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ABSTRACT
Background: AKI has been associated with all-cause short and long-term mortality. However, the association with CV-events remains unclear. We sought to investigate this in patients undergoing open (OAR) or endovascular (EVAR) abdominal aortic aneurysm (AAA) repair, as they are likely to develop both AKI and CV-morbidity. A meta-analysis was subsequently performed to confirm this in other cardiovascular-interventions.

Methods: AKI-incidence was assessed in a multicentre-cohort of 1,068 patients undergoing EVAR (947 individuals) or OAR electively using the “Acute Kidney Injury Network” criteria. A composite-endpoint was used, consisting of: non-fatal myocardial infarction (MI), stroke, vascular event, hospitalisation due to heart-failure and CV-death. A systematic literature review identified studies reporting AKI-incidence and CV-events. Risk-ratios at 1 and 5 years were combined using meta-analysis. 
Results: During a median follow-up of 62 months (range: 11-121) AKI was associated with CV-events on adjusted (for cardiovascular risk-factors) analyses [Incidence: 36% of EVAR, 32% of OAR patients; Hazard Ratio 1.73, 95% CI 1.06-3.39, p=0.03] for the overall population. In the meta-analysis, 7 studies reported incidence of MI on 23,936 patients 1-year after coronary-intervention (PCI) with a pooled risk-ratio (RR) of 1.76 (95%CI: 1.45-2.83, p<0.001); at 2-years, 3 studies reported MI-incidence on 17,773 patients after PCI with a pooled RR of 1.34 (95%CI: 1.10-1.63, p=0.003). MI-incidence was reported 5 years after cardiac-surgery by 3 studies (33,701 patients) with a pooled RR of 1.60 (95%CI: 1.43-1.81). 

Conclusion: AKI is associated with long-term CV events after surgery or endovascular intervention. 
No funding has been received for the specific analysis and there are no financial arrangements between any author and any company whose product or competing product plays a prominent role in this manuscript. The results have not been published previously.
INTRODUCTION
Acute kidney injury (AKI) can present in up to 20% of individuals undergoing cardiovascular (CV) intervention[1]. Development of AKI has been associated with short-term morbidity, hospital-stay, treatment-cost, and mortality[2]. AKI has also been associated with long-term mortality after surgery 


[3,4] ADDIN EN.CITE and has been estimated 
 ADDIN EN.CITE 
[5]
 to cost the NHS £620 million annually. A significant proportion of adverse events in populations with AKI are attributable to CV morbidity


[4,6] ADDIN EN.CITE . However, the exact association between AKI and long-term cardiovascular events has not been fully investigated.
A typical population at high-risk for AKI and CV-events are patients undergoing repair of an abdominal aortic aneurysm (AAA)


[1,7] ADDIN EN.CITE . The current prevalence of AAA for men above the age of 65 ranges from 2% to 7% and elective treatment in the form of open (OAR) or endovascular (EVAR) repair is advocated when the AAA-diameter reaches 5.5cm[8]. Both OAR and EVAR can lead to significant insults to the kidney, such as hypovolaemia, ischaemia-reperfusion injury, and contrast nephropathy
 ADDIN EN.CITE 
[7,9]
. EVAR is associated with better short-term results compared to OAR; however this benefit is not sustained after the third post-operative year 
 ADDIN EN.CITE 
[10-12]
. We recently performed a cohort-study using the currently acceptable AKI reporting-criteria and calculated the incidence of AKI after elective EVAR at 18.8% [1]. Further to AKI, patients with AAA have a significant burden of CV-morbidity that may contribute to both post-operative decline in renal function and CV-events, regardless of the type of repair. Subsequently, this is a suitable population to assess a possible association between AKI development and CV-events. 
The primary aim of this study was to assess the impact of AKI on long-term CV-events after aneurysm repair. A systematic review and meta-analysis of the literature were then performed to confirm the impact of AKI on CV-events after similar types of intervention.
METHODS

