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Background: Accurate prediction of cardiac surgery–associated acute kidney injury (AKI) would improve
clinical decision making and facilitate timely diagnosis and treatment. The aim of the study was to develop
predictive models for cardiac surgery–associated AKI using presurgical and combined pre- and intrasurgical
variables.

Study Design: Prospective observational cohort.
Settings & Participants: 25,898 patients who underwent cardiac surgery at Cleveland Clinic in 2000-2008.
Predictor: Presurgical and combined pre- and intrasurgical variables were used to develop predictive

models.
Outcomes: Dialysis therapy and a composite of doubling of serum creatinine level or dialysis therapy within

2 weeks (or discharge if sooner) after cardiac surgery.
Results: Incidences of dialysis therapy and the composite of doubling of serum creatinine level or dialysis

therapy were 1.7% and 4.3%, respectively. Kidney function parameters were strong independent predictors in
all 4 models. Surgical complexity reflected by type and history of previous cardiac surgery were robust
predictors in models based on presurgical variables. However, the inclusion of intrasurgical variables
accounted for all explained variance by procedure-related information. Models predictive of dialysis therapy
showed good calibration and superb discrimination; a combined (pre- and intrasurgical) model performed
better than the presurgical model alone (C statistics, 0.910 and 0.875, respectively). Models predictive of the
composite end point also had excellent discrimination with both presurgical and combined (pre- and intrasurgi-
cal) variables (C statistics, 0.797 and 0.825, respectively). However, the presurgical model predictive of the
composite end point showed suboptimal calibration (P � 0.001).

Limitations: External validation of these predictive models in other cohorts is required before wide-scale
application.

Conclusions: We developed and internally validated 4 new models that accurately predict cardiac
surgery–associated AKI. These models are based on readily available clinical information and can be used for
patient counseling, clinical management, risk adjustment, and enrichment of clinical trials with high-risk
participants.
Am J Kidney Dis. 59(3):382-389. © 2012 by the National Kidney Foundation, Inc.
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Cardiac surgery–associated acute kidney injury
(AKI) represents a devastating complication

that portends significant morbidity and mortality.1 Its
incidence has been reported to be as high as 45%,
depending on the definition used and the cohort stud-
ied, whereas severe AKI requiring dialysis has been
observed in 1.7% of patients after cardiac surgery.2,3

To date, AKI prevention and treatment ventures have
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been hindered by the lack of early diagnostic bio-
markers that could reveal a window for effective
therapeutic intervention. Traditionally, cardiac sur-
gery has been a desirable clinical setting to study
novel injury biomarkers and therapeutic interven-
tions due to the vulnerability of the patient popula-
tion, knowledge of the timing of injury, and avail-
ability of risk models predictive of cardiac surgery–
associated AKI. Accurate predictive models are
needed not only in the research arena, but also for
patient counseling regarding risk-benefit compari-
sons, allocation of clinical resources, and compari-
son of observed-to-predicted adjusted outcomes for
quality assurance. Previous models predictive of
cardiac surgery–associated AKI have confined their
variable selection to mostly presurgical risk factors,
and the outcome, to kidney failure requiring dialy-
sis, thus limiting their clinical utility.2,4-6 More-
over, although simplified and parsimonious predic-

tive models are user friendly and easily calculated
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at the bedside, they are statistically compromised
and sacrifice invaluable predictive aptitude.7,8

The purpose of this investigation is to develop and
validate multivariable models based on presurgical
and combined pre- and intrasurgical clinical informa-
tion that predicts cardiac surgery–associated AKI. We
examined 2 cardiac surgery–associated AKI out-
comes, dialysis therapy and the composite end point
of dialysis therapy or doubling of serum creatinine
(SCr) level, in a large prospectively maintained regis-
try of patients undergoing cardiac surgery at our
institution.

METHODS

StudyParticipants

The study was approved by the Institutional Review Board at
Cleveland Clinic. We studied 25,898 patients who underwent
cardiac surgery at Cleveland Clinic between April 2000 and
January 2008, obtained from the Anesthesiology Institute Patient
Registry. Patient information is collected prospectively on a daily
basis by research coordinators. Complementary laboratory data
were retrieved from electronic medical records. We excluded
patients with end-stage renal disease and those who required
presurgical dialysis. We included only the first surgical episode for
those who had multiple operations during the investigation period.

