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16.1  Introduction

Acute kidney injury (AKI), previously known 
also as acute renal failure, is a syndrome char-
acterized by a rapid decline in kidney function 
(within hours to days) [1], with associated altera-
tions in metabolic, electrolyte, and fluid homeo-
stasis. It has been estimated that more than 20% 
of hospitalized patients develop AKI [2–4], and 
AKI is associated with increased short- and 
long-term morbidity and mortality, including an 
increased risk of developing chronic kidney dis-
ease (CKD) [5, 6].

Accordingly, AKI is now considered a major 
health problem worldwide [7, 8], which acquires 
particular importance considering that several 
cases of hospital-acquired AKI are iatrogenic [9].

Unfortunately, cardiovascular surgery is con-
sidered a major risk factor for AKI develop-
ment [3, 10, 11]. In this chapter, we will review 
current definition, epidemiology and available 

pharmacological strategies to prevent and treat 
AKI in aortic surgery.

16.2  Acute Kidney Injury: 
Definition and Epidemiology

Until the last decade, the definition of AKI was 
highly variable across different studies, yielding 
to a large heterogeneity in reported incidences 
and associated outcomes as well as lack of com-
parative data. In 2004, an international consensus 
conference developed a standard definition and 
staging system for AKI based on serum creati-
nine and urine output, called RIFLE (risk, injury, 
failure, loss, end-stage kidney disease) classifica-
tion (Table 16.1) [12]. Later, RIFLE criteria were 
modified into the AKIN (Acute Kidney Injury 
Network) criteria [13], to account for the increase 
in mortality observed for even small increase 
in serum creatinine [14] (Table  16.1). Finally, 
RIFLE and AKIN criteria were merged in a single 
definition proposed by the 2012 Kidney Disease: 
Improving Global Outcome (KDIGO) clinical 
practice guidelines on AKI [10–15] (Table 16.1). 
A standard definition for AKI after endovascular 
aneurysm repair (EVAR), the Aneurysm Renal 
Injury Score (ARISe), has also been recently 
developed [16] (Table 16.2).

Incidence of AKI in aortic surgery is highly 
variable, depending on surgical technique (open 
versus endovascular), site (ascending aorta/aortic 

A. Belletti 
Department of Anesthesia and Intensive Care,  
IRCCS San Raffaele Scientific Institute, Milan, Italy 

M. Licheri 
Department of Medical Sciences and Public Health 
“M. Aresu”, University of Cagliari, Cagliari, Italy 

T. Bove (*) 
Department of Medicine, University of Udine,  
Udine, Italy
e-mail: tiziana.bove@uniud.it

16

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-94761-7_16&domain=pdf
https://doi.org/10.1007/978-3-319-94761-7_16
mailto:tiziana.bove@uniud.it


178

Ta
bl

e 
16

.1
 

D
ia

gn
os

tic
 c

ri
te

ri
a 

fo
r 

ac
ut

e 
ki

dn
ey

 in
ju

ry
 a

cc
or

di
ng

 to
 R

IF
L

E
, A

K
IN

, a
nd

 K
D

IG
O

 c
ri

te
ri

a

R
IF

L
E

A
K

IN
K

D
IG

O

St
ag

e
C

la
ss

ifi
ca

tio
n

St
ag

e
C

la
ss

ifi
ca

tio
n

St
ag

e
C

la
ss

ifi
ca

tio
n

Se
ru

m
 c

re
at

in
in

e/
G

F
R

U
ri

ne
 o

ut
pu

t
Se

ru
m

 c
re

at
in

in
e/

G
F

R
U

ri
ne

 o
ut

pu
t

Se
ru

m
 c

re
at

in
in

e/
G

F
R

U
ri

ne
 o

ut
pu

t
R

In
cr

ea
se

d 
SC

r 
≥

1.
5 

tim
es

 th
e 

ba
se

lin
e 

va
lu

e 
or

 G
FR

 d
ec

re
as

e 
>

25
%

 f
ro

m
 b

as
el

in
e 

va
lu

e

<
0.

5 
m

L
/k

g/
h 

fo
r 

at
 le

as
t 6

 h
1

In
cr

ea
se

d 
SC

r 
≥

1.
5–

1.
9 

tim
es

 
th

e 
ba

se
lin

e 
va

lu
e 

or
 in

cr
ea

se
 

≥
0.

3 
m

g/
dL

 (
26

.5
 μ

m
ol

/L
)

<
 0

.5
 m

L
/k

g/
h 

fo
r 

at
 le

as
t 6

 h
1

In
cr

ea
se

d 
SC

r 
≥

1.
5–

1.
9 

tim
es

 th
e 

ba
se

lin
e 

va
lu

e 
w

ith
in

 7
 d

ay
s 

or
 

in
cr

ea
se

 ≥
0.

3 
m

g/
dL

 
(2

6.
5 
μm

ol
/L

) 
w

ith
in

 4
8 

h

<
0.

5 
m

L
/k

g/
h 

fo
r 

at
 le

as
t 6

 h

I
In

cr
ea

se
d 

SC
r 
≥

2 
tim

es
 th

e 
ba

se
lin

e 
va

lu
e 

or
 G

FR
 d

ec
re

as
e 

>
50

%
 f

ro
m

 b
as

el
in

e 
va

lu
e

<
0.

5 
m

L
/k

g/
h 

fo
r 

at
 le

as
t 

12
 h

2
In

cr
ea

se
d 

SC
r 
≥

2 
tim

es
 th

e 
ba

se
lin

e 
va

lu
e

<
0.

5 
m

L
/k

g/
h 

fo
r 

at
 le

as
t 

12
 h

2
In

cr
ea

se
d 

SC
r 
≥

2 
tim

es
 th

e 
ba

se
lin

e 
va

lu
e

<
0.

