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Take-home message
In a multi-hospital academic health system, cardiac surgery-associated acute kidney injury, particularly KDIGO stages 2 - 3, remains common and is strongly associated with 
markedly increased 30-day mortality, prolonged mechanical ventilation, longer intensive care unit and hospital length of stay, and incomplete renal recovery. Notably, the occurrence 
and severity of acute kidney injury itself, rather than pre-existing chronic kidney disease alone, emerged as the dominant driver of short-term adverse outcomes, underscoring the 
need for early identification and targeted perioperative prevention strategies.

INTRODUCTION

Cardiac surgery-associated acute kidney injury (CSA-AKI) is a common postoperative complication affecting 5 - 
42% of patients.(1-3) The pathophysiology of CSA-AKI is complex and involves a combination of ischemia-reperfusion 
injury, inflammation, hemodynamic instability, and nephrotoxic exposures during the perioperative period.(4,5) Cardiac 
surgery-associated acute kidney injury is associated with higher perioperative and long-term mortality, prolonged intensive 
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ORIGINAL ARTICLE

Objective: To assess the incidence of cardiac surgery-
associated acute kidney injury and to evaluate secondary 
outcomes, including 30-day mortality, prolonged 
mechanical ventilation, kidney replacement therapy, renal 
recovery, and length-of-stay metrics.

Methods: This retrospective observational study analyzed 
routinely recorded data from a single multi-hospital 
healthcare system, including all adult cardiac surgery 
intensive care unit patients between July 1st, 2021, and 
June 30, 2022. Cardiac surgery-associated acute kidney 
injury was stratified according to the KDIGO guidelines 
using serum creatinine. Urine output criteria were 
incorporated when available. 

Results: Cardiac surgery-associated acute kidney injury of 
any stage occurred in 16.7% of patients (stage 1 - 13.6%, 
stage 2 - 1.8%, and stage 3 - 1.3%). Thirty-day mortality 
had wide confidence intervals, with odds ratios of 20.8 

(95%CI 3.8 - 114) and 93.6 (95%CI 23.4 - 375) for 
acute kidney injury stages 2 and 3, respectively, compared 
with stage 0. A total of 27.5% (52/189) of patients with 
cardiac surgery-associated acute kidney injury did not 
meet the strict definition of renal recovery at discharge. 
Median intensive care unit length of stay, average time on 
mechanical, and time to discharge were significantly longer 
in patients with cardiac surgery-associated acute kidney 
injury (p < 0.001).

Conclusion: Cardiac surgery-associated acute kidney 
injury is a common postoperative complication associated 
with substantially increased mortality, prolonged 
ventilation, longer length of stay, and reduced renal 
recovery. These findings underscore the clinical importance 
of early identification, risk stratification, and perioperative 
management strategies to mitigate harm from acute  
kidney injury.
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care unit (ICU) and hospital length of stay (LOS), and 
increased healthcare costs.(6-8) Patients who survive remain 
at risk of premature chronic kidney disease (CKD), 
even if renal function initially recovers.(9) Up to 5% of 
patients subsequently require ongoing kidney replacement  
therapy (KRT).(10,11) 

The Society of Thoracic Surgeons (STS) rating system 
incorporates the incidence of CSA-AKI,(12) which will be 
a reportable Centers for Medicare and Medicaid Services 
(CMS) outcome measure (CMS832v1) in 2025.(13) The 
Kidney Disease Improving Global Outcomes (KDIGO) 
criteria(14) are used to classify AKI according to urine output 
and serum creatinine (SCr) in three stages of severity. The 
current STS definition of AKI, KDIGO stage 3 (defined as 
a 3-fold increase in SCr, a SCr > 4mg/dL, or the initiation 
of KRT), fails to identify the majority of patients with AKI. 
Recent studies have emphasized the prognostic value of 
mild to moderate AKI, which is associated with progressive 
morbidity and increased mortality.(15-17)

Patients with mild to moderate stage AKI (KDIGO 
stages 1 - 2) represent a critical group for targeted 
intervention. Prior studies evaluating the KDIGO bundle 
in high-risk cardiac surgery patients identified through 
biomarkers demonstrated a reduction in AKI progression 
when preventative strategies are initiated early.(18-20) This 
underscores the clinical relevance of detecting even mild 
forms of CSA-AKI. 

The objective of this study was to assess the incidence of 
CSA-AKI and to evaluate secondary outcomes, including 
30-day mortality, prolonged mechanical ventilation, kidney 
replacement therapy, renal recovery, and LOS metrics.

METHODS

Study design and participants

A retrospective observational cohort study was 
conducted to evaluate the incidence of CSA-AKI. The 
Institutional Review Board (IRB) approved this minimal-
risk study (Atlanta, Georgia, USA; IRB00004961), 
including a waiver for written Informed Consent. Utilizing 
the STS Adult Cardiac Surgery Database (ACSD) version 
2.9,(21) a report cross-referencing patients who underwent 
coronary artery bypass graft (CABG) and/or valve repair 
or replacement surgery during the specified timeframe of 
July 1st, 2021, to June 30, 2022, was generated. A manual 
review of the electronic medical record was conducted 
for patients 18 years of age or older admitted to a 
Cardiothoracic Surgery Intensive Care Unit (CTS ICU) 

for> 24 hours within this academic tertiary care health 
system for postoperative management after conventional 
CABG and/or valve repair or replacement.

