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EXECUTIVE SUMMARY

1. In adult cardiac surgery with cardiopulmonary bypass
(CPB), avoiding hyperthermic perfusion (.37�C) is
recommended to reduce the risk of cardiac surgery-
associated acute kidney injury (CSA-AKI). (Class of
Recommendation: I, Level of Evidence: B-R)

2. In adult cardiac surgery with CPB, a goal-directed oxy-
gen delivery strategy is recommended to reduce the
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risk of CSA-AKI. (Class of Recommendation: I, Level
of Evidence: B-R)

3. In adult cardiac surgery with CPB, it is reasonable to
adopt the Kidney Disease Improving Global Outcomes
(KDIGO) practice guidelines for patients at high risk
of AKI to reduce the risk of CSA-AKI. (Class of Rec-
ommendation IIA; Level of Evidence B-R)

4. In adult cardiac surgery with CPB, fenoldopam may be
reasonable to reduce the risk of CSA-AKI, as long as
hypotension is avoided. (Class of Recommendation:
IIB, Level of Evidence: B-R)

5. In adult cardiac surgery with CPB, it might be reason-
able to use minimally invasive extracorporeal circulation
(MiECC) techniques to reduce the risk of CSA-AKI.
(Class of Recommendation: IIB, Level of Evidence:
B-R)

6. In adult cardiac surgery with CPB, dopamine infusion
alone, during CPB and the perioperative period, is not
recommended to reduce the risk of CSA-AKI. (Class of
Recommendation III: No Benefit, Level of Evidence: A)

7. In adult cardiac surgery with CPB, mannitol is not recom-
mended to reduce the risk of CSA-AKI. (Class of Rec-
ommendation III: No Benefit, Level of Evidence: B-R)
Cardiac surgery-associated acute kidney injury (CSA-

AKI) occurs in 15–50% of adults undergoing cardiac sur-
gery and is characterized by a .3 mg/dL or 50% increase
in serum creatinine from baseline or oliguria (1–4). There
is wide regional, national, and international variation in
rates of CSA-AKI (5,6). This is likely due to the lack of
use of standardized definitions of AKI, such as the

Kidney Disease Improving Global Outcomes (KDIGO)
(4), the risk, injury, failure, loss, end-stage (RIFLE), or
Acute Kidney Injury Network criteria (Table 1) (7–9),
and to the fact that there have been limited attempts to
synthesize the current evidence for strategies to prevent
and mitigate AKI after adult cardiac surgery (10,11).

Using a comprehensive and updated review of the lit-
erature on the prevention of CSA-AKI and other renal
complications in adult cardiac surgery patients, the com-
mittee developed this joint guideline on renal protection
strategies. These guidelines were created through a multi-
specialty partnership among the Society of Thoracic Sur-
geons, the Society of Cardiovascular Anesthesiologists,
and the American Society of Extracorporeal Technology.

The multidisciplinary task force synthesized the evidence
for renal-protective strategies using the highest level of lit-
erature review and scoring consistent with other Society
of Thoracic Surgeons guidelines (12,13). Specifically, the
task force synthesized and scored the evidence on phar-
macologic strategies, fluid management, transfusion, car-
diopulmonary bypass (CPB) management, and other more
targeted strategies (e.g., remote ischemic preconditioning
and prophylactic dialysis).

METHODOLOGY

An initial comprehensive literature search of the
MEDLINE database (National Library of Medicine)
was performed in 2015, with the intent of selecting only

Table 1. Adult cardiac surgery-associated acute kidney injury definitions.

Variable

Serum Creatinine

Urine Output*

Diagnostic

RIFLE AKIN KDIGO

No explicit criteria $.3 mg/dL or $1.5 3
baseline within 48 hours

$.3 mg/dL within 48 hours or
$1.5 3 baseline within 7
days

,.5 mL/kg/h for $6 hours†

Staging
Stage 1 or risk $1.5 3 baseline or eGFR

decreased .25%
$.3 mg/dL or $1.5 3 to

2.0 3 baseline
$.3 mg/dL or $1.5 3 to 1.9 3

baseline
,.5 mL/kg/h for

6–12 hours
Stage 2 or injury $2.0 3 baseline or eGFR

decreased .50%
$2.0 3 to 3.0 3 baseline $2.0–2.9 3 baseline ,.5 mL/kg/h for

$12 hours
Stage 3 or failure $3.0 3 baseline or

increase by ..5 mg/dL
to .4.0 mg/dL or eGFR
decreased .50%

.3.0 3 baseline or
increase by ..5 mg/dL
to $4.0 mg/dL or
initiation of RRT

$3.0 3 baseline or increase by
$.3 mg/dL to $4.0 mg/dL
or initiation of RRT or if
,18 years, eGFR
,35 mL/min/1.73 m2

,.3 mL/kg/h for
.24 hours or anuria for
$12 hours

Clinical outcomes
Loss RRT .4 weeks
ESRD RRT .3 months

AKIN, Acute Kidney Injury Network; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; KDIGO, Kidney Disease Improving
Global Outcomes; RIFLE, risk, injury, failure, loss, end-stage renal disease; RRT, renal replacement therapy.

*All staging criteria for urine output match for RIFLE, AKIN, and KDIGO.
†This criterion applies only to AKIN and KDIGO.

Data were derived from: Bagshaw and coworkers (7), Joannidis and coworkers (8), and Acute Kidney InjuryWorkGroup (9).
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randomized trials of adult cardiac surgery patients who
underwent cardiac surgery with CPB with assessment of
clinical measures of renal function as primary outcomes.
The results were limited to randomized controlled trials
(RCTs) and meta-analyses published in English between
January 1, 2000 and March 31, 2014. This search was
further expanded and updated in 2017 using a new data
management tool. As a final survey of the current litera-
ture, manuscripts through March 30, 2021, were included
if they met the inclusion/exclusion criteria. The strate-
gies for conducting the 2015 and the 2017 literature
searches are listed in Appendix A.

The initial literature search resulted in 365 publica-
tions that were reviewed by a team of multidisciplinary
authors (R.B., J.B., K.S., and C.M.). A total of 173 stud-
ies met the inclusion criteria for full-paper review, and
data for 78 were extracted into the tables (Appendix B).

The second literature search identified an additional 592
publications, from which a team of authors (R.B., J.B.,
K.W.L., S.L., L.M., L.S.L., A.F., F.D., and S.F.) selected
50 studies and extracted data from them into the evidence
tables (Appendix B). Reference lists of identified research
papers were also scanned manually to identify any addi-
tional relevant studies that might have been missed in the
MEDLINE query. All relevant studies were appraised for
risk of bias using a customized checklist for RCTs and
meta-analyses (Appendix C).

Meta-analyses were conducted where RCT data were
deemed adequate and sufficiently similar to be pooled
using random-effect models requiring a minimum of two
studies reporting comparable renal outcomes (e.g., CSA-
AKI, change in serum creatinine, new onset of dialysis).
Only published meta-analyses are included in the main
guideline document. Meta-analyses conducted by the
task force are located in the supplementary materials.

Data were reviewed by all authors, and recommenda-
tions were first drafted by each subtopic author group
and then refined by using a modified Delphi consensus
process. The recommendations are graded according to
the American College of Cardiology/American Heart
Association Recommendation System (14), included as
Appendix D. A simplified list of the recommendations is
included as Table 2 to aid in implementation. In addi-
tion, a number of proposed recommendations, which
were omitted due to lack of consensus or clear clinical
value, are included in Appendix E.