5 
m

L
/k

g/
h 

fo
r 

at
 le

as
t 

12
 h

F
In

cr
ea

se
d 

SC
r 
≥

3 
tim

es
 th

e 
ba

se
lin

e 
va

lu
e 

or
 G

FR
 d

ec
re

as
e 

>
75

%
 f

ro
m

 b
as

el
in

e 
va

lu
e 

or
 

SC
r 
≥

 4
 m

g/
dL

 (
35

0 
μm

ol
/L

) 
in

 
th

e 
se

tti
ng

 o
f 

ac
ut

e 
ri

se
 ≥

 0
.5

 
m

g/
dL

 (
44

 μ
m

ol
/L

)

<
0.

3 
m

L
/k

g/
h 

fo
r 

at
 le

as
t 

24
 h

 o
r 

an
ur

ia
 

fo
r 

12
 h

3
In

cr
ea

se
d 

SC
r 
≥

3 
tim

es
 th

e 
ba

se
lin

e 
va

lu
e 

or
 S

C
r 
≥

4 
m

g/
dL

 (
35

0 
μm

ol
/L

) 
in

 th
e 

se
tti

ng
 

of
 a

cu
te

 r
is

e 
≥

0.
5 

m
g/

dL
 

(4
4 
μm

ol
/L

) 
or

 n
ee

d 
fo

r 
R

R
T

<
0.

3 
m

L
/k

g/
h 

fo
r 

at
 le

as
t 

24
 h

 o
r 

an
ur

ia
 

fo
r 

12
 h

3
In

cr
ea

se
d 

SC
r 
≥

3 
tim

es
 th

e 
ba

se
lin

e 
va

lu
e 

O
R

 S
C

r 
≥

4 
m

g/
dL

 
(3

50
 μ

m
ol

/L
) 

or
 n

ee
d 

fo
r 

R
R

T
 

O
R

 in
 p

at
ie

nt
s 

<
18

 y
ea

rs
 a

 
de

cr
ea

se
 in

 G
FR

 to
 <

35
 m

L
/

m
in

/1
.7

3 
m

2

<
0.

3 
m

L
/k

g/
h 

fo
r 

at
 le

as
t 

24
 h

 o
r 

an
ur

ia
 

fo
r 

12
 h

L
N

ee
d 

fo
r 

R
R

T
 f

or
 >

4 
w

ee
ks

N
/A

N
/A

N
/A

N
/A

N
/A

E
N

ee
d 

fo
r 

di
al

ys
is

 f
or

 >
3 

m
on

th
s

N
/A

N
/A

N
/A

N
/A

N
/A

A
K

IN
 A

cu
te

 K
id

ne
y 

In
ju

ry
 N

et
w

or
k,

 G
F

R
 g

lo
m

er
ul

ar
 fi

ltr
at

io
n 

ra
te

, 
K

D
IG

O
 k

id
ne

y 
di

se
as

e:
 i

m
pr

ov
in

g 
gl

ob
al

 o
ut

co
m

e,
 R

IF
L

E
 r

is
k,

 i
nj

ur
y,

 f
ai

lu
re

, 
lo

ss
, 

en
d-

st
ag

e 
ki

dn
ey

 
di

se
as

e,
 R

R
T

 r
en

al
 r

ep
la

ce
m

en
t t

he
ra

py
, S

C
r 

se
ru

m
 c

re
at

in
in

e
A

da
pt

ed
 f

ro
m

 B
el

lo
m

o 
et

 a
l. 

[1
2]

, M
eh

ta
 e

t a
l. 

[1
3]

, a
nd

 K
el

lu
m

 e
t a

l. 
[1

0]

A. Belletti et al.



179

arch, descending thoracic aorta, suprarenal and 
infrarenal abdominal aorta), and urgency of the 
procedure (elective versus urgent). Procedures 
involved requiring suprarenal aortic cross-clamp 
and renal ischemia clearly carry the highest risk.

In the largest case series on open thoracoab-
dominal aortic aneurysm (TAAA) repair, Coselli 
et al. described outcome of 3309 patients. Of these, 
12.3% had acute renal dysfunction (defined as 
doubling of serum creatinine or need for RRT—
roughly corresponding to KDIGO AKI stage ≥2) 
and 7.6% required postoperative renal replace-
ment therapy (RRT), with 5.6% still requiring 
dialysis at hospital discharge or at time of in-
hospital death [17]. Tshomba et  al. performed 
a propensity-matched study on 84 open TAAA 
patients, reporting a 42.9% incidence of stage 
1 AKI (according to AKIN criteria), with 4.7% 
patients requiring RRT and no patients requir-
ing dialysis at discharge [18]. In their case series 
of 455 patients undergoing open TAAA repair, 
Wynn et al. reported a 17% incidence of RIFLE-
R AKI and a 2.7% incidence of AKI requiring 
renal replacement therapy (RRT). Permanent 
dialysis was required in three (0.66%) cases [19]. 
Considering surgery for acute aortic dissection, 
the incidence of AKI may be more than 50% 
[20–22], with need for RRT in more than 10% of 
patients [20, 21]. Dariane and colleagues recently 
performed a systematic review of AKI incidence 
in open repair of intact abdominal aortic aneu-
rysm (AAA) [23], including only studies using 
modern standardized criteria for AKI definition 
(RIFLE, AKIN, KDIGO, or ARISe). In cases of 
suprarenal aortic cross-clamp, incidence of AKI 
may be up to 36.8% and need for RRT up to 
3.8%. For infrarenal clamping, incidence of AKI 

was reported in about 25% of cases, with 0.3% 
of patients requiring RRT.  In patients undergo-
ing surgery for ruptured AAA (rAAA), AKI inci-
dence rises up to 75% of patients [24–26].

Patients undergoing endovascular aortic 
procedures are also at high risk for postopera-
tive AKI.  In thoracic endovascular aortic repair 
(TEVAR), modern case series using RIFLE crite-
ria to define AKI reported incidences of 14–22%, 
with RRT required in 0.6–7% of patients [27–
29]. A similar incidence was found in TEVAR 
for type B aortic dissection [30] Incidence of 
RIFLE-, AKIN-, KDIGO- or ARISe-defined AKI 
after EVAR is similar, with a 5–19% reported 
incidence, with most of studies reporting a 0% 
rate of dialysis [31].

