsis. 
Overall mortality in AKI was 34%. Patients who 
progressed to severe RIFLE category experi-
enced a higher mortality rate (46%) compared to 
those who remained at the same (risk or injury) 
RIFLE class (7.7%).

In a more recent study, Stewart et  al. [22] 
examined military burn causalities from Iraq and 
Afghanistan combat operations. AKI was classi-
fied by both AKIN and RIFLE classes. Age, sex, 
TBSA%, percentage of full-thickness burn, inha-
lation injury, and injury severity score were 
recorded. In over 700 patients, AKI prevalence 
rates by the RIFLE and AKIN criteria were 
23.8% and 29.9%, respectively. After logistic 
regression, AKIN-2 (OR, 23.70; 95% CI, 2.32–
242; P = 0.008) and AKIN-3 (OR, 130; 95% CI, 
13.38–999; P < 0.001) were significantly associ-
ated with death. AKIN-3 and RIFLE injury and 
failure remained significant in the subset of 
patients with ≥20% TBSA.  There was also a 
strong interaction between TBSA and the stage 
of AKI with respect to ventilator and ICU days.

These contemporary studies and historical lit-
erature point out that AKI is prevalent in 
 casualties with burn injury and is independently 
associated with morbidity and mortality after 
adjustment for factors associated with injury 
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severity. The key goals of care include timely 
resuscitation with appropriate fluids and avoiding 
nephrotoxic exposure in patients with higher 
severity of illness. Additionally, a proactive 
approach to anticipating complications such as 
rhabdomyolysis or abdominal compartment syn-
drome can prevent AKI.

Rhabdomyolysis Rhabdomyolysis is more 
commonly described in traumatic surgical set-
tings. Direct crush injuries, lower extremity frac-
tures, muscular vessel occlusion and impaired 
venous drainage, and vascular injuries with limb 
ischemia and reperfusion injury especially after 
revascularization are notable for the development 
of rhabdomyolysis. Burns and high-voltage inju-
ries, pressure necrosis of the muscle after fall, 
prolonged immobilization, and surgical settings 
with prolonged and improper positioning may 
lead to muscle necrosis as well.

Muscle injury leading to rhabdomyolysis 
causes the release of a number of substances, 
including calcium, potassium, myoglobin, and 
uric acid. Myoglobin is filtered by the renal 
glomeruli and concentrated in the renal tubules, 
resulting in the characteristic red-brown or 
“tea-colored” urine. Several mechanisms of 
renal injury have been proposed, including 
renal tubule obstruction from myoglobin pre-
cipitation, oxidative injury from the release 
of iron and free radicals, and vasoconstriction 
leading to hypoperfusion [23]. The utility of 
monitoring creatine phosphokinase levels and 
serum or urine myoglobin levels remains con-
troversial. Supportive therapy with aggressive 
volume resuscitation to maintain urine output 
of 150–200  mL/h is the mainstay of therapy. 
There are some reports to suggest that alkaliza-
tion of urine by using sodium bicarbonate infu-
sion could be cyto-protective. Diuretic use can 
be harmful if instituted prior to adequate vol-
ume resuscitation. In patients with established 
oligo-anuric AKI or refractory hyperkalemia 
and metabolic acidosis, renal replacement ther-
apy is indicated. There is no clear role of insti-
tuting renal replacement therapy to remove 
potential nephrotoxins as a preventive or pro-
phylactic measure.

18.3.4  Nonrenal Solid Organ 
Transplant Surgery

AKI is not uncommon in nonrenal solid organ 
transplant recipients. A national analysis [24] had 
revealed that the occurrence of AKI in the imme-
diate postoperative period increases the long-
term risk of CKD in these subjects. More 
importantly, AKI in the immediate postoperative 
period increases the risk of mortality, leading to 
the loss of patient as well as the newly trans-
planted organ. Transplant recipients are a particu-
larly vulnerable group of patients to develop 
postoperative renal dysfunction for multiple rea-
sons, including pre-existing renal impairment, 
infections, and the use of calcineurin inhibitors.

In liver transplant, almost a third of recipients 
develop AKI with up to 17% of patients requiring 
dialysis [25–27]. Multiple factors contribute to 
this high incidence of AKI.  In the immediate 
postoperative period, prerenal azotemia and ATN 
are the main causes of AKI, whereas infection/
sepsis and calcineurin inhibitor toxicity are more 
likely culprits in AKI cases after second week of 
transplant. Risk factors associated with AKI in 
liver transplant recipients include serum albumin 
<3.2  g/dL, baseline impaired renal function, 
dopamine use, and graft dysfunction; bacterial 
infection/sepsis is associated with late-onset AKI 
(2–4 weeks postoperatively).

AKI occurs in approximately 5–30% of recip-
ients of thoracic organ transplantations. Many 
risk factors for AKI in cardiac transplant settings 
are similar to other cardiac surgery patients and 
include atherosclerosis, valvular disease, ciga-
rette smoking, diabetes, and abnormal baseline 
renal function. Certain factors such as low base-
line albumin and prolonged cold ischemia time 
are relatively unique to transplant settings only. 
The intraoperative use of cardiopulmonary 
bypass also contributes to the development of 
AKI. These include factors specifically related to 
the bypass procedure itself, such as cross-clamp 
time and duration of bypass. Cardiopulmonary 
bypass is also associated with the generation of 
free hemoglobin and iron through hemolysis that 
typically occurs during the procedure. Hemolysis 
can be caused by cardiotomy suction, occlusive 
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roller pumps, turbulent flow in the oxygenator, 
and blood return through cell saver devices; this 
in turn may contribute to increased oxidative 
stress and renal tubular injury.

The risk of postoperative dialysis is slightly 
higher in cardiac transplant recipients than in 
those undergoing non-transplant surgery. 
However, length of stay and crude hospital mor-
tality are similar regardless of the setting of car-
diac surgery. This observation emphasizes the 
need for additional efforts to prevent kidney 
injury in heart transplant recipients given its 
impact on both the patient and the valuable organ. 
Detailed account of risk factors associated with 
AKI is shown in Table 18.2 [28–33].

Recently, Grimm et  al. [34] found an inci-
dence of postoperative renal failure necessitat-
ing dialysis in lung transplant patients to be 
5.5%, which is consistent with previous studies. 
They described a Risk Stratification Score 
(RSS) that includes race, diagnosis, BMI, pre-

existing renal function, diabetes, etc. and pre-
dicts a rate of renal failure of 3.1% in the lowest 
risk group, increasing up to 15.6% in the highest 
risk category.

18.3.5  Surgery for Kidney Cancer

Kidney cancer is a common malignancy in older 
adults. Radical nephrectomy (RN) or partial 
nephrectomy (PN) is now available as the gold 
standard of care depending on the size of the 
renal tumor. Patients undergoing surgical treat-
ment for kidney cancer are likely to be older 
adults (>65 years of age) and suffer from diabe-
tes, hypertension, or chronic kidney disease. 
Moreover, the surgical options include removal 
of functioning renal mass, placing patients at risk 
of both near-term and long-term renal complica-
tions. Epidemiological data indicates that, in 
patients without preoperative chronic kidney 

Table 18.2 Common risk factors for AKI after nonrenal solid organ transplant surgery

Liver transplant [28–30] Cardiac transplant [31–33]
Preoperative factors
Preoperative ARF (Cr >1.5 mg/dL)
Lower preoperative serum albumin (<3.2 mg/dL)
Urgent re-transplant
Child-Pugh score
Hematuria and/or proteinuria
Advanced age
Diabetes mellitus
Need for high doses of diuretics
High body mass index (BMI)

Low cardiac output
Serum albumin
Prior cardiac surgery
Medication toxicity
Diabetes
Hepatitis C

Intraoperative factors
Increasing use of fresh frozen plasma and cryoprecipitate  
(surrogate for coagulopathy)
Higher number of platelet transfusions
Intraoperative complications
Increased use of pressors

Cardiopulmonary bypass time
Organ ischemia time
Transfusion requirements
Hypotension/hypoperfusion
Nephrotoxic agent exposure (antibiotics, 
radiographic contrast)
Atheroembolism
Hemolysis/pigment nephropathy

Postoperative factors
Longer duration of pressors postoperatively
Longer duration of ventilator support
Liver allograft dysfunction
Lower blood pressures through all aspects of the operation and 
postoperatively
Higher pulmonary capillary wedge pressure pre-anhepatic  
and lower cardiac indices post-anhepatic
CNI toxicity

Mechanical ventilation
Bacterial infection/sepsis
Surgical reoperation
CNI toxicity
Aggressive diuresis
Graft dysfunction
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 disease (CKD), the probability of incident CKD 
during a 3-year follow-up can reach up to 65% 
after radical nephrectomy and over 30% in those 
undergoing PN [35]. A plausible explanation is 
that given the age and comorbidity profile of an 
average patient with RCC, the compensatory 
ability of the remaining kidney could be limited 
(in RN), or the ischemic damage sustained by the 
remnant kidney in PN could lead to progressive 
decline in renal function. Much of the literature 
that has outlined these complications or risk fac-
tors have used the Clavien approach to grade 
postoperative complications—graded from levels 
I to V based on the degree of severity, where 
grade IV represents life-threatening organ failure 
and grade V represents death [36].

Approximately one in four patients undergo-
ing nephrectomy will experience some postoper-
ative complication during hospitalization. In a 
single-center study [37] of 150 patients undergo-
ing PN, the frequency of postop complications 
(any grade) was 22% in laparoscopic approach 
versus 26% in open approach. Common renal 
complications during the postoperative period 
include fluid and electrolyte disturbances and 
AKI. The frequency of severe AKI requiring dial-
ysis is relatively low, and in most reports, it is 
<5%. In patients undergoing radical or partial 
nephrectomy, several potential risk factors are 
known to be associated with AKI.  These are 
shown in Table 18.3.

In patients undergoing PN, certain surgical 
approaches and techniques lead to subjecting of 

the kidney to warm or cold ischemia during sur-
gery; cold ischemia is usually achieved by pack-
ing ice around the kidney undergoing PN.  The 
optimal duration of ischemia that can be safely 
tolerated by the kidney remains unclear. It is 
extrapolated from animal models that approxi-
mately 30–45 min of ischemia followed by reper-
fusion is considered to be generally safe and 
provides optimal time required in achieving sur-
gical efficacy for the treatment of these tumors. A 
recent study evaluating serial biopsies suggested 
that subjecting the human kidney to ischemia, 
lasting for 30 min or less, leads to mitochondrial 
swelling and cytological changes, which are 
potentially reversible [38, 39].

Laparoscopic approaches to PN or RN, in 
some cases, can be associated with intra-abdomi-
nal hypertension (IAH). Typically, these proce-
dures require induction of pneumoperitoneum to 
achieve pressures ranging from 20 to 25 mm of 
Hg. Experimental models that have studied the 
safety of this process indicate that IAH can 
impact the production of nitric oxide in renal 
microcirculation [40, 41]. Taken together, it can 
be hypothesized that a certain subgroup of 
patients may be vulnerable to sustain significant 
kidney injury/damage when exposed to pro-
longed IAH and other coexisting risk factors 
(e.g., preoperative CKD, intraoperative hypoten-
sion, preoperative use of drugs that may impair 
intrarenal hemodynamics and autoregulation).

18.3.6  Obstetrics and Gynecological 
Surgery

This clinical setting has not been well studied. 
There have been case reports of AKI, typically 
described as a result of surgical trauma to ureters, 
or due to endogenous and exogenous toxins.

In a recent study representing over 2000 
patients undergoing major inpatient gynecologi-
cal surgery (2000–2010), Vaught AJ et  al. [42] 
described the incidence and outcomes of AKI. In 
this single-center analysis, AKI was defined by 
RIFLE criteria as an increase in serum creati-
nine greater than or equal to 50% from the refer-
ence creatinine. The authors used multivariable 

Table 18.3 Common causes of AKI associated with 
nephrectomy for RCC

Risk factors Cause of AKI
Surgical technique
– Renal pedicle clamp
–  Intra-abdominal 

hypertension
–  Warm and cold ischemia
–  Ureteral injury

–  Hypoperfusion, 
ischemic injury

–  Obstructive 
uropathy

Perioperative factors
–  Renin-angiotensin 

blockers, diuretics, NSAID
–  Rhabdomyolysis

–  Ischemic and toxic 
injury

Complications
–  Infection/sepsis
–  Bleeding

–  Ischemic/
inflammatory injury
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 regression analyses to determine the association 
between perioperative factors, AKI, mortality, 
and cost. Main outcome measures were AKI, 
combined major adverse events (hospital mor-
tality, sepsis, or mechanical ventilation), 90-day 
mortality, and hospital cost.

Overall frequency of AKI was 13%. Of 
women with benign tumor surgeries, 5% (43/801) 
experienced AKI compared with 18% (211/1159) 
of women with malignant disease (P  <  0.001). 
Only 1.3% of the whole cohort had evidence of 
urologic mechanical injury. In a multivariable 
analysis, AKI patients had nine times greater 
odds of a major adverse event compared to 
patients without AKI (adjusted odds ratio 8.95, 
95% confidence interval 5.27–15.22).

Contrary to common belief, AKI is rarely due 
to urological injury but likely similar to other sur-
geries is a multifactorial disease resulting from 
susceptibilities like age and cancer and exposures 
including intraoperative hypotension, bleeding, 
transfusions, and nephrotoxic medications. 
Remarkably, even small decline in kidney func-
tion after surgery is associated with risks for 
dying as well as increased costs of care.

18.4  Prevention and Treatment

Maintaining adequate renal perfusion and avoid-
ance of the nephrotoxin are the mainstays of ther-
apy for prevention of AKI in the perioperative 
setting. Traditionally, central venous pressure, 
mean arterial pressure, pulmonary artery occlu-
sive pressure (wedge pressure), and cardiac out-
put by pulmonary artery catheter were used to 
monitor hemodynamic status. Recent data from 
critical care literature demonstrated that these 
parameters are of limited utility and do not take 
into account functional and local hemodynamic 
status. Currently, the focus is on functional hemo-
dynamic parameter to maintain adequate perfu-
sion and avoid fluid overload which is shown to 
be associated with excess mortality. This hemo-
dynamic parameter includes stroke volume varia-
tion, lactate clearance, abdominal perfusion 
pressure, esophageal Doppler or continuous 
transesophageal echocardiography, and ratio 

between the venoarterial carbon dioxide tension 
gradient and arteriovenous O2 content gradient.

Multiple studies demonstrated the association 
between fluid overload and increase in mortality 
in both medical and surgical ICU settings [43]. 
The presence of fluid overload defined as 10% 
weight gain from admission weight is associated 
with increased mortality and higher morbidity in 
sepsis, acute respiratory distress syndrome 
(ARDS), general surgical patients, trauma, and 
cardiac surgery. The presence of hypervolemia at 
the time of renal replacement therapy (RRT) ini-
tiation in AKI is strongly associated with mortal-
ity in both pediatric and adult patient populations. 
Current data do not support the use of hydroxy-
ethyl starch for volume expansion in critically ill 
patient which has been shown to be associated 
with increased incidence of mortality, after kid-
ney injury, and increased need of renal replace-
ment therapy.

Animal studies and small observational stud-
ies [44–46] have supported the use of balance 
crystalloid over normal saline to avoid hyper-
chloremic metabolic acidosis and increased inci-
dence of AKI including the need for renal 
replacement therapy. From this translated patho-
physiological data emanated the SPLIT clinical 
trial [47] further examining this question. This 
trial randomized 2278 patients admitted to the 
ICU to receive normal saline or Plasma-Lyte. 
Nearly all ICU patients requiring crystalloid 
were included. Overall, 57% of subjects were 
admitted to the ICU following elective surgery, 
whereas 14% of subjects were admitted from the 
emergency department. Patients in both groups 
received nearly the same volumes of crystalloid. 
The day before enrollment, patients received a 
median of 1 L of fluid (mostly balanced crystal-
loids) prior to being subjected to the stated ICU 
protocol. Subsequently patients in both groups 
received a median of 2000 mL of study fluid over 
their entire ICU stay. The primary outcome was 
proportion of patients with AKI (defined as a rise 
in serum creatinine level of at least twofold or a 
serum creatinine level of ≥3.96 mg/dL with an 
increase of ≥0.5  mg/dL); main secondary out-
comes were incidence of RRT use and in-hospital 
mortality. In the buffered crystalloid group, 102 
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of 1067 patients (9.6%) developed AKI within 
90  days after enrollment compared with 94 of 
1025 patients (9.2%) in the saline group [abso-
lute difference, 0.4% (95% CI, −2.1 to 2.9%); 
relative risk, 1.04 [95% CI, 0.80–1.36]; P = 0.77). 
The incidence of renal replacement therapy was 
also similar. This trial concluded that among 
patients receiving crystalloid fluid therapy in the 
ICU, use of a buffered crystalloid compared with 
saline did not reduce the risk of AKI.

A recent meta-analysis by Brienza et al. [48] 
concluded that protocolized therapies (regardless 
of the protocol) with specific physiological goals 
can significantly reduce postoperative AKI.  A 
major problem in interpreting these studies is the 
lack of standardized hemodynamic and tissue 
oxygenation targets and management strategies 
used to verify the efficacy of these measures over 
standard perioperative care. A heterogeneous col-
lection of study populations, types of surgical 
procedures, monitoring methods, and treatment 
strategies comprise this recent meta-analysis. 
The basic strategy of goal-directed therapy to 
prevent AKI in the perioperative period is based 
on protocols that avoid hypotension, optimize 
oxygen delivery, and include careful fluid man-
agement, vasopressors when indicated, and ino-
tropic agents and blood products if needed [49].

Clinical trials and meta-analyses of patients 
with sepsis have shown that the use of synthetic 
colloids like gelatin, dextran, and HES is associ-
ated with higher incidence of increased AKI 
requiring RRT [50, 51]. In a retrospective study 
[52] of 1129 patients undergoing lung resection 
surgery, HES was associated with a higher risk of 
postoperative AKI (OR 1.5, 95% CI 1.1–2.1). A 
recent Cochrane review [53] determined that all 
HES products increase the risk in AKI and RRT 
in all patient populations, thus providing clear 
evidence to avoid these agents.

Multiple vasoactive agents such as dopamine, 
fenoldopam, or theophylline have been studied in 
the treatment of postoperative AKI but have failed 
to demonstrate any conclusive benefits in amelio-
rating kidney injury. But these results are largely 
extrapolated from cardiac surgery settings [54].

As for drug treatment in perioperative period, 
there have been several studies examining the 
role of antihypertensive agents and aspirin. The 
following are the results of some of the key stud-
ies in non-cardiac surgical settings.

Previous perioperative observational cohort 
studies have shown that aspirin reduces the risk 
for AKI, and in two randomized controlled trials 
of patients undergoing cardiac surgery, clonidine 
was also shown to prevent AKI.  Recently, the 
Perioperative Ischemic Evaluation (POISE) trial 
found that neither aspirin nor clonidine reduced 
the risk for death or nonfatal myocardial infarc-
tion when administered perioperatively for non-
cardiac surgery. In a sub-study of POISE-2 [55], 
Dr. Garg and his team evaluated the effect of both 
aspirin and clonidine on the risk for AKI.  The 
risk for AKI was not significantly different 
between the aspirin and placebo groups (13.4% 
vs. 12.3%; adjusted relative risk [aRR], 1.10; 
95% confidence interval [CI], 0.96–1.25). 
Similarly, there was no significant difference in 
the incidence of AKI between clonidine and pla-
cebo (13.0% vs. 12.7; aRR 1.03; 95% CI, 0.90–
1.18]). However, both drugs were associated with 
other adverse events.

In terms of use of angiotensin-converting 
enzyme (ACE) inhibitors and angiotensin II 
receptor blockers (ARB), the preoperative use 
of ACE-I and ARB drugs is a risk factor for 
postoperative AKI in non-cardiac surgery when 
studied in specific surgical settings such as gas-
tric bypass [10].

When examined in broader surgical settings, 
the message seems to be different. For example, a 
large population-based retrospective cohort study 
[56] was conducted on patients aged 66 years or 
older and who received major elective surgery in 
118 hospitals in Ontario, Canada (1995–2010; 
n = 237,208). After adjusting for potential con-
founders, preoperative ACE-I/ARB use versus 
nonuse was associated with 17% lower risk of 
postoperative AKI-D (adjusted relative risk (RR), 
0.83; 95% confidence interval (CI), 0.71–0.98) 
and 9% lower risk of all-cause mortality (adjusted 
RR, 0.91; 95% CI, 0.87–0.95).
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The role of statins has also been of recent 
interest in terms of their effect on renal function 
in perioperative settings. Single-center analysis 
of electronic data of elective non-cardiac surgery 
[57] did not support the hypothesis that preopera-
tive statin therapy in doses routinely used to treat 
hypercholesterolemia is associated with a change 
in the incidence of AKI, postoperative dialysis, or 
hospital mortality. Of the total group of 28,508 
patients analyzed, the overall incidence of AKI 
was 6.1%, and not statistically different based on 
exposure to statin use. However this study did not 
account for the selection bias associated with the 
retrospective design.

A recent international, prospective, cohort 
study [58] of patients who were ≥45 years having 
inpatient non-cardiac surgery assessed the prob-
ability of receiving statins preoperatively using a 
multivariable logistic model and conducted a 
propensity score analysis to correct for confound-
ing. Among patients undergoing non-cardiac sur-
gery, preoperative statin therapy was 
independently associated with a lower risk of car-
diovascular outcomes at 30 days. The preopera-
tive use of statins was associated with lower risk 
of the primary outcome, a composite of all-cause 
mortality, myocardial injury after non-cardiac 
surgery (MINS), or stroke at 30  days [relative 
risk (RR), 0.83; 95% confidence interval (CI), 
0.73–0.95; P = 0.007]. Statins were also associ-
ated with a significant lower risk of all-cause 
mortality (RR, 0.58; 95% CI, 0.40–0.83; 
P = 0.003), cardiovascular mortality (RR, 0.42; 
95% CI, 0.23–0.76; P = 0.004), and MINS (RR, 
0.86; 95% CI, 0.73–0.98; P = 0.02).

Brunelli et  al. [59] examined a retrospective 
cohort of 98,939 patients who underwent a major 
open abdominal, cardiac, thoracic, or vascular 
procedure between 2000 and 2010. Statin users 
were pair-matched to nonusers on the basis of 
surgery type, baseline kidney function, days from 
admission until surgery, and propensity score 
based on demographics, comorbid conditions, 
and concomitant medications. Across various 
AKI definitions, statin use was consistently asso-
ciated with a decreased risk: adjusted odds ratios 

(95% confidence intervals) varied from 0.74 
(0.58–0.95) to 0.80 (0.71–0.90). Associations 
were similar among diabetics and nondiabetics 
and across strata of baseline kidney function.

Molnar et  al. [60] conducted a population-
based retrospective cohort study that included 
213,347 older patients who underwent major 
elective surgery in the province of Ontario, 
Canada, from 1995 to 2008. During the first 14 
postoperative days, 1.9% developed AKI and 
0.5% required acute dialysis. The 30-day mortal-
ity rate was 2.8%. Prior to surgery, 32% of 
patients were taking a statin. After statistical 
adjustment for patient and surgical characteris-
tics, statin use is associated with 16% lower odds 
of AKI (OR, 0.84; 95% CI, 0.79–0.90), 17% 
lower odds of acute dialysis (OR, 0.83; 95% CI, 
0.72–0.95), and 21% lower odds of mortality 
(OR, 0.79; 95% CI, 0.74–0.85). Propensity score 
matching produced similar results.

Susan Lee et al. [61] collected data on 307,151 
patients who had been taking statins before non-
cardiac surgery between 2000 and 2014. The 
researchers found that 98,014 patients had not 
resumed taking statins in 2 days after their opera-
tion. However, the percentage of patients who did 
not resume taking statins within 2 days of surgery 
dropped over the study period. From 2000 to 
2002, 46% of patients had not resumed their 
statins in 2  days after surgery. From 2012 to 
2014, only 24% hadn’t resumed taking statins by 
the second day. Lee and her colleagues then 
looked at mortality rates in 30 days after surgery. 
They found that the mortality rate was 2.6% 
among those who did not resume taking their 
statins in 2  days after surgery which was 40% 
higher than those who quickly resumed or never 
stopped taking their statins.

In summary, large observational studies provide 
insight into some commonly used prescribed drugs 
for their effect on renal function and mortality. 
Caution needs to be exercised in interpreting these 
studies as few are randomized and thus provide 
associative information rather than causal links. 
Table  18.4 summarizes some of the key medica-
tions/classes for their effects on renal function.
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18.5  Dialytic Therapies for AKI

There is no consensus regarding optimal timing 
to initiate renal replacement therapy for acute 
kidney injury in perioperative settings. 
Observational studies tend to favor early initia-
tion of renal replacement therapy and shown to 
be associated with improved patient survival. 
Indications to initiate a replacement therapy in 
perioperative setting are similar to AKI in other 
settings and include hyperkalemia, refractory 
metabolic acidosis, volume overload, and signs 
and symptoms suggestive of uremia. Details of 
dialytic therapies are described elsewhere.

In hemodynamic unstable patients, we favor 
to start continuous renal replacement therapy 
(CRRT). Observational studies and limited data 
tend to favor early initiation of renal replacement 
therapy, and this strategy is shown to be associ-
ated with improved patient survival; however this 
needs to be validated in randomized controlled 
trial. KDIGO guidelines suggested CRRT rather 
than intermittent renal replacement therapy for 
hemodynamically unstable patients (grade 2B). 
We suggest CRRT rather than intermittent RRT 
for AKI patients with acute brain injury or other 
causes of increased intracranial pressure or gen-
eralized brain edema (grade 2B). In terms of type 

of solute removal, it is not clear whether hemofil-
tration is favorable over hemodialysis with a 
clear survival benefit. However, it is well demon-
strated that hemofiltration-based therapies offer a 
higher success in removing middle to large-
molecular-weight toxins compared to diffusive 
techniques which are excellent in removing 
small-molecular-weight substances. Thus, in 
non-cardiac surgery settings, the opinion would 
favor use of hemofiltration in settings such as 
burns, trauma, or sepsis.

