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Abstract

Background—The development of acute kidney injury (AKI) after cardiac surgery is associated

with significant mortality, morbidity, and cost. The last decade has seen major changes in the

complexity of cardiac surgical candidates and in the number and type of cardiac surgical

procedures being performed.

Methods—Using data from the Nationwide Inpatient Sample, we determined the annual rates of

AKI, AKI requiring dialysis (AKI-D), and inpatient mortality after cardiac surgery in the United

States in the years 1999 through 2008.

Results—Inpatient mortality with AKI and AKI-D decreased from 27.9% and 45.9%,

respectively, in 1999 to 12.8% and 35.3%, respectively, in 2008. Compared with 1999, the odds of

AKI and AKI-D in 2008, adjusted for demographic and clinical factors, were 3.30 (95%

confidence interval [CI]: 2.89 to 3.77) and 2.23 (95% CI: 1.78 to 2.80), respectively.

Corresponding adjusted odds of death associated with AKI and AKI-D were 0.31 (95% CI: 0.26 to

0.36) and 0.47 (95% CI: 0.34 to 0.65.) Taken together, the attributable risks for death after cardiac

surgery associated with AKI and AKI-D increased from 30% and 5%, respectively, in 1999 to

47% and 14%, respectively, in 2008.

Conclusions—In sum, despite improvements in individual patient outcomes over the decade

1999 to 2008, the population contribution of AKI and AKI-D to inpatient mortality after surgery

increased over the same period.

Acute kidney injury (AKI) is a serious complication of cardiac surgery with

cardiopulmonary bypass and occurs with a reported frequency of 6% to 8%. Acute kidney

injury is severe enough to necessitate dialysis in approximately 1% of patients [1–5].

Postoperative AKI is associated with significantly higher patient mortality, morbidity, length

of stay, and cost [2, 3, 6]; and even minor postoperative increases in serum creatinine are

associated with an increase in long-term mortality [7].
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Ischemia-reperfusion injury is the most common cause of AKI in the cardiac surgery

population and is associated with the pathologic features of acute tubular necrosis [8]. In

renal ischemia-reperfusion injury, the initial ischemic injury is compounded by reperfusion,

associated reactive oxygen species formation, profound inflammation, and further tissue

injury [9].

Unfortunately, there are no efficacious treatments to prevent or treat established AKI after

cardiac surgery. Management consists of preoperative risk stratification, avoidance of

nephrotoxins, optimization of renal perfusion, and when required to prevent complications,

such as hyperkalemia, metabolic acidosis, and refractory volume overload, initiation of

dialysis [10–14].

Surgical coronary artery bypass graft surgery (CABG) and open valve repair or replacement

remain the treatments of choice for many patients with ischemic and valvular heart disease

[15–17]. However, advances in medical therapy and percutaneous coronary interventions

over the last decade have led to a significant decline in the number of cardiac surgeries

performed annually and a trend toward more complex patients coming to surgery [18–23].

The changes in the cardiac surgical demographic combined with increased recognition of

AKI as an important adverse outcome have likely altered the epidemiology and approach to

AKI in the cardiac surgery population [24].

We conducted the present study of a representative sample of patients undergoing coronary

artery bypass grafting and open-heart valve surgery in the United States. We specifically

determined trends in the incidence and the adverse outcomes associated with AKI in the

cardiac surgery population from 1999 to 2008.

Patients and Methods

Study Population

We extracted data from the Nationwide Inpatient Sample (NIS) for the years 1999 to 2008.

The NIS is a stratified random sample of approximately 20% of all US community hospitals

in states that participate in the Healthcare Cost and Utilization Project. Twenty-four states

participated in this effort in 1999, increasing to 42 states in 2008. The NIS contains all

discharge records for the sampled hospitals and, for each year, holds approximately 8

million records from approximately 1,000 hospitals. Sample weights are provided to allow

the generation of national estimates. Because NIS data are deidentified, the Stanford

University School of Medicine Committee on Human Subjects in Medical Research waived

approval of this retrospective study.

The study population demographics, procedures, co-morbid illnesses and outcomes were

identified through NIS administrative data and the appropriate International Classification of

Diseases, Ninth Revision (ICD-9) codes (Table 1). The study cohort consisted of all patients

18 years of age and older who underwent an on-pump CABG or an open-chamber valve

procedure (valve repair or replacement), or both. For each year of the study period, we

identified the outcomes of AKI, AKI-D, and in-hospital death in the study cohort. The

definitions of AKI and AKI-D were based on ICD-9 coding rather than on laboratory or
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clinical data. The ICD-9 codes for AKI and AKI-D have previously been shown to have

positive predictive values of 47.9% and 94.0% and negative predictive values and of 96.1%

and 90.0% for their respective diagnoses identified on medical record review [25].