CPB STRATEGIES

The literature summarized subsequently recommends
intraoperative CPB strategies decrease the risk of develop-
ing acute renal injury after cardiac surgery. These interven-
tions include avoiding hyperthermic perfusion (.37�C),
avoiding low delivery of oxygen (DO2), and the adoption
of minimally invasive extracorporeal circulation (MiECC)
techniques. There is currently not enough evidence to sup-
port use of heparin-coated circuits, leukocyte filtration, pul-
satile flow during CPB, intraoperative hemofiltration and
ultrafiltration, relative hypertension during CPB, or multi-
pass hemoconcentration (vs. centrifugation of residual CPB
blood) to decrease acute renal injury after cardiac surgery.
These strategies may be beneficial for other outcomes.
Class I

1. In adult cardiac surgery with CPB, avoiding hyperther-
mic perfusion (.37�C) is recommended to reduce the
risk of CSA-AKI. (Level of Evidence: B-R)

2. In adult cardiac surgery with CPB, a goal-directed
DO2 strategy is recommended to reduce the risk of
CSA-AKI. (Level of Evidence: B-R)

Table 2. Brief overview of recommendations to prevent acute kidney injury and initiation of dialysis by phase of care intraoperative
recommendations.

For patients undergoing
cardiac surgery with CPB

Avoid hyperthermic perfusion (arterial catheter .37�C) (Class I, Level B-R)
Avoid nadir DO2 ,270 mL/min/m2 (Class I, Level B-R)
Consider minimally invasive extracorporeal circulation techniques (Class IIB, Level B-R)
Consider fenoldopam infusion during CPB and perioperatively (Class IIB, Level B-R)
…

DO NOT USE dopamine infusion for renal protection during CPB and perioperatively (Class III: No Benefit,
Level A) DO NOT USE mannitol to prime CPB for renal protection (Class III: No Benefit, Level B-R)

Postoperative recommendations
High AKI-risk patients:

elevations in [TIMP-
2]*[IGFBP7] $.3

KDIGO practice guidelines can be effective:
� close hemodynamic monitoring and goal-directed volume resuscitation
� avoidance of nephrotoxic substances
� hold ACEi/ARB for 48 hours
� serial serum creatinine and urine output monitoring
� prevention of hyperglycemia (Class IIA, Level B-R)

ACEi, angiotensin-converting enzyme inhibitor; AKI, acute kidney injury; ARB, angiotensin-receptor blocker; CPB, cardiopulmonary bypass; DO2,
oxygen delivery; IGFBP7, insulin-like growth factor-binding protein 7; KDIGO, Kidney Disease Improving Global Outcomes; TIMP2, tissue inhibitor of
metalloproteinases 2.
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Class IIB

1. In adult cardiac surgery with CPB, the use of MiECC
techniques to minimize the risk of CSA-AKI might be
reasonable. (Level of Evidence: B-R)

Temperature Management
A randomized trial by Boodhwani and colleagues (15) of

223 low-risk coronary artery bypass graft (CABG) surgery
patients found that rewarming on CPB from 32�C to a
nasopharyngeal target of 37�C vs. 34�C resulted in signifi-
cantly higher postoperative serum creatinine values. The
authors identified rewarming as an independent risk factor
for renal dysfunction, suggesting differential rewarming and
potential hyperthermia as proposed mechanisms for this
difference (15).
Newland and colleagues (16) performed a single-center

retrospective cohort study of 1,393 consecutive adult
patients undergoing valve, CABG, or combined CABG
and valve surgery and found that increased number of
minutes on CPB with arterial outlet temperature .37�C
and higher postoperative intensive care unit (ICU) arrival
temperatures were associated with a significantly increased
incidence of CSA-AKI (CPB hyperthermia odds ratio
[OR], 1.03 per minutes increase, 95% CI, 1.01–1.05; ICU
admission temperature OR, 1.44 per degree increase, 95%
CI 1.13–1.85). This finding was reproduced in a multicen-
ter study of 8,407 patients that found in both cohort- and
propensity-matched studies that duration of rewarming
temperature .37�C (hyperthermic perfusion) was inde-
pendently associated with RIFLE risk classification or
greater (OR, 1.42; 95% CI, 1.09–1.77; p 5 .012) and injury
classification or greater AKI (OR, 1.52; 95% CI, 1.09–1.97;
p 5 .016) in the entire cohort, and injury classification or
greater AKI (OR, 1.51; 95% CI, 1.15–1.90; p 5 .006) in
propensity-matched patients (17).

DO2 Strategy
Ranucci and colleagues (18) demonstrated in a single-

center prospective observational study of 1,048 individuals
that the minimum DO2 index (DO2i) during CPB was
independently associated with CSA-AKI requiring renal
replacement therapy, with an optimal diagnostic threshold
for DO2i identified as 272 mL/min/m2. Newland and Baker
(19) supported this finding in an observational study of
210 patients in which they suggested that the integral of
the amount and time for DO2 below a critical threshold
was an independent predictor of AKI. They reported a
DO2i threshold of 270 mL/min/m2 (19). Mukaida and asso-
ciates (20) reported that increased time ,300 mL/min/m2

was significantly associated with increased AKI. A small
propensity-matched study demonstrated that when tar-
geted DO2 (.300 mL/min/m2) was included as part of

a multifaceted goal-directed strategy, CSA-AKI was
reduced (20).

In 2018, Ranucci and investigators (21) published a
multicenter RCT in which goal-directed perfusion aimed
to avoid a CPB nadir DO2i of ,280 mL/min/m2 resulted
in significantly lower AKI stage 1. The goal-directed
perfusion intervention aimed to maintain DO2i at $280
mL/min/m2 by adjusting arterial flow according to
hematocrit value to maintain DO2 above the prespeci-
fied threshold (280 mL/min/m2). When low hematocrit
resulted in an inability to achieve the desired threshold,
red blood cells were transfused to increase DO2 (21).
In 2019, the Australian and New Zealand Collaborative
Perfusion Registry group published findings from .19,000
adult cardiac surgery patients and reported that nadir
DO2i ,270 mL/min/m2 was associated with significantly
increased odds of developing AKI by 52% (OR, 1.52;
95% CI, 1.29–1.77; p , .001) (22).

The goal-directed perfusion investigations include a
range of temperatures and target DO2i, thereby limiting
precise specification of goals. Despite these limitations,
goal-directed perfusion correlates with a reduction in
CSA-AKI and is recommended.

Minimally Invasive Extracorporeal Circulation
MiECC is a strategy that requires coordinated efforts

among surgeons, anesthesiologists, and perfusionists and
has been proposed as an alternative approach to under-
taking cardiac surgery using standard CPB (23). The
Minimal Invasive Extra-Corporeal Technologies Interna-
tional Society defined that in addition to core compo-
nents for CPB (membrane oxygenator, heat exchanger,
cardioplegia system), an MiECC system should include
a closed system, biologically inert (coated) circuit coat-
ing, have reduced priming volume, use a centrifugal
pump, contain a venous bubble trap/venous air removal
device, and incorporate a shed blood management sys-
tem. Additional features and components, such as vents
and reservoirs, may be included.

The results of randomized trials using MiECC circuits
have been conflicting. The literature is limited by the
heterogeneity in the techniques reported for both the
intervention (MiECC techniques) and the control arm
(CPB) of the trials reported. Two meta-analyses have
reported on the impact of MiECC on the renal outcome
of cardiac surgery with CPB, with conflicting findings.
Sun and associates (24) reported no difference in acute
renal failure in six studies, with a relative risk of .922
(95% CI, .388–1.01; p 5 .854; I2 5 11.9%); however, a
more recent meta-analysis reported MiECC reduced
the odds of CSA-AKI by .50% compared with con-
ventional CPB (OR, .47; 95% credibility interval, .24–.89)
(25). More recent RCTs have not reported CSA-AKI
outcomes.
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PHARMACOLOGIC STRATEGIES

Recommendations
Class IIB

1. In adult cardiac surgery with CPB, fenoldopam may be
reasonable to reduce the risk of CSA-AKI, as long as
hypotension is avoided. (Level of Evidence: B-R)

Class III: No Benefit

1. In adult cardiac surgery with CPB, dopamine infusion
alone, during CPB and the perioperative period, is not
recommended to reduce the risk of CSA-AKI. (Class of
Recommendation III: No Benefit, Level of Evidence: A)

2. In adult cardiac surgery with CPB, mannitol is not rec-
ommended to provide protection against CSA-AKI.
(Level of Evidence: B-R)

Diuretics. Dopamine is a widely studied diuretic (26).
At low doses (.3–5 mg/kg/min), dopamine has been pur-
ported to increase renal blood flow and promote natriure-
sis and diuresis. Consequently, there has been substantial
interest in using a “renal-dose” dopamine infusion to
improve kidney perfusion and prevent acute renal injury
in patients undergoing CPB. Most of the single-center
randomized clinical trials (27–34) have not demonstrated
benefit with dopamine infusion to prevent AKI.

