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Abstract

Purpose: Cardiovascular surgery-associated acute kidney injury (AKI-CS) contributes to mor-
tality and morbidity. However, risk factors accelerating its development are unclear. We iden-
tified risk factors for AKI-CS in patients with cardiopulmonary bypass in the hospital surgical
intensive care unit to predict and minimize renal complication in future cardiac surgery. Meth-
ods: We analyzed data from 14 case-control studies published prior to June 2014 and indexed
in Science Citation Index, PubMed, and other databases to determine the major risk factors
for AKI-CS. Results: Analyzed risk factors were divided into three groups: preoperative, intra-
operative and postoperative. Preoperative factors included: age (OR, 4.87; 95% CI, 3.50-6.24),
NYHA class III/IV (OR, 2.53; 95% CI, 1.32-4.86), hypertension (OR, 1.68; 95% CI, 1.44-1.97),
preoperative creatinine (OR, 0.66; 95% CI, 0.18-1.14), peripheral vascular disease (OR, 1.31
95% CI, 1.09-1.57), respiratory system disease (OR, 1.29; 95% (I, 1.10-1.50), diabetes mellitus
(OR, 1.52; 95% (I, 1.07-2.16), and cerebrovascular disease (OR, 2.13; 95% (I, 1.11-4.09). Intra-
operative factors were: cardiopulmonary bypass time (OR, 33.78; 95% CI, 23.15-44.41), aortic
clamping time (OR, 13.24; 95% (I, 7.78-18.69), use of intra-aortic balloon pump (OR, 4.44; 95%
CI, 2.37-8.30), and type of surgery (OR, 1.01; 95% CI, 0.43-2.39). Postoperative factors were:
infection (OR, 3.58; 95% CI, 1.43-8.97), redo operation (OR, 2.57; 95% CI, 1.75-3.78), emer-
gency surgery (OR, 4.76; 95% CI, 3.05-7.43), and low cardiac output (OR, 2.30; 95% CI, 1.05—
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5.04). Conclusions: Our results support that preoperative, intraoperative, and postoperative
factors are associated with AKI-CS. Ejection fraction, BMI, acute myocardial infarction, type of
surgery, and congestive heart failure were not absolutely associated with AKI.

© 2016 S. Karger AG, Basel

Introduction

Cardiovascular surgery-associated acute kidney injury (AKI-CS) isa complication contrib-
uting significantly to mortality, lengthy hospitalization, high costs, and patient and family
suffering [1]. The reported prevalence of acute kidney injury (AKI) associated with cardiopul-
monary bypass (CPB) varies between 5 and 30% [2, 3], with a mortality of 14.5-64% [4, 5].
Subsequent dialysis is required in approximately 1-5% of cases [6] and is associated with an
increased incidence of infection and length of stay in the intensive care unit [7-9]. Moreover,
along with further deterioration of the kidney function, multiple organ dysfunction syndrome
(MODS) arises [10].

The pathogenesis of AKI-CS includes multiple inflammatory, hemodynamic, and nephro-
toxic factors that overlap, leading to kidney injury [11]. Despite continuous advances in
surgery, management, monitoring, and hemodialysis technology, postoperative renal injury
incidence rates have not significantly decreased [12], and thus, avoidance of AKI-CS is a focus
of intense research.

Early studies revealed that renal function deterioration after surgery included preoper-
ative elevated serum creatinine levels, types of cardiac procedures, a history of diabetes
mellitus, CPB time, aortic clamping time, postoperative infection, and low cardiac output,
among others [13-26]. However, because of differences in study characteristics, research
data are prone to error, and accurate information is still lacking. Thus, we performed a meta-
analysis to identify risk factors for AKI-CS, which can be used to predict and minimize renal
complications following future cardiac surgery.

Methods

Selection Criteria and Search Strategy

We located studies from June to August 2014 and review articles from the Web of Science databases,
PubMed, Google Scholar, Medline, the Cochrane Library, Embase, and Science Citation Index for articles
written in either Chinese or English. Two independent reviewers (Q.Y. and K.L.) carried out the literature
search. We used the search term ‘acute kidney injury’ or ‘acute renal failure’ or ‘acute renal insufficiency’,
‘cardiovascular surgery’, ‘bypass’, and ‘factor’. Articles were screened according to the RIFLE [27] hierar-
chical diagnosis standard proposed by the Acute Dialysis Quality Initiative Group of America [28] in 2004
(fig. 1), and the criteria selected in our study were injury, failure, loss and end-stage renal disease. To be
eligible for analysis, studies must have had data from individual cases in which risk factors contributed to
renal injury and available corresponding author information for acquiring additional data.

Inclusion and Exclusion Criteria

Articles meeting the following criteria were included: those which (a) focused on risk factors for AKI
after CPB; (b) were case-controlled; (c) provided sufficient information to calculate case numbers and risk
estimates with 95% confidence intervals (CIs) and odds ratios (ORs), and (d) where diagnostic criteria were
in accordance with the RIFLE classification criteria including injury, failure, loss and end-stage renal disease
[29] (fig. 1). Studies were excluded if (1) they provided data but no means of calculating AKI incidence; (2)
they were derived from non-peer-reviewed sources; (3) they were animal experiments; (4) the diagnosis
was unclear, or (5) assessing specific causes of AKI such as rapidly progressive glomerulonephritis, hemo-
lytic-uremic syndrome, or hepatorenal syndrome. Studies must have excluded end-stage kidney disease
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Risk Increased creatinine x 1.5 or GFR decrease >25%

Increased creatinine x 2 or GFR decrease >50%

Increased creatinine x 3 or GFR
decrease > 75% or
creatinine 24 mg/100 ml
(acute rise of 20.5 mg/100 ml)

Failure

Persistent ARF
(completely loss of renal
function >4 weeks)

End-stage
renal disease

Fig. 1. The RIFLE classification criteria for serum creatinine. RIFLE criteria were used to evaluate the ability
of renal function, which was divided into five stages: risk, injury, failure, loss, and end stage. Each phase is
defined in the figure. GFR = Glomerular filtration rate; ARF = acute renal failure; ESRD = end-stage renal dis-
ease.

patients. We selected the most recent study with the largest number of participants for multiple studies with
the overlapping data published.