ExplanatoryVariables

We considered 47 clinically relevant pre- and intrasurgical
variables for model development. Variables that captured redun-
dant physiologic parameters, had prevalence rates �5%, or had
missing data of �10% were excluded. Advanced medical proce-
dures, such as presurgical intra-aortic balloon pump and extracor-
poreal membrane oxygenation, which are not universally available
and are subject to varying practice patterns, also were excluded.
Subsequently, 31 variables were used for multivariable analysis in
pre- and intrasurgical–based models, and 27, in presurgical mod-
els. The most recent presurgical laboratory data were used. Base-
line estimated glomerular filtration rate (eGFR) was calculated
based on the 4-variable Modification of Diet in Renal Disease
(MDRD) Study equation.9 Missing data for continuous variables
were replaced by median values. Sensitivity analysis was per-
formed for each imputed variable individually, with no significant
influence on parameter estimates or P values.

OutcomeMeasures

We studied 2 main end points: AKI that required dialysis and a
composite outcome of doubling of SCr level or dialysis therapy
within 2 weeks of cardiac surgery (or hospital discharge).

Model Building

We summarized demographic, clinical, and laboratory data as
median and interquartile range (IQR) for continuous variables and
frequency for discrete variables. We examined continuous vari-
ables for a nonlinear relationship with the 2 binary end points
individually; log transformation and higher order polynomials
were used as deemed appropriate. We retained variables in the
multivariable logistic regression model using backward selection
with P � 0.1 and examined several interactions selected a priori on
clinical grounds. Model comparisons were based on Akaike infor-

mation criterion (AIC) minimization.
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We assessed predictive accuracy by examining the discrimina-
tion and calibration of each model. Discrimination was evaluated
using the concordance (C) statistic, which also represents the area
under receiver operating characteristic curve (shown in Fig 1), and
95% confidence intervals (CIs). We constructed calibration plots
using categories based on deciles of the entire cohort for each
model (Fig S1, available as online supplementary material).
Calibration was assessed by computing the Hosmer-Lemeshow
statistic.10

We performed bootstrap validation of all 4 models using the
entire cohort with 1,000 resampling runs to assess for bias due to
overfitting.11,12 Each bootstrap sample included backward elimina-
tion and tested the nonlinearity of certain variables. Optimism for
the C statistic then was calculated by taking the difference between
the bootstrap-generated mean C statistic of each model and the
model applied to the original sample. Moreover, we obtained
estimates of model optimism by calculating shrinkage factor
(�AIC) using a heuristic linear shrinkage technique.13 All statistical
analyses were conducted using SAS, version 8.2 (SAS Institute
Inc, www.sas.com).

OnlineCalculators

We constructed web-based calculators for each of the 4 models:
presurgical variables/dialysis therapy end point (rcc.simpal.com/
8IJJoG), pre- and intrasurgical variables/dialysis therapy end point
(rcc.simpal.com/XA5TID), presurgical variables/composite of di-
alysis therapy or doubling of SCr level (rcc.simpal.com/i9G0ou),
and pre- and intrasurgical variables/composite of dialysis therapy
or doubling of SCr level (rcc.simpal.com/HURZeo).

RESULTS

Table 1 lists perisurgical characteristics of the en-
tire cohort and participants who reached the study end
points. Median age was 65 (IQR, 19) years, 67% were
men, and 89% were white. The rates of AKI requiring
dialysis therapy and the composite of doubling of SCr
level or dialysis therapy were 1.7% (n � 429) and
4.3% (n � 1,113), respectively. Median time to dialy-
sis therapy and peak SCr level were 4 (IQR, 6) and 3
(IQR, 2) days, respectively. Hospital median length of
stay and mortality were 30 (IQR, 26) days and 48%
(206 of 429) in patients who required dialysis therapy;
17 (IQR, 25) days and 10% (68 of 684) in patients
with doubling of SCr level. Mortality was 0.2% (53 of
25,898) by postsurgical day 2 and 1.1% (297 of
25,898) within 2 weeks of cardiac surgery or hospital
discharge. In the latter group, 31% (93 of 297) of
participants had dialysis therapy and 45% (135 of
297) reached the composite end point of dialysis
therapy or doubling of SCr level.