The KDIGO clinical practice guidelines rec-
ommend using anticoagulation during RRT in 
AKI if a patient does not have an increased bleed-
ing risk or impaired coagulation and is not 
already receiving systemic anticoagulation (1B). 
The risk of bleeding is considered high in patients 
with recent (within 7  days) or active bleeding, 
recent trauma or surgery (especially in head 
trauma and neurosurgery), recent stroke, intra-
cranial arteriovenous malformation or aneurysm, 
retinal hemorrhage, uncontrolled hypertension, 
or presence of an epidural catheter.

As for the dose of dialysis, it has been well 
established that the minimum standard for deliv-
ering CRRT should entail a dose of 20 mL/kg/h 
and at least three times a week of intermittent 
dialysis [62, 63]. One of the caveats is that 

Table 18.4 Renal adverse effects of commonly used drugs in perioperative settings

Pharmacological agent/class Potential nephrotoxic effects
Propofol infusions Rhabdomyolysis, hyperkalemia, metabolic acidosis, and AKI
Lorazepam infusions Propylene glycol toxicity

Hyperosmolar anion gap metabolic acidosis, lactic acidosis, and renal dysfunction
Warfarin Warfarin-related nephropathy (glomerular hemorrhage and formation of obstructing 

RBC casts and tubular injury)
Sodium phosphate-
containing enema

Acute phosphate nephropathy

Hydroxyethyl starch Increased risk of acute kidney injury, increase need of renal replacement therapy, and 
increased mortality in critically ill patients with sepsis

Contrast media Acute tubular necrosis (ATN)
Antimicrobials Acute tubular necrosis (ATN), acute interstitial nephritis (AIN), electrolyte 

disturbances
ACE-I/ARB Increased risk of AKI in gastric bypass
Chloride-rich fluid 
resuscitation

Suggestion of increased AKI risk

Trimethoprim/
sulfamethoxazole

Acute tubular necrosis (ATN), acute interstitial nephritis (AIN), hyperkalemia

Heparin derivatives Hyperkalemia
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 non-cardiac surgery is not as well represented in 
these trials. Additionally, the average BMI of the 
patients included in these trials was relatively 
lower than what is encountered in common prac-
tice, and hence careful attention needs to be paid 
to weight-based calculations for dose of CRRT.

With regard to anticoagulation in intermittent 
RRT, it is recommended using either unfraction-
ated or low-molecular-weight heparin, rather than 
other anticoagulants (1C). For anticoagulation 
in CRRT, it is suggested to use regional citrate 
anticoagulation rather than heparin in patients 
who do not have contraindications for citrate. For 
anticoagulation during CRRT in patients who 
have contraindications for citrate, either unfrac-
tionated or low-molecular-weight heparin can be 
used, rather than other anticoagulants.

A major contraindication for the use of citrate 
anticoagulation is severely impaired liver function 
or shock with muscle hypoperfusion, both repre-
senting a risk of citrate accumulation. Markedly 
reduced citrate clearances and lower ionized cal-
cium levels have been found in patients with acute 
liver failure or with severe liver cirrhosis.
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of Acute Kidney Injury
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19.1  Introduction

Acute kidney injury (AKI) is now estimated to 
complicate 13–18% of hospital admissions and 
has been associated with both short- and long- 
term risk of death and the development and pro-
gression of chronic kidney disease. In the UK it 
has been estimated that the hospital costs of acute 
kidney injury are estimated to be as much as 
£1.02 billion per year [1]. These figures reflect 
our better understanding of the adverse clinical 
associations of AKI of all severities and increased 
recognition of the significance of milder cases of 
AKI since the development and widespread 
adoption of consensus definitions of AKI over the 
last 12  years [2–4]. This revolution in our 
approach to AKI has also resulted in major 
changes in management. Historically manage-
ment of acute kidney failure focused on the care 
of a much smaller group of individuals with 
severe kidney dysfunction and the treatment of 
severe metabolic abnormalities and the provision 
of renal replacement therapy (RRT). However, in 
contemporary practice we have identified a large 
group of patients with milder AKI, of which the 
vast majority will never require acute RRT, but 

who are still at significant risk of adverse short- 
and long-term outcomes. As a consequence, 
modern management of AKI without RRT has 
broadened from a focus on the medical manage-
ment of the metabolic effects of advanced kidney 
failure to cover the recognition and management 
of deteriorating patients with early organ dys-
function and the identification and follow-up of a 
population defined by the acquisition of AKI dur-
ing acute illness who may be at risk of long-term 
chronic kidney disease and cardiovascular 
morbidity.

19.2  Historical Perspective 
of Acute Kidney Injury

The first modern descriptions of acute kidney dys-
function date to World War II when patients with 
major crush injuries were recovered alive but, 
without effective RRT technology, later died with 
oliguric kidney injury and hyperkalaemia [5]. 
During the 1940s–1950s, the concept of acute 
kidney failure was thus developed with small case 
series of patients with advanced kidney dysfunc-
tion and life-threatening metabolic abnormalities 
in the context of predominantly single-organ dys-
function caused by rhabdomyolysis, haemolysis, 
or poisoning or as an outcome after an episode of 
sustained circulatory shock [6]. In the absence of 
RRT, management of these patients focused on 
prevention of uraemia, fluid overload and 
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 electrolyte abnormalities by highly restricted 
diets, excluding protein, almost all water and 
potassium together with bicarbonate supplemen-
tation [7, 8]. Such approaches did lead to survival 
of some patients with prolonged oliguric kidney 
failure to recover kidney function; however the 
adoption of effective haemodialysis technology in 
the 1950s, incorporating reliable vascular access 
and controlled ultrafiltration, rendered such tech-
niques obsolete. The triumph of RRT technolo-
gies has, over time, led to the treatment of 
increasing sicker and comorbid patients with AKI 
complicating multi-organ failure in intensive care 
units now usually with continuous modalities of 
RRT.  Conversely, the management of patients 
with AKI who are not on RRT has remained unso-
phisticated despite the fact that the vast majority 
of AKI diagnoses fall into this category.

19.3  Contemporary Concepts 
in Acute Kidney Injury

Until recently AKI management has been domi-
nated by concepts applied to the causes and clini-
cal presentation of acute kidney failure in the 
1950s. However contemporary AKI cases are 

much more commonly of mixed aetiology with 
patients presenting with a wider spectrum of AKI 
severity. The commonest associations of AKI 
complicating critical illness are sepsis, major sur-
gery, cardiogenic shock, hypovolaemia and neph-
rotoxin exposure [9]; however these conditions 
often co-exist and occur on the background of pre-
disposing risk factors, the most potent of which are 
old age and pre-existing chronic kidney disease 
(CKD) [10]. Thus, current management of patients 
with AKI requires consideration of the severity of 
AKI, of co-existent acute and chronic conditions 
and of multiple causative factors for AKI. While 
any one causative acute condition or nephrotoxin 
could precipitate AKI in any patient if sufficiently 
severe or potent, the majority of cases of AKI now 
occur in a setting of multiple milder insults and/or 
nephrotoxic exposures on the background of base-
line risk factors. As a consequence, management 
of most current AKI patients is more nuanced and 
requires broader consideration AKI in the context 
of overall clinical condition (Table  19.1). This 
individualized clinical approach can be summa-
rized as recognition of patients most at risk of AKI 
at baseline, appropriate treatment directed at 
underlying conditions and the minimization of 
exposure to exogenous nephrotoxins (Table 19.2).

Table 19.1 Comparison of a “traditional” single-organ acute kidney failure patient with a typical acute kidney injury 
patient commonly encountered

Traditional single-organ kidney failure
Typical contemporary
AKI patient

Examples Ethylene glycol poisoning
Massive post-partum haemorrhage

Urosepsis in an elderly man with CKD, 
diabetes treated with gentamicin and 
undergoing a contrast CT scan for 
diagnostic workup

Causes of AKI Single high-intensity exposure—
potent nephrotoxic or prolonged 
shock

Multiple

Baseline risk factors Often absent Common
Co-existent organ failure Absent or resolved Common
Severity of AKI Severe Variable
Stage of AKI at presentation Late Often early
Histology Classical acute tubular necrosis Most often undetermined—when 

examined often apparently normal
Management Treatment of metabolic abnormalities

Institution of RRT for life-threatening 
consequences of advanced kidney 
failure

Care of deteriorating patient, avoidance 
of secondary organ injury and 
monitoring of organ function
RRT as a part of multi-organ support in 
ICU
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19.4  Diagnostic Considerations 
in Management of AKI

Timely and accurate diagnosis of AKI is an 
essential prerequisite to its appropriate manage-
ment. Diagnosis of AKI is considered in more 
detail elsewhere in this volume, but, in brief, 
modern AKI diagnostic algorithms depend in the 
assessment of fold increases in serum creatinine 
(reflecting fold decreases in underlying GFR) 
from baseline (Table  19.3) and have demon-
strated good correlation between severity of peak 
AKI stage and risk of death during acute illness 
[11, 12]. Even very mild changes in kidney func-
tion have been correlated with increased risk of 
death [13]—emphasizing the clinical importance 
of AKI but leaving open the question of whether 
mild AKI is a sensitive measure of illness  severity 
and physiological reserve or directly participat-
ing in the ongoing disease process. Furthermore, 
in terms of driving clinical management, clini-
cians don’t have access to the eventual peak 
 creatinine measurement but receive results at a 
single time point during when the trajectory or 
serum creatinine and underlying kidney function 
may be unclear. Importantly, it takes time for cre-
atinine to rise after an abrupt change in GFR, and 
the rate of these changes is dependent not only on 
the severity of kidney dysfunction but on acute 
and chronic determinants of muscle mass and 
creatinine generation which will be reduced with 
older age and chronic illness and may be further 

decreased in acute illness [14, 15]. Thus older, 
more comorbid and more acutely unwell patients 
may manifest slower rises in serum creatinine 
causing underestimation of the severity of AKI 
(Fig.  19.1). As a consequence, apparently mild 
AKI can represent significant underlying kidney 
dysfunction, particularly in the acutely unwell, 
and thus the importance of recognition of AKI 
risk factors, treatment of underlying conditions 
and avoidance of secondary kidney injury should 
be emphasized in all patients with an AKI 
diagnosis.

Recognition of the importance of AKI diagno-
sis in enabling effective management has led 
many healthcare institutions to implement AKI 
electronic alerts (e-alerts) into laboratory 

Table 19.2 Multifactorial aetiology of AKI

Baseline risks Acute conditions Exogenous nephrotoxins
Advanced age Sepsis Radiological contrast
Chronic kidney disease Major surgery Antibiotics
Diabetes mellitus Cardiogenic shock Chemotherapy
Heart failure Volume depletion Non-steroidal anti-inflammatories
Liver failure Abdominal compartment syndrome Calcineurin inhibitors
Vascular disease Rhabdomyolysis Hydroxyethyl starch
Genetic predisposition Haemolysis
Male Sex
Management
Recognize risk Treat/mitigate conditions Avoid/minimize exposure

Most contemporary AKI occurs in the setting of baseline risks and multiple medical, surgical or toxic acute kidney 
insults. An approach to the management of AKI in these patients thus requires (1) recognition of baseline risk, (2) treat-
ment of underlying conditions and (3) minimization of nephrotoxin exposures

Table 19.3 Kidney Disease: Improving Global 
Outcomes (KDIGO) 2012 criteria for diagnosis and stag-
ing of AKI in adults [2]

Stage Serum creatinine Urine output
1 Increase ≥26 μmol/L 

within 48 h or
increase ≥1.5 to 
1.9 × reference SCr

<0.5 mL/kg/h 
for >6 
consecutive 
hours

2 Increase ≥2 to 
2.9 × reference SCr

<0.5 mL/kg/h 
for >12 h

3 Increase ≥3 × reference 
SCr or
increase of ≥26 μmol/L to 
≥354 μmol/L or
commenced on renal 
replacement therapy (RRT) 
irrespective of stage

<0.3 mL/kg/h 
for >24 h or 
anuria for 12 h
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 information management systems to flag AKI 
diagnoses based on consensus creatinine criteria 
[2–4] to clinicians. Indeed, the adoption of such 
systems has now been mandated within the UK 
National Health Service. Systematic electronic 
AKI screening has resulted in the increased rec-
ognition of AKI as a widespread clinical problem 
strongly associated with adverse outcomes [16, 
17] but also emphasizes that effective identifica-
tion has to be coupled to effective management. 
A recent randomized trial of AKI e-alerting in a 
large teaching hospital population in the USA 
[18] failed to demonstrate decreased mortality, 
need for RRT or AKI progression in patients 
where clinicians were provided with an e-alert; 
however in this study the alerting was not linked 
to any specific management recommendations or 
training. Importantly the majority of alerts in the 
trial were associated with AKI defined by a 
0.3  mg/dL (26.5 μmol/L) increase in creatinine 
within 48 h, and the authors have subsequently 
demonstrated that these small changes could 

arise from inter-assay variation in serum creati-
nine measurements particularly in patients with 
baseline CKD [19]. This finding has important 
implications for the response to stage 1 AKI sug-
gested by small changes in serum creatinine, 
which may require confirmation AKI diagnosis 
by repeated creatinine measurement prior to 
immediate changes in patient management.

In recognition of the limitations of serum cre-
atinine in the dynamic setting of early acute ill-
ness, the consensus AKI definitions have 
incorporated varying definition of oliguria into 
the diagnostic criteria for AKI. The role of urine 
output monitoring [20] is discussed at greater 
length elsewhere in this volume, but overall urine 
output may be most useful in conjunction with 
the serum creatinine criteria. Short duration of 
oliguria may represent physiological neurohor-
monal response to stress and/or transient haemo-
dynamic changes in GFR, which may not signify 
parenchymal kidney injury per se, but certainly 
do indicate risk of both kidney and other organ 
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Fig. 19.1 Predicted creatinine profiles in male patients 
aged 80 and 20 with a baseline creatinine of 80 μmol/L 
and abrupt decline in GFR to 25% of baseline. AKI stag-
ing depends on time elapsed from change in GFR and 
occurs faster in younger patients with greater predicted 
muscle mass; a small acute fall in creatinine generation 
(G) with acute illness reduces that rate of rise and plateau 

creatinine confounding timely and accurate diagnosis of 
AKI.  Despite apparently less severe rise in creatinine 
from an identical baseline, GFR is lower for the 80-year- 
old (80 falling to 20  mL/min/1.73  m2) compared to the 
20-year-old (120 falling to 30 mL/min/1.73 m2). Prediction 
of AKI severity at early time points in illness is conse-
quently difficult
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injuries. Conversely sustained oliguria or anuria 
may represent a fall in GFR to a very low level 
prior to peak creatinine, conferring a worse prog-
nosis and potentially implying that early RRT 
might be preferred over non-dialytic manage-
ment. Finally, a large group of patients with 
established AKI and impaired renal concentrat-
ing capacity, but without complete loss of GFR, 
may sustain urine output out of the oliguric range. 
Thus in driving management, urine output plays 
a complementary role in suggesting risk of dete-
rioration early on or greater severity in advanced 
AKI; again the emphasis in directing manage-
ment should be placed on monitoring duration 
and changes in urine output after AKI is recog-
nized in order to inform management decisions 
and response to therapy.

Because of the diagnostic limitations of creati-
nine changes and urine output, which is often not 
reliably measured outside of ICU, a number of 
putative biomarkers of AKI [21] have been identi-
fied over the last 10–15 years. These markers are 
promising because they may detect tubular injury 
before changes in GFR have even occurred and 
well before rises in serum creatinine, potentially 
enabling early risk stratification and preventative 
interventions that might lack benefit when 
employed after AKI have become overt. However, 
while of great potential to guide AKI manage-
ment, as yet no biomarker-driven intervention has 
been demonstrated to alter clinical outcomes in 
patients with biomarker-defined AKI.  Thus, at 
present biomarkers have no clear role in AKI 
management. This situation is likely to change 
over time, and evidence-based early non-dialytic 
treatment for AKI may be enabled by biomarker 
identification in the near future [22].

Lastly, diagnostic evaluation is of key impor-
tance in both identifying the specific cause of 
AKI and in guiding management. While less 
common than the multifactorial aetiology of sec-
ondary AKI complicating major illness, identifi-
cation of processes such as urinary outflow 
obstruction or acute parenchymal injury is cru-
cial. As well, specific management and/or spe-
ciality referral is indicated for these conditions. 
The diagnosis of AKI requires a detailed history 
and physical evaluation and the interpretation of 

a combination of tests to distinguish “multifacto-
rial” AKI from a specific aetiology for AKI. For 
example, complete anuria or kidney dysfunction 
appears to antedate or is disproportionate in 
severity to systemic illness, as well as eliciting 
any clinical features suggestive of specific diag-
noses such as systemic vasculitis or thrombotic 
microangiopathy. At a minimum, urinalysis and 
kidney imaging, with other tests aimed at specific 
diagnoses prompted by these findings and the 
clinical history, are recommended. Specific man-
agement of cases of urinary obstruction, autoim-
mune disease and other parenchymal kidney 
disease is beyond the scope of this chapter. This 
consideration of specific pathophysiology for 
AKI also extends to specific causes of AKI 
related to multi-organ failure, major injury and 
critical illness, specifically AKI in the setting of 
advanced cardiac or liver disease and AKI occur-
ring in the setting of rhabdomyolysis or abdomi-
nal compartment syndrome.

19.5  Approaches to the Non- 
dialytic Management of AKI

In the 2012 Kidney Disease: Improving Global 
Outcomes (KDIGO) guidelines, an evidence- 
based approach to AKI management was proposed 
with recommendations for patients at risk of AKI 
during major illness and at increasing severity of 
AKI (Fig. 19.2). While important in conceptualiz-
ing an approach to AKI at all levels of severity that 
merges into AKI prevention in those at risk, the 
actual recommendations prior to institution of 
RRT are relatively sparse in content and really pro-
vide only blanket recommendations to provide 
good supportive care, monitor kidney function and 
intervene with RRT when clinically indicated. The 
general nature of these recommendations reflects 
the paucity of evidence for any specific clinical 
interventions in the management or prevention of 
AKI and the delay and imprecision in AKI diagno-
sis in determining actual underlying disease sever-
ity in the acute setting. Unfortunately, this leads 
clinicians with little effective guide when faced 
with responding to an early AKI diagnosis. In the 
author’s  opinion, the appropriate approach to any 
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AKI  diagnosis is one of establishing diagnosis, 
monitoring, providing appropriate supportive 
treatment and avoiding secondary organ injury 
(Table 19.4). Importantly, most of these processes 
are not kidney specific but form part of the general 
care of a deteriorating patient. It should be empha-
sized that a patient with a stage 1 AKI diagnosis 
has early organ dysfunction and is at risk of dete-
rioration into multi-organ impairment; an AKI 
alert can therefore be considered a powerful indi-
cator of a patient at increased risk of death requir-
ing monitoring, treatment of any underlying 
condition and supportive care—more than one 
requiring treatment directed at the kidney in isola-
tion. Seen in this light, the direct contribution of 
kidney dysfunction to outcome, as opposed to 
merely an association with disease severity, 
becomes less relevant as an objection to a targeted 
approach to the identification and management of 
early AKI patients in hospital as these patients are 
a well-defined population at increased risk of 
death, requiring a global assessment of their clini-
cal condition. In an attempt to address the real-

world needs of the clinician in approaching 
patients with AKI, the London Acute Kidney 
Injury Network has published pragmatic manage-
ment guidelines (Fig.  19.3) [23]. This guideline 
emphasizes the role of AKI as an indicator of a 
deteriorating patient with early organ failure (a 
medical emergency) while also addressing the 
need not to miss treatable specific aetiologies. 
Several important points can be taken from this 
approach, most importantly, that all AKI patients 
are at increased risk of adverse outcomes and that, 
as severity and cause of AKI cannot be established 
from serum creatinine measurements single time 
point, a combined diagnostic and management 
approach is required in all patients. In the guide-
line the potential need to recheck a creatinine to 
confirm a diagnosis based on a 26.5  μmol/L 
increase is highlighted at the outset. An acronym 
STOP (sepsis/hypoperfusion, toxicity, obstruction, 
parenchymal kidney disease) is used to guide 
management providing, in order, for sepsis/hypo-
perfusion, early resuscitation and recognition and 
treatment of sepsis; for toxicity, the minimization 

KDIGO AKI Guidelines

AKI Stage

High Risk

Discontinue all nephrotoxic agents when possible

Ensure volume status and perfusion pressure

Consider functional hemodynamic monitoring

Monitor serum creatinine and urine output

Avoid hyperglycemia

Consider alternatives to radiocontrast procedures

Check for changes in drug dosing

Consider Renal Replacement Therapy

Check for changes in drug dosing

Consider Renal Replacement Therapy

Consider ICU admission

Avoid subclavian catheters if possible

1 2 3

Fig. 19.2 Summary of Kidney Disease: Improving 
Global Outcomes (KDIGO) 2012 recommendations for 
the management of patients with or at risk of acute kidney 
injury [118]. Few interventions have a strong evidence 

base, and recommendations are predominantly based on 
expert recommendation for close monitoring, supportive 
haemodynamic management and avoidance of secondary 
organ injury
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of ongoing nephrotoxic injury; and for obstruction 
or parenchymal kidney disease, the consideration 
and exclusion of causes of AKI with important 
specific treatments. Importantly this approach to 
initial management is followed by monitoring or 
response to treatment, attention to the avoidance of 
secondary organ injury and appropriate long-term 
follow-up.

19.6  Non-dialytic Interventions 
for AKI

An approach to the contemporary patient with 
AKI thus emphasizes the appropriate resuscita-
tion of tissue perfusion in the face of potential 
underlying causes of organ dysfunction such as 
septic shock or hypovolaemia. Historical con-
cepts such as distinguishing “prerenal failure” 
should be discarded in favour of an approach to 
the resuscitation of any AKI patients as individu-
als with early multi-organ impairment. As with 
any critically ill patient, this requires a balanced 
approach of fluid and vasoactive drugs titrated to 
physiological endpoints such as blood pressure 
and cardiac output while attempting to minimize 
inappropriate interventions which may be associ-
ated with adverse effects.

19.6.1  Fluid Management in AKI

Fluid therapy is often considered essential to the 
maintenance of renal perfusion and GFR and 
thus a first-line treatment in the prevention and 
management of AKI complicating major illness. 
However, importance of inflammation in the 
development of AKI is now well recognized [24, 
25]. Conversely, the role of global renal ischemia 
in the pathogenesis AKI is less clear [26]. 
Consequently the clinical course of many or most 
cases of AKI may not be so readily affected by 
haemodynamic intervention aimed at increasing 
renal oxygen delivery.

In AKI, the rationale of fluid therapy is to 
restore systemic blood pressure and cardiac out-
put; however, routine haemodynamic measure-
ments (blood pressure, heart rate, central venous 
pressure) are poorly predictive of cardiac output 
and much less indicative of adequate renal perfu-
sion. Furthermore, fluid therapy will only effec-
tively treat systemic hypotension arising as a 
consequence of hypovolaemic shock [27–29]. 
Similarly, the response of the cardiovascular sys-
tem to fluid therapy is highly variable depending 
on factors including cardiac function [30–32], 
regional blood flow distribution [33, 34] and cap-
illary permeability [35]. This makes clinical 

Table 19.4 Goals in the management of AKI encompass establishing diagnosis and severity, monitoring, best 
 supportive care and avoidance of secondary injury; these can be divided into diagnostic goals and therapeutic changes

 • Diagnostic goals
  – Monitor kidney function in patients at risk of AKI from baseline risk factors and acute conditions
  – Recognize AKI as a sign of an at risk/deteriorating patient
  – Recognize features suggestive of specific AKI aetiologies requiring specific management or referral
  – Recognize AKI baseline risks and AKI causes that may determine AKI prognosis
  – Assess severity of AKI and confirm diagnosis in cases with small changes in serum creatinine
  – Monitor AKI progression/recovery with creatinine and urine output
  – Recognize life-threatening complication of AKI
  – Assess recovery from AKI and impact on long-term health
 • Therapeutic goals
  –  Manage patients in an appropriate setting for their level of illness and likely need to organ support with 

regular review
  – Treat underlying conditions such as sepsis, hypovolaemia and shock
  – Maintain tissue perfusion with judicious use of fluids and vasoactive medication if necessary
  –  Minimize/avoid exposure to nephrotoxins unless essential to the diagnosis or treatment of a causative 

underlying condition such as sepsis
  –  Avoid secondary injury to the kidneys or other organs in particular from fluid overload and accumulation of 

kidney-excreted medication
  – Provide organ support with renal replacement therapy in a timely fashion when indicated

Many of these approaches are not specific to AKI but form part of the general care of the deteriorating patient
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AKI Care Bundle

This is a Medical Emergency

Sepsis and
hypoperfusion

Toxicity Obstruction Primary renal
disease

Institute in all patients with a 1.5 x rise in creatinine or oliguria (<0.5 mls/kg/hr) for 6 hours
(for 26.4 micmol/I rises activating National detection algorithm assess and consider institution or recheck)

Full set of observations, circulatory assessment,
treat life-threatening complications, if NEWS triggering give oxygen,

begin resuscitation and contact critical care outreach team

Diagnose the cause(s) and treat all - STOP AKI
Sepsis and hypoperfusion, Toxicity, Obstruction, Primary renal disease

Circulatory assessment
(history, heart rate,

blood pressure, JVP,
capillary refill (should be
<3 secs), conscious level

Ascertain full drug history
including contrast exposures

General supportive care and escalation

Follow up

Once euvolaemic give maintenance fluids (e.g. output plus 500mls),
fluid chart, daily weights, regular fluid assessment

Regular (at least 4 hourly) observations/NEWS with clear escalation plans
Review all drug dosages, consider proton pump inhibitor, consider dietetic review and nutrition

Urea, electrolytes, bone and venous bicarbonate at least daily, consider ABG
Monitor for complications, treat and escalate

Severe AKI (AKI 3) should be discussed nephrology and critical care regardless of cause

Ensure patient/carers have adequate support and information
Monitor recovery to completion and ensure adequate follow up arrangements in place

Ascertain any urological
history. High index of

suspicion if malignancy
Ascertain relevant history
(e.g. autoimmune disease,

myeloma, HUS/TTP)

Urine dipstick (all AKI
patients). if protein high

measure PCR.

