Yu et al. European Journal of Medical Research
https://doi.org/10.1186/540001-023-00990-2

(2023) 28:45

European Journal
of Medical Research

Diagnosis, pathophysiology and preventive

®

Check for
updates

strategies for cardiac surgery-associated acute
kidney injury: a narrative review

Ying Yu, Chenning Li, Shuainan Zhu, Lin Jin, Yan Hu, Xiaomin Ling, Changhong Miao and Kefang Guo™

Abstract

Acute kidney injury (AKI) is a common and serious complication of cardiac surgery and is associated with increased
mortality and morbidity, accompanied by a substantial economic burden. The pathogenesis of cardiac surgery-associ-
ated acute kidney injury (CSA-AKI) is multifactorial and complex, with a variety of pathophysiological theories. In addi-
tion to the existing diagnostic criteria, the exploration and validation of biomarkers is the focus of research in the field
of CSA-AKI diagnosis. Prevention remains the key to the management of CSA-AKI, and common strategies include
maintenance of renal perfusion, individualized blood pressure targets, balanced fluid management, goal-directed
oxygen delivery, and avoidance of nephrotoxins. This article reviews the pathogenesis, definition and diagnosis, and
pharmacological and nonpharmacological prevention strategies of AKl in cardiac surgical patients.
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Introduction

More than 2 million cardiac surgeries are performed
worldwide each year, and acute kidney injury (AKI) is a
serious complication after cardiac surgery, the second
leading cause of AKI in the intensive care unit (ICU).
The incidence of acute kidney injury after cardiac sur-
gery (CSA-AKI) is as high as 40%, and approximately 3%
of patients require at least temporary renal replacement
therapy (RRT) [1]. Patients with severe AKI are con-
fronted with a 3- to eightfold higher perioperative mor-
tality, a prolonged length of ICU and hospital stay, and
an increased cost of health care [2]. CSA-AKI is associ-
ated with increased long-term mortality, with 5-year and
7-year cohort survival rates of 54% and 38%, respectively
[3]. Approximately 25% of patients with AKI will suffer
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from chronic kidney disease (CKD) after a three-year
period [4]. The economic impacts of CSA-AKI are phe-
nomenal. The hospitalization costs were as high as USD
$26,000 in patients with AKI not requiring RRT and
exceeded USD $69,000 for AKI requiring RRT, leading to
a total annual cost for CSA-AKI of almost USD $1 billion
in the United States [5].

This narrative review assesses the pathophysiology of
AKI, classification and definition, diagnostic criteria and
available novel biomarkers, as well as the commonly used
and promising prevention strategies in cardiac surgical
patients.

Definition and diagnosis

Definition

Cardiorenal syndrome (CRS) includes a range of dis-
eases involving the heart and kidneys, in which acute
or chronic dysfunction in one organ can lead to acute
or chronic dysfunction in the other. Ronco presented
a new classification of CRS with 5 subtypes that reflect
the pathophysiology, the timeframe, and the nature of
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concomitant cardiac and renal dysfunction [6]. Subse-
quently, the American Heart Association published a
detailed scientific statement covering its pathophysiol-
ogy, diagnosis, and management [7]. According to the
CRS classification definition, CSA-AKI can be classified
as type 1 CRS (acute CRS), which is characterized by a
rapid decline of cardiac function, leading to AKI [6].
Despite this cardiorenal theoretical framework, there
is no consensus on the definition of CSA-AKI, and the
definition and diagnosis of CSA-AKI in the literature are
derived from AKI.

The current definition of AKI, according to (Kidney
Disease: Improving Global Outcomes) KDIGO [8], stip-
ulates an increase in serum creatinine (SCr) by at least
26.4 umol/L within 48 h, an increase in SCr to 1.5 times
baseline that is known or presumed to have occurred
within the previous 7 days, or a urine volume of less
than 0.5 mL/kg per hour for 6 h. A sustained increase
in creatinine for more than 3 months is labelled CKD.
The concept of acute kidney disease (AKD) is intended
to bridge the gap between AKI and CKD, which refers to
a sustained alteration in kidney function over a 3 month
period [9].

Diagnosis of CSA-AKI

In 2004, the Acute Dialysis Quality Initiative (ADQI)
proposed a classification for acute renal failure (ARF; this
term was later replaced by AKI) based on the patient SCr,
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urine output, glomerular filtration rate (GFR), and clini-
cal outcome: the Risk, Injury, Failure, Loss of kidney func-
tion, and End-stage kidney disease (RIFLE) classification
[10]. In 2007, the Acute Kidney Injury Network (AKIN)
proposed a revised version of AKI classification [11] to
improve the sensitivity of AKI criteria, which made sev-
eral changes: an absolute increase in SCr was added as a
criterion, patients starting RRT were classified as stage
3, and changes in GFR and clinical outcome stages were
removed. AKIN proposed that although the diagnosis of
AKI is based on the SCr changes over the course of 48 h,
staging occurs over a 1-week time frame. Based on the
two previous classifications, the 2012 Global Working
Group on Improving Outcomes in Acute Kidney Injury
proposed the KDIGO classification [8] with the aim of
harmonizing the definition of AKI. KDIGO adopted the
stages proposed by AKIN but removed the acute rise of
SCr over 0.5 mg/dL in stage 3 (Table 1).

In the published literature on CSA-AKI, all three diag-
nostic criteria have been adopted [12]. Luo et al. prospec-
tively analysed a clinical database of 3,107 adult patients
who were admitted to the ICU and found that compared
with the RIFLE criteria, KDIGO was more predictive of
in-hospital mortality, but there was no significant dif-
ference between AKIN and KDIGO [13]. Yaqub et al.
retrospectively reviewed data from 1508 patients who
underwent isolated (Coronary artery bypass grafting)
CABG surgery and found that the performances of the

Table 1 The classification and staging of the RIFLE, AKIN and KDIGO criteria

Workgroup RIFLE AKIN

KDIGO

Acute dialysis quality initiative group

Acute kidney injury Network

Kidney disease improving Global outcome

Criteria
Staging

SCr, UO, GFR, clinical outcome

Risk

SCrincreased by 1.5 x

U0 <0.5 ml/skg/h for 6 h

eGFR decreased by >25% within 7 d

Injury

SCrincreased by 2.0 x
U0 <0.5 ml/kg/h for 12 h
eGFR decreased by > 50%

Failure

SCrincreased by 3.0 x

SCr>4 mg/dL with acute rise > 0.5 mg/dL
U0 <03 ml/kg/h for 24 h

Anuria for 12 h

eGFR decreased by >75%

Loss
Complete loss of kidney function >4 wk

End-stage kidney disease
Complete loss of kidney function >3 mo

SCr,Uo

Stage 1

SCrincreased >0.3 mg/dL
SCrincreased by 1.5 x to 2.0 x
UO<0.5 ml/kg/h for>6h

Stage 2
SCrincreased by >2.0 x t0 3.0 x
UO<0.5 mlzkg/h for>12h

Stage 3

SCrincreased by >3.0 x

SCr>4 mg/dL with acute rise > 0.5 mg/dL
UO<0.3 ml/kgrh for 24 h

Anuria for 12 h

SCr, UO, GFR

Stage 1

SCrincreased > 0.3 mg/dL within 48 h
SCrincreased by 1.5 x to 1.9 x, which is
known or presumed to have occurred within
prior 7 d

UO<0.5 ml/kg/h for6-12 h

Stage 2
SCrincreased by 2.0 x to 2.9 x
UO<0.5 ml/kgrh for 12 h

Stage 3

SCrincreased by > 3.0 x

SCr>4 mg/dL

Initiation of RRT

U0 <0.3 mlskgrh for 24 h

Anuria for 12 h

eGFR < 35 mL/min/1.73 m?(in patients < 18 yr)

AKl acute kidney injury, GFR glomerular filtration rate, SCr serum creatinine, RRT renal replacement therapy, UO urine output, x (symbol) times baseline
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AKIN and KDIGO criteria were comparable in diag-
nosing AKI, whilst the RIFLE definition, although over-
estimating the incidence of AKI, had a better power to
predict mortality than the other two definitions [14].

Biomarkers of CSA-AKI

Early recognition and diagnosis of AKI are critical
because prevention before clinical manifestation may
provide better outcomes than treating patients with
established AKI. However, the current diagnostic criteria
are not suitable for the timely diagnosis of AKI because
neither the decrease in urine output nor the increase in
SCr is recognizable early. SCr level is a traditional bio-
marker of renal injury, but it can be affected not only by
physiological processes (for example, urinary creatinine
clearance or muscle mass) but also by drugs and poten-
tial comorbidities. In addition, SCr concentration is influ-
enced by sex, age, and protein intake. Meanwhile, the
calculation of postoperative urine output is largely lim-
ited by intraoperative fluid therapy and diuretic drugs.

When the kidneys are attacked, molecular changes
follow, leading to cellular damage. This results in cells
expressing and releasing multiple cellular markers called
biomarkers. Research efforts have been focussed on find-
ing an indicator of early renal injury to quickly diagnose
it with high specificity and sensitivity. Evidence has dem-
onstrated that biomarkers are present before the onset of
AKI as currently diagnosed and therefore have potential
advantages in the early diagnosis of AKI. More than 60
urine and blood biomarkers have been tested as indica-
tors of renal injury, and elevation of these biomarkers
precedes increases in SCr concentrations [15].

In CSA-AKI, several biomarkers, have been identi-
fied and validated [16]. Neutrophil gelatinase-associated
lipoprotein (NGAL) is an acute-phase reactive pro-
tein expressed by proximal tubule epithelium and neu-
trophils. NGAL is released into the bloodstream after
tubular cell injury occurs, and an increase from baseline
can be detected within two hours after injury occurs. A
recent meta-analysis reported the AUCs for urinary and
for plasma NGAL of 0.75 (95% CI 0.73-0.76) and 0.80
(95% CI 0.79-0.81) for severe AKI. Albert et al. suggested
the cutoft concentrations at 95% specificity for urinary
NGAL were>580 ng/mL (sensitivity: 27%), and for
plasma NGAL were > 364 ng/mL (sensitivity: 44%) [17].

Kidney injury molecule 1 (KIM-1) is a transmembrane
glycoprotein that is up-regulated in proximal renal tubu-
lar cells after ischaemia—reperfusion injury. A meta-anal-
ysis reported a sensitivity of 0.73 (95% CI 0.45-0.93) and
a specificity of 0.77(95% CI 0.62—-0.90) for predicting AKI
in the cardiac surgery population, but no consistent diag-
nostic threshold has been established [18].
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Dickkopf-3 (DKK3) is a glycoprotein that is a stress-
induced pro-fibrotic molecule derived from renal epithe-
lial cells. It can promote renal tubulointerstitial fibrosis
by regulating the Wnt/pB-catenin signalling pathway [19].
The AUC for predicting postoperative AKI was 0.783
(95%CI 0.747-0.820). Schunk et al. found that urine
DKK3/ creatinine ratio>471 pg/mg on admission was
associated with a significantly increased risk of CSA-
AKI, which could be used for preoperative screening of
patients at high risk for CSA-AKI [20].

Tissue inhibitor of metalloproteinases-2 (TIMP-2) and
Insulin-like growth factor-binding protein 7 (IGFBP7)
are two molecules involved in G1 cell cycle arrest. In
early response to ischaemia-reperfusion injury, to allow
repair and avoid inflammation and cell death, renal
tubule cells enter G1 cell cycle arrest, where IGFBP7 and
TIMP-2 products increased [21]. The peak concentra-
tion of [TIMP-2] x [IGFBP7] appeared at 4 h after CPB.
Meta-analysis showed a pooled sensitivity of 0.79 (95%CI
0.71-0.86), a specificity of 0.76 (95%CI 0.72—0.80), and
an AUC of 0.868. Although the cutoff values of urinary
TIMP-2 and IGFBP7 for the early prediction of CSA-AKI
varied across the studies,>0.3 (ng/mL)*/1000 was the
most commonly used [22].