Two other diuretic agents, mannitol and furosemide,
have been studied in randomized trials and consistently
demonstrated no benefit (28,31,35–37). Furthermore, one
trial raises concerns that furosemide infusion may have
deleterious effects on postoperative renal function (28).

In a randomized clinical trial involving patients with
normal preoperative renal function, patients who received
a dopamine infusion (2 mg/kg/min) during the cardiac
operation and in the early postoperative period had similar
postoperative renal function and clinical outcomes as those
who received placebo treatment (30). Most of the other
trials investigating low-dose dopamine infusion during
CPB have relied on urinary biomarkers to determine
whether dopamine reduced subclinical levels of renal
injury. The findings of biomarker studies have been incon-
sistent; overall, they have not yielded evidence supporting
a renal-protective effect of dopamine.

In a randomized clinical trial involving patients with
normal preoperative renal function, those who received
a dopamine infusion (2.5 mg/kg/min) during cardiac sur-
gery and in the early postoperative period had signifi-
cantly lower levels of urinary retinol-binding protein on
postoperative day 1, but not on day 2 or 5, compared
with patients who received placebo; however, there were
no significant differences in clinical outcomes or in other
biomarker levels (31).

A study focused on patients at high risk for postoperative
renal dysfunction found that patients who received a dopa-
mine infusion (3 mg/kg/min) during their cardiac operations
and during the early postoperative period had a significantly
more negative fluid balance than those who received pla-
cebo, but there were no significant differences in clinical
outcomes or biomarkers, including urinary retinol-binding
protein, during the 6 days after surgery (32).
In a trial comparing treatment strategies in patients with

normal preoperative renal and cardiac function who were
undergoing elective CABG with CPB, patients were ran-
domly assigned to receive or not receive a dopamine infu-
sion (2 mg/kg/min) during the perioperative period (33).
The authors reported that the dopamine infusion was asso-
ciated with significantly higher urinary b2-microglobulin
excretion—an indicator of renal tubular injury—on postop-
erative day 3 compared with controls; there were no signif-
icant differences in clinical outcomes or other biomarkers.
Similarly, in the randomized clinical trial by Carcoana

and colleagues (28), the authors compared four treatment
strategies—dopamine infusion (2 mg/kg/min) throughout
the CPB period, mannitol (1 g/kg) added to the pump
prime, both dopamine infusion and mannitol, or placebo—
in patients with normal preoperative renal function who
were undergoing CABG with CPB. Although there were
no differences in renal function indicators or clinical out-
comes, the infusion of dopamine (alone or in combination
with mannitol) was associated with significantly higher b2-
microglobulin excretion at 1 hour after CPB compared
with placebo; this difference did not persist at 6 or 24
hours after CPB. Logistic regression analysis revealed that
the dopamine infusion was associated with up to a 7.7-fold
increase in the odds of an increased b2-microglobulin
excretion rate at 1 hour after CPB (28).
No studies have demonstrated that dopamine reduces

the incidence of clinical AKI or renal replacement ther-
apy. In fact, few studies include major clinical end points.
In the meta-analysis performed by Patel and colleagues
(27), only 4 of the 11 randomized clinical trials focusing
on dopamine reported clinical outcomes. Although the
analysis revealed that dopamine infusion was associated
with a small decline in renal function as measured by cre-
atinine clearance, the effect size was small and was not
evident when low-quality studies were excluded.
One small clinical trial among 60 patients with normal

preoperative renal function who were undergoing CABG
with CPB evaluated dopamine with diltiazem. Patients
were assigned to receive 1 of 4 treatments during the
perioperative period: dopamine infusion (2 mg/kg/min),
diltiazem infusion (2 mg/kg/min), both dopamine and dil-
tiazem infusion, or neither infusion (controls). Impor-
tantly, patients who received dopamine alone or diltiazem
alone exhibited significantly higher urinary b2-microglo-
bulin levels at 24 hours than controls; in contrast, patients
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who received combined dopamine and diltiazem infusion
had urinary b2-microglobulin levels that were similar to
controls. Furthermore, compared with the other groups,
the patients who received the combined dopamine and
diltiazem infusion exhibited significantly higher creatinine
clearance and osmotic clearance 24 hours after surgery
and significantly higher free water clearance at 24 and 72
hours after surgery (34).
Two randomized clinical trials focusing on the impact

of mannitol in providing renal protection in two differ-
ent patient populations were reported. In the first study,
40 patients with normal preoperative renal function
were randomized to have mannitol (500 mg/kg) or Hart-
mann solution added to the CPB prime during elective
cardiac operations (37). Compared with the control
group, the use of mannitol was not associated with dif-
ferences in postoperative renal function or in urinary
retinol-binding protein or microalbumin levels. In the
second study, 47 patients with preoperative renal dys-
function (serum creatinine 130–250 mmol/L) undergoing
elective cardiac operations were randomized to the same
two groups, and the use of mannitol was not associated
with differences in postoperative renal function com-
pared with controls (36).
Another single-center randomized clinical trial compared

treatment strategies in patients with normal preoperative
renal function who were undergoing CABG with CPB (28).
Patients were assigned to receive mannitol (1 g/kg) added
to the pump prime, dopamine infusion (2 mg/kg/min)
throughout the CPB period, both dopamine infusion and
mannitol, or placebo. Compared with placebo, the use of
mannitol without dopamine was not associated with any
differences in b2-microglobulin excretion, renal function
variables, or clinical end points, including major postopera-
tive events and ICU and hospital lengths of stay. The group
that received both dopamine and mannitol exhibited signifi-
cantly higher b2-microglobulin excretion 1 hour after CPB
compared with placebo. Logistic regression analysis
revealed that the combination of mannitol and dopamine
infusion was associated with a 5.3-fold increase in the
odds of an increased b2-microglobulin excretion rate (p 5
.008) (28).
Lassnigg and colleagues (30) observed no significant dif-

ferences between the placebo and diuretic treatments of
dopamine and furosemide, specifically in length of stay in
the ICU or hospital mortality. Significance for other clini-
cal outcomes was not measured, but for groups undergoing
furosemide treatments, two died of myocardial infarction
and two underwent renal replacement therapy.
When testing dopexamine, Dehne and colleagues (29)

observed no significant clinical complications in their cohort
regarding death or renal replacement therapy; other key
clinical outcomes were not measured. Sumeray and col-
leagues (31) made no conclusions about clinical outcomes

after dopamine infusion in their study. Woo and coworkers
(32) observed no significant differences between placebo
and dopamine treatments for postoperative renal replace-
ment therapy or ICU length of stay. Yavuz and colleagues
(34) recorded no patients with clinical complications,
including in-hospital mortality, cardiac complications, respi-
ratory issues, or renal dysfunction, during their dopamine
trial, which was consistent with a follow-up study by Yavuz
and colleagues (34) published in the same year. Carcoana
and coworkers (28) observed nonsignificant differences in
clinical outcomes, including ICU length of stay, among the
treatment groups for dopamine or for furosemide.

