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Rationale & Objective: The process of angiogenesis after kidney injury may determine 

recovery and long-term outcomes. We evaluated the association of angiogenesis markers with 

acute kidney injury (AKI) and mortality after cardiac surgery.

Study Design: Prospective cohort.

Setting & Participants: 1,444 adults undergoing cardiac surgery in the TRIBE-AKI 

(Translational Research Investigating Biomarker Endpoints for Acute Kidney Injury) cohort.

Exposure(s): Plasma concentrations of two pro-angiogenic markers (vascular endothelial growth 

factor A [VEGF] and placental growth factor [PGF]) and one anti-angiogenic marker (soluble 

VEGF receptor 1 [VEGFR1]), measured pre- and postoperatively within six hours after surgery.

Outcome(s): AKI, long AKI duration (≥ 7 days), and one-year all-cause mortality Analytical 

Approach: Multivariable logistic regression.

Results: Following cardiac surgery, plasma VEGF concentrations decreased 2-fold, and PGF and 

VEGFR1 concentrations increased 1.5-fold and 8-fold, respectively. There were no meaningful 

associations of preoperative concentrations of angiogenic markers with outcomes of AKI and 

mortality. Higher postoperative VEGF and PGF concentrations were independently associated 

with lower odds of AKI (adjusted ORs of 0.89 [95% CI, 0.82–0.98] and 0.69 [95% CI, 0.55–0.87], 

respectively), long AKI duration (0.65 [95% CI, 0.49–0.87] and 0.48 [95% CI, 0.28–0.82], 

respectively), and mortality (0.74 [95% CI, 0.62–0.89] and 0.46 [95% CI, 0.31–0.68], 

respectively). In contrast, higher postoperative VEGFR1 concentrations were independently 

associated with higher odds of AKI (1.56; 95% CI, 1.31–1.87), longer AKI duration (1.75; 95% 

CI, 1.09–2.82), and mortality (2.28; 95% CI, 1.61–3.22).

Limitations: Angiogenesis markers were not measured after hospital discharge so we are unable 

to determine long-term trajectories of angiogenesis marker levels during recovery and follow-up.

Conclusions: Higher postoperative pro-angiogenic markers, VEGF and PGF, were associated 

with lower AKI and mortality risk, whereas higher postoperative anti-angiogenic VEGFR1 was 

associated with higher risk of AKI and mortality.

Keywords

acute kidney injury (AKI); AKI duration; mortality; cardiac surgery; angiogenesis; biomarker; 
vascular endothelial growth factor A (VEGF); VEGF-A; placental growth factor (PGF); soluble 
VEGF receptor 1 (VEGFR1); cytokine; pro-angiogenic growth factor

Introduction

Acute kidney injury (AKI) complicates about 5–10% of all hospital admissions and up to 

30% of hospitalizations for cardiac surgery.1,2 Longer AKI duration and greater AKI 

severity are independently associated with increased mortality.3,4 Following the initial insult 

of AKI, biological processes either guide recovery or progression of disease: some lead to 

adaptive repair and regeneration of tubules, while others lead to maladaptive repair and 

fibrosis, which result in replacement of the kidney interstitium with connective tissue.5 The 

severity and duration of AKI are likely a consequence of the severity of the initial injury and 

the consequential opposing biological processes of adaptive and maladaptive repair.
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Understanding the dominant biological pathways that guide kidney recovery and repair may 

open new avenues for diagnostic assessment and potential therapeutic interventions. As the 

kidney is a highly vascularized organ, angiogenesis, the process of formation of new blood 

vessels, is believed to be a critical mechanism that determines kidney recovery after AKI.6 

In fact, preclinical models of AKI have demonstrated that enhanced angiogenesis preserves 

peritubular capillaries, attenuates tubulointerstitial fibrosis, and restores kidney function 

following injury.7–10 There is also evidence of peritubular capillary loss in progressive 

kidney disease in humans, and the degree of peritubular capillary loss correlates with 

severity of interstitial fibrosis.11 However, the process of angiogenesis has not been well-

characterized in human AKI.

We conducted an ancillary study of TRIBE-AKI (Translational Research Investigating 

Biomarker Endpoints for Acute Kidney Injury) to understand the association of angiogenic 

growth factors with the development and duration of AKI and one-year mortality after 

cardiac surgery. We measured plasma levels of three angiogenic markers: vascular 

endothelial growth factor A (VEGF, also known as VEGF-A), placental growth factor 

(PGF), and soluble VEGF receptor 1 (VEGFR1, also known as sFlt-1), before and after 

cardiac surgery. VEGF is a prototypical pro-angiogenic mediator that plays a critical role in 

maintenance of peritubular capillaries and promotion of endothelial survival.12,13 Sharing a 

similar genetic sequence, PGF is another central proangiogenic cytokine that stimulates 

neovascularization.14 Both VEGF and PGF potentiate their effects via the membrane-bound 

receptor VEGFR1, and, accordingly, the soluble form of VEGFR1 serves as an anti-

angiogenic modulator, sequestering and reducing the bioavailability of both VEGF and PGF.
15 To confirm that the perioperative plasma changes of these markers correspond to kidney-

specific changes, we also evaluated angiogenic marker expression in human AKI kidney 

biopsy samples and non-AKI controls. We hypothesized that pro-angiogenic growth factors 

(VEGF and PGF) would be associated with adaptive repair and favorable outcomes, whereas 

the anti-angiogenic growth factor (VEGFR1) would be associated with maladaptive repair 

and adverse outcomes in the perioperative setting.

Methods

Study Design and Participants of TRIBE-AKI

The TRIBE-AKI cardiac surgery cohort has been described in detail previously (Figure S1).
16–23 We prospectively enrolled 1444 adults undergoing cardiac surgery (coronary artery 

bypass grafting [CABG] or valve surgery), who were at high-risk for AKI at six academic 

medical centers in North America between July 2007 and December 2010. Plasma samples 

were collected at three time points on all participants: preoperative, postoperative day 1 

(within 6 hours after surgery), and postoperative day 2 (corresponding to the first day after 

surgery). We collected preoperative characteristics, operative details, and postoperative 

complications using definitions of the Society of Thoracic Surgeons.24,25 We estimated 

preoperative GFR using the CKD Epidemiology Collaboration (CKD-EPI) equation.26 

Ethical approval for our study and protocols was obtained from each of the Institutional 

Review Boards at the respective participating sites. All participants provided written 

informed consent.
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Angiogenic Marker Measurement

After collection, plasma samples were centrifuged at 2000×g for 10 minutes at 4°C, 

separated into 1 ml aliquots, and immediately stored at −80°C until markers were measured. 