Patients who underwent transcatheter aortic 
valve replacement, minimally invasive valve repair or 
replacement, robotic-assisted valve repair or replacement, 
robotic-assisted CABG, or reoperation within 72 hours 
of the initial procedure were excluded. Patients were also 
excluded if they were transferred from an outside hospital, 
had a history of CKD, end-stage renal disease (ESRD), 
renal transplant, or presented with AKI. Because excluding 
CKD patients may limit generalizability, we included them 
in a sensitivity analysis.

Data collection

Using the institution’s STS clinical data warehouse, 
data were extracted from the electronic medical records for 
all patients who met the inclusion criteria. The following 
demographic information was retrieved: age, sex, race/
ethnicity, weight, admitting CTS ICU, history of diabetes 
mellitus, and STS score for predicted postoperative renal 
failure. Clinical data were obtained from the pre-, intra-, 
and post-operative periods. Preoperative data included 
baseline SCr and utilization of contrast media within 7 
days prior to surgery. The intraoperative data included the 
use of cardiopulmonary bypass (CPB) or blood products, 
the duration of surgery, and extubation in the operating 
room. Postoperative kidney data included peak SCr, 
initiation and duration of KRT, use of KRT after discharge, 
rate of renal recovery, urine output within 7 postoperative 
days, and utilization of nephrotoxic medications 
(aminoglycoside, diuretics, vancomycin, and combination 
piperacillin-tazobactam plus vancomycin therapy) within 
7 postoperative days. Additional postoperative variables 
included time on mechanical ventilation, ICU LOS, 
the incidence of new-onset atrial fibrillation and time to 
discharge. urine output data were missing for a substantial 
subset of patients and were therefore analyzed using 
available-case analysis; patients without recorded urine 
output could not be staged using urine output criteria. 
The present report was drafted in accordance with the 
Strengthening the Reporting of Observational Studies in 
Epidemiology (STROBE) statement for cohort studies.(22) 

Definitions

Acute kidney injury was defined per KDIGO criteria 
based on SCr;(14) additional definitions are described  
in table 1. 
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Outcomes

The primary outcome of this study was the incidence of 
CTS patients who developed AKI (as defined by KDIGO) 
prior to ICU discharge. Secondary outcomes included  
30-day mortality rate, prolonged mechanical ventilation  
(in hours), the initiation and duration of KRT (in days), 
ICU LOS (in days), hospital LOS (in days), and renal 
recovery at discharge. 

Power analysis

An a priori power analysis was not conducted. Instead, 
a sensitivity power analysis was conducted using G*Power 
3.1.9.4.(23) With a sample size of 1,130, a probability of 
30-day mortality of 0.53% in patients without AKI, a 
proportion of patients in the AKI stage 1 group at 0.141 
alpha threshold to reject the null hypothesis at 0.05 and a 
power of 80%, a two-tailed logistic regression test would 
be able to detect an odds ratio of 6.83 or greater.

Statistical methodology

Data was analyzed using SAS 9.4 (Cary, NC). 
Categorical variables were analyzed with the Fisher exact 
test (2 x 2 tables) or the Chi-squared test (n x m tables). 
Continuous data were analyzed with the Mann-Whitney 
U test (equivalent to the t-test) or the Kruskal-Wallis 
test (equivalent to analysis of variance; Anova). Post hoc 
differences in the Kruskal-Wallis test were assessed using 
the Dwass-Steel-Critchlow-Fligner (DSCF) method. 
Differences in 30-day mortality were assessed by binary 
logistic regression. With two primary and four secondary 
outcomes, the risk of at least one false positive by random 
chance increases from the alpha threshold of 0.05 to 0.265. 
To mitigate this problem, the Hochberg method (24) was 
employed, in which p values are placed in rank order and 
the alpha threshold for rejecting the null hypothesis is 
lowered stepwise: 0.05, 0.025, 0.167,… 0.0083.

Multiple testing

Because of the large sample size, all resulting p-values 
were below the adjusted alpha threshold. Several 
continuous outcomes were significantly correlated, 
Spearman rank correlation, r = 0.16 - 0.57. In theory, 
they could have been analyzed simultaneously first using 
Multivariate Analysis of Covariance (MANCOVA). 
However, because p-values were already very low, this level 
of complexity was deemed unnecessary.

Sensitivity analysis

We performed a sensitivity analysis by repeating the 
primary logistic regression after sequentially adding 
or excluding specific patient subgroups. Patients with 
CKD (n = 64) and those with a history of prior AKI  
(n = 5) were excluded from the primary analysis but were 
reintroduced in the sensitivity analysis. We also evaluated 
the effect of patients with reduced estimated glomerular 
filtration rate (eGFR) without prior CKD diagnosis by 
calculating eGFR using the Cockcroft–Gault equation, 
adjusted for body mass index, and applying a threshold 
of GFR < 60mL/minute to define reduced renal function. 
For each sensitivity run, the same logistic regression model 
of AKI stage versus 30-day mortality was rerun without 
altering preliminary tables. These analyses allowed us to 
assess whether including patients with diagnosed CKD, 
those with reduced eGFR without prior CKD diagnosis, 
or other exclusions materially influenced the direction or 
significance of the main findings.