Several novel biomarkers also showed moderate dis-
crimination in patients that underwent cardiac surgery.
Liver fatty acid binding protein (L-FABP) is normally
produced by tissues such as the liver and is released into
the blood. In renal tubular injury, L-FABP is secreted
into the urine due to incomplete lipid binding, and uri-
nary L-FABP is considered as a potential biomarker for
AKI. Corrected with CPB duration as a covariate factor,
urinary L-FABP at 16—18 h after cardiac surgery can well
predict AKI within 7 days after surgery, with an AUC of
0.742 [23]. Neprilysin is a single-pass membrane glyco-
protein and it is widely distributed in renal brush border.
During kidney injury, neprilysin is shed from the tubular
brush edge of the kidney and is excreted, which can be
detected in urine. The discriminatory power of neprily-
sin for detecting POD 1 AKI corresponded to an AUC of
0.77 (95% CI 0.65-0.90) [24].

The PrevAKI multi-centre trial confirmed that after
identifying high-risk AKI patients defined as [TIMP-
2] x [IGFBP7] > 0.3 (Nephrocheck®), the application of
care bundle can reduce the incidence of stage 2 and 3
AKI after cardiac surgery [25]. NephroCheck® is a com-
mercially available point-of-care test to measure [TIMP-
2] x [IGFBP7]. Single-centre studies have proposed that
the introduction of [TIMP-2] x [IGFBP7] as a new tool
for identifying AKI risk may result in cost savings for
hospitals [26]. However, the current evidence is insuffi-
cient to compare the cost-effectiveness of NephroCheck®
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and other biomarker detection tools due to limited data
and lack of uniform cutoff values [27].

At present, the diagnostic efficacy of most biomarkers
in predicting CSA-AKI needs to be improved, and there
is no uniform diagnostic cutoft value for most biomark-
ers. Moreover, whether early identification of high-risk
patients based on the biomarkers can improve patient
outcomes or alleviate medical burden needs to be con-
firmed by more studies. Nevertheless, biomarkers have
received widespread attention, and the ADQI proposed
the inclusion of biomarker in KDIGO staging [28].

Point-of-care ultrasound

Renal ultrasound to evaluate renal function after cardiac
surgery is also a hot field of recent research. It is believed
that the measurement of perioperative renal artery or
venous index can reflect the status of renal blood circula-
tion, which is promising to help early identification and
prediction of CSA-AKI [29].

Arterial profile: renal artery
Renal arterial Resistance Index (RRI) is a method of
measuring pulse blood flow, which reflects the blood flow
resistance caused by the distal microvascular bed at the
measurement site. RRI can be calculated by measuring
the flow velocity of intralobar artery or arcuate artery.
The specific formula is as follows: RRI=(systolic veloc-
ity—diastolic velocity)/systolic velocity. A prospective
observational study using TEE to measure RRI to assess
the occurrence of postoperative AKI after CABG sug-
gested that increased intraoperative RRI was an inde-
pendent predictor of postoperative AKI, with a cutoff
of >0.68 and an AUC of 0.705 (95%CI 0.588-0.826) [30].
Intraparenchymal renal resistive index variation
(IRRIV) is an index derived from RRI, which is the per-
centage of RRI decline from baseline level after abdomi-
nal compression (10% of the subject’s body weight). The
pilot study by Samoni et al. found IRRIV showed a good
correlation with renal function reserve, with a sensitivity
and specificity of 100% and 84%, respectively, and AUC
of 0.80 (95%CI 0.64—0.96) as diagnostic performance.
The sensitivity and specificity of IRRIV in predicting sub-
clinical AKI after cardiac surgery were 46.1% and 100%,
respectively, and the AUC was 0.73 (95%CI 0.58-0.87)
[31].

Venous profile: renal, hepatic, and portal veins

High CVP secondary to venous congestion has been
shown to be associated with increased postopera-
tive mortality. However, the change of CVP is not only
dependent on the degree of venous filling, but also
affected by intrathoracic pressure or right ventricu-
lar diastolic function. Ultrasound analysis based on the
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waveform of organ veins can help to identify the presence
of renal venous congestion [32].

Since the pressure of the right atrium is transmitted
to the abdominal veins throughout the cardiac cycle, the
venous waveform obtained by pulsed-wave Doppler will
have systolic and diastolic components, and the ampli-
tude of the waveform is the blood flow velocity. Under
physiological conditions, the blood flow waveform in the
renal vein is continuous throughout the cardiac cycle,
that is, the waveform is uninterrupted. In the case of mild
venous congestion, the systolic component and diastolic
component appeared, forming biphasic waveform. In
severe venous congestion, only the diastolic component
appeared, forming monophasic waveform. Patterns of
intrarenal vein flow have been found to be strongly asso-
ciated with adverse clinical outcomes and independently
predict increased risk of perioperative AKI and mortality
[33].

In the normal hepatic venous blood flow waveform,
the amplitude of systolic component is higher than that
of diastolic component. For mild venous congestion, the
amplitude of systolic component is lower than diastolic
component. In severe congestion, there is a retrograde
systolic component (opposite to the diastolic compo-
nent). Abnormal postoperative hepatic vein blood flow
waveform is associated with the occurrence of CSA-AKI
[34]. In addition, a recent study suggests that the preop-
erative ratio of VTI of the retrograde and anterograde
waves of the hepatic veins is independently correlated
with increased creatinine levels after cardiac surgery [35].

Portal blood flow is often less susceptible due to the
buffering effect of the hepatic sinusoids, that is, the
flow waveform is continuous. Abnormal blood flow is
indicated when the diastolic and systolic flow rates are
different.

Due to the buffering effect of hepatic sinuses, the portal
vein flow is often not susceptible, that is, the flow wave-
form is continuous. Abnormal blood flow is indicated
when the diastolic and systolic flow rates are different.
Specifically, a portal pulse rate, calculated as follows: (sys-
tolic velocity—diastolic velocity)/systolic velocity, >50%
is considered a sign of venous congestion. It was found to
be an independent predictor of CSA-AKI along with the
pattern of intrarenal vein flow [36].

Risk factors and stratification tools

A range of perioperative risk factors for CSA-AKI have
been identified (Table 2), including patient-related,
anaesthesia-related, surgical procedure-related, and CPB-
related factors [37—-39]. Several risk scores based on these
factors have been developed (Table 3). After the intro-
duction of traditional clinical scores [40—43], new scores
have applied various methods to improve predictive
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Table 2 Common risk factors for AKI after cardias surgery, adapted from [37-39]

Patient-related

Procedure-related (surgery, anaesthesia, CPB-related)

-Preoperative contrast media exposure
+Preoperative insertion of intra-aortic balloon pump
-Emergency status

Preoperative «Gender
-Advanced age
-Severe cardiac disease
-Previous cardiac surgery
-Active congestive heart failure
-Cardiogenic shock
‘NYHA class Ill/IV
-Left ventricular ejection fraction <35%
-Left main coronary artery disease
-Anaemia
-Coexisting disease (Peripheral vascular disease, hypertension, generalized
atherosclerotic disease, chronic obstructive pulmonary disease, previ-
ous cerebrovascular accidents, diabetes mellitus, chronic kidney disease,
chronic liver disease)
‘Nephrotoxins (ACEis/ARBs, antibiotics, diuretics, or NSAIDs)
Intraoperative

Postoperative

Type of surgery (valvular, valvular and coronary, emer-
gency and redo surgery)

«CPB (non-pulsatile, low-flow, low-pressure perfusion)
-Hypotension

-Hypothermia

-Deep hypothermic circulatory arrest CPB duration
«Cross-clamp duration

-Anaemia (Haemodilution, Haemolysis)

«Transfusion load

-Embolism

+Low cardiac output

-Hypovolemia

-Hypotension

-Intense vasoconstriction

«Atheroembolism (requiring Intra-aortic balloon pump)
-Sepsis

‘Nephrotoxins

-Cardiogenic Shock

ACEis angiotensin-converting enzyme inhibitors;, AKl acute kidney injury, ARBs angiotensin receptor blockers, CPB cardiopulmonary bypass, NSAIDs nonsteroidal anti-

inflammatory drugs, NYHA New York heart association

performance, such as adding biomarkers [44, 45], labo-
ratory test-based [46, 47], and using machine learning
technology [48] to build predictive models. These scores
have been reported with diagnostic accuracy in the range
of 70-85%. Furthermore, most of these data were come
from retrospective studies. Therefore, larger scale, mul-
ticentre, and prospective studies are needed to further
explore their effectiveness in different clinical scenarios
and situations.

Theories of CSA-AKI pathophysiology

The pathophysiology of CSA-AKI is multifactorial and
thus far is not fully understood. Several major path-
ways may be involved in the development of CSA-AK]I,
including renal hypoperfusion, ischaemia-reperfusion
injury (IRI), activation of the inflammatory cascade, oxi-
dative stress, nephrotoxin exposure, and genetic poly-
morphisms, which can occur at any time during the
perioperative period.

Renal hypoperfusion and reperfusion injury

The renal medulla has high metabolic demands but lower
partial oxygen pressure (PaO,) than the rest of the kidney
(10 to 20 mmHg) [49], making it vulnerable to hypoxic
injury. Therefore, renal hypoperfusion is usually the ini-
tial factor of CSA-AKIL In cardiac surgery, cardiopul-
monary bypass (CPB)-related low flow, low pressure,
non-pulsatile perfusion [50], haemodilution, emboli [51],
rewarming [52] and intravascular haemolysis [53] are all
risk factors for renal ischaemia. Continuous renal ischae-
mia may lead to damage to tubular structures and tubu-
lar epithelial cells, resulting in tubular dysfunction. Renal
hypoperfusion and tubular cell injury are accompanied
by oxidative damage and inflammatory events [54].

The low cardiac output is a common cause of early
postoperative AKI [55]. Prolonged low cardiac output or
hypotension leads to the activation of the sympathetic
nervous system and the renin—angiotensin—aldosterone
system, resulting in systemic vasoconstriction, which
reduces renal blood flow and leads to renal damage
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Model

Risk factors included

AUC/C-statistic in first-time report

Reference

Thakar et al./Cleveland Clinic score (2005)

Mehta et al. (2006)

Birnie et al./Leicester Score (2014)

-Female gender

-Congestive heart failure

-Left ventricular ejection fraction < 35%
-Preoperative use of intra-aortic balloon pump
«Chronic obstructive pulmonary disease
«Insulin-requiring diabetes

-Previous cardiac surgery

-Emergency surgery

Type of surgery

-Preoperative creatinine

-Glomerular filtration rate
-Preoperative serum creatinine
«Type of surgery

-Age

+Diabetes

«Chronic lung disease
-Myocardial infarction
-Cardiogenic shock

-NYHA status

-Race

+Previous cardiovascular surgery
-Female gender

-Peripheral or cerebrovascular disease
-Body surface area

-Left ventricular ejection fraction
-Emergent status

«Triple-vessel disease

-Left main disease

«Prior percutaneous coronary interventions
-Hypertension
<Immunosuppressive treatment
-Aortic stenosis

-Mitral insufficiency

-Age

-Renal function (Cockroft-Gault formula)
-Diabetes mellitus

«NYHA status

-Left ventricular function
-Elective/urgent/emergency surgery
Type of surgery

BMI

-Smoking habit

-Hypertension

-Peripheral vascular disease
-Preoperative haemoglobin
«Triple-vessel disease

-Time from catheterism to surgery

0.81 for ARF requiring dialysis

0.84 (0.83 in simplified model) for AKI requir-
ing RRT

0.74 for any stage AKI
0.79 for KIDGO stage 3 AKI

[40]

[41]
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Table 3 (continued)
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Model Risk factors included

AUC/C-statistic in first-time report Reference

Coulson et al. (2020) Preoperative model for AKI:
-Preoperative haemoglobin
-Preoperative creatinine
-Age

NYHA status

BMI

Postoperative model for AKI
-Preoperative haemoglobin
-Preoperative creatinine
-Perfusion time

NYHA status

BMI

Preoperative model for RRT:
-Preoperative creatinine
+Previous cardiac surgery
-NYHA status

«Type of surgery
Postoperative model for RRT:
-Perfusion time
-Preoperative creatinine
«Intra-aortic balloon pump

Wang et al. (2022) -Postoperative creatinine
+Aortic cross-clamping time
-Emergency surgery

-Preoperative cystatin C

Demirjian et al. (2022) -Preoperative serum creatinine
-Postoperative serum creatinine

-Postoperative serum albumin

-Postoperative blood urea nitrogen
-Postoperative serum potassium

-Postoperative serum sodium

-Postoperative serum bicarbonate

0.68 for preoperative model for AKI
0.70 for postoperative model for AKI
0.80 for preoperative model for RRT
0.85 for postoperative model for RRT