16.3  Identification of Patients 
at Risk

Risk stratification for postoperative AKI is of 
utmost importance in order to tailor perioperative 
management according to patient risk. Risk fac-
tors for AKI can be related to patients’ baseline 
comorbidities [10, 32]. Importantly, duration of 
renal ischemia is a key determinant of postopera-
tive AKI in abdominal aortic procedures.

To aid clinicians in stratifying risk objec-
tively, risk scores for postoperative AKI have 
been developed [33–40]. Importantly, most of 
these risk scores have been developed to predict 
need for RRT after cardiac surgery, while specific 
scores for vascular surgery are currently lacking 
[41]. Among the different scores, a recent sys-
tematic review identified the Cleveland Clinic 
Score by Thakar et  al. (Table 16.3) to have the 

Table 16.2 Diagnostic criteria for acute kidney injury according to ARISe criteria

Stage
Classification
Creatinine/GFR Urine output

1 Increased SCr >0.3 mg/dL (26.5 μmol/L) or <50% of baseline within 48 h <0.5 mL/kg/h for >6 h

2 50% to 99% rise in SCr from the preoperative value within 7 days
3 >100% rise in serum creatinine from the preoperative value within 7 days
4 Need for RRT
5 Permanent RRT

RRT renal replacement therapy
Adapted from Twine et al. [16]

16 Perioperative Renal Pharmacological Protection During Cardiovascular Surgery
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highest predictive value [42]. Whether this score 
can also be applied to patients undergoing aortic 
vascular surgery remains to be determined.

16.3.1  Contrast-Induced Acute 
Kidney Injury

Administration of intravenous contrast media is 
common during vascular surgical procedures. It 
is almost always required during endovascular 
procedures and is sometimes also used following 
open surgery to confirm vessel patency (e.g., in 
the oliguric patient following procedures on renal 
arteries). As contrast media administration is one 
of the most common causes of iatrogenic AKI, 
prevention of CI-AKI remains a key issue in renal 

protection. Therefore, preoperative risk stratifica-
tion of patients should also consider the risk of 
CI-AKI.

Unfortunately, up to now, most studies inves-
tigating incidence and risk factors for CI-AKI 
focus on percutaneous coronary interventions 
[43]. This setting is clearly different from vascu-
lar surgery, as patients undergoing vascular sur-
gery may have a greater number of concomitant 
kidney insults, such as renal ischemia related to 
aortic or renal arteries cross-clamp, severe blood 
loss, and hemodynamic instability. The risk of 
contrast-induced acute kidney injury (CI-AKI) is 
considered to become clinically important when 
the baseline serum creatinine concentration is 
≥1.3 mg/dL in men and ≥1.0 mg/dL in women, 
equivalent to an estimated glomerular filtration 
rate (eGFR) <60 mL/min [44]. As a general rule, 
patients may be simply stratified in low, inter-
mediate, and high risk depending on GFR and 
clinical history [45]. Patients with no history 
of diabetes, heart failure, or monoclonal gam-
mopathy and eGFR >60 mL/min/1.73 m2 should 
be considered at low risk. Patients with eGFR 
30–60  mL/min/1.73  m2 or eGFR 45–60  mL/
min/1.73  m2 together with heart failure or dia-
betes carry an intermediate risk. Finally, patients 
with monoclonal gammopathy and eGFR 
≤30 mL/min/1.73 m2 regardless of comorbidities 
and patients with eGFR ≤45  mL/min/1.73  m2 
together with diabetes or heart failure are all con-
sidered at high risk [41].

Mehran et  al., after analyzing 8357 patients 
undergoing percutaneous coronary interven-
tion (PCI), proposed a clinical risk score allow-
ing for immediate identification of the variables 
accounted for before the procedure and appro-
priate (and timely) risk allocation. It is based 
on eight readily available variables: (1) patient-
related characteristics (age >75  years, diabetes 
mellitus, chronic congestive heart failure, or 
admission with acute pulmonary edema, hypo-
tension, anemia, and chronic kidney disease) and 
(2) procedure-related characteristics (i.e., the use 
of elective IABP or increasing volumes of con-
trast media). Patients scoring positive for at least 
three risk factors will have a 26% probability 

Table 16.3 Cleveland clinic score for acute kidney 
injury requiring dialysis after cardiac surgery

Risk factor Score
Female sex 1
Congestive heart failure 1
LVEF <35% 1
Preoperative need for 
IABP

2

COPD 1
Insulin-dependent 
diabetes

1

Previous cardiac surgery 1
Emergency surgery 2
Valve surgery only 1
CABG + valve surgery 2
Other cardiac surgery 2
Preoperative SCr 
1.2–2.1 mg/dL

2

Preoperative SCr 
>2.1 mg/dL

5

Risk categories Total 
score

RRT 
incidence (%)

1 0–2 0.4
2 3–5 1.8
3 6–8 9.5
4 9–13a 21.3

CABG coronary artery bypass graft, COPD chronic 
obstructive pulmonary disease, IABP intra-aortic balloon 
pump, LVEF left ventricular ejection fraction, RRT renal 
replacement therapy
Adapted from Thakar et al. [33]
aNo patient had a score greater than 13  in the original 
dataset

A. Belletti et al.
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of developing CI-AKI and a 1% probability of 
needing dialysis following PCI [46] (Table 16.4).