RESULTS 

A total of 1,249 patients underwent cardiac surgery, 
of whom 1,130 were included in the final analysis  
(Figure 1). The surgeries performed include CABG (63%), 
valve repair/replacement surgery (32%) or both (5%). 

Table 1 - Terminology and definitions 

Terminology Definitions

AKI Diagnosis and stage based on a predetermined rise in SCr, from baseline, within a specific time frame as outlined by the 
KDIGO(14) guidelines

Baseline SCr Based on laboratory data availability between 365 and 7 days prior to surgery. If SCr was unavailable, the highest SCr 
recorded at admission was used

Peak SCr The highest SCr was within 7 postoperative days

Renal recovery A decline in SCr to within 0.3mg/dL of baseline

Duration of AKI (days) Time from AKI diagnosis to renal recovery

AKI - acute kidney injury; SCr - serum creatinine; KDIGO - Kidney Disease Improving Global Outcomes.

https://paperpile.com/c/uDepm8/OpfvP
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Demographic and perioperative clinical information is 
summarized in table 2. Patients who identified as Black 
or Hispanic were more likely to have AKI at any stage 
(26% versus 14%). They were also significantly more likely 
to have had a mitral valve replacement (15% versus 7%,  
p = 0.0002), to have diabetes (44% versus 34%, p = 0.0022),  
and to have a higher body mass index (median 29.4 versus 
28.0, p = 0.0026), but had similar weight (p = 0.76). 
They were a median of 3 years younger (p = 0.0001) and 
had a higher median STS predicted renal failure (1.4% 
versus 0.76%; p < 0.0001). Non-Hispanic White patients 
were significantly older than patients of other races and 
ethnicities (p < 0.0001, Mann-Whitney U Test), with a 
median age (interquartile range [IQR]) of 66 (58 - 72) 
compared to 62 (54 - 70) for others.

The presence of AKI at any stage was also significantly 
higher in patients with increased age, body weight, and 
baseline SCr, as well as diabetic patients and those admitted 
to Emory University Hospital (EUH). Patients who 
underwent mitral valve repair were least likely to develop 
AKI (4.5%), compared with those who underwent aortic 
valve replacement (13%), CABG (17%), or both (26%). 
Those who had mitral valve replacement, either alone or 
with another procedure, were most likely to develop AKI 
(34%). There were no significant differences between the 
groups with no AKI and AKI at any stage based on sex. 

Primary outcome: development of CSA-AKI 

Cardiac surgery-associated acute kidney injury 
developed in 16.7% of patients (AKI stage 1 - 13.6%,  
stage 2 - 1.8%, and stage 3 - 1.3%).

Patients with AKI were more likely to have completed 
two or more postoperative contrast studies (p = 0.0039), to 
be on mechanical ventilation (p = 0.0003), to have received 
vancomycin with or without piperacillin-tazobactam  
(p < 0.0001), or to have received intraoperative blood 
products (p < 0.0001). The use of diuretics was significantly 
lower in patients without AKI (94%) than in AKI stages 1  
and 2 - 3 combined (98%; p = 0.016). A significant 
difference in STS-predicted renal failure was observed 
between no AKI and any AKI; however, no significant 
difference was noted between AKI stage 1 and stage 2 - 3.

Secondary outcomes

The incidence of 30-day mortality was significantly 
higher in patients with AKI stages 2 - 3. Compared to 
patients without AKI, the risk of 30-day mortality was 21 
times higher in patients with AKI stage 2 and nearly 94 
times higher in AKI stage 3 (Figure 2). The 30-day mortality 
was significantly higher at the largest of the three hospitals 
included (3.7%, odds ratio [OR] 3.67 [95% confidence 
interval; 95%CI] 1.26 - 10.7) compared to the other 
hospitals (1.0%). The odds ratio for this in an univariable 

CABG - coronary artery bypass surgery; ESRD - end-stage renal disease; CKD - chronic kidney disease; AKI - acute kidney injury; SCr - serum creatinine.
Figure 1 - Inclusion/exclusion flow chart.
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Table 2 - Patient characteristics and demographics

Variable
AKI stage

p value*
0 1 2 - 3

Total 941 154 35 N/A

Demographics and medical history

Female 270 (29) 39 (25) 13 (37) 0.36

Race 0.0002†

White 636 (68) 81 (53) 22 (63)

Black 169 (18) 52 (34) 8 (23)

Asian 73 (8%) 11 (7) 0 (0)

Hispanic 43 (5) 9 (6) 3 (9)

Other/unknown 20 (2) 1 (1) 2 (6)

Hospital

ESJH 661 (70) 81 (53) 14 (40) < 0.0001

EUHM 193 (21) 45 (29) 12 (34)

EUH 87 (9) 28 (18) 9 (26)