[43]

c-statistic of 0.851 for AKI requiring RRT [44]

0.876 for moderate to severe AKI (KIDGO stage  [46]
2 or 3) within 72 h after cardiac surgery

0.854 for moderate to severe AKI within

14 days

0.916 for AKI requiring dialysis within 72 h

0.900 for AKI requiring dialysis within 14 days

Chen et al. (2020) «Interferon-y C-statistic of 0.87 for severe AKI (AKIN stage 471
-Interleukin-16 20r3)
-Mip-1a (macrophage inflammatory
protein-1a)

Zhang et al.(2022) -Age 0.824 [48]
-Male

-Preoperative serum creatinine

-Preoperative neutrophil to lymphocyte ratio

Preoperative blood glucose

-Preoperative high-density lipoprotein

«Intraoperative urine output
-Conventional ultrafiltration
-Central venous pressure
-Perfusion flow

«Intubated PaO,/FiO, ratio
-Postoperative haemoglobin

-Postoperative serum potassium

-Postoperative lactic dehydrogenase

AKl acute kidney injury, ARF acute renal failure, BMI body mass index, FiO, inspired oxygen fraction, NYHA New York heart association, PaO, partial pressure of oxygen,

RRT renal replacement therapy

[49]. Apart from arterial perfusion pressure, obstruc-
tion of return attributing to venous congestion is another
haemodynamic determinant of renal insufficiency dur-
ing cardiac surgery [56]. Evidence continues to support
that perioperative high venous pressure is an independ-
ent risk factor for CSA-AKI [57], even more important
than hypotension [58]. To ensure adequate renal blood
flow and glomerular filtration, the difference between

arterial driving pressure and venous outflow pressure
must be maintained sufficiently large. Increased central
venous pressure due to various causes, such as exces-
sive fluid therapy or tricuspid valve disease, will lead to
renal venous hypertension, increasing renal resistance,
and ultimately impinging renal perfusion. At the begin-
ning of the decrease in renal arterial perfusion, the renin
level increases, causing the contraction of the efferent
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arterioles and the increase of glomerular pressure; thus,
maintaining the filtration rate. Later, when renal venous
pressure increases and renal blood flow decreases, the
compensatory increase in filtration rate is destroyed,
GEFR decreases, and renal injury is aggravated [7].

The essence of renal hypoperfusion injury is insuffi-
cient tissue oxygen supply. Oxygen delivery to the renal
medulla is a complex interactive process involving pres-
sure, flow, and oxygen content. According to an increas-
ing number of studies, the kidneys may suffer from an
imbalance in oxygen supply and demand during CPB.
Ranucci et al. showed that the nadir of oxygen supply
during CPB, with a critical threshold of<272 mL/min/
m?, was the best predictor of AKI after cardiac surgery
[59]. The effects of decreased haemoglobin concentra-
tion and haemodilution during CPB on the incidence
of AKI are probably due to decreased oxygen-carrying
capacity. At the start of CPB, haemodilution occurs as
an inevitable result of mixing the patient’s blood with
the prefilling fluid in the CPB circuit, but it is believed
that reduced blood viscosity and improved microcircu-
lation perfusion may attenuate the risk of reduced blood
oxygen-carrying capacity, and oxygen supply is prone to
meet the demands of tissue metabolism [60]. Although
moderate haemodilution to a haematocrit of less than
25% is acceptable, extreme haemodilution to a haema-
tocrit of less than 21% or transfusion are not desirable,
both of which are associated with AKI and increased risk
of dialysis [61]. The elements of oxygen delivery during
CPB include pump flow, haemoglobin, oxygen saturation,
and arterial oxygen tension [62]. The use of goal-directed
oxygen delivery during CPB has been proven to reduce
CSA-AKI by approximately 50% [63].

In addition to CPB-induced changes, a low cardiac out-
put is also a common cause of early postoperative AKI
[55]. Prolonged low cardiac output or hypotension leads
to activation of the sympathetic nervous system (SNS)
and the renin—angiotensin—aldosterone system (RAAS),
resulting in systemic vasoconstriction, which reduces
renal blood flow and leads to renal damage [49]. Apart
from arterial perfusion pressure, obstruction of return
attributed to venous congestion is another haemody-
namic determinant of renal insufficiency during cardiac
surgery [56]. In addition, bleeding complications and
inflammatory responses, which are common during car-
diac surgery, may contribute to renal hypoperfusion.

Renal perfusion may improve after CPB; however, IRI
may subsequently occur and may lead to the opening of
mitochondrial permeability transition pores in the kid-
ney [64], regulating mitophagy [65] and thereby leading
to AKL IRI can also increase the production of reactive
oxygen species (ROS) [65], which can induce inflamma-
tion and promote the occurrence of AKL
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Inflammation and oxidative stress

During cardiac surgery, systemic inflammation occurs
as a result of the contact of blood components with the
surface of the CPB circuit, IRI, and oxidative damage.
The inflammatory response consists of activation of the
vascular endothelium and immune system and release
and recruitment of proinflammatory cytokines and free
radicals, contributing to tubular damage [66]. Due to bio-
logical incompatibility, CPB circuit materials provide a
significant stimulus for proinflammatory pathways, acti-
vation of the complement system, and haemolysis [67].
An increase in the level of proinflammatory cytokines
is observed in CPB surgery when compared with that in
off-pump surgery [68]. Increased postoperative plasma
inflammatory cytokine concentrations are associated
with increased CSA-AKI occurrence and mortality [5].
Reperfusion of hypoxic tissue after CPB produces ROS,
which in turn promote inflammation by upregulating
proinflammatory transcription factors [69], further exac-
erbating cellular dysfunction and renal injury [70].

Tissue hypoxia resulting from renal hypoperfusion
due to decreased CO and GEFR is also responsible for
the inflammatory response and subsequent oxidative
stress. Ischaemia causes tissue inflammation by causing
endothelial cell damage [71]. The recruited leukocytes
adhere to endothelial cells and cause endothelial dam-
age, which in turn initiates a cascade of inflammatory
responses [72]. This inflammatory cascade eventually
leads to dysfunction of the renal endothelium nitric oxide
system, which plays an important role in renal oxygen
delivery [73]. Neutrophils, macrophages, and lympho-
cytes activated during inflammation migrate to the renal
parenchyma and exacerbate renal injury, thereby pro-
moting AKI and possibly causing fibrosis [74].

The CPB procedure exposes the blood components to
shear stress and oxidative stress, causing the lysis of red
blood cells and the release of free haemoglobin and iron
[75]. The accumulated free iron is involved in pro-oxi-
dative reactions that produce oxygen free radicals, lead-
ing to tissue damage. IRI may also exacerbate oxidative
inflammatory stress during CPB, leading to an increase in
circulating free labile iron [76]. Labile catalytic iron can
damage renal epithelial cells, impair cell proliferation,
and induce lipid peroxidation and protein oxidation [77].

Nephrotoxins

Perioperative use of nephrotoxic drugs is common in
patients undergoing cardiac surgery, including medica-
tions for comorbidities such as antibiotics, blood pressure
medications, diuretics, nonsteroidal anti-inflammatory
drugs (NSAIDs), and radiocontrast agents used in medi-
cal diagnostic procedures.
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NSAIDs inhibit cyclooxygenase, which may lead to
reversible renal ischaemia and decreased GFR, worsening
renal function in susceptible individuals [78]. By blocking
prostaglandin synthesis, the irrational use of NSAIDs has
been shown to cause persistent severe outer medullary
hypoxia [79].

Angiotensin-converting enzyme inhibitors (ACEis) and
angiotensin receptor blockers (ARBs) can cause volume
depletion and vasodilation of renal efferent arterioles,
respectively [49], thereby promoting AKI [80]. Patients
taking ARBs and diuretics in combination have an
increased risk of hypovolemia, which exacerbates renal
failure [81].

Aminoglycosides exhibit several favourable pharma-
cokinetic and pharmacodynamic properties, but dose-
dependent nephrotoxicity may cause direct injury to the
kidney, resulting in drug-induced AKI. The risk of AKI
attributable to aminoglycosides can be sufficiently high
[82], and perioperative use of gentamicin is associated
with an increased risk of postoperative dialysis [83]. The
KDIGO AKI Guideline Working Group recommends
cautious use of aminoglycosides during the perioperative
period [82].

Randomized controlled trials have shown that prophy-
lactic use of cyclic diuretics, such as furosemide, during
the perioperative period in patients planning cardiac
surgery is ineffective and even harmful [84]. The KDIGO
AKI Guideline Working Group recommends not using
furosemide as a prophylactic for the prevention of AKI
and avoiding diuretics in the treatment of AKI [82].

Contrast agents have been suggested to induce AKI in
patients undergoing coronary angiography or percuta-
neous coronary intervention [85]. Ranucci et al. showed
that restricting angiography on the day of surgery could
reduce the incidence of AKI after cardiac surgery [86].
Performing cardiac surgery on the day of the catheteri-
zation procedure and administering a high-dose contrast
agent are independently associated with an increased risk
of postoperative AKI [87]. However, another study sug-
gested that contrast therapy within 48 h before the start
of CPB in patients with cyanotic congenital heart dis-
ease did not increase the risk of AKI [88]. Even though
the results of clinical studies regarding the association
between angiography and CSA-AKI are inconsistent, it is
recommended to avoid angiography before cardiac sur-
gery or to extend the interval between surgery and angi-
ography. Contrast agent-induced AKI (CI-AKI) can cause
direct renal tubular injury, but the underlying mecha-
nism remain unclear, including direct cytotoxic effects
and autocrine, paracrine and endocrine factors [89].
Lau et al. demonstrated that CI-AKI involves a Nod-like
receptor pyrin containing 3 (NIrp-3)-dependent inflam-
matory response between resident and infiltrating renal
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phagocytes, requiring tubular reabsorption of contrast
media via the brush border enzyme dipeptidase 1 [90].
Iodinated contrast agent is the main media of contrast-
induced nephropathy, and its osmotic pressure is one of
the influencing factors. Studies have confirmed that the
risk of CI-AKI is lower in high-osmolar contrast than in
low-osmolar contrast, but there is no significant differ-
ence between iso-osmolar contrast and low-osmolar con-
trast [91, 92].

Metabolic and neurohormonal activation
Cardiac surgery stimulates the SNS and the hypotha-
lamic—pituitary—-adrenal axis, which in turn causes the
release of neurohormonal agents, including epinephrine
and norepinephrine, and may increase the production
of vasopressin and endothelin-1 [93]. Studies have con-
firmed that plasma concentrations of epinephrine and
norepinephrine reach peak levels during CPB cardiac
surgery [94]. High plasma concentrations of these endog-
enous hormones cause unstable haemodynamic condi-
tions and systemic vasoconstriction [93], which can lead
to decreased renal perfusion and ultimately renal injury.
Free iron release is a common consequence of CPB.
During CPB, when red blood cells come into contact with
artificial surfaces or air, a degree of haemolysis is inevi-
table, and the accompanying prolonged cold tempera-
tures provide the perfect environment for haemolysis
and the release of free iron, leading to vasoconstriction
through scavenging of nitric oxide by free haemoglobin
[95]. Free iron-mediated toxicity may also be an impor-
tant mechanism for AKI in patients undergoing CPB car-
diac surgery. Several novel renal biomarkers have been
implicated in iron metabolism, including NGAL, L-FABP,
a-1 microglobulin, and hepcidin isoforms [96]. Free iron-
related and ROS-mediated renal injury seems to be the
unified pathophysiological association between these bio-
markers. Iron regulation plays a role in the development
of AKI after cardiac surgery and is associated with oxi-
dative stress and IRL. Various prevention and treatment
strategies related to iron regulation are being investigated
for AKI [97]. Hepcidin is an endogenous acute-phase
liver hormone that prevents iron export from cells by
inducing the degradation of ferroportin, the only known
iron export protein. Hepcidin-induced restoration of iron
homeostasis was accompanied by significant reductions
in ischaemia-reperfusion-induced tubular injury, apop-
tosis, renal oxidative stress, and inflammatory cell infil-
tration [98]. Several small studies have investigated iron
chelation as a novel therapeutic strategy for the preven-
tion of AKI and have shown encouraging initial results
[99].
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Genetic polymorphisms
A number of studies have suggested the role of genetic

polymorphisms in the development of CSA-AKI
Polymorphisms of angiotensinogen, apolipoprotein
E (APOE), angiotensin-converting enzyme (ACE),

endothelial nitric oxide synthase (eNOS), erythropoietin,
interleukin-6 (IL-6), interleukin-10 (IL-10), catechol-
O-methyltransferase (COMT), GRM7 | LMCD1—AS1
loci and BBSY, transducer and activator of transcription
3 (STAT3), and macrophage migration inhibitory factor
(MIF) genes have been proven to be associated with a
higher risk of AKI after cardiac surgery [100]. However,
some studies have denied a correlation between some
of these gene polymorphisms and CSA-AKI [101, 102].
In the pathogenesis of AKI, various genes act together
to generate favourable or harmful proinflammatory and
anti-inflammatory cytokine environments, thereby deter-
mining the intensity of tissue damage. Genetic variations
may affect how the kidney responds to injury, deter-
mining the outcome of the patient. Thus, knowledge of
genetic polymorphisms can facilitate patient manage-
ment by modifying risk stratification tools and detecting
genetic susceptibility biomarkers [100].