Data Extraction

The following data were screened from each study: first author’s surname, year, country, participant
characteristics, source (hospital or community), study design (case-controlled), ORs, 95% Cls, and adjusted
covariates, among other information. If data could be acquired from the literature search results, they were
extracted into 2 x 2 tables by two independent reviewers (Q.Y. and K.L.), based on the inclusion criteria
described above. Continuous data from AKI and control groups are reported as means * standard deviations,
and dichotomous data are reported as number of cases. If information was incomplete or unclear, reviewers
would contact the original authors for verification. Disagreements were resolved through discussion between
the two reviewers (table 1).

Quality Evaluation

We evaluated the studies to determine their quality based on the Newcastle-Ottawa quality assessment
scale [30]. A ‘star system’ was used to judge data quality based on selection, comparability, and exposures
and to calculate scores. Scores with 0-9 stars were summed to compare study quality. Two reviewers (Q.Y.
and K.L.) independently cross-checked the study quality and assessed study bias. An open discussion was
held to confirm scores of studies that caused disagreements between the reviewers.

Statistical Methods

All statistical tests were performed using the Cochrane Collaboration’s Revman 5.1. Extensive effort was
made to eliminate duplicate data and to include all studies published to date. Measurement data regarding
average standard deviations and publication bias in outcomes were estimated and managed using standard
methodology. We classified epidemiological studies of the relationships between AKI and risk factors as case-
control studies. The association between AKI and risk factors was evaluated by comparing the ORs and the
corresponding 95% Cls between exposed and nonexposed groups.
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Table 1. Characteristics of 14 studies analyzing risk factors associated with cardiac surgery with CPB

First author Year Country Race Source  Study Sample size  Risk factor Quality
[Ref] type (case/ evaluation
control)
Suen [13] 1998 China Asia hospital case- 67/380 1,2,7,11,13,14, 16, 20 6
Hong Kong controlled
Sirvinskas [14] 2008 US us hospital case- 19/160 1,6,10,12 6
controlled
Haase [15] 2012 English Europe  hospital case- 179/741 1-11,15,16, 20 6
controlled
Rodrigues [16] 2009 Brazil South hospital case- 78/691 2,4,6-10,13,14,16,17,19, 21 7
America controlled
Ilknur [17] 2005 Turkey Asia hospital case- 168/14,269 2,3,6,10-13,15, 16,18, 20 7
controlled
Bove [18] 2004 Italy Europe  hospital case- 171/4,897 1,2,5,6,8,10,11,14-16 7
controlled
Thakar [19] 2005 US us hospital case- 269/15,569 1,2,6,8-11,14-16,18,19 6
controlled
Loef [20] 2005 Holland Europe  hospital case- 145/698 1-7,9-11,14-20 7
controlled
Lin [21] 2009 China Asia hospital case- 340/4,760 10,12 6
controlled
Han [22] 2006 China Asia hospital case- 108/152 7,10,12,15 6
controlled
Yang [23] 2013 China Asia hospital case- 83/129 1-4,6,7,11,17-19, 21 6
controlled
Englberger [24] 2013 Mayo Europe hospital case- 115/836 2-4,6,8-10,12,13,17-20, 21 7
controlled
Karkouti [25] 2009 Canada us hospital case- 347/3,460 1-6,8-11,13,15,16,19 7
controlled
Landoni [26] 2007 Italy Europe hospital case- 68/3,035 2,5,6,8,10,11,13,15,16,19,20 7
controlled

Risk factors: 1 = any type of cardiac surgery; 2 = diabetes mellitus; 3 = hypertension; 4 = acute myocardial infarction; 5 = low cardiac
output; 6 = age; 7 = NYHA class I11/1V; 8 = respiratory system disease; 9 = peripheral vascular disease; 10 = CPB time; 11 = use of IABP;
12 = aortic clamping time; 13 = postoperative infection; 14 = congestive heart failure; 15 = redo operation; 16 = emergency operation;
17 = BMI; 18 = preoperative creatinine; 19 = cerebrovascular disease; 20 = mortality; 21 = EF.

Analysis of Clinical Heterogeneity

Study heterogeneity was measured using the y?-based Q test and I? statistics. We used the I? values to
quantify the proportion of observed inconsistency across study results not explained by chance [31]; p < 0.05
and I? >50% indicated severe heterogeneity. We proposed predefined subgroup analyses (preoperative,
intraoperative, and postoperative) based on our a priori hypotheses to explain potential heterogeneity
across studies on the strength of association due to different research types considering a significant inter-
action when p < 0.05. In addition, we used the Newcastle-Ottawa quality assessment scale scores and sensi-
tivity analyses to evaluate the impact of studies with poor methodological quality. Comparisons of risk esti-
mates between subgroups and sensitivity analyses were made with a test of interaction. Publication bias for
each of the study groups was assessed with a funnel plot. A two-tailed test was used to assess funnel plot
asymmetry (significance was set at the p < 0.05 level) [32].

