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Acute kidney injury is one of the most 
serious complications of cardiac surgery. 
The development of acute kidney injury 

requiring renal replacement therapy is associated 
with increased duration of mechanical ventila-
tion,1 prolonged stay in intensive care and in hos-
pital,2 and high short- and long-term mortality.3

Although clinical and perioperative risk fac-
tors for severe acute kidney injury have been 
identified, accurate preoperative risk stratifica-
tion remains challenging. Several renal risk-scor-
ing systems exist;4–8 however, there are a number 
of limitations to their adoption, including the 
number and complexity of variables required, 
poor discrimination among patients at highest 
risk and the frequent inclusion of perioperative 
data (which precludes use of the scoring systems 
as preoperative risk stratification tools).

Several new predictors of postoperative acute 
kidney injury have recently been identified. Pro-
teinuria has been recognized as a powerful inde-
pendent predictor in both surgical and nonsurgical 
settings in addition to a reduced estimated glomer-
ular filtration rate.9,10 Anemia has also long been 
known to be a risk factor for acute kidney injury, 
but it has not been incorporated into previous risk 
scores for patients undergoing cardiac surgery.11,12 
In addition, no risk prediction tools for acute kid-
ney injury have been evaluated for their associa-
tion with long-term outcomes of acute kidney in-
jury, including 1-year mortality, and risk of 
end-stage renal disease, all of which are highly 
relevant to patients and their caregivers.

We derived and validated a practical risk pre-
diction model for acute kidney injury requiring 
renal replacement therapy after cardiac surgery 
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Background: Acute kidney injury after cardiac 
surgery is associated with adverse in-hospital 
and long-term outcomes. Novel risk factors 
for acute kidney injury have been identified, 
but it is unknown whether their incorporation 
into risk models substantially improves predic-
tion of postoperative acute kidney injury re-
quiring renal replacement therapy.

Methods: We developed and validated a risk 
prediction model for acute kidney injury requir-
ing renal replacement therapy within 14 days 
after cardiac surgery. We used demographic, 
and preoperative clinical and laboratory data 
from 2 independent cohorts of adults who un-
derwent cardiac surgery (excluding transplanta-
tion) between Jan. 1, 2004, and Mar. 31, 2009. 
We developed the risk prediction model using 
multivariable logistic regression and compared 
it with existing models based on the C statistic, 
Hosmer–Lemeshow goodness-of-fit test and 
Net Reclassification Improvement index.

Results: We identified 8 independent predictors 
of acute kidney injury requiring renal replace-
ment therapy in the derivation model (adjusted 
odds ratio, 95% confidence interval [CI]): con-

gestive heart failure (3.03, 2.00–4.58), Canadian 
Cardiovascular Society angina class III or higher 
(1.66, 1.15–2.40), diabetes mellitus (1.61, 1.12–
2.31), baseline estimated glomerular filtration 
rate (0.96, 0.95–0.97), increasing hemoglobin 
concentration (0.85, 0.77–0.93), proteinuria 
(1.65, 1.07–2.54), coronary artery bypass graft 
(CABG) plus valve surgery (v. CABG only, 1.25, 
0.64–2.43), other cardiac procedure (v. CABG 
only, 3.11, 2.12–4.58) and emergent status for 
surgery booking (4.63, 2.61–8.21). The 
8-variable risk prediction model had excellent 
performance characteristics in the validation 
cohort (C statistic 0.83, 95% CI 0.79–0.86). The 
net reclassification improvement with the pre-
diction model was 13.9% (p < 0.001) compared 
with the best existing risk prediction model 
(Cleveland Clinic Score).

Interpretation: We have developed and vali-
dated a practical and accurate risk prediction 
model for acute kidney injury requiring renal re-
placement therapy after cardiac surgery based 
on routinely available preoperative clinical and 
laboratory data. The prediction model can be 
easily applied at the bedside and provides a sim-
ple and interpretable estimation of risk.
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based on routinely available preoperative clinical 
and laboratory variables.