Model Building

Four new predictive models based on presurgical
and combined (pre- and intrasurgical) variables for
the 2 end points are listed in Tables 2 and 3, respec-
tively. Intercept, � coefficient, standard error, and P
value for each variable are listed in Table S1. Baseline

eGFR was entered as a quadratic term in the compos-
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Table 1. Baseline Clinical Characteristics and Operative Information for Patients Undergoing Cardiac Surgery

Dialysis Doubling of SCr or Dialysis Entire Cohort

Yes
(n � 429)

No
(n � 25,469) P

Yes
(n � 1,113)

No
(n � 24,785) P (n � 25,898)

Age (y) 70 [15] 65 [19] �0.001 69 [17] 65 [19] �0.001 65 [19]

Men 255 (59) 17,122 (67) 0.001 665 (60) 16,712 (67) �0.001 17,377 (67)

Race 0.002 �0.001
White 362 (84) 22,634 (89) 948 (85) 22,048 (89) 22,996 (89)
Black 33 (7.7) 1,616 (6.3) 73 (6.6) 1,576 (6.3) 1,649 (6)
Other 34 (7.9) 1,219 (4.8) 92 (8.3) 1,161 (4.7) 1,253 (5)

Height (m) 170 [17] 172 [16] �0.001 170 [17] 172 [16] �0.001 172 [16]

Weight (kg) 80 [25] 81 [24] �0.001 82 [26] 81 [24] �0.001 81 [24]

Body mass index (kg/m2) 27 [8] 27 [7] �0.001 28 [8] 27 [7] �0.001 27 [7]

Comorbid disease
Diabetes mellitus 82 (19) 1,964 (7.7) �0.001 194 (17) 1,852 (7.5) �0.001 2,046 (7.9)
Hypertension 320 (75) 16,566 (65) �0.001 837 (75) 16,049 (65) �0.001 16,886 (65)
Cerebrovascular disease 66 (15) 1,847 (7.2) �0.001 132 (12) 1,781 (7.2) �0.001 1,913 (7.4)
Chronic kidney diseasea 287 (67) 5,454 (21) �0.001 496 (45) 5,245 (21) �0.001 5,741 (22)
Congestive heart failure 268 (62) 7,626 (30) �0.001 603 (54) 7,291 (29) �0.001 7,894 (30)
Ejection fraction �35% 146 (34) 4,068 (16) �0.001 339 (30) 3,875 (16) �0.001 4,214 (16)
Pulmonary disease 86 (20) 2,536 (10) �0.001 179 (16) 2,443 (9.9) �0.001 2,622 (10)

Previous cardiac surgery 194 (45) 5,586 (22) �0.001 423 (38) 5,357 (22) �0.001 5,780 (22)

Emergent surgery 68 (16) 831 (3.2) �0.001 166 (15) 733 (3) �0.001 899 (3.5)

Baseline laboratory data
SCr (mg/dL) 1.4 [1.0] 1.0 [0.4] �0.001 1.1 [0.6] 1 [0.4] �0.001 1.0 [0.4]
eGFR (mL/min/1.73 m2) 48 [34] 77 [28] �0.001 64 [39] 77 [28] �0.001 76 [28]
SUN (mg/dL) 30 [27] 18 [8] �0.001 22 [16] 18 [8] �0.001 18 [8]
Sodium (mEq/L) 138 [6] 140 [5] �0.001 139 [4] 140 [5] �0.001 140 [5]
Potassium (mEq/L) 4.2 [0.6] 4.1 [0.5] �0.001 4.1 [0.6] 4.1 [0.5] �0.001 4.1 [0.5]
Bicarbonate (mEq/L) 25 [4] 26 [4] �0.001 26 [5] 26 [4] �0.001 26 [4]
Albumin (g/dL) 3.7 [1.0] 4.2 [0.6] �0.001 3.9 [0.8] 4.2 [0.6] �0.001 4.2 [0.6]
Bilirubin (mg/dL) 0.7 [0.7] 0.6 [0.4] �0.001 0.6 [0.5] 0.6 [0.4] �0.001 0.6 [0.4]
WBC count (� 103/�L) 8.8 [4.1] 7.3 [3.2] �0.001 8.2 [3.5] 7.3 [3.1] �0.001 7.3 [3.0]
Hemoglobin (g/dL) 10.7 [3.7] 12.9 [2.9] �0.001 11.4 [3.3] 12.9 [2.8] �0.001 12.9 [2.7]
Platelets (� 103/�L) 182 [72] 203 [78] �0.001 195 [75] 203 [77] �0.001 203 [73]