Strategies for CSA-AKI prevention
Preoperative strategies
Pharmacological interventions
There is no specific pharmacological intervention to
prevent CSA-AKI. Many perioperative pharmacologic
prophylaxis strategies have been introduced, evaluated,
and then abandoned [103, 104], such as perioperative
use of corticosteroids, albumin, erythropoietin, statins,
N-acetylcysteine, and sodium bicarbonate and intra-
operative or postoperative use of dopamine, anaesthet-
ics (volatile or intravenous), mannitol, furosemide, and
fenoldopam [12, 103]. It is worth noting that most studies
were small, used different inclusion criteria, administered
different doses of drugs at different times, investigated
different outcomes, and used different criteria to define
AKI [105]. Considering that the relevant research evi-
dence is weak, some studies are contradictory, and some
drugs have even been proven to be potentially harmful in
certain circumstances, none of these methods are rou-
tinely used. Efforts are still being made to identify poten-
tial drug prevention strategies for CSA-AKI, and the
findings suggest several potentially promising drugs.
Dexmedetomidine is an a,-adrenergic receptor agonist
with sedative, analgesic, and anti-sympathetic effects.
Data from animal models suggest that pretreatment with
dexmedetomidine before IRI has a nephroprotective
effect by reducing the levels of inflammatory cytokines
and damage associated molecular patterns (DAMPs),
thereby reducing cell death and toll-like receptor 4
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expression in renal tubular cells after renal ischaemia
[106]. These results are also reflected in the data from
clinical studies: several recent meta-analyses [104, 107]
show the benefit of perioperative dexmedetomidine in
reducing the incidence of CS-AKI, especially in elderly
patients who received dexmedetomidine immediately
after induction of anaesthesia and maintained intraop-
erative infusion. However, the subsequent DECADE
trial suggested that perioperative use of dexmedetomi-
dine tended to worsen delirium and AKI after cardiac
surgery, although not by a significant amount [108].
The authors suggested that dexmedetomidine should be
used cautiously in patients undergoing cardiac surgery,
given the concerning incidence of serious hypotension
events. Another meta-analysis, including the DECADE
study, found that perioperative dexmedetomidine did not
reduce the incidence of CSA-AKI [12].

Atrial natriuretic peptide (ANP) has been reported to
inhibit the RAAS and SNS, both of which contribute to
the pathophysiology of CSA-AKI. Earlier meta-analyses
found that low-dose ANP reduced the need for RRT in
patients undergoing cardiovascular surgery, whereas
high-dose ANP was associated with more adverse events
(hypotension, arrhythmia) [109]. A recent meta-analysis
involving 228 trials (56047 patients) evaluated the effect
of pharmacological interventions on postoperative renal
protection. The study found that the use of ANP (13 tri-
als in cardiac surgery and 1 trial in vascular surgery; 2207
patients) reduced 30-day mortality and AKI, with sub-
group analyses demonstrating a significant treatment
effect of ANP on AKI, mortality, and RRT in cardiac sur-
gery cohorts [104].

Levosimendan is a calcium-sensitive inotropic vaso-
dilator that is commonly used to treat low cardiac
output after cardiac surgery and perioperative cardio-
vascular dysfunction. It is believed to have antioxidant,
anti-inflammatory, and anti-apoptotic properties and has
been found to significantly attenuate renal tubule IRI in
animal models [110]. Two multicentre RCTs investigating
the effect of levosimendan on cardiac surgery found no
difference in the incidence of AKI or RRT [111, 112]. A
recent meta-analysis assessed the effect of levosimendan
on cardiac surgery outcomes in 13 trials with 941 partici-
pants, and levosimendan was found to reduce the need
for postoperative RRT after excluding studies with a high
or uncertain risk of allocation concealment [104].

Optimization of preoperative medication

Nephrotoxins should potentially be avoided during the
perioperative period of cardiac surgery. The European
Renal Best Practice (ERBP) Working Group does not
oppose the use of aminoglycosides as a single dose, such
as antibiotic prophylaxis for cardiac surgery. If more
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than one dose is needed, it is recommended that this
group of antibiotics be used for as short a time as pos-
sible [113]. The opinion on the preoperative withdrawal
time of ACEis/ARB drugs is still controversial. Although
evidence is limited, some studies have shown that pre-
operative retention of ACEis/ARBs is associated with a
reduced incidence of AKI [114]. For this reason, the 20th
International Consensus Conference of the ADQI recom-
mended withholding ACEis and ARBs during the periop-
erative period [115]. However, the 2021 joint consensus
report of the ADQI and Perioperative Quality Initiative
(POQI) recommends that ACEis and ARBs be discontin-
ued at least 24 h before surgery to minimize the risk of
perioperative hypotension and/or postoperative AKI [9].
Although this recommendation is specific to noncardiac
surgery, it still has implications for CSA-AKI.

Prehabilitation

Both guidelines from American ERAS society [116] and
French society of anaesthesia and intensive care medicine
(SFAR) [117] recommend that prehabilitation be started
at least 4 weeks before cardiac surgery to reduce the
occurrence of postoperative complications and hospital
stay. The cardiac prehabilitation program should include
education, nutritional optimization, exercise training,
social support, and anxiety reduction, which enables the
patient to withstand the stress of surgery by enhancing
functional capacity. The current evidence mainly focuses
on the role of preoperative cardiopulmonary and muscle
pre rehabilitation in reducing hospital stay and pulmo-
nary complications after cardiac surgery [118]. Although
there is evidence to support that prehabilitation exer-
cise therapy before elective abdominal aortic aneurysm
repair can reduce postoperative serum creatinine and the
requirement for haemodialysis/haemofiltration [119], the
role of prehabilitation in CSA-AKI remains uncertain.

Intraoperative strategies

Optimal target of mean arterial pressure

Maintenance of renal perfusion pressure and renal
blood flow is still the main focus of perioperative man-
agement in cardiac surgery. Decreased mean arterial
pressure (MAP) and increased fluid balance were inde-
pendently associated with increased mortality and the
need for RRT after cardiac surgery [120]. In response to
changes in MAP, renal autoregulation attempts to main-
tain renal blood flow and GFR by activating the RAAS
and vasopressin secretion. The renal response to a state
of low blood flow includes a decrease in renal blood flow,
GFR, and urine output, as well as an increase in proximal
tubule reabsorption [121]. The range of renal autoregu-
lation differs between individuals. In today’s practice,
the provision of anaesthesia is best titrated according to
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consciousness or brain function monitoring combined
with haemodynamic monitoring to ensure adequate
anaesthesia and avoid hypotension.

The optimal target MAP in cardiac surgery has been
under discussion. A recent retrospective study showed
that MAP <65 mmHg for more than 10 min after CPB
was associated with an increased risk of new postopera-
tive RRT [122]. However, subsequent meta-analyses did
not find an association between hypotension before or
during CPB and RRT, and the authors concluded that the
association between intraoperative hypotension and AKI
was weaker than that between pre-existing and surgical
factors (e.g., obesity, anaemia, renal insufficiency, heart
failure, complex or emergency surgery) [12]. The normal
range of renal autoregulation is 75 to 160 mmHg, and
MATP is usually below the lower limit of this range dur-
ing CPB. However, in two RCTs, increasing MAP dur-
ing CPB was not shown to be associated with a reduced
incidence of AKI or chronic kidney injury [123]. In a
trial comparing a high MAP target (70-80 mmHg) with
a low MAP target (40-50 mmHg) during CPB, a signifi-
cantly larger number of patients doubled postoperative
SCr levels in the high target group [124]. It is suggested
that the use of vasopressors in the pursuit of blood pres-
sure increase during cardiac surgery may increase post-
operative creatinine levels and that personalized blood
pressure management may be most effective [12]. Inter-
ventions applied to patients with CSA-AKI, as well as
assessment of treatment response, remain more of an
art than a science, given the extraordinary complexity
and moment-to-moment or patient-to-patient differ-
ences in CSA-AKI [37]. Currently, the recommendation
from EACTS/EACTA/EBCP is to maintain a MAP target
between 50 and 80 mmHg during CPB [125].

Inotropic and vasopressor support

Inotropic agents may be used to improverenal perfusion
in cases of low cardiac output, and vasopressors may
be used to increase renal perfusion pressure in cases of
hypotension. Catecholamines (norepinephrine and epi-
nephrine), vasopressin, dopamine, and angiotensin II all
increase systemic vascular resistance and can be used to
raise blood pressure. Vasoplegia is a common complica-
tion of CPB, and vasopressin was previously considered
to be a reasonable first-line drug for the treatment of vas-
cular paralysis after cardiac surgery [113]. A recent study
by Hajjar et al. also found that vasopressin administration
reduced the incidence of acute renal failure by 74% when
compared with norepinephrine in patients with vasople-
gic shock, defined as MAP <65 mmHg, ineffective fluid
resuscitation, and cardiac index>2.2 L/min?/m? [126].
However, the ADQI group in 2018, despite consideration
of Hajjar’s article, recommended norepinephrine as the
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first choice for the treatment of vasoplegia during cardiac
and vascular surgery and stated that more research was
needed before supporting vasopressin as an equal choice
to norepinephrine [113].

Fluid, diuretics and goal-directed therapy

Whilst maintaining renal perfusion by maintaining MAP
and cardiac output, clinicians also seek to avoid hypoten-
sive states by judicious use of intravenous fluids and anti-
diuretics. However, fluid management during and after
cardiac surgery remains complex and controversial. Both
excessive accumulation of extracellular fluid and intra-
vascular hypovolemia can contribute to AKI [37]. Two
single-centre cohort studies showed that higher positive
fluid balance is associated with increased AKI or RRT
requirements after cardiac surgery [120, 127]. Recently, a
multicentre prospective study of intraoperative fluid bal-
ance and AKI after CABG found that patients receiving
liberal fluid balance had a similar incidence of CSA-AKI
but higher in-hospital mortality, cardiovascular compli-
cations, and length of hospital stay than patients receiv-
ing restrictive fluid balance [128].

Alternatively, the type of fluid is also associated with
the risk of postoperative AKI. Trials have shown that
fluid resuscitation with hydroxyethyl starch (HES) is
associated with an increased risk of AKI. Therefore, the
use of HES is not recommended in patients at high risk
for CSA-AKI [129]. In terms of the choice of crystalloid,
perioperative use of chloride liberal intravenous fluid was
found to be associated with hyperchloremic metabolic
acidosis and increased postoperative AKI in patients
who underwent off-pump coronary artery bypass graft-
ing surgery [130]. When compared with Ringer acetate,
4% albumin solution for priming CPB and perioperative
venous volume replacement solution cannot reduce the
incidence of CSA-AKI [131].

The perioperative use of diuretics is common in cardiac
surgery. Some trials have demonstrated adverse effects
of diuretic use. The results of a recent meta-analysis
suggested that loop diuretics (furosemide) may reduce
postoperative creatinine clearance, whereas aldosterone
agonists (spironolactone) increase the incidence of CSA-
AKI [104]. Diuretics are not recommended for the pre-
vention of AKI, but loop diuretics may be used for the
management of volume overload [8].

Goal-directed therapy is a strategy to increase cardiac
output by using fluid and/or contractile drugs to improve
oxygen supply to organs and peripheral tissues, which has
been shown to have a nephroprotective effect and can
reduce the incidence of AKI after cardiac surgery [132].
Goal-directed therapy during cardiac surgery has been
suggested as a class I recommendation (evidence and/or
general agreement that a given treatment or procedure
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is beneficial, useful and effective) with evidence of level
A (data derived from multiple RCTs or meta-analyses)
in guidelines published by the EACTS/EACTA/EBCP in
2019 [125].