Methods

Data sources
We obtained all clinical variables from the 
Alberta Provincial Project for Outcome Assess-
ment in Coronary Heart Disease (APPROACH), 
a prospective data-collection initiative that has 
been collecting detailed clinical and treatment 
information on all patients who undergo cardiac 
catheterization in the province of Alberta since 
1995.13 When information about comorbid con-
ditions was unavailable from APPROACH, we 
obtained it from hospital and claims data (3-yr 
look back) using validated algorithms (see 
Appendix 1, available at www.cmaj.ca/lookup/
suppl/doi:10.1503/cmaj.151447/-/DC1).14 We 
obtained laboratory data from the Alberta Kid-
ney Disease Network, which maintains a data set 
of all creatinine, proteinuria and hemoglobin val-
ues measured in the province. With the excep-
tion of serum creatinine, all laboratory values 
were assessed within 6 months before surgery; if 
more than 1 value was available, we used the 
value closest to the surgery date.

Derivation cohort
The derivation cohort included all adults (age 
≥ 18 yr) in Alberta who underwent cardiac surgery 
(excluding transplantation) in Calgary between 
Jan. 1, 2004, and Mar. 31, 2009. To be eligible, pa-
tients had to have had at least 1 preoperative serum 
creatinine measurement within 3 months before 
hospital admission and at least 1 measurement dur-
ing the hospital stay to assess baseline and subse-
quent changes in renal function. We excluded pa-
tients who had end-stage renal disease (estimated 
glomerular filtration rate [eGFR] < 15 mL/min per 
1.73 m2, chronic dialysis or prior kidney transplan-
tation) at baseline. All patients were followed from 
the date of cardiac surgery (index date) until 
Mar. 31, 2011.

Validation cohort
The validation cohort included all adults in 
Alberta who underwent cardiac surgery in 
Edmonton between Jan.  1, 2004, and Mar.  31, 
2009. The exclusion and inclusion criteria were 
the same as those for the derivation cohort.

Assessment of baseline kidney function
To reduce variation in eGFR between provincial 
laboratories, serum creatinine measurements were 
standardized to an isotope dilution mass spec-
trometry reference standard, and a laboratory-spe-
cific correction factor was applied where neces-

sary.15 We determined baseline kidney function 
by means of the Chronic Kidney Disease Epide-
miology Collaboration equation16 using the most 
recent outpatient serum creatinine measurement 
within 3 months before surgery. In a sensitivity 
analysis, we determined baseline kidney function 
using the most recent outpatient measurement 
taken within 7 days before surgery.17

Candidate predictors
We identified candidate independent variables 
based on face validity and inclusion in previous 
risk scores for acute kidney injury. 

Table 1 (part 1 of 2): Characteristics of patients undergoing cardiac 
surgery in derivation and validation cohorts

Characteristic

Group; % of patients*

p value
Derivation cohort

n = 6061
Validation cohort

n = 4467

Demographic

Age, yr, mean ± SD 64.5 ± 12.7 65.3 ± 11.6 < 0.01

Sex, male 75.4 75.8 0.6

Obesity (BMI > 30) 35.8 30.7 < 0.01

Current smoker 23.4 11.7 < 0.01

Comorbid condition

Myocardial infarction 63.4 52.6 < 0.01

Myocardial infarction < 3 wk 
before cardiac surgery

38.4 36.0 0.01

Peripheral vascular disease 24.4 20.6 < 0.01

Cerebrovascular disease 18.6 17.3 0.08

Congestive heart failure 36.0 41.6 < 0.01

Left ventricular ejection fraction < 0.01

    ≥ 35% 61.5 74.6

    < 35% 6.1 2.8

    Unknown 32.4 22.6

COPD 46.6 29.5 < 0.01

Diabetes mellitus 33.7 33.8 0.9

Nondermatologic malignant  
disease

10.5 10.9 0.6

Hypertension 79.5 63.4 < 0.01

Previous heart surgery 8.3 4.7 < 0.01

Family history of heart disease 32.0 32.3 0.8

Preoperative IABP 1.9 2.4 0.2

Cardiogenic shock 0.3 0.1 0.01

CCS angina class III or IV  
(% missing data)