VEGF (VEGF-A isoform), PGF, and VEGFR1 were measured using the Meso Scale 

Discovery platform (Meso Scale Diagnostics, Gaithersburg, MD), which uses 

electrochemiluminescence detection combined with patterned arrays.

Twenty percent of samples were measured in duplicate. The inter-assay coefficient of 

variation (CV) for VEGF was 4%–5% with a detection range of 0.96 – 3940 pg/mL, and 9 

(2%) samples were below the lower limit of detection. The inter-assay CV for PGF was 6%, 

with a detection range of 1.7 – 6920 pg/mL, and no samples were above or below the limits 

of detection. The inter-assay CV for VEGFR1 was 5%–6%, with a detection range of 3.9 – 

16,340 pg/mL, and 1 (0.2%) sample was above the upper limit of detection. There were 

weak correlations between PGF, VEGF, and VEGFR1 levels and duration of storage with 

Pearson’s correlation coefficients of −0.05 (p=0.08), −0.12 (p <0.01), and −0.03 (p=0.2), 

respectively. Two preoperative marker samples were missing due to inadequate sample 

volume for measurement.

Outcome Definitions

There were three primary outcomes for our study. The first was the development of AKI, 

defined as ≥0.3 mg/dL increase or ≥50% increase in serum creatinine from baseline 

preoperative level to postoperative level at any time point during the hospital stay. 

Preoperative creatinine values were measured within 2 months before surgery (median: 3 

[IQR, 0–14] days). Postoperative creatinine was measured as part of clinical care, soon after 

surgery and at least once every day during hospitalization.

The second outcome was duration of AKI, defined by the number of days participants 

maintained a ≥0.3 mg/dL increase or ≥50% increase in serum creatinine during 

hospitalization. Patients without AKI were excluded from the analysis of AKI duration; 

hence, the sample size was only 492 participants. AKI duration was dichotomized into short 

duration of <7 days or long duration of ≥7 days based on prior literature showing a strong 

association between ≥7 days of AKI and long-term mortality.3,27

The third outcome was all-cause mortality within the first year following surgery. We 

obtained vital status after discharge through various mechanisms (and cross-referenced when 

possible). For those living in the United States, we performed phone calls to patients’ 

homes, searched the National Death Index, reviewed hospital records, and examined 

linkages with Center for Medicare and Medicaid Services (CMS) databases. For Canadian 

participants (those enrolled into the TRIBE-AKI study in London, Ontario), we also 

performed phone calls and analyzed data from the Registered Persons Database held at the 

Institute for Clinical Evaluative Sciences (ICES) to acquire vital status. These datasets were 

linked using unique, encoded identifiers and analyzed at ICES. There were 20 participants 

who died in the hospital and were included in the analysis, however, there were 36 

participants with missing data for mortality and were excluded from the analysis.
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Statistical Analyses

Descriptive statistics for continuous variables were reported as mean (standard deviation) or 

median (interquartile range) and for categorical variables as frequencies (%). The primary 

analyses used baseline and postoperative day 1 marker levels because they capture the 

extremes of marker levels, and, most importantly, have utility in early detection of AKI.

As no acceptable clinical cut-offs are available, we evaluated the association between 

angiogenic markers and outcomes both as continuous (natural log (ln)-transformed marker 

levels) and categorical (tertiles) variables. To evaluate the association between each 

angiogenic marker and all dichotomous outcomes, we used logistic regression models. For 

the outcome of AKI duration, we also considered it as a continuous outcome and used 

Poisson regression to analyze the association between angiogenesis markers and AKI 

duration. Furthermore, sensitivity analysis using stages of AKI was performed to highlight 

the association between angiogenesis markers and different severities of AKI. Angiogenic 

marker values below and above the limit of detection (<1%) were imputed with the lower or 

upper limit of detection, respectively.28 Pearson correlations were performed among the 

three angiogenic markers at the preoperative and postoperative day 1 time points.

Both univariable and multivariable analyses were evaluated. Multivariable analyses were 

adjusted for the following variables: age, gender, race, cardiopulmonary bypass (CPB) time 

>120 minutes, non-elective surgery, type of surgery (Coronary Artery Bypass Graft [CABG] 

or valve surgery), preoperative eGFR, diabetes, hypertension, heart failure, myocardial 

infarction, preoperative urine albumin-creatinine ratio, center, and corresponding 

preoperative marker when evaluating the associations between postoperative markers and 

outcomes. We adjusted for change in serum creatinine from preoperative baseline level to 

the corresponding angiogenic marker measurement when evaluating the association between 

postoperative markers and the outcome of mortality. We did not adjust for change in serum 

creatinine with the outcome of AKI, as change in serum creatinine is used to define AKI 

outcomes. To assess storage bias, we performed Pearson correlations between angiogenesis 

markers levels and duration of storage.

The performance of the individual and combined angiogenesis panel as well as combined 

panel plus clinical model was evaluated with the use of AUC. To assess statistically 

significant changes between AUCs, we performed a logistic regression model adjusting for 

all clinical covariates in the association between markers of angiogenesis and outcomes. Net 

reclassification improvement (NRI) was also calculated for the addition of the three 

angiogenesis markers to the clinical panel.

All analyses were two-tailed, and p-values less than 0.05 were considered significant. Small 

cell counts are only presented for data collected by TRIBE-AKI and not from ICES data 

holdings. For the latter, counts of 5 or fewer participants are suppressed to minimize the risk 

of participant re-identification. Analyses were performed in SAS version 9.4 (SAS Institute, 

Cary, NC) and R 2.15.0 (R Foundation for Statistical Computing, Vienna Austria).
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Immunofluorescence Staining and Quantification

Paraffin-embedded tissue was obtained from human tissue without AKI following right 

radical nephrectomy, and AKI tissue was obtained at time of kidney procurement from 

brain-dead deceased donors. Kidney biopsy tissue from non-AKI samples was 

deparaffinized by xylene following hydration by ethanol. Kidney sections were kept in 

citrate buffer for antigen retrieval in a 600-watt microwave for 10 minutes, and kidney 

sections were blocked with 3% bovine serum albumin in phosphate-buffered saline. 