Goal-directed oxygen delivery in CPB

In addition to renal perfusion pressure, pump flow and
flow-related oxygen delivery are also important factors
in the prevention of CSA-AKI. Oxygen delivery during
CPB has been shown to be directly related to postopera-
tive AKIL. The concept of goal-directed oxygen delivery
(GDP) refers to maintaining oxygen delivery above the
critical value during CPB, and the recommended critical
value during moderate hypothermia CPB is 260-272 mL/
min/m? [59]. Several observational studies have pro-
posed inadequate oxygen supply during CPB as a poten-
tial modifiable risk factor for AKI development [59, 133].
Based on these findings, the EACTS/EACTA/EBCP
guidelines proposed that the pump flow rate should
be adjusted according to the arterial oxygen content to
maintain a minimal threshold of DO, under moder-
ate hypothermia as a class Ila recommendation (weight
of evidence/opinion is in favour of usefulness/efficacy)
[125]. Subsequently, Ranucci et al. conducted a multi-
centre randomized trial to compare the effects of a GDP
strategy during CPB (maintaining DO, >280 mL/min/
m?) with a control perfusion strategy (calculated in refer-
ence to body surface area and temperature) on the inci-
dence of AKI after cardiac surgery. The results showed
that the GDP strategy was effective in reducing AKIN
stage 1 AKI [134]. Recently, a similar study by Mukaida
et al. demonstrated that the GDP strategy (maintain-
ing DO,>300 mL/min/m? during CPB reduced the
incidence of AKI when compared with fixed flow per-
fusion. Notably, both trials reported that GDP during
CPB reduced postoperative AKI by approximately 50%.
A recent meta-analysis comprehensively evaluated these
two RCTs and ultimately recommended the use of GDP
to prevent CSA-AKI during CPB, despite concerns about
limitations such as sample size, quality, and variation in
intervention protocols [12].

Transfusion of packed red blood cells

Patients undergoing cardiac surgery are at higher risk
of haemodynamic dysfunction and bleeding during
surgery, which is also a predisposing factor for renal
hypoxia. Preoperative anaemia is associated with AKI
and mortality after cardiac surgery, but intraoperative
infusion of packed red blood cells has also been identi-
fied as a risk factor for CSA-AKI [135], making it criti-
cal to determine the optimal threshold for intraoperative
erythrocyte transfusion. A restrictive transfusion strat-
egy (maintaining haematocrit (Hct) > 24%) was found to
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have noninferior 30-day mortality and renal complica-
tion outcomes when compared with a liberal transfusion
strategy (maintaining Hct>30%) [136]. Subsequently,
several large RCTs have compared the restrictive transfu-
sion threshold with the liberal transfusion threshold, but
failed to report any differences with regard to AKI in both
groups [137, 138]. The above results are also supported
by a recent meta-analysis [139]. Available evidence sug-
gests that restrictive transfusion thresholds have no effect
on the incidence of CSA-AKI. Current guidelines recom-
mend infusion of packed red blood cells if Hb<6.0 g/dL
[140], and an acceptable HCT value is between 21 and
24% when DO, >273 mL/min/m? [141]. In addition, the
storage time of red blood cells did not appear to be sig-
nificant for the incidence of CSA-AKI [142].

Remote ischaemic preconditioning

Remote ischaemic preconditioning (RIPC) is a technique
that artificially induces repeated transient ischaemia—
reperfusion of the distal limb, aiming to protect against
subsequent ischaemic damage to sensitive organs and tis-
sues. The specific operation is to keep a blood pressure
cuff on the upper arm or thigh inflated for a few minutes,
release the cuff, and then repeat the above operation.

Although the mechanism remains unclear, it has been
suggested that the ischaemia-reperfusion process stim-
ulates the release and activation of anti-inflammatory
cytokines, hypoxia-inducible factors, and neural auto-
nomic and humoral signalling pathways, thereby pre-
venting and attenuating distal organ dysfunction. A
potential nephroprotective effect is mediated by the
release of DAMPs, which activate toll-like receptors in
the proximal tubular epithelium [143], thereby inducing
natural defences, including bioenergetic downregulation
and temporary cell cycle arrest, and protecting the kid-
ney during subsequent stress [144].

The role of RIPC in preventing CSA-AKI remains con-
troversial. Although a small single-centre RCT demon-
strated that RIPC significantly reduced the incidence of
AKI after cardiac surgery and the need for RRT [145],
two large multicentre RCTs found no difference in the
incidence of AKI after cardiac surgery [146, 147]. Sev-
eral studies have suggested that propofol may reverse
the effects of RIPC [148, 149]. Interestingly, the results of
two meta-analyses also suggested that RIPC could reduce
the incidence of postoperative AKI in patients undergo-
ing cardiac surgery in a subgroup of volatile anaesthetics
[150, 151]. As the mechanism of action and its potential
interference are not fully understood, further research
is warranted to identify specific patients and conditions
that could benefit from this technique.
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Postoperative strategies

KDIGO bundle of care

The pathophysiology of CSA-AKI is complex, making it
difficult for a single intervention to achieve substantial
renal protection. A series of consensus/guideline-based
interventions in patients at risk for AKI may be more
likely to provide significant improvement for postopera-
tive renal outcomes. The 2012 KDIGO guidelines rec-
ommend a variety of supportive measures, including
discontinuation of nephrotoxins if possible, optimiza-
tion of fluid status and haemodynamics, consideration
of functional haemodynamic monitoring, monitoring
SCr and urine output, avoidance of hyperglycaemia and
consideration of alternatives to radiocontrast procedures
[82].

Two RCTs investigated whether the KDIGO bundle
of care impacted the occurrence of CSA-AKI in high-
risk patients. A single-centre study by Meersch et al,
involving 276 patients, showed that this KDIGO bundle
strategy significantly reduced the incidence and sever-
ity of AKI in patients at high risk for CSA-AKI [152].
A recent multicentre study by Zarbock et al., involv-
ing 278 patients, showed that the incidence of stage 2
and 3 AKI was significantly lower in the KDIGO bundle
group [25]. In their study, however, compliance with the
KDIGO bundle was notably low: 65.4% of the patients in
the intervention group, compared with 4.2% of those in
the control group, received a complete bundle. This was
also confirmed by a later observational study involving 12
hospitals in different European countries, in which only
5.3% of patients after cardiac surgery complied with all
the items recommended by KDIGO in routine clinical
practice, with an average of 3.4 out of 6 items received
in each high-risk patient [153]. A recent meta-analysis
showed that the use of the KDIGO bundle of care did
not reduce the overall incidence of AKI in high-risk
patients but significantly reduced the incidence of stage
2 or 3 AKI, and use of the KDIGO bundle of care was
recommended to prevent CSA-AKI in high-risk patients,
although larger trials are still needed [12]. Similarly, it is
recommended in the guidelines for perioperative care in
cardiac surgery by the ERAS Society that the implemen-
tation of the KDIGO bundle of care in high-risk patients
can reduce the incidence of stage 2 or 3 AKI [116].

Conclusion and perspective

AKI associated with cardiac surgery is a complex mul-
tifaceted syndrome with high morbidity and mortality.
Early identification of high-risk patients, early diagnosis
of AKI, emphasis on prevention, avoidance of nephro-
toxins, attention to optimization of systemic haemody-
namics, maintenance of oxygen supply, and reasonable
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management of fluid are still the main aspects of the
current clinical management of CSA-AKI. In terms of
CSA-AKI diagnosis, despite of constantly arising of new
biomarkers, predictive models and diagnostic methods
such as point-of-care ultrasound etc. However, current
diagnostic modalities have not made significant improve-
ment in early diagnosis. Therefore, further exploration
for prospective methods of early identification is essen-
tial and urgent needed. In addition, the performance of
present medications or interventions in preventing CSA-
AKI are less satisfactory. Therefore, further clinical trials
to explore and verify the potential pharmacologic or non-
pharmacologic preventive strategies remain a priority in
this area.
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ROS Reactive oxygen species
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RRT Renal replacement therapy

SCr Serum creatinine

SNS Sympathetic nervous system

STAT3 Transducer and activator of transcription 3
TIMP-2 Tissue inhibitor of metalloproteinases-2
uo Urine output

usb United States dollar

Acknowledgements

This work was supported by Science and Technology Commission of Shanghai
Municipality (21Y11901900), and Zhongshan Hospital affiliated to Fudan
University (2020ZSLC13).

Author contributions

The study was designed by KG and CM. YY, CL and SZ searched the articles
and drafted the manuscript, to which LJ, YH and XL contributed and helped to
revise. All authors read and approved the final manuscript.

Funding

This work was supported by Science and Technology Commission of
Shanghai Municipality (21Y11901900), Shanghai Municipal Health Commis-
sion (202140270), and Zhongshan Hospital affiliated to Fudan University
(2020ZSLC13).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 19 October 2022 Accepted: 3 January 2023
Published online: 24 January 2023

References

1. Vandenberghe W, Gevaert S, Kellum JA, Bagshaw SM, Peperstraete
H, Herck |, et al. Acute kidney injury in cardiorenal syndrome type 1
patients: a systematic review and meta-analysis. Cardiorenal Med.
2016;6(2):116-28.

2. Ortega-Loubon C, Fernandez-Molina M, Carrascal-Hinojal Y, Fulquet-
Carreras E. Cardiac surgery-associated acute kidney injury. Ann Card
Anaesth. 2016;19(4):687-98.

3. SrivastavaV, D'Silva C, Tang A, Sogliani F, Ngaage DL. The impact
of major perioperative renal insult on long-term renal function
and survival after cardiac surgery. Interact Cardiovasc Thorac Surg.
2012;15(1):14-7.

4. Horne KL, Packington R, Monaghan J, Reilly T, Selby NM. Three-year out-
comes after acute kidney injury: results of a prospective parallel group
cohort study. BMJ Open. 2017;7(3): e15316.

5. Schurle A, Koyner JL. CSA-AKI: incidence, epidemiology, clinical
outcomes, and economic impact. J Clin Med. 2021. https://doi.org/10.
3390/jcm10245746.

6. Ronco C, Haapio M, House AA, Anavekar N, Bellomo R. Cardiorenal
syndrome. J Am Coll Cardiol. 2008;52(19):1527-39.

7. Rangaswami J, Bhalla V, Blair J, Chang Tl, Costa S, Lentine KL, et al.
Cardiorenal syndrome: classification, pathophysiology, diagnosis, and
treatment strategies: a scientific statement from the american heart
association. Circulation. 2019;139(16):e840-78.

8. Khwaja A. KDIGO clinical practice guidelines for acute kidney injury.
Nephron Clin Pract. 2012;120(4):c179-84.


https://doi.org/10.3390/jcm10245746
https://doi.org/10.3390/jcm10245746

Yu et al. European Journal of Medical Research

20.

21.

22.

23.

24.

25.

26.

27.

(2023) 28:45

Prowle JR, Forni LG, Bell M, Chew MS, Edwards M, Grams ME, et al.
Postoperative acute kidney injury in adult non-cardiac surgery: joint
consensus report of the acute disease quality initiative and periopera-
tive quality initiative. Nat Rev Nephrol. 2021;17(9):605-18.

Bellomo R, Ronco C, Kellum JA, Mehta RL, Palevsky P. Acute renal
failure—definition, outcome measures, animal models, fluid therapy
and information technology needs: the second international consensus
conference of the acute dialysis quality initiative (ADQI) group. Crit
Care. 2004;8(4):R204-12.

Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C, Warnock DG,

et al. Acute kidney injury network: report of an initiative to improve
outcomes in acute kidney injury. Crit Care. 2007;11(2):R31.

Peng K, Mcllroy DR, Bollen BA, Billings FT, Zarbock A, Popescu WM, et al.
Society of cardiovascular anesthesiologists clinical practice update for
management of acute kidney injury associated with cardiac surgery.
Anesth Analg. 2022;135(4):744-56.

Luo X, Jiang L, Du B, Wen Y, Wang M, Xi X. A comparison of different
diagnostic criteria of acute kidney injury in critically ill patients. Crit
Care. 2014;18(4):R144.