16.4  Preventive Strategies

Considering the high-risk and prognostic impact 
of perioperative AKI in cardiovascular surgery, 
the development of strategies aimed at prevent-
ing AKI in this setting has always been a major 
topic in research. Although a large number of 
studies investigating several strategies have been 
conducted, only few demonstrated a clear posi-
tive effect, while most led to neutral or controver-
sial results [15, 32, 41, 47, 48]. As outlined by 
recent guidelines, the most important preventive 
measures are the maintenance of adequate renal 
perfusion and avoidance of nephrotoxic drugs 
[15, 32, 47]. Importantly, a recent expert opin-
ion paper from the European Society of Intensive 
Care Medicine was able to formulate strong rec-
ommendations with high level of evidence only 
against some interventions and none in favor [47].

16.4.1  Primum Non Nocere: Avoiding 
Nephrotoxins

Unfortunately, AKI is considered to be iatrogenic 
in several cases [41]. Several drugs can contrib-
ute to AKI development, including renin-angio-
tensin-aldosterone system (RAAS) blockers, 
nonsteroidal anti-inflammatory drugs (NSAIDs), 
aminoglycosides, amphotericin B, and contrast 
media [49]. Some categories of patients have a 
particularly increased risk of drug-induced AKI, 
such as older, volume-depleted patients or hemo-
dynamically unstable patients [49]. The first step 
of AKI prevention is therefore to avoid drugs 
which can induce or exacerbate AKI as much as 
possible.

Several patients undergoing cardiovascu-
lar surgery are treated with RAAS, and optimal 
management of these agents in the perioperative 
period remains controversial. Current guidelines 
recommend to discontinue angiotensin-convert-
ing enzyme inhibitors (ACE-Is) and angioten-
sin receptors blockers (ARBs) before cardiac 

Table 16.4 Clinical risk score for contrast-induced acute kidney injury

Risk factor Score
Hypotension (SBP <80 mmHg for at least 1 h 
requiring inotropic support or IABP in the 24 h 
before procedure)

5

IABP use 5
Congestive heart failure (NYHA class III/IV or 
history of pulmonary edema)

5

Age >75 years 4
Anemia (Hct <39% for men and 36% for women) 3
Diabetes mellitus 3
Contrast volume 1/100 mL
Serum creatinine or GFR (use only one parameter)
• Serum creatinine >1.5 mg/dL OR 4
• GFR
   – 40–60 mL/min/1.73 m2 2
   – 20–39 mL/min/1.73 m2 4
   – <20 mL/min/1.73 m2 6
Risk categories Total score AKI incidence (%) RRT incidence (%)
Low ≤5 7.5 0.04

Moderate 6–10 14 0.12
High 11–15 26.1 1.09
Very high ≥16 57.3 12.6

AKI acute kidney injury, GFR glomerular filtration rate, Hct hematocrit, IABP intra-aortic balloon pump, NYHA 
New York Heart Association, RRT renal replacement therapy
Adapted from Mehran et al. [46]

16 Perioperative Renal Pharmacological Protection During Cardiovascular Surgery
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surgery, albeit with a low level of evidence [50]. 
In patients with difficult-to-control hypertension, 
switching long-acting to short-acting ACE-Is/
ARBs should be considered.

Similarly, it is reasonable to avoid NSAIDs in 
the perioperative period in high-risk patients, using 
alternative drugs such as opioids or paracetamol 
(acetaminophen) to treat pain [50, 51].

It is intuitive that antimicrobial agents alter-
native to aminoglycosides and amphotericin B 
should be used when feasible [15]. When this is 
not possible, international guidelines recommend 
to administer a single daily dose of aminoglyco-
sides rather than multiple-dose daily treatment 
and to monitor drug levels to avoid excessive 
dosing [15]. If amphotericin B is deemed neces-
sary, lipid formulation should be used rather than 
conventional formulation [15].

Finally, it should be remembered that CI-
AKI is among the most common causes of 

iatrogenic AKI. Accordingly, benefits and risk 
of contrast media administration should be ade-
quately weighted before planning a diagnostic 
or therapeutic procedure requiring intravenous 
contrast media administration, especially in 
high-risk patients (e.g., patients with a Mehran 
score greater than 16). If a diagnostic procedure 
requiring IV contrast media is deemed neces-
sary, it might be reasonable to delay subsequent 
elective high-risk surgery or other procedures 
requiring contrast media (Table 16.5) for a few 
days, especially if concomitant nephrotoxic 
agents are being used. However, some recent 
studies suggested that the risk of CI-AKI may 
actually be overestimated [52]. Accordingly, 
while it is reasonable to search for alternative 
diagnostic tools or delay procedures in elective 
cases, urgent and life-saving procedures should 
not be deferred or denied only because of CI-
AKI risk.

Table 16.5 Suggested strategy for contrast-induced acute kidney injury prevention

Low risk Intermediate risk High risk
Stratification eGFR >60 mL/min/1.73 m2 

and no monoclonal 
gammopathy

–  eGFR 30–60 mL/min/ 
1.73 m2 and no heart 
failure

–  eGFR 45–60 mL/min/ 
1.73 m2 and diabetes or 
heart failure

–  eGFR <30 mL/min/1.73 m2 and 
no heart failure

–  eGFR <45 mL/min/1.73 m2 and 
diabetes or heart failure

–  Monoclonal gammopathy

Volume 
expansion

Liberal fluid intake
–  1 L over 12 h before 

contrast administration 
and 1 L over 12 h after 
contrast administration

Oral volume expansion 
schedule
–  1 g NaCI + 150 mL of H2O 

every hour from 2 h before 
until 6 h after contrast 
administration

IV volume expansion schedule with 
one of these regimens
–  1 L NaCI 0.9% over 12 h before 

and after contrast administration
–  1 L glucose 5% + 150 mmol/L 

bicarbonate 8.4%, 3 mL/kg/h 
over 1 h before and 1 mL/kg/h 
during 6 h after contrast 
administration

General 
management

–  Avoid repetitive contrast 
administration (<7 days 
after previous contrast 
administration)

–  Reschedule if possible in 
case of recent (i.e., within 
72 h) use of nonsteroidal 
anti-inflammatory drugs