Immunostaining was performed with primary antibodies [anti-mouse megalin (Millipore)], 

anti-rabbit VEGF (Santa Cruz Biotechnology, sc-152), and anti-rabbit VEGFR1 (Novus 

Biologicals, NB100–57643) overnight at 4°C, followed by appropriate Alexa Fluor 488– and 

Alexa Fluor 594–conjugated secondary antibodies, washed with PBS, and mounted with 

Slowfade (Invitrogen). We used the anti-megalin 1:200 dilution, anti-VEGF 1:100 dilution, 

anti-VEGFR1 1:100 dilution, Alex Fluor 488 1:200 dilution, and Alex Fluor 595 1:200 

dilution. Images were acquired by Andor CSU-WDi spinning disc confocal microscope 

equipped with Nikon Ti-E Cfi Plan Apo Lambda 60x oil immersion objective for 

immunofluorescence analysis, and images were processed using NIH Image J software 

(version 1.51H) or Adobe Photoshop CS 2014. We measured fluorescence intensity of 

VEGF, VEGFR1, and proximal tubular area (megalin-positive tubular area) using Image J 

on four AKI tissue samples and two samples of non-AKI tissue. We then calculated 

fluorescence intensity of VEGF and VEGFR1 divided by the tubular area. Prior to 

immunostaining, quantitative PCR analysis was performed on non-AKI tissue to assess the 

expression of angiogenic markers. Compared to VEGF levels, quantitative PCR analysis 

showed greater than 250-fold reduction of PGF expression in non-AKI tissue (data not 

shown), so PGF staining in non-AKI and AKI tissue was not performed as the levels would 

be extremely low in tissue for staining.

Results

Perioperative trends of angiogenic markers in TRIBE-AKI

Among the 1,444 adults who underwent cardiac surgery in the TRIBE-AKI cohort, the mean 

age was 72 years, and 69% were men (Table 1). Most surgeries were elective (84%) with a 

mean preoperative estimated GFR (eGFR) of 68 ml/min/1.73 m2. Serum creatinine-based 

AKI developed in 492 (34%) participants. Participants reached the definition of AKI at a 

median of 2 (IQR, 1–3) days post-cardiac surgery. Of those with AKI, 41 (8%) had long 

duration of AKI (≥7 days). After one-year of follow-up, 81 (6%) participants died.

Each angiogenic marker had a distinct trajectory after cardiac surgery (Figures 1a and 1b). 

VEGF concentrations decreased 2-fold on postoperative day 1 but approached preoperative 

levels on day 2. PGF concentrations increased 1.5-fold on day 1 and remained elevated to a 

similar extent on day 2. Lastly, VEGFR1 concentrations increased 8-fold on day 1 and 

decreased to a 2-fold increase relative to preoperative levels on day 2.

We next compared marker concentrations from the first postoperative sample in patients 

with and without AKI, long AKI duration, and mortality, respectively (Table 2). Participants 

who developed adverse outcomes had lower postoperative concentrations of pro-angiogenic 
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markers VEGF and PGF, compared with those who did not develop adverse outcomes for all 

three primary outcomes of AKI, long duration of AKI, and mortality. While VEGF 

concentrations on average decreased following surgery, VEGF declined to a larger extent 

among participants who developed adverse outcomes (AKI, longer duration of AKI, and 

death), compared with those who did not. In contrast, participants who developed adverse 

outcomes had higher postoperative concentrations of the anti-angiogenic marker VEGFR1, 

compared with those who did not develop adverse outcomes.

Correlations between pre- and postoperative angiogenic markers were modest (Table S1), 

with the exception of a moderate positive correlation between postoperative VEGF and PGF 

(r=0.70; p <0.05) and a moderate negative correlation between postoperative VEGF and 

VEGFR1 (r=−0.53; p<0.05).

Associations of angiogenic markers with outcomes

After multivariable regression, higher postoperative VEGF concentrations were 

independently associated with lower risk of adverse outcomes (Figure 2 and Table 3). 
Similarly, postoperative PGF concentrations were independently associated with lower risk 

of adverse outcomes with 31% lower odds of AKI, 52% lower odds of long duration of AKI, 

and 54% lower odds of mortality (Table 3). In contrast, higher postoperative VEGFR1 

concentrations were independently associated with higher risk for each outcome. 

Preoperatively, VEGFR1 and PGF concentrations were not significantly associated with any 

of the outcomes (Table S2). Only preoperative VEGF concentrations were weakly associated 

with development of postoperative AKI. The results were similar when marker levels were 

examined in tertiles for all outcomes (Tables S3, S4, and S5), when restricting the outcome 

of AKI to stages 2 and 3 (Table 4), and when evaluating the outcome of AKI duration as a 

continuous outcome, without a pre-specified cut-off of 7 days (Table S6). There were no 

significant interactions between levels of angiogenic markers and clinical AKI for the 

outcome of mortality. There were no strong associations of preoperative cardio-protective 

medications with AKI and angiogenesis markers as shown in Tables S7, and S8.

Performance of Combined Postoperative Angiogenesis Panel

The AUCs of the combination of the three postoperative angiogenic markers outperformed 

those of the individual postoperative markers for the outcomes of AKI, long duration of 

AKI, and all-cause mortality (Table S9). When added to the clinical model, the combined 

postoperative angiogenesis marker panel significantly improved the AUCs for AKI to 0.72 

(95% CI, 0.69–0.75), for long duration of AKI to 0.88 (95% CI, 0.84–0.92), and for all-

cause one-year mortality to 0.74 (95% CI, 0.69–0.80) (Figure 3). The changes in AUCs 

between the clinical model and the clinical plus combined angiogenesis panel were 

statistically significant for all outcomes. Furthermore, the NRIs for the addition of 

angiogenesis markers to the clinical model were 0.24 (95% CI, 0.13–0.34), 0.55 (95% CI, 

0.27–0.84), and 0.38 (95% CI, 0.15–0.61) for AKI, long duration of AKI and mortality, 

respectively.
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Angiogenic marker staining in human kidney tissue

To evaluate the kidney specificity of the observed changes in the angiogenic markers, we 

examined human AKI kidney tissue and human non-AKI tissue for these markers with 

immunofluorescence staining. Preliminary quantitative polymerase chain reaction analysis 

showed very low expression of PGF in non-AKI tissue, and thus, we only stained for VEGF 

and VEGFR1 in human kidney tissue samples. There was a significant difference in 

immunoreactivity between non-AKI and AKI kidney tissues for both VEGF and VEGFR1. 