Diabetes mellitus (yes) 325 (35) 73 (47) 17 (49) 0.0030

Age (years) 64 [56 - 71] 68 [60 - 73] 62 [55 - 75] 0.0017†

Weight (kg) 85 [73 - 98] 90 [75 - 104] 82 [72 - 105] 0.019†

BMI (kg/m2) 28.0 [25 - 32] 29.8 [26 - 33] 29.4 [25 - 36] 0.0007†

Serum creatinine

Baseline (mg/dL) 0.96 [0.8 - 1.1] 1.04 [0.9 - 1.2] 0.90 [0.8 - 1.3] 0.0018†

Surgical descriptions

New-onset atrial fibrillation 247 (26) 33 (21) 6 (17) 0.23

Intraoperative blood products 158 (17) 46 (30) 13 (37) < 0.0001

CPB (yes) 758 (81) 133 (86) 30 (86) 0.18

CPB time (minute) 120 [98 - 149] 122 [96 - 152] 123 [86 - 177] 0.96

Surgical procedure

CABG 589 (63) 100 (65) 23 (68) < 0.0001

Mitral valve replacement 171 (18) 8 (5) 0 (0)

Aortic valve replacement 80 (8) 8 (5) 4 (12)

Other valve‡ 58 (6) 25 (16) 5 (15)

CABG and valve 43 (5) 13 (8) 2 (6)

Medical procedures and treatments

# of preoperative contrast studies

1 40 (4.2) 4 (2.6) 2 (5.7) 0.40†

2 - 5 66 (7.0) 7 (4.6) 2 (5.7)

# of postoperative contrast studies

0 - 1 934 (99) 149 (97) 33 (94) 0.0004

2 - 4 7 (1) 5 (3) 2 (6)

On ventilator (yes) 662 (70) 130 (84) 30 (86) 0.0003

Continue...
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logistic regression model was 3.67 (95%CI 1.26 - 10.7).  
STS score for predicted postoperative renal failure was 
also significantly higher, with an odds ratio of 1.86 
(95%CI 1.20 - 2.89). A multivariable logistic regression 
model included age and AKI stage, with an odds ratio 
per decade of 1.97 (95%CI 1.14 - 3.40). The odds ratio 
for 30-day mortality with additional variables is shown  
in figure 3.

Other secondary outcomes included prolonged 
mechanical ventilation (in hours), the initiation and 
duration of KRT (in days), ICU LOS (in days), and hospital 
LOS (in days). There was no significant difference in 
surgical time between patients with and without CSA-AKI; 
however, median ICU LOS, average time on mechanical 
ventilation, and time to discharge were significantly 
longer in patients with CSA-AKI (p < 0.001) (Table 3).  

Extubation in the operating room (yes) 283 (30) 24 (16) 6 (17) 0.0004

New KRT 

No N/A 154 (100) 26 (74) < 0.0001§

Yes N/A 0 (0) 8 (26)

KRT after discharge

No N/A 111 (100) 19 (83) 0.0040

Yes N/A 0 (0) 4 (17)

Vancomycin (yes) 51 (5.4) 21 (14) 14 (40) < 0.0001

Vancomycin, piperacillin & tazobactam (yes) 9 (1) 7 (4.6) 5 (14) <0.0001

Diuretics (yes) 887 (94) 152 (99) 34 (97) 0.016†

Aminoglycosides (yes) 4 (0.4) 1 (0.7) 5 (14) < 0.0001

STS predicted renal failure (yes) 0.792 [0.49 - 1.4] 2.02 [1.0 - 3.3] 2.04 [1.0 - 3.1] < 0.0001

AKI - acute kidney injury; ESJH - Emory St. Joseph’s Hospital; EUH - Emory University Hospital; EUHM - Emory University Hospital Midtown; BMI - body mass index; CPB - cardiopulmonary 
bypass; CABG - coronary artery bypass surgery; KRT - kidney replacement therapy; STS - Society of Thoracic Surgeons. * Chi-squared test for n x m categorical data; Fisher’s exact test for 2 x 2 
tables; Kruskal-Wallis test for continuous variables with acute kidney injury in three groups; Mann-Whitney U test for continuous variables with acute kidney injury no versus yes; † comparing no 
acute kidney injury to acute kidney injury at any stage. For continuous variables, acute kidney injury stages 2-3 are not significantly different from stages 0 or 1 when divided into 3 groups; ‡ mitral 
valve replacement alone (n = 70) or with aortic valve replacement (n = 18); § all 8 patients with new kidney replacement therapy were acute kidney injury stage 3, versus n = 6/205 (2.9%) at 
acute kidney injury stage 3 in no new kidney replacement therapy, Fisher exact test. Results expressed as n, n (%) or median (interquartile range).