Results
Study Descriptions

Thesearchprocessisshowninfigure 2. First, 3,972 potentially relevant papers published
up to June 2014 were systematically ascertained through the previously mentioned data-
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Potentially relevant studies (n = 3,972)
Indentified from PubMed (n = 2,814)
Another database (n = 1,158)

Studies excluded because title and abstract are not
appropriate (n = 3,294)

Y

A\

Potentially relevant studies (n = 678)

Y

Studies excluded after duplicate remove (n = 331)

Y

Studies retrieved for evaluation (n = 347)

Exclude (n = 333)
Random case (n = 41)
Review (n = 67)

Case report (n = 26)

Data inadequate (n = 144)
Miscellaneous (n = 55)

Y

\/

Studies included in meta-analysis (n = 14)

Fig. 2. Flowchart of article screening and selection process.

bases. Next, 3,294 studies were excluded because they either failed to meet the inclusion
criteria or did not provide adequate information for our study, as evidenced either by title
or abstract. Among the remaining 678 articles, 331 articles were excluded because they
were duplicate reports. We received full-text reviews of the remaining 347 articles; 333
articles were excluded because they were not complete full texts or they were reviews, case
reports, miscellaneous reports, or the data were inadequate. Finally, 14 case-controlled
studies [13-26] were used for our meta-analysis. Detailed characteristics of the 14 studies
are listed in table 1. A total of 2,157 cases and 49,777 controls were included. Results ranged
from a star rating of 6-9 (mean = 7), with a higher value indicating better methodology
(table 2).

Subgroup Analyses

Analysis of Preoperative Indices

The following data are represented in figure 3a, b: four studies [16, 20, 23, 24] suggested
no association between BMI and AK]I, and three studies [16, 23, 24] revealed no association
between ejection fraction (EF) and AKI. Six studies confirmed no association between acute
myocardial infarction and AKI, and eleven studies [14-20, 23-26] suggested that age was a
significant risk factor. In general, the older the patient, the greater the incidence of AKI. The
results for preoperative heart function [13, 15, 16, 20, 22, 23] and serum creatinine level [17,
19, 20, 23] was also a significant risk factor for AKI. Overall, besides the reason of surgery,
basicdiseases and complications such as hypertension [15,17,20, 23-25], peripheral vascular
disease [15, 16, 19, 20, 24, 25], respiratory system disease [15, 16, 18, 19, 24-26], and cere-
brovascular disease [16, 19, 20, 23, 25, 26] were also related to AKI. More severe lesions were
associated with a greater incidence of AKI.

KARGER



CardioRenal Cardiorenal Med 2016;6:237-250

ici DOI: 10.1159/000444094 © 2016 S. Karger AG, Basel
www.karger.com/crm

Yi et al.: Risk Factors for Acute Kidney Injury after Cardiovascular Surgery: Evidence
from 2,157 Cases and 49,777 Controls — A Meta-Analysis

Table 2. Assessment of study quality

First author Selection Comparability Exposure Score
[Ref] 1 2 3 4 5a 5b 6 7 8
Charuhas [19] yes yes  no no yes yes yes  yes no 6
[lknur [17] yes yes  no yes yes yes yes  yes no 7
Sirvinskas [14] yes yes  no yes yes yes yes  no no 6
Haase [15] yes yes  no no yes yes yes  yes no 6
Loef [20] yes yes  no yes yes yes yes  yes no 7
Rodrigues [16] yes yes  no yes yes yes yes  yes no 7
Suen [13] yes yes  no no yes yes yes  yes no 6
Bove [18] yes yes  no yes yes yes yes  yes no 7
Lin [21] yes yes  no no yes yes yes  yes no 6
Han [22] yes yes  no yes no yes no yes no 5
Yang [23] yes yes  no yes no yes yes  yes no 6
Englberger [24] yes yes  no yes yes yes yes  yes no 7
Karkouti [25] yes yes  no yes yes yes yes  yes no 7
Landoni [26] yes yes  no yes yes yes yes  yes no 7

Forcase-controlstudies: 1=caseswereindependentlyvalidated; 2 = casesare consecutive orrepresentative
of apopulation; 3 = community controls; 4 = controls had no history of renal insufficiency; 5a = study controlled
for age and CPB time; 5b = study controlled for any additional factor(s); 6 = ascertainment of exposure by
secure record or structured interview where the interviewer was blinded to case/control status; 7 = same
method of ascertainment for cases and controls; 8 = same nonresponse rate for cases and controls.

Analysis of Intraoperative Indices

The following dataare depicted in figure 3c: eight studies [13-15,18-20,23,25] compared
coronary artery bypass grafting and valve operations, and suggested no association between
cardiac surgery types and AKI. The CPB times [14-22, 24-26] for subjects with AKI and
controls in all studies were reported in minutes. Nine studies [13, 15, 17-20, 23, 25, 26]
confirmed that the use of an intra-aortic balloon pump (IABP) was a risk factor, and a greater
duration of IABP use correlated with a higher rate of AKI-CS. Five studies [14, 17, 21, 22, 24]
revealed that aortic clamping time was a significant risk factor for AKI, with longer aortic
clamping times associated with a higher incidence of AKI-CS.

Analysis of Postoperative Indices

These data are given in figure 3d. Five studies [13, 16, 18-20] suggested no association
between congestive heart failure and AKI. Six studies [13, 16, 17, 24-26] confirmed that
severe postoperative infection correlated with a greater likelihood of AKI. To summarize the
reported data, emergency operations [13, 15-20] and redo operations [15, 17-20, 22, 25, 26]
were also independent risk factors for AKI-CS. Meanwhile, the risk of mortality [13, 15, 17,
20, 24, 26] was statistically higher in the AKI-CS groups.