Check CK (rhabdo), CRP, FBC,
if platelets low do blood film,
bill, LDH, relics (HUS/TTP)

Consider myeloma screen
(lgs, lg electrophoresis,
serum free light chains,

urine bench jones)

Consider renal immune
screen (ANCA, anti-GBM,

ANA, complement,
rheumatoid factor, lgs)

If likely/suspected primary
renal injury refer nephrology

Examine or bedside scan
for bladder, consider

urinary catheter.

Perform renal tract
imaging (ultrasound or

CT KUB) <24 hours unless
non-obstructive cause clear.

If obstructed and infected
urinary tract suspected
(pyonephrosis) imaging

<6 hours.

If likely/suspected
obstructed AKI
refer urology.

Target time to relief
of obstruction 12 hours

after diagnosis,
immediate if infected.

Aviod further nephrotoxic
insults if possible
Stop ACE/ARB

If poisoning AKI
(e.g. lithium, ethylene

glycol) get specialist renal
and toxicology help

Stop NSAID
Bolus fluids (e.g. 250-500mls

balanced crystalloid) until
volume replete with regular

review of response.

Senior review if no
response 2 litres filling

Stop anithypertensives
if relative hypotension

Infection/sepsis screening
(history, examination,
cultures, CRP) and

antibiotics if suspected

If severe sepsis ‘sepsis six’
and antibiotics < 1 hour

Fig. 19.3 AKI Care Bundle provided by the London Acute Kidney Injury Network (www.londonaki.net) [23]
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management of volume replacement very chal-
lenging. Traditionally used measurements such 
as central venous pressure [36] and arterial lac-
tate [37] lack evidence to support their ability to 
predict response particularly in key clinical situa-
tions such as septic shock. Actual measurements 
of cardiac output do provide some information on 
global perfusion allowing fluid and other haemo-
dynamic interventions titrated against response. 
However, indiscriminate use of intravenous fluid 
to maximize cardiac output might not be benefi-
cial. In animal models, administration of intrave-
nous fluid may acutely improve systemic 
haemodynamics without improvement in renal 
oxygen delivery [38, 39]. However, while the 
physiological effects of fluid resuscitation are 
uncertain, one consequence is predictable: 
repeated volume challenges will inevitably lead 
to positive fluid balance [38, 40]. Invasive moni-
toring may, therefore, be required more to pre-
vent excessive fluid administration, than to ensure 
adequate resuscitation.

Some evidence for the effects of fluid resusci-
tation on kidney function is available from studies 
examining perioperative goal-directed therapy 
(GDT) for haemodynamic resuscitation in major 
surgery. In a meta-analysis [41] of studies, use of 
perioperative GDT was associated with a signifi-
cantly lower incidence of AKI; however, benefit 
was only apparent in those trials where goal- 
directed therapy did not result in greater quantity 
fluid administration. Furthermore, only studies 
incorporating inotropic drugs in GDT protocols 
were associated with a significantly less post- 
operative AKI.  These data suggest that while 
maintenance of cardiac output may be important 
in reducing incidence of AKI at a time of physio-
logical demand, if these strategies overall result in 
excessive fluid administration, this benefit is not 
present. In short, if some patients benefit from 
receiving extra fluids when indicated, others may 
also benefit by avoiding excess fluid which they 
do not require. Importantly, outside the setting of 
surgery, three recent multicentre randomized 
studies [42–44] did not demonstrate a survival 
benefit from goal-directed resuscitation in patients 

presenting with septic shock, and in these studies 
there was also no apparent benefit from GDT in 
the occurrence of severe AKI. These results sug-
gest that in a setting where kidney injury may 
have already occurred at presentation, the clinical 
course of AKI may not be readily modified and, 
consequently, that resuscitation strategies may 
need to focus most on avoidance of further harm.

Considerable evidence exists to associate fluid 
overload with adverse outcome in patients with 
AKI. Physiologically, fluid overload manifests as 
interstitial volume expansion and increased 
venous pressure. The kidney, as an encapsulated 
organ, is particularly vulnerable to raised intersti-
tial and venous pressures which will decrease 
renal blood flow and GFR [45]. At its most 
extreme, these effects mediate the well-described 
association between fluid overload, the develop-
ment of the abdominal compartment syndrome 
and the occurrence of AKI [46–48]. However, 
there is evidence that in less extreme situations 
both renal venous congestion and renal interstitial 
oedema can play an important role in the initia-
tion and maintenance of AKI, and fluid overload 
is likely to exacerbate these effects by increasing 
venous pressure and renal volume [49].

A number of studies have consistently demon-
strated an association between positive fluid bal-
ances and adverse outcomes in AKI [50–52]. 
While it is difficult to separate the indirect asso-
ciation of fluid overload as a marker of physio-
logical instability from any direct causative role 
with adverse renal and patient outcomes, fluid 
overload has remained independently associated 
with adverse outcomes in studies attempting to 
account for the confounding effects of illness 
severity and haemodynamic instability [53–57]. 
Fluid accumulation appears to be important both 
in determining both risk of AKI early after sur-
gery [58, 59] and risk of death in adults [57] and 
children [56, 60] requiring RRT, suggesting an 
important role at all stages of AKI.  Conversely 
there is a lack of evidence associating greater 
fluid administration with better outcomes in AKI 
despite the well-established belief that fluid ther-
apy benefits kidney function [61].
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When considering the role of fluid therapy in 
the management of AKI, it is important to address 
the composition as well as the quantity of fluid 
administered. Colloid solutions have long been 
advocated for resuscitation with the intention of 
providing greater magnitude and duration of 
plasma volume expansion, potentially limiting 
eventual fluid overload. However, modern com-
mercially available solutions are lost from the 
circulation within hours [62]. Thus, most fluids 
administered as iso-oncotic colloid in the ICU 
lead to clinically insignificant decreases in the 
total quantity of fluid administered [63–67]. 
Furthermore evidence now exists that hydroxy-
ethyl starch (HES) solutions have significant 
nephrotoxicity; meta-analyses examining 6%, 
130  kDa HES solutions for resuscitation of 
patients with sepsis [68], HES solutions in criti-
cally ill patients requiring volume resuscitation 
[69] and colloids versus crystalloids for fluid 
resuscitation in critically ill patients [70] have all 
concluded that HES solutions are associated with 
increased risk of AKI.  Thus, HES solutions 
should be avoided in all patients with or at risk of 
AKI as potential nephrotoxins with no clear clin-
ical benefit over crystalloids.

A further debate exists over the use of bal-
anced versus unbuffered crystalloid solutions and 
the risk of AKI. Multiple studies have shown that 
saline fluid resuscitation is associated with hyper-
chloraemia and metabolic acidosis [71]. In obser-
vational and interventional studies, the use of 
balanced solutions in surgery and in the ICU has 
been associated with decreased need for RRT or 
incidence of AKI [72, 73]. A reduction in renal 
blood flow associated with hyperchloraemia pro-
vides a physiological rationale for these associa-
tions [74–76]. However a recent cluster 
randomized study [77] failed to demonstrate 
reduction in need for RRT in critically ill patients 
treated with balanced solutions compared with 
saline, although overall volumes infused were 
small. Thus initial resuscitation in patients with 
or at risk of AKI could be with crystalloid of any 
composition, but if there is a rational need for 
ongoing fluid therapy, then use of a balanced 
solution to avoid the potential adverse effects of 
hyperchloraemic acidosis can be justified.

Overall fluid management in AKI involves a 
complex balance between treatment of true hypo-
volaemia and avoidance of the adverse effects of 
fluid overload. However, all too often clinical 
management emphasizes the avoidance of any 
chance of hypovolaemia without consideration of 
the very major adverse effect of fluid loading and 
the physiological rationale of the therapy. To 
combat these thought processes, a strategy for 
fluid management after the initial first few hours 
of treatment has been suggested [49] (Fig. 19.4). 
This approach emphasizes that only patients with 
ongoing evidence of hypoperfusion might require 
ongoing resuscitation and that demonstration of 
an inadequate cardiac output that is reversible by 
fluid therapy is then also required to justify ongo-
ing volume expansion. Furthermore, given the 
propensity of critically ill and AKI patients to 
develop fluid overload when an active require-
ment for fluid therapy is not present, attention 
should then shift to the recognition and manage-
ment of fluid accumulation as a vital part of the 
prevention of the adverse effects of fluid overload 
on organ systems including the kidney.

19.6.2  Vasopressor Therapy in AKI

While vasoconstrictors were regarded as poten-
tially harmful when AKI was considered a pre-
dominantly ischemia phenomena, most available 
evidence now favours moderate vasopressor use 
in vasodilatory shock. Use of norepinephrine has 
been shown to improve kidney function in exper-
imental septic AKI [78, 79] and to restore urine 
output in clinical septic shock [80]. Increasing 
mean arterial pressure up to 75 mmHg has been 
shown to increase renal oxygen delivery and 
GFR during AKI in adults [81], and a persistently 
lower blood pressure has been associated with 
persistence or worsening of AKI in the context of 
sepsis [82]. Consideration should be given to a 
patient’s baseline blood pressure when selecting 
blood pressure targets as relative hypotension has 
been associated with development of AKI in hos-
pital [83]. Similarly, in a small study of patients 
with septic shock admitted to the ICU, it was not 
the achieved blood pressure that predicted the 
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development or worsening of AKI, but the mag-
nitude of the difference between baseline and 
achieved blood pressure and time spent with an 
achieved blood pressure more than >20% below 

baseline [84]. These findings have been borne out 
in a large multicentre study examining 
 vasopressor targets in septic shock where a higher 
blood pressure target of 75–80  mmHg did not 

Critically ill patients after immediate resuscitation or perioperative period

Ongoing haemodynamic monitoring

Evidence of inadequate cardiac out put?*

Yes

Measure
cardiac
ortput?*

Consider
inotropes

Assess for fuid
over load*

Set negative
fuid balance

targetıı

AKI-2/3? Consider
RRT

Assess for
hypovolaemia?*

Give fuid
bolus

Yes

Yes

Yes

Yes

Yes

Yes

No

Aclequate

inadequate
Assess expected
fuid inputs and

insensible losses?*

Set fuid balance
target to maintain
even fuid balance

Fluid
balance

achieved?

Fluid
balance

achieved?

Limit fuid
intake

Diuretics

Extra-corporeal
fuid removal

Consider
UF or RRT

Revise
fuid balance

target

Ongoing haemodynamic monitoring

No

No

No No No

No

No

Fig. 19.4 Fluid and haemodynamic management after the 
initial phase of critical illness. Throughout this pathway a 
clinically appropriate arterial blood pressure is targeted 
using vasopressors, if required. In addition to fluid over-
load, in AKI, RRT may be required for other indications 
including hyperkalaemia, acidaemia or severe uraemia. 
Reproduced with permission from: Prowle JR, Kirwan CJ, 
Bellomo R.  Fluid management for the prevention and 
attenuation of acute kidney injury. Nat Rev Nephrol. 2014 
[49]. *Increased vasopressor requirement, new or worsen-
ing organ dysfunction, tachycardia, lactic acidosis or clini-
cal examination. ‡Measure cardiac index, stroke volume, 
ejection volume, oxygen delivery or venous saturation of 
oxygen. Ensure oxygen delivery is adequate to clinical 
need. §Clinical examination, serial weights, cumulative 

fluid balance, chest X-ray or ventilation parameters. Lung 
ultrasound, echocardiography, abdominal pressure mea-
surements and bioimpedance analysis may provide added 
information. ||Based on relative fluid overload, haemody-
namic stability and expected speed of vascular refilling. 
¶Maintenance intravenous fluid is rarely needed where no 
large ongoing fluid losses are present and feeding estab-
lished. Replacement should be titrated to volume and 
expected composition of fluid losses. #Interpretation of 
stroke volume, pulse pressure, corrected aortic systolic 
flow time, intrathoracic blood volume index, low central 
venous or pulmonary artery pressure, echocardiography or 
fluid responsiveness to passive leg raises or fluid chal-
lenges. Abbreviations: AKI acute kidney injury, RRT renal 
replacement therapy, UF ultrafiltration
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increase survival compared to a lower target of 
65–70  mmHg, but was associated with a lower 
need for RRT in a predefined group with chronic 
hypertension [85]. Thus, early consideration 
should be given to use of vasopressors in AKI 
patients with persistent hypotension unrespon-
sive to initial fluid resuscitation as such an 
approach may both protect kidney function and 
prevent unnecessary fluid administration. 
However, blood pressure targets may need to be 
tailored to the clinical context. In patients with 
chronic hypertension and early AKI, higher tar-
gets may be justified. However, in sicker patients 
requiring high-dose vasopressors, haemody-
namic management should be aimed at maintain-
ing adequate vital organ perfusion with the least 
harm to the patient as we know higher targets 
aren’t associated with better overall survival and 
RRT likely to be inevitably required if oliguria 
arises.

19.6.3  Specific Vasoactive Drugs 
for AKI

A wide variety of specific pharmacological inter-
ventions for the treatment of AKI have been pro-
posed and shown benefit in animal models or 
uncontrolled case series; however none has 
established benefit in large prospective clinical 
studies and entered established clinical practice 
[86]. Particular focus has been placed on vasoac-
tive medication that might preferentially benefit 
renal perfusion. Historically low-dose dopamine 
was commonly administered to critically ill 
patients in the belief that it reduces the risk of 
kidney failure by increasing kidney blood flow 
via dopamine-1 receptor agonism; however in a 
landmark placebo-controlled study published in 
2000, Bellomo et al. demonstrated no improve-
ment in serum creatinine or need for RRT in criti-
cally ill patients randomized to so-called 
renal-dose dopamine—effectively removing this 
treatment from the management of AKI [87]. 
Given our current understanding that global isch-
aemia is unlikely to be a major factor in the 
pathogenesis of most cases of AKI, the failure of 
this strategy is unsurprising. Nevertheless, con-

siderable interest has persisted in the use of 
fenoldopam, a selective D1 agonist that may also 
have anti-inflammatory properties, in the preven-
tion or treatment of AKI in high-risk settings—
with suggestion of preventative benefit in small 
studies [88]. However, a recent multicentre ran-
domized controlled study demonstrated no bene-
fit from fenoldopam in prevention of AKI 
progression or need for RRT in patients with 
early AKI after cardiac surgery [89]. In contrast 
to the failure of vasodilators, it has been sug-
gested that the vasopressor, vasopressin, might 
have some beneficial effect over noradrenaline in 
early septic AKI perhaps by better preserving 
intra-glomerular pressure in septic shock [90]; 
however results of a multicentre randomized 
 controlled study [91] examining the early use of 
vasopressin in septic shock targeting a kidney 
endpoint have now been presented with a  negative 
result at the primary endpoint. Finally prelimi-
nary studies with levosimendan, a calcium- 
sensitizing inodilator, have suggested possible 
beneficial effects on kidney function after major 
surgery [92] and in septic shock [93]. This effect 
has some physiological rationale as levosimen-
dan may improve renal perfusion both by aug-
menting cardiac output and also by venodilation 
reducing renal congestion and improving micro-
vascular flow. Another multicentre randomized 
controlled study [94] is nearing completion 
examining the use of levosimendan in septic 
shock including detailed reporting of kidney out-
comes, but as yet confirmation of benefit in AKI 
is lacking. Thus, while considerable research is 
ongoing, currently there is no evidence from 
high-quality prospective studies that any specific 
vasoactive drugs are better able to modify the 
course of AKI than standard care using conven-
tional vasopressors such as noradrenaline.

19.7  Non-dialytic Management 
of More Severe AKI

While much of the non-dialytic management of 
AKI relates to the diagnosis and prevention of 
general clinical deterioration, instances arise 
when the medical management of the metabolic 
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complications of advanced acute kidney failure is 
desirable. In the main these approaches are a 
bridging therapy to the safe initiation of renal 
replacement therapy rather than definitive 
 treatment. Complications of advanced AKI can 
be broadly classified according to the functions 
of the kidney; notably accumulation of nitroge-
nous end products of metabolism through dimin-
ished GFR occurs progressively as kidney 
function deteriorates so that while common in 
advanced CKD patients nearing need for dialysis, 
they are uncommon in acutely unwell AKI 
patients. Conversely severe electrolyte and acid-
base abnormalities occur relatively late in the 
progression of CKD, but may be prominent in 
rapidly progressive cases of AKI where kidney 
function has effectively ceased at the same time 
as shock, neurohormonal responses, medical 
therapy and tissue injury are contributing to 
abnormalities in metabolites normally regulated 
by the kidney. As a consequence, the most com-
mon life- threatening complications of AKI are 
hyperkalaemia, metabolic acidosis and fluid 
overload often exacerbated by co-existing condi-
tions such as tissue injury, lactic acidosis and 
high-volume fluid resuscitation. Conversely con-
ditions like hypertension, uraemia, anorexia, 
renal bone disease and anaemia that are of key 
importance in the pre-dialysis management of 
CKD are rarely clinically important in acute AKI 
management.

19.7.1  Management of Fluid 
Overload

Recognition of refractory oligoanuria and the 
limitation of fluid loading has an essential role in 
preventing the adverse effects of severe fluid 
overload in developing AKI.  The schema out-
lined in Fig. 19.4 suggests an active approach to 
both the prevention and management of fluid 
overload in AKI patients. Within this approach 
any role of diuretics is as a method of manipulat-
ing fluid balance and not as a treatment of AKI as 
such [95]. Diuretics are of no proven benefit in 
altering the course of AKI [96] and may delay 
definitive treatment [97]; conversely benefit may 

accrue when diuretics are used to treat fluid over-
load in patients with AKI diagnoses [55]. Thus 
any use of diuretics to treat fluid overload must 
be appropriately indicated for fluid overload and 
continuously re-evaluated for effectiveness of 
treatment and need to transit to RRT. Recently it 
has been suggested that a standardized test dose 
of loop diuretic (80–120 mg of furosemide) in a 
so-called furosemide stress test might demon-
strate renal excretory capacity and thus underly-
ing severity of AKI or need for RRT in AKI 
patients [98]. Clinically this test has shown better 
predictive ability for RRT worsening of AKI and 
death than a number of novel AKI biomarkers 
[99]. While the furosemide stress test is a prog-
nostic test rather than a treatment as patients were 
kept fluid neutral during the assessment, these 
findings do at least suggest that if there is an inad-
equate initial response to diuretic treatment in 
AKI, continued treatment is likely to be unsuc-
cessful and recourse to RRT should be 
considered.

19.7.2  Metabolic Acidosis

The function of the kidney in acid-base regulation 
is to excrete organic acids and ammonium ions 
thus generating excess bicarbonate allowing the 
respiratory pH buffer to maintain blood pH around 
7.4 rather than at the natural pKa of dissolved car-
bon dioxide which is 6.1. Thus loss of kidney 
function leads to depletion of bicarbonate reserves 
and progressive metabolic acidosis which is par-
tially hypochloraemic (through failure to excrete 
ammonium chloride) and partially associated 
with accumulation of unmeasured (renally 
excreted) strong anions. In addition, during criti-
cal illness uremic acidosis is often exacerbated by 
co-existent lactic or respiratory acidosis. While 
moderate acidosis may be well tolerated, sus-
tained low pH below 7.25 becomes progressively 
life-threatening. Non-renal contributions to acido-
sis should be targeted and treated if possible as 
renal replacement therapy does not treat any 
underlying cause of other causes of acidosis. RRT 
replaces kidney function by donating bicarbonate 
while removing acid anions including chloride. 
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However, in extremis sodium bicarbonate can be 
used to similarly compensate for the lost kidney 
function allowing clinical stabilization until RRT 
is available. While formulae for estimation of 
bicarbonate deficit are available, a better approach 
is to judiciously titrate bicarbonate dosing to 
achieve the minimum acceptable pH.  Concerns 
regarding use of bicarbonate include the develop-
ment of fluid overload and hypernatraemia. In 
addition, theoretical concerns regarding the devel-
opment of hypercapnia and cellular acidosis are 
often raised; in fact the additional carbon dioxide 
generated in the treatment of metabolic acidosis is 
a relatively small fraction of the overall CO2 gen-
eration, so as long as some ventilation is occur-
ring, the excess CO2 generated is extremely 
rapidly excreted in the lungs [100], so that in 
physiological conditions significant intracellular 
acidification does not occur [101].

19.7.3  Hyperkalaemia

Severe hyperkalaemia complicating AKI is often 
of mixed aetiology resulting from not only 
marked reduction in potassium excretion by the 
kidneys but also release of potassium from 
injured tissues with reperfusion and release from 
the intracellular compartment with metabolic aci-
dosis particularly ketoacidosis. While there is no 
standard definition of hyperkalaemia, develop-
ment of ECG abnormalities and risk of life- 
threatening arrhythmias increase progressively 
with serum levels >6.5 mmol/L. There are few if 
any randomized trials to guide clinicians in the 
medical management of acute severe hyperkalae-
mia, and expert consensus continues to drive 
treatment recommendations [102]. A step-wise 
approach involving administration of intravenous 
calcium to aid cardiac membrane stability in 
patients with ECG changes, followed by strate-
gies to shift potassium into cells, is key to the 
emergency management—the intention being to 
allow time to institute definitive treatment by 
either addressing a reversible cause or providing 
potassium removal through RRT.  Classically 
attempts to lower serum potassium by cellular 
uptake use a combination of concentrated dex-

trose and insulin, possibly aided by high-dose 
salbutamol nebulizers. Evidence suggests that 
while salbutamol alone is of limited efficacy, the 
combination of salbutamol with insulin-glucose 
is more effective than either treatment alone [103, 
104]. Conversely limited evidence available in 
the chronic haemodialysis population suggests 
sodium bicarbonate fails to acutely lower potas-
sium in comparison to other potassium-lowering 
regimens [105, 106]. As an adjunct to treatment, 
in moderate or chronic hyperkalaemia, enteral 
potassium-binding resins (sodium polystyrene 
sulphonate or calcium resonium) are commonly 
employed; however these are considered to be 
slow and unreliable to be useful in the emergency 
treatment of life-threatening hyperkalaemia 
[102] where emergency medical management is a 
bridge to definitive treatment with RRT. Recently 
two novel potassium-binding agents, patiromer 
and zirconium cyclosilicate, have been developed 
that may be effective for the management of 
mild-moderate hyperkalaemia over a relatively 
shorter period of time [107]; these may eventu-
ally replace current potassium binder in the man-
agement of chronic or subacute hyperkalaemia; 
however it seems unlikely that their introduction 
will alter the acute management of severe hyper-
kalaemia complicating AKI where the focus will 
remain on stabilization prior to RRT.

19.8  Long-Term Follow-Up  
After AKI

As well as the acute association with risk of 
death, AKI is now recognized as a major risk fac-
tor for the development and progression of CKD 
[108–110], even if apparent recovery to baseline 
function occurs [111, 112]. This has significant 
health implications beyond potential need for 
long-term renal replacement therapy; AKI and 
the subsequent development of CKD have been 
associated with increased risk of death and car-
diovascular morbidity [113, 114].

Targeted follow-up for AKI survivors could 
modify long-term outcomes [115]. A recent UK 
health economic analysis has suggested that 
 post- discharge healthcare costs attributable to 
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 inpatient AKI would be £179 million per year, 
primarily arising from the development of CKD 
[1]. Despite potential gains rates of systematic 
renal follow-up after severe AKI remain very low 
[116, 117], while it is difficult to predict, at the 
time of hospital discharge, whether kidney func-
tion will subsequently improve, stabilize or 
worsen. Consequently, some form of systematic 
approach to follow-up (Fig. 19.5) of patients who 
experienced significant AKI is a crucial accom-
paniment to the management of both RRT- 
requiring and non-RRT-requiring AKI to sustain 
good outcomes in the longer term.
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criteria) while in hospital. Reproduced with permission 
from: Kirwan CJ et  al. Critically Ill Patients Requiring 
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Diuretics in Acute Kidney Injury
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20.1  Introduction

Despite recent advances, the incidence of acute 
kidney injury (AKI) has continued to increase, 
and outcomes from AKI remain poor [1, 2]. 
Oliguria has been one of the most consistently 
reported risk factors for poor prognosis in AKI, 
and the presence of oliguria has implications for 
fluid management in patients with AKI [3]. Thus, 
it is not at all surprising that diuretic use is a com-
mon practice in the setting of AKI especially as 
clinicians attempt to alter an oligoanuric AKI to a 
non-oligoanuric AKI [4]. What is surprising is 
that little evidence is available especially from 
rigorous randomized controlled trials to support 
or oppose this common clinical practice [5, 6]. 
Different diuretic (loop diuretics, thiazide diuret-
ics, and osmotic diuretics) and natriuretic agents 
have been investigated to prevent and treat 
AKI. In this chapter, we will review the literature 
for diuretic and natriuretic agents in AKI man-
agement and discuss related mechanisms, experi-
mental evidence, epidemiology, and randomized 

controlled trials. Implications for clinical  practice 
of AKI management are discussed.

20.2  Mechanisms of Action 
and Experimental Evidence 
for Diuretic and Natriuretic 
Agents in AKI

Table 20.1 summarizes the pharmacological 
characteristics of commonly used diuretics rele-
vant to AKI management.

20.2.1  Loop Diuretics

The principal mechanism of loop diuretic agents 
involves the Na-K-2Cl transporter blockade on 
the luminal side of the thick ascending limb of 
the loop of Henle [7]. Reducing oxygen con-
sumption by interfering with active sodium trans-
port is clearly an appealing therapeutic target in 
AKI, and experimental evidence has shown that 
loop diuretics increase renal blood flow, increase 
renal tissue oxygenation, prevent tubular obstruc-
tion by flushing tubular debris, and improve glo-
merular filtration rate [8]. However, effects of 
loop diuretics on renal blood flow have been 
inconsistent in experimental studies [5, 9–11].