...continuation

AKI - acute kidney injury; 95%CI - 95% confidence interval.
Figure 2 - Forest plot risk of 30-day mortality.
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Figure 3 - 30-day mortality odds ratio for additional variables.
The figure above shows the 30-day mortality odds ratio for hospital, predicted renal failure, intraoperative blood products, intraoperative drugs, peak serum creatinine, and various surgical times. 
The percentages in the right two columns reflect the unadjusted 30-day mortality rates. Emory University Hospital’s having a higher risk of mortality is likely an artifact of accepting sicker patients, 
as measured by a significantly higher predicted renal failure and a higher proportion of patients at acute kidney injury stages 1 - 3. Additional intraoperative and outcome variables were also 
checked but did not have a significantly higher risk of 30-day mortality. This includes new-onset atrial fibrillation, being on a ventilator, being extubated in the operating room, being on diuretics, 
procedure type, preoperative or postoperative contrast images, baseline serum creatinine, cardiopulmonary bypass time, time in the operating room, and the lowest urine output in the past 7 
days. When ventilator hours were entered into the multivariable logistic regression model with age and acute kidney injury stage, the odds ratio for acute kidney injury stage 2 - 3 relative to acute 
kidney injury stage 0 or 1 was reduced by half to 18.1 (95%CI 5.3 - 62) and 17.9 (95%CI 3.4 - 91), respectively. Neither intraoperative blood products nor peak serum creatinine were included in 
the multivariable model.

Table 3 - Outcomes by acute kidney injury stage

Variable
AKI stage*

p value*
0 1 2 - 3

Total 941 154 35 N/A

30-day mortality (yes) 5 (0.53) 2 (1.3) 7 (20) < 0.0001

Minimum urine output in 7 days (mL/kg/hour) No data 0.62 [0.42 - 0.85] 0.38 [0.28 - 0.50] 0.0002

Peak serum creatinine (mg/dL) 1.01 [0.9 - 1.2] 1.52 [1.3 - 1.7] 2.70 [1.8 - 4.6] < 0.0001†

Renal recovery (yes) N/A 124 (81) 13 (37) < 0.0001

Length of stay

Time in operating room (hours) 6.6 [5.8 - 7.4] 7.0 [6.2 - 8.0] 6.5 [5.7 - 8.4] 0.0002†

ICU (hours) 48 [28 - 71] 71 [46 - 99] 147 [51 - 311] < 0.0001†

Ventilator (hours)

Omits no time 5.0 [3.5 - 9.2] 8.2 [4.3 - 17.8] 16.3 [3.9 - 151] < 0.0001

Surgery-discharge (days) 4 [4 - 6] 6 [4 - 10] 13 [7 - 22] < 0.0001

AKI time (days) N/A 1 [1 - 3] 3.5 [2 - 4.5] 0.016

AKI - acute kidney injury; ICU  intensive care unit. * Chi-squared test for n x m categorical data; Fisher exact test for 2 x 2 tables; Kruskal-Wallis test for continuous variables with 3 groups; Mann-
Whitney U test for continuous variables with acute kidney injury no versus yes.† peak serum creatinine: stage 0 < stage 1 < stage 2 - 3; time in operating room: stage 1 significantly greater than 
stage 0. Intensive care unit length of stay: stage 1 > stage 0 and stage 2 - 3 > stage 1 and 0.
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During hospitalization, 0.71% of patients needed KRT. At 
discharge, renal recovery was not achieved in 27.5% (52/189) 
of patients, and 0.27% remained KRT-dependent. 

Sensitivity analysis

Including patients with CKD (n = 64) and prior AKI 
(n = 5) in the analysis slightly attenuated the association 
between AKI stage and 30-day mortality but did not alter 
the overall conclusions. In the sensitivity model, CKD 
status itself did not enter the logistic regression (OR 2.61, 
95%CI 0.58 - 11.7) and did not confound the relationship 
between AKI stage and mortality. Compared with the 
primary analysis, the odds ratios for AKI stage versus  

30-day mortality were modestly reduced (e.g., AKI stage 
3 versus stage 0: OR 64.9 [95%CI 18.7 - 224] versus 93.6 
[95%CI 23.4 - 375]), yet remained statistically significant. 
Thirty-day mortality was 3.2% among diagnosed CKD 
patients (n = 2/64), compared with 1.2% in those 
without CKD (n = 11/903) and 1.3% in patients with 
reduced eGFR without prior CKD diagnosis (n = 3/229); 
differences were not statistically significant (Fisher’s exact 
test, p = 0.21). Additionally, AKI stage distribution differed 
significantly between patients with diagnosed CKD and 
those without (p < 0.0001) (Figure 4), but not between 
those with reduced eGFR without prior CKD diagnosis 
and patients without CKD (p = 0.40). 

CKD - chronic kidney disease; AKI - acute kidney injury.
Figure 4 - Distribution of acute kidney injury stages by baseline kidney function status.