–  Avoid repetitive contrast 
administration (<7 days 
after previous contrast 
administration)

–  Reschedule if possible in 
case of recent (i.e., within 
72 h) use of nonsteroidal 
anti-inflammatory drugs

–  Avoid repetitive contrast 
administration (<7 days after 
previous contrast administration)

–  Reschedule if possible in case of 
recent (i.e., within 72 h) use of 
nonsteroidal anti-inflammatory 
drugs

–  Stop metformin 48 h before the 
procedure and restart 72 h after 
the procedure

eGFR estimated glomerular filtration rate
Adapted from Vanmassenhove et al. [41]

A. Belletti et al.



183

16.4.2  General Hemodynamic 
Management: MAP and Fluids

Maintenance of an adequate level of mean arte-
rial pressure (MAP) is a mainstay of AKI preven-
tion. However, the optimal target MAP remains 
to be determined, particularly for chronically 
hypertensive patients (who consists a large pro-
portion of patients undergoing vascular surgery). 
In an observational trial including 33,330 noncar-
diac surgical procedures, Walsh et  al. identified 
55  mmHg as a threshold below which patients 
were at increased risk for both renal and myo-
cardial injury. Importantly, even brief periods 
(1–5 min) below 55 mmHg MAP were associated 
with an increased risk [53]. In a recent observa-
tional study, Salmasi et al. identified a threshold 
of 65  mmHg or 20% decrease for 10–15  min 
from baseline, below which there is an increased 
risk of AKI and myocardial injury. Not surpris-
ingly, the risk increased with lower thresholds 
and longer duration of hypotension [54]. The 
authors, however, found that association based 
on absolute thresholds was comparable to that 
based on relative thresholds, and no interaction 
with preoperative pressure was found. Hence, the 
authors concluded that anesthetic management 
should target an absolute MAP value greater than 
65  mmHg [54] regardless of baseline pressure. 
A recent multicenter randomized controlled trial 
(RCT) in septic shock patients compared two 
MAP levels (65–70 mmHg and 80–85 mmHg). 
In the overall population, no differences in mor-
tality or renal outcomes were observed, with a 
higher incidence of atrial fibrillation in the high-
est target MAP group [55]. However, the authors 
found a lower incidence of AKI and need for 
RRT in chronically hypertensive patients when 
a MAP of 80–85  mmHg was targeted [55]. As 
these results are derived from a subgroup analy-
sis in a different clinical setting, generalization 
to vascular surgery patients remains to be deter-
mined. Furthermore, higher MAP levels may 
be associated with increased bleeding risk and 
disruption of vascular anastomosis. Hence, the 
optimal MAP target should be evaluated on a 
case-by-case basis together with the surgeon and 
may vary within the same surgical procedure.

Hypovolemia (both relative and absolute) is 
a well-known risk factor for AKI, and hypovo-
lemic patients should receive adequate volume 
replacement. Unfortunately, volume overload 
has been associated to increased risk of AKI 
development too [56, 57]. A major issue remains 
therefore to accurately determine patient volume 
status. It is now well recognized that the abso-
lute value of static parameters such as central 
venous pressure (CVP) and pulmonary capil-
lary wedge pressure (PCWP) does not reliably 
predict fluid responsiveness [58], although CVP 
remains a good marker of preload and a key 
determinant of pressure gradient for organ perfu-
sion (MAP-CVP) [59]. Dynamic indices of fluid 
responsiveness have shown better performance 
in predicting fluid responsiveness, but all have 
drawbacks which may limit their use in cardio-
vascular surgery (e.g., the need for absence of 
arrhythmias, high tidal volumes and lung com-
pliance, closed chest, and continuous cardiac 
output monitoring) [59].

The choice of fluid to administer is also a criti-
cal issue. Fluids can be divided in crystalloids, 
artificial colloids, and natural colloids [60]. Until 
recently, it was believed that colloids, compared 
with crystalloids, had a better volume-expanding 
capacity (1  L colloid equivalent to 3  L crystal-
loids), which should theoretically translate in 
a more sustained hemodynamic effect with a 
reduced extravascular edema. However, recent 
trials demonstrated that actual colloid/crystal-
loid volume expansion ratio is probably less than 
1:1.5 [60]. In addition, artificial colloids have 
been associated to several side effects, includ-
ing allergic reactions, coagulation impairment, 
and, above all, nephrotoxicity [47, 61–63]. The 
largest multicenter RCT (mRCT) performed 
so far investigated the effect of hydroxyethyl 
starch (HES) in critically ill patients and showed 
increased mortality and AKI in HES-treated 
patients, as compared with crystalloids [64, 65]. 
Accordingly, use of HES is currently contrain-
dicated by international guidelines, while use of 
other artificial colloids is discouraged [47]. Some 
authors, nevertheless, suggest that the use of col-
loids (including HES) is safe in selected patients 
and following strict dosing and monitoring 
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protocol [66]. Human albumin is the only colloid 
that has not been associated with increased risk 
of AKI, and safety in adults has been assessed in 
several mRCTs [67, 68], although an increased 
mortality associated with both 5% human albu-
min and 0.9% saline fluid bolus in children with 
sepsis was found [69]. In summary, human albu-
min remains the most attractive colloid when 
hypooncotic hypovolemia is suspected, although 
the high costs may limit its use.

Among crystalloids, it has been suggested 
that large infusion of 0.9% saline may increase 
AKI risk due to the high chloride levels and 
subsequent acid-base and electrolyte equilib-
rium alterations. Although a clear effect has 
not been demonstrated in large mRCTs [70], it 
seems prudent and physiologically more rational 
to use balanced crystalloid solutions instead of 
0.9% saline when large-volume resuscitation is 
required [32, 47].