Surgical procedure �0.001 �0.001
CABG alone 73 (17) 8,318 (33) 244 (22) 8,147 (33) 8,391 (32)
Valve surgery alone 90 (21) 8,098 (32) 249 (22) 7,939 (32) 8,188 (32)
Combined CABG & valve

surgery
141 (33) 4,782 (19) 294 (26) 4,629 (19) 4,923 (19)

Aortic surgery 79 (18) 2,650 (10) 200 (18) 2,529 (10) 2,729 (11)
Otherb 46 (11) 1,621 (6) 126 (11) 1,541 (6) 1,663 (6)

Intrasurgical data
CPB time (min) 143 [86] 95 [51] �0.001 123 [73] 95 [50] �0.001 96 [52]
Aorta cross-clamp time (min) 95 [55] 72 [40] �0.001 87 [52] 72 [40] �0.001 73 [40]
Vasopressor use 370 (86) 12,208 (48) �0.001 814 (73) 11,764 (47) �0.001 12,578 (49)
Packed RBC transfusion 345 (80) 7,753 (30) �0.001 742 (67) 7,356 (30) �0.001 8,098 (31)
Urine output (mL) 700 [750] 950 [650] �0.001 800 [700] 950 [650] �0.001 950 [650]

Note: Continuous variables are given as median [interquartile range]; categorical variables, as number (percentage). Conversion
factors for units: SCr in mg/dL to mol/L, �88.4; eGFR in mL/min/1.73 m2 to mL/s/1.73 m2, �0.01667; SUN in mg/dL to mmol/L, �0.357;
albumin and hemoglobin in g/dL to g/L, �10; bilirubin in mg/dL to �mol/L, �17.1. No conversion necessary for sodium, potassium, and
bicarbonate in mEq/L and mmol/L; WBC and platelet counts in � 103/�L and � 109/L.

Abbreviations: CABG, coronary artery bypass graft surgery; CPB, cardiopulmonary bypass; eGFR, estimated glomerular filtration
rate; RBC, red blood cell; SCr, serum creatinine; SUN, serum urea nitrogen; WBC, white blood cell.

aDefined as eGFR �60 mL/min/1.73 m2 based on the 4-variable MDRD (Modification of Diet in Renal Disease) Study equation.9

bIncludes cardiac aneurysm repair, myomectomy, and heart transplant.
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ite end point and log transformed in the dialysis-alone
models.14 We also explored the nonlinear effect of
eGFR with both end points by fitting restricted cubic
spline models (5 knots), which showed no further
model improvement per AIC compared with the previ-
ously mentioned transformations. Participants with
previous cardiac surgery or planned aortic surgery
required longer cardiopulmonary bypass support, 123 �
48 versus 96 � 40 (P � 0.001) and 130 � 50 versus
99 � 41 minutes (P � 0.001), respectively. However,
neither type of surgery nor history of previous cardiac
surgery was retained in the models that incorporated
intrasurgical information (Table 3). We also examined
the effect of chronological year of cardiac surgery in
each of the 4 models, which did not reach statistical

Table 2. Predictive Models of Acute K

Doubling of SCr or Dialys

Variable (reference group)
Female 1.15 (1.00-1.32)
Race (white)

Black 1.36 (1.07-1.70)
Other 1.38 (1.07-1.78)

Body mass index 1.02 (1.01-1.03)
Pulmonary disease 1.25 (1.05-1.50)
Congestive heart failure 1.43 (1.24-1.66)
Diabetes mellitus 1.57 (1.30-1.88)
Hypertension 1.26 (1.08-1.47)
Surgical procedure (CABG)

Aortic surgery 2.39 (1.93-2.95)
Valve surgery 1.10 (0.90-1.34)
Combined CABG & valve 1.51 (1.25-1.83)
Other surgerya 1.29 (0.98-1.70)

Previous cardiac surgery 1.62 (1.42-1.86)
Emergent surgery 3.33 (2.66-4.18)
Estimated GFRb 0.97 (0.97-0.98)
Estimated GFR2,b,c 1.0001 (1.0001-1.0002
Albumin 0.59 (0.52-0.67)
Bicarbonate 0.96 (0.95-0.98)
Sodium 0.98 (0.96-0.99)
Serum urea nitrogen 1.01 (1.01-1.02)
Hemoglobin 0.92 (0.88-0.95)
Platelet count 0.99 (0.98-1.00)
Bilirubind 1.16 (1.03-1.30)

Discrimination and calibration
C statistice 0.797 (0.784-0.810)
Hosmer-Lemeshow Pf

Note: Values shown are odds ratio (95% confidence interval
therapy within 2 weeks of cardiac surgery.