Loop diuretics are minimally filtered at the 
glomerular as they are highly protein bound; 
however, active secretion facilitated by organic 
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acid transporters in proximal renal tubule enables 
them to reach their sites of action in the loop of 
Henle. This tubular secretion of loop diuretics is 
reduced in the setting of hypoalbuminemia and 
use of other highly protein-bound drugs (e.g., 
warfarin). Elimination half-life and bioavailabil-
ity for loop diuretics varies significantly and 
should be taken into account for dosing decisions 
(elimination half-life: 1 h for bumetanide, 1.5–2 h 
for furosemide, and 3–4 h for torsemide; oral bio-
availability 50% for furosemide and 80–100% 
for bumetanide and torsemide) [12, 13]. The dose 
of loop diuretic needed to achieve an effective 
diuresis is frequently higher in patients with AKI 
because of reduced renal blood flow, which slows 
the delivery of loop diuretics into the loop of 
Henle [14], and inhibition of tubular secretion by 
metabolic acidosis and by accumulated organic 
acids in AKI [12]. Elevated circulating vasopres-
sin levels observed in congestive heart failure 
augment the expression of the Na-K-2Cl 

t ransporter, whereas medications such as nonste-
roidal anti-inflammatory agents interfere with 
prostaglandin synthesis and lead to decreased 
expression of the Na-K-2Cl transporter [7, 13].

The only way to increase response to a loop 
diuretic agent once the maximally effective dose 
and frequency are administered is to concomi-
tantly administer agents that act at other nephron 
sites such as thiazide diuretics. However, such 
combination therapy may lead to adverse effects 
such as hypotension and hypokalemia, and clini-
cal vigilance is needed.

The pharmacological properties of furosemide 
described above have also been a focus of recent 
work dedicated to developing a furosemide stress 
test where a one-time dose of furosemide 1.0 or 
1.5 mg/kg has been shown to predict the severity 
of AKI and may also improve the risk stratifica-
tion provided by novel biomarkers [15–17]. 
These findings await further validation in larger 
studies.

Table 20.1 Properties of diuretic agents

Diuretic agent
Primary site of 
action Onset of action

Duration of 
action

Protein 
binding

Elimination 
half-life

Oral 
bioavailability

Furosemide Loop of Henle Oral, 
30–60 min; 
intravenous, 
5 min

Oral, 6–8 h; 
intravenous, 
2 h

>90% 0.5–9 h 
depending 
on renal 
function

~50%

Bumetanide Loop of Henle Oral, 
30–60 min; 
intravenous, 
2 min

Oral, 4–6 h; 
intravenous, 
2 h

>90% 1–1.5 h ~80%

Torsemide Loop of Henle Oral: 
30–60 min

Oral: 6–8 h >90% 3.5 h; 
prolonged 
in patients 
with liver 
disease

~80%

Ethacrynic acid Loop of Henle Oral, 30 min; 
intravenous, 
5 min

Oral, 12 h; 
intravenous, 
2 h

>90% 3–4 h ~100%

Chlorothiazide Distal tubule Oral, 120 min; 
intravenous, 
15 min

Oral, 
6–12 h; 
intravenous, 
2 h

~40% 1–3 h <50%

Hydrochlorothiazide Distal tubule Oral: 120 min Oral: 6–12 h ~60% 6–15 h ~65%
Chlorthalidone Distal tubule Oral: 

120–360 min
Oral: 
24–72 h

~75% 40–60 h ~65%

Mannitol Proximal tubule 
and loop of 
Henle

Intravenous: 
60–180 min

Intravenous: 
2–6 h

None 5 h NA
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20.2.2  Thiazide Diuretics

Thiazide diuretics interfere with sodium reabsorp-
tion by inhibiting sodium–chloride symporter in the 
distal convoluted tubule [13, 18]. The effectiveness 
of thiazide diuretics is significantly reduced once 
the glomerular filtration rate is <30 mL/min; how-
ever, these agents can be useful when used in com-
bination with loop diuretics in the setting of AKI.

20.2.3  Mannitol

Mannitol is an osmotic diuretic that exerts its 
effects at the proximal tubule and loop of Henle 
[19]. In animal models of ischemic AKI, mannitol 
has been demonstrated to attenuate the reduction 
in glomerular filtration rate by acting as a free radi-
cal scavenger and inhibiting renin release [20, 21].

20.2.4  Natriuretic Peptides

Agents such as atrial natriuretic peptide, brain 
natriuretic peptide, and urodilatin have diuretic 
and natriuretic properties in addition to the poten-
tial actions of vasodilatation and angiotensin 
inhibition [22, 23].

20.3  Clinical Evidence for Diuretic 
and Natriuretic Agents in AKI 
Observational Studies

There is abundant data from observational studies 
and survey studies that highlights the high preva-
lence of diuretic use in patients with AKI. However, 
results in terms of efficacy of diuretics in treatment 
of AKI are disappointing. Summarized below are 
the key findings from three such studies:

20.3.1  PICARD Study [4]

• A cohort study of severe AKI in critically ill 
patients (n = 552).

• Diuretics used in ~60% of the patients at the 
time of nephrology consultation.

• Additional 12% patients were prescribed 
diuretics after nephrology consultation [19].

• Combination diuretics (loop and thiazide 
diuretics together) used in approximately 1/3 
of patients.

• The median (with 10–90% range) doses of 
furosemide, bumetanide, and metolazone 
were 80 (20–320), 10 (2–29), and 10 
(5–20) mg/day, respectively.

• Older patients and those with presumed neph-
rotoxic AKI origin, a lower BUN level, acute 
respiratory failure, and history of congestive 
heart failure were more likely to receive 
diuretic therapy.

• A propensity score-adjusted analysis in this 
population demonstrated that diuretic use was 
significantly associated with in-hospital mortal-
ity or non-recovery of renal function (odds ratio, 
1.77; 95% confidence interval, 1.14–2.76).

20.3.2  BEST Kidney Study [24]

• Multicenter, multination (54 centers, 23 coun-
tries) cohort of 1713 critically ill patients with 
AKI.

• Seventy percent received diuretic agents at the 
time of study enrollment; however, <10% 
received combination diuretic therapy.

• Diuretic use in a multivariable analysis was not 
associated with increased mortality (odds ratio, 
1.22; 95% confidence interval, 0.92–1.66).

20.3.3  Survey of Intensivists 
in Australia and New Zealand 
[25]

• One hundred and forty-six intensivists partici-
pated in this study.

• The most likely initial loop diuretic dose 
reported in this survey was intravenous furo-
semide 40 mg.

• Key indications for loop diuretic therapy were 
positive fluid balance, acute pulmonary 
edema, and acute lung injury (ALI).

• Elevated central venous pressure and AKI were 
not key indications for loop diuretic therapy.

20 Diuretics in Acute Kidney Injury
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20.3.4  Mannitol

In a retrospective study of critically ill patients 
with rhabdomyolysis, mannitol administration 
was not associated with improvement in clinical 
outcomes such as the incidence of AKI, need for 
renal replacement therapy, or mortality [21]. 
There are also reports that indicate potential harm 
from mannitol therapy in AKI [26, 27].

20.4  Randomized Controlled 
Trials

The role of loop diuretics in the prevention and 
treatment of AKI has been a focus of multiple 
randomized clinical trials [28–37]. Investigators 
have focused on a variety of clinical settings 

including cardiovascular surgery and radiocon-
trast nephropathy using a wide array of doses of 
loop diuretics (furosemide infusion rates from 1 
to 20 mg/h, bolus dose 1–3 mg/kg in the preven-
tion studies, and daily furosemide 600–3400 mg 
in the treatment trials). There is no trial to date 
that has specifically compared combination 
diuretic therapy (loop and thiazide) to loop 
diuretic alone in the prevention or treatment of 
AKI. Overall, these studies show that loop diuret-
ics increase the urine output, as expected, but do 
not conclusively show any significant improve-
ments in clinical outcomes such as mortality or 
renal recovery. Most of these studies were inad-
equately powered, however, to examine clinical 
outcomes.

Table 20.2 provides a summary of meta-anal-
yses that included randomized clinical trials 
designed to address the effects of diuretic agents 

Table 20.2 Recent meta-analyses of randomized controlled trials examining the efficacy of diuretic and natriuretic 
agents in the prevention and treatment of AKI

Study Study objectives
Number of 
RCTs/patients Key results

Ho et al. 
[39]

–  To address the potential 
beneficial and adverse effects of 
furosemide to prevent or treat 
AKI in adults

–  RCTs: 9
–  Patients: 849

–  No improvement in in-hospital mortality 
(relative risk 1.11, 95% confidence 
interval 0.92–1.33) or risk for requiring 
renal replacement therapy (relative risk 
0.99, 95% confidence interval 0.80–1.22)

–  Increased risk of temporary deafness and 
tinnitus in patients treated with high 
doses of furosemide

Bagshaw 
et al. [38]

–  To address the potential 
beneficial and adverse effects of 
loop diuretics to prevent or treat 
AKI in adults

–  RCTs: 5
–  Patients: 555

–  No improvement in mortality (odds ratio 
1.28, 95% confidence interval 0.89–1.84) 
or renal recovery (odds ratio 0.88, 95% 
confidence interval 0.59–1.31)

–  Deafness and tinnitus were the most 
commonly reported adverse events

Gu et al. 
[40]

–  To address the effect of 
additional furosemide treatment 
beyond saline hydration on 
contrast nephropathy post 
radiologic procedures

–  RCTs: 5
–  Patients: 1330

–  No reduction in the incidence of 
contrast-induced nephropathy (relative 
risk 1.18, 95% confidence interval 
0.50–2.78)

–  No reduction in the incidence of renal 
replacement therapy (relative risk 1.03, 
95% confidence interval 0.41–2.57)

Yang et al. 
[40]

–  To address the potential 
beneficial and adverse effects of 
mannitol to prevent AKI in 
adults

–  RCTs: 9
–  Patients: 626

–  No reduction in AKI or renal replacement 
therapy requirement in nonrenal 
transplant population (relative risk 0.29, 
95% confidence interval 0.01–6.60)

–  Possible reduction in AKI or renal 
replacement therapy requirement in renal 
transplant population (relative risk 0.34, 
95% confidence interval 0.21–0.57)
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in the treatment and prevention of AKI [38–41]. 
Despite pooling data from multiple small studies, 
these analyses concluded that there are no benefi-
cial effects of loop diuretics or mannitol in terms 
of preventing or treating AKI and no improve-
ment in clinical outcomes such as requirement of 
renal replacement therapy or mortality. This is in 
contrast to some meta-analyses of randomized 
trials of natriuretic peptides [42–45].

20.5  Clinical Implications

Loop diuretics should be used for the manage-
ment of volume overload in AKI, but there is 
no clear evidence that loop diuretics enhance 
renal recovery or prevent the development of 
AKI.  However, loop diuretics may be used as 
a test of likelihood of renal recovery (“furose-
mide stress test”). Thiazide diuretics augment 
the efficacy of loop diuretics, but again current 
available data do not support their specific thera-
peutic or prevention role in the management of 

AKI. Similarly, data on mannitol are limited and 
not convincing. Natriuretic properties may have 
some role in the prevention and treatment of AKI, 
but further confirmation is needed in larger clini-
cal trials.

References

 1. Wang HE, Muntner P, Chertow GM, Warnock 
DG. Acute kidney injury and mortality in hospitalized 
patients. Am J Nephrol. 2012;35:349–55.

 2. Okusa MD, Molitoris BA, Palevsky PM, Chinchilli 
VM, Liu KD, Cheung AK, Weisbord SD, Faubel S, 
Kellum JA, Wald R, Chertow GM, Levin A, Waikar 
SS, Murray PT, Parikh CR, Shaw AD, Go AS, Chawla 
LS, Kaufman JS, Devarajan P, Toto RM, Hsu CY, 
Greene TH, Mehta RL, Stokes JB, Thompson AM, 
Thompson BT, Westenfelder CS, Tumlin JA, Warnock 
DG, Shah SV, Xie Y, Duggan EG, Kimmel PL, Star 
RA. Design of clinical trials in acute kidney injury: a 
report from an NIDDK Workshop—prevention trials. 
Clin J Am Soc Nephrol. 2012;7(5):851.

 3. Bagshaw SM, Bellomo R, Kellum JA. Oliguria, vol-
ume overload, and loop diuretics. Crit Care Med. 
2008;36:S172–8.

Study Study objectives
Number of 
RCTs/patients Key results

Nigwekar 
et al. [45]

–  To address the potential 
beneficial and adverse effects of 
natriuretic peptides in 
management of solid transplant 
organ-associated AKI in adults

–  RCTs: 7
–  Patients: 238

–  Reduction in AKI requiring dialysis (odds 
ratio 0.50, 95% confidence interval 
0.26–0.97)

–  No adverse events noted

Nigwekar 
et al. [43, 44]

–  To address the potential 
beneficial and adverse effects of 
atrial natriuretic peptide to 
prevent or treat AKI in adults

–  RCTs: 19
–  Patients: 1861

–  Low (but not high) dose atrial natriuretic 
peptide associated with a reduced need 
for renal replacement therapy in the 
prevention studies (relative risk 0.32, 
95% confidence interval 0.14–0.71) but 
no difference in mortality

–  For established AKI, low (but not high) 
dose atrial natriuretic peptide was 
associated with a reduction in the need 
for renal replacement therapy (relative 
risk 0.54, 95% confidence interval 
0.30–0.98) but no difference in mortality

–  High dose atrial natriuretic peptide 
associated with more adverse events 
(hypotension, arrhythmias)

Nigwekar 
et al. [42]

–  To address the potential 
beneficial and adverse effects of 
natriuretic peptides in the 
management of cardiovascular 
surgery-associated AKI in adults

–  RCTs: 13
–  Patients: 934

–  Reduction in AKI requiring renal 
replacement therapy (odds ratio 0.32, 
95% confidence interval 0.15–0.66) but 
no reduction in mortality

Table 20.2 (continued)

20 Diuretics in Acute Kidney Injury



314

 4. Mehta RL, Pascual MT, Soroko S, Chertow GM, 
PICARD Study Group. Diuretics, mortality, and 
nonrecovery of renal function in acute renal failure. 
JAMA. 2002;288:2547–53.

 5. Nigwekar SU, Waikar SS. Diuretics in acute kidney 
injury. Semin Nephrol. 2011;31:523–34.

 6. Bagshaw SM, Delaney A, Jones D, Ronco C, Bellomo 
R.  Diuretics in the management of acute kidney 
injury: a multinational survey. Contrib Nephrol. 
2007;156:236–49.

 7. Shankar SS, Brater DC.  Loop diuretics: from the 
Na-K-2Cl transporter to clinical use. Am J Physiol 
Renal Physiol. 2003;284:F11–21.

 8. Bayati A, Nygren K, Kallskog O, Wolgast M.  The 
effect of loop diuretics on the long-term outcome 
of post-Ischaemic acute renal failure in the rat. Acta 
Physiol Scand. 1990;139:271–9.

 9. Tenstad O, Williamson HE. Effect of furosemide on 
local and zonal glomerular filtration rate in the rat kid-
ney. Acta Physiol Scand. 1995;155:99–107.

 10. Bak M, Shalmi M, Petersen JS, Poulsen LB, 
Christensen S.  Effects of angiotensin-converting 
enzyme inhibition on renal adaptations to acute furo-
semide administration in conscious rats. J Pharmacol 
Exp Ther. 1993;266:33–40.

 11. De Torrente A, Miller PD, Cronin RE, Paulsin PE, 
Erickson AL, Schrier RW. Effects of furosemide and 
acetylcholine in norepinephrine-induced acute renal 
failure. Am J Phys. 1978;235:F131–6.

 12. Brater DC.  Resistance to diuretics: emphasis on a 
pharmacological perspective. Drugs. 1981;22:477–94.

 13. Brater DC.  Diuretic therapy. N Engl J Med. 
1998;339:387–95.

 14. Wang DJ, Gottlieb SS. Diuretics: still the mainstay of 
treatment. Crit Care Med. 2008;36:S89–94.

 15. Chawla LS, Davison DL, Brasha-Mitchell E, Koyner 
JL, Arthur JM, Shaw AD, Tumlin JA, Trevino SA, 
Kimmel PL, Seneff MG. Development and standard-
ization of a furosemide stress test to predict the sever-
ity of acute kidney injury. Crit Care. 2013;17:R207.

 16. Chawla LS. The furosemide stress test to predict renal 
function after continuous renal replacement therapy. 
Authors’ response. Crit Care. 2014;18:429.

 17. Koyner JL, Davison DL, Brasha-Mitchell E, 
Chalikonda DM, Arthur JM, Shaw AD, Tumlin JA, 
Trevino SA, Bennett MR, Kimmel PL, Seneff MG, 
Chawla LS.  Furosemide stress test and biomarkers 
for the prediction of AKI severity. J Am Soc Nephrol. 
2015;26:2023–31.

 18. Paton RR, Kane RE. Long-term diuretic therapy with 
metolazone of renal failure and the nephrotic syn-
drome. J Clin Pharmacol. 1977;17:243–51.

 19. Bosch X, Poch E, Grau JM.  Rhabdomyolysis and 
acute kidney injury. N Engl J Med. 2009;361:62–72.

 20. Higa EM, Dib SA, Martins JR, Campos L, Homsi 
E. Acute renal failure due to rhabdomyolysis in dia-
betic patients. Ren Fail. 1997;19:289–93.

 21. Homsi E, Barreiro MF, Orlando JM, Higa 
EM. Prophylaxis of acute renal failure in patients with 
rhabdomyolysis. Ren Fail. 1997;19:283–8.

 22. Allgren RL, Marbury TC, Rahman SN, Weisberg LS, 
Fenves AZ, Lafayette RA, Sweet RM, Genter FC, 
Kurnik BR, Conger JD, Sayegh MH. Anaritide in acute 
tubular necrosis. Auriculin Anaritide Acute Renal 
Failure Study Group. N Engl J Med. 1997;336:828–34.

 23. Weisberg LS, Allgren RL, Genter FC, Kurnik 
BR. Cause of acute tubular necrosis affects its prog-
nosis. The Auriculin Anaritide Acute Renal Failure 
Study Group. Arch Intern Med. 1997;157:1833–8.

 24. Uchino S, Doig GS, Bellomo R, Morimatsu H, 
Morgera S, Schetz M, Tan I, Bouman C, Nacedo 
E, Gibney N, Tolwani A, Ronco C, Kellum 
JA. Beginning, ending supportive therapy for the kid-
ney I: diuretics and mortality in acute renal failure. 
Crit Care Med. 2004;32:1669–77.

 25. Jones SL, Martensson J, Glassford NJ, Eastwood GM, 
Bellomo R. Loop diuretic therapy in the critically ill: 
a survey. Crit Care Resusc. 2015;17:223–6.

 26. Dorman HR, Sondheimer JH, Cadnapaphornchai 
P.  Mannitol-induced acute renal failure. Medicine 
(Baltimore). 1990;69:153–9.

 27. Fang L, You H, Chen B, Xu Z, Gao L, Liu J, Xie Q, 
Zhou Y, Gu Y, Lin S, Ding F. Mannitol is an indepen-
dent risk factor of acute kidney injury after cerebral 
trauma: a case-control study. Ren Fail. 2010;32:673–9.

 28. Solomon R, Werner C, Mann D, D’Elia J, Silva 
P. Effects of saline, mannitol, and furosemide to pre-
vent acute decreases in renal function induced by radio-
contrast agents. N Engl J Med. 1994;331:1416–20.

 29. Mahesh B, Yim B, Robson D, Pillai R, Ratnatunga 
C, Pigott D. Does furosemide prevent renal dysfunc-
tion in high-risk cardiac surgical patients? Results of 
a double-blinded prospective randomised trial. Eur J 
Cardiothorac Surg. 2008;33:370–6.

 30. Majumdar SR, Kjellstrand CM, Tymchak WJ, Hervas-
Malo M, Taylor DA, Teo KK. Forced euvolemic diure-
sis with mannitol and furosemide for prevention of 
contrast-induced nephropathy in patients with CKD 
undergoing coronary angiography: a randomized con-
trolled trial. Am J Kidney Dis. 2009;54:602–9.

 31. Shilliday IR, Quinn KJ, Allison ME. Loop diuretics in 
the management of acute renal failure: a prospective, 
double-blind, placebo-controlled, randomized study. 
Nephrol Dial Transplant. 1997;12:2592–6.

 32. Brown CB, Ogg CS, Cameron JS.  High dose 
frusemide in acute renal failure: a controlled trial. 
Clin Nephrol. 1981;15:90–6.

 33. Cantarovich F, Rangoonwala B, Lorenz H, Verho M, 
Esnault VL, High-Dose Flurosemide in Acute Renal 
Failure Study Group. High-dose furosemide for estab-
lished ARF: A prospective, randomized, double-blind, 
placebo-controlled, multicenter trial. Am J Kidney 
Dis. 2004;44:402–9.

 34. Cantarovich F, Locatelli A, Fernandez JC, Perez 
Loredo J, Cristhot J, Debenedetti L. [Treatment of 
urinary infections with antibiotics and high doses of 
furosemide]. Rev Clin Esp. 1971;123:59–62.

 35. Kleinknecht D, Ganeval D, Gonzalez-Duque LA, 
Fermanian J. Furosemide in acute oliguric renal fail-
ure. A controlled trial. Nephron. 1976;17:51–8.

S. U. Nigwekar and S. S. Waikar



315

 36. Van Der Voort PH, Boerma EC, Koopmans M, 
Zandberg M, De Ruiter J, Gerritsen RT, Egbers 
PH, Kingma WP, Kuiper MA.  Furosemide does 
not improve renal recovery after hemofiltration for 
acute renal failure in critically ill patients: a double 
blind randomized controlled trial. Crit Care Med. 
2009;37:533–8.

 37. Kunt AT, Akgun S, Atalan N, Bitir N, Arsan 
S.  Furosemide infusion prevents the requirement 
of renal replacement therapy after cardiac surgery. 
Anadolu Kardiyol Derg. 2009;9:499–504.

 38. Bagshaw SM, Delaney A, Haase M, Ghali WA, 
Bellomo R.  Loop diuretics in the management of 
acute renal failure: a systematic review and meta-
analysis. Crit Care Resusc. 2007;9:60–8.

 39. Ho KM, Sheridan DJ.  Meta-analysis of frusemide 
to prevent or treat acute renal failure. BMJ. 
2006;333:420.

 40. Yang B, Xu J, Xu F, Zou Z, Ye C, Mei C, Mao 
Z. Intravascular administration of mannitol for acute 
kidney injury prevention: a systematic review and 
meta-analysis. PLoS One. 2014;9:e85029.

 41. Gu G, Zhang Y, Lu R, Cui W. Additional furosemide 
treatment beyond saline hydration for the prevention 
of contrast-induced nephropathy: a meta-analysis of 
randomized controlled trials. Int J Clin Exp Med. 
2015;8:387–94.

 42. Nigwekar SU, Hix JK. The role of natriuretic peptide 
administration in cardiovascular surgery-associated 
renal dysfunction: a systematic review and meta-anal-
ysis of randomized controlled trials. J Cardiothorac 
Vasc Anesth. 2009;23:151–60.

 43. Nigwekar SU, Navaneethan SD, Parikh CR, Hix 
JK. Atrial natriuretic peptide for preventing and treat-
ing acute kidney injury. Cochrane Database Syst Rev. 
2009;(4):CD006028.

 44. Nigwekar SU, Navaneethan SD, Parikh CR, Hix 
JK. Atrial natriuretic peptide for management of acute 
kidney injury: a systematic review and meta-analysis. 
Clin J Am Soc Nephrol. 2009;4:261–72.

 45. Nigwekar SU, Kulkarni H, Thakar CV. Natriuretic pep-
tides in the management of solid organ transplantation 
associated acute kidney injury: a systematic review 
and meta-analysis. Int J Nephrol. 2013;2013:949357.

20 Diuretics in Acute Kidney Injury



317© Springer Science+Business Media, LLC, part of Springer Nature 2018 
S. S. Waikar et al. (eds.), Core Concepts in Acute Kidney Injury, 
https://doi.org/10.1007/978-1-4939-8628-6_21

Emerging Therapies: What’s  
on the Horizon?

Lynn Redahan and Patrick T. Murray

21.1  Introduction

Acute kidney injury (AKI) is a multisystem dis-
ease with many potential causes. The mortality 
and morbidity associated with AKI remain unac-
ceptably high despite advances in critical care 
and dialysis technologies. There is an expanding 
body of knowledge of the cellular and molecular 
mechanisms of AKI, which has led to the discov-
ery of many potential therapeutic targets (see 
Table 21.1). Despite varied triggers, there are cer-
tain common features in the renal response to 
injury. Here we present the data on emerging 
therapies, potential drug targets and recent nega-
tive trials. We have categorized potential thera-
pies according to their site and mode of action 
(see Figs. 21.1 and 21.2).

21.2  Mitochondria

The renal tubular cells, particularly those that 
are highly involved in active solute transport, 
have a rich concentration of mitochondria. 
Mitochondrial injury has been found to be a com-

mon feature of AKI, regardless of the inciting 
injury. It is an integral component in the patho-
genesis of AKI, but may also play a role in pro-
moting kidney injury. Given this, mitochondria 
are important potential therapeutic targets (see 
Fig.  21.2). To date, mitochondria-specific phar-
macotherapies have largely been prophylactic 
rather than therapeutic.

21.2.1  Agents Targeting MPTP 
Opening

21.2.1.1  Cyclosporine
Mitochondrial permeability transition pore 
(MPTP) is a cyclosporine-sensitive channel 
located in the inner mitochondrial membrane. In 
the setting of ischaemia-reperfusion (IR) injury, 
MPTP opening mediates cell death. Due to its 
ability to inhibit MPTP opening, cyclosporine A 
(CsA) has anti-apoptotic properties and may pre-
vent IR-mediated cell injury. A single dose of 
CsA has also been shown to reduce inflamma-
tory cell infiltration and tubular cell injury [1]. In 
animal models of IR, the administration of CsA 
at the time of resuscitation limited the extent of 
kidney dysfunction [2]. Lemoine et al. recently 
proposed that the nephroprotective effect of CsA 
depends on both the dose and the timing of 
administration, relative to IR injury [3]. 
Unfortunately, there are distinct disadvantages 
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to the use of cyclosporine as a prophylactic agent 
for AKI.  The potent immunosuppressive and 
renal vasoconstrictor properties of this drug are 
likely to limit its clinical utility in the prevention 
of AKI. A phase II trial exploring the ability of 
cyclosporine to reduce the risk and degree of 
AKI in the context of cardiac surgery is 
underway.