16.4.3  Specific Drugs

16.4.3.1  Dopamine
Dopamine is an endogenous catecholamine with 
different effects on adrenergic receptors depend-
ing on dose. At doses ≤3 μg/kg/min, dopamine 
is considered to stimulate dopaminergic recep-
tors only; between 4 and 10 μg/kg/min, it stimu-
lates β-adrenergic receptors, increasing ino- and 
chronotropism, and in doses >10  μg/kg/min, 
it has also α-receptor-mediated vasoconstric-
tor effect. Low-dose dopamine (≤3 μg/kg/min) 
has been advocated in the past to preserve renal 
blood flow through a selective afferent arteriolar 
vasodilation mediated by dopaminergic recep-
tors [71]. Although low-dose dopamine may 
actually increase renal plasma flow, GFR, and 
sodium excretion, this effect seems to be attrib-
utable to increase in cardiac output, rather than 
specific effects on renal hemodynamics [71]. 
Some authors have even found that low-dose 
dopamine may actually worsen renal perfusion 
[72]. Finally both high-quality mRCTs and meta-
analyses failed to demonstrate any effect of low-
dose dopamine on incidence or clinical course of 
AKI or mortality [73, 74].

The use of dopamine as a vasopressor in shock 
has been investigated in a large mRCT comparing 
dopamine and norepinephrine [75]. Although no 
difference in mortality was observed between the 
two groups, dopamine use was associated with an 
increased risk of arrhythmias and a trend toward 
increased renal support-free days in the norepi-
nephrine group. Furthermore, a subgroup analysis 
suggested a survival benefit in patients with car-
diogenic shock receiving norepinephrine [75].

Therefore, there is no rationale to support use 
of low-dose dopamine to prevent or treat AKI, 
and current evidence also discourages the use 
of dopamine as first-line inotropic/vasopressor 
agent [47, 76, 77].

16.4.3.2  Fenoldopam
Fenoldopam is a selective D1 dopamine receptor 
agonist which acts as a systemic and renal vaso-
dilator. It has been shown to promote diuresis and 
natriuresis and to increase renal blood flow. Several 
meta-analyses of RCTs on fenoldopam use in car-
diovascular and major surgery suggested a possible 
beneficial effect of fenoldopam on AKI develop-
ment, but not on need for RRT or mortality [78–80]. 
Notably, most trials included in meta-analyses 
were small and considered at high risk of bias.

The largest mRCT performed on fenoldopam 
use so far randomized 667 post-cardiac surgery 
patients with RIFLE-R AKI to fenoldopam or 
placebo and found no difference in need for RRT 
or mortality [81]. Furthermore, fenoldopam use 
was associated with a higher incidence of hypo-
tension.

Although there still may be room for future 
investigation on preventive use of fenoldopam 
(i.e., in high-risk patients before AKI develop-
ment), current evidence does not support fenoldo-
pam use in patients with or at risk for AKI [47]. 
This recommendation is further supported by the 
hypotensive effect of fenoldopam in light of the 
key role of MAP in kidney protection.

16.4.3.3  Levosimendan
Levosimendan is a calcium sensitizer with posi-
tive inotropic, vasodilatory, and cardioprotective 
effects [82, 83]. It has been suggested that levosi-
mendan may enhance kidney protection through 
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systemic and renal hemodynamics effects, as 
well as direct anti-ischemic, anti-inflammatory, 
and anti-apoptotic effects [84]. Promising results 
were indeed shown in meta-analyses of RCTs in 
patients with or at risk for AKI receiving levosi-
mendan [85, 86]. However, three recent mRCTs 
in cardiac surgery setting failed to demonstrate 
an improvement in renal outcome associated with 
levosimendan use, either as “prophylactic” mea-
sure in high-risk patients [87, 88] or as “thera-
peutic” measure in patients with established 
postoperative cardiovascular dysfunction [89].

Accordingly, use of levosimendan to treat or 
prevent AKI in cardiovascular surgery is cur-
rently not supported by randomized evidence. 
Nevertheless, levosimendan might still have a 
role in the preoperative optimization of patients 
with moderate-to-severe myocardial dysfunc-
tion. In this case, however, the optimal use would 
probably be to start levosimendan at least 6  h 
before surgery and ideally 24 h before.

16.4.3.4  Vasopressin
Vasopressin and its analogue terlipressin are 
potent non-catecholaminergic vasoconstric-
tors which improve systemic hemodynamics in 
catecholamine-resistant vasodilatory shock [90]
and may improve GFR through post-glomerular 
vasoconstriction [91]. A large mRCT in septic 
patients did not show a beneficial effect on mor-
tality or renal outcome of low-dose vasopressin 
in septic shock patients, as compared with nor-
epinephrine [92]. However, a post hoc analysis 
of the same trial suggested that vasopressin could 
prevent AKI progression in patients with stage 1 
AKI at baseline [93]. A subsequent 2 × 2 mRCT 
on vasopressin and steroids use in early septic 
shock, however, did not demonstrate a reduc-
tion in incidence or progression to stage 3 AKI in 
vasopressin-treated patients [94]. Need for RRT 
was reduced but only in non-survivors. Another 
recent single-center RCT in post-cardiac surgery 
patients with vasodilatory shock compared vaso-
pressin and norepinephrine as first-line vasopres-
sor agent. Incidence of AKI and need for RRT 
was reduced in patients receiving vasopressin 
[95]; however, these findings require confirma-
tion in high-quality mRCTs [47].

In summary, current evidence suggest that 
early use of vasopressin should be considered in 
patients requiring high-dose norepinephrine to 
maintain MAP.

16.4.3.5  Diuretics
Diuretics have been a mainstay of AKI treatment 
for years [96]. The hypothesized direct beneficial 
effects of diuretics (loop diuretics in particular) 
include the prevention of tubular obstruction, 
increase in renal blood flow, and reduction in 
oxygen consumption in the renal medulla. In 
addition, they might have an indirect beneficial 
effect by reducing volume overload and venous 
congestion.

Up to now, no perioperative RCT showed a 
convincing reduction in incidence, severity, or 
clinical course of AKI with diuretics administra-
tion [15, 47, 97–99].