Aneurysm repair cohort
Patients undergoing elective treatment for an infra-renal AAA [open (OAR) or endovascular repair (EVAR)] between January 2004 and December 2012 in three tertiary referral centres were included (Leicester Royal Infirmary, Leicester, UK; Department of Vascular Surgery, Aristotle University, Greece; University Hospital Coventry and Warwickshire, Coventry, UK). Patients were eligible for repair if they had an AAA diameter >5.5 cm or an AAA <5.5 cm with a sac increasing >1cm per year. EVAR was offered as first-line if repair was possible using a device within instructions for use (IFU). Data were entered prospectively in an electronic registry, once written informed consent had been obtained for the procedure and data collection for the registry, following institutional ethical approval. Patients with symptomatic, leaking, ruptured, infected, or inflammatory aneurysms or end-stage renal disease (ESRD) receiving dialysis were excluded. All participants underwent a computed tomographic angiography (CTA) to assess eligibility for EVAR. Blood samples at baseline were obtained prior to imaging. Blood samples were also taken 24 and 48 hours after the repair. For the EVAR patients, a standardized follow-up protocol, consisting of outpatient clinic visits at 30 days, 6 months, 12 months after the operation, and annually thereafter, was employed. Imaging during follow-up included plain abdominal radiography and a CTA at 6 months, 12 months, and annually thereafter. This was the uniform standard follow-up protocol for EVAR at the time in the included centres. Since 2012 patients undergo follow-up guided by ultrasound imaging at the same intervals, with angiography reserved for suspected endoleak
 ADDIN EN.CITE 
[13-15]
. OAR patients are followed-up at 30 days and 6 months without routine cross-sectional imaging. 
Aneurysm repair procedures 

Endovascular repair
Commercially available endovascular devices were used (Table 1), with both infra- and supra- renal fixation modalities. Indications and specifications have been described elsewhere 
 ADDIN EN.CITE 
[16]
. Procedures were performed in an operating theatre under general-anaesthesia using fluoroscopic control and non-ionic contrast.
Open repair
Procedures were performed in an operating theatre under general-anaesthesia via a trans-peritoneal approach. A Dacron graft was used; supra-renal clamping was not applied in any of the cases. Standard cardiac monitoring was available, including cardiac-output measurement and central line monitoring. Patients remained in an intensive-care unit for at least 24 hours. 
Pre- and post-operative renal protection strategy
Prior to repair the administration of nephrotoxic contrast and non-steroidal anti-inflammatory drugs were avoided (2 weeks). Metformin was discontinued for 2 days. For patients with a pre-operative eGFR>60 ml/min/1.73m2, intravenous fluids (0.9% saline, 2mL/kg/hour) were started on the day of the operation; those below that threshold were admitted one-day before and received intravenous fluids (0.9% saline, 1.5 L/24 hours) for 24 hours, until nil by mouth, when they were commenced on 2mL/kg/hour. Urinary catheterization and hourly urine-output measurements were routinely employed. Intra-operative fluid management was guided by mean arterial-pressure (peripheral arterial line). Hartmann’s solution was used to keep the mean arterial pressure within 80% of the baseline for 90% of the operating time. Hourly urine output measurements continued until discharge. All patients received a statin and at least one antiplatelet agent with aspirin being the first-choice (Table 1). All patients were asked to mobilise and eat and drink as soon as possible. In case the patient developed AKI, they were reviewed by a nephrologist. A blood transfusion was given if the patient’s haemoglobin was < 8g/dl or if the patient had a history of cardiac-disease and was symptomatic with a haemoglobin <10g/dl. 
Definitions 
Acute kidney injury (AKI) was defined as an increase in SCr >= 26.5 μmol/L, or >=50% (1.5-fold from baseline), within 48 hours (the patient’s SCr measurements at 24 and 48 hours were used) using the “Kidney-Disease Improving Global Outcomes” guideline (KDIGO) definition [17]. Patients were then classified into 3 different stages of AKI. Stage 2 AKI was defined as >2.0-2.9 times SCr rise and Stage 3 AKI was defined as >3.0 times SCr rise within or rise to >354μmol/L or initiation of dialysis. Complications were defined according to the reporting standards by Chaikof et al [18]. Hypercholesterolaemia was defined as total cholesterol >5mmol/L [19] and hypertension as patient taking antihypertensive-medication or blood pressure >=140/90mmHg[20]. Myocardial infarction was defined as a rise in Troponin exceeding 5 times the 99th percentile of normal reference-range, when associated with new ST-segment deviation, Q-waves or new left bundle branch block on an electrocardiogram, or angiographically documented new graft or native coronary artery occlusion, or imaging evidence of new loss of viable myocardium 
 ADDIN EN.CITE 
[21]
. Peripheral vascular-events were defined as per the American Heart Association (AHA) 
 ADDIN EN.CITE 
[22]
. Causes of death were coded based on the patient’s death certificate. Cardiovascular death was defined as death immediately attributable to a CV [23]. 
Systematic-review and meta-analysis
Subsequent to the cohort study, AS and MB performed a systematic electronic search (Medline and Embase - April 2015) to identify studies assessing CV-events in populations with AKI, using the following keywords: (“acute kidney injury” OR “acute renal failure” OR “acute nephropathy” OR “AKI” OR “contrast induced nephropathy”) AND (“cardiovascular event” OR “cardiac event” OR “myocardial infarction” OR “stroke” OR “heart failure”). Overall, 2,542 abstracts were identified and screened by the authors (Supplementary Figure 1). Reference lists were also searched. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)[24] guidance was followed. Case-reports, case-series with <10 patients, and conference proceedings were excluded; all other types of publications were deemed eligible for inclusion, given the lack of evidence from randomized controlled trials. All publications identified were in English.  All studies represented retrospective observational analyses of single or multicentre nature. 
Endpoints