21.2.1.2  Other Cyclophilin Inhibitors
N-Methyl-4-isoleucine cyclosporine (NIM-811) 
is a non-immunosuppressive cyclophilin inhibi-
tor. NIM-811 has been found to improve kidney 
dysfunction significantly following IR injury in 
rabbits [2]. It had comparable efficacy to cyclo-
sporine but without the systemic side effects. 
Preclinical studies suggest that it may have a role 

Table 21.1 Summary of potential therapies for the prevention and treatment of AKI

Agent Site of action Mechanism of action

Drug 
development 
stage Role in AKI

Cyclosporine Mitochondria Inhibition of MPTP opening Phase 2 
underway

Prevention

NIM-811 Mitochondria Inhibition of MPTP opening Preclinical Prevention
Bendavia Mitochondria Mitochondrial antioxidant Phase 2 

underway
Prevention 
and treatment

MitoQ Mitochondria Mitochondrial antioxidant Preclinical Prevention 
and treatment

Sildenafil Mitochondria Induction of mitochondrial biogenesis Phase 1 
underway

Prevention 
and treatmentVasculature Local vasodilation

Mdivi-1 Mitochondria Inhibition of mitochondrial fission Preclinical Prevention
4-Phenylbutyrate Endoplasmic 

reticulum
Reduction in expression of CHOP/
GADD153

Preclinical Prevention

EET analogues Endoplasmic 
reticulum

Reduce ER oxidative stress Preclinical Prevention

Fingolimod Cell membrane Activation of S1P receptor Phase 3 Prevention
Nicotine Nicotinic 

receptor
Anti-inflammatory effect Preclinical Prevention

Endothelin receptor 
antagonists

Endothelin 
receptor

Alteration of renal haemodynamics Preclinical Prevention 
and treatment

OPN-305 Toll-like 
receptor 2

Inhibition of TLR2-induced initiation 
of innate immune responses following 
kidney injury

Phase 2 
underway

Prevention

Angiopoietin 
agonists

Endothelium Anti-inflammatory effects
Enhanced endothelial cell survival

Preclinical Prevention

Endothelial 
progenitor cells

Endothelium Endothelial repair and regeneration Preclinical Treatment

QPI-1002 Gene silencing Temporary suppression of p53 
expression

Phase 1/2 Prevention

HMGB1 antagonists Antisepsis Anti-inflammatory and anti-apoptotic 
effects

Preclinical Prevention

Alkaline 
phosphatase

Antisepsis Anti-inflammatory effect through 
generation of adenosine and 
phosphorylation of endotoxin

Phase 2 Treatment

Caspase inhibitors Antisepsis Anti-inflammatory and anti-apoptotic 
effects

Preclinical Prevention

Bone morphogenetic 
protein 7

Antisepsis Inhibition of TGFβ signalling
Anti-inflammatory and anti-fibrotic 
effects
Downregulation of adhesion molecules

Phase 1 Prevention 
and treatment

EA-230 Antisepsis Anti-inflammatory effects
Improvement in renal blood flow

Preclinical Treatment
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in preventing irreversible cellular injury. Early 
clinical trials report a favourable safety profile.

21.2.2  Agents Targeting Mitochondrial 
Oxidative Damage

21.2.2.1  Mitochondrial-Targeted 
Antioxidants

Oxidative injury to mitochondria is a prominent 
feature of IR injury. The inability of damaged 
mitochondria to recover ATP leads to tubular cell 
injury and promotes AKI.  Most antioxidant 
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Fig. 21.1 Novel drugs and their target within the renal 
 tubular cell
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Fig. 21.2 Novel drugs targeting mitochondria and mitochondrial dynamics
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agents are clinically ineffective as they are not 
taken up by mitochondria. Novel mitochondria-
specific antioxidants are showing promising 
results in early clinical trials.

MitoQ is a mitochondria-targeted antioxidant 
agent that accumulates in mitochondria, localiz-
ing within the inner mitochondrial membrane 
(IMM). Once there, it is continually reduced by 
the respiratory chain and prevents mitochondrial 
oxidative damage. It was the first mitochondria-
specific antioxidant agent to undergo clinical tri-
als in humans. It has been found to be effective in 
reducing tubular damage and cell death during 
cold storage of porcine kidneys [4]. Pretreatment 
with MitoQ protected mice kidneys from 
IR-mediated damage and dysfunction [5]. MitoQ 
has undergone early clinical trials in Parkinson’s 
disease and hepatitis without any serious adverse 
events [6, 7]. MitoCP, another mitochondria-tar-
geted antioxidant, may have similar protective 
properties. It has been shown to prevent cisplatin-
induced renal dysfunction in mice in a dose-
dependent manner [8]. These potent mitochondrial 
antioxidants hold promise as an effective preven-
tative therapy for AKI.

21.2.2.2  Bendavia
Cardiolipin is a phospholipid, located in the IMM 
and involved in many essential mitochondrial 
functions. Ischaemic injury causes peroxidation 
of cardiolipin through the generation of reactive 
oxygen species (ROS). Structural and functional 
defects in the mitochondria occur as a result. The 
peroxidation of cardiolipin also promotes the dis-
sociation of cytochrome c from the IMM into the 
cytosol, activating programmed cell death 
pathways.

Bendavia (SS-31 or MTP-131) is a tetrapep-
tide that inhibits the peroxidation of cardiolipin 
[9]. It has been shown to accelerate the recovery 
of ATP after ischaemic insult and ameliorate kid-
ney injury [10]. Pretreatment of rats with benda-
via resulted in improved repair of mitochondrial 
morphology and reduced tubular apoptosis and 
necrosis after IR injury. Early studies look prom-
ising, and phase 2 trials are underway.

21.2.3  Sildenafil

Sildenafil is a selective inhibitor of cyclic gua-
nosine monophosphate (cGMP)-specific phos-
phodiesterase type 5 (PDE5), which increases 
endogenous nitric oxide (NO) activity. The 
preservation of NO levels has been found to 
protect the kidney against a range of insults. 
There is evidence that PDE inhibitors can 
induce mitochondrial biogenesis, a key step in 
the recovery of renal function in AKI [11]. 
Another postulated mechanism for the renopro-
tective effect of PDE inhibitors is through local 
vasodilation. In an experimental model of isch-
aemic kidneys, a more favourable haemody-
namic pattern was evident in animals pretreated 
with sildenafil [12].

Sildenafil may have the potential to acceler-
ate the recovery from AKI in addition to having 
a prophylactic effect. In animal models, 
 pretreatment with sildenafil has been shown to 
lessen histological injury, attenuate serum cre-
atinine levels and reduce reactive oxygen spe-
cies generation [13–15]. Recently, a phase 1 
study reported that sildenafil was well-tolerated 
in cardiac surgery patients [16]. Unfortunately, 
a randomized placebo controlled trial by Krane 
et al. did not observe a significant renoprotec-
tive effect with a single preoperative dose of 
sildenafil [17]. The lack of an observed benefi-
cial effect may relate to the dosing regimen 
used in this study. Sildenafil has a short half-
life, and it may be necessary to administer 
repeated doses for a protective effect. This 
potential disadvantage of sildenafil could limit 
its clinical utility.

21.2.4  Mitochondrial Division 
Inhibitor-1

Mitochondrial dynamics are governed by two 
key processes: fission and fusion. There is evi-
dence to indicate that proteins involved in mito-
chondrial fission actively participate in apoptosis. 
Dynamin-related protein 1 (Drp-1) is an integral 
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mitochondrial fission protein. Inhibition of Drp-1 
inhibits mitochondrial fission and delays pro-
grammed cell death.

Mitochondrial division inhibitor-1 (mdivi-1) 
is a selective inhibitor of Drp-1 that partially 
inhibits apoptosis [18]. Experimental studies 
have demonstrated that it can prevent mitochon-
drial fragmentation and tubular cell apoptosis 
during kidney injury [19]. However, Sumida 
et al. did not identify a significant renoprotective 
effect when they administered mdivi-1 to mice 
with IR injury [20]. In addition to these inconclu-
sive preclinical results, there is concern that per-
manent inhibition of mitochondrial fission may 
have detrimental effects on mitochondrial and 
cellular function.

21.3  Endoplasmic Reticulum

The endoplasmic reticulum (ER) is a network of 
tubules within the cytoplasm. ER stress contrib-
utes to AKI.  Tunicamycin is an antibiotic that 
induces extensive ER stress and has been shown 
to induce substantial proximal tubular damage. 
Many researchers have utilized it to induce ER 
stress and AKI in animal studies. There is evi-
dence to suggest that males may be more vulner-
able to ER stress than females [21], which may 
partly explain gender differences in the response 
to renal injury.

21.3.1  4-Phenylbutyrate

C/EBP homologous protein (CHOP) is a protein 
that mediates ER stress-induced apoptosis. 
Prolonged ER stress in renal cells results in 
upregulation of CHOP.  The chemical chaper-
one, 4-phenylbutyrate (4-PBA), reduces the 
expression of CHOP. In mice with tunicamycin-
induced AKI, 4-PBA has been shown to protect 
the kidney and reduce the extent of tubular 
injury [15, 22]. It appears to protect the kidney 
through the inhibition of ER stress. 
Taurodeoxycholic acid is another chemical 

chaperone, which appears to protect kidney 
cells through a similar  mechanism [23].

4-PBA is approved for use in urea cycle disor-
ders and has undergone clinical trials in non-
renal conditions such as neurodegenerative 
diseases, liver cirrhosis and certain cancers. It has 
been reported to have an acceptable safety profile 
in these conditions. At present, its use in renal 
diseases has not progressed past preclinical test-
ing. It may prove to be an effective prophylactic 
agent. Those most likely to benefit are patients at 
high risk of AKI in which ER stress is a promi-
nent pathogenic feature, e.g. cisplatin- and con-
trast-induced AKI.

21.3.2  Epoxyeicosatrienoic  
Acid Analogs

Epoxyeicosatrienoic acids (EETs) are metabo-
lites of arachidonic acid, with anti-inflammatory 
and antioxidant effects. Also, they have potent 
vasodilatory and antihypertensive properties. 
Based on the results of experimental models, 
EET analogues can protect against organ injury 
in conditions such as diabetes and cardiovascular 
disease. They have also been found to protect the 
kidney from cisplatin-induced apoptosis through 
various mechanisms. Amongst these mechanisms 
is its ability to reduce ER stress and attenuate 
renal inflammation secondary to cisplatin [24]. It 
accomplishes this without attenuating the chemo-
therapeutic effects of cisplatin. Unfortunately, 
EETs may promote tumour growth and metasta-
sis [25, 26]. This concerning finding may limit 
their clinical utility.

21.4  Cell Membrane

The cell membrane is a primary site of damage in 
AKI. Both necrosis and apoptosis feature altera-
tions in the cell membrane and both forms of cell 
death can exist in AKI. The plasma membrane is 
an exciting potential target for therapies to 
 prevent or attenuate AKI.
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Fingolimod Sphingolipids are integral compo-
nents of the cell membrane. The metabolites of 
sphingolipids, which include sphingosine-
1-phosphate (S1P), act as important signalling 
molecules. S1P is a ligand for a family of five 
G-protein-coupled receptors. Through its actions 
on these receptors, it is involved in many cell pro-
cesses, including cell growth and the suppression 
of apoptosis. S1P plays a pivotal role in deter-
mining cell fate. Activation of the S1P receptors 
has been shown to protect the proximal tubular 
cells from IR injury.

Fingolimod (also known as FTY720) is an 
orally active immunomodulatory agent that acti-
vates the S1P receptor. When administered before 
IR injury, fingolimod was shown to attenuate kid-
ney injury [27–29]. It has been approved for the 
treatment of multiple sclerosis in many countries. 
The results of several phase 3 trials of fingolimod 
in renal transplant patients are awaited.

21.5  Receptors

Many cell surface receptors have been implicated 
in epithelial injury, and subsequent repair, in 
AKI.  Signalling through certain receptors (e.g. 
epidermal growth factor receptor and the hepato-
cyte growth factor receptor) has a protective or 
regenerative effect. Others, such as TGF-β, can 
increase apoptosis. There is scope to attenuate or 
prevent kidney injury by chemically targeting 
receptors. Here we outline drugs that have suc-
cessfully manipulated receptor pathways to pro-
tect against and treat AKI in experimental 
models.

21.5.1  Nicotinic Agonists

The cholinergic pathway has been linked with an 
anti-inflammatory effect, in particular through 
activation of the α7 nicotinic receptor (α7nAChR). 
Nicotine is a directly acting cholinergic agonist 
that mediates its actions through stimulation of 

the nicotinic acetylcholine receptors. Although 
chronic nicotine exposure has been linked with 
adverse renal effects, nicotine has also been 
found to have a powerful anti-inflammatory 
effect. Through α7nAChR-dependent regulation 
of the immune response, nicotine may limit tubu-
lar damage and protect renal function after IR 
injury [30]. Interestingly, although a single pre-
treatment dose of nicotine prior to IR injury had 
a protective effect, repeated administration over 
several days before injury had the opposite effect 
in a mouse model of IR injury [31].

Nicotinic agonists may prove to be beneficial 
in the prevention of AKI. However, it has yet to 
be determined if the protective effects of nicotine 
are species-specific. GTS-21 is an agent that 
selectively stimulates the α7nAChR. It has been 
shown to reduce the infiltration of leucocytes into 
the kidney [32]. In animal models, GTS-21 has 
been found to attenuate renal injury in both IR 
and sepsis-induced AKI.  Due to its selective 
α7nAChR agonist effects, it may have greater 
potential as a therapeutic agent for the prevention 
of AKI. Phase 1 studies have commenced.

Exposure to a modified ultrasound regime has 
been found to attenuate kidney injury in mice that 
were subject to IR injury. It is postulated to medi-
ate this effect through its actions on the splenic 
cholinergic anti-inflammatory pathways, particu-
larly via the α7nAChR [33]. At present, data is 
limited and is insufficient to propose ultrasound 
as a prophylactic strategy against AKI.

21.5.2  Endothelin Receptor 
Antagonists

The kidney is extremely sensitive to endothelin 
and has abundant endothelin receptors. 
Endothelin plays an integral role in regulating 
kidney function through its ability to control 
global and local renal blood flow. During AKI, 
there is an imbalance between endothelin and 
nitric oxide, a potent vasodilator. The effect of 
endothelin dominates and plays an important 
role  in mediating kidney injury. Through the 
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 endothelin A receptor (ETA), endothelin medi-
ates vasoconstriction of vascular smooth muscle. 
Through the endothelin B receptor (ETB), it 
causes vasodilation. While blockade of ETA 
receptors has been shown to improve renal blood 
flow, ETB receptor inhibition has been associated 
with renal vasoconstriction [34, 35].

The administration of non-selective ET recep-
tor antagonists (such as tezosentan and bosentan) 
before or after IR injury has been shown to protect 
and optimize kidney function [36, 37]. They have 
also been found to protect the kidney from renal 
damage induced by cisplatin and from cardiopul-
monary bypass [38, 39]. Although endothelin has 
been implicated in the progression of AKI to 
CKD, selective blockade of the ETA receptor did 
little to prevent the progression of renal injury in 
mice exposed to unilateral IR injury [92]. Phase 1 
and 2 trials looking at the effects of ETA receptor 
antagonists in chronic kidney disease are under-
way. Based on experimental studies, the ETA 
receptor seems to be a likely target for the preven-
tion and early treatment of AKI.

21.5.3  Toll-Like Receptor 2 
Antagonists

Toll-like receptors (TLRs) are a family of trans-
membrane receptors that play a pivotal role in 
initiating innate immune responses. TLR2 is 
widely expressed in the kidney and has been 
implicated in the pathogenesis of AKI.  It has 
been shown to initiate inflammatory responses 
after kidney injury and is upregulated in renal 
tubular cells in IR-induced AKI [40, 41]. 
Blockade of the TLR2 signalling has been shown 
to reduce neutrophil infiltration and renal damage 
in an experimental model of IR injury of the kid-
ney [42]. In murine models, the administration of 
a mouse anti-TLR2 antibody protected trans-
planted kidneys from IR injury [43].

A humanized monoclonal antibody (OPN-
305) that blocks TLR2 signalling has been devel-
oped. A phase 2 trial of its efficacy for the 
prevention of delayed graft function (DGF) in 

kidney transplant recipients is underway 
(NCT01794663). There is optimism that it may 
also prove to be a novel and effective therapy for 
the prevention of AKI.

21.6  The Endothelium

Renal endothelial cell dysfunction is prominent in 
the pathogenesis of AKI. IR injury disrupts endo-
thelial cell integrity which consequently influ-
ences vascular tone and inflammatory responses. 
Endothelial cells play a key role in the initiation, 
progression and recovery phases of renal IR 
injury. By targeting endothelial cell damage, kid-
ney injury can be partially prevented.

21.6.1  Angiopoietin-1 and TIE2 
Agonists

Angiopoietin-1 (Ang1) is an angiogenic factor 
that acts on endothelial cells through the tyrosine 
kinase receptor, TIE2. Through its interaction 
with TIE2, Ang1 plays a role in inflammation and 
vascular growth and development. It has anti-
inflammatory properties and enhances endothe-
lial cell survival.

Ang1 has beneficial effects in AKI. A stable, 
potent variant of Ang1, COMP-Ang1, has been 
shown to have a protective effect in lipopolysac-
charide-induced AKI [44]. In a model of cyclo-
sporine-induced renal injury, it was shown to 
protect peritubular capillaries and reduce inflam-
mation [45]. However, in a model of folic acid-
induced AKI, although Ang1 was found to 
stabilize peritubular capillaries, it also demon-
strated pro-fibrotic and pro-inflammatory effects 
[46]. This contrasts with evidence provided by 
Jung et  al., who observed that COMP-Ang1 
reduced interstitial fibrosis 30 days after IR injury 
[47]. It has been postulated that the effects of 
Ang1 may depend on the disease model tested. 
The varying effects may also be explained by dif-
ferences in the potency of Ang1 and COMP-
Ang1. Clinical trials in humans are awaited.
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21.6.2  Endothelial Progenitor Cells

Endothelial dysfunction and disruption of the 
vascular barrier integrity are pivotal steps in the 
pathogenesis of multiorgan failure in septic shock. 
Endothelial progenitor cells (EPCs) originate in the 
bone marrow but migrate to the peripheral circula-
tion, where they play a role in endothelial repair 
and regeneration. In septic shock, the number of 
EPCs increases, and there is an inverse relation-
ship between EPC numbers and the extent of organ 
dysfunction. The number of circulating EPCs cor-
relates with survival. In renal ischaemia, EPCs 
migrate to the renal parenchyma, where they offer 
partial protection from injury [48]. EPCs may 
have an important role in ameliorating the effects 
of AKI. It has been suggested that the renoprotec-
tive effects of ischaemic preconditioning may be 
partially mediated by enhancing the recruitment of 
EPCs to the renal parenchyma [49].

Stromal cell-derived factor-1 (SDF-1) is a 
chemokine with regulatory effects on inflamma-
tion and cell migration. Through its interaction 
with the CXCR4 receptor, SDF-1 plays a major 
role in the recruitment of EPCs to the injured kid-
ney [50]. Theoretically, agonists of SDF-1-
CXCR4 should promote the migration of EPCs 
to the kidney and repair of endothelial cell dam-
age. A high-affinity CXCR4 agonist has been 
developed, but its effects on kidney injury have 
not yet been investigated. EPCs and CXCR4 ago-
nists have the potential to play a role in early 
renal recovery.

21.7  Gene Silencing Therapy

QPI-1002 Apoptosis triggered by p53 activa-
tion has been shown to play an important role in 
the pathogenesis of AKI [51]. QPI-1002 (also 
called I5NP) is a synthetic small interfering 
RNA, designed to temporarily suppress expres-
sion of the p53 gene. It inhibits p53-mediated 
apoptosis after kidney injury, allowing kidney 
cells to repair and regenerate following injury. 
After administration, QPI-1002 rapidly accumu-
lates within the kidney, with the main site of 
uptake being the proximal tubular cell [52]. Once 

the effect of QPI-1002 has subsided, the irrevers-
ibly damaged cells undergo apoptosis. A large 
phase 1/2 trial in kidney transplant patients sug-
gested it could prevent or attenuate delayed graft 
function in recipients of deceased donor trans-
plants (NCT00802347). An acceptable safety and 
toxicity profile was reported. Results of a phase 1 
study (NCT00554359) in patients undergoing 
major cardiovascular surgery are awaited. This 
novel agent is showing promise as a preventative 
therapy for AKI and DGF in high-risk patients.

21.8  Antisepsis

21.8.1  HMGB1 Antagonists

High-mobility group box 1 protein (HMGB1) is 
a nuclear protein that bends DNA and acts as a 
cofactor for gene transcription. It also acts as an 
extracellular signalling molecule during inflam-
mation. After release from cells undergoing 
necrosis, HMGB1 activates and propagates the 
inflammatory response. It has been implicated as 
an inflammatory mediator in sepsis and IR injury 
[53, 54]. Through its high affinity binding to the 
toll-like receptor 4 (TLR4), HMGB1 is also 
implicated in the pathogenesis of AKI [54, 55].

The blockade of HMGB1 using a neutralizing 
antibody has been demonstrated to attenuate neu-
trophil infiltration, tubular necrosis and renal 
dysfunction in IR injury [55]. Additionally, pre-
conditioning with recombinant HMGB1 has been 
shown to downregulate the TLR4 signalling in IR 
injury and protect the kidney [56]. In mouse 
models of severe sepsis, monoclonal HMGB1 
antibodies improved survival from sepsis and 
reduced circulating levels of pro-inflammatory 
cytokines [57]. However, the implications of 
altering the levels of other important cytokines 
have not yet been explored.

Ethyl pyruvate (EP), an aliphatic ester, has 
been found to inhibit HMGB1 release. It has anti-
inflammatory and antioxidant effects and has 
been shown to decrease injury in many organs, 
including the liver, heart and pancreas. In animal 
models of sepsis, EP reduced circulating levels of 
HMGB1, attenuated organ dysfunction and 
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improved survival [58]. In IR injury, EP has been 
shown to have a nephroprotective effect [59]. 
Pretreatment of mice with EP resulted in 
improved short- and long-term kidney function 
[60]. Phase 1 studies have reported an adequate 
safety profile. EP and HMGB1 antagonists are 
potential therapies for sepsis and may have a role 
in preventing AKI.

21.8.2  Alkaline Phosphatase

Alkaline phosphatase (AP) is showing consider-
able promise as a treatment for sepsis-associated 
AKI.  There are two proposed mechanisms for 
this protective effect. AP is an endogenous 
enzyme that catalyses the conversion of ATP to 
adenosine, a factor with potent anti-inflammatory 
and tissue protective effects. It also phosphory-
lates endotoxins, rendering them non-toxic. 
When compared with placebo, treatment with 
bovine AP improved renal function and reduced 
RRT requirement in patients with severe sepsis 
[61]. Human recombinant AP (recAP) has been 
developed, and in animal models of renal IR 
injury and lipopolysaccharide-induced AKI, it 
has been shown to exert a renal protective anti-
inflammatory effect. A phase 2 trial investigating 
its efficacy in sepsis-associated AKI has com-
menced (NCT02182440), and the results will 
help elucidate if recAP can improve the outcomes 
of patients with sepsis-associated AKI.  This 
agent may also have protective effects in other 
forms of AKI.

21.8.3  Caspase Inhibitors

Caspases are a family of intracellular proteases 
that promote apoptotic cell death and activate 
pro-inflammatory cytokines. Their ability to trig-
ger, execute and regulate cell death has prompted 
investigators to explore the potential for caspase 
inhibition to attenuate organ injury. Caspase 
inhibitors have been shown to reduce renal dam-
age in animal models of septic, drug-induced and 
IR-induced AKI [62–65]. The breadth of caspase 
functionality is being increasingly recognized 

and so too are the varying roles of individual 
members of this family. The therapeutic capabil-
ity of both selective and pancaspase inhibitors is 
being explored. Pharmacological pancaspase 
inhibition was well-tolerated by patients with 
chronic hepatitis C and was shown to reduce 
markers of hepatocellular injury in a phase 2 trial 
reported by Shiffman et al. [66]. It seems likely 
that selective caspase inhibition will yield more 
predictable clinical effects, compared to pancas-
pase inhibitors. Human trials of the tolerability 
and efficacy of selective caspase inhibitors in 
AKI are awaited. Given the key role these prote-
ases play in programmed cell death, there are 
grounds for cautious optimism that caspases are 
novel therapeutic targets for the treatment of 
AKI.

21.8.4  EA-230

Peptides derived from human chorionic gonado-
trophin (hCG) are drawing attention due to the 
discovery of their potent anti-inflammatory 
effects. One such peptide is EA-230 (also known 
as AQGV), a tetrapeptide derived from β[beta]
hCG lysates. It has been shown to attenuate mul-
tiorgan failure in sepsis and also ameliorates 
IR-induced kidney injury [67, 68]. In animal 
models of IR injury, EA-230 was also associated 
with a substantial survival advantage.

The exact mechanisms of action of EA-230 
have not been fully elucidated. It appears to exert 
an early anti-inflammatory effect on the kidney, 
thereby preventing organ dysfunction. EA-230 
has been shown to reduce neutrophil influx and 
the release of pro-inflammatory cytokines. It may 
also improve renal blood flow [69]. Phase 1 trials 
have been successfully completed and have 
reported a good safety profile.

21.8.5  Bone Morphogenetic Protein 
7 (BMP-7) and THR-184

Bone morphogenetic protein 7, a member of the 
TGFβ superfamily, plays an important role in 
nephrogenesis. It may play a role in repair and 
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regeneration in the adult kidney and has been 
shown to ameliorate kidney damage through its 
anti-inflammatory and anti-fibrotic properties. In 
ischaemic injury to the kidney, BMP-7 inhibits 
neutrophil accumulation by downregulating the 
expression of intercellular adhesion molecule 
(ICAM-1) [70]. In animal models of both obstruc-
tive and ischaemic AKI, BMP-7 has been shown 
to reduce kidney injury and inhibit tubular atro-
phy [70, 71]. It represents a potential target for 
the treatment of both AKI and chronic kidney 
disease.