54.6 (3.4) 62.5 (0.04) < 0.01

NYHA class IV† (% missing data) 37.1 (59.1) 42.0 (18.1) < 0.01

Laboratory variables

eGFR, mL/min per 1.73 m2, mean ± SD 73.6 ± 21.2 75.6 ± 20.1 < 0.01

Serum creatinine, μmol/L, mean ± SD 90 ± 30 100 ± 30 < 0.01

Hemoglobin, g/L, mean ± SD 
(% missing data)

136 ± 18 (0.05) 138 ± 18 (0.1) < 0.01

Proteinuria < 0.01

    No 42.9 72.5

    Yes 12.1 10.7

    Unknown 45.0 16.8
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Clinical variables included age, sex, diabetes, 
body mass index (BMI), history of cardiovascu-
lar disease, cerebrovascular disease, Canadian 
Cardiovascular Society angina score,18 conges-
tive heart failure (and New York Heart Associa-
tion class if congestive heart failure was pres-

ent), peripheral vascular disease, malignant 
disease and Charlson Comorbidity Index score.

Laboratory variables included preoperative 
eGFR, hemoglobin and proteinuria. Proteinuria 
was defined as a urine dipstick test result of 1+ 
or greater, an albumin:creatinine ratio greater 
than 3.4 mg/mmol or a protein:creatinine ratio 
greater than 17.0 mg/mmol. Information from 
preceding cardiac catheterization included indi-
cation for catheterization, left ventricular ejec-
tion fraction, Duke Jeopardy Score (reflecting 
burden of coronary artery disease)19 and time 
from catheterization to surgery date. Information 
about the cardiac surgery included type of pro-
posed surgery and booking status (elective, 
urgent or emergent).

Outcome measures
The primary outcome was acute kidney injury 
treated with renal replacement therapy. We 
identified acute kidney injury using postopera-
tive serum creatinine values and the KDIGO 
(Kidney Disease: Improving Global Outcomes) 
definition:20 an increase in serum creatinine of 
26.5 μmol/L within 48 hours after surgery or an 
increase at least 1.5 times the baseline measure-
ment within 7 days after surgery. We deter-
mined the requirement for acute dialysis within 
14 days after cardiac surgery using a validated 
algorithm, based on diagnosis and procedural 
administrative codes with high sensitivity and 
specificity.21

To determine the validity of the model to pre-
dict downstream, clinically important outcomes 
associated with acute kidney injury requiring 
renal replacement therapy, we evaluated the 
accuracy of the model in predicting the follow-
ing secondary outcomes: length of stay in hospi-
tal, 90-day mortality, 1-year mortality and 2-year 
risk of end-stage renal disease. Postoperative 
outcomes were determined from the date of sur-
gery to Mar. 31, 2011 (study end).

Statistical analysis
All statistical analyses were performed using 
STATA/MP software.

Development of risk prediction model
We used multivariable logistic regression to 
determine the independent association of candi-
date variables with acute kidney injury requiring 
renal replacement therapy. All variables were 
entered into models, and a bootstrapping tech-
nique was used to select candidate variables.22 
Bootstrapping was performed on 200 random 
samples drawn with replacement from the deri-
vation cohort; each bootstrap sample was the 
same size as the derivation sample. Candidate 

Table 1 (part 2 of 2): Characteristics of patients undergoing cardiac surgery in 
derivation and validation cohorts

Characteristic

Group; % of patients*

p value
Derivation cohort

n = 6061
Validation cohort

n = 4467

Catheterization 94.2 95.0

Duke Jeopardy Score

    0 (normal) 16.5 16.5

    1–6 (low risk) 12.1 13.0

    7–11 (high risk) 41.5 38.5

    12–13 (left main) 21.8 25.1

    Unknown 8.1 6.9

Time from catheterization to cardiac 
surgery, d, median (IQR)