Vasodilators. Several different types of vasodilators have
been studied to determine whether they provide renal
protection during CPB. There is some clinical evidence
suggesting that the use of several agents—including fenol-
dopam, nitroprusside, diltiazem combined with dopamine,
and prostaglandin I2 analogues—may improve renal out-
comes (27,34,38–46). Clinical evidence in support of using
angiotensin-receptor blockers (ARBs), angiotensin-
converting enzyme inhibitors (ACEi), or nifedipine is
lacking (47–49). Importantly, although some studies have
indicated that the use of vasodilators may improve vari-
ous indicators of postoperative renal function, very few
have demonstrated that vasodilators reduce the incidence
of acute renal failure after CPB.

Of the various vasodilators, themost frequently studied has
been fenoldopam, a selective dopamine receptor D1 agonist.
Three principal trials yielded differing results. One single-
center randomized clinical trial comparing perioperative
fenoldopam (.05 mg/kg/min) vs. dopamine (2.5 mg/kg/min)
infusion in high-risk patients undergoing cardiac surgery
found no differences in renal outcomes between the groups
(39). This study was interrupted by the safety monitoring
board because of “the documented lack of efficacy of fenoldo-
pam in improving renal outcome, the significant increased
incidence of hypotension during CPB, and the suggestive
intraoperative trend toward the use of vasoconstrictors” (39).

In a double-blind randomized clinical trial that compared
complex cardiac surgery patients who received perioperative
fenoldopam infusion (.1mg/kg/min) vs. placebo, the difference
in the incidence of AKI did not reach statistical significance (0
of 38 in the fenoldopam group vs. 4 of 40 in controls; p 5 .1)
(44). Interestingly, in the subgroup analysis of patients who
received inotropic support to treat low cardiac output syn-
drome immediately after surgery, the patients who received
fenoldopam had a significantly lower incidence of AKI than
thosewho received placebo (0 of 11 vs. 4 of 6;p5 .006).

Cogliati and colleagues (40) published the largest ran-
domized clinical trial regarding the use of fenoldopam
during cardiac operations. This double-blind randomized
clinical trial compared perioperative fenoldopam infu-
sion (.1 mg/kg/min for 24 hours) vs. placebo in patients
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who underwent elective CABG and/or valve operations
with CPB. Cogliati and colleagues (40) found that fenol-
dopam administration significantly reduced the incidence
of AKI (12 of 95 vs. 27 of 98; p 5 .02) and renal
replacement therapy (0 of 95 vs. 8 of 98; p 5 .007). The
patients who received fenoldopam also had a shorter
mean ICU stay than controls (2.3 6 1.1 days vs. 4.2 6
3.1 days; p , .0005). No drug-related episodes of hypo-
tension were noted during the study.

In 2019, a meta-analysis of seven trials using trial sequen-
tial analysis to reduce randomerror also demonstrated a ben-
efit of fenoldopam with respect to renal insufficiency but
documented an increased occurrence of hypotension (50).
Sun and colleagues (50) did not confirm an association
between fenoldopam use and reduced incidence of renal
replacement therapy after cardiac operations, suggesting that
most studies were small and variable and that there is not
enough evidence to support it.

However, a benefit has been reported in cohort stud-
ies and in three other meta-analyses (27,43,45,46,51).
Roasio and colleagues (46) found a similar decrease in
need for dialysis in patients treated with fenoldopam
(17% vs. 39%; p 5 .037) but did not find ICU stay to
be significantly different. In the systematic review by
Patel and colleagues (27), fenoldopam was not found to
significantly reduce mortality (OR, 1.36; 95% CI,
.29–6.36; p-value not published) but did reduce the need
for postoperative dialysis (OR, .35; 95% CI, .13–.96;
p-value not published) (27).

Although the previously described results support the
potential benefit of using fenoldopam during CPB, the three
principal studies had substantial differences in patient popu-
lations, fenoldopam dosage, infusion timing, study design,
and control group treatment. The impact of fenoldopam
appears positive in the cardiac surgery literature, but the
marked heterogeneity of the studies weakens the strength
of the collective evidence and precludes a recommendation
stronger than IIB. The KDIGO recommendation to not use
fenoldopam to prevent or treat AKI (2C) may seem incon-
sistent with our recommendation. The preponderance of
data in cardiac surgery does show benefit in reducing AKI
and renal replacement therapy, presuming hypotension can
be avoided. Analysis of the totality of the literature, includ-
ing studies in contrast-induced nephropathy and critically ill
patients, have not shown universal benefit and most likely
contribute to the KDIGO 2C recommendation.

TARGETED THERAPIES

Recommendations
Class IIA

1. In adult cardiac surgery with CPB, it is reasonable to
adopt the KDIGO practice guidelines for patients at

high risk of AKI to reduce the incidence of AKI.
(Level of Evidence B-R)

KDIGO Guideline Implementation. In patients at high
risk of AKI, the use of the KDIGO guideline recom-
mendations in practice can be useful to reduce the inci-
dence of AKI (9,11). The PrevAKI (Prevention of Cardiac
Surgery-Associated Acute Kidney Injury by Implementing
the KDIGO Guidelines in High-Risk Patients Identified
by Biomarkers) trial is a single-center trial that random-
ized patients at 4 hours after surgery found to be at high
risk of AKI to receive either the KDIGO surgical bundle
or to control. The KDIGO bundle includes close monitor-
ing to optimize volume status and hemodynamics, avoid-
ance of nephrotoxic drugs, stopping ACEi and ARBs for
48 hours, measurement of serum creatinine and urine out-
put, prevention of hyperglycemia for 72 hours, and use of
alternatives to constant agents (11). Controls received stan-
dard of care in addition to specifications to maintain mean
arterial pressure .65 mmHg and central venous pressure
between 8 and 10 mmHg, with ACEi and ARBs contin-
ued according to American College of Cardiology recom-
mendations (Table 3) (9,11).
The PrevAKI trial demonstrated a statistically signifi-

cant reduction in AKI overall (55.1% intervention vs.
71.7% control; OR, .48; 95% CI, .29–.80; p 5 .004) sig-
nificant reductions in moderate to severe AKI as well
(29.7% vs. 44.9%; p 5 .009). However, there were no
differences in the need for renal replacement therapy,
90-day mortality, ICU length of stay, or major adverse
kidney events end points (11). A retrospective, bundled
approach by Engelman and colleagues (52) demon-
strated that hemodynamic monitoring, a liberal transfu-
sion threshold, and avoidance of nephrotoxic drugs used
in high-risk cardiac surgery patients (identified with
AKI biomarkers) mitigated the risk of AKI. These
efforts were coordinated through a multidisciplinary
acute kidney response team and demonstrated a relative
risk reduction of 89% for stage 2/3 CSA-AKI. Magruder
and colleagues (53) reported a small retrospective
propensity-matched study in which a goal-directed per-
fusion initiative to reduce CSA-AKI demonstrated a sig-
nificant reduction in AKI (8 of 88 vs. 21 of 88) and
reduced creatinine increase after cardiac surgery.
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ABBREVIATIONS AND ACRONYMS

ACEi 5 angiotensin-converting enzyme inhibitors
ARBs 5 angiotensin-receptor blockers
CABG 5 coronary artery bypass graft
CPB 5 cardiopulmonary bypass
CSA-AKI 5 cardiac surgery-associated acute kidney

injury
DO2 5 delivered oxygen
DO2i 5 delivered oxygen index
KDIGO 5 Kidney Disease Improving Global

Outcomes
ICU 5 intensive care unit
MiECC 5 minimally invasive extracorporeal

circulation
OR 5 odds ratio
RCT 5 randomized controlled trial
RIFLE 5 risk, injury, failure, loss, end-stage
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APPENDIX A—SEARCH STRATEGY