Nevertheless, diuretics could still have a funda-
mental role in controlling fluid overload, which is 
associated with venous congestion and increased 
CVP, conditions that worsen renal perfusion and 
contribute to renal damage development.

Furthermore, a standardized furosemide stress 
test to predict AKI severity was recently devel-
oped and validated. Urinary output lower than 
200 mL/2 h after a 1–1.5 mg/kg furosemide bolus 
in oliguric patients was found to be associated to 
AKI progression to more severe stages [100]. 
Furosemide stress test in the setting of periop-
erative cardiovascular surgery remains to be vali-
dated. However, it is particularly attractive in this 
setting, especially during procedures involving 
renal arteries. In an oliguric patient who under-
went a procedure on renal arteries, absence of 
an adequate diuretic response following the test 
should trigger further diagnostic work-up, such 
as ultrasound or angiographic assessment of 
renal vascular bed.

16.4.3.6  Steroids
Steroids are frequently administered in patients 
at risk for AKI with the aim of reducing inflam-
matory and ischemia-reperfusion injury. How-
ever, recent large mRCTs failed to demonstrate a 
protective effect of both methylprednisolone and 
dexamethasone on renal failure following cardiac 
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surgery [101, 102]. Nevertheless, a post hoc 
analysis of one of the trials showed a reduction in 
need for RRT in patients receiving 1 mg/kg dexa-
methasone intraoperatively, particularly when 
eGFR was lower than 15 mL/min/1.73 m2 [103]. 
In addition, subgroup analyses of these trials sug-
gested that steroids may have an age-dependent 
effect, being beneficial in patients aged <65 years 
and possibly harmful in patients aged >80 years 
[104]. However, these preliminary findings need 
to be confirmed and require further investigation.

16.4.3.7  Statins
Similarly to steroids, statins have anti-inflamma-
tory, antioxidant, and antithrombotic effects (so-
called pleiotropic effects) which may have a role 
in preventing perioperative kidney damage [105, 
106]. Accordingly, perioperative administration 
of statins to improve cardiovascular and renal 
outcome has been investigated in large number 
of RCTs, especially in cardiovascular surgery 
setting. Unfortunately, contrary to expectation, 
recent trials in cardiac surgery found that periop-
erative statin administration was associated with 
an increased risk of AKI, particularly in statin-
naïve patients [107–109]. A recent meta-analysis 
including these recent RCTs found a trend toward 
increase in mortality in patients receiving statins 
[110]. In vascular surgery, a recent meta-analysis 
highlighted lack of definitive evidence of benefi-
cial effects of perioperative statin administration 
[111], as did a recent mRCT in noncardiac sur-
gery [112]. According to results of these trials, 
statins should not be administered perioperatively 
in statin-naïve patients, while the management of 
statins in patients already receiving chronic ther-
apy remains controversial, especially considering 
the possible detrimental effect of statin withdrawal 
due to rebound effect [113, 114]. In the absence 
of trials addressing this issue, it seems prudent to 
continue statins perioperatively in patients already 
receiving a chronic statin therapy.

16.4.3.8  Natriuretic Peptides
Natriuretic peptides include atrial natriuretic pep-
tide (ANP) and b-type natriuretic peptide (BNP), 
both released by cardiac myocytes in response to 
acute increase in stretch or pressure [115–117]. 

Both natriuretic peptides induce dilation of affer-
ent and constriction of efferent arterioles, pro-
motes an increase in glomerular filtration rate 
and sodium excretion, and has a dose-dependent 
hypotensive effect.

Several RCTs and meta-analyses of RCTs 
on perioperative administration of natriuretic 
peptides to prevent kidney damage have been 
published [118–122]. These studies found that 
administration of low-dose ANP might reduce 
incidence of AKI and RRT in cardiovascular sur-
gery (at expense of a higher incidence of hypo-
tension and arrhythmias), while high-dose ANP 
and BNP have no effect or may even be detrimen-
tal. However, a panel of expert from the Euro-
pean Society of Intensive Care Medicine also 
highlighted that published trials are of overall 
small sample size and low quality, and therefore 
routine perioperative administration of ANP can-
not currently be recommended [47]

16.4.3.9  N-Acetylcysteine
N-Acetylcysteine (NAC) is a glutathione precur-
sor with antioxidant and free radical-scavenging 
properties. These properties have been suggested 
to have a kidney-protective effect from ischemia-
reperfusion injury and inflammatory damage. 
Accordingly NAC has been studied in a large 
number of RCTs performed in the setting of con-
trast-induced AKI and cardiac surgery patients 
[47]. As for many other interventions, RCT on 
perioperative NAC use in cardiac and vascular 
surgery showed controversial effects, with some 
trials reporting some beneficial effects [123, 
124] and other a neutral effect [125–128]. If a 
benefit exists, it is probably limited to patients 
with a creatinine clearance <60  mL/min [123, 
124]. However, quality of evidence is considered 
low [47]. In addition, NAC is not devoid of side 
effects, such as anaphylactic and anaphylactoid 
reactions [129, 130].

16.4.3.10  Future Directions
Due to negative or controversial results of almost 
all interventions investigated so far, research on 
pharmacological strategies to treat or prevent 
AKI is still ongoing. Several agents have been 
suggested to be of potential benefit in patients 
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with or at risk for AKI, including alkaline phos-
phatase, endothelin-A receptor antagonist, pros-
taglandins, and antioxidant vitamins such as 
vitamins C and E [6, 51]. Some promising results 
have been suggested in preclinical, observational, 
or phase II trials, and further trails are likely to be 
completed in the next years. Alkaline phospha-
tase at the most advanced stage of clinical inves-
tigation is being currently investigated in a phase 
II mRCT in septic patient (NCT02182440).