Abbreviations: CABG, coronary artery bypass grafting; GFR, g
aIncludes cardiac aneurysm repair, myomectomy, and heart tra
bEstimated GFR was calculated based on the 4-variable MDRD
cQuadratic term.
dNatural logarithmic transformation used.
eConcordance statistic adjusted for optimism using bootstrap r

interval is given in parentheses.
fSignificant P value for the Hosmer and Lemeshow statistic den
significance (data not shown).
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Summary statistics regarding the parameter weights
and performance of the 4 models are listed in Tables 2
and 3. Models predictive of the dialysis therapy end
point showed good calibration and superb discrimina-
tion; the combined (pre- and intrasurgical) model
performed better than the presurgical model, C statis-
tics of 0.910 (95% CI, 0.896-0.924) and 0.875 (95%
CI, 0.859-0.891), respectively (Fig 1), whereas the
models predictive of the composite end point (dialysis
therapy or doubling of SCr level) had excellent dis-
criminative capacity with both presurgical and com-
bined (pre- and intrasurgical) variables, C statistics of
0.797 (95% CI, 0.784-0.810) and 0.825 (95% CI,
0.812-0.838), respectively (Fig 1). The incremental

Injury Based on Presurgical Variables

P Dialysis P

0.05
0.003 �0.001

1.69 (1.15-2.49)
1.91 (1.30-2.82)

�0.001
0.01 1.63 (1.26-2.11) �0.001

�0.001 1.37 (1.08-1.73) 0.008
�0.001 1.38 (1.04-1.83) 0.03

0.003
�0.001 �0.001

3.14 (2.21-4.46)
1.04 (0.74-1.46)
1.89 (1.38-2.59)
1.08 (0.68-1.73)

�0.001 1.99 (1.61-2.46) �0.001
�0.001 3.36 (2.37-4.77) �0.001
�0.001 0.16 (0.12-0.21)d �0.001
�0.001
�0.001 0.51 (0.43-0.62) �0.001
�0.001

0.01 0.96 (0.94-0.98) 0.001
�0.001 1.01 (1.01-1.02) �0.001
�0.001

0.001
0.01 1.53 (1.29-1.81) �0.001

0.875 (0.859-0.891)
�0.001 0.2

te kidney injury is defined as doubling of SCr level or dialysis

rular filtration rate; SCr, serum creatinine.
ant.
dification of Diet in Renal Disease) Study equation.9

pling; unity denotes perfect discrimination. The 95% confidence

significant deviation between predicted and observed events.
idney

is

)

). Acu

lome
nspl
(Mo

esam
improvement in discrimination by the inclusion of
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intrasurgical variables was 0.035 (95% CI, 0.023-
0.047) for the dialysis therapy end point and 0.028
(95% CI, 0.021-0.036) for the composite end point.
The presurgical model predictive of the composite
end point showed suboptimal calibration per the Hos-
mer-Lemeshow test, P � 0.001 (Fig S1). The opti-
mism correction for the C statistic was in the order
of �0.002. �AIC ranged from 0.96-0.97 for our mod-

Table 3. Predictive Models of Acute Kidney

Doubling of SCr or

Variable (reference)
Race (white)

Black 1.35 (1.06-1.72
Other 1.33 (1.03-1.73

Body mass index 1.03 (1.02-1.04
Pulmonary disease 1.22 (1.02-1.47
Congestive heart failure 1.40 (1.22-1.62
Diabetes mellitus 1.59 (1.32-1.91
Hypertension 1.23 (1.05-1.43
Emergent surgery 2.43 (1.97-3.00
Estimated GFRa 0.98 (0.98-0.99
Estimated GFR2,a,c 1.0001 (1.00009-1
Albumin 0.71 (0.62-0.81
Potassium
Bicarbonate 0.97 (0.95-0.99
Sodium 0.98 (0.96-0.99
Serum urea nitrogen 1.01 (1.005-1.0
Hemoglobin 0.97 (0.93-1.00
Platelet count 0.998 (0.997-0.9
Bilirubinb