Yaqub S, Hashmi S, Kazmi MK, Aziz AA, Dawood T, Sharif H. A Compari-
son of AKIN, KDIGO, and RIFLE definitions to diagnose acute kidney
injury and predict the outcomes after cardiac surgery in a South Asian
cohort. Cardiorenal Med. 2022;12(1):29-38.

Klein SJ, Brandtner AK, Lehner GF, Ulmer H, Bagshaw SM, Wiedermann
CJ, et al. Biomarkers for prediction of renal replacement therapy in
acute kidney injury: a systematic review and meta-analysis. Intensive
Care Med. 2018;44(3):323-36.

Massoth C, Zarbock A. Diagnosis of cardiac surgery-associated acute
kidney injury. J Clin Med. 2021. https://doi.org/10.3390/jcm10163664.
Albert C, Zapf A, Haase M, Rover C, Pickering JW, Albert A, et al. Neu-
trophil gelatinase-associated lipocalin measured on clinical laboratory
platforms for the prediction of acute kidney injury and the associated
need for dialysis therapy: a systematic review and meta-analysis. Am J
Kidney Dis. 2020;76(6):826-41.

Geng J, QiuY, Qin Z, Su B. The value of kidney injury molecule 1 in
predicting acute kidney injury in adult patients: a systematic review
and Bayesian meta-analysis. J Trans| Med. 2021;19(1):105.

Schunk SJ, Floege J, Fliser D, Speer T. WNT-beta-catenin signalling—

a versatile player in kidney injury and repair. Nat Rev Nephrol.
2021;17(3):172-84.

Schunk SJ, Zarbock A, Meersch M, Kullmar M, Kellum JA, Schmit D, et al.
Association between urinary dickkopf-3, acute kidney injury, and sub-
sequent loss of kidney function in patients undergoing cardiac surgery:
an observational cohort study. Lancet. 2019;394(10197):488-96.
Kashani K, Al-Khafaji A, Ardiles T, Artigas A, Bagshaw SM, Bell M, et al.
Discovery and validation of cell cycle arrest biomarkers in human acute
kidney injury. Crit Care. 2013;17(1):R25.

Tai Q,Yi H, Wei X, Xie W, Zeng O, Zheng D, et al. The accuracy of urinary
TIMP-2 and IGFBP7 for the diagnosis of cardiac surgery-associated
acute kidney injury: a systematic review and meta-analysis. J Intensive
Care Med. 2020;35(10):1013-25.

Lee TH, Lee CC, Chen JJ, Fan PC, Tu YR, Yen CL, et al. Assessment of
cardiopulmonary bypass duration improves novel biomarker detection
for predicting postoperative acute kidney injury after cardiovascular
surgery. J Clin Med. 2021. https://doi.org/10.3390/jcm10132741.
Bernardi MH, Wagner L, Ryz S, Puchinger J, Nixdorf L, Edlinger-Stanger
M, et al. Urinary neprilysin for early detection of acute kidney injury
after cardiac surgery: a prospective observational study. Eur J Anaesthe-
siol. 2021;38(1):13-21.

Zarbock A, Kullmar M, Ostermann M, Lucchese G, Baig K, Cennamo A,
et al. Prevention of cardiac surgery-associated acute kidney injury by
implementing the KDIGO guidelines in high-risk patients identified

by biomarkers: the PrevAKI-multicenter randomized controlled trial.
Anesth Analg. 2021;133(2):292-302.

Jacobsen E, Sawhney S, Brazzelli M, Aucott L, Scotland G, Aceves-
Martins M, et al. Cost-effectiveness and value of information analysis
of NephroCheck and NGAL tests compared to standard care for the
diagnosis of acute kidney injury. BMC Nephrol. 2021;22(1):399.

Brazzelli M, Aucott L, Aceves-Martins M, Robertson C, Jacobsen E, Ima-
mura M, et al. Biomarkers for assessing acute kidney injury for people
who are being considered for admission to critical care: a systematic

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

Page 150f 18

review and cost-effectiveness analysis. Health Technol Assess.
2022;26(7):1-286.

Ostermann M, Zarbock A, Goldstein S, Kashani K, Macedo E, Murugan
R, et al. Recommendations on acute kidney injury biomarkers from
the acute disease quality initiative consensus conference: a consensus
statement. JAMA Netw Open. 2020;3(10): €2019209.

Pettey G, Motshabi CP. Novel modalities for the diagnosis of cardiac sur-
gery associated acute kidney injury: a narrative review of the literature.
Southern African J Anaesthesia Analgesia. 2020;26(2):65-72.

Kajal K, Chauhan R, Negi SL, Gourav KP, Panda P, Mahajan S, et al.
Intraoperative evaluation of renal resistive index with transesophageal
echocardiography for the assessment of acute renal injury in patients
undergoing coronary artery bypass grafting surgery: a prospective
observational study. Ann Card Anaesth. 2022;25(2):158-63.

Samoni S, Villa G, De Rosa S, Husain-Syed F, Guglielmetti G, Tofani L,

et al. Ultrasonographic intraparenchymal renal resistive index variation
for assessing renal functional reserve in patients scheduled for cardiac
surgery: a pilot study. Blood Purif. 2022,51(2):147-54.
Beaubien-Souligny W, Rola P, Haycock K, Bouchard J, Lamarche Y,
Spiegel R, et al. Quantifying systemic congestion with Point-Of-Care
ultrasound: development of the venous excess ultrasound grading
system. Ultrasound J. 2020;12(1):16.

Beaubien-Souligny W, Benkreira A, Robillard P, Bouabdallaoui N, Chasse
M, Desjardins G, et al. Alterations in portal vein flow and intrarenal
venous flow are associated with acute kidney injury after cardiac
surgery: a prospective observational cohort study. J Am Heart Assoc.
2018;7(19): €9961.

Pettey G, Hermansen JL, Nel S, Moutlana HJ, Muteba M, Juhl-Olsen P,
et al. Ultrasound hepatic vein ratios are associated with the develop-
ment of acute kidney injury after cardiac surgery. J Cardiothorac Vasc
Anesth. 2022,36(5):1326-35.

Eke C, Szabo A, Nagy A, Parkanyi B, Kertai MD, Fazekas L, et al. Associa-
tion between preoperative retrograde hepatic vein flow and acute
kidney injury after cardiac surgery. Diagnostics. 2022. https://doi.org/10.
3390/diagnostics12030699.

Hermansen JL, Pettey G, Sorensen HT, Nel S, Tsabedze N, Horlyck A, et al.
Perioperative Doppler measurements of renal perfusion are associated
with acute kidney injury in patients undergoing cardiac surgery. Sci
Rep. 2021;11(1):19738.

Wang Y, Bellomo R. Cardiac surgery-associated acute kidney injury:
risk factors, pathophysiology and treatment. Nat Rev Nephrol.
2017;13(11):697-711.

Casanova AG, Sancho-Martinez SM, Vicente-Vicente L, Ruiz BP, Jorge-
Monjas P, Tamayo E, et al. Diagnosis of cardiac surgery-associated
acute kidney injury: state of the art and perspectives. J Clin Med. 2022.
https://doi.org/10.3390/jcm11154576.

Leballo G, Chakane PM. Cardiac surgery-associated acute kidney injury:
pathophysiology and diagnostic modalities and management. Cardio-
vasc J Afr. 2020;31(4):205-12.

Thakar CV, Arrigain S, Worley S, Yared JP, Paganini EP. A clinical score

to predict acute renal failure after cardiac surgery. J Am Soc Nephrol.
2005;16(1):162-8.

Mehta RH, Grab JD, O'Brien SM, Bridges CR, Gammie JS, Haan CK; et al.
Bedside tool for predicting the risk of postoperative dialysis in patients
undergoing cardiac surgery. Circulation. 2006;114(21):2208-16.

Birnie K, Verheyden V, Pagano D, Bhabra M, Tilling K, Sterne JA, et al.
Predictive models for kidney disease: improving global outcomes
(KDIGO) defined acute kidney injury in UK cardiac surgery. Crit Care.
2014;18(6):606.

Coulson T, Bailey M, Pilcher D, Reid CM, Seevanayagam S, Williams-
Spence J, et al. Predicting acute kidney injury after cardiac surgery
using a simpler model. J Cardiothorac Vasc Anesth. 2021,35(3):866-73.
Wang X, Guo N, Chen'Y, Dai H. A new model to predict acute kidney
injury after cardiac surgery in patients with renal insufficiency. Ren Fail.
2022;44(1).767-76.

Zhang Y, Zhao H, Su Q Wang C, Chen H, Shen L, et al. Novel Plasma
biomarker-based model for predicting acute kidney injury after cardiac
surgery: a case control study. Front Med. 2021;8: 799516.

Demirjian S, Bashour CA, Shaw A, Schold JD, Simon J, Anthony D, et al.
Predictive accuracy of a perioperative laboratory test-based prediction


https://doi.org/10.3390/jcm10163664
https://doi.org/10.3390/jcm10132741
https://doi.org/10.3390/diagnostics12030699
https://doi.org/10.3390/diagnostics12030699
https://doi.org/10.3390/jcm11154576

Yu et al. European Journal of Medical Research

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

(2023) 28:45

model for moderate to severe acute kidney injury after cardiac surgery.
JAMA. 2022;327(10):956-64.

Chen Z,Chen L, Yao G, Yang W, Yang K, Xiong C. Novel blood cytokine-
based model for predicting severe acute kidney injury and poor
outcomes after cardiac surgery. J Am Heart Assoc. 2020;9(22): e18004.
Zhang H,Wang Z, Tang Y, Chen X, You D, Wu Y, et al. Prediction of
acute kidney injury after cardiac surgery: model development using a
Chinese electronic health record dataset. J Trans| Med. 2022;20(1):166.
Fuhrman DY, Kellum JA. Epidemiology and pathophysiology of cardiac
surgery-associated acute kidney injury. Curr Opin Anaesthesiol.
2017;30(1):60-5.

Bellini MI, Charalampidis S, Herbert PE, Bonatsos V, Crane J, Muthusamy
A, et al. Cold pulsatile machine perfusion versus static cold storage

in kidney transplantation: a single centre experience. Biomed Res Int.
2019;2019:7435248.

Sreeram GM, Grocott HP, White WD, Newman MF, Stafford-Smith M.
Transcranial Doppler emboli count predicts rise in creatinine after
coronary artery bypass graft surgery. J Cardiothorac Vasc Anesth.
2004;18(5):548-51.

Sgouralis |, Evans RG, Layton AT. Renal medullary and urinary oxygen
tension during cardiopulmonary bypass in the rat. Math Med Biol.
2017;34(3):313-33.

Vermeulen WI, de Wit NC, Sertorio JT, van Bijnen AA, Ganushchak YM,
Heijmans JH, et al. Hemolysis during cardiac surgery is associated with
increased intravascular nitric oxide consumption and perioperative
kidney and intestinal tissue damage. Front Physiol. 2014;5:340.

Sutton TA, Fisher CJ, Molitoris BA. Microvascular endothelial injury

and dysfunction during ischemic acute renal failure. Kidney Int.
2002;62(5):1539-49.

Ronco C, Bellomo R, Kellum JA. Acute kidney injury. Lancet.
2019;394(10212):1949-64.

Lopez MG, Shotwell MS, Morse J, Liang Y, Wanderer JP, Absi TS,

et al. Intraoperative venous congestion and acute kidney injury

in cardiac surgery: an observational cohort study. Br J Anaesth.
2021;126(3):599-607.

Che M, Wang X, Liu S, Xie B, Xue S, Yan Y, et al. A clinical score to predict
severe acute kidney injury in chinese patients after cardiac surgery.
Nephron. 2019;142(4):291-300.

Chen L, Hong L, Ma A, Chen'Y, Xiao Y, Jiang F, et al. Intraoperative
venous congestion rather than hypotension is associated with acute
adverse kidney events after cardiac surgery: a retrospective cohort
study. Br J Anaesth. 2022;128(5):785-95.

Ranucci M, Romitti F, Isgro G, Cotza M, Brozzi S, Boncilli A, et al. Oxygen
delivery during cardiopulmonary bypass and acute renal failure after
coronary operations. Ann Thorac Surg. 2005;80(6):2213-20.

Chew S, Hwang NC. Acute kidney injury after cardiac surgery:

a narrative review of the literature. J Cardiothorac Vasc Anesth.
2019;33(4):1122-38.