For the cohort study, a composite cardiovascular (CV) endpoint was used, which consisted of: non-fatal myocardial infarction (MI), non-fatal stroke, non-fatal peripheral vascular events, hospitalisation due to heart failure, and death immediately due to a CV-event, as defined above. For the meta-analysis, the primary endpoint was incidence of MI, as defined by each study, during follow-up as studies did not uniformly report incidence of stroke, heart-failure, or peripheral events that would enable calculation of a composite-endpoint.
Statistical analysis

For the cohort study, analyses were performed using the Statistical Package for Social Sciences Version 21.0 (SPSS, Chicago, Ill, USA). Continuous parametric data are presented as mean value ± standard deviation (SD) and categorical data are presented as absolute values. Comparisons between study-groups were performed using the independent samples t-test for continuous parametric variables and Pearson’s chi-square test for categorical variables. Cox-regression was used to assess the impact of AKI on CV-morbidity during follow-up, together with factors where statistical comparison disclosed a p value <0.1 between groups with and without AKI (Table 1); age, sex, diabetes, history of previous MI or stroke, use of statins, history of PAD, and hypertension were used in the multivariate analyses, regardless of differences at baseline. A Bonferroni correction was applied. Meta-analysis was performed using the R suite for Windows. A random-effects model was used due to the variability in baseline characteristics. Heterogeneity was assessed using the I2 statistic. Outcomes are reported as relative risks (RRs) with 95% Confidence Intervals (CIs). The quality of randomized studies was assessed using the Newcastle–Ottawa Scale [25]. A p-value level <0.05 was considered statistically significant. 
RESULTS

Aneurysm repair cohort
A total of 947 patients underwent EVAR and 121 patients underwent OAR. Baseline characteristics of patients that did and did not develop AKI are summarized on Table 1. The main parameter that differed at baseline (univariate analysis) was eGFR (calculated using the CKD-EPI formula)[26] as documented on Table 1. Overall, a total of 167 patients (18%) undergoing EVAR and a total of 21 patients (17%) undergoing OAR developed AKI; incidence was similar among the 3 centres (for EVAR: 16.4% vs 18.2% vs 17.8% - for OAR: 16% vs 17% vs 17%). Of these, 12 (1.3%) EVAR patients developed stage-2 and 2 (0.2%) EVAR patients developed stage-3 AKI; 4 (3%) OAR patients developed stage-2 and 4 (3%) stage-3 AKI. All others developed stage-1 AKI. None required dialysis during the immediate post-operative period (30 days) and none of the OAR patients developed AKI past the 48 hour definition point used in the study. 
During a median follow-up of 61 (range: 34-110) months for EVAR and 66 months (range: 11-121) for OAR, 11.8% of EVAR and 8.3% of OAR patients died; 36.1% of EVAR and 32.3% of OAR patients developed CV-events (Table 2). On univariate analysis, development of AKI in both the EVAR and the OAR groups was associated with long-term CV-events as per the endpoint at completion of follow-up [EVAR: Risk Ratio (RR) 1.52, 95% Confidence Interval (CI) 1.23-1.82, p<0.001; OAR: RR 2.12, 95% CI: 1.30-2.46, p=0.01]. Kaplan-Meier analysis showed that patients who did develop AKI in the EVAR (p=0.01) and OAR (p=0.02) groups were more likely to then develop CV-events (Figure 1). Adjusted analyses in the EVAR (947 patients included in the model; adjusted for: age, sex, diabetes, previous MI, previous stroke, hypertension, history of PAD, smoking-habit, baseline eGFR, use of statin and beta-blocker, history of COPD) and the combined population (EVAR and OAR, 1,068 patients included in the model) disclosed that AKI was independently associated with CV-events [EVAR: Hazard Ratio (HR) 1.76, 95% CI 1.06-2.92, p=0.03; combined EVAR and OAR: HR 1.73, 95% CI 1.06-2.83, p=0.03] (Supplementary Tables 1 and 2).
Meta-analysis