Due to the high doses required and the 
expense of production of recombinant BMP, 
BMP-7 agonists may be a more viable clinical 
option. Small peptide agonists that bind selec-
tively to BMP receptors have been developed. 
THR-184 is one such agonist, which activates 
the BMP signalling pathway. It had a good 
safety profile in early clinical testing, and a 
phase 2 clinical trial of THR-184  in AKI has 
commenced.

21.9  Negative Trials

There is currently no specific therapy approved 
for the treatment of AKI. Despite optimistic pre-
clinical results, only a small number of drugs 
have progressed to clinical trials. There are sev-
eral potential reasons for this (see Table  21.2). 
AKI is a complex and multisystem disease with a 
multifaceted pathogenesis. The AKI patient is 
frequently critically ill with multiple comorbidi-
ties. Consequently, a multifaceted approach to 
treatment is often required. It seems likely that 
there is a narrow therapeutic window for the 
treatment of AKI, and an early diagnosis is cru-
cial. The ability to demonstrate the success of 
therapy partly relies on the early detection of kid-
ney injury. If a rise in creatinine is the trigger for 
treatment initiation, therapy has probably been 
commenced too late to show a benefit. Biomarkers 
of AKI are showing promise and are likely to 
facilitate the earlier diagnosis of AKI and the 
development of drugs that can be initiated in a 
timely fashion.

Trial design has also acted as a limitation to 
success in this field. Many studies, particularly 
those of preventative strategies, have been under-
powered. To demonstrate the efficacy of preven-
tative therapy, large numbers of patients are 
required to ensure a sufficient number of AKI 
cases. The selection and definition of endpoints 
can also be problematic. The Acute Dialysis 
Quality Initiative has endeavoured to reach a con-
sensus regarding AKI staging and diagnosis, 
which has improved trial design. However, other 
frequently utilized endpoints such as RRT initia-
tion and mortality also present challenges. In 
practice, there are substantial differences in the 
utilization of RRT. A consistent approach is lack-
ing. Trials that select mortality as an endpoint 
may not be powered to detect small alterations in 
renal function. We have outlined some of the 
notable agents that showed initial promise but 
failed to demonstrate a benefit in clinical trials 
(see Table 21.3).

21.9.1  Fenoldopam

Fenoldopam is a short-acting α1-selective dopa-
mine agonist that increases renal blood flow even 
at doses that lower systemic blood pressure. A 
meta-analysis conducted by Gillies et al. reported 
that perioperative fenoldopam administration 
may have the potential to prevent AKI after major 
surgery [72]. However, mortality and the need for 
RRT were not attenuated. More recently, Bove 
et  al. reported a decisively negative result [73]. 
Fenoldopam did not reduce the need for RRT or 

Table 21.2 Barriers to the development of effective ther-
apies for AKI

The 
disease

Multiple pathogenic factors
Many and varied aetiologies
Multisystem disease
Timing of diagnosis—need for sensitive 
biomarkers

The 
patient

Complex patients, often with multiple 
comorbidities
Often critically ill

The trial Definition and selection of endpoints
Statistical power
Translation from “bench to bedside”

L. Redahan and P. T. Murray
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the 30-day mortality when compared with pla-
cebo, but those treated with fenoldopam had a 
higher rate of hypotension. The trial was termi-
nated for futility.

21.9.2  Alpha Melanocyte-
Stimulating Hormone 
(Α[Alpha]MSH)

α[Alpha]MSH is an endogenous anti-inflamma-
tory cytokine that may exert a nephroprotective 
effect by inhibiting apoptotic and inflammatory 
pathways [74, 75]. Animal studies of the α[alpha]

MSH analogue, AP214 acetate (now known as 
ABT-719), demonstrated a protective effect in 
AKI induced by IR injury, sepsis and cisplatin 
[76, 77]. Unfortunately, this benefit has not been 
substantiated in human trials. McCullough et al. 
recently reported on the results of their phase 2b 
clinical trial of ABT-719 [78]. This agent failed 
to lower the incidence of AKI in high-risk car-
diac surgery patients. Furthermore, it did not 
attenuate increments in novel biomarkers, nor 
did it improve clinical outcomes at 90 days.

21.9.3  Minocycline

Minocycline is a second-generation tetracycline 
antibiotic that has anti-inflammatory and anti-
apoptotic effects. The mitochondria appear to be 
an important site for its protective property. In 
animal models of IR injury, minocycline was 
shown to reduce renal inflammation and attenu-
ate renal injury [79, 80]. However, in a clinical 
trial, minocycline did not protect cardiac surgery 
patients against AKI [81].

21.9.4  Statins

Statins have been found to have many benefi-
cial effects in addition to their lipid-lowering 
properties. Amongst these was the implication 
that they may have a role in preventing AKI by 
inhibiting inflammatory responses. A recent 
meta-analysis concluded that the data reviewed 
do not support the ability of statins to prevent 
AKI in patients undergoing cardiac 
surgery [82].

21.9.5  Insulin-Like Growth Factor 1

Insulin-like growth factor-1 (IGF-1) is a poly-
peptide growth factor with a similar molecular 
structure to insulin. It has been advocated as an 
important mediator of renal regeneration in 
models of AKI.  Several preclinical studies 
have indicated that IGF-1 enhances renal 
recovery in animals with AKI [83–85]. 

Table 21.3 Notable negative trials of agents proposed to 
prevent or treat AKI

Agent Negative findings Reference
Fenoldopam Did not reduce 

need for RRT or 
30-day mortality 
compared with 
placebo

Bove et al. [73]

Alpha 
melanocyte-
stimulating 
hormone

Did not prevent 
AKI in patients 
undergoing 
high-risk surgery

McCullough et 
al. [78]

Minocycline Did not prevent 
AKI in patients 
undergoing 
cardiac surgery

Golestaneh 
et al. [81]

Statins Did not prevent 
AKI in patients 
undergoing 
cardiac surgery

Lewicki et al. 
[82]

Insulin-like 
growth factor 1

Did not accelerate 
renal recovery in 
human trials

Hirschberg 
et al. [86]

Sodium 
bicarbonate

Did not prevent 
AKI in patients 
undergoing 
cardiac surgery

Haase et al. 
[87]
McGuinness 
et al. [88]
Kristeller et al. 
[89]

Balanced 
crystalloid 
solution

Did not reduce 
risk of AKI in 
critically ill 
patients

Young et al. 
[91]

Mesenchymal 
stem cells

Did not accelerate 
renal recovery or 
reduce need for 
RRT in patients 
undergoing 
cardiac surgery

Swaminathan 
et al. [93]
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However, the administration of recombinant 
human IGF-1 to patients with AKI in a multi-
centre clinical trial did not accelerate the 
recovery of renal function [86].

21.9.6  Sodium Bicarbonate

The perioperative administration of sodium 
bicarbonate initially showed promise as a preven-
tative strategy for AKI post-cardiac surgery. The 
proposed mechanism of protection was by reduc-
ing oxidant damage in the kidney. However, a 
series of randomized controlled trials have failed 
to substantiate this [87–89], and in fact, this strat-
egy may increase mortality.

21.9.7  Balanced Crystalloid 
Solutions

There has been considerable debate regarding the 
optimal choice of intravenous fluid in critical ill-
ness. It has been hypothesized that saline solu-
tions contribute to the development of 
AKI. Evidence emerged in support of the use of 
chloride restrictive or “balanced” salt solutions in 
the prevention of AKI [90]. However, a large ran-
domized trial found that a balanced crystalloid 
solution did not reduce the risk of AKI when 
compared with saline [91].

21.9.8  Mesenchymal Stem Cells

Preclinical studies suggested that mesenchymal 
stem cells (MSCs) had the potential to protect 
against AKI. Amongst the proposed mechanisms 
were anti-inflammatory and anti-apoptotic 
effects. Unfortunately, the beneficial effects of 
MSC in animal models of AKI have not been rep-
licated in human trials of the disease. A phase 2 
trial of mesenchymal stem cell therapy for the 
prevention of AKI in cardiac surgery patients did 
not speed up renal recovery or reduce the need 
for RRT [93].
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22.1  Introduction

Renal replacement therapy (RRT) is used largely 
for supportive management of patients with 
severe acute kidney injury (AKI). At present, RRT 
is initiated for the acute management of life-
threatening complications of AKI, including 
severe hyperkalemia, metabolic acidosis, volume 
overload, overt uremic manifestations, and dia-
lyzable intoxications. Although several meta-
analyses of both randomized controlled trials 
(RCTs) and cohort studies have suggested that 
“early” initiation of RRT for AKI (based on a 
lower urea or creatinine level) is associated with 
better patient survival, these studies have signifi-
cant design limitations [1, 2]. Since those earlier 
studies, two RCTS comparing the timing of RRT 
initiation in critically ill patients have been pub-
lished. The Early Versus Late Initiation of Renal 
Replacement Therapy in Critically Ill Patients 
with Acute Kidney Injury (ELAIN) trial was a 
single-center RCT comparing early RRT (starting 
within <8  h of fulfilling Kidney Disease: 

Improving Global Outcomes (KDIGO) stage 2 
AKI) with delayed RRT (starting within <12 h of 
developing KDIGO stage 3 AKI or upon an abso-
lute indication) in 231 critically ill patients [3]. 
Patients were also required to have a plasma neu-
trophil gelatinase-associated lipocalin (NGAL) 
level > 150 ng/mL and one other condition from 
among severe sepsis, use of vasopressors or cate-
cholamines, refractory fluid overload, or develop-
ment or progression of nonrenal organ dysfunction 
for enrolment. Mortality at day 90 was signifi-
cantly lower among patients randomized to the 
early initiation arm compared with those in the 
delayed initiation arm (39.3% versus 54.7%; haz-
ard ratio, 0.66; 95% confidence interval [95% CI], 
0.45–0.97; P = 0.03). Similar benefits were seen 
with regard to duration of RRT and mechanical 
ventilation, as well as hospital length of stay, but 
not RRT dependence at day 90 among survivors 
or intensive care unit length of stay. The results of 
this trial are in contrast to the findings of the mul-
ticenter Artificial Kidney Initiation in Kidney 
Injury (AKIKI) trial [4]. In the AKIKI trial, 620 
critically ill adults with KDIGO stage 3 AKI who 
needed mechanical ventilation, vasopressor ther-
apy, or both were randomized to either immediate 
RRT or the addition of renal support only when 
medically necessary (severe hyperkalemia, meta-
bolic acidosis, pulmonary edema, or a blood urea 
nitrogen level greater than 112 mg/dL, or oliguria 
for more than 72  h). Mortality at 60  days was 
similar in both groups (48.5% in the early group 
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and 49.7% in the delayed group). Given the dis-
cordant results between the ELAIN and AKIKI 
trials and fundamental differences in trial design, 
the results of the ELAIN trial must be interpreted 
cautiously, especially given the relatively small 
sample size and limited statistical power. While 
both trials are important contributions toward 
informing practice on this issue, additional evi-
dence from large multicenter RCTS is needed. In 
clinical practice, clinicians characteristically take 
into account the overall clinical state of the 
patient, including degree of other organ systems 
failing and likelihood of rapid renal recovery, and 
often start RRT prior to the development of overt 
AKI complications.

Options for RRT for AKI include intermit-
tent hemodialysis (IHD), continuous renal 
replacement therapy (CRRT), “hybrid” thera-
pies known as prolonged intermittent renal 
replacement therapy (PIRRT), and peritoneal 
dialysis (PD) (Table  22.1). IHD, CRRT, and 
PIRRT, are extracorporeal therapies and require 
the presence of a vascular access in the form of 
a large-bore double-lumen central venous cath-
eter; PD requires the placement of an intra-
abdominal catheter for dialysis. Selection of 
renal replacement modality depends on therapy 
availability, patient hemodynamic status, goals 
for solute clearance and volume control, need 
for anticoagulation, and physician preference 
and expertise.

The various RRTs transport water and solutes 
across a semipermeable membrane. Solute 
removal occurs by diffusion, convection, or a 
combination of both, whereas fluid removal 
occurs by hydrostatic pressure (in HD and CRRT)  
or osmotic (in PD) gradients. In diffusion, solute 
removal across the membrane is driven by the 
concentration gradient between blood and dialy-
sate. With extracorporeal RRTs, this concentra-
tion gradient is maximized along the length of the 
membrane by running the dialysate countercur-
rent to the blood flow. Diffusive clearance of sol-
utes depends on the concentration gradient for the 
solute between the two compartments, the molec-
ular weight of the solute, the membrane proper-
ties (surface area, pore size, charge, and water 
permeability), dialysate flow, and dialyzer blood 
flow. Some solutes may also be removed by 
adsorption onto the membrane. Since the diffusiv-
ity of a solute is inversely proportional to its 
molecular weight, dialysis is highly effective in 
removing small solutes from the circulation, such 
as urea and creatinine, as compared to larger 
(“middle-molecular-weight”) solutes like 
β2-microglobulin and vancomycin.

While diffusion is most effective at removing 
small-molecular-weight solutes (<500 Da),  convection 
provides effective removal of both small- and 
 middle-molecular-weight solutes (500–10,000  Da). 
In convection, solutes are transported by bulk flow dur-
ing ultrafiltration. As plasma water is driven across the 

Table 22.1 Comparison of different dialysis methods for acute kidney injury

Dialysis modality IHD CRRT PIRRT PD
Vascular access Yes Yes Yes No
Anticoagulation Preferred but not 

necessary
Preferred but not necessary; 
regional citrate 
anticoagulation

Preferred but not 
necessary

No

Duration (h) 3–5 24 6–12 24
Frequency 3–6 × week Daily 3–6 × week Daily
Dialysate flow 
(mL/min)

500–800 15–60 100–300 −−

Severe 
hyperkalemia

Preferred if 
hemodynamically 
stable

−− Preferred if 
hemodynamically 
unstable

−−

Brain edema −− Preferred −− Preferred

Perceived cost ++ ++++ +++ +

Abbreviations: IHD intermittent hemodialysis, CRRT continuous renal replacement therapy, PIRRT prolonged intermit-
tent renal replacement therapy, PD peritoneal dialysis
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semipermeable membrane by either a hydrostatic or 
osmotic gradient, it “drags” with it both small-molecu-
lar-weight solutes and middle-molecular-weight sol-
utes. Convective transport is not size-dependent as 
long as the molecular weight of the solute is smaller 
than the membrane pore diameter. Convective solute 
clearance is generally proportional to the ultrafiltration 
rate.

22.2  Intermittent Hemodialysis 
(IHD)

IHD is typically delivered in intermittent sessions 
of 3–5 h, 3–6 times per week, using a blood flow 
rate of 300–500 mL/min and a dialysate flow rate 
of 500–800 mL/min. The duration and frequency 
of IHD sessions are determined by the patient’s 
specific needs and degree of hemodynamic sta-
bility. Solute clearance occurs mainly by diffu-
sion, and volume is removed by ultrafiltration. 
However, high-flux dialyzers can also provide 
convective clearance of solutes through increased 
membrane porosity, enhanced transport capacity, 
and internal filtration and backfiltration. Given 
that the advantage of IHD is rapid solute and vol-
ume removal, IHD is preferred for correction of 
electrolyte derangements, such as hyperkalemia, 
and removal of drug in intoxications. Moreover, 
when compared to other types of extracorporeal 
RRTs, IHD can be performed with less or no anti-
coagulation because of the faster blood flow rate 
and shorter duration of therapy. The main disad-
vantage of IHD is hypotension caused by rapid 
solute and fluid removal, which complicates 
20–30% of treatments [5, 6]. Strategies for 
decreasing dialysis-induced hypotension include 
sodium modeling, increasing the dialysate cal-
cium concentration, cooling the dialysate, and 
prolonging the duration of therapy [7]. Despite 

this, approximately 10% of patients with AKI 
cannot tolerate IHD because of hemodynamic 
instability [5, 7–10]. Furthermore, rapid solute 
removal from the intravascular space can cause 
cerebral edema and increased intracranial pres-
sure, limiting this therapy in patients with head 
trauma or hepatic encephalopathy [11].

22.3  Continuous Renal 
Replacement Therapy (CRRT)

CRRT represents a variety of dialysis modalities 
developed specifically to manage critically ill 
patients with AKI who cannot tolerate IHD due 
to hemodynamic instability. CRRT uses diffu-
sion, convection, or a combination of both for 
solute clearance and is performed up to 24  h a 
day with blood flow rates of 100–300  mL/min 
[12–14]. By providing slower solute and fluid 
removal per unit of time, CRRT is thought to 
allow for better hemodynamic tolerance as com-
pared to IHD.  Other potential advantages of 
CRRT over IHD include more efficient solute 
clearance, better control of volume status, and 
better clearance of middle-molecular-weight sol-
utes. Disadvantages of CRRT over IHD include 
decreased patient mobility, increased nursing 
labor, greater need for anticoagulation, and 
increased cost. Moreover, since no clear data 
exists on how to appropriately dose many drugs 
during CRRT, potential underdosing of drugs, 
especially antibiotics, can occur.

The CRRT modalities employed for solute 
removal are continuous venovenous hemofiltration 
(CVVH), continuous venovenous hemodialysis 
(CVVHD), and continuous venovenous hemodi-
afiltration (CVVHDF) [12–14] (Table  22.2). 
In CVVH, solute removal is solely dependent on 
convective clearance and is augmented by increas-

Table 22.2 CRRT modalities

CRRT modality Convection Diffusion Replacement fluid Ultrafiltration rate (mL/min) Dialysate rate (mL/min)
CVVH ++++ − Yes 16–50 −
CVVHD + ++++ No 5–15 16–50
CVVHDF +++ +++ Yes 16–50 16–50

Abbreviations: CRRT continuous renal replacement therapy, CVVH continuous venovenous hemofiltration, CVVHD 
continuous venovenous hemodialysis, CVVHDF continuous venovenous hemodiafiltration
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ing the volume of ultrafiltrate. No dialysate is used. 
A “replacement” or “substitution” fluid is infused 
in the blood to replace the excess volume and elec-
trolytes removed through the membrane from the 
high ultrafiltration rates and to correct acid-base 
and electrolyte abnormalities. The replacement 
fluid can be infused prior to the hemofilter (pre-fil-
ter or pre-dilution) or after the hemofilter (post-fil-
ter or post-dilution) in varying amounts. The use of 
post-filter replacement fluid is limited by the filtra-
tion fraction, which is defined as the ratio of ultra-
filtration rate to plasma water flow rate [15]. 
Clinical practice suggests a filtration fraction >0.30 
is associated with increased clotting from hemo-
concentration and protein-membrane interactions. 
Adding some of the replacement fluid pre-filter 
dilutes the hematocrit, thereby reducing the filtra-
tion fraction and likelihood of filter clotting. The 
downside is that by diluting the concentration of 
solutes entering the hemofilter, pre-filter replace-
ment fluid decreases solute clearance by 15% with 
ultrafiltration volumes of 2000  mL/h and up to 
34% with volumes of 4500 mL/h [16]. CVVHD 
removes solutes by diffusion. In contrast to IHD, 
the dialysate flow rate (typically 1–2  L/h, or 
17–34 mL/min) is slower than the blood flow rate 
(100–300  mL/min), allowing small solutes to 
equilibrate completely between the blood and dial-
ysate. Ultrafiltration is used only for volume con-
trol and, therefore, with rates much lower than 
required for convective  solute clearance. CVVHDF 
uses a combination of convection and diffusion for 
solute removal and, as a result, requires both a dial-
ysate and replacement fluid.

Despite increased clearance of middle-molec-
ular-weight molecules with hemofiltration, no 
study has shown that CVVH improves patient 
survival when compared to CVVHD. Friedrich 
et  al. published a meta-analysis comparing the 
outcomes of hemofiltration to hemodialysis for 
the treatment of AKI [17]. Nineteen RCTs were 
evaluated, of which 16 used CRRT. The authors 
found no difference in patient survival or clinical 
outcomes such as organ dysfunction, vasopres-
sor use, or survivor renal recovery. Hemofiltration 
was associated with an increased clearance of 
larger molecules but also a shorter filter life. 

Although cytokines can be removed by CVVH, 
most controlled studies have failed to demon-
strate a significant and sustained decrease in 
cytokine plasma concentrations or an improve-
ment in outcome [18–23]. High-volume hemofil-
tration (HVHF) with ultrafiltration rates >50 mL/
kg/h has been attempted to augment the clear-
ance of cytokines in AKI patients with sepsis and 
septic shock. However, a meta-analysis of four 
RCTs comparing HVHF to standard-volume 
CVVH did not show any survival benefit with 
HVHF [24]. The HEROICS study was a more 
recent RCT in which patients with severe shock 
requiring high-dose catecholamines 3–24 h post-
cardiac surgery were randomized to early HVHF 
at 80  mL/kg/h for 48  h followed by standard-
volume CVVHDF versus standard care [25]. 
Standard care involved initiating CVVHDF for 
conventional indications in the setting of 
AKI. Early HVHF did not lower 30-day mortal-
ity (odds ratio, 1.00; 95% confidence interval, 
0.64–1.56; P = 1.00) or improve any other clini-
cal outcomes. Since there is insufficient data to 
recommend one type of CRRT modality over 
another, the choice of CRRT modality should be 
based on clinician preference and expertise.

22.4  Prolonged Intermittent 
Renal Replacement  
Therapy (PIRRT)

Hybrid therapies are also known as prolonged 
intermittent renal replacement therapy (PIRRT), 
sustained low-efficiency dialysis (SLED), and 
extended daily dialysis (EDD). These therapies 
use conventional hemodialysis machines with 
lower blood-pump speeds (e.g., 200  mL/min) 
and dialysate flow rates (e.g., 100–300 mL/min) 
to provide solute and fluid removal slower than 
IHD but faster than conventional CRRT.  The 
duration of dialysis is extended to 8–16 h daily. 
PIRRTs combine the advantages of both CRRT 
and IHD.  They allow for improved hemody-
namic  stability through gradual solute and vol-
ume removal while providing the benefits of 
an intermittent therapy, such as decreased cost, 
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increased patient mobility, and decreased need 
for anticoagulation. Because they are intermit-
tent, scheduling of required diagnostic and 
therapeutic procedures can be done without 
interruption of therapy. Studies have demon-
strated that PIRRTs provide comparable hemo-
dynamic control to CRRT [26–29]. As with 
CRRT, appropriate dosing of drugs is not known 
and can lead to underdosing of critical medica-
tions such as antibiotics.

22.5  Peritoneal Dialysis (PD)

In PD the peritoneum functions as a semiper-
meable membrane and allows for solute 
removal through diffusion and volume removal 
through ultrafiltration. A dialysate solution is 
instilled into the peritoneal cavity through a 
catheter, where it dwells for a prescribed period 
of time allowing solutes to diffuse from blood 
in the capillaries into the dialysate. The satu-
rated dialysate is then drained and discarded 
and fresh dialysate reintroduced. High concen-
trations of dextrose are used in the dialysate to 
create an osmotic gradient for ultrafiltration. 
Acute PD can be performed intermittently or 
continuously and either manually or by an 
automated cycler. Advantages of PD include 
wide availability, technical simplicity, hemo-
dynamic stability, lack of need for anticoagula-
tion or vascular access, and lower cost. 
Disadvantages include complications of PD 
catheter placement, risk of peritonitis, poten-
tial inability to provide sufficient solute clear-
ance in hypercatabolic patients, unpredictable 
ultrafiltration, albumin loss across the perito-
neal membrane, hyperglycemia, and potential 
respiratory compromise from increased 
abdominal pressure caused by instilled dialy-
sate [30, 31]. PD is contraindicated in patients 
with recent abdominal surgery, abdominal 
drains, or ileus. Acute PD is useful in AKI 
patients with hemodynamic instability or diffi-
cult vascular access issues or in AKI patients 
located in regions with limited resources.

22.6  Selection of RRT Modality

Evidence for improved outcomes with one spe-
cific RRT over another in patients with AKI is 
lacking. CRRT has been associated with less 
need for escalation of vasopressors [32] and with 
greater net negative fluid balance [33]. However, 
based on RCTs and several meta-analyses, there 
has been no convincing evidence that CRRT is 
superior to IHD in terms of survival [32, 34–37]. 
While observational studies have shown CRRT to 
be associated with higher rates of renal recovery, 
the evidence is insufficient [38]. Most studies 
only evaluated renal recovery in patients who 
survived, and improved renal recovery with 
CRRT has not been observed in RCTs.

There are scant data comparing other modali-
ties of RRT in AKI.  Although data comparing 
PIRRT to either IHD or CRRT are limited, simi-
lar survival outcomes have been suggested [28, 
39, 40]. A recent meta-analysis of studies com-
paring CRRT and PIRRT shows no difference in 
mortality, renal recovery, fluid removal, ICU 
days, or solute control [41]. Several small RCTs 
have compared PD to other RRT modalities in 
AKI. In a study from Vietnam comparing CVVH 
to PD, CVVH was associated with better survival 
in patients whose predominant etiology of AKI 
was malaria [31]. The applicability of this study 
to other causes of AKI is uncertain. A RCT of 
120 patients, comparing high-volume PD to daily 
IHD, demonstrated no difference in survival or 
renal recovery [42]. Another RCT comparing 
high-volume PD and PIRRT found no evidence 
of a survival benefit with PD [43]. A meta-analy-
sis of seven cohort studies and four RCTS com-
paring PD with extracorporeal therapies in the 
setting of AKI suggested there were no signifi-
cant differences in outcomes between patients 
treated with PD and IHD or hemodiafiltration 
(HDF) [44].

In the absence of definitive data to support a 
particular modality, selection of RRT modality 
should be based on the needs of the patient. 
Choice of RRT modality is also influenced by 
availability, expertise, resources, cost, and physi-
cian preference. Most clinicians choose IHD for 
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AKI patients who are hemodynamically stable 
and CRRT or PIRRT for AKI patients who are 
hemodynamically unstable and fluid overloaded 
and/or have sepsis and multi-organ failure. IHD is 
also favored in patients who need rapid solute 
removal, such as patients with severe hyperkale-
mia or drug intoxications. CRRT is preferred in 
patients with cerebral edema since IHD may 
worsen neurological status by compromising 
cerebral perfusion pressure as a result of dialysis-
associated hypotension or from rapid intracellular 
fluid and solute shifts [45–47]. Given the slower 
rate of volume and solute removal, CRRT is better 
tolerated by patients with acute brain injury who 
are at risk for acute herniation [46, 48].