Publication Bias and Sensitivity Analysis of the Studies

We depict the data related to publication bias and sensitivity (table 3) using reported CPB
time funnel plots (fig. 4). The shape of the funnel plots was nearly symmetrical on both sides
of the perpendicular line (real value), indicating no obvious publication bias for these studies.
To investigate data reliability, fixed-effects and random-effects models were applied to
measure sensitivity. The differences in the standardized means and the 95% Cls between the
two methods were small. Therefore, both sensitivity testing and the publication bias analysis
indicated that the results of our meta-analysis were reliable.
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First author [Ref], year AKI group Control group Weight, OR OR
s total s total % M-H, random M-H, random, 95% CI

events tota events tota [95% CI]
Rodrigues [16], 2009 22 78 20 691 16.4 13.18 [6.78, 25.61] —=——  Cerebrovascular disease
Loef [20], 2005 12 145 32 698 16.2 1.88 [0.94, 3.74] —=-— Heterogeneity: T2 = 0.56; x* = 50.68;
Thakar [19], 2005 76 2,713 193 13,215 19.1 1.94 [1.49, 2.54] —-—— d.f. =5 (p < 0.00001); I = 90%
Yang [23], 2013 17 83 40 129 165  0.57[0.30,1.10] —— Test for overall effect: Z = 2.27
Karkouti [25], 2009 46 347 350 3,460 18.8 1.36 [0.98, 1.89] o (p = 0.02)
Landoni [26], 2007 4 68 64 3,035 131 2.90[1.03, 8.21] — -
Total [95% CI] 3,434 21,228 100.0 2.13[1.11, 4.09] -
Rodrigues [16], 2009 27 212 51 557 8.8 1.45[0.88, 2.38] - Diabetes mellitus
Loef [20], 2005 22 94 123 749 8.7 1.56 [0.93, 2.60] +—— Heterogeneity: T2 = 0.30; x* = 79.06;
Thakar [19], 2005 93 3,857 176 11,981 102  1.66[1.29,2.14] - df. = 10 (p < 0.00001); 2 = 87%
Englberger [24], 2013 34 194 81 757 92 177115, 274] — Test for overall effect: Z = 2.34
Tlknur [17], 2005 29 1,070 139 13,367 9.4 2.65[1.77,3.99] - (p = 0.02)
Yang [23], 2013 31 69 52 143 83 1.43[0.80, 2.56] e
Karkouti [25], 2009 131 1,160 116 2,300 10.1 2.40[1.85,3.11)] -
Landoni [26], 2007 20 662 46 2,441 8.6 1.62 [0.95, 2.76] ——
Haase [15], 2012 21 285 158 635 9.0 0.24[0.15,0.39] —=—
Bove [18], 2004 32 572 139 4,325 9.5 1.78 [1.20, 2.65] -
Suen [13], 1998 19 73 49 361 8.2 2.24 [1.23,4.10] ——
Total [95% CI] 8,248 37,616 100.0 1.52[1.07, 2.16] e
Loef [20], 2005 34 195 111 648 173 1.02[0.67, 1.56] B Hypertension
Englberger [24], 2013 79 572 36 379 153 1.53[1.01, 2.32] —— Heterogeneity: x? = 12.75;
Tlknur [17], 2005 4 132 164 14,305 1.2 2.69 [0.98, 7.38] d.f =5(p<003),”=61%
Yang [23], 2013 56 135 22 77 67  177[0.97,3.23] — Test for overall effect: Z = 6.45
Karkouti [25], 2009 245 2059 102 1748 397  218[171,277] - (b < 0.00001)
Haase [15], 2012 137 668 42 252 19.8 1.29[0.88, 1.89] R
Total [95% CI] 3,761 17,409 100.0 1.68 [1.44, 1.97] <
Rodrigues [16], 2009 10 33 68 736 16 4.27 [1.95, 9.35] Respiratory system disease
Thakar [19], 2005 48 1,326 221 14,512 13.6 243 [1.77, 3.34] —— Heterogeneity: x? = 58.07;
Englberger [24], 2013 29 186 86 765 108  1.46[0.93,2.30] I d.f. = 6 (p < 0.00001); 12 = 90%
Karkouti [25], 2009 45 405 302 3,402 21.8 1.28[0.92, 1.79] S Test for overall effect: Z = 3.21
Landoni [26], 2007 14 361 347 2,742 29.6 0.28 [0.16, 0.48] (p = 0.001)
Haase [15], 2012 28 112 151 808 10.5 1.45[0.91, 2.30] f-—
Bove [18], 2004 34 625 137 4,443 12.2 1.81[1.23, 2.66] -
Total [95% CI] 3,048 27,408 100.0 1.29[1.10, 1.50] >
Rodrigues [16], 2009 9 44 69 725 34 244 [1.13, 5.30] Peripheral vascular disease
Loef [20], 2005 20 97 125 746 125 1.29[0.76, 2.19] —-— Heterogeneity: x> = 18.40;
Thakar [19], 2005 57 1,896 212 13,942 26.9 2.01[1.49, 2.70] = df. =5 (p =0.002); =73%