Proximal tubular staining of VEGF was absent in the setting of AKI compared with non-

AKI controls, whereas substantial tubular VEGFR1 staining in AKI tissue samples 

compared with non-AKI controls was observed (Figure S2a). Quantification of 

immunofluorescence staining of four samples of AKI tissue and two samples of non-AKI 

tissues showed significantly increased VEGF expression in non-AKI compared with AKI 

tissue; in contrast, VEGFR1 expression was significantly increased in AKI tissue compared 

with non-AKI tissue (Figure S2b).

Discussion

In this study, we explored the association of plasma angiogenic markers VEGF, PGF, and 

VEGFR1 with the development and duration of AKI as well as one-year mortality after 

cardiac surgery. Consistent with our hypothesis and the underlying physiology of 

angiogenesis in repair following acute ischemic insults, we found that higher pro-angiogenic 

marker concentrations measured within 6 hours after cardiac surgery were associated with 

favorable outcomes, whereas elevated anti-angiogenic marker concentrations were 

associated with adverse outcomes. The impact of the respective adaptive and maladaptive 

repair potential captured by these markers was observed during perioperative follow-up of 

participants by associations with the development and duration of AKI and with long-term 

implications demonstrated by association with mortality at 1 year. Furthermore, the addition 

of all three angiogenesis markers to the clinical model substantially improved the prediction 

of long duration of AKI and mortality. While a growing number of injury markers have been 

studied in the setting of AKI, our study demonstrates the potential prognostic ability of 

repair angiogenic growth factors in a large-scale clinical setting.

Recovery from injury is highly dependent on the repair pathways that are activated at the 

time of injury. Our group has described the role of several injury proteins in the setting of 

cardiac surgery that contribute to in-hospital outcomes, as well as long-term mortality.29–31 

However, these proteins do not fully explain the prognosis and severity of patient outcomes 

after cardiac surgery. Hence, further understanding of angiogenesis after injury via the 

measurement of pro- and anti-angiogenic markers may help elucidate prognosis and patient 

outcomes after cardiac surgery. Furthermore, the perioperative plasma changes in these 

markers corresponded to changes in kidney tissue following AKI, in which VEGF protein 

expression decreased, and VEGFR1 expression substantially increased. This suggests that 

VEGF and VEGFR1 may play roles as kidney-specific markers following injury, given that 

the distinct trajectory patterns were validated through quantification of immunostaining in 

four independent AKI tissue samples.
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The angiogenic response post-injury, as captured by these angiogenic markers, constitutes 

early crucial steps in the complex multiple biological pathways involved in progressive 

kidney injury.32,33 Identifying the role of angiogenesis in this post-injury phase may help 

delineate the boundaries between reversible and irreversible kidney injury and offer a 

window for therapeutic interventions when kidney function may still be salvageable. 

Interestingly, the reduction in VEGF levels post-injury is in stark contrast to the trajectory of 

injury and inflammatory markers, which routinely increase in the setting of injury. Yet, 

despite these reductions following surgery, participants with higher postoperative VEGF 

concentrations had lower risk of AKI, long duration of AKI, and mortality.

VEGF is an endothelial specific growth factor that promotes angiogenesis and participates in 

interstitial matrix modeling.12,13 It has been shown to increase significantly in cells exposed 

to hypoxia but decrease once the hypoxic insult is prolonged, suggesting biphasic regulation 

of VEGF dependent on the duration of the insult.34,35 To our knowledge, our study is first to 

assess the association of VEGF in adults with AKI after cardiac surgery. Curiously, plasma 

VEGF levels decreased in all groups after surgery; however, this observation is consistent 

with a recent study reporting that VEGF decreases in response to hypoxia in vivo and that in 
vivo VEGF activity may be distinct from those in vitro.36

Higher VEGF concentrations have been shown to be associated with higher risk of 

progression to ESRD in patients with diabetic nephropathy.37 Similarly, higher PGF 

concentrations were found to be present in CKD patients and to be independently associated 

with cardiovascular events and all-cause mortality in this population.38 In contrast to these 

findings, we found higher VEGF and PGF after cardiac surgery to be associated with lower 

odds of development and long duration of AKI as well as lower odds of mortality. We 

postulate that in the setting of acute injury, pro-angiogenic factors such as VEGF and PGF 

are necessary for reparative processes of angiogenesis; however, in the setting of chronic 

disease such as diabetic nephropathy and CKD, long-term, unimpeded angiogenesis may 

lead to fibrosis and irreversible damage.37 Perhaps this may be the underlying mechanism 

explaining why higher preoperative VEGF levels in the quiescent, pre-injury state were 

associated with higher risk of AKI, while higher postoperative levels were associated with 

decreased risk of AKI. It is also possible that VEGF plays different roles in angiogenesis 

based on the activation of other biological markers, and further studies evaluating the role of 

VEGF in the setting of other novel markers are needed.39

Although not previously identified as a reparative mediator in response to kidney injury, 

PGF has been shown to play a crucial role in angiogenesis and has specifically been studied 

in preeclampsia.40,41 We found that PGF, similar to VEGF, is associated with favorable renal 

outcomes and increased survival post-cardiac surgery and is positively correlated with 

VEGF. VEGFR1 has also been implicated as an inhibitor of angiogenesis and has also been 

studied in the setting of preeclampsia.41 Consistent with the underlying biology of VEGFR1 

as a competitive inhibitor of VEGF and PGF, we found that higher VEGFR1 was associated 

with increased odds of AKI, longer AKI duration, and mortality post-cardiac surgery. 

Notably, preoperative VEGF, PGF and VEGFR1 concentrations significantly differed 

between participants with and without AKI at baseline. Although this is likely attributed to 

the large sample size detecting small non-clinically significant differences, we have taken 
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caution to adjust for preoperative levels when evaluating the associations between the 

postoperative marker levels and outcomes. The findings from our study may help highlight 

biological pathways that can be targets for future therapies aiming to treat AKI post-cardiac 

surgery. Additionally, patients at high risk for adverse outcomes post-cardiac surgery may be 

prioritized for inclusion in future intervention trials of AKI to improve efficiency and reduce 

cost. Furthermore, if our results are validated, angiogenesis markers can be used to risk 

stratify sicker patients for closer clinical follow up post-cardiac surgery.