DISCUSSION

In this retrospective analysis within a multi-hospital 
academic system, we found that the severity of CSA-AKI  
was a major determinant of 30-day mortality, with 
patients experiencing stage 2 - 3 AKI exhibiting the 
greatest risk. The development of postoperative AKI 
(all stages) was observed in 16.7% of patients, with the 
majority classified as KDIGO stage 1. Compared with 
stage 0 (no AKI), patients with CSA-AKI had significantly 
longer mechanical ventilation duration, ICU LOS, and 
hospital LOS. Although prior studies have reported 
increased mortality among patients with stage 1 AKI, 
we did not observe this association. This likely reflects 
heterogeneity in patient risk profiles across cardiac surgery 
populations. In our cohort, patients with stage 1 AKI 
tended to be younger with fewer comorbid conditions 
and experienced higher rates of renal recovery, which 
may have attenuated short-term mortality risk. The risk 

in patients with stages 2-3 was up to 94 times higher 
than in patients without AKI. Poor renal recovery in a 
significant subset of patients was also observed; notably, 
27.5% of patients with AKI failed to return to baseline 
kidney function by the time of discharge. This aligns with 
prior evidence showing that incomplete renal recovery 
after AKI substantially increases long-term risk of CKD, 
with up to one-quarter of patients progressing to CKD 
within 3-5 years.(25,26) Our findings emphasize that CSA-
AKI is a frequent and serious postoperative complication 
with long-term impact and an increased risk of mortality. 
Because 30-day mortality is a widely used quality and 
outcome benchmark in cardiac surgery, these results 
underscore the importance of preventing, identifying, 
and following patients with suboptimal recovery. 

The sensitivity analyses further support the robustness 
of our findings. When patients with diagnosed CKD and 
prior AKI were included, the strength of the association 
between AKI stage and 30-day mortality was modestly 
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attenuated but remained highly significant. Consistent 
with prior literature, patients with CKD demonstrated 
a higher incidence of AKI at all stages compared to 
those without CKD, underscoring their increased 
perioperative vulnerability. Importantly, CKD status 
itself did not independently predict 30-day mortality, 
nor did it confound the relationship between AKI stage 
and outcomes. Similarly, when evaluating patients 
with reduced eGFR without prior CKD diagnosis, 
mortality rates and AKI stage distribution did not differ 
significantly from those without CKD. Collectively, 
these findings indicate that while underlying kidney 
dysfunction influences AKI susceptibility, the severity of 
perioperative AKI remains the dominant driver of short-
term mortality across patient subsets. These sensitivity 
analyses strengthen real-world clinical applicability by 
demonstrating that AKI staging retains its prognostic 
value even among patients with preexisting renal 
impairment, who constitute a large proportion of those 
undergoing cardiac surgery. 

When comparing our findings to those of other studies, 
our observed incidence of AKI aligns with systematic 
reviews such as that of Hu et al.,(27) which identified 
pooled incidence rates of 22.3% and 13.6%, 3.8%, and 
2.7% at stages 1, 2, and 3, respectively. The slightly lower 
incidence in our study may be attributable to differences in 
surgical practices, patient demographics, or the exclusion of 
patients with pre-existing renal conditions. Our observed 
CSA-AKI incidence also highlights the practical reality 
that kidney injury remains a common and clinically 
meaningful postoperative complication and supports the 
need for routine perioperative risk stratification and the 
implementation of evidence-based AKI prevention bundles. 
Approximately 3% of patients in this study required at 
least temporary KRT, which is comparable to the literature.
(10,28) Furthermore, our results affirm prior conclusions that 
severe AKI (KDIGO stage 2 or 3) substantially increases 
the risk of postoperative mortality and leads to prolonged 
ICU and hospital LOS. Machado et al.(11) similarly found 
that patients with stage 3 AKI had the highest mortality 
risk, a trend mirrored in our study, where stage 3 AKI was 
associated with nearly a 94-fold increase in mortality. While 
this study did not include long-term outcomes, others have 
found that 25% of patients with AKI will suffer from CKD 
after 3 years.(26) 

The association of CSA-AKI with extended mechanical 
ventilation, increased use of nephrotoxic medications, 
and intraoperative blood transfusions also aligns with 
findings from other research. The multifactorial nature 

of AKI development is well described, linking it to factors 
such as CPB, systemic inflammation, and ischemia-
reperfusion injury.(6,29) Our study similarly identified 
a higher incidence of AKI in patients requiring longer 
mechanical ventilation or receiving blood products, 
which further underscores the complexity of managing 
patients post-cardiac surgery. Racial and ethnic disparities 
in AKI incidence were also present in our cohort, 
consistent with previously published data demonstrating 
disproportionate AKI burden among Black and Hispanic 
patients. These disparities may reflect differences in 
baseline comorbidities, access to care, perioperative risk 
exposure, and broader social determinants of health, 
underscoring the need for targeted future research  
and interventions. 

Our study has several strengths, including its large 
sample size and use of a multi-hospital academic dataset. 
We employed the KDIGO criteria for standardized 
AKI classification, enabling comparability with other 
studies and enhancing the reliability of our findings. 
Additionally, using the STS database enabled inclusion 
of detailed perioperative variables, thereby contributing to 
a comprehensive analysis of patient outcomes. However, 
there are notable limitations. The retrospective design 
limits our ability to establish causal relationships, and the 
lack of long-term follow-up precludes an assessment of the 
progression from AKI to CKD, a significant concern in 
patients who do not achieve full renal recovery​. Although 
the sample size was large, the 30-day mortality rate for 
AKI stages 0 and 1 was low, and the sample sizes for AKI 
stages 2 and 3 were small, limiting the ability to assess 
differences between these stages due to lower statistical 
power. Urine output data were missing for a subset of 
patients, limiting the full application of KDIGO urine 
output criteria and potentially underestimating the true 
incidence and severity of CSA-AKI, as AKI classification 
relied primarily on SCr.