Englberger [24], 2013 10 72 105 879 7.5 1.19[0.59, 2.39] —_— Test for overall effect: Z = 2.84
Karkouti [25], 2009 31 424 316 3,383 35.7 0.77 [0.52, 1.12] —mm| (p = 0.004)
Haase [15], 2012 20 94 159 826 14.0 1.13[0.67, 1.91] —
Total [95% CI] 2,627 20,501 100.0 1.31[1.09, 1.57] *
Rodrigues [16], 2009 34 234 44 535 171 1.90 [1.18, 3.06] —— NYHA III
Loef [20], 2005 34 215 111 628 17.5 0.87[0.57, 1.33] - Heterogeneity: T2 = 0.59; x? = 52.27;
Feng [22], 2006 74 122 34 142 168  4.90[2.88,832] - df. = 5 (p < 0.00001); P = 90%
Yang [23], 2013 13 25 70 187 144  181[0.78,4.19] N Test for overall effect: Z = 2.79
Haase [15], 2012 78 290 101 630 18.0 1.93 [1.38, 2.70] ——— (p = 0.005)
Suen [13], 1998 32 62 36 370 16.2 9.90 [5.40, 18.13] ——
Total [95% CI] 948 2,492 100.0 2.53[1.32,4.86] -
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First author [Ref], year ~ Mean SD Total Mean SD Total Weight, IV, random 1V, random, 95% CI
% [95% CI]
Loef [20], 2005 15 0.8 145 11 0.6 698 251 0.63[0.44,0.81] - Preoperative creatinine
Thakar [19], 2005 16 0.9 269 11 04 15569 256 1.21[1.09, 1.33] L Heterogeneity: T2 = 0.23; x? = 95.24;
Ilknur [17], 2005 13 0.6 168 11 0.7 14269 254 0.29[0.13,0.44] - d.f. = 3 (p < 0.00001); I? = 97%
Yang [23], 2013 16 0.8 83 12 0.8 129 239 0.50[0.22,0.78] L Test for overall effect: Z = 2.70
(p = 0.007)
Total [95% CI] 665 30,665 1000  0.66[0.18, 1.14]
Rodrigues [16], 2009 64 11 78 56 13 691 8.3  8.00([5.37,10.63] - Age
Ilknur [17], 2005 56.4 143 168 486 149 14,269 9.2 7.80[5.62,9.98] - Heterogeneity: T2 = 4.07; x? = 48.66;
Bove [18], 2004 67 122 171 60 97 4897 98 7.00[5.15,8.85] - df. = 10 (p < 0.00001); I2 = 79%
Sirvinskas [14], 2008 70 751 19 635 105 160 63 650[275 10.25] - Test for overall effect: Z = 6.97
Yang [23], 2013 655 78 83 593 124 129 81 620348892 - (b < 0.00001)
Landoni [26], 2007 70 9 68 64 9.5 3,035 9.2 6.00[3.83, 8.17] -
Haase [15], 2012 67.5 113 179 634 122 741 9.8 4.10[2.23,597] -
Thakar [19], 2005 66.7 121 269 636 124 15,569 10.5 3.10[1.64, 4.56]
Karkouti [25], 2009 68 12 347 65 11 3,460 10.8  3.00[1.69, 4.31] -
Loef [20], 2005 64.7 113 145 626 106 698 9.5 210][0.10, 4.10] -
Englberger [24], 2013 68 13 115 67 13 836 8.5 1.00[-1.53, 3.53] .
Total [95% CI] 1,642 44,485 1000  4.87 [3.50, 6.24] ¢
a
First author [Ref.], year Mean SD Total Mean SD Total Weight, 1V, fixed [95% CI] 1V, fixed, 95% CI
%
Rodrigues [16], 2009 26 46 78 255 38 691 15.1 0.50 [-0.56, 1.56]
Loef [20], 2005 25.6 3 145 257 28 698 604 -0.10 [-0.63, 0.43] BMI
Englberger [24], 2013 27 115 26 6 836 9.4 1.00 [-0.34, 2.34] Heterogeneity: x? = 3.02;
Yang [23], 2013 254 31 83 25 48 129 15.0 0.40 [-0.66, 1.46] df.=3(p=039;,2=1%
Test for overall effect: Z = 0.81
(p =042)
Total [95% CI] 421 2,354 100.0 0.17 [-0.24, 0.58]
Rodrigues [16], 2009 56 13 78 57 10 691 311 -1.00 [-3.98, 1.98] EF
Englberger [24], 2013 58 12 83 60 12 129 252 -2.00 [-5.31, 1.31] Heterogeneity: x? = 0.91;
Yang [23], 2013 57 13 115 57 12 83 437 0.00 [-2.51, 2.51] df =2 (p=063);2=0%
Test for overall effect: Z = 0.96
(p =0.34)
Total [95% CI] 276 1,656 100.0 -0.81 [-2.48, 0.85]
Events Total Events Total  Weight, M-H, fixed [95% CI] M-H, fixed, 95% CI
%
Rodrigues [16], 2009 7 40 71 729 24 1.97 [0.84, 4.61] 4 AMI
Loef [20], 2005 58 394 87 449 272 0.72[0.50, 1.03] - Heterogeneity: x? = 20.54;
Englberger [24], 2013 8 118 107 833 9.7 0.49[0.23, 1.04] — df. =5 (p = 0.0010); I2 = 76%
Yang [23], 2013 32 75 51 137 81 125[0.71, 2.23] S Test for overall effect: Z = 1.22
(p =022
Karkouti [25], 2009 92 728 255 3,079 334 1.60 [1.24, 2.06]
Haase [15], 2012 37 196 142 724 19.2 0.95 [0.64, 1.43] -+
Total [95% CI] 1,551 5951 100.0 1.11[0.94, 1.31] ‘