This study also has limitations that should be considered. The strength of inference testing is 

limited due to lack of adjustment for multiple comparisons in the context of several 

completed and planned analyses from the TRIBE cohort. However, this study is an ancillary 

study from the TRIBE cohort, with an a priori hypothesis of the three angiogenesis markers 

presented. The generalizability of our data is limited to cardiac surgery patients and further 

research is needed to assess if these associations between angiogenesis markers and 

outcomes exist outside of the cardiac surgery setting. Furthermore, as in our previous 

studies, our cohort is predominantly of European ancestry and at high-risk for AKI 

following cardiac surgery, and thus these results may not be readily generalizable to diverse 

populations. We acknowledge that our definition of AKI is limited, as it does not include the 

48-hour time period or urine output criteria as defined by the Acute Kidney Injury Network 

(AKIN) classification.42 This may have led to the inclusion of less severe AKI cases with 

normal urine output; however, we conducted a sensitivity analysis showing outcomes with 

different stages of AKI (Table 4). In addition, the baseline serum creatinine used to define 

AKI was up to 2 months before surgery. Although there is no standard definition of optimal 

baseline serum creatinine, an ideal measurement would be most reflective of participant’s 

baseline, which may require clinical adjudication.43 However, the mean serum creatinine 

value assessed within a year before hospital admission approximated clinical adjudication of 

baseline serum creatinine.44

There may be unmeasured confounding related to inflammatory and post-surgical responses, 

which may further affect the association between angiogenic markers and the development 

of AKI and mortality. Because our study protocol did not capture angiogenesis marker 

measurements after discharge, we could not determine the long-term trajectories of 

angiogenesis marker levels during follow-up. Logistically, plasma samples were stored for 

several years prior to measurement for this ancillary study, which may introduce storage bias 

due to degradation. However, this bias is likely minimal as we found only weak correlations 

between angiogenesis marker levels and duration of storage.45,46 Furthermore, these specific 

markers and assays have been measured in plasma stored for a decade in another population 

at risk for cardiac injury, thus suggesting clinical utility and mitigating stability issues.47 As 

few of the TRIBE participants were off-pump (9%), we could not evaluate whether the use 

of cardiopulmonary bypass modified the association of angiogenic markers and our specified 

outcomes. Prior literature has shown an increase in VEGF levels for on-pump versus off-

pump cardiac surgery patients.48 Lastly, the AKI kidney tissue for immunofluorescence 

staining was obtained from deceased donors who may have distinct clinical events leading 

up to AKI that differ from cardiac surgery patients. The staining of these biomarkers does 

not necessarily confirm kidney specificity, as filtration and back leakage into tubular cells 

may also explain the presence of these markers in kidney tissue. This phenomenon is less 
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likely with VEGFR1, however, given its higher molecular weight of about 180 kDa versus 

VEGF, which is about 46 kDa.49,50

In conclusion, we have demonstrated that growth factors involved in angiogenesis are 

associated with AKI, long AKI duration, and mortality post-cardiac surgery. We found 

higher postoperative levels of the pro-angiogenic growth factors VEGF and PGF are 

independently associated with shorter duration of kidney injury and decreased mortality, 

while higher postoperative levels of the anti-angiogenic mediator VEGFR1 are 

independently associated with longer kidney injury and increased mortality. Further studies 

are needed to both validate our findings as well as assess generalizability in non-cardiac 

surgery settings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Support:

Sherry G. Mansour is supported by the American Heart Association (18CDA34110151). Dennis G Moledina is 
supported by the National Institutes of Health (NIH) K23 grant (K23DK117065) and the O’Brien Kidney Center 
Grant. William R. Zhang is supported by the NIH TL1 training grant (TL1TR001871). F. Perry Wilson is supported 
by NIH K23 Grant K23DK097201. NIH (R01-HL-085757 to Chirag R. Parikh) funded the TRIBE-AKI 
Consortium. Chirag R. Parikh is supported by NIH grant K24-DK-090203 and by the P30-DK-079310–07 O’Brien 
Kidney Center Grant. Steven G. Coca is supported by NIH grant R01-DK-096549. Steven G Coca, Amit X Garg, 
and Chirag Parikh are members of the NIH-sponsored Assessment, Serial Evaluation, and Subsequent Sequelae of 
Acute Kidney Injury (ASSESS-AKI) Consortium (U01-DK-082185). The Institute for Clinical Evaluative Sciences 
(ICES), which is funded by the Ontario Ministry of Health and Long-Term Care (MOHLTC), supported this study. 
Furthermore, the above funding organizations had no role in the study design; collection, analysis, and 
interpretation of data; writing the report; and the decision to submit the report for publication.

Financial Disclosure: Dr. Shlipak has received grant support from Cricket Health, Inc., has received consultancy 
fees from University of Washington, and has equity in TAI diagnostics and Cricket Health, Inc. Drs. Coca and 
Parikh are members of the advisory board of RenalytixAI and own equity in the same. Dr Coca has received 
consulting fees from Goldfinch Bio, CHF Solutions, Quark Biopharma, Janssen Pharmaceuticals, and Takeda 
Pharmaceuticals The other authors do not have any conflicts of interest relevant to this manuscript.

Disclaimer: The opinions, results, and conclusions reported in this article are those of the authors and are 
independent from the funding sources. No endorsement by NIH, ICES, or the Ontario MOHLTC is intended or 
should be inferred.

References:

1. Chertow GM, Burdick E, Honour M, Bonventre JV, Bates DW. Acute kidney injury, mortality, 
length of stay, and costs in hospitalized patients. Journal of the American Society of Nephrology : 
JASN. 2005;16(11):3365–3370. [PubMed: 16177006] 

2. Rosner MH, Okusa MD. Acute kidney injury associated with cardiac surgery. Clinical journal of the 
American Society of Nephrology : CJASN. 2006;1(1):19–32. [PubMed: 17699187] 

3. Brown JR, Kramer RS, Coca SG, Parikh CR. Duration of acute kidney injury impacts long-term 
survival after cardiac surgery. The Annals of thoracic surgery. 2010;90(4):1142–1148. [PubMed: 
20868804] 

4. Hobson CE, Yavas S, Segal MS, et al. Acute kidney injury is associated with increased long-term 
mortality after cardiothoracic surgery. Circulation. 2009;119(18):2444–2453. [PubMed: 19398670] 