(((((prevention OR protection OR (outcome assessment)
OR (risk factors))) AND (((((renal OR kidney) AND
(hematocrit OR hemodilution OR oxygen)) OR ((kidney
diseases) OR (kidney failure) OR (Kidney Function Tests))
AND ((Humans[Mesh]) AND (English[lang]))) OR (hemo-
globins AND ((Humans[Mesh]) AND (English[lang]))) OR
(anemia AND ((Humans[Mesh]) AND (English[lang]))))))
AND (((((cardiac surgery OR (((““cardiopulmonary bypass””
[TIAB] NOT Medline[SB]) OR ““cardiopulmonary
bypass””[MeSH Terms] OR (““coronary artery bypass”
”[TIAB] NOT Medline[SB]) OR ““coronary artery bypass”
”[MeSH Terms]) OR (valve OR valvular) AND surgery) OR
““Heart-lung machine””[MeSH Terms] OR ((hemofiltration
OR ultrafiltration) AND (cardiac OR heart)) AND
((Humans[Mesh]) AND (English[lang]))) NOT (cardiac sur-
gery OR (((““cardiopulmonary bypass””[TIAB] NOT Medli-
ne[SB]) OR ““cardiopulmonary bypass””[MeSH Terms] OR
(““coronary artery bypass””[TIAB] NOT Medline[SB]) OR
““coronary artery bypass””[MeSH Terms]) OR (valve OR
valvular) AND surgery) OR ““Heart-lung machine””[MeSH
Terms] OR ((hemofiltration OR ultrafiltration) AND (cardiac
OR heart)) AND ((Humans[Mesh]) AND (English[lang])
AND ((infant[MeSH] OR child[MeSH] OR adolescent
[MeSH]))))) OR ((cardiac surgery OR (((““cardiopulmonary
bypass””[TIAB] NOT Medline[SB]) OR ““cardiopulmonary
bypass””[MeSH Terms] OR (““coronary artery bypass””
[TIAB] NOT Medline[SB]) OR ““coronary artery bypass””
[MeSH Terms]) OR (valve OR valvular) AND surgery) OR
““Heart-lung machine””[MeSH Terms] OR ((hemofiltration
OR ultrafiltration) AND (cardiac OR heart)) AND ((Humans
[Mesh]) AND (English[lang]) AND ((infant[MeSH] OR
child[MeSH] OR adolescent[MeSH])))) AND (cardiac sur-
gery OR (((““cardiopulmonary bypass””[TIAB] NOT Med-
line[SB]) OR ““cardiopulmonary bypass””[MeSH Terms]
OR (““coronary artery bypass””[TIAB] NOT Medline[SB])
OR ““coronary artery bypass””[MeSH Terms]) OR (valve
OR valvular) AND surgery) OR ““Heart-lung machine”
”[MeSH Terms] OR ((hemofiltration OR ultrafiltration)
AND (cardiac OR heart)) AND ((Humans[Mesh]) AND
(English[lang]) AND (adult[MeSH]))))) NOT (((cardiac sur-
gery OR (((““cardiopulmonary bypass””[TIAB] NOT Med-
line[SB]) OR ““cardiopulmonary bypass””[MeSH Terms]
OR (““coronary artery bypass””[TIAB] NOT Medline[SB])
OR ““coronary artery bypass””[MeSH Terms]) OR (valve OR
valvular) AND surgery) OR ““Heart-lung machine””[MeSH

Terms] OR ((hemofiltration OR ultrafiltration) AND (car-
diac OR heart)) AND ((Humans[Mesh]) AND (English[-
lang]))) NOT (cardiac surgery OR (((““cardiopulmonary
bypass””[TIAB] NOT Medline[SB]) OR ““cardiopulmonary
bypass””[MeSH Terms] OR (““coronary artery bypass”
”[TIAB] NOT Medline[SB]) OR ““coronary artery bypass”
”[MeSH Terms]) OR (valve OR valvular) AND surgery)
OR ““Heart-lung machine””[MeSH Terms] OR ((hemofil-
tration OR ultrafiltration) AND (cardiac OR heart)) AND
((Humans[Mesh]) AND (English[lang]) AND ((infant[-
MeSH] OR child[MeSH] OR adolescent[MeSH]))))) OR
((cardiac surgery OR (((““cardiopulmonary bypass””[TIAB]
NOT Medline[SB]) OR ““cardiopulmonary bypass””[MeSH
Terms] OR (““coronary artery bypass””[TIAB] NOT Medli-
ne[SB]) OR ““coronary artery bypass””[MeSH Terms]) OR
(valve OR valvular) AND surgery) OR ““Heart-lung machi-
ne””[MeSH Terms] OR ((hemofiltration OR ultrafiltration)
AND (cardiac OR heart)) AND ((Humans[Mesh]) AND
(English[lang]) AND ((infant[MeSH] OR child[MeSH]
OR adolescent[MeSH])))) AND (cardiac surgery OR
(((““cardiopulmonary bypass””[TIAB] NOT Medline[SB]) OR
““cardiopulmonary bypass””[MeSH Terms] OR (““coronary
artery bypass””[TIAB] NOT Medline[SB]) OR ““coronary
artery bypass””[MeSH Terms]) OR (valve OR valvular)
AND surgery) OR ““Heart-lung machine””[MeSH Terms]
OR ((hemofiltration OR ultrafiltration) AND (cardiac OR
heart)) AND ((Humans[Mesh]) AND (English[lang]) AND
(adult[MeSH])))) AND ((Editorial[ptyp] OR Letter[ptyp]
OR Comment[ptyp] OR Festschrift[ptyp] OR Historical
Article[ptyp] OR Lectures[ptyp] OR Legal Cases[ptyp] OR
Legislation[ptyp] OR News[ptyp] OR Newspaper Article
[ptyp] OR Patient Education Handout[ptyp]))))))) AND
(Humans[Mesh] AND (Meta-Analysis[ptyp] OR Random-
ized Controlled Trial[ptyp]) AND English[lang] AND adult
[MeSH]) AND (Humans[Mesh] AND (Meta-Analysis[ptyp]
OR Randomized Controlled Trial[ptyp]) AND English[lang]
AND adult[MeSH]).

APPENDIX B. DATA TABLE.

Appendix table will be available at the journal’s website.

APPENDIX C. RCT AND META-ANALYSIS APPRAISAL.
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APPENDIX E—STS/SCA/AmSECT Clinical Practice
Guidelines for the Prevention of Adult Cardiac

Surgery-Associated Acute Kidney Injury

INTRODUCTION
As outlined in the practice guideline, a systematic review
of the literature, and meta-analysis, where appropriate, was
performed for all recommendations listed. Several strate-
gies to prevent AKI after cardiac surgery have been stud-
ied repeatedly or continue to be practiced widely despite
weak or mixed evidence supporting their use. These inter-
ventions, with either conflicting evidence or insufficient evi-
dence to support a recommendation are listed herein.
The strategies fall into one of three categories: 1) cardio-

pulmonary bypass techniques; 2) fluid management and
transfusion; 3) pharmacological interventions. Each inter-
vention and the available evidence are reviewed in detail
below. A brief executive summary of the evidence is pro-
vided in the following Tables.

SUMMARYOF EVIDENCE

CARDIOPULMONARY BYPASS STRATEGIES
Leukocyte Filtration (Depletion)
Leukocyte depletion is a strategy designed to minimize the
inflammatory response to CPB. Several small, single-center
randomized trials have reported an improvement in renal func-
tion when leukodepletion was used, although with varying
methods for leukodepletion. Bolcal et al. studied 50 CABG
surgery patients with preoperative renal dysfunction (creatinine
1.5–2.0 mg/dL) undergoing CPB with or without leukodeple-
tion in the arterial line and reported reduced tubular postoper-
ative serum creatinine, blood urea nitrogen, and a-glutathione
S-transferase in the depleted group (1). Rubino and coworkers
studied 82 CABG patients undergoing CPB with or without
leukodepletion in the arterial and cardioplegia lines and
reported higher eGFR and lower creatinine and BUN and less
patients requiring renal replacement therapy in the treatment
group (2). Similarly, Tang and colleagues studied 40 patients
undergoing CPB with or without leukodepletion in the arterial
line throughout CPB. The group that underwent leukocyte fil-
tration had significantly less increase in urinary markers of
renal injury (retinol-binding protein and microalbumin) but no
difference in serum creatinine or BUN (3).