Karkouti K, Grocott HP, Hall R, Jessen ME, Kruger C, Lerner AB, et al.
Interrelationship of preoperative anemia, intraoperative anemia, and
red blood cell transfusion as potentially modifiable risk factors for acute
kidney injury in cardiac surgery: a historical multicentre cohort study.
Can J Anaesth. 2015;62(4):377-84.

Kramer RS, Herron CR, Groom RC, Brown JR. Acute kidney injury subse-
quent to cardiac surgery. J Extra Corpor Technol. 2015;47(1):16-28.
Mukaida H, Matsushita S, Yamamoto T, Minami Y, Sato G, Asai T, et al.
Oxygen delivery-guided perfusion for the prevention of acute kidney
injury: a randomized controlled trial. J Thorac Cardiovasc Surg. 2021.
https://doi.org/10.1016/jjtcvs.2021.03.032.

Baines CP. The mitochondrial permeability transition pore and
ischemia—reperfusion injury. Basic Res Cardiol. 2009;104(2):181-8.

Su L, Zhang J, Gomez H, Kellum JA, Peng Z. Mitochondria ROS and
mitophagy in acute kidney injury. Autophagy. 2022. https://doi.org/10.
1080/15548627.2022.2084862.

Asimakopoulos G, Taylor KM. Effects of cardiopulmonary bypass on
leukocyte and endothelial adhesion molecules. Ann Thorac Surg.
1998,66(6):2135-44.

Westaby S. Complement and the damaging effects of cardiopulmonary
bypass. Thorax. 1983;38(5):321-5.

Bruins P, Te VH, Yazdanbakhsh AP, Jansen PG, van Hardevelt FW, de
Beaumont EM, et al. Activation of the complement system during and

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

Page 16 of 18

after cardiopulmonary bypass surgery: postsurgery activation involves
C-reactive protein and is associated with postoperative arrhythmia.
Circulation. 1997,96(10):3542-8.

Wu MY, Yiang GT, Liao WT, Tsai AP, Cheng YL, Cheng PW, et al. Current
mechanistic concepts in ischemia and reperfusion injury. Cell Physiol
Biochem. 2018;46(4):1650-67.

Presta P, Bolignano D, Coppolino G, Serraino F, Mastroroberto P,
Andreucci M, et al. Antecedent ACE-inhibition, inflammatory response,
and cardiac surgery associated acute kidney injury. Rev Cardiovasc
Med. 2021;22(1):207-13.

Bonventre JV, Yang L. Cellular pathophysiology of ischemic acute
kidney injury. J Clin Invest. 2011;121(11):4210-21.

Han SJ, Lee HT. Mechanisms and therapeutic targets of ischemic acute
kidney injury. Kidney Res Clin Pract. 2019;38(4):427-40.

Le Dorze M, Legrand M, Payen D, Ince C. The role of the microcirculation
in acute kidney injury. Curr Opin Crit Care. 2009;15(6):503-8.

Ali F, Sultana S. Repeated short-term stress synergizes the ROS signal-
ling through up regulation of NFkB and iNOS expression induced due
to combined exposure of trichloroethylene and UVB rays. Mol Cell
Biochem. 2012;360(1-2):133-45.

Moat NE, Evans TE, Quinlan GJ, Gutteridge JM. Chelatable iron and
copper can be released from extracorporeally circulated blood during
cardiopulmonary bypass. FEBS Lett. 1993,;328(1-2):103-6.

Haase M, Bellomo R, Haase-Fielitz A. Novel biomarkers, oxidative stress,
and the role of labile iron toxicity in cardiopulmonary bypass-associ-
ated acute kidney injury. J Am Coll Cardiol. 2010;55(19):2024-33.
Hatami S, Hefler J, Freed DH. Inflammation and oxidative stress in the
context of extracorporeal cardiac and pulmonary support. Front Immu-
nol. 2022;13:831930.

Horl WH. Nonsteroidal anti-inflammatory drugs and the kidney. Phar-
maceuticals. 2010;3(7):2291-321.

Heyman SN, Brezis M, Epstein FH, Spokes K, Silva P, Rosen S. Early renal
medullary hypoxic injury from radiocontrast and indomethacin. Kidney
Int. 1991,40(4):632-42.

O'Neal JB, Shaw AD, Billings FT. Acute kidney injury following cardiac
surgery: current understanding and future directions. Crit Care.
2016;20(1):187.

Bove T, Monaco F, Covello RD, Zangrillo A. Acute renal failure

and cardiac surgery. HSR Proc Intensive Care Cardiovasc Anesth.
2009;1(3):13-21.

Kellum JA, Lameire N. Diagnosis, evaluation, and management of acute
kidney injury: a KDIGO summary (Part 1). Crit Care. 2013;17(1):204.
Nielsen DV, Hjortdal V, Larsson H, Johnsen SP, Jakobsen Cl. Periopera-
tive aminoglycoside treatment is associated with a higher incidence
of postoperative dialysis in adult cardiac surgery patients. J Thorac
Cardiovasc Surg. 2011;142(3):656-61.

LombardiR, Ferreiro A, Servetto C. Renal function after cardiac surgery:
adverse effect of furosemide. Ren Fail. 2003;25(5):775-86.

HanY, Zhu G, Han L, Hou F, Huang W, Liu H, et al. Short-term rosuvas-
tatin therapy for prevention of contrast-induced acute kidney injury in
patients with diabetes and chronic kidney disease. J Am Coll Cardiol.
2014;63(1):62-70.

Ranucci M, Aloisio T, Carboni G, Ballotta A, Pistuddi V, Menicanti L, et al.
Acute kidney injury and hemodilution during cardiopulmonary bypass:
a changing scenario. Ann Thorac Surg. 2015;100(1):95-100.

Ranucci M, Ballotta A, Kunkl A, De Benedetti D, Kandil H, Conti D, et al.
Influence of the timing of cardiac catheterization and the amount of
contrast media on acute renal failure after cardiac surgery. Am J Cardiol.
2008;101(8):1112-8.

Huggins N, Nugent A, Modem V, Rodriguez JS, Forbess J, Scott W, et al.
Incidence of acute kidney injury following cardiac catheterization prior
to cardiopulmonary bypass in children. Catheter Cardiovasc Interv.
2014;84(4):615-9.

Mandurino-Mirizzi A, Munafo A, Crimi G. Contrast-Associated acute
kidney injury. J Clin Med. 2022. https://doi.org/10.3390/jcm11082167.
Lau A, Chung H, Komada T, Platnich JM, Sandall CF, Choudhury SR, et al.
Renal immune surveillance and dipeptidase-1 contribute to contrast-
induced acute kidney injury. J Clin Invest. 2018;128(7):2894-913.
Macdonald DB, Hurrell CD, Costa AF, McInnes M, O'Malley M, Barrett BJ,
et al. Canadian association of radiologists guidance on contrast-associ-
ated acute kidney injury. Can J Kidney Health Dis. 2022,73(3):499-514.


https://doi.org/10.1016/j.jtcvs.2021.03.032
https://doi.org/10.1080/15548627.2022.2084862
https://doi.org/10.1080/15548627.2022.2084862
https://doi.org/10.3390/jcm11082167

Yu et al. European Journal of Medical Research

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

110.

1.

113.

(2023) 28:45

Mehran R, Dangas GD, Weisbord SD. Contrast-associated acute kidney
injury. N Engl J Med. 2019;380(22):2146-55.

Schrier RW, Abraham WT. Hormones and hemodynamics in heart
failure. N Engl J Med. 1999;341(8):577-85.

Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AR, Feldman HI,

et al. A new equation to estimate glomerular filtration rate. Ann Intern
Med. 2009;150(9):604-12.

Haase M, Haase-Fielitz A, Bagshaw SM, Ronco C, Bellomo R. Cardiopul-
monary bypass-associated acute kidney injury: a pigment nephropa-
thy? Contrib Nephrol. 2007;156:340-53.

Liu D, Liu B, Liang Z,Yang Z, Ma F, Yang Y, et al. Acute kidney injury fol-
lowing cardiopulmonary bypass: a challenging picture. Oxid Med Cell
Longev. 2021;2021:8873581.

Borawski B, Malyszko J. Iron, ferroptosis, and new insights for prevention
in acute kidney injury. Adv Med Sci. 2020;65(2):361-70.

Scindia Y, Dey P, Thirunagari A, Liping H, Rosin DL, Floris M, et al.
Hepcidin mitigates renal ischemia—reperfusion injury by modulating
systemic iron homeostasis. J Am Soc Nephrol. 2015;26(11):2800-14.
Sharma S, Leaf DE. Iron chelation as a potential therapeutic strategy for
AKI prevention. J Am Soc Nephrol. 2019;30(11):2060-71.
Ortega-Loubon C, Martinez-Paz P, Garcia-Moran E, Tamayo-Velasco A,
Lopez-Hernandez FJ, Jorge-Monjas P, et al. Genetic susceptibility to
acute kidney injury. J Clin Med. 2021;10(14):3039.

Boehm J, Eichhorn S, Kornek M, Hauner K, Prinzing A, Grammer J,

et al. Apolipoprotein E genotype, TNF-alpha 308G/A and risk for
cardiac surgery associated-acute kidney injury in Caucasians. Ren Fail.
2014;36(2):237-43.

Kornek M, Deutsch MA, Eichhorn S, Lahm H, Wagenpfeil S, Krane M,

et al. COMT-Val158Met-polymorphism is not a risk factor for acute
kidney injury after cardiac surgery. Dis Markers. 2013;35(2):129-34.
Ostermann M, Kunst G, Baker E, Weerapolchai K, Lumlertgul N. Cardiac
surgery associated AKI prevention strategies and medical treatment for
CSA-AKI. J Clin Med. 2021;10(22):5285.

Pathak S, Olivieri G, Mohamed W, Abbasciano R, Roman M, Tomassini S,
et al. Pharmacological interventions for the prevention of renal injury in
surgical patients: a systematic literature review and meta-analysis. Br J
Anaesth. 2021;126(1):131-8.

Ostermann M, Cennamo A, Meersch M, Kunst G. A narrative review of
the impact of surgery and anaesthesia on acute kidney injury. Anaes-
thesia. 2020;75(1):.e121-33.

Gu J, Sun P, Zhao H, Watts HR, Sanders RD, Terrando N, et al. Dexme-
detomidine provides renoprotection against ischemia—reperfusion
injury in mice. Crit Care. 2011;15(3):R153.

Peng K, Li D, Applegate RN, Lubarsky DA, Ji FH, Liu H. Effect of dexme-
detomidine on cardiac surgery-associated acute kidney injury: a meta-
analysis with trial sequential analysis of randomized controlled trials. J
Cardiothorac Vasc Anesth. 2020;34(3):603-13.

Turan A, Duncan A, Leung S, Karimi N, Fang J, Mao G, et al. Dexme-
detomidine for reduction of atrial fibrillation and delirium after cardiac
surgery (DECADE): a randomised placebo-controlled trial. Lancet.
2020;396(10245):177-85.

Nigwekar SU, Navaneethan SD, Parikh CR, Hix JK. Atrial natriuretic
peptide for preventing and treating acute kidney injury. Cochrane
Database Syst Rev. 2009;4:D6028.

Yakut N, Yasa H, Bahriye LB, Ortac R, Tulukoglu E, Aksun M, et al. The
influence of levosimendan and iloprost on renal ischemia—rep-
erfusion: an experimental study. Interact Cardiovasc Thorac Surg.
2008;7(2):235-9.

Landoni G, Lomivorotov VV, Alvaro G, Lobreglio R, Pisano A, Guarracino
F, et al. Levosimendan for hemodynamic support after cardiac surgery.
N Engl J Med. 2017;376(21):2021-31.

Mehta RH, Leimberger JD, van Diepen S, Meza J, Wang A, Jankowich R,
et al. Levosimendan in patients with left ventricular dysfunction under-
going cardiac surgery. N Engl J Med. 2017;376(21):2032-42.

Fliser D, Laville M, Covic A, Fouque D, Vanholder R, Juillard L, et al. A
European renal best practice (ERBP) position statement on the kidney
disease improving global outcomes (KDIGO) clinical practice guidelines
on acute kidney injury: part 1: definitions, conservative manage-

ment and contrast-induced nephropathy. Nephrol Dial Transplant.
2012,27(12):4263-72.

114.

120.

121.

122.