5. Vincent IS, Okusa MD. Biology of renal recovery: molecules, mechanisms, and pathways. Nephron. 
Clinical practice 2014;127(1–4):10–14. [PubMed: 25343813] 

Mansour et al. Page 11

Am J Kidney Dis. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6. Kang DH, Kanellis J, Hugo C, et al. Role of the microvascular endothelium in progressive renal 
disease. Journal of the American Society of Nephrology : JASN. 2002;13(3):806–816. [PubMed: 
11856789] 

7. Zhang W, Liu L, Huo Y, Yang Y, Wang Y. Hypoxia-Pretreated Human MSCs Attenuate Acute 
Kidney Injury through Enhanced Angiogenic and Antioxidative Capacities. BioMed Research 
International. 2014;2014:462472. [PubMed: 25133162] 

8. KANG D-H, HUGHES J, MAZZALI M, SCHREINER GF, JOHNSON RJ. Impaired Angiogenesis 
in the Remnant Kidney Model: II. Vascular Endothelial Growth Factor Administration Reduces 
Renal Fibrosis and Stabilizes Renal Function. Journal of the American Society of Nephrology. 
2001;12(7):1448–1457. [PubMed: 11423573] 

9. Iliescu R, Fernandez SR, Kelsen S, Maric C, Chade AR. Role of renal microcirculation in 
experimental renovascular disease. Nephrology Dialysis Transplantation. 2010;25(4):1079–1087.

10. Leonard EC, Friedrich JL, Basile DP. VEGF-121 preserves renal microvessel structure and 
ameliorates secondary renal disease following acute kidney injury. American Journal of 
Physiology - Renal Physiology. 2008;295(6):F1648–F1657. [PubMed: 18799550] 

11. Kang DH, Anderson S, Kim YG, et al. Impaired angiogenesis in the aging kidney: vascular 
endothelial growth factor and thrombospondin-1 in renal disease. Am J Kidney Dis. 2001;37(3):
601–611. [PubMed: 11228186] 

12. Schrijvers BF, Flyvbjerg A, De Vriese AS. The role of vascular endothelial growth factor (VEGF) 
in renal pathophysiology. Kidney Int. 2004;65(6):2003–2017. [PubMed: 15149314] 

13. Chade AR, Zhu X, Mushin OP, Napoli C, Lerman A, Lerman LO. Simvastatin promotes 
angiogenesis and prevents microvascular remodeling in chronic renal ischemia. FASEB journal : 
official publication of the Federation of American Societies for Experimental Biology. 
2006;20(10):1706–1708. [PubMed: 16790524] 

14. De Falco S The discovery of placenta growth factor and its biological activity. Experimental & 
Molecular Medicine. 2012;44:1. [PubMed: 22228176] 

15. Shibuya M Vascular endothelial growth factor receptor-1 (VEGFR-1/Flt-1): a dual regulator for 
angiogenesis. Angiogenesis. 2006;9(4):225–230. [PubMed: 17109193] 

16. Parikh CR, Coca SG, Thiessen-Philbrook H, et al. Postoperative biomarkers predict acute kidney 
injury and poor outcomes after adult cardiac surgery. Journal of the American Society of 
Nephrology : JASN. 2011;22(9):1748–1757. [PubMed: 21836143] 

17. Greenberg JH, Devarajan P, Thiessen-Philbrook HR, et al. Kidney injury biomarkers 5 years after 
AKI due to pediatric cardiac surgery. Pediatr Nephrol. 2018;33(6):1069–1077. [PubMed: 
29511889] 

18. de Fontnouvelle CA, Greenberg JH, Thiessen-Philbrook HR, et al. Interleukin-8 and Tumor 
Necrosis Factor Predict Acute Kidney Injury After Pediatric Cardiac Surgery. The Annals of 
thoracic surgery. 2017;104(6):2072–2079. [PubMed: 28821332] 

19. Moledina DG, Isguven S, McArthur E, et al. Plasma Monocyte Chemotactic Protein-1 Is 
Associated With Acute Kidney Injury and Death After Cardiac Operations. The Annals of thoracic 
surgery. 2017;104(2):613–620. [PubMed: 28223055] 

20. Greenberg JH, Zappitelli M, Devarajan P, et al. Kidney Outcomes 5 Years After Pediatric Cardiac 
Surgery: The TRIBE-AKI Study. JAMA Pediatr. 2016;170(11):1071–1078. [PubMed: 27618162] 

21. Koyner JL, Coca SG, Thiessen-Philbrook H, et al. Urine Biomarkers and Perioperative Acute 
Kidney Injury: The Impact of Preoperative Estimated GFR. Am J Kidney Dis. 2015;66(6):1006–
1014. [PubMed: 26386737] 

22. Zhang WR, Garg AX, Coca SG, et al. Plasma IL-6 and IL-10 Concentrations Predict AKI and 
Long-Term Mortality in Adults after Cardiac Surgery. Journal of the American Society of 
Nephrology : JASN. 2015;26(12):3123–3132. [PubMed: 25855775] 

23. Coca SG, Nadkarni GN, Garg AX, et al. First Post-Operative Urinary Kidney Injury Biomarkers 
and Association with the Duration of AKI in the TRIBE-AKI Cohort. PLoS One. 
2016;11(8):e0161098. [PubMed: 27537050] 

24. Fernandez FG, Falcoz PE, Kozower BD, Salati M, Wright CD, Brunelli A. The Society of 
Thoracic Surgeons and The European Society of Thoracic Surgeons General Thoracic Surgery 

Mansour et al. Page 12

Am J Kidney Dis. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Databases: Joint Standardization of Variable Definitions and Terminology. The Annals of Thoracic 
Surgery.99(1):368–376. [PubMed: 25555970] 

25. Regner KR. Role of medullary blood flow in the pathogenesis of renal ischemia–reperfusion injury. 
Current opinion in nephrology and hypertension. 2012;21(1):33–38. [PubMed: 22080855] 

26. Levey AS, Stevens LA, Schmid CH, et al. A new equation to estimate glomerular filtration rate. 
Annals of internal medicine. 2009;150(9):604–612. [PubMed: 19414839] 

27. Coca SG, King JT, Rosenthal RA, Perkal MF, Parikh CR. The duration of postoperative acute 
kidney injury is an additional parameter predicting long-term survival in diabetic veterans. Kidney 
international. 2010;78(9):926–933. [PubMed: 20686452] 