Strategy Rationale Evidence

Cardiopulmonary Bypass Strategies

Leukocyte filtration Reduce inflammatory response & associated
AKI

Several small, non-randomized studies (n , 100) with
some reduction in biomarkers & RRT

Arterial cannula with filter Reduce micro-emboli to kidneys 1 RCT (n 5 1,289) showing reduced incidence of AKI
in high-risk patients

Arterial perfusion pressure Maintaining higher renal perfusion pressure Several studies (randomized & non-randomized)
showing no effect

Surface heparin coating Varying levels of anticoagulation & associated
inflammatory response

Several studies (non-randomized) showing no effect

Hemo-/ultrafiltration Reduce inflammatory mediators & increase
hematocrit

1 RCR (n 5 199) suggesting lower biomarkers
immediately postoperatively (not later) in patients
with reduced eGFR

Fluid Management & Transfusion

Autologous CPB priming Reduce hemodilution 1 RCT (n 5 72) showing no benefit
Volume expanders (HES) Maintaining intravascular volume/oncotic

pressure
4 small RCTs not showing any difference for AKI

Blood salvage/autotransfusion Reduce hemodilution 2 small RCTs (n 5 34, n 5 80) not showing a
difference for AKI

Maintaining a hematocrit target Reduce hemodilution 1 RCT (n 5 54) showing no benefit to prevent AKI
Preoperative hydration Maintaining intravascular volume 1 RCT (n 5 45) randomizing patients with moderate—

severe CKG suggesting lower incidence of AKI/
dialysis

Transfusion for low hematocrit Reduce hemodilution 4 RCT (including TITre2 & TRACS) showing no
difference for AKI

Remote ischemic preconditioning Unclear 10 RCT, 2 showing benefit, 8 showing no benefit;
meta-analysis with pooled effect suggesting no
benefit (RR .95; .86–1.06) for AKI

Prophylactic dialysis Unclear 1 RCT (n 5 44) with questionable study design
suggesting benefit (reduced dialysis)

Pharmacological Strategies.

Diuretics Increased diuresis 3 small RCT (n 5 24, n 5 126, n 5 50) not showing
any benefit in terms of AKI

Vasodilators Increased renal perfusion Several small RCTs all showing increased urine
output, decreased biomarkers (creatinine) but no
reduction in RRT
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Cannula Selection
Banbury and colleagues randomized 1,289 patients under-

going CABG, aortic valve replacement, or mitral valve
repair/replacement to either with an integrated deployable
filter or standard arterial cannula (4). Patients with moderate
or greater preoperative risk (Higgins score $5) and treated
with the deployable filter arterial cannula had a lower inci-
dence of renal complications. The proposed mechanism was
a reduction in particulate emboli captured by the 120-mm fil-
ter used with the deployable filter cannula (4). Patients
treated with the filter cannula had a lower incidence of renal
insufficiency (13.7% vs. 23.9%, p 5 .04) (4). Renal insuffi-
ciency was defined as an elevation of the serum creatinine
above 2.0 mg/dL in patients with normal creatinine levels
preoperatively, a .50% increase in creatinine above an
abnormal baseline level, or the need for dialysis (4).

Perfusion Pressure
Sirvinskas et al. studied 179 patients with normal preop-

erative renal function undergoing CABG, valve, or valve/
CABG surgery with CPB (5). Patients were randomized to
one of three groups based on a target perfusion pressure
during CPB: 1) ,60 mmHg, 2) 60–69.9 mmHg, and 3) $70
mmHg. No differences were reported in the incidence of
acute kidney injury, serum creatinine levels or creatinine
clearance during surgery or the first 48 hours after surgery
(5). More recently Vedel 2018 and Kandler 2019 both
reported randomized trials which evaluated renal outcomes.
Vedel in a study designed to evaluate cerebral outcomes
achieved a mean pressure of 66.8 6 4.9 mmHg in the high
pressure group compared with 44.77 6 4.7 mmHg in the
control, and reported no differences in detailed renal out-
comes including serum creatinine and dialysis (6). Kandler
2019 achieved a mean pressure of 61 6 4 mmHg in the
high pressure group (compare with 47 6 5 mmHg in con-
trol) and reported no differences in AKI, serum creatinine,
glomerular filtration rates or dialysis.

Surface Coating
Svenmarker and colleagues reported a reduction in serum

creatinine at discharge in CABG patients that underwent
CPB with heparin-coated circuits and lower heparinization
(ACT .250 seconds) vs. patients managed with uncoated cir-
cuits and standard heparinization (ACT .480 seconds) (7).
Allen and coworkers found no difference in renal outcomes
or biomarker release in a small randomized study using
coated circuits (8). Mullen and colleagues compared renal
outcomes in three groups of patients undergoing CABG: 1)
uncoated CPB circuits and standard heparinization (ACT
.400 seconds), 2) heparin-coated and standard hepariniza-
tion, or 3) heparin-coated and lower heparinization (ACT
180–400) and found no difference in postoperative creatinine
levels (9).

Hemofiltration/Ultrafiltration
Zero-balance ultrafiltration (Z-BUF) is a technique that fil-

ters blood on CPB, removes volume, and then replaces that
volume with an equal volume of crystalloid. The purpose is

to reduce inflammatory mediators circulating during and
after CPB that may mediate end-organ injury. Matata et al.
performed a single-center randomized controlled trial of 199
cardiac surgical patients who had a preoperative estimated
glomerular filtration rate (eGFR) ,60 mL/min/1.73 m2 but
.15 mL/min/1.73 m2. Subjects were randomized to undergo
Z-BUF while on CPB vs. standard CPB protocol (10). Uri-
nary NGAL/Cr, eGFR, and serum Cr and urea were com-
pared between groups on ICU arrival and at 24, 48, and 72
hours after ICU arrival. These AKI markers were all signifi-
cantly lower in the Z-BUF group at ICU arrival but at no
other postoperative time points.

FLUIDMANAGEMENTAND TRANSFUSION
Autologous Priming
Kiessling and colleagues randomized 72 patients .75 years
old and/or LVEF ,40% and undergoing CABG and/or
aortic valve replacement (11). The treatment group had
whole blood removed via central line (mean 280 mL) which
was used to prime the CPB circuit just prior to initiating
CPB, and the control group had a standard crystalloid
prime with no autologous blood. There were no differences
in the increase in creatinine or the incidence of postopera-
tive dialysis between groups (11).

Hydroxyethyl Starch (HES)
Ooi and colleagues randomized 90 patients undergoing

elective CABG with CPB (12). One group received 6%
HES 130/.4 in the CPB prime and for volume replacement
when needed, and the other group received 4% succiny-
lated gelatin. There was no difference in postoperative
eGFR between groups (12).

Kuitunen et al. randomized 45 patients undergoing elec-
tive CABG with CPB (13). Group 1 received 20 mL/kg of
low molecular weight HES (120) in the CPB prime, group
2 received 20 mL/kg of high molecular weight HES (400)
in the CPB prime, and group 3 received 4% albumin in the
CPB prime. There was no difference in urine output
between groups. However, the groups receiving either of
the HES solutions experienced less stable clot as measured
by thromboelastography (13).

Sethi et al. randomized 80 consecutive patients undergo-
ing elective CABG on CPB to 1 of four groups (n 5 20
per group). The total prime was 1,500 mL in all groups and
were as follows: Group 1 5 1,000 mL HESp (potato-
derived)1 500 mL Ringer’s lactate; group 2 5 1,500 mL
HESp only; Group 3 5 1,000 mL HESM (maize-derived)1
500 mL Ringer’s lactate; group 4 5 1,500 mL HESM only.
In this aim to distinguish balanced HES between these two
different source material starches (potato starch vs. waxy
maize starch) and the effect on renal function, the authors
found no significant changes from baseline in the postoper-
ative serum creatinine values in all groups. In fact, despite
the differences in physiochemical properties, the two solu-
tions exerted the same effect (14).