b
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First author [Ref.], year ~ AKI group Control group Weight, Mean difference Mean difference
% 1V, random 1V, random, 95% CI
mean SD total mean SD total [95% CI]
Englberger [24], 2013 80 43 115 62 36 836 184 18.00 [9.77, 26.23] -
Feng [22], 2006 775 347 108 67.7 352 152 17.7 9.80[1.19, 18.41] = Aortic cross-clamping time
Tlknur [17], 2005 615 342 168 45.5 242 14,269 246 16.00 [10.81, 21.19] - Heterogeneity: T2 = 24.43;
Hui [21], 2009 36 12 340 28 9 4,760 311 8.00 [6.70, 9.30] = ¥2 = 16.04; df. = 4 (p = 0.003);
Sirvinskas [14], 2008 7511 3578 19 53.45 2419 160 8.1 21.66 [5.14, 38.18] R =75%
Test for overall effect: Z = 4.76
(p < 0.00001)
*
Total [95% CI] 750 20,177 100.0 13.24 [7.78, 18.69]
Rodrigues [16], 2009 132 54 78 105 53 691 8.5 27.00 [14,38, 39.62] —- CPB time
Loef [20], 2005 1239 62 145 100.1 422 698 8.8 23.80 [13.23, 34.37] - Heterogeneity: T2 = 305.94;
Thakar [19], 2005 149.7 718 269 100.7 50.1 15,569 9.0 49.00 [40.38, 57.62] - X% = 163.30;
Englberger [24], 2013 128 58 115 97 46 836 8.7 31.00 [19.95, 42.05] — d.f. = 11 (p < 0.00001);
Feng [22], 2006 145 111 108 99.9 46 152 6.8 45.10 [22.93, 67.27] —_ 2 =93%
Tlknur [17], 2005 1262 813 168 77.6 424 14,269 8.5 48.60 [36.29, 60.91] - Test for overall effect: Z = 6.23
Karkouti [25], 2009 151 87 347 103 42 3,460 9.0 48.00 [38.74, 57.26] — (p < 0.00001)
Landoni [26], 2007 107 463 68 82 28.2 3,035 8.7 25.00[13.95, 36.05] -
Hui [21], 2009 51 28 340 41 25 4,760 9.5 10.00 [6.94, 13.06] —
Haase [15], 2012 150 105 179 115 98 741 7.7 35.00 [18.08, 51.92] —_—
Sirvinskas [14], 2008 134.74 62.02 19 100.59 4399 160 5.6 34.15 [5.44, 62.86] -
Bove [18], 2004 114 518 171 81 311 4,897 9.1 33.00 [25.19, 40.81]
>
Total [95% CI] 2,007 49,268 100.0 33.78 [23.15, 44.41]
First author [Ref.], year  AKI group Control group Weight, OR OR
% M-H, random M-H, random, 95% CI
events  total events total [95% CI]
Loef [20], 2005 14 87 131 816 111 1.00 [0.55, 1.83] -+ IABP
Thakar [19], 2005 18 239 251 15,599 11.5 4,98 [3.03, 8.18] - Heterogeneity: T2 = 0.83;
Tlknur [17], 2005 65 602 103 13,835 12.0 16.14 [11.69, 22.27] ¥2=114.14;df = 8 (p <
Yang [23], 2013 6 33 24 202 9.5 1.65 [0.62, 4.40] - 0.00001);
Karkouti [25], 2009 54 179 125 3,628 11.8 12.11 [8.40, 17.45] 2=93%
Landoni [26], 2007 23 208 45 2,895 114 7.87 [4.66, 13.30] - Test for overall effect: Z = 4.67
- (p < 0.00001)
Haase [15], 2012 19 44 160 876 11.0 3.40[1.83,6.33] ——
Bove [18], 2004 42 260 129 4,808 11.8 6.99 [4.81, 10.15] -
Suen [13], 1998 7 38 60 425 10.0 1.37[0.58, 3.26] -
Total [95% CI] 1,690 43,084 100.0 4.44[2.37, 8.30] >
First author [Ref.], year ~CABG VALVE Weight, OR OR
% M-H, random M-H, random, 95% CI
events  total events total [95% CI]
Loef [20], 2005 24 95 7 21 119 0.68 [0.24, 1.87] —_— Type of surgery
Thakar [19], 2005 87 8,314 65 4,068 14.0 0.65 [0.47, 0.90] - Total events: 477; 301
Yang [23], 2013 5 21 1 10 7.0 2.811[0.28, 27.97] — Heterogeneity: T2 = 1.34;
Karkouti [25], 2009 171 347 30 347 13.8 10.27 [6.68, 15.77] X2 = 160.66; d.f. = 7 (p <
Haase [15], 2012 73 560 64 205 139 0.33[0.22, 0.49] —-— 0.00001);
Sirvinskas [14], 2008 11 55 10 35 12.0 0.63 [0.23, 1.68] - 12 = 96%
Bove [18], 2004 82 2,448 92 2,021 14.0 0.73 [0.54, 0.98] — Test for overall effect: Z = 0.03
Suen [13], 1998 24 161 32 192 134 0.88 [0.49, 1.56] -
e (p = 0.97)
Total [95% CI] 12,001 6,899 100.0 1.01 [0.43, 2.39]