We excluded hospitalizations with an ICD-9 procedure code for dialysis but without a

diagnosis code for AKI (n = 6,389), assuming that these patients were treated with dialysis

for end-stage renal disease. Additionally, we excluded patients for whom information on

demographic or clinical characteristics were unavailable (n = 978).

In adjusted analyses, we considered age, sex, surgery type (CABG or open-heart valve

repair or replacement, or both), seven comorbid conditions associated with the risk of AKI

after cardiac surgery (heart failure, hypertension, chronic obstructive pulmonary disease,

diabetes mellitus, cerebrovascular disease, obesity, and peripheral arterial disease);

indicators of noncardiac morbidity (mechanical ventilation and sepsis), and severity of

myocardial dysfunction (intraaortic balloon pump placement.) All comorbid conditions and

procedures were defined by the presence of a corresponding ICD-9 code (Table 1). To

account for changing hospitalization utilization practices during the study period, we

extracted the median hospital length of stay and the fraction of patients discharged to skilled

nursing facilities for each year.

Statistical Analysis

We compared the odds of AKI and AKI-D and associated odds of in-hospital mortality over

time by fitting a series of logistic regression models. We fitted unadjusted and multivariable

adjusted models to estimate the odds for each outcome for patients discharged in each year

relative to 1999. We graphically displayed unadjusted and adjusted odds ratios (OR), with

95% confidence intervals (CI), for each outcome over time. We tested linear trends using

multivariable adjusted weight least square regression.

Odds ratios describe the relative effects of the covariates but they do not give us any sense

of the absolute size of those effects and can be deceptive when the fraction of events is high.

We therefore generated predicted marginal percents (model adjusted risks or adjusted

percents) for mortality among patients with AKI and AKI-D for each year. The predicted

marginal percent for a particular year represents the average predicted response assuming

that all covariates in the given year are distributed similarly to the whole population [26, 27].

Finally, we computed the population attributable risk of death associated with AKI and

AKI-D [28], indicating the proportion of deaths that could potentially be avoided if AKI and

its associated complications were abrogated. To examine whether the main results differed

by type of surgery (CABG alone versus valve repair alone versus combined), all analyses

were subjected to tests for interaction with year, while adjusting for multiple comparisons

using the Bonferroni approach. None of the statistical tests for interaction was statistically

significant; as a result, surgery specific results are not reported herein (these data are

available from the authors upon request.) All estimates presented account for the complex

survey design (weighting and stratification) and subpopulation estimation. We created the

cohort using the Statistical Analysis System software, version 9.2 (SAS Institute, Cary, NC),

and conducted the analyses using StataMP, version 11 (StataCorp, College Station, TX).
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Results

Population Characteristics and Trends in Cardiac Surgery

We identified 602,134 discharges with procedure codes for cardiopulmonary bypass with

coronary artery bypass graft surgery or open valve repair or replacement from the NIS

between 1999 and 2008, which extrapolates to a total of 2,952,528 surgeries for the entire

US adult population. The demographic, clinical, and surgical characteristics for the entire

study population and for each individual calendar year are shown in Table 2.

We observed a marked decrease in the number of cardiac surgeries with cardiopulmonary

bypass performed annually in our representative sample of US hospital admissions during

the study period, with an estimated 327,515 procedures performed in 1999 compared with

245,630 in 2008. This decrease was driven by declines in CABG without valve surgery, as

the opposite was true of open-heart valve surgery (either isolated or combined with CABG),

which increased annually from 67,064 surgeries (20.5%) in 1999 to 89,847 (36.6%) in 2008.

The patients’ mean age was 65.5 years, and 31.7% were women; both characteristics

remained essentially unchanged over the decade of observation. There were significant

increases in the proportion of coded comorbidities and severity indicators (Table 2).

Incidence of AKI, AKI-D, and Mortality

For the entire cohort, the proportion of patients having the complications of AKI and AKI-D

were 7.7% and 0.8%, respectively. However, examination of annual AKI rates demonstrated

a tripling of diagnosed AKI from 4.5% in 1999 to 12.8% in 2008 (OR 3.11, 95% CI: 2.74 to

3.52). We observed a similar trend after adjusting for demographic and clinical factors; the

adjusted OR of AKI in 2008 versus 1999 was 3.30 (95% CI: 2.89 to 3.77; Fig 1A). The

proportion of patients with AKI who underwent dialysis (AKI-D) after cardiac surgery

similarly increased from 0.45% in 1999 to 1.28% in 2008 (OR 2.87, 95% CI: 2.23 to 3.7).