22.7  Anticoagulation

Anticoagulation is frequently required to prevent 
clotting of the circuit in most types of extracorpo-
real RRT. Clotting of the filter affects treatment 
efficacy by decreasing solute and fluid removal 
and contributes to blood loss in the dialyzer. The 
most commonly used anticoagulant is unfraction-
ated heparin (UFH). UFH has several significant 
advantages including its wide availability, low 
cost, ease of administration and monitoring, and 
reversibility with protamine. Disadvantages 
include its unpredictable pharmacokinetics, risk 
of heparin-induced thrombocytopenia (HIT), 
heparin resistance due to low patient antithrom-
bin levels, and increased risk of bleeding [49]. 
Although IHD and PIRRT can be generally per-
formed without anticoagulation given the shorter 
duration of treatment with higher blood flow 
rates, CRRT often requires anticoagulation.

The incidence of bleeding episodes with hepa-
rin as an anticoagulant for CRRT ranges from 10 
to 50%, with mortality from bleeding as high as 
15% [50–52]. As a result, regional anticoagula-
tion with citrate has been gaining wider accep-
tance in CRRT [53–55]. Several methods of 
regional citrate anticoagulation (RCA) for CRRT 
are described in the literature [53, 56–66]. Citrate 
is infused into the blood at the beginning of the 
extracorporeal circuit where it chelates ionized 
calcium and inhibits the coagulation cascade 

[67]. Coagulation is adequately inhibited with an 
ionized calcium level less than 0.35 mmol/L in 
the extracorporeal circuit (measured as the post-
filter ionized calcium concentration) [67, 68]. 
Since a portion of the calcium-citrate complex is 
lost across the hemofilter, calcium has to be 
infused back to the patient to replace the calcium 
lost. The remainder of the calcium-citrate com-
plex enters the systemic circulation, where citrate 
is metabolized to bicarbonate by the liver and 
ionized calcium is released back to the circula-
tion. By maintaining normal levels of ionized cal-
cium in the systemic circulation, anticoagulation 
is limited to the extracorporeal circuit.

Advantages of RCA include avoidance of HIT 
and decreased risk of bleeding since only the 
CRRT circuit is anticoagulated. The primary dis-
advantages of RCA are potential electrolyte com-
plications and the complexity of RCA protocols. 
The electrolyte complications include metabolic 
alkalosis, metabolic acidosis, hypernatremia 
when hypertonic citrate solutions are used, and 
hypocalcemia. Since 1 mole of citrate potentially 
yields 3 moles of bicarbonate, metabolic alkalo-
sis can occur with excessive citrate administra-
tion or use of exogenous bicarbonate. Metabolic 
acidosis can occur when citrate accumulates in 
patients who cannot metabolize citrate, such as 
those with liver failure or severe lactic acidosis. 
Citrate accumulation and toxicity is character-
ized by low systemic ionized calcium levels from 
unmetabolized calcium-citrate complexes, ele-
vated total serum calcium due to the need for 
higher systemic calcium infusion rates, metabolic 
acidosis with increased anion gap, and a dispro-
portional rise in total systemic calcium to ionized 
calcium ratio of greater than 2.5 [69–72]. 
Frequent monitoring of acid-base status, electro-
lytes, and ionized calcium in the systemic circu-
lation is necessary to prevent complications. If 
properly monitored, complications associated 
with RCA are uncommon.

A recent meta-analysis of 11 RCTs comparing 
RCA to UFH concluded that RCA significantly 
increased CRRT circuit lifespan, decreased cir-
cuit failure, and lowered bleeding risk [73]. The 
authors reported the incidence of HIT was higher 
in the heparin groups, while hypocalcemia was 
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increased in citrate groups. No significant sur-
vival difference was observed between the 
groups. They concluded that RCA should be con-
sidered as a better anticoagulant than heparin for 
CRRT in AKI patients without any contraindica-
tion to citrate.

22.8  Dose of Renal Replacement 
Therapy

It is unclear how to define dose of RRT in patients 
with AKI. Traditionally, the “dose” or “intensity” 
of RRT in AKI has been assessed by urea clear-
ance in PD, IHD, and PIRRT and by effluent vol-
ume (a surrogate of urea clearance) in CRRT. Urea 
clearance in IHD is most commonly quantified as 
the fractional urea clearance per treatment, 
expressed as Kt/Vurea. In CRRT, the effluent is 
comprised of the ultrafiltrate in CVVH, spent 
dialysate in CVVHD, and the sum of both in 
CVVHDF.  The ability of a molecule to pass 
through the membrane is expressed as a ratio of 
the solute concentration in the effluent to that in 
plasma and is known as the sieving coefficient 
(SC) [74–76]. The clearance of a solute during 
CRRT is equal to the product of the SC and the 
effluent rate. Under usual conditions, the SC for 
urea and other low-molecular-weight solutes is 
close to 1 [76]. Thus, small-solute clearance is 
approximately equal to effluent flow, and the 
dose of CRRT is reported as effluent flow in mL/
kg body weight per hour (mL/kg/h) [6].

Although several small, single-center trials 
have suggested that higher doses of IHD and 
CRRT are associated with improved outcomes, 
two large multicenter RCTs have not confirmed 
these findings [77–79]. In the Randomized 
Evaluation of Normal Versus Augmented Level 
Renal Replacement Therapy (RENAL) trial, 
patients were randomized to CVVHDF at 25 or 
40 mL/kg/h [80]. In the Veterans Affairs/National 
Institutes of Health Acute Renal Failure Trial 
Network (ATN), patients transitioned between 
modalities as their hemodynamic status varied, 
receiving IHD with a target Kt/Vurea per treatment 
of 1.2–1.4 either three or six times per week 
when hemodynamically stable and CVVHDF at 

20 or 35 mL/kg/h when hemodynamically unsta-
ble [81]. Both studies failed to detect any survival 
benefit from more intensive CRRT.  However, 
both trials delivered more intense therapy in the 
“low-dose” arms than what is routinely delivered 
in clinical practice. In the ATN and RENAL tri-
als, 95% and 88% of the prescribed CVVHDF 
dose were actually delivered, respectively. In the 
ATN study, the mean delivered Kt/Vurea was 1.3 
with IHD.  Overall survival rates in both trials 
were better than what has been reported in 
 previous studies. Based on these results, the best 
evidence suggests that patients with dialysis-
dependent AKI should receive the equivalent of 
at least three dialysis treatments per week with a 
delivered Kt/V value of 1.2, or CRRT at 
20–25 mL/kg/h, with careful attention to ensur-
ing that the target dose of therapy is actually 
delivered. More frequent IHD treatments may be 
needed if the target Kt/V or volume control can-
not be achieved with IHD three times a week. In 
both IHD and CRRT, higher doses of therapy 
may be needed for hypercatabolic patients or for 
control of severe hyperkalemia or acidemia. 
Comparable data are not available to guide dos-
ing of PD or PIRRT.
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23.1  Introduction

Acute kidney injury (AKI) has traditionally been 
defined as the rapid loss of renal function result-
ing in retention of nitrogenous waste products 
and impaired regulation of extracellular volume 
and electrolyte homeostasis. The Acute Kidney 
Injury Network (AKIN) suggested the use of the 
broad term, AKI, which represents a complete 
spectrum of acute renal failure.

The prevalence of AKI in hospitalized patients 
has sharply increased in recent years. This is alarm-
ing as mortality can range from 10% to 80% in this 
population, depending on the severity of AKI and 
comorbid disease states [1–5]. To   compound 

 matters, many pharmacologic agents act on or are 
eliminated by the kidneys. The pharmacokinetic 
and pharmacodynamic properties of these medica-
tions may be altered in patients with renal dysfunc-
tion. As a result, subtherapeutic or supratherapeutic 
drug concentrations may be more likely, and poor 
clinical outcomes can result [6].

Accurate estimation of glomerular filtration 
rate (GFR) is difficult in patients with AKI. The 
Cockcroft-Gault equation, the simplified refitted 
MDRD equation, and the CKD-EPI equation 
were all shown to be poor predictors of GFR in 
patients with AKI (Table 23.1) [7, 8]. Total body 
water changes rapidly in patients with 
AKI. Therefore, changes in serum creatinine do 
not always correlate well to improvement or 
deterioration of kidney function [9].

Historically, the approach to drug dosing in 
patients with AKI has been the same as in patients 
with chronic kidney disease (CKD). The majority 
of dosing recommendations for AKI have been 
extrapolated from studies performed in patients 
with stable CKD.  Of those patients presenting 
with AKI, 23–45% will have CKD as a predis-
posing factor [10–13]. In patients presenting with 
AKI on CKD, it may be more appropriate to uti-
lize CKD dosing recommendations initially to 
avoid underdosing therapeutic regimens depend-
ing on the nephrotoxic profile of the medication 
being used, as well as the urgency to achieve 
steady state (i.e., antibiotics). Close monitoring 
of medication levels, laboratory values, and 
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hemodynamic parameters can assist in the guid-
ing of clinicians on the renal function of a patient 
with AKI is often fluctuating and difficult to 
quantify [14]. Specific medication considerations 
will be reviewed in this chapter.

Renal drug clearance, comprised of glomeru-
lar filtration, tubular secretion, and renal drug 
metabolism, is affected by renal dysfunction. The 
type of renal dysfunction may affect several renal 
and nonrenal parameters of drug handling. Renal 
injury influences drug disposition through 
changes in several pharmacokinetic characteris-
tics (Table  23.2). Common pharmacokinetic 
abnormalities seen in patients with CKD include 
reduced oral absorption and glomerular filtration, 
altered tubular secretion and reabsorption, and 
changes in intestinal and hepatic clearance [15]. 
The impact of AKI on nonrenal clearance, pre-
dominantly hepatic metabolism, is not fully 
understood [16]. Nonrenal clearance appears to 

be preserved early in the course of AKI and dete-
riorates as the course of AKI is prolonged. Thus, 
dosing strategies extrapolated from patients with 
CKD may result in subtherapeutic drug concen-
trations and ineffective treatment. Critically ill 
patients who present with multi-system organ 
dysfunction may have alterations in drug phar-
macokinetics leading to decreased metabolism 
and excretion, potentially resulting in suprathera-
peutic drug concentrations and toxicity. 
Achieving a balance between under- and over-
dosing requires rigorous monitoring and individ-
ualized dosing.

Several published reviews have discussed in 
great detail drug dosing strategies in CKD and/or 
patients with AKI receiving renal replacement 
therapies (RRT). This review will focus on key 
concepts surrounding the dosing of medications 
in patients with AKI not receiving RRT.

Table 23.1 Common estimations/formulas for renal 
clearance

Clearance 
estimation Equation
Cockcroft-Gault 
equation

CrCl = [(age − 140) × IBW]/
(72 × SCr) × 0.85 (females only)

Modification of 
Diet in Renal 
Disease (MDRD)

GFR = 186 × (SCr/88.4) 
−1.154 × (age) −0.203 × (0.742 if 
female) × (1.210 if black)

Chronic Kidney 
Disease 
Epidemiology 
Collaboration 
(CKD-EPI)

GFR = 141 × min  
(SCr/κ, 1)α × max  
(SCr/κ, 1) − 1.209 × 0.993 
(age) × 1.018 [if female] × 1.159 
[if black]
κ is 0.7 for females and 0.9 for 
males
α is −0.329 for females and 
−0.411 for males
Min indicates the minimum of 
Scr/κ or 1, and max indicates the 
maximum of Scr/κ or 1

Schwartz 
equation 
(pediatrics)

GFR = (k × height)/SCr
Infant (low body weight, <1 year): 
k = 0.33
Infant (term <1 year): k = 0.45
Child or adolescent girl: k = 0.55
Adolescent boy: k = 0.7

Counahan-
Barratt equation 
(pediatrics)

GFR = (0.43 × height)/SCr

CrCl creatinine clearance, IBW ideal body weight,  
SCr serum creatinine, GFR glomerular filtration rate

Table 23.2 Pharmacokinetic alterations in patients with 
renal injury

Pharmacokinetic 
parameter Alteration
Absorption Increased gastroparesis

Delayed gastric emptying
Increased gastric pH
Reduced intestinal drug 
metabolism
Increased P-glycoprotein-mediated 
medication transport

Distribution Decreased medication binding to 
albumin
Increased α1-glycoprotein 
expression
Altered medication ionization, 
tissue distribution, and clearance
Altered volume of distribution due 
to changes in volume status

Metabolism Altered nonrenal metabolism of 
medications (may be preserved 
early in AKI course, lost later in 
AKI course)
Loss of renal-mediated medication 
metabolism

Elimination Decreased tubular secretion and 
reabsorption
Accumulation of endogenous and 
exogenous acidic and basic 
compounds that compete for 
transporters
Decreased medication filtration by 
impaired tubular secretion
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Table 23.3 Pharmacokinetic parameters and definitions

Pharmacokinetic 
parameter Definition
Absorption The rate and extent to which a 

medication moves into the systemic 
circulation after administration

Area under the 
curve

The area under a drug concentration 
vs. time graph

Bioavailability The fraction of a medication that 
reaches systemic circulation after 
administration. For intravenous and 
other direct routes of administration, 
bioavailability is 100%

Distribution The movement of medications from 
the intravascular space to the 
surrounding tissues and organs

Elimination Drug handling process by which 
medications are removed from the 
body

Half-life The time needed for the 
concentration of a medication to be 
decreased by 50%

Metabolism The process by which 
biotransformation of medication 
takes place in the body

Steady state The point at which plasma 
concentrations of a medication 
remain consistent, as the rate of 
drug administration is equal to the 
rate of drug elimination. Steady 
state is typically achieved after 
three to five medication half-lives

Volume of 
distribution

Theoretical volume of plasma that it 
would take to achieve the observed 
serum concentration of a medication, 
in relation to the administered dose. 
Medications with a large volume of 
distribution are primarily lipophilic 
and distribute to peripheral tissues. 
Medications with a smaller volume of 
distribution are primarily hydrophilic 
and are generally contained within 
the intravascular space

23.2  Alterations in Pharmacokinetic 
Parameters

Understanding pharmacokinetic parameters and 
how they may fluctuate is critical to effective man-
agement of patients with AKI. Pharmacokinetics 
refers to the movement of a medication throughout 
the body. Pharmacokinetic parameters are gener-
ally grouped into four major categories: absorp-
tion, distribution, metabolism, and elimination 
(Table  23.3) [17]. The few currently available 

pharmacokinetic analyses have generally been 
conducted in patients with CKD and rarely in 
patients actively experiencing AKI. For this rea-
son, clinicians will often need to extrapolate 
known information about a medication’s pharma-
cokinetic profile to adjust the therapeutic regimen 
in a patient with AKI.

23.3  Absorption

Medication absorption describes the rate and 
extent to which a medication moves into the sys-
temic circulation after administration. The term 
bioavailability is used to quantify the fraction of 
administered drug reaching the systemic circula-
tion. Direct routes of administration, such as the 
intravenous route, have a bioavailability of 100%. 
Enteral absorption of a medication will depend 
on several medication-specific variables such as 
ionization, lipophilicity, particle size, and solu-
bility [18]. The bioavailability of a medication 
may also be influenced by numerous physiologic 
changes in the gastrointestinal (GI) tract, includ-
ing surface area, regional blood flow, gastric pH, 
delayed gastric emptying, and intestinal drug 
metabolism [17, 19, 20].

Depending on the etiology of a patient’s AKI, 
elements of medication absorption may also be 
impacted. For example, in patients receiving 
vasoactive agents administered to maintain sys-
temic perfusion may reduce blood flow to the GI 
tract and SC tissues and cause decreased gastric 
motility [21]. There is conflicting data on to the 
degree which vasoactive agents will reduce 
absorption through the GI tract [22–25].

While there is a lack of data specific to patients 
with AKI, data examining gastric emptying in 
patients with CKD have yielded conflicting 
results regarding clinical relevance [24–28].

Gastric pH is often increased in patients with 
AKI and will often influence a medication’s 
 bioavailability. Although its etiology is likely 
multifactorial, one proposed mechanism is 
increased ammonia formation in the gut second-
ary to conversion of salivary urea by urease 
enzymes [29]. For some medications, dissolution 
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and ionization are reduced in an environment of 
increased gastric pH, resulting in reduced bio-
availability [17, 30].

Intestinal metabolism is a significant compo-
nent of drug bioavailability, and CKD-induced 
reductions in intestinal metabolism and 
P-glycoprotein-mediated drug transport may result 
in increased medication bioavailability [31]. We 
will discuss what is theorized about these changes 
more in depth in the metabolism section.

23.4  Distribution

Distribution, or volume of distribution (Vd), is a 
pharmacokinetic variable that can help to quan-
tify the serum concentration achieved after an 
administered dose. A medication’s Vd can also 
help to classify a medication as lipophilic or 
hydrophilic. Hydrophilic medications will largely 
remain in plasma water volume, while lipophilic 
medications will spread into the body’s fat stores. 
Lipophilic drugs will have a significantly 
increased Vd [18]. Patients experiencing AKI can 
experience changes in plasma protein binding 
and fluid status that can have clinically signifi-
cant effects on Vd, resulting in changes in a med-
ication’s plasma and tissue concentrations, as 
well as its safety and efficacy.

23.4.1  Plasma Protein Binding

Several medications will bind to plasma proteins 
in the bloodstream, and AKI brought on by criti-
cal illness will commonly lead to alterations in 
plasma protein concentrations [17]. Plasma pro-
teins are relevant for medications as the unbound 
concentration of a medication is what will exert 
its pharmacologic effects. With protein-bound 
medications, any decrease in plasma proteins or 
protein binding may influence efficacy and toxic-
ity. The most common plasma proteins described 
in the literature are alpha-1-acid glycoprotein 
(AAG) and albumin. Basic medications will 
 generally bind to AAG, and acidic medications 

(warfarin, phenytoin, valproic acid, and salicy-
lates) will more often bind to albumin [32–34].

The alteration in protein concentration 
expected in a patient with AKI is dependent on 
the etiology of the renal injury. Patients with AKI 
often have low serum albumin levels due to 
increased vascular permeability, protein catabo-
lism, malnutrition, and/or acute illness. Decreases 
in serum albumin can lead to an amplified risk for 
adverse events due to a higher drug free fraction 
[35]. Although AAG is an acute-phase reactant 
and would be expected to be increased during 
trauma, surgery, or acute illness, medication 
binding this protein tends to be less affected by 
AKI [36].

Hypoalbuminemia will lead to increased 
plasma concentrations of highly protein-bound 
medications, which will often lead to an increased 
chance for toxic side effects to occur. 
Antiepileptics, most notably phenytoin and val-
proate, are frequently cited as having increased 
concentrations in hypoalbuminemic states. 
Therapeutic drug monitoring (TDM) of these 
medications should occur when possible, and 
adjustment of TDM levels for low albumin should 
occur to try to mitigate the possibility of toxic 
effects [37].

Increases in AAG may or may not occur 
depending on the etiology of patient’s AKI. The 
clinical sequelae of changes in AAG are more 
difficult to routinely monitor for than changes in 
serum albumin concentrations. When AAG con-
centrations rise, clinicians should expect an acute 
rise in bound medication concentration, decreas-
ing Vd and unbound medication concentration, 
leading to a prolonged duration of effect due to 
decreased clearance. Clinicians should be aware 
of the potential for increased duration of effect in 
AKI brought on by critical illness while remain-
ing vigilant about the increased potential for 
adverse effects.

Metabolic acidosis and respiratory alkalosis 
often accompany AKI. Depending on the pKa of 
medications, differences in pH between the tissue 
and plasma compartments may alter drug ioniza-
tion, tissue distribution, and clearance [38–41].
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23.4.2  Fluid Status

Fluid status assessment and resuscitation are 
common tenants of AKI management. For exam-
ple, patients with AKI brought on by severe sep-
sis and septic shock will likely be treated with 
aggressive goal-directed administration of intra-
venous fluids. This large volume of fluid admin-
istered will increase the total volume of body 
water, which will ultimately decrease the serum 
concentration of hydrophilic medications. 
Accumulation of fluid during other etiologies of 
AKI may result in lower drug concentrations. 
Often, if patients with AKI are diuresed, higher 
drug concentrations may result [35]. 
Understanding the physiology of the AKI and the 
patient’s intravascular fluid status can help clini-
cians develop a plan for proper monitoring and 
dose adjustment. In general, the changes in drug 
disposition due to fluid status are similar in 
patients with CKD as they are in AKI; however 
patients with AKI often will have a fluctuating 
disease course that can alter Vd rapidly.

23.5  Metabolism

Many medications will undergo biotransforma-
tion or metabolism in order to enhance eventual 
excretion [17]. Traditionally, metabolism is con-
sidered to take place primarily in the liver, though 
metabolism occurs in several other organs includ-
ing the lung, brain, and kidney. Knowledge of the 
changes in metabolism can help clinicians plan 
for variations in effectiveness and risk of side 
effects of certain medications.

Generally hepatic metabolism consists of two 
distinct phases. Phase 1 metabolism is largely 
mediated by chemical reactions of the cyto-
chrome P450 (CYP450) enzyme system to con-
vert the parent compound into metabolites. 
Metabolites are typically less potent than the par-
ent compound, though some medications have 
metabolites that are more potent and potentially 
toxic. Phase 2 metabolism consists of glucuroni-
dation and sulfation reactions.

There is an abundance of clinical evidence 
demonstrating that CKD significantly influences 
the nonrenal clearance of several medications 
[42–50]. Depending on the etiology of AKI, non-
renal clearance appears to be preserved early in 
the course of illness. Patients with AKI brought 
on by septic shock in the acute phase may be 
aggressively fluid resuscitated and may result in 
increased hepatic blood flow and hepatic metabo-
lism. A limited number of studies have investi-
gated the differences in nonrenal clearance of 
medications in patients with AKI compared with 
CKD.  Notably, patients with AKI have demon-
strated decreased nonrenal clearance of medica-
tions such as imipenem, meropenem, and 
vancomycin [51, 52]. Animal studies have also 
shown that AKI may alter hepatic metabolism of 
diltiazem, tacrolimus, and theophylline [53, 54].

Some of these changes in nonrenal medication 
clearance may be due to the fact that some patients 
with AKI may present with concomitant condi-
tions that impact drug metabolism and elimina-
tion, including hepatic damage (cirrhosis) or 
dysfunction (shock and decreased hepatic blood 
flow) and cardiovascular or respiratory failure 
[55, 56]. Common etiologies of AKI in critically 
ill patients, including sepsis, pancreatitis, and 
liver failure, can cause profound vasodilatation 
and decreases in GFR, renal blood flow, and drug 
elimination [57]. The use of vasopressors will 
generally lead to decreased metabolism due to 
decreased hepatic blood flow, while systemic 
vasodilators may lead to the opposite effect.

A component of drug biotransformation that 
cannot be overlooked is the drug-metabolizing 
capacity of the kidneys. Ordinarily, the kidneys 
have nearly 15% of the metabolic function of the 
liver, with the highest amount of metabolic 
enzymes located in the renal cortex [58].

23.6  Elimination

In patients with AKI, estimates of renal clearance 
will most likely be unable to accurately predict 
renal function, as a single laboratory time point is 
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used in these calculations. Serum creatinine is 
used as a surrogate marker for renal function and 
can often lag behind acute changes in GFR. Urine 
collection and monitoring of hourly urine output 
may be more up-to-date markers of renal func-
tion and elimination activity.

AKI can increase glomerular permeability, 
resulting in increased clearance rates of highly 
protein-bound drugs. For example, in patients 
with nephrotic syndrome, the glomerular base-
ment membrane loses negative charge and allows 
albumin and other large molecules to leak across 
the barrier [38]. Tubular secretion is an active 
process that transports and reabsorbs medications 
between interstitial fluid and nephron by an 
anion-cation transport system (Table  23.4). In 
patients with AKI, this mechanism may be 
decreased as endogenous and exogenous acids 
and bases accumulate and compete for transport-
ers [40, 59, 60]. Competition for tubular secre-
tion can alter the pharmacologic effect of the 
administered medication.

Use of medications without renal clearance 
mechanisms and appropriate dose adjustments of 
those with renal clearance mechanisms are 
required for successful management of a patient 
with an AKI. Dosing strategies and recommenda-
tions regarding specific classes of medications 
will be discussed in the next section.

23.7  Dosing Theories in Acute 
Renal Failure

23.7.1  General Considerations

As in patients with normal renal function, the 
goal in dosing patients with AKI is to achieve 
goal concentrations of medications in the serum 
or site of action without underdosing or overdos-
ing. Pharmacodynamic (i.e., antimicrobial agents 
with time-dependent vs. concentration-depen-
dent killing effects) and pharmacokinetic param-
eters, potential side effects of drug accumulation, 
and clinical status of patient (i.e., hemodynamic 
instability, severe inflammatory state, etc.) must 
be considered to attain this goal [61]. Specific 
medication-related factors must also be under-
stood when designing a regimen most likely to 
achieve these targets. Information regarding 
notable medication classes will be discussed in a 
later section.

23.7.2  Loading Dose

The time for a medication to reach steady-state 
concentration is approximately 3–5 half-lives. 
Loading doses are considered for drugs with long 
half-lives that will not achieve therapeutic levels 

Table 23.4 Tubular drug secretion by anionic and cationic transport systems

Anion transport Cation transport
Acyclovir Acetazolamide Amantadine Amiloride
Ampicillin Ascorbic acid Amphetamines B-blockers
Captopril Cephalosporins Cimetidine Digoxin
Cisplatin Ethacrynic acid Dopamine Epinephrine
Furosemide Ibuprofen Ethambutol Famotidine
Indomethacin Methotrexate Metformin Methadone
Nafcillin Naproxen Morphine Neostigmine
Nitrofurantoin Penicillin G Norepinephrine Procainamide
Phenobarbital Probenecid Quinidine Ranitidine
Quinolones Salicylates Trimethoprim
Sulfonamides Thiazides
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for an extended period of time or in scenarios 
where a delay in the achievement of therapeutic 
levels has been associated with worsened patient 
outcomes. The administration of a loading dose 
before maintenance dosing allows for more rapid 
achievement of therapeutic plasma concentra-
tions [17]. Patients with AKI will likely require 
adjustment of maintenance doses to avoid accu-
mulation of drug. However, the necessity of the 
loading dose in applicable medications to 
promptly achieve therapeutic concentrations still 
remains [43, 45]. The loading dose is dependent 
on both the volume of distribution and the desired 
plasma concentration; therefore, patients with 
excess total body water or increased volumes of 
distribution may require a higher than normal 
loading dose to take into account a change in Vd 
[61, 62]. Conversely, in patients with reduced Vd, 
a lower loading dose may be appropriate [45, 63].