>
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First author [Ref.], year AKI group Control group Weight, OR OR
% M-H, random M-H, random,
events total events total [95% CI] 95% CI
Rodrigues [16], 2009 12 53 66 716 9.9 2.88 [1.44, 5.75] —— Emergency operation
Loef [20], 2005 23 75 122 768 11.0 2.34[1.38,3.97] —— Heterogeneity: T2 = 0.39;
Thakar [19], 2005 31 474 238 15,364 119 4.45 [3.02, 6.54] —— x? = 65.50;
Tiknur [17], 2005 18 134 150 14,133 111 14.47 [8.58, 24.38] — df. = 8 (p < 0.00001);
Karkouti [25], 2009 104 658 243 3,149 12.6 2.24[1.75, 2.87] - 2 = 88%
Landoni [26], 2007 15 173 53 2,930 10.6 5.15 [2.84, 9.34] —— Test for overall effect:
Haase [15], 2012 25 47 154 873 10.6 5.31[2.92, 9.66] —=— Z =687 (p < 0.00001)
Bove [18], 2004 32 186 129 4,882 117 7.66 [5.04, 11.64] —-—
Suen [13], 1998 27 62 40 376 10.6 6.48 [3.56, 11.80] —
Total [95% CI] 1,862 43,191 100.0 4.76 [3.05, 7.43] >
Loef [20], 2005 22 46 123 797 117 5.02 [2.73, 9.24] —— Redo operation
Thakar [19], 2005 98 3,444 171 12,394 15.5 2.09 [1.63, 2.69] - Heterogeneity: T2 = 0.23;
Feng [22], 2006) 27 54 81 229 11.8 1.83[1.00, 3.32] —=— X2 = 3822
Tlknur [17], 2005 12 490 156 13,947 119 2.22[1.23,4.02] — d.f. = 7 (p < 0.00001);
Karkouti [25], 2009 55 347 265 3,460 149 2.27 [1.66, 3.11] - 2=82%
Landoni [26], 2007 5 68 143 3,035 8.5 1.61 [0.64, 4.05] — Test for overall effect:
Haase [15], 2012 15 60 164 860 11.7 1.41[0.77, 2.60] r=— 7 = 480 (p < 0.00001)
Bove [18], 2004 35 210 136 4,858 14.0 6.94 [4.65, 10.37] —-—
Total [95% CI] 4,719 39,580 100.0 2.57[1.75,3.78] <>
Loef [20], 2005 13 83 132 810 18.9 0.95 [0.51, 1.77] — Low cardiac output
Karkouti [25], 2009 92 638 215 3,169 20.9 2.32[1.78, 3.00] - Heterogeneity: % = 0.75; x? = 17.97;
Landoni [26], 2007 36 344 32 2,769 19.7 10.00 [6.12, 16.33] —-— d.f. = 4 (p < 0.00001); I> = 95%
Haase [15], 2012 23 155 156 775 19.8 0.69 [0.43, 1.11] Test for overall effect: Z = 2.07
Bove [18], 2004 64 708 107 4,360 20.7 3.95 [2.87, 5.44] - (p < 0.04)
Total [95% CI] 1,928 11,883 100.0 2.30 [1.05, 5.04] -
Rodrigues [16], 2009 6 78 72 691 15.7 0.72[0.30, 1.71] — Postoperative infection
Englberger [24], 2013 23 115 47 836 171 4.20 [2.44, 7.23] —— Heterogeneity: t° = 1.21;
Tlknur [17], 2005 33 168 179 14,269 17.6 19.24 [12.79, 28.94] —-— X% =76.13;
Karkouti [25], 2009 34 347 78 3,460 176 4.71[3.10, 7.16] - df. = 5 (p < 0.00001);
Landoni [26], 2007 11 168 56 3,035 176 3.73 [1.91, 7.25] — 2 =93%
Suen [13], 1998 6 29 61 428 16.6 1.57 [0.61, 4.01] = Test for overall effect:
Z =272 (p = 0.007)

Total [95% CI] 905 22,719 100.0 3.58 [1.43,8.97] -
Rodrigues [16], 2009 11 79 67 730 18.8 1.60 [0.81, 3.17] Congestive heart failure
Loef [20], 2005 17 68 128 775 19.5 1.68 [0.94, 3.01] I Heterogeneity: T° = 0.81;
Thakar [19], 2005 145 4,221 142 11,617 21.2 2.87[2.27,3.63] = X% = 85.92;
Bove [18], 2004 64 708 580 4,897 211 0.74 [0.56, 0.97] df. = 4 (p < 0.00001);
Suen [13], 1998 32 66 35 370 19.4 9.01 [4.97, 16.34] R =95%

. e Test for overall effect:
Total [95% CI] 5142 18,389 100.0 2.17 [0.96, 4.95] 7=185(p = 0.06)
d

Fig. 3. Relative risk of AKI and cardiac surgery during CPB. a, b Risk factors for preoperative basic diseases,
showing positive (a) and negative results (b). ¢ Risk factors for intraoperative issues. d Risk factors for post-
operative complications. CABG = Coronary artery bypass grafting.
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Table 3. Sensitivity analysis

Risk factor Number of OR or mean p value for Inconsistency
studies difference [95% CI] interaction 12, %
included

Preoperative

Age 11 4.87 [3.50, 6.24] <0.00001 79
Diabetes 11 1.52[1.07, 2.16] 0.02 87
Hypertension 6 1.68 [1.44,1.97] <0.00001 61
Cerebrovascular disease 6 2.13[1.11, 4.09] 0.02 90
Respiratory system disease 7 1.29[1.10, 1.50] 0.001 90
Peripheral vascular disease 6 1.31[1.09, 1.57] 0.004 73
NYHA III/1V 6 2.53[1.32,4.86] 0.005 90
Serum creatinine 4 0.66 [0.18, 1.14] 0.007 97
BMI 4 0.17 [-0.24, 0.58] 0.42 1
EF 3 -0.81 [-2.48, 0.85] 0.34 0
Acute myocardial infarction 6 1.11[0.94,1.31] 0.22 76
Operative
Aortic cross-clamping time 5 13.24 [7.78, 18.69] <0.00001 75
CPB time 12 33.78 [23.15, 44.41] <0.00001 93
Use of [ABP 9 4.44 [2.37,8.30] <0.00001 93
Type of surgery 8 1.01 [0.43, 2.39] 0.97 96
Postoperative
Infection 6 3.58[1.43,8.97] 0.007 93
Emergency operation 9 4.76 [3.05, 7.43] <0.00001 88
Redo operation 8 2.57[1.75, 3.78] <0.00001 82
Low cardiac output 5 2.30[1.05, 5.004] 0.04 95
Congestive heart failure 5 2.17 [0.96, 4.96] 0.06 95
Mortality 6 0.19 [0.08, 0.30] 0.0004 93
Discussion