When adjusted for demographic and clinical factors, the odds for AKI-D in 2008 were 2.23

times those in 1999 (95% CI: 1.78 to 2.80; Fig 1B).

Risk of Mortality Associated With AKI and AKI-D

We observed a decrease in inpatient mortality after cardiac surgery during the study period,

from 3.8% in 1999 to 3.3% in 2008 (unadjusted OR 0.79, 95% CI: 0.71 to 0.88; and

multivariable adjusted OR 0.55, 95% CI: 0.49 to 0.62; Fig 1C).

Mortality in cardiac surgery patients with AKI and AKI-D declined significantly over the

study period from a baseline of 27.9% and 45.9%, respectively, in 1999 to 12.8% and 35.3%

respectively in 2008 (Fig 2). Adjusted for demographics, surgery type, comorbidities, and

severity of illness, the likelihood of death with AKI remained lower in 2008 compared with

1999. We observed an absolute decrease in adjusted mortality of 14.6% and 14.4% in

patients with AKI and AKI-D, respectively, in the period 1999 to 2008 (Tables 3 and 4).

However, the temporal reductions in mortality among patients with AKI and AKI-D were

countered by marked increases in their incidences. As a consequence, the overall association

of AKI and AKI-D with inpatient mortality after cardiac surgery increased over the decade.
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The attributable risk percent of mortality associated with AKI was 30.0% in 1999 and 47.8%

in 2008. The attributable risk percent associated with AKI-D was 5.0% in 1999 and 13.9%

in 2008 (Fig 3).

Finally, while hospital length of stay after cardiac surgery has essentially remained static, we

did observe an increase in the proportion of patients discharged to skilled nursing facilities

from 12.6% in 1999 to 19.1% in 2008 (Table 1). This trend may partly contribute to the

observed decrease in mortality during the study period as our data do not capture deaths

after hospital discharge.

All analyses were subjected to tests for effect modification by surgery type; however, no

significant interactions with time were detected. Stratified results by surgery type are

available in the Appendix (see Appendix in Auxiliary Annals section of the STS website:

http://www.sts.org/auxiliaryannals/Lenihan-2013-95-1-20-Appendix.pdf).

Comment

In this comprehensive analysis of cardiac surgical procedures with cardiopulmonary bypass

performed in the United States, we describe a significant increase in the rates of

postoperative AKI and AKI-D over the period 1999 to 2008. While mortality among

patients with AKI or AKI-D has decreased, the risk of death attributable to AKI has

increased substantially: in 2008, nearly half of the estimated 7,406 patients who died in

hospital after cardiac surgery had a diagnosis of AKI.

There are a number of potential explanations for our findings. During the decade of

observation, there has been a shift toward more complex and higher risk open heart

procedures; the rates of open valve surgery and combined CABG and open valve surgery

have increased, in contrast to the decline in isolated CABG surgery. In addition, we

observed an increasing burden of comorbid acute and chronic conditions that have

previously been linked to the risk of AKI after cardiac surgery [5, 14]. However, even with

adjustment for the higher burden of comorbid conditions and complications, rates of AKI

and AKI-D were higher over time.

It is possible that increasing awareness of AKI related to the development of diagnostic

criteria (including RIFLE [risk, injury, failure, loss, end-stage renal disease), and numerous

publications highlighting risk associated with relatively modest increases in serum

creatinine, has resulted in increased diagnosis of AKI [2–6, 23]. It is also possible that there

was no real difference in AKI incidence but rather, changing coding practices, sometimes

referred to as “code creep.” However, we were reassured that the higher incidence of AKI

was real, given that procedural coding for dialysis has increased in proportion to that for

AKI as a whole.

Two observational US studies and the Canadian Blood Conservation Using Antifibrinolytics

(BART) trial, published in 2006 and 2008, respectively, demonstrated an increase in renal

dysfunction associated with the antifibrinolytic drug aprotinin in patients undergoing cardiac

surgery with cardiopulmonary bypass [29–31]. Interestingly, although we do not have access

to drug administration data, it is notable that the withdrawal of aprotinin from the US market
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in 2007 corresponds temporally with a relative stabilization of AKI-D rates in those years.