28. Cole SR, Chu H, Nie L, Schisterman EF. Estimating the odds ratio when exposure has a limit of 
detection. International journal of epidemiology. 2009;38(6):1674–1680. [PubMed: 19667054] 

29. Parikh CR, Coca SG, Thiessen-Philbrook H, et al. Postoperative Biomarkers Predict Acute Kidney 
Injury and Poor Outcomes after Adult Cardiac Surgery. Journal of the American Society of 
Nephrology : JASN. 2011;22(9):1748–1757. [PubMed: 21836143] 

30. Zhang WR, Garg AX, Coca SG, et al. Plasma IL-6 and IL-10 Concentrations Predict AKI and 
Long-Term Mortality in Adults after Cardiac Surgery. Journal of the American Society of 
Nephrology : JASN. 2015;26(12):3123–3132. [PubMed: 25855775] 

31. Moledina DG, Parikh CR, Garg AX, et al. Association of Perioperative Plasma Neutrophil 
Gelatinase-Associated Lipocalin Levels with 3-Year Mortality after Cardiac Surgery: A 
Prospective Observational Cohort Study. PLoS ONE. 2015;10(6):e0129619. [PubMed: 26053382] 

32. Ishibe S, Cantley LG. Epithelial-mesenchymal-epithelial cycling in kidney repair. Curr Opin 
Nephrol Hypertens. 2008;17(4):379–385. [PubMed: 18660674] 

33. Bagshaw SM. Epidemiology of renal recovery after acute renal failure. Current opinion in critical 
care. 2006;12(6):544–550. [PubMed: 17077684] 

34. Nakagawa T, Lan HY, Zhu HJ, Kang DH, Schreiner GF, Johnson RJ. Differential regulation of 
VEGF by TGF-beta and hypoxia in rat proximal tubular cells. Am J Physiol Renal Physiol. 
2004;287(4):F658–664. [PubMed: 15187003] 

35. Olszewska-Pazdrak B, Hein TW, Olszewska P, Carney DH. Chronic hypoxia attenuates VEGF 
signaling and angiogenic responses by downregulation of KDR in human endothelial cells. 
American journal of physiology. Cell physiology. 2009;296(5):C1162–1170. [PubMed: 19244479] 

36. Oltmanns KM, Gehring H, Rudolf S, et al. Acute hypoxia decreases plasma VEGF concentration 
in healthy humans. American Journal of Physiology - Endocrinology And Metabolism. 
2006;290(3):E434–E439. [PubMed: 16219663] 

37. Agarwal R, Duffin KL, Laska DA, Voelker JR, Breyer MD, Mitchell PG. A prospective study of 
multiple protein biomarkers to predict progression in diabetic chronic kidney disease. Nephrol Dial 
Transplant. 2014;29(12):2293–2302. [PubMed: 25085239] 

38. Matsui M, Uemura S, Takeda Y, et al. Placental Growth Factor as a Predictor of Cardiovascular 
Events in Patients with CKD from the NARA-CKD Study. Journal of the American Society of 
Nephrology : JASN. 2015;26(11):2871–2881. [PubMed: 25788536] 

39. Greenberg JI, Shields DJ, Barillas SG, et al. A role for VEGF as a negative regulator of pericyte 
function and vessel maturation. Nature. 2008;456(7223):809–813. [PubMed: 18997771] 

40. Luttun A, Tjwa M, Carmeliet P. Placental growth factor (PlGF) and its receptor Flt-1 (VEGFR-1): 
novel therapeutic targets for angiogenic disorders. Annals of the New York Academy of Sciences. 
2002;979:80–93. [PubMed: 12543719] 

41. Ahmad S, Ahmed A. Elevated placental soluble vascular endothelial growth factor receptor-1 
inhibits angiogenesis in preeclampsia. Circulation research. 2004;95(9):884–891. [PubMed: 
15472115] 

42. Mehta RL, Kellum JA, Shah SV, et al. Acute Kidney Injury Network: report of an initiative to 
improve outcomes in acute kidney injury. Crit Care. 2007;11(2):R31. [PubMed: 17331245] 

43. Chawla LS, Bellomo R, Bihorac A, et al. Acute kidney disease and renal recovery: consensus 
report of the Acute Disease Quality Initiative (ADQI) 16 Workgroup. Nat Rev Nephrol. 
2017;13(4):241–257. [PubMed: 28239173] 

Mansour et al. Page 13

Am J Kidney Dis. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



44. Siew ED, Ikizler TA, Matheny ME, et al. Estimating baseline kidney function in hospitalized 
patients with impaired kidney function. Clinical journal of the American Society of Nephrology : 
CJASN. 2012;7(5):712–719. [PubMed: 22422536] 

45. Zhou X, Fragala MS, McElhaney JE, Kuchel GA. Conceptual and methodological issues relevant 
to cytokine and inflammatory marker measurements in clinical research. Current Opinion in 
Clinical Nutrition & Metabolic Care. 2010;13(5):541–547 510.1097/MCO.
1090b1013e32833cf32833bc. [PubMed: 20657280] 

46. de Jager W, Bourcier K, Rijkers G, Prakken B, Seyfert-Margolis V. Prerequisites for cytokine 
measurements in clinical trials with multiplex immunoassays. BMC Immunology. 2009;10(1):52. 
[PubMed: 19785746] 

47. Kavsak PA, Newman AM, Ko DT, MacRae AR, Jaffe AS. The use of a cytokine panel to define the 
long-term risk stratification of heart failure/death in patients presenting with chest pain to the 
emergency department. Clinical Biochemistry. 2010;43(4–5):505–507. [PubMed: 19913003] 

48. Onorati F, Rubino AS, Nucera S, et al. Off-pump coronary artery bypass surgery versus standard 
linear or pulsatile cardiopulmonary bypass: endothelial activation and inflammatory response. 
European Journal of Cardio-Thoracic Surgery. 2010;37(4):897–904. [PubMed: 20018523] 

49. Shibuya M. Structure and dual function of vascular endothelial growth factor receptor-1 (Flt-1). Int 
J Biochem Cell Biol. 2001;33(4):409–420. [PubMed: 11312109] 

50. Holmes DI, Zachary I. The vascular endothelial growth factor (VEGF) family: angiogenic factors 
in health and disease. Genome biology. 2005;6(2):209. [PubMed: 15693956] 