AKI-CS is a serious complication of CPB-induced pathophysiologic changes, and is signif-
icantly associated with higher mortality, length of stay in the intensive care unit, and health
care costs [4, 33, 34]. According to a recent report, nearly half of the estimated 7,406 patients
who died after cardiac surgery had a diagnosis of AKI [35]. Many factors contribute to AKI
after cardiac surgery, but the pathological process is complex and may include (a) renal hypo-
perfusion ischemic injury due to CPB duration and hemodynamic changes; (b) inflammation
caused by the CPB pump, as well as the formation of free radicals, complement activation, and
cytotoxicity aggravate renal injury; (c) thrombosis, platelet aggregation, and dislodged aortic
athermanous plaques, leading to renal ischemia, and (d) the use of nephrotoxic drugs during
surgery. Ischemia-reperfusion injury may be associated with pathologic features of acute
tubular necrosis. Thus, even if the postoperative serum creatinine level was only elevated by
20%, the patient’s renal recovery may be compromised, perhaps leading to the need for renal
dialysis [35].

Preoperative Disease Enhanced AKI-CS Susceptibility

Most patients undergoing CPB have risk factors that predispose to renal failure [36], such
as advanced age, respiratory system disease, serum creatinine levels, and NYHA class I1I/1V
disease. Our meta-analysis indicated that BMI, EF, and acute myocardial infarction are notimme-
diately related to AKI development. However, respiratory system disease, such as chronic
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obstructive pulmonary disease (COPD), was confirmed to be an independent predictor of AKI-CS
[11, 12]. Small airway obstruction is the basic link in the pathogenesis of COPD, while patients
with COPD are more prone to episodes of severe hypoxemia-hypercapnia during the perioper-
ative period, which may worsen respiratory dysfunction and lead to pulmonary infection, and
decreased cardiac and renal function [37]. AKI requiring dialysis was associated with conditions
that cause occult renal ischemia, such as reduced EF, peripheral vascular disease, and other
conditions [5]. Stallwood et al. [38] reported that peripheral vascular disease is a risk factor for
AKI. Advanced age correlates with a reduction in the glomerular filtration rate, which often
begins after the fourth decade of life [17]. Elderly patients with physiological renal dysfunction
and decreased renal reserve and compensatory ability associated with various chronic diseases
may have less tolerance to surgery and CPB operations and may be more prone to MODS.

CPB and Aortic Clamping Time Is Critical for AKI-CS

AKI-CS is associated with a significant increase in postoperative mortality, especially if
patientsrequirerenal replacementtherapy[39]. Additionally, CPB obstructs oxygen transport,
and within minutes inflammatory mediators are released [5] via endothelial cell and leukocyte
activation, which can contribute to MODS (primarily cardiac or renal insufficiency) due to
postoperative AKI. Meanwhile, mean arterial pressure often remains at a lower autoregu-
latory limit or descends below it, especially during periods of hemodynamic instability [40].
In such patients with preexisting kidney function impairment, even a mean arterial pressure
within the normal range could be implicated in AKI-CS [41]. Prolonged aortic clamping time
increases the risk of low cardiac output, and the exact ‘safe’ period of time for clamping
remains undefined. Reports suggest that risk increases 10- to 15-fold after 60 min of CPB [42,
43]. Our results support this finding (fig. 3c). Thus, it appears that shorter CPB and aortic
cross-clamping times and lower circulation perfusion pressure could reduce perioperative
inflammatory response measures. Long-term use of IABP causes thrombus formation, which
can precipitate renal ischemia, even though it is considered to be a device that augments
perfusion pressure and thus considerably improves perfusion.

Effective Postoperative Management Can Prevent AKI-CS

Postoperative factors associated with kidney damage after cardiac surgery include
infection, redo operations, emergency surgery, congestive heart failure, and low cardiac
output. Explanatory mechanisms may include exacerbation of hemodynamic instability and
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surgical trauma [3]. Surgical reexploration was also associated with red blood cell transfusion
and anemia. Congestive heart failure is also generally considered a risk factor, but there was
insufficient evidence from our meta-analysis to confirm this. Identifying patients at high risk
is a logical first step in preventing it. Subsequently, targeting adjusted risk factors should be
a therapeutic aim for minimizing the incidence of AKI-CS.

Study Limitations

This study still has some limitations. First, meta-analyses are inherently weaker when
heterogeneous data sets are combined, especially with respect to individual factors; therefore,
the possibility exists that the strength of association may be weaker with a multifactorial
regression analysis [44]. Another limitation lies in the fact that some potential factors reported
in studies could not be evaluated because of a lack of sufficient clinical data, such as atrial
fibrillation, preoperative hemoglobin, and low systolic pressure, and this may account for a
source of heterogeneity.

In conclusion, this meta-analysis strongly supports that AKI-CSis associated with advanced
age, hypertension, preoperative creatinine level, peripheral vascular disease, respiratory
system disease, diabetes mellitus, cerebrovascular disease, low cardiac output, NYHA class 11/
IV, CPB time, aortic clamping time, use of IABP, infection, emergency surgery, and reoperation.
Observations from several studies indicate that there are still many unresolved issues
concerning AKI-CS. Future research is warranted to standardize AKI risk factors and improve
outcome prediction for this important clinical complication after major cardiac surgery.
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