The systematic review identified 21 manuscripts 


 ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
[27-44]
 reporting CV-events after development of AKI, beyond the first 30-days after AKI development (Tables 3 and 4; supplementary Figures 1 to 4; supplementary Table 3). All were retrospective-studies and the majority reported on patients undergoing percutaneous coronary intervention (PCI). One study reported on CV-events after hospitalization in an intensive care unit and 5 studies reported on CV-events after coronary artery bypass grafting (CABG). One study (not included in the meta-analysis) provided data on major adverse cardiac events after aortic surgery for type-A dissection
 ADDIN EN.CITE 
[45]
. Also, one study (not included in the meta-analysis) reported CV-events after admission in intensive care (regardless of the underlying diagnosis) and development of AKI. Our meta-analysis focused on the populations undergoing PCI and CABG. Reporting of incidence of stroke, heart failure and other cardiac events varied significantly and adjusted analyses were performed in only 8 studies, using different variables for adjustment in each case, hence meta-analysis of adjusted Hazard Ratios (HRs) was not undertaken. Additionally, incidence of CV-events was reported at different points in time, with most papers reporting CV-morbidity at 1 year. Hence, for studies including patients undergoing PCI, we performed meta-analysis of data at: 1 year, when 7 studies 
 ADDIN EN.CITE 
[27,28,30-33,39]
 reported incidence of myocardial-infarction (MI) on 23,936 patients with a pooled risk-ratio (RR) of 1.76 (95%CI: 1.45-2.12, p<0.001, I2= 50.6%); 2 years, when 3 studies 
 ADDIN EN.CITE 
[34,41,44]
 reported incidence of MI on 17,773 patients with a pooled RR of 1.34 (95%CI: 1.10-1.63, p=0.003, I2= 33.9%). Results after the 2nd year for PCI studies were not reported in a uniform manner and significant heterogeneity did not allow further pooled calculations. For patients undergoing cardiac surgery, CV-events were reported at 5 years. More specifically, 3 studies 
 ADDIN EN.CITE 
[37,42,43]
 reported incidence of MI following major cardiac surgery on 33,701 patients with a pooled RR of 1.60 (95%CI: 1.43-1.81, I2=0%). In addition to these, one retrospective study of 375 patients undergoing open aortic reconstruction for type-A dissection showed that AKI stage 3 as per the KDIGO criteria is associated with major cardiac adverse events at a median follow-up of 2.6 years, with an adjusted HR of 5.55 (95% CI: 2.13-14.43). Data for the overall AKI population (all stages) were not reported and data regarding MI, stroke, HF and/or other vascular events were not separately reported, thereby not allowing inclusion in the meta-analysis model
 ADDIN EN.CITE 
[45]
. Regarding publication bias, a Funnel plot analysis was performed; for the PCI studies reporting MI incidence, Egger’s test was significant (p=0.01) at 1 year and not significant (p=0.93) at 2 years. For the studies reporting outcomes after cardiac surgery at 5 years, Egger’s test was significant (p=0.01). However, for the studies where Egger’s test was significant, the overall effect size did not change significantly when separate studies were sequentially removed from the analysis.
DISCUSSION
This study suggests that development of AKI after intervention in populations at high-risk for CV-morbidity is associated with CV-events at long-term. We chose to primarily investigate CV-events in patients undergoing endovascular (EVAR) or open (OAR) aneurysm repair, as they have a high-prevalence of AKI risk-factors. Despite that, their eGFR was still fairly well preserved in our series. Still, prevalence of diabetes and baseline renal-dysfunction were more common in our AKI group (compared to those without AKI). In our EVAR cohort, development of AKI was associated with CV-events both at univariate and adjusted analyses. 
To confirm this association, we interrogated the literature in a systematic review. Meta-analysis (for incidence of MI) was possible for patients undergoing percutaneous coronary intervention at 1 year and patients undergoing coronary artery bypass grafting at 5 years. The findings in the meta-analysis re-iterate our initial findings.
AKI is a sudden, usually reversible, deterioration of renal function that has been associated  with increased mortality, morbidity, and healthcare-cost [46]. A study involving 10,518 patients undergoing surgery suggested that long-term survival was worse among patients with AKI, even those with complete recovery of renal-function 
 ADDIN EN.CITE 
[47]
. In a large meta-analysis development of AKI impacted on long-term mortality with a pooled-adjusted HR of 2.0 (95% CI: 1.3-3.1) [6]. 