Lomivorotov et al. evaluated the influence of HES com-
pared with normal saline on kidney integrity. This was a
prospective, randomized, single-blind pilot study. Patients
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were randomized to receive once either 7.2% NaCl/6%
HES 200/.5 (HSH group, n 5 20) or placebo (.9% NaCl;
n 5 20) at a dose of 4 mL/kg for 30 minutes after anesthe-
sia induction. The incidence of AKI within 48 hours was
similar between the groups at 20% in the HSH group and
30% in the placebo group (NS). There was a significantly
lower peak value for serum cystatin C in the HSH group
(.83 [.73–.89] mg/L) compared with the control group (1.02
[.88–1.15] mg/L; p 5 .001). HSH does not impact AKI inci-
dence when used for the volume therapy in on-pump coro-
nary artery bypass surgery and had no effect on tubular
injury or glomerular filtration (15).

Blood Salvage/Autotransfusion
Scrascia et al. randomized 34 patients undergoing elec-

tive CABG with CPB (16). In the control group, residual
blood in the CPB circuit was discarded and no autotransfu-
sion was used before or after CPB. In the treatment group
residual CPB blood and blood collected before and after
CPB was processed in an autotransfusion device and rein-
fused to the patient. The incidence of renal replacement
therapy was not different between groups (16).
Niranjan and colleagues randomized 80 patients undergo-

ing elective CABG to one of four groups: 1) Off-Pump
CABG with autotransfusion, 2) Off-Pump CABG without
autotransfusion, 3) On CPB CABG with autotransfusion,
or 4) On CPB CABG without autotransfusion. The inci-
dence of renal complications was not different between
groups (17).
Myocardial infarction and multi-organ failure were not

mentioned in either paper, other clinical outcomes either
mentioned no occurrence or were not significantly different
between experimental groups.

Hematocrit Target
von Heymann and coworkers randomized 54 low-risk

patients .70 kg with preoperative HCT .36% and under-
going elective CABG with CPB (18). One group was main-
tained during CPB with a minimum HCT of 20% and the
other group maintained with a minimum HCT of 25%. The
median CPB flow index was 3.2 L/min/m2 in both groups.
There was no difference in the incidence of renal failure or
postoperative creatinine levels between groups. The
authors concluded that DO2 did not fall below critical lev-
els in either group (18). They recorded no significant differ-
ence for all clinical outcomes.

Preoperative Hydration
Marathias et al. randomized 45 patients with moderate to

severe chronic kidney disease (eGFR ,45 mL/min) and
undergoing CABG (13% OPCAB) and/or valve replacement
surgery (19). The treatment group received preoperative
hydration with half-isotonic saline at a rate of 1 mL/kg/h for
12 hours before the operation and the control group was
maintained on fluid restriction. The incidence of acute renal
failure defined as a 25% increase in peak creatinine was 53%
in the fluid restriction group compared with 30% in the
hydration group. No patients in the hydration group requiring

dialysis (p , .01) (19). There was either no occurrence, no
mention, or no significant difference for clinical outcomes,
there were no significant differences between groups for post-
operative myocardial infarction, and time spent in ICU.

Perioperative Transfusion Strategy
Karkouti and colleagues randomized 60 anemic (HGB

10–12 g/dL) patients undergoing CABG and/or valve
replacement with CPB (20). The treatment group prophy-
lactically received 2 units packed red blood cells 1–2 days
prior to surgery and the control group was transfused dur-
ing or after surgery as needed. Perioperative anemia and
transfusion rates were decreased in the treatment group.
The incidence of AKI was similar between groups (20).

Murphy and the TITre2 Investigators found no signifi-
cant difference in ischemic events-stroke, MI, gut, or
AKI-with restrictive transfusion threshold (Hemoglobin
,7.5 mg/dL) compared to liberal transfusion threshold
(Hemoglobin ,9.0 mg/dL) (21).

Nakamura et al. in a TRACS sub-study, found no differ-
ence in acute renal injury with a restrictive transfusion
threshold (Hemoglobin ,8 mg/dL) compared to liberal
transfusion threshold (Hemoglobin ,10 mg/dL) (22). Song
et al. studied their transfusion protocol in 409 patients and
report a low incidence of renal dysfunction, defined as a
doubling of creatinine or renal replacement therapy. The
restrictive transfusion threshold was Hemoglobin ,6 mg/dL,
and transfusion for Hemoglobin 8–10 mg/dL required evi-
dence of end organ ischemia (23).

To summarize, the reviewed papers demonstrate the
safety of autologous priming, hydroxyethyl starch, blood
salvage and autotransfusion, and preoperative hydration.
Transfusion for preoperative anemia was ineffective in
reducing the incidence of AKI in cardiac surgery. Overall,
most fluid management techniques for AKI and renal com-
plications have little effect on clinical outcomes and the
evidence to date is not strong enough to warrant clinical
guideline recommendations (21,22).

Remote Ischemic Preconditioning (RIPC)
Remote ischemic preconditioning (RIPC) is conducted

after induction of anesthesia prior to cardiac surgery. Ther-
apy includes 3–4 cycles of limb ischemic for 5 minutes by
using a blood pressure cuff for inflation around one upper
arm or thigh followed by 5 minutes of reperfusion in each
cycle. The preoperative use of remote ischemic precondi-
tioning is believed to prevent ischemia, reperfusion, and
inflammatory injury to organs during surgery through rapid
cycles of brief ischemia and reperfusion (24–31).

Multiple randomized trials have evaluated the efficacy of
remote ischemic preconditioning in various cardiac surgery
populations. A meta-analysis of these 10 trials suggests
RIPC does not reduce the risk of AKI (RR .95; 95% CI:
.86, 1.06; p 5 .376, Figure 1) (27,32–37). All trials used 3–4
cycles of 5 minutes of ischemia followed by 5 minutes of
reperfusion in either an upper or lower limb. Two random-
ized controlled trials reported statistically significant
reduction in acute kidney injury favoring remote ischemic
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preconditioning (36,37). Zarbock and colleagues evaluated
remote ischemic preconditioning (3 cycles of 5 minutes each)
in the upper arm (n 5 120) compared to placebo sham con-
trols (n 5 120) in a multicenter randomized controlled trial
among high-risk cardiac surgery patients. Overall remote
ischemic preconditioning significantly reduced acute kidney
injury reduced by 15% (95% CI, 2.56–27.44%; p 5 .02), renal
replacement therapy was reduced by 10% (95% CI,
2.25–17.75%; p 5 .01), and intensive care unit stay was
reduced by 1 day (p 5 .04) (36). Zimmerman and colleagues
conducted a single-center randomized controlled trial among
120 elective patients undergoing cardiac surgery using 3 cycles
of ischemia–reperfusion for 5 minutes in a lower limb.
Remote ischemic preconditioning significantly reduced acute
kidney injury by 27% (95% CI .10–.42; p 5 .004) (37). Choi
and colleagues conducted a small randomized control trial of
76 adult patients undergoing complex valve surgery using 3
cycles of 5-minute ischemia–reperfusion in the lower limb but
found no benefit in reducing acute kidney injury (37%) com-
pared with controls (32%, p 5 .7) (32). Young and colleagues
conducted a pilot randomized controlled trial among 96
adults undergoing high-risk cardiac surgery using 3 cycles of 5
minutes of ischemia–reperfusion in an upper limb yet found
no difference in acute kidney injury (32,35). Two randomized
trials, Rahman and Venugopal, reported on randomized
placebo-controlled trials in elective or urgent nondiabetic
CABG patients using 3 cycles of 5 minutes each in upper
arm remote ischemic preconditioning (33,34). Both reported
nonsignificant trends toward remote ischemic preconditioning
benefit in preventing acute kidney injury (33,34). Hu and col-
leagues in the remote ischemic preconditioning (RIPerc)
study randomized valve surgery patients with rheumatic heart
disease to three cycles of 5 minutes each in the right thigh