CPB time (�80 min)
81-120 min 1.21 (0.997-1.4
121-150 min 1.34 (1.07-1.67
151-180 min 1.31 (1.01-1.71
�180 min 2.67 (2.07-3.43
Bypass not used 0.90 (0.66-1.24

Intrasurgical packed RBC
transfusions (none)

1-2 units 1.48 (1.23-1.79
3-4 units 2.22 (1.80-2.74
5-6 units 3.25 (2.49-4.24
�6 units 6.53 (5.08-8.40

Intrasurgical vasopressor use 1.35 (1.16-1.58
Intrasurgical urine outputb 0.76 (0.71-0.81

Discrimination and calibration
C statisticd 0.825 (0.812-0.8
Hosmer-Lemeshow Pe

Note: Values shown are odds ratio (95% confidence interval). A
2 weeks of cardiac surgery. Conversion factors for units: eGFR i
mg/dL to mmol/L, �0.357.

Abbreviations: CBP, cardiopulmonary bypass; GFR, glomerula
aEstimated GFR was calculated based on the 4-variable MDRD
bNatural logarithmic transformation used.
cQuadratic term.
dConcordance statistic adjusted for optimism using bootstrap r

interval is given in parentheses.
eSignificant P value for the Hosmer and Lemeshow statist

events.
els, which precluded the need for applying shrinkage
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to any of the models; because �AIC is �0.9, a shrunken
estimator or data reduction was not needed.13

Comparison toPrevious ClevelandClinic Risk Score

We applied the previously published Cleveland
Clinic Risk score by Thakar et al2 to the present
cohort. It showed excellent discrimination, C statistic
of 0.843 (95% CI, 0.825-0.861), but inadequate cali-

y Based on Pre- and Intrasurgical Variables

sis P Dialysis P

0.007 �0.001
1.77 (1.20-2.62)
1.94 (1.31-2.89)

�0.001
0.04 1.65 (1.26-2.15) �0.001

�0.001
�0.001 1.50 (1.12-2.00) 0.006

0.003
�0.001 1.95 (1.42-2.68) �0.001
�0.001 0.24 (0.18-0.32)b �0.001

13) �0.001
�0.001 0.70 (0.58-0.84) 0.001

1.29 (1.04-1.59) 0.02
0.002
0.06

�0.001 1.02 (1.01-1.02) �0.001
0.08
0.001

1.45 (1.22-1.71) �0.001
�0.001 �0.001

1.30 (0.89-1.90)
1.52 (1.01-2.29)
2.09 (1.36-3.21)
3.85 (2.54-5.82)
1.17 (0.68-2.00)

�0.001 �0.001

1.75 (1.26-2.43)
2.86 (2.05-3.99)
4.18 (2.82-6.19)
9.24 (6.44-13.28)

�0.001 2.22 (1.64-3.00) �0.001
�0.001 0.76 (0.69-0.84) �0.001

0.910 (0.896-0.924)
0.09 0.2

kidney injury is defined as doubling of SCr level or dialysis within
min/1.73 m2 to mL/s/1.73 m2, �0.01667; serum urea nitrogen in

ation rate; RBC, red blood cell; SCr, serum creatinine.
dification of Diet in Renal Disease) Study equation.9

pling; unity denotes perfect discrimination. The 95% confidence

notes significant deviation between predicted and observed
Injur
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)
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DISCUSSION

We introduce 4 multivariable models predictive of
cardiac surgery–associated AKI, defined as dialysis
therapy alone and a composite of dialysis therapy or
doubling of SCr level using presurgical or combined
pre- and intrasurgical information. The 2 models
predictive of the dialysis therapy end point using
presurgical only or pre- and intrasurgical combined
variables showed excellent discrimination and good
calibration. The 2 models predictive of the compos-
ite end point (doubling of SCr level or dialysis
therapy) showed good discrimination, but subopti-
mal calibration.