Furthermore, perioperative and postoperative 
hemodynamic variables were not abstracted, precluding 
adjustment for contributors to kidney injury. Moreover, 
our study did not assess the role of biomarkers in 
predicting AKI or guiding early intervention, which has 
been a focus of recent research. Multiple studies have 
demonstrated that implementing the KDIGO guidelines 
for high-risk patients identified through biomarkers can 
significantly reduce the incidence of CSA-AKI.(18-20,30)​​ 
Future studies could benefit from incorporating such 
biomarker-based approaches to identify patients at risk 
earlier and initiate preventative strategies.
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CONCLUSION

Our findings highlight that cardiac surgery-associated 
acute kidney injury remains a powerful predictor of short-
term morbidity and mortality in contemporary cardiac 
surgery practice. Cardiac surgery-associated acute kidney 
injury increases mortality, prolongs hospital stays, increases 
cost, and can subsequently lead to incomplete renal 
recovery. While our study provides valuable insight into the 
incidence and outcomes of cardiac surgery-associated acute 
kidney injury in a multi-hospital academic system, further 
prospective research is needed to examine long-term renal 
outcomes and to evaluate the impact of early interventions, 
such as biomarker-guided therapies, on acute kidney injury 
incidence and severity. Integration of standardized KDIGO 
care bundles enhanced postoperative renal surveillance, and 
evidence-based preventative strategies may meaningfully 
improve outcomes for high-risk patients. By demonstrating 
the strong prognostic significance of acute kidney injury 
severity across diverse patient subgroups, this study 
underscores the critical need for broader efforts to reduce 
the expansive burden of cardiac surgery-associated acute 
kidney injury. 

ACKNOWLEDGMENTS

The authors would like to thank Katherine Egan, 
BSN, RN, CCRC, and the rest of the research staff in the 
Department of Anesthesiology at Emory University.

AUTHORS’ CONTRIBUTIONS

A. Prabhakar and I. W. Angeles: writing - review & 
editing; C. T. Ward: conceptualization, methodology, 
investigation, writing - review & editing; A. M. Tidwell: 
review & editing, visualization; D. W. Boorman: review 
& editing, formal statistical analysis, visualization;  
J. Ma: review & editing; V. Moll: writing- original draft 
preparation, writing - review & editing, conceptualization.

AVAILABILITY OF DATA AND MATERIALS

Deidentified individual participant data underlying 
the results reported in this article will be made available 
from the corresponding author upon reasonable request 
after publication, contingent on approval by the Emory 
University IRB and execution of any required data use 
or sharing agreements. A detailed data dictionary and 
codebook will be provided, but data will not be posted 
in a public repository due to human subjects privacy 
considerations and institutional policies.

Publisher’s note

Conflicts of interest: None.

Submitted on October 3, 2025
Accepted on January 16, 2026

Corresponding author:
Vanessa Moll 
Department of Anesthesiology
University of Minnesota
B515 Mayo Memorial Building
420 Delaware Street SE 
Minneapolis, MN 55455, United States
E-mail: vmoll@umn.edu

Responsible editor: Pedro Henrique Rigotti Soares 

REFERENCES

1.	 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): e008834. 

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

3.	 Wu B, Chen J, Yang Y. Biomarkers of acute kidney injury after cardiac 
surgery: a narrative review. Biomed Res Int. 2019;2019:7298635. 

4.	 Brown JR, Baker RA, Shore-Lesserson L, Fox AA, Mongero LB,  
Lobdell KW, et al. The Society of Thoracic Surgeons/Society of 
Cardiovascular Anesthesiologists/American Society for Extracorporeal 
Technology Clinical Practice Guidelines for the Prevention of Adult 
Cardiac Surgery-Associated Acute Kidney Injury. Anesth Analg.  
2023;136(1):176-84. 

5.	 Yu Y, Li C, Zhu S, Jin L, Hu Y, Ling X, et al. Diagnosis, pathophysiology  
and preventive strategies for cardiac surgery-associated acute kidney 
injury: a narrative review. Eur J Med Res. 2023;28(1):45. 

6.	 Hobson CE, Yavas S, Segal MS, Schold JD, Tribble CG, Layon AJ, et al. 
Acute kidney injury is associated with increased long-term mortality after 
cardiothoracic surgery. Circulation. 2009;119(18):2444-53. 

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

8.	 Srivastava V, 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. 

9.	 Haines RW, Powell-Tuck J, Leonard H, Crichton S, Ostermann M.  
Long-term kidney function of patients discharged from hospital after 
an intensive care admission: observational cohort study. Sci Rep. 
2021;11(1):9928. 

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

11.	 Machado MN, Nakazone MA, Maia LN. Prognostic value of acute kidney injury 
after cardiac surgery according to kidney disease: improving global outcomes 
definition and staging (KDIGO) criteria. PLoS One. 2014;9(5):e98028. 