Long-term CV-events in populations with AKI have not been investigated to the same extent. We attempted to assess this association in patients undergoing AAA-repair as they have a significant burden of CV-morbidity and AKI risk-factors. They also typically suffer several CV-events after repair:  in the EVAR randomized-trials (OAR versus EVAR) the incidence of major CV-events at 5 years was 35% [48]. Patients undergoing AAA repair are also likely to develop AKI due to a variety of reasons. Among these undergoing OAR the renal injury is mostly due to hypovolaemia, ischaemia-reperfusion injury and aortic cross-clamping[7] with an incidence between 10-20%. EVAR represents a minimally invasive alternative; however, AKI is still common due to: intra-arterial nephrotoxic contrast administration, renal-microembolisation, dissection or coverage of renal arteries, lower-limb ischaemia and ischaemia-reperfusion syndrome, hypovolaemia, and CV-disease[7]. Using the  KDIGO criteria, we recently documented an incidence of 18% after elective EVAR [1]. Given the high-incidence of AKI and CV-events in this population we considered it ideal in order to investigate a possible association between the two. Similar to previous studies, the incidence of CV-morbidity in our AAA-cohort was 35.6% over 5-years. Unfortunately, the randomized EVAR studies have not reported AKI-incidence. Additionally, the majority of observational EVAR-studies have used inconsistent reporting criteria for AKI 
 ADDIN EN.CITE 
[7,12]
. A recent study retrospectively reported on 375 individuals undergoing reconstruction for type-A dissection showing that AKI stage 3 is associated with cardiac adverse events at a follow-up of 2.6 years
 ADDIN EN.CITE 
[45]
. Our data confirms this association; however, our population and analyses are different in many respects. Open surgery for type-A dissection is more invasive and AKI is therefore more common compared to AAA-intervention. Also, type-A dissection is a rare pathology compared to AAA. Further to this, we haven’t focused exclusively on stage-3 AKI but included all patients in our analyses. As a result, findings from out cohort are more generalizable.   
Whether AKI is the precipitating factor behind CV-events or these patients are simply more likely to have a more significant burden of occult CV-morbidity remains unclear. Based on our findings we may regard development of AKI as a marker of higher CV-risk. It is unclear how and if AKI pathogenically accelerates CV-morbidity. To answer this, further mechanistic evidence is necessary. If we consider AKI as a marker indicating worse CV-outcome, we need to offer this population more aggressive follow-up and CV-prevention. AKI prevention may also be pivotal. Unfortunately, to the authors’ knowledge, the various AKI prevention trials, mostly in cardiac intervention, do not offer sufficient long-term follow-up in terms of CV-events to assess the exact role of AKI prevention on long-term events. 
Regarding AKI-prevention in AAA repair, hydration is traditionally considered as the mainstay of prevention [7]. This is because volume expansion protects the tubule from ischaemic and oxidative insults. However, given the multifactorial nature of renal-injury, simple hydration may not be sufficient. We previously performed a systematic-review, which identified a paucity of randomized evidence investigating reno-protection these patients [7]. 
This study has certain limitations that need to be mentioned. Firstly, it represents a retrospective analysis, even though based on prospectively maintained datasets, and limitations such as coding errors are unavoidable. The study is also limited by loss to follow-up, as is the case in all observational reports. Patients at baseline did not have available data regarding proteinuria or subclinical markers of kidney injury and we have not collected data on renal artery stenoses, which may impact on AKI development. Regarding the dose-response relationship between severity of AKI and subsequent CV outcomes, only a small number of patients in this series developed stage 2 or 3 AKI, hence such an association is difficult to examine using our data due to type-2 error. In the systematic review, all studies are retrospective and non-uniform definitions of CV-events during follow-up did not allow a calculation. The definitions used for AKI are also not completely identical; however, they have all used universally accepted criteria to report incidence. 
Overall, this study suggests that AKI is associated with long-term CV-events in populations at high-risk after intervention. Relevant reno-protective strategies, both in the short and long term should be investigated.
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Table headings

Table 1: Baseline characteristics for the study groups

Table 2: Events for the study groups during follow-up

Table 3: Characteristics of studies reporting long-term cardiovascular events after acute kidney injury (AKI)

Table 4: Events during follow-up in studies reporting cardiovascular outcome after development of acute kidney injury (AKI)

Figure legends

Figure 1: Kaplan Meier analysis of cardiovascular events during follow-up for patients undergoing open or endovascular abdominal aortic aneurysm repair.