However, aprotinin does greatly reduce perioperative transfusion requirements (and its

associated risks), and several retrospective studies suggest that patients at the greatest risk of

perioperative bleeding may still benefit from its use [32, 33]. After extensive review, the

drug has been reintroduced in Canada and Europe and is being considered for reintroduction

in the United States.

We observed lower mortality associated with AKI over time. There have been few specific

therapeutic developments for the treatment of ischemic AKI; however, cardiac surgical

patients have benefited from numerous advances and quality improvements in intensive care

over the period studied [34, 35]. In addition, some studies have suggested that earlier

nephrology consultation may be associated with lower mortality after AKI; other studies

have suggested that nephrology consultation after AKI is more likely now than in past years

[36, 37].

While the assumption of the attributable risk percent is overreaching, it does enable us to

illustrate that the association between AKI and AKI-D and inpatient mortality has

strengthened for the cardiac surgical population as a whole, where the increased survival

after AKI has been “outpaced” by a threefold increase in the incidence of the complication.

Our study compliments a number of older studies involving patients undergoing CABG

alone that have observed comparable trends in the rates and outcomes of AKI and AKI-D

and demonstrated that postoperative AKI is associated with increased levels of discharge to

long-term facilities, short-term hospital, or home health care [38–40]. Another study

observed that heart transplantation, excluded from our study, has had a greater rise in AKI

incidence when compared with other open-heart surgeries [41].

The strengths of our study include the use of a large nationally representative dataset and a

focus on the current era of cardiac surgery. Our use of attributable risk allows us to

demonstrate the net burden of AKI on the cardiac surgical population as a whole and has

implications for health care resource utilization.

There are several important limitations as well. First, we relied on diagnosis codes for AKI,

rather than medical records or laboratory data that are routinely used in clinical practice [5].

Previous studies have suggested that diagnosis codes for AKI are reasonably specific but not

sensitive; we believe that milder cases of AKI are often missed in studies using

administrative data [25]. As such, we are likely underestimating the fraction of surgical

cases (including deaths) associated with AKI. Second, we limited our study to on-pump

cardiac surgery as it remains the most prevalent mode of surgical revascularization, and

recent evidence has cast doubt on off-pump surgical outcomes [42, 43], although a recent

randomized trial showed no significant difference between off-pump and on-pump CABG

with respect to the 30-day rate of death, myocardial infarction, stroke, or AKI-D [44].

Additionally, off-pump surgery prevalence, patient selection, and outcome are far more

center- and surgeon-dependent than on-pump procedures are, making it difficult to draw

conclusions from our nationwide sample [45]. Third, we made the assumption that cardiac
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surgery temporally preceded AKI on the basis that it would be a relatively rare for a patient

in the midst of an episode of AKI to undergo cardiac surgery.

In summary, we demonstrated that the rates of AKI and AKI-D after cardiac surgery with

cardiopulmonary bypass increased significantly between 1999 and 2008, on a background of

major changes in the clinical characteristics of patients undergoing cardiac surgery and

changes in the type and frequency of procedures being performed. Based on these findings,

roughly half of all deaths after on-pump cardiac surgery are seen in conjunction with AKI.

The design and implementation of new strategies to prevent or ameliorate AKI after cardiac

surgery are desperately needed.
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Fig. 1.
Temporal trends in (A) diagnosed acute kidney injury (AKI), (B) acute kidney injury

requiring dialysis (AKI-D), and (C) in-hospital mortality, based on 601,328 discharges

identified with ICD-9 coding for cardiopulmonary bypass and coronary artery bypass graft

surgery or open-heart valve repair or replacement. Adjusted models included covariates on

age, sex, surgery type, heart failure, diabetes mellitus, hypertension, pulmonary disease,

peripheral vascular disease, cerebrovascular disease, obesity, sepsis, use of intraaortic

balloon pump, and mechanical ventilation. (Solid line = adjusted; dotted line = unadjusted.)
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Fig. 2.
Mortality trends among patients undergoing open-heart surgery complicated by acute kidney

injury (AKI) and acute kidney injury requiring dialysis (AKI-D), based on (A) 46,195

discharges identified with ICD-9 coding for AKI and (B) 4,923 discharges identified with

ICD-9 coding for AKI-D. Adjusted models included covariates on age, sex, surgery type,

heart failure, diabetes mellitus, hypertension, pulmonary disease, peripheral vascular

disease, cerebrovascular disease, obesity, sepsis, use of intraaortic balloon pump, and

mechanical ventilation. (Solid line = adjusted; dotted line = unadjusted.)
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Fig 3.
Trends in the attributable risk percent of death from acute kidney injury (AKI), based on