124.

126.

127.

131.

Page 17 of 18

Coca SG, Garg AX, Swaminathan M, Garwood S, Hong K, Thiessen-
Philbrook H, et al. Preoperative angiotensin-converting enzyme
inhibitors and angiotensin receptor blocker use and acute kidney
injury in patients undergoing cardiac surgery. Nephrol Dial Transplant.
2013;28(11):2787-99.

Nadim MK, Forni LG, Bihorac A, Hobson C, Koyner JL, Shaw A, et al.
Cardiac and vascular surgery-associated acute kidney injury: the 20th
international consensus conference of the adqi (acute disease quality
initiative) group. J Am Heart Assoc. 2018;7(11):111.

Engelman DT, Ben AW, Williams JB, Perrault LP, Reddy VS, Arora RC,

et al. Guidelines for perioperative care in cardiac surgery: enhanced
recovery after surgery society recommendations. JAMA Surg.
2019;154(8):755-66.

Mertes PM, Kindo M, Amour J, Baufreton C, Camilleri L, Caus T, et al.
Guidelines on enhanced recovery after cardiac surgery under cardio-
pulmonary bypass or off-pump. Anaesth Crit Care Pain Med. 2022;41(3):
101059.

Nardi P, Pisano C, Altieri C, Buioni D, Pedicelli C, Saulle S, et al. The ben-
efit of a preoperative respiratory protocol and musculoskeletal exercise
in patients undergoing cardiac surgery. Kardiochir Torakochirurgia Pol.
2020;17(2):94-100.

Fenton C, Tan AR, Abaraogu UO, McCaslin JE. Prehabilitation exercise
therapy before elective abdominal aortic aneurysm repair. Cochrane
Database Syst Rev. 2021,7(7):D13662.

Haase-Fielitz A, Haase M, Bellomo R, Calzavacca P, Spura A, Baraki H,

et al. Perioperative hemodynamic instability and fluid overload are
associated with increasing acute kidney injury severity and worse
outcome after cardiac surgery. Blood Purif. 2017;43(4):298-308.

Juncos LA, Wieruszewski PM, Kashani K. Pathophysiology of acute
kidney injury in critical illness: a narrative review. Compr Physiol.
2022;12(4):3767-80.

Ngu J, Jabagi H, Chung AM, Boodhwani M, Ruel M, Bourke M, et al.
Defining an intraoperative hypotension threshold in association with
de novo renal replacement therapy after cardiac surgery. Anesthesiol-
ogy. 2020;132(6):1447-57.

Kofford B, Drago C, Nejat AH, Elshewy M. A novel approach for convert-
ing a mandibular complete denture to a fixed interim, screw-retained
implant prostheses: a case report. J Prosthodont. 2021;30(1):13-8.
Vedel AG, Holmgaard F, Rasmussen LS, Langkilde A, Paulson OB,
LangeT, et al. High-target versus low-target blood pressure manage-
ment during cardiopulmonary bypass to prevent cerebral injury in
cardiac surgery patients: a randomized controlled trial. Circulation.
2018;137(17):1770-80.

Kunst G, Milojevic M, Boer C, De Somer F, Gudbjartsson T, van den
Goor J, et al. 2019 EACTS/EACTA/EBCP guidelines on cardiopulmonary
bypass in adult cardiac surgery. Br J Anaesth. 2019;123(6):713-57.
Hajjar LA, Vincent JL, Barbosa GGF, Rhodes A, Landoni G, Osawa EA,

et al. Vasopressin versus norepinephrine in patients with vasoplegic
shock after cardiac surgery: the VANCS randomized controlled trial.
Anesthesiology. 2017;126(1):85-93.

ShenY, Zhang W, Cheng X, Ying M. Association between postoperative
fluid balance and acute kidney injury in patients after cardiac surgery: a
retrospective cohort study. J Crit Care. 2018;44:273-7.

Palomba H, Trem! RE, Caldonazo T, Katayama HT, Gomes BC, Malbouis-
son L, et al. Intraoperative fluid balance and cardiac surgery-associated
acute kidney injury: a multicenter prospective study. Braz J Anesthesiol.
2022. https://doi.org/10.1016/j.bjane.2022.07.006.

Glassford NJ, French CJ, Bailey M, Martensson J, Eastwood GM, Bellomo
R. Changes in intravenous fluid use patterns in Australia and New
Zealand: evidence of research translating into practice. Crit Care Resusc.
2016;18(2):78-88.

Bhaskaran K, Arumugam G, Vinay KP. A prospective, randomized, com-
parison study on effect of perioperative use of chloride liberal intrave-
nous fluids versus chloride restricted intravenous fluids on postopera-
tive acute kidney injury in patients undergoing off-pump coronary
artery bypass grafting surgeries. Ann Card Anaesth. 2018;21(4):413-8.
Pesonen E, Vlasov H, Suojaranta R, Hiippala S, Schramko A, Wilkman E,
et al. Effect of 4% albumin solution vs ringer acetate on major adverse
events in patients undergoing cardiac surgery with cardiopulmonary
bypass: a randomized clinical trial. JAMA. 2022;328(3):251-8.


https://doi.org/10.1016/j.bjane.2022.07.006

Yu et al. European Journal of Medical Research (2023) 28:45

132

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

147.

Magruder JT, Crawford TC, Harness HL, Grimm JC, Suarez-Pierre A,
Wierschke C, et al. A pilot goal-directed perfusion initiative is associated
with less acute kidney injury after cardiac surgery. J Thorac Cardiovasc
Surg. 2017;153(1):118-25.

Magruder JT, Dungan SP, Grimm JC, Harness HL, Wierschke C, Castillejo
S, et al. Nadir oxygen delivery on bypass and hypotension increase
acute kidney injury risk after cardiac operations. Ann Thorac Surg.
2015;100(5):1697-703.

Ranucci M, Johnson |, Willcox T, Baker RA, Boer C, Baumann A, et al.
Goal-directed perfusion to reduce acute kidney injury: a randomized
trial. J Thorac Cardiovasc Surg. 2018;156(5):1918-27.

Oprea AD, Del RJ, Cooter M, Green CL, Karhausen JA, Nailer P, et al.

Pre- and postoperative anemia, acute kidney injury, and mortality after
coronary artery bypass grafting surgery: a retrospective observational
study. Can J Anaesth. 2018;65(1):46-59.

Hajjar LA, Vincent JL, Galas FR, Nakamura RE, Silva CM, Santos MH, et al.
Transfusion requirements after cardiac surgery: the TRACS randomized
controlled trial. JAMA. 2010;304(14):1559-67.

Mazer CD, Whitlock RP, Fergusson DA, Hall J, Belley-Cote E, Connolly K,
et al. Restrictive or liberal red-cell transfusion for cardiac surgery. N Engl
JMed. 2017,;377(22):2133-44.

Garg AX, Badner N, Bagshaw SM, Cuerden MS, Fergusson DA,

Gregory AJ, et al. Safety of a restrictive versus liberal approach to red
blood cell transfusion on the outcome of aki in patients undergo-

ing cardiac surgery: a randomized clinical trial. J Am Soc Nephrol.
2019;30(7):1294-304.

Chen QH, Wang HL, Liu L, Shao J, Yu J, Zheng RQ. Effects of restrictive
red blood cell transfusion on the prognoses of adult patients undergo-
ing cardiac surgery: a meta-analysis of randomized controlled trials. Crit
Care. 2018;22(1):142.

Ferraris VA, Brown JR, Despotis GJ, Hammon JW, Reece TB, Saha SP, et al.
2011 update to the society of thoracic surgeons and the society of
cardiovascular anesthesiologists blood conservation clinical practice
guidelines. Ann Thorac Surg. 2011;91(3):944-82.

Pagano D, Milojevic M, Meesters MI, Benedetto U, Bolliger D, von
Heymann C, et al. 2017 EACTS/EACTA Guidelines on patient blood
management for adult cardiac surgery. Eur J Cardiothorac Surg.
2018;53(1):79-111.

Steiner ME, Ness PM, Assmann SF, Triulzi DJ, Sloan SR, Delaney M, et al.
Effects of red-cell storage duration on patients undergoing cardiac
surgery. N Engl J Med. 2015;372(15):1419-29.

Gassanov N, Nia AM, Caglayan E, Er F. Remote ischemic preconditioning
and renoprotection: from myth to a novel therapeutic option? J Am
Soc Nephrol. 2014;25(2):216-24.

Wang J, Gu C, Gao M, Yu W, Yu Y. Preoperative statin therapy and renal
outcomes after cardiac surgery: a meta-analysis and meta-regression of
59,771 patients. Can J Cardiol. 2015;31(8):1051-60.

Zarbock A, Schmidt C, Van Aken H, Wempe C, Martens S, Zahn PK, et al.
Effect of remote ischemic preconditioning on kidney injury among
high-risk patients undergoing cardiac surgery: a randomized clinical
trial. JAMA. 2015;313(21):2133-41.

Hausenloy DJ, Candilio L, Evans R, Ariti C, Jenkins DP, Kolvekar S, et al.
Remote ischemic preconditioning and outcomes of cardiac surgery. N
EnglJ Med. 2015;373(15):1408-17.

Meybohm P, Bein B, Brosteanu O, Cremer J, Gruenewald M, Stoppe C,
et al. A multicenter trial of remote ischemic preconditioning for heart
surgery. N Engl J Med. 2015;373(15):1397-407.

Behmenburg F, van Caster P, Bunte S, Brandenburger T, Heinen

A, Hollmann MW, et al. Impact of anesthetic regimen on remote
ischemic preconditioning in the rat heart in vivo. Anesth Analg.
2018;126(4):1377-80.

Ney J, Hoffmann K, Meybohm P, Goetzenich A, Kraemer S, Benstom C,
et al. Remote ischemic preconditioning does not affect the release of
humoral factors in propofol-anesthetized cardiac surgery patients: a
secondary analysis of the RIPHeart study. Int J Mol Sci. 2018;19(4):112.
Xie J, Zhang X, Xu J, Zhang Z, Klingensmith NJ, Liu S, et al. Effect of
remote ischemic preconditioning on outcomes in adult cardiac sur-
gery: a systematic review and meta-analysis of randomized controlled
studies. Anesth Analg. 2018;127(1):30-8.

Deferrari G, Bonanni A, Bruschi M, Alicino C, Signori A. Remote ischae-
mic preconditioning for renal and cardiac protection in adult patients

Page 18 of 18

undergoing cardiac surgery with cardiopulmonary bypass: systematic
review and meta-analysis of randomized controlled trials. Nephrol Dial
Transplant. 2018;33(5):813-24.

152. Meersch M, Schmidt C, Hoffmeier A, Van Aken H, Wempe C, Gerss J,
et al. Prevention of cardiac surgery-associated AKI by implementing
the KDIGO guidelines in high risk patients identified by biomark-
ers: the PrevAKI randomized controlled trial. Intensive Care Med.
2017;43(11):1551-61.

153, Kullmar M, Weiss R, Ostermann M, Campos S, Grau NN, Thomson G,
et al. A Multinational observational study exploring adherence with
the kidney disease: improving global outcomes recommendations for
prevention of acute kidney injury after cardiac surgery. Anesth Analg.
2020;130(4):910-6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Diagnosis, pathophysiology and preventive strategies for cardiac surgery-associated acute kidney injury: a narrative review
	Abstract 
	Introduction
	Definition and diagnosis
	Definition
	Diagnosis of CSA-AKI
	Biomarkers of CSA-AKI
	Point-of-care ultrasound
	Arterial profile: renal artery
	Venous profile: renal, hepatic, and portal veins

	Risk factors and stratification tools

	Theories of CSA-AKI pathophysiology
	Renal hypoperfusion and reperfusion injury
	Inflammation and oxidative stress
	Nephrotoxins
	Metabolic and neurohormonal activation
	Genetic polymorphisms

	Strategies for CSA-AKI prevention
	Preoperative strategies
	Pharmacological interventions
	Optimization of preoperative medication
	Prehabilitation

	Intraoperative strategies
	Optimal target of mean arterial pressure
	Inotropic and vasopressor support
	Fluid, diuretics and goal-directed therapy
	Goal-directed oxygen delivery in CPB
	Transfusion of packed red blood cells
	Remote ischaemic preconditioning

	Postoperative strategies
	KDIGO bundle of care


	Conclusion and perspective
	Acknowledgements
	References