16.4.4  Prevention of Contrast-
Induced Acute Kidney Injury

A major limitation of current evidence concern-
ing CI-AKI prevention is that most of available 
trials were performed in the setting of coronary 
angiography, peripheral angiography, or diagnos-
tic CT scan, which may be slightly different from 
major endovascular procedures (e.g., branched-
fenestrated EVAR). Nevertheless, general recom-
mendations should also apply to vascular surgery 
patients.

16.4.4.1  Contrast Volume and Type
There is a correlation between the risk of CI-
AKI and the volume of iodinated contrast media 
administered [131]. It has been found that a ratio 
<1 between grams of iodine (g-I) and eGFR is 
safe in a patient without multiple risk factors; 
the risk of CI-AKI in this setting is 3%, while 
it increase to 25% at a g-I/eGFR ratio ≥1 [132].

Osmolarity of contrast media is also consid-
ered to have a role in CI-AKI development. In 
patients with normal renal function, low- and 
high-osmolar contrast media are considered to 
carry the same CI-AKI risk [133]. On the con-
trary, low-osmolar contrast media are considered 
less nephrotoxic than high-osmolar contrast in 
patients with pre-existing kidney function impair-
ment, and in these patients, the use of iso- or low-
osmolar contrast media is recommended [15, 43].

16.4.4.2  Volume Expansion
To date, volume expansion remains the only 
widely recognized strategy to prevent CI-AKI 
[15, 32, 41, 43]. A common protocol for elective 

procedures may be administration of 1 mL/kg/h 
of 0.9% normal saline for 12 h before and 12 h 
after scheduled contrast administration. Other 
authors suggest administering 1 L over 12 h inde-
pendently from patient weight [41]. For urgent 
procedures, a possible alternative might be 3 mL/
kg/h for 1  h before contrast administration and 
1  mL/kg/h for 6  h after [134]. Others suggest 
using a 1 L glucose 5% + 150 mmol/L sodium 
bicarbonate 8.4% instead of 0.9% normal saline 
for urgent procedures, with an infusion rate of 
3 mL/kg/h (maximal rate 300 mL/h; reduce rate 
by half in heart failure patients) over 1 h before 
and 1 mL/kg/h (maximal rate 100 mL/h; reduce 
rate by half in heart failure patients) for 6 h after 
contrast administration [41]. Infusion rate should 
be reduced, and careful monitoring is recom-
mended for patients who may not tolerate exces-
sive volume expansion (e.g., advanced heart 
failure). Low- and intermediate-risk patients 
may receive oral fluid administration only [41], 
although evidence is controversial. On the con-
trary, high-risk patients should receive intrave-
nous volume expansion [41]. While suggested by 
some authors, the effectiveness of sodium bicar-
bonate on CI-AKI in high-risk patients remains 
uncertain. Accordingly, guidelines from different 
societies provided different recommendations 
regarding sodium bicarbonate use as volume 
expansion [32, 134]. However, two recent mRCT 
challenged this view, showing no difference in 
CI-AKI incidence between patients with GRF 
<60 mL/min receiving intravenous 0.9% normal 
saline (1 mL/kg/h for 12 h before and after con-
trast exposure) and patients receiving no hydra-
tion [135] and no difference in CI-AKI incidence 
between patients receiving sodium bicarbonate 
versus 0.9% normal saline and N-acetylcysteine 
versus placebo [136].

Recently, some randomized trials have shown 
some beneficial effect of forced diuresis with 
furosemide administration and matched hydra-
tion using an automated fluid delivery system 
[137]. In a meta-analysis of RCTs, incidence 
of CI-AKI and post-procedural need for RRT 
were reduced when contrast media was admin-
istered after a diuresis of 300  mL/h using was 
achieved [137]. However, all trials included in 
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this meta-analysis were considered at high risk of 
bias, and further investigation on automated fluid 
delivery devices is required. Of note, there is 
agreement that urgent or emergent diagnostic or 
therapeutic interventions should not be delayed 
solely to perform volume expansion for CI-AKI 
prevention.

16.4.4.3  Pharmacological 
Intervention

A wide number of pharmacological interventions 
to prevent CI-AKI have been investigated, with 
only few of them showing high-quality evidence 
of benefit [41, 43, 47, 138]. The two strategies 
which showed the most convincing effect are 
N-acetylcysteine (NAC) and statin administra-
tion.

A lot of study demonstrated renoprotective 
effects of NAC prophylaxis once AKI is admin-
istered before the onset of renal insult due to 
the antioxidant properties [139]. In a recent 
meta-analysis, NAC plus saline showed superior 
effect as compared with normal saline in patients 
receiving low-osmolar contrast media [138]. 
Considering the possible side effects of intra-
venous NAC, KDIGO guidelines suggest using 
oral NAC together with saline in patients at high 
risk for CI-AKI with a very low level of evidence 
[134], while other authors do not recommend 
such strategy [32, 41].

We described earlier the possible kidney-pro-
tective effects of statins due to their pleiotropic 
effects. Current evidence from RCTs performed 
in the setting of coronary angiography suggests 
that short-term use of atorvastatin or rosuvastatin 
may reduce incidence of CI-AKI [47]. These 
findings were confirmed in a meta-analysis of 
RCT showing beneficial effect in CI-AKI pre-
vention of a regimen of statins plus NAC plus 
saline over NAC plus saline alone [138]. Accord-
ingly, periprocedural statin administration may 
be considered in high-risk patients undergoing 
contrast media administration. However, to fur-
ther complicate the clinical picture, perioperative 
statin administration showed detrimental effect in 
patients undergoing cardiac surgery [137]. Statin 
administration in statin-naïve patients should 
be therefore carefully considered in patients 

undergoing major cardiovascular surgery, even 
if contrast media administration is planned. On 
the contrary, patients undergoing diagnostic or 
therapeutic endovascular procedures may benefit 
from statins, although these will require further 
investigation. Notably, most patients scheduled 
for vascular surgery are likely to already receive 
statins as part of their chronic medical therapy.
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