during surgery or control (29). The RIPerc study found no
difference in AKI (68% in RIPerc group compared to 71%
in controls, p 5 .67) (29). In the Remote IMPACT trial,
Walsh randomized patients to 3 cycles of 5 minutes each on
one thigh or to a sham procedure (31). They found no differ-
ence in AKI with RR 1.10 (95% CI: .68, 1.78), however
found a higher incidence of acute dialysis in the RIPC group
at 4.9% compared to 1.6% in the sham group (31). The
ERICCA trial by Hausenloy and colleagues randomized
patients to 4 cycles of 5 minutes each of RIPC to the upper
arm or to control (28). The ERICCA trial found no differ-
ence in AKI (38.0% in RIPC and 38.3% in control, p 5 .98)
(28). The RIPHeart study by Meybohm and colleagues ran-
domized elective patients to 4 cycles of 5 minutes each of
RIPC to the upper limb or to a sham procedure (30). The
RIPHeart study found no difference in AKI (RIPC 6.1%
compared to sham 5.1%, p 5 .45).

The strength of the evidence is insufficient to recom-
mend remote ischemic preconditioning as a targeted pro-
phylactic therapy to prevent acute kidney injury among
elective or urgent cardiac surgery patients. Additional trials
powered to detect differences in the requirement for new
dialysis and clarify efficacy among nondiabetic and high-
risk valve populations are needed.

Prophylactic Dialysis
Prophylactic perioperative hemodialysis has been consid-

ered a targeted therapy to prevent AKI and postoperative
dialysis among patients in acute renal failure at the time of
surgery but without a history of dialysis. For these patients
at highest risk of developing acute kidney injury, it is
believed that initiating dialysis in the perioperative setting
will prevent acute and long-term renal injury.

Figure 1.Meta-analysis RIPC and AKI.
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One trial by Durmaz and colleagues randomized 44
patients with a baseline serum creatinine .2.5 (mg/dL) not
requiring dialysis to either prophylactic hemodialysis or
control. In the prophylactic hemodialysis group, hemodialy-
sis was conducted twice within 72 hours of the surgery and
postoperatively only if the serum creatinine was .10% ele-
vated over baseline. In the control group, hemodialysis was
initiated postoperatively only if the serum creatinine was
.50% elevated over baseline. However postoperative initi-
ation of hemodialysis was only started in 1 (4.8%) patient
in the prophylactic arm and started in 8 (34.8%) patients in
the control arm (p 5 .023). In addition, in-hospital mortality
was significantly lower among the prophylactic hemodialysis
patients with only one death (4.8%) compared to seven
deaths (30.4%) among the control patients (p 5 .048). ICU
length of stay was also shorter in the prophylactic dialysis
group at 39.47 6 21.87 days compared with 85.34 6 68.89
days in the control group (p 5 .005) (38). Prophylactic dialy-
sis among patients with preexisting renal dysfunction with a
serum creatinine .2.5 (mg/dL) demonstrates potential in
preventing postoperative dialysis and in-hospital mortality.
However, additional trials are needed (38).

PHARMACOLOGIC STRATEGIES
Diuretics
Dopexamine, a synthetic analogue of dopamine, has been
studied. In a small randomized clinical trial, 24 patients
with preoperative renal dysfunction (serum creatinine
$1.5 mg/dL) and 24 patients without renal dysfunction
were randomly assigned to either receive or not receive
dopexamine infusion (1 mg/kg/min) during cardiac opera-
tions. Regardless of preoperative renal function status,
patients who received dopexamine infusion exhibited
increased cardiac index and urine output, but did not
exhibit biomarker evidence of reduced renal injury com-
pared with those who did not receive dopexamine (39).
In a single-center, double-blind randomized clinical trial,

126 patients with normal preoperative renal function were
assigned to receive furosemide infusion (.5 mg/kg/min),
dopamine infusion (2 mg/kg/min), or placebo during their
cardiac operations and the early postoperative period.
Patients who received furosemide exhibited the highest
maximum increase in serum creatinine (p 5 .001) and had
the highest incidence of acute renal injury (6/41, p 5 .01),
defined as a maximum increase in serum creatinine
..5 mg/dL (40). More recently, Mahesh and colleagues
conducted a single-center, double-blind randomized clinical
trial to evaluate the use of furosemide in patients at high
risk for postoperative renal dysfunction (41). Fifty patients
undergoing cardiac surgery were assigned to receive furose-
mide infusion (4 mg/h) or placebo during the operation and
the early postoperative period. Patients who received furose-
mide had a higher urine output and higher fluid requirement,
but no differences in the incidence of renal dysfunction com-
pared to controls. Although the furosemide group had lower

postoperative urinary retinol-binding protein levels, urinary
retinol-binding protein/creatinine ratios were similar (41).

Additional studies have tested mannitol and furosemide
for adverse effects on clinical outcomes. Mahesh and col-
leagues recorded no significant differences between manni-
tol groups for death and postoperative dialysis, nor was
there a need for postoperative dialysis for the study done
by Mahesh et al. (41).

Vasodilators
One single-center, blinded, placebo-controlled randomized

clinical trial involving 240 patients who underwent CABG
showed beneficial effects of administering sodium nitroprus-
side during the rewarming period of CPB (titrated after
starting dose of .1 mg/kg/h) (42). Compared to controls,
patients who received sodium nitroprusside exhibited signifi-
cantly higher intraoperative urine output, lower incidence of
increased postoperative serum creatinine, lower incidence of
reduced postoperative creatinine clearance, and higher post-
operative glomerular filtration rates. Doubling of postopera-
tive creatinine levels occurred less frequently in patients
who received sodium nitroprusside (2/124) than control
patients (8/116; p 5 .053). There were no significant differ-
ences in clinical complications in this trial (42).

The results of two small randomized clinical trials suggest
that the combination of diltiazem and dopamine may provide
renal protection. In the first trial, in low-risk patients with
normal preoperative renal function undergoing CABG with
CPB, perioperative combined administration of diltiazem and
dopamine (both at 2 mg/kg/min) resulted in higher creatinine
clearance, osmotic clearance, and free water clearance values
on postoperative day 1 compared to those who received dilti-
azem only, dopamine only, or neither drug; these differences
did not persist at day 7 (43). In the second randomized clini-
cal trial, perioperative administration of diltiazem (.25 mg/kg
bolus followed by 1.7 mg/kg/min infusion) in patients with
mild-to-moderate preoperative renal dysfunction was associ-
ated with improved GFR (as measured by iohexol clearance)
at 3 weeks after CAB and/or valve procedures; there were no
differences in serum creatinine levels or urinary N-acetyl-
b-glucosaminidase concentrations between the treatment and
control groups (44). All patients in this study received periop-
erative dopamine infusion (2 mg/kg/min) (44).

Bergman et al. observed that the patients receiving Dilti-
azem treatments did not have any significant changes from
the placebo group for the time spent in the ICU, they also
recorded no occurrence of respiratory complications (44).
Yavuz and coworkers observed no differences in treatment
groups for in-hospital mortality, cardiac complications,
respiratory issues, or renal dysfunction during their dopa-
mine trial (43).

In one single-center, non-blinded randomized clinical
trial (45), intravenous administration of a synthetic analog
of prostacyclin PGI2 (1.25–2.5 ng/kg/min), during the
rewarming phase of CPB, was associated with higher intra-
operative urine output, lower incidence of increased
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postoperative serum creatinine, and a lower incidence of
reduced postoperative creatinine clearance compared to
controls. The trial listed nonsignificant differences among
mortality, stroke, and postoperative dialysis (45).
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