We compared the performance of the 2 models
predictive of the dialysis therapy end point with the
previously derived Cleveland Clinic ARF (acute renal
failure) score, which in several external validation
comparison studies has outperformed alternative risk
algorithms.2,6,15 In the new models, we introduce 2
major refinements in handling baseline kidney func-
tion, a major predictor of both outcomes. We replaced
SCr level with eGFR, a superior marker of baseline
kidney function.9,16-18 We also explored the nonlinear
relationship between baseline kidney function and
outcome and avoided categorization of parameters
that has been used often in the interest of model
simplification.2,6 Serum urea nitrogen is yet another
marker for kidney function included in our models
(also associated with poor outcome in patients with
coronary artery disease).19,20 During our variable se-
lection process, we deliberately excluded procedure-
based risk factors, such as presurgical use of intra-

Figure 1. Receiver operating character-
istic curves for the new predictive models.
Red line represents models predictive of the
composite end point of dialysis therapy or
doubling of serum creatinine level, whereas
the blue lines represent the dialysis therapy–
only end point. Models that include both pre-
and intraoperative variables are represented
by broken lines, whereas solid lines repre-
sent models with preoperative only vari-
ables. C denotes concordance statistic, which
also represents the area under the receiver
operating characteristic curve.
aortic balloon pump or extracorporeal membrane
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oxygenation, due to concerns about changing practice
patterns and intercenter variability that might compro-
mise external validity and model longevity. Unlike
previous models, we included readily available base-
line laboratory measurements, which reflect the func-
tional status of various organ systems and the severity
of illness. Previous researchers have taken a parsimo-
nious approach for model building for simplicity and
ease of use.2,6 However, ironically, elimination of
scientifically relevant variables (even if they do not
reach statistical significance) is likely to lead to re-
duced predictive power.7,21 Consequently, we opted
to use a comprehensive model, but within the confines
of proper event per variable ratio to avoid overfitting.
We believe that the advantages of an unabridged
model would sidestep the mentioned statistical draw-
backs and remain end-user friendly when embedded
to electronic medical records as automated calculators
and accessible due to recent advances in mobile
technology and its widespread use.8

As predicted, our new models that included intrasur-
gical information performed better than presurgical
models. Prolonged cardiopulmonary bypass time and
packed red blood cell transfusions reflect a complex
procedure and complicated surgical course, whereas
diminished intrasurgical urine output and use of diuret-
ics are up-to-date markers of kidney function and
injury. The improved predictive accuracy is invalu-
able for novel therapeutic interventions in the immedi-
ate postsurgical window in high-risk patients. More-
over, several new biomarkers of kidney injury have
been evaluated for the early diagnosis of cardiac

surgery–associated AKI, and a comprehensive model
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would facilitate validation of their incremental predic-
tive value.22-25 We also introduced models predictive
of a composite end point, which not only enrich the
anticipated event rate required for clinical trials, but
also circumvent potential bias introduced by a physi-
cian-driven intervention such as dialysis because cer-
tain presurgical characteristics such as baseline kid-
ney function may influence the provision or timing of
dialysis therapy after cardiac surgery.

Unfortunately, our presurgical model for the com-
posite end point had inadequate calibration, as did the
previous Cleveland Clinic Risk Score. This may illus-
trate different reasons for discordance between pre-
dicted versus observed probabilities across risk catego-
ries. Predictive models may lose predictive accuracy
due to the inevitable change in patient characteristics,
disease epidemiology, medical technology, and stan-
dards of care over time. This often is manifested as
loss of calibration, which could be partially remedied
through recalibration or structural model revisions
(adding new variables).26 The poor calibration noted
in our presurgical model was driven mostly by overes-
timation of predicted risk in the highest risk category;
the predictive value usually is low when the event rate
is low even if the discriminatory test has high specific-
ity and sensitivity. Despite poor calibration, a model
could still discriminate patients who will incur a
particular event.

Notwithstanding the advantages of the power and
sample size of our prospectively collected large co-
hort, there are several limitations to consider before
the application of these predictive models in clinical
practice and/or clinical trials. The data are generated
from a single center, which may limit generalizability;
however, our cohort had balanced representation by
race, sex, age, surgical procedure, and baseline chronic
kidney disease stage. Moreover, the previously re-
ported Cleveland Clinic Risk Score performed well
when applied to external cohorts, which may reflect
the quality of the underlying database.6,15 The end
points used in the present study, dialysis therapy and
doubling of SCr level, are short-term in-hospital end
points that may not reflect long-term outcomes. None-
theless, these intermediate outcomes have been asso-
ciated unequivocally with disease progression and
mortality.27-32

In summary, we developed and internally validated
4 new models that accurately predict cardiac surgery–
associated AKI. These models are based on readily
available clinical information and can be used for
patient counseling, clinical management, risk adjust-
ment, and enrichment of clinical trials with high-risk
participants. External validation of these predictive
models in other cohorts will be required before wide-

scale application.
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