12.	 Society of Thoracic Surgeons (STS). Performance Measure Descriptions. 
Adult cardiac surgery measures. Coronary artery bypass graft (CABG) 
composite socore. [cited 2023 Oct 11]. Available from: https://www.sts.
org/quality-safety/performance-measures/descriptions  

mailto:vmoll@umn.edu
https://orcid.org/0000-0003-1504-2396
https://www.sts.org/quality-safety/performance-measures/descriptions
https://www.sts.org/quality-safety/performance-measures/descriptions


Cardiac surgery-associated acute kidney injury in a single healthcare system 11

Crit Care Sci. 2026;38:e20260370

13.	 eCQI Resource Center. Centers for Medicare & Medicaid Services. 
Hospital Harm - Acute Kidney Injury (HH-AKI). 2023 Oct 3; Available from:  
https://ecqi.healthit.gov/mcw/ecqm/hospital-harm-acute-kidney-injury 

14.	 Kellum JA, Lameire N, KDIGO AKI Guideline Work Group. Diagnosis, 
evaluation, and management of acute kidney injury: a KDIGO summary 
(Part 1). Crit Care. 2013;17(1):204. 

15.	 Moll V, Zhao M, Minear S, Swaminathan M, Kurz A, Huang J, et al.; 
PREDICT AKI Group. Continuous urine output-based Alert identifies cardiac 
surgery-associated acute kidney injury earlier than serum creatinine:  
A prospective and retrospective observational study. J Cardiothorac Vasc 
Anesth [Internet]. 2024;38(10):2238-46. 

16.	 Sutherland SM, Kaddourah A, Gillespie SE, Soranno DE, Woroniecki RP, 
Basu RK, et al.; Assessment of the Worldwide Acute Kidney Injury, Renal 
Angina and Epidemiology (AWARE) Investigators.  Cumulative Application 
of Creatinine and Urine Output Staging Optimizes the Kidney Disease: 
Improving Global Outcomes Definition and Identifies Increased Mortality 
Risk in Hospitalized Patients With Acute Kidney Injury. Crit Care Med. 
2021;19(11):1912-22. 

17.	 Koyner JL, Mackey RH, Rosenthal NA, Carabuena LA, Kampf JP,  
Rodriguez T, et al. Clinical outcomes of persistent severe acute 
kidney injury among patients with kidney disease improving 
global outcomes stage 2 or 3 acute kidney injury. Am J Nephrol.  
2022;53(11-12):816-25. 

18.	 Zarbock A, Küllmar 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. 

19.	 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 biomarkers: 
the PrevAKI randomized controlled trial. Intensive Care Med.  
2017;43(11):1551-61. 

20.	 Göcze I, Jauch D, Götz M, Kennedy P, Jung B, Zeman F, et al. 
Biomarker-guided Intervention to Prevent Acute Kidney Injury After 

Major Surgery: The Prospective Randomized BigpAK Study. Ann Surg.  
2018;267(6):1013-20. 

21.	 Wyler von Ballmoos MC, Kaneko T, Iribarne A, Kim KM, Arghami A, 
Fiedler A, et al. The Society of Thoracic Surgeons Adult Cardiac Surgery 
Database: 2023 update on procedure data and research. Ann Thorac Surg. 
2024;117(2):260-70. 

22.	 STROBE. STROBE - Strengthening the reporting of observational 
studies in epidemiology. [cited 2024 May 12]. Available from:  
https://www.strobe-statement.org/

23.	 Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible statistical 
power analysis program for the social, behavioral, and biomedical 
sciences. Behav Res Methods. 2007;39(2):175-91. 

24.	 Chen SY, Feng Z, Yi X. A general introduction to adjustment for multiple 
comparisons. J Thorac Dis. 2017;9(6):17259. 

25.	 Horne KL, Viramontes-Hörner D, Packington R, Monaghan J, Shaw S, 
Akani A, et al. A comprehensive description of kidney disease progression 
after acute kidney injury from a prospective, parallel-group cohort study. 
Kidney Int. 2023;104(6):1185 -93. 

26.	 Horne KL, Packington R, Monaghan J, Reilly T, Selby NM. Three-year 
outcomes after acute kidney injury: results of a prospective parallel group 
cohort study. BMJ Open. 2017;7(3):e015316. 

27.	 Hu J, Chen R, Liu S, Yu X, Zou J, Ding X. Global incidence and outcomes 
of adult patients with acute kidney injury after cardiac surgery: a 
systematic review and meta-analysis. J Cardiothorac Vasc Anesth.  
2016;30(1):82-9. 

28.	 Cheruku SR, Raphael J, Neyra JA, Fox AA. Acute kidney injury after 
cardiac surgery: Prediction, prevention, and management. Anesthesiology. 
2023;139(6):880-98. 

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

30.	 Engelman DT, Crisafi C, Germain M, Greco B, Nathanson BH, 
Engelman RM, et al. Using urinary biomarkers to reduce acute 
kidney injury following cardiac surgery. J Thorac Cardiovasc Surg.  
2020;160(5):1235-46.e2. 

https://ecqi.healthit.gov/mcw/ecqm/hospital-harm-acute-kidney-injury
http://paperpile.com/b/uDepm8/pckvN
http://paperpile.com/b/uDepm8/pckvN
https://www.strobe-statement.org/