95,950 deaths after cardiopulmonary bypass and coronary artery bypass graft surgery or

open-heart valve repair or replacement. (Solid line = AKI; dotted line = AKI with dialysis

[AKI-D].)
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Table 1

Procedure and Diagnosis Codes Used to Define Study Population, Outcomes, and Covariates

Disease/Procedure ICD-9 Code

Acute kidney injury 584.5, 584.6, 584.7, 584.8, 584.9

Hemodialysis/hemofiltration V45.1, V56.0, 39.95, V56.1

Peritoneal Dialysis 54.98

Cardiopulmonary bypass 39.61

Coronary artery bypass graft 361.0–9

Valve surgery 351.0–4, 352.0–8

Diabetes mellitus 250.x, 357.2, 362.0, 362.07

Hypertension 401, 402, 405

Heart Failure 428.x

Obstructive airways disease 490.x–496.x, 500.x–505.x, 516.x, V813

Cerebrovascular disease 430.x–438.x, 00.61, 00.63, 38.10

Peripheral vascular disease 440.20–440.24, 424.3x, 424.4, 39.50, 39.90, 00.55, 39.25, 39.29

Obesity 278.00, 278.01

Intraaortic balloon pump 37.61

Mechanical ventilation 93.90, 93.92, 96.01, 96.04, 96.05, 96.70, 96.71, 96.72

Sepsis 038.x, 112.5, 112.81, 020.2, 790.7, 785.59
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Table 3

Predicted Marginal Percents for Mortality Among Patients Undergoing Open-Heart Surgery Complicated by

Acute Kidney Injury

Year

Mortality % (SE)

Unadjusteda Adjustedb Adjusted Differenceb

1999 27.9 (1.1) 27.6 (1.0) Referent

2000 24.1 (1.1) 25.1 (0.8) −1.6 (1.2)

2001 22.8 (1.2) 22.9 (1.0) −3.8 (1.4)

2002 20.6 (1.1) 21.4 (0.8) −5.3 (1.2)

2003 20.0 (0.9) 20.4 (0.8) −6.3 (1.2)

2004 17.6 (0.8) 17.6 (0.7) −9.1 (1.2)

2005 14.5 (0.8) 14.1 (0.6) −12.6 (1.1)

2006 13.4 (0.7) 13.7 (0.6) −13.0 (1.1)

2007 12.9 (0.6) 12.6 (0.6) −14.1 (1.1)

2008 12.8 (0.6) 12.2 (0.5) −14.6 (1.1)

a
Results were unadjusted for model covariates but accounted for complex survey design.

b
Results were adjusted for model covariates (age, sex, surgery type, heart failure, diabetes, hypertension, pulmonary disease, peripheral vascular

disease, cerebrovascular disease, obesity, sepsis, use of intraaortic balloon pump, mechanical ventilation) and accounted for complex survey
design.
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Table 4

Predicted Marginal Percents for Mortality Among Patients Undergoing Open-Heart Surgery Complicated by

Acute Kidney Injury Requiring Dialysis

Year

Mortality % (SE)

Unadjusteda Adjustedb Adjusted Differenceb

1999 45.9 (3.3) 45.9 (2.8) Referent

2000 38.9 (3.5) 43.9 (2.9) −2.0 (3.9)

2001 38.9 (3.0) 39.8 (2.5) −6.1 (3.7)

2002 43.5 (2.8) 44.4 (2.4) −1.5 (3.6)

2003 37.4 (3.0) 37.9 (2.4) −8.0 (3.6)

2004 31.2 (2.6) 31.7 (2.5) −14.3 (3.7)

2005 28.2 (3.3) 28.4 (2.3) −17.6 (3.5)

2006 29.5 (2.4) 29.9 (1.8) −16.0 (3.2)

2007 30.1 (2.5) 28.9 (2.1) −17.1 (3.4)

2008 35.3 (2.1) 31.5 (1.7) −14.4 (3.2)

a
Results were unadjusted for model covariates but accounted for complex survey design.

b
Results were adjusted for model covariates (age, sex, surgery type, heart failure, diabetes, hypertension, pulmonary disease, peripheral vascular

disease, cerebrovascular disease, obesity, sepsis, use of intraaortic balloon pump, mechanical ventilation) and accounted for complex survey
design.
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