Mansour et al. Page 14

Am J Kidney Dis. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
A. Boxplots of vascular endothelial growth factor (VEGF), plasma placental growth factor 

(PGF), and VEGF receptor 1(VEGFR1) concentrations are presented at preoperative time 

point and on postoperative days 1 and 2. Each angiogenic marker had a distinct trajectory 

after cardiac surgery. VEGF initially decreased postoperatively on day 1 and approached 

baseline on day 2. Both PGF and VEGFR1 continued to increase postoperatively on day 1 

and day 2. Each box represents the interquartile range (IQR), the horizontal lines represent 

the median, and the lower and upper whiskers represent the 5th and 95th percentile, 

respectively. For the VEGF boxplot, 123 values (400–2545) were excluded from visual 

presentation. For the PGF boxplot, 25 values (100–158) were excluded from visual 

presentation. For the VEGFR1 boxplot, 98 values (2000–16340) were excluded from visual 

presentation. All comparisons had a p-value <0.001

B. Boxplots of median fold change in angiogenic marker levels from preoperative baseline 

levels. VEGF concentrations decreased 2-fold on postoperative day 1, but approached 

preoperative levels on day 2. PGF concentrations increased 1.5-fold on day 1 and remained 

elevated to a similar extent on day 2. VEGFR1 concentrations increased 8-fold on day 1 and 

decreased to a 2-fold increase relative to preoperative levels on day 2. All comparisons had a 

p-value <0.001.
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Figure 2. 
Forest plots summarizing the associations of plasma vascular endothelial growth factor 

(VEGF), placental growth factor (PGF), and VEGF receptor 1 (VEGFR1) with the outcomes 

of AKI, long AKI duration, and one-year all-cause mortality after cardiac surgery. For the 

outcomes of AKI and AKI duration ≥ 7 day, odds ratios (ORs) are adjusted for age (years), 

gender, white race, CPB time >120 minutes, non-elective surgery, surgery type, preoperative 

eGFR, diabetes, hypertension, congestive heart failure, myocardial infarction, preoperative 

urine albumin-creatinine ratio, site, and corresponding preoperative marker. For the outcome 

of mortality, ORs are adjusted for the above covariates, as well as change in serum creatinine 

from the preoperative level to postoperative day 1 level. Postoperative VEGF concentrations 

were independently associated with lower risk of adverse outcomes with 11% lower odds of 

AKI, 35% lower odds of long duration of AKI, and 26% lower odds of mortality. 

Postoperative PGF concentrations were independently associated with lower risk of adverse 

outcomes with 31% lower odds of AKI, 52% lower odds of long duration of AKI, and 54% 

lower odds of mortality. In contrast, higher postoperative VEGFR1 concentrations were 

independently associated with higher risk for each outcome with 56% higher odds of AKI, 

75% higher odds of long duration of AKI, and about 2 times higher odds of mortality.
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Figure 3. 
Receiver operating characteristic (ROC) curves showing the performance of the combined 

angiogenesis panel plus the clinical model for the outcomes of acute kidney injury (AKI), 

long duration of AKI and one-year mortality. When added to the clinical model, the 

combined postoperative angiogenesis marker panel significantly improved the area under the 

curve (AUCs) for AKI to 0.72 (95% CI, 0.69–0.75), for long duration of AKI to 0.88 (95% 

CI, 0.84–0.92) and for all-cause mortality to 0.74 (95% CI, 0.69–0.80). The changes in 

AUCs between the clinical model and the clinical plus combined angiogenesis panel were 

statistically significant for all outcomes. The clinical model included age, gender, race, 

cardiopulmonary bypass time >120 minutes, non-elective surgery, type of surgery (coronary 

artery bypass graft or valve surgery), preoperative eGFR, diabetes, hypertension, heart 

failure, myocardial infarction, preoperative urine albumin to creatinine ratio, and change in 

serum creatinine.
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Table 1.

Patient characteristics by acute kidney injury status

Characteristic Acute Kidney Injury**

No (n=952) Yes (n=492)

Age, years 72 (10) 72 (9)

Sex, female 310 (33%) 137 (28%)

White race 895 (94%) 463 (94%)

Diabetes 340 (36%) 214 (43%)

Hypertension 739 (78%) 412 (84%)

EF <35% or grade 3 or 4 LV function 86 (9%) 55 (11%)

Myocardial infarction* 246 (26%) 126 (26%)

Congestive heart failure 178 (19%) 147 (30%)

Preoperative serum creatinine, mg/dl 1.0 (0.3) 1.1 (0.4)

Preoperative Egfr 70 (19) 65 (20)

CKD stage 3 or higher 285 (30%) 201 (41%)

Albuminuria (UACR >30 mg/g)* 40 (4%) 44 (9%)

Surgery type*

CABG and valve 201 (21%) 138 (28%)

CABG or valve 750 (79%) 354 (72%)

Perfusion time, minutes* 106 (51) 129 (65)

Cardiopulmonary bypass (on-pump) 852 (90%) 452 (92%)

CPB duration >120 minutes* 285 (30%) 242 (49%)

Cross-clamp time, minutes* 73 (39) 89 (47)

One-year all-cause mortality 32 (4%) 49 (10%)

Above values are represented as mean (standard deviation) or n(%).

AKI, acute kidney injury; EF, ejection fraction; LV, left ventricle; eGFR, estimated glomerular filtration rate calculated using CKD-EPI equation; 
CKD, chronic kidney disease; UACR, urinary albumin-creatinine ratio; CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; 
ICU, intensive care unit.

The standardized mean differences for each row are Age 0, Female sex 11, White Race 0, Diabetes −14, Hypertension −15, EF <35% or grade 3 or 
4 LV function −7, Myocardial Infarction 0, Congestive heart failure −26, Preoperative serum creatinine −29, Preoperative eGFR 26,CKD stage 3 or 
higher −23, Albuminuria −20, CABG and valve −16, CABG or valve 16, Perfusion time −40, Cardiopulmonary bypass (on-pump) −7, CPB 
duration >120 −40, Cross clamp −37, and One year all-cause mortality −24, respectively.

*
Indicates missing values for the specified variable; myocardial infarction has 19 missing values, surgery type has 1 missing value, albuminuria has 

16 missing values, perfusion time has 60 missing values, cardiopulmonary bypass time has 3 missing values, cross-clamp time has 62 missing 
values, and length of ICU stay has 1 missing value.

**
0.3 mg/dl or 50% rise in serum creatinine
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