23.7.3  Maintenance Dose

Maintenance doses are administered to maintain 
steady-state concentrations of drug in the plasma 
and at the site of action. These doses may require 
adjustment depending on the patient’s ability to 
metabolize the drug hepatically or eliminate the 
drug renally, assuming significant portions of the 
drug go through these pathways [64]. Medications 
that require renal dose adjustment can either have 
their dose decreased, dosing interval extended, or 

a combination of both [43, 64]. The type of dos-
ing adjustment made will attempt to maximize 
efficacy while minimizing toxicity resulting from 
drug accumulation. For example, medications 
that require higher concentrations to achieve their 
therapeutic effect should have their interval 
extended, while those that are likely to accumu-
late and cause adverse effects may have their 
dose reduced as well.

23.8  Therapeutic Drug 
Monitoring

Many medications have laboratory assays that 
can be utilized to directly measure serum concen-
trations or the pharmacodynamic effect of the 
drug. Particularly in patients with AKI, where a 
patient’s drug handling may change rapidly, utili-
zation of these laboratory measures when appro-
priate is vital to ensure efficacy and safety. 
Medications with narrow therapeutic indices 
should undergo close monitoring throughout the 
course of AKI to maximize patient outcomes. In 
general, TDM should take place when a medica-
tion has reached steady state, although in patients 
with AKI, TDM may take place earlier in the 
course of therapy to ensure that medication accu-
mulation has not occurred. A list of medications 
with commonly measured TDM levels is pro-
vided in Table 23.5.

Table 23.5 Medications with commonly utilized therapeutic drug monitoring levels

Medication Goal TDM levels
Antiepileptic drugs (AEDs)
Phenytoin Trough: 10–20 mcg/mL

Note: must be adjusted for hypoalbuminemia and renal insufficiency
Carbamazepine Trough: 4–12 mcg/mL
Valproate Trough: 50–100 mcg/mL
Phenobarbital Trough: 10–40 mcg/mL (may choose narrower range, i.e., 20–30 mcg/mL)
Antimicrobials
Vancomycin Trough: 10–20 mcg/mL (15–20 mcg/mL for sites of infection with poor 

vancomycin penetration, i.e., lung, brain)

(continued)
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Table 23.5 (continued)

Medication Goal TDM levels
Aminoglycosides (gentamicin = G; 
tobramycin = T; amikacin = A)

Treatment of gram-negative organisms:
HEAT dosing:
Peak: generally not required
Trough: <1 mcg/mL (G/T); <4 mcg/mL (A)
Treatment of patients with cystic fibrosis:
Peak: 20–30 mcg/mL (G/T); 40–60 mcg/mL (A)
Trough: <1 mcg/mL (G/T); <4 mcg/mL (A)
Traditional dosing:
Peak: 4–8 mcg/mL (G/T); 20–35 (A)
Trough: < 1–2 mcg/mL (G/T); <5–8 mcg/mL (A)
Treatment of gram-positive organisms:
Synergy dosing:
Peak: generally not required
Trough: <1 mcg/mL (G/T); <4 mcg/mL (A)

Voriconazole Trough: 2–6 mcg/mL
Posaconazole Trough: >700 ng/mL
Cardiovascular medications
Digoxin Heart failure:

Trough: 0.5–0.9 ng/mL
Atrial fibrillation:
Trough: <2 ng/mL (digoxin should be titrated to effect in management of 
atrial fibrillation; trough should be checked when there is concern for 
toxicity)

Lidocaine Trough: 1–5 mcg/mL
Warfarin INR: usual goal 2.0–3.0. Goal based on indication for anticoagulation; may 

be changed based on patient-specific risk for thrombosis or hemorrhage
Enoxaparin Anti-Xa monitoring:

Peak: 0.6–1.0 units/mL (BID dosing); 1–2 units/mL (daily dosing)
Trough: <0.4 units/mL

Dalteparin Anti-Xa monitoring:
Peak: 0.5–1.5 units/mL

Fondaparinux Anti-Xa monitoring (requires a different assay than LMWHs): Peak, 
0.5–1.5 units/mL

Immunosuppressants: goal trough levels will depend on the patient’s time in the posttransplant course. Goal levels 
listed below represent the immediate posttransplant time period
Tacrolimus Renal transplant: 8–12 ng/mL

Liver transplant: 8–12 ng/mL
Lung transplant: 8–12 ng/mL
Heart transplant: 8–15 ng/mL
HSCT: 5–10 ng/mL

Cyclosporine Renal transplant: 200–300 ng/mL
Liver transplant: 200–300 ng/mL
Lung transplant: 250–350 ng/mL
Heart transplant: 250–300 ng/mL
HSCT: 200–400 ng/mL

Sirolimus Renal transplant: 3–8 ng/mL
Lung transplant: 8–10 ng/mL
Heart transplant: 3–10 ng/mL
HSCT: 3–12 ng/mL

TDM therapeutic drug monitoring, HEAT high-dose extended-interval aminoglycoside therapy, LMWH low-molecular-
weight heparin, HSCT hematopoietic stem cell transplant
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23.9  Drugs Requiring Special 
Attention in Acute  
Kidney Injury

23.9.1  Nephrotoxins

Medications, in addition to many processes and 
disease states, are risk factors for the develop-
ment of AKI.  In the ICU setting, medications 
may contribute to AKI in up to 25% of cases [64]. 
Patient risk factors for drug-induced nephrotox-
icity, such as age, dehydration, hypotension, sur-
gery, and infection, should be recognized and 
used to help decide on the safest pharmacother-
apy regimen. In patients with these risk factors, 
medications with less risk of nephrotoxicity 
should be favored. Medication-induced AKI can 
be broken into three main categories: prerenal, 
ATN (acute tubular necrosis), and AIN (acute 
interstitial nephritis) [64]. Also, medication dos-
ing and administration strategies that minimize 
nephrotoxicity (i.e., once-daily dosing of amino-
glycosides, administration of isotonic fluid with 
nephrotoxins such as foscarnet, etc.) should be 
employed whenever possible. The first step in 
AKI is to remove possible offending agent(s) to 
avoid further insult to the kidneys. Repeated 
exposure to nephrotoxins, such as contrast dye, 
aminoglycosides, nonsteroidal anti-inflammatory 
drugs (NSAIDs), and vasoconstrictive agents 
may prolong recovery from AKI [65].

23.9.2  Anticoagulants

Anticoagulant-associated adverse drug events are 
common [66]. Warfarin and unfractionated hepa-
rin (UFH) metabolism are not typically signifi-
cantly altered in patients with renal insufficiency 
[67]. However, in patients with acute-on-chronic 
renal failure, uremia may induce platelet dys-
function due to several mechanisms including 
qualitative von Willebrand factor deficiencies 
and enhanced nitric oxide and prostaglandin syn-
thesis [68]. These patients have a higher inci-
dence of hemorrhage when utilizing warfarin and 
UFH, most likely due to platelet dysfunction and 

interactions with coadministered medications 
[69, 70].

Low-molecular-weight heparin (LMWH) use 
has increased following a number of studies dem-
onstrating equal or greater efficacy and their ease 
of use compared with UFH [71–74]. The clear-
ance of LMWH is primarily through renal excre-
tion, and the risk of hemorrhage is higher when 
these agents are used in patients with renal insuf-
ficiency [75–79]. Dose reductions are recom-
mended for these agents in patients with a 
creatinine clearance less than 30  mL/min. 
Additionally, monitoring of LMWH can be 
achieved using a chromogenic factor Xa assay 
[77]. Monitoring is typically recommended in 
obese patients or those with CKD. It may also be 
employed in patients with AKI to determine if 
supratherapeutic anticoagulation has occurred. 
Fondaparinux, a pentasaccharide factor Xa inhib-
itor, is also cleared by renal excretion and is not 
recommended for use in patients with a creati-
nine clearance less than 30 mL/min. Its use has 
not been extensively studied in AKI.  Like the 
LMWHs, fondaparinux may be monitored using 
a chromogenic factor Xa assay, but avoidance of 
its use in AKI may be prudent.

In patients with a contraindication to heparin 
analogues (i.e., heparin-induced thrombocytope-
nia), direct thrombin inhibitors, such as argatro-
ban and bivalirudin, and fondaparinux may be 
used for anticoagulation. All of these medications 
are cleared by the kidneys and need to be dose 
reduced or avoided in patients with renal insuffi-
ciency [80, 81]. Argatroban may be the preferred 
alternative anticoagulant in renal disease because 
it is primarily cleared by the liver and does not 
need empiric dose adjustment in patients with 
moderate renal insufficiency [82]. However, con-
tradictory data exists which suggests that acute 
changes in renal function may impact the phar-
macodynamics of argatroban [83, 84]. 
Additionally, in patients with acute-on-chronic 
kidney disease, nonrenal clearance of argatroban 
may be reduced. Use of a nomogram with empiric 
dose reductions of DTIs in patients with CKD or 
AKI may improve the likelihood of achieving 
therapeutic anticoagulation [85].
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The direct oral anticoagulants (DOACs), dabi-
gatran, rivaroxaban, apixaban, and edoxaban, 
have emerged as promising oral anticoagulants 
for the treatment of atrial fibrillation (AF) and 
venous thromboembolism (VTE) and prevention 
of VTE after knee and hip replacement. Each of 
the DOACs is eliminated renally, to varying 
degrees (Table 23.6). Empiric dose recommenda-
tions have been developed for patients with base-
line CKD. However, data regarding the use of the 
DOACs in patients with AKI is limited, and these 
agents should be used with caution. Serum con-
centration assays for each of the DOACs are 
available, but are currently not widely available 
for use outside of clinical drug trials [86]. 
Coagulation assays such as the activated partial 
thromboplastin time (dabigatran) and interna-
tional normalized ratio (rivaroxaban, apixaban, 
edoxaban) may be prolonged in patients with 
AKI who accumulate DOACs [87].

23.9.3  Antihypertensive and Cardiac 
Medications

23.9.3.1  Angiotensin-Converting 
Enzyme Inhibitors 
and Angiotensin Receptor 
Blockers

Angiotensin-converting enzyme inhibitors 
(ACEIs) and angiotensin receptor blockers 

(ARBs) inhibit efferent arteriole vasoconstric-
tion, therefore reducing glomerular filtration rate. 
In general, ACEIs and ARBs should be held in 
patients with AKI and reinitiated when renal 
function has stabilized [88].

23.9.3.2  Diuretics
Oliguria is a poor prognostic factor in patients 
who develop AKI.  Therefore, while diuretics 
may potentially cause prerenal AKI, they are fre-
quently used to improve urine output and improve 
oliguria [89–91]. Loop diuretics are the most 
potent and are most commonly administered as 
boluses or continuous infusion. Improvements in 
oxygen consumption and renal blood flow have 
been seen in smaller experimental settings; how-
ever, this has not been demonstrated in larger 
clinical trials. Loop diuretics, which block 
sodium and water reabsorption in the loop of 
Henle, are dependent on renal blood flow for 
their effect. The efficacy of loop diuretics may be 
decreased in AKI due to decreased drug delivery, 
and patients may require doses severalfold higher 
to achieve adequate diuresis [91].

Despite the administration of higher doses, 
however, tolerance to loop diuretics and various 
concomitant disease states, such as liver failure, 
nephrotic syndrome, and heart failure, may result 
in diuretic resistance. More frequent dosing, the 
use of continuous infusions, and the coadminis-
tration with thiazide diuretics may be strategies 

Table 23.6 Direct oral anticoagulants and dose adjustments in patients with renal dysfunction

Anticoagulant
Mechanism  
of action Elimination

Usual 
half-life Dosing and dose adjustment

Dabigatran 
(Pradaxa™)

Direct 
thrombin 
inhibitor

80% renal 12–14 h 150 mg PO 2×/day;
CrCl <30–75 mg PO 2×/day

Rivaroxaban 
(Xarelto™)

Direct factor 
Xa inhibitor

35% renal 6–9 h VTE: 15 mg PO 2×/day × 3 weeks, then 20 mg PO 
daily
AF: 20 mg PO daily
CrCl <30–15 mg daily

Apixaban 
(Eliquis™)

Direct factor 
Xa inhibitor

30% renal 8–12 h VTE: 10 mg PO 2×/day × 1 week, then 5 mg PO 
2×/day
AF: 5 mg PO 2×/day
Dose reduction—2.5 mg 2×/day if 2 or more of the 
following criteria are present: age > 80, 
weight < 60 kg, SCr >1.5

Edoxaban 
(Savaysa™)

Direct factor 
Xa inhibitor

70% renal 10–14 h 60 mg PO daily
CrCl <30–30 mg PO daily

CrCl creatinine clearance, VTE venous thromboembolism, AF atrial fibrillation

J. R. DeGrado et al.



353

to overcome diuretic resistance [91]. Thiazide 
diuretics interfere with sodium reabsorption in 
the distal convoluted tubule. Since loop diuretics 
increase the amount of sodium available for reab-
sorption at the distal tubule, using thiazide diuret-
ics results in a synergistic response. Thiazide 
diuretics may lose their effectiveness in patients 
with low creatinine clearance due to decreased 
delivery to the site of action, and there is limited 
data in patients with AKI. However, metolazone 
has been shown to retain its efficacy in patients 
with compromised renal function [92–95]. 
Intravenous thiazide diuretics, such as chlorothi-
azide, should be given 30 min before intravenous 
loop diuretics to maximize synergistic effects. 
Oral agents, such as chlorthalidone and metola-
zone, should be given at least 1–2 h before loop 
diuretic boluses.

23.9.4  Analgesics

23.9.4.1  Nonnarcotic Analgesics
Nonsteroidal anti-inflammatory drugs (NSAIDs) 
have long been associated with serious adverse 
effects, such as GI bleeding and AKI [96, 97]. 
Inhibition of COX-1 results in a decrease in pros-
taglandin synthesis and therefore a reduction of 
prostaglandin-mediated afferent arteriole 
 vasodilation and renal blood flow [98]. While tra-
ditional NSAIDs such as ibuprofen, ketorolac, 
and naproxen inhibit COX-1 to a greater degree 
than COX-2-specific NSAIDs, such as celecoxib, 
no difference in the risk of AKI development 
between these types of NSAIDs has been 
observed [97]. Patients with other risk factors for 
AKI, such as CHF, hypertension, liver disease, or 
concomitant use of ACEIs, ARBs, and diuretics, 
are at higher risk of nephrotoxicity when NSAIDs 
are administered [99, 100, 101]. In patients with 
AKI, NSAIDs should be avoided when possible 
to prevent further nephrotoxicity. Other nonnar-
cotic agents, such as tramadol, gabapentin, and 
pregabalin, should be renally adjusted as they 
may accumulate in AKI.

23.9.4.2  Narcotic Analgesics
Opioid selection and dosing in patients with renal 
dysfunction, especially AKI, is difficult. As 

hepatic dysfunction often accompanies AKI, the 
metabolism of most opioids may be reduced 
leading to an increase in effect and/or duration. In 
addition, many of these parent drugs or their 
active metabolites are cleared renally, leading to 
accumulation [102, 103]. Meperidine should be 
avoided in renal insufficiency as its active metab-
olite, normeperidine, may accumulate and 
increases the risk of neurotoxicity, including sei-
zures [104, 105].

Morphine may also not be an ideal choice as 
its primary two metabolites, morphine-3-gluc-
uronide and morphine-6-glucuronide, are elimi-
nated renally and may prolong the effects of 
sedation and respiratory depression in AKI [102, 
106, 107]. Additionally, morphine is associated 
with the greatest amount of hypotension due to 
histamine release and may further worsen a 
patient’s overall clinical status. Codeine and pro-
poxyphene are metabolized into active metabo-
lites that accumulate in AKI and should generally 
be avoided [108–111]. Hydromorphone is pas-
sively metabolized by the liver through conjuga-
tion and is not significantly cleared by the kidneys 
[112]. Oxycodone undergoes extensive hepatic 
metabolism with <20% of the parent drug 
excreted by the kidneys and may be used in AKI 
with careful monitoring. Fentanyl and metha-
done are likely the safest opioids to use in patients 
with AKI due to their lack of active metabolites 
and their lack of renal clearance [112].

23.9.5  Antimicrobial Agents

Errors regarding the choice and dosing of antimi-
crobial agents in patients with renal insufficiency 
are common [113–115]. There is little data to 
support reductions of initial dosing of antibiotics 
in patients with AKI due to changes in protein 
binding, volume of distribution, extrarenal clear-
ance mechanisms, and hemodynamic state of the 
patient. As discussed above, a loading dose is 
often required to achieve an optimal drug con-
centration within a minimal time period, espe-
cially for hydrophilic drugs such as vancomycin 
[116, 117]. Antibiotics that demonstrate concen-
tration-dependent killing should generally be 
adjusted to be administered less frequently in 
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order to still maximize the peak to MIC ratio or 
AUC to MIC ratio [118]. Time-dependent antibi-
otics can achieve their pharmacodynamic goal of 
adequate time above the MIC while undergoing 
dose reductions to minimize adverse reactions 
[119]. Serum drug concentrations can be drawn 
for peak or trough assessment or for various 
pharmacokinetic calculations [120].

23.9.5.1  Aminoglycosides
Aminoglycosides remain an important part of anti-
infective therapy in patients with severe gram-neg-
ative and some gram-positive bacterial infections 
[121, 122]. Their use in patients with renal insuffi-
ciency is complicated by an increased Vd, 
decreased clearance, and increased risk of serious 
adverse reactions, such as ototoxicity and worsen-
ing of renal function [123–125]. Aminoglycosides 
exhibit concentration-dependent bactericidal activ-
ity and have a significant postantibiotic effect such 
that they continue to suppress bacterial growth for 
a period of time after peak concentrations [126]. 
The trough serum level is the primary determinant 
and predictor of aminoglycoside toxicity. For these 
reasons, the goal in aminoglycoside dosing is to 
maximize efficacy with a goal peak/MIC ratio of 
10–12:1 while allowing for a rapid clearance of 
drug from the body before dosing again [127]. 
Extended interval aminoglycoside dosing 
(7–10 mg/kg once daily of gentamicin and tobra-
mycin or 15–25 mg/kg once daily of amikacin) has 
been widely used in recent years for the treatment 
of gram-negative bacterial infections to capitalize 
on the postantibiotic effect while minimizing neph-
rotoxicity [125, 128–132]. Currently, the data are 
lacking regarding the efficacy and toxicity of once-
daily aminoglycoside dosing as compared with 
multiple-daily doses in patients with severely 
impaired renal function [130]. Moreover, data sug-
gest that errors in dosing are common if extended-
interval dosing is used for patients with AKI or 
CKD [124, 133]. Using a more traditional dose 
(~1.5–2  mg/kg) may not achieve a peak plasma 
concentration high enough to optimize bacterial 
killing and may still increase the risk of worsened 
nephrotoxicity.

Aminoglycosides have also long been used for 
synergistic effects against gram-positive organ-
isms in combination with other antibiotics that 
target bacterial cell wall. Current endocarditis 
guidelines recommend use of aminoglycosides 
only for treatment of Streptococcus species and 
in patients with prosthetic heart valves [134, 
135]. The recommended use of these agents has 
decreased, as they may not increase the efficacy 
of these regimens and may be more toxic than 
alternatives [136]. Additionally, aminoglycoside 
resistance has increased among common patho-
gens of endocarditis [134].

23.9.5.2  Carbapenems
Imipenem is filtered and then metabolized by the 
renal brush border enzyme, dehydropeptidase 
[137]. Imipenem is given with cilastatin, an 
inhibitor of dehydropeptidase, to reduce tubular 
toxicity and prolong imipenem’s half-life [138]. 
Both medications have a prolonged half-life in 
patients with renal dysfunction [52], and accu-
mulation of imipenem in renal insufficiency may 
induce seizures. Patients with severe kidney dys-
function should be monitored closely and have 
their total daily dose decreased. If there is an 
especially high concern for seizures, a different 
carbapenem, such as meropenem, doripenem, or 
ertapenem, can be initiated at a reduced dose 
[139, 140]. Meropenem has been shown to be 
cleared in patients with AKI 1.3 to 2 times faster 
than in those with ESRD [51, 141, 142]. This is 
likely due to preserved nonrenal clearance in AKI 
as compared with ESRD.

23.9.5.3  Penicillins/Cephalosporins
Many of the commonly used penicillins and 
cephalosporins have prolonged half-lives in 
patients with renal insufficiency and require a 
reduction from the normal recommended dosage 
[118, 139, 143–147]. They have a slow, continu-
ous bactericidal effect that is dependent on the 
amount of time that tissue levels are above MIC 
[137, 148]. In most cases, the dose of the cepha-
losporin should be reduced in order to maintain 
tissue levels above the MIC for the bacteria being 
treated while limiting adverse effects [116]. 
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In severe AKI, both the dose and frequency of the 
cephalosporin may need to be reduced. For criti-
cally ill patients, the first dose should not be 
reduced, allowing for rapid achievement of thera-
peutic levels [148]. Administration of penicillins 
and cephalosporins as prolonged or continuous 
infusions may aid in decreasing overall drug 
exposure while maximizing pharmacokinetic 
properties of the medication [149, 150].

23.9.5.4  Fluoroquinolones
The fluoroquinolones have a broad spectrum of 
activity, including both gram-positive and gram-
negative coverage, good tissue penetration, and 
bioavailability [137, 151]. Most fluoroquinolones 
are cleared by the kidney and require dosage 
adjustments in patients with renal insufficiency 
[152, 153]. Similar to aminoglycosides, fluoro-
quinolones require high peak concentrations. In 
order to maximize peak concentrations, the dose 
of fluoroquinolone is typically not reduced, 
except in cases of severe AKI.  Extending the 
interval at which fluoroquinolones are adminis-
tered can be implemented to ensure adequate 
clearance.

23.9.5.5  Vancomycin
Vancomycin is a glycopeptide antibiotic with a 
broad gram-positive spectrum of activity. It 
remains the gold standard to treat methicillin-
resistant Staphylococcus aureus [137]. 
Vancomycin is cleared renally and has an 
increased half-life in patients with AKI. In addi-
tion, vancomycin has an increased Vd in patients 
with sepsis, multiorgan failure, and volume over-
load [146, 154, 155]. Vancomycin may require a 
loading dose, typically 25–30 mg/kg, which may 
need to be increased in critically ill patients. The 
maintenance dose, however, is generally reduced 
in patients with renal dysfunction [148, 156]. 
Proper therapeutic drug monitoring is imperative 
in patients with AKI receiving vancomycin [120, 
157]. Meta-analysis has displayed a measurable 
risk of AKI with the use of vancomycin; careful 
assessment should take place to determine the 
intended site of action of vancomycin and the 

goal vancomycin trough to maximize the AUC/
MIC ratio [158].

23.9.5.6  Antifungals
Amphotericin B is used to treat certain severe 
systemic fungal infections, including some that 
may be independent risk factors for AKI [147, 
159]. Preexisting renal dysfunction, administra-
tion of concomitant nephrotoxic agents, volume 
depletion, obesity, critical illness, and advanced 
age may increase the risk of amphotericin 
B-induced nephrotoxicity [140, 160]. The risk of 
nephrotoxicity can be reduced by the administra-
tion of sodium-containing fluid prior to each dose 
and with the use of lipid formulations of the drug, 
which are equivalent to conventional amphoteri-
cin B in terms of efficacy [161, 162].

Intravenous voriconazole should be used with 
caution in patients with moderate to severe renal 
insufficiency, defined as GFR less than 50 mL/
min. While voriconazole itself is not nephrotoxic, 
there is concern that the vehicle in the IV formu-
lation, sulfobutyl ether beta-cyclodextrin sodium 
(SBECD), has the potential to accumulate and 
cause tubular toxicity [163, 164]. However, the 
combination of newer data showing no increased 
risk of renal injury along with patient severity of 
illness may warrant the use of IV voriconazole in 
moderate to severe renal dysfunction [165]. 
Itraconazole is highly protein bound and has a 
high level of extrarenal elimination, including 
bile elimination [166, 167]. Therefore, itracon-
azole elimination in AKI is more likely to mirror 
a patient with normal renal function than that of a 
patient with CKD.

Isavuconazole, a novel triazole antifungal, is 
primarily eliminated fecally and unchanged from 
the kidneys and does not require dose adjustment in 
patients with renal dysfunction, even ESRD [168]. 
Additionally, the IV formulation of isavuconazole 
does not contain SBECD, limiting the risk of drug-
induced nephrotoxicity associated with the medi-
cation [168]. Finally, because it boasts a more 
predictable pharmacokinetic profile when com-
pared with voriconazole and posaconazole, isavu-
conazole typically does not require TDM [169].
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23.9.5.7  Nitrofurantoin
A toxic metabolite of nitrofurantoin accumulates 
in patients with renal insufficiency and can cause 
peripheral neuritis. For this reason, nitrofurantoin 
should not be used in patients with moderate to 
severe renal impairment [103].

 Conclusion
Multiple factors need to be considered when 
dosing medications in patients with AKI, as 
several pharmacokinetic parameters are 
impacted by renal dysfunction. The etiologies 
of AKI are vast, and AKI may be accompanied 
by underlying renal insufficiency, multiple 
organ dysfunction, critical illness, and the 
need for RRT. These parameters should con-
tribute to clinical decision-making and medi-
cation dosing formation. Patients presenting 
with AKI without other organ dysfunction 
may have preserved nonrenal clearance as 
compared with those with CKD, and, thus, 
dosing recommendations established from 
patients with CKD may be insufficient. While 
estimation of GFR is often difficult in patients 
with AKI, it is crucial to routinely assess the 
degree of renal dysfunction and closely ana-
lyze drug-specific pharmacokinetic properties 
to make the most appropriate dosing recom-
mendations in patients with AKI. A dedicated 
pharmacist available to the inpatient clinician 
can be a valuable resource to assist with craft-
ing and monitoring therapeutic regimens in 
these complex patients.
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