35 (13–92) 12 (6–70) < 0.01

Indication for coronary angiography 
before surgery

< 0.01

    Stable angina 30.0 25.7

    Unstable angina 10.5 15.7

    STEMI 7.2 8.7

    Non-STEMI 15.9 15.8

    Valvular heart disease 19.7 18.8

    Congestive heart failure 3.9 2.3

    Other‡ 5.8 7.5

    Unknown 6.9 5.5

Surgical characteristics

Type of cardiac surgery < 0.01

    CABG 52.5 60.5

    Valve 9.3 14.0

    CABG + valve 7.5 7.7

    Other§ 30.7 17.8

Surgery booking status < 0.01

    Elective or outpatient urgent 53.7 40.7

    Inpatient urgent 42.4 52.2

    Emergent 3.9 6.3

    Unknown – 0.8

Outcome 0.1

AKI requiring dialysis 2.5 3.1

Note: AKI = acute kidney injury, BMI = body mass index, CABG = coronary artery bypass grafting, 
CCS = Canadian Cardiovascular Society, COPD = chronic obstructive pulmonary disease, 
eGFR = estimated glomerular filtration rate, IABP = intra-aortic balloon pump, IQR = interquartile 
range, NYHA = New York Heart Association, SD = standard deviation, STEMI = ST-segment 
elevation myocardial infarction.
*Unless stated otherwise.
†Crude and adjusted odds ratios for congestive heart failure in patients with NYHA class IV 
(relative to class III or lower) are 3.59 (95% CI 2.68–4.80) and 2.39 (95% CI 1.68–3.41). We 
assumed patients with missing values for NYHA class had class IV if congestive heart failure 
was present and class III or lower if congestive heart failure was not present.
‡Includes serious arrhythmia, nonischemic cardiomyopathy, protocol, aortic aneurysm and 
atypical pain.
§Includes 1 or more surgeries to repair atrial septal defect, ventricular septal defect, aortic 
aneurysm or aortic dissection, as well as CABG, valve surgery or CABG + valve surgery plus 
1 or more of the surgeries listed above.
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variables were then ranked according to the pro-
portion of bootstrap samples in which they were 
identified as significant predictors. We selected 
variables that were significant predictors of acute 
kidney injury requiring renal replacement ther-
apy in more than 50% of the bootstrap samples 
for the bootstrapped model. We used stepwise 
backward elimination to select variables for 
inclusion in the models based on a p value of 
less than 0.1.

We used integrated discrimination improve-
ment to assess the contribution of individual 
variables to the overall estimate of risk, and to 
develop the final risk prediction model. We used 
the method by Sullivan and colleagues23 to trans-
form coefficients from the final logistic model 
into an integer-based risk index.

Validation of risk prediction model
The final risk prediction model was internally 
validated using a bootstrap resampling method, 
in which we evaluated the model’s performance 
using the original data to develop the model. 
Two hundred samples, of the same size as the 
derivation cohort, were drawn randomly with 
replacement from the derivation cohort, and 
measures of the prediction model’s perfor-

mance were determined from the bootstrapped 
samples.

The performance of the risk prediction model 
was assessed in the derivation cohort and exter-
nal validation cohorts. We assessed discrimina-
tion using the concordance (C) statistic, which is 
identical to the area under a receiver operating 
characteristic curve (sensitivity v. 1 –  specific-
ity). We compared the performance of the model 
with the 3 best-performing existing risk scoring 
tools (Cleveland Clinic score,4 Simplified Renal 
Index5 and Society of Thoracic Surgeons scoring 
system6) using variables that were recalibrated in 
the validation cohort. 

We assessed calibration by comparing the 
observed versus predicted rates of acute kidney 
injury for each decile of risk and by using the 
Hosmer–Lemeshow test24,25 and the calibration 
slope (ideal calibration slope is 1).26,27

We used the Net Reclassification Improve-
ment index to measure the net gain in risk reclas-
sification compared with the best existing 
model.28 The risk category thresholds used for 
comparison were determined on the basis of 
clinically relevant differences in risk and from 
risk categories (low, medium and high) in previ-
ously published risk models.29

Patients eligible 
for derivation cohort

n = 6062

Patients eligible 
for validation cohort

n = 4509

Had ≥ 1 SCr measurement within 3 mo
and within 7 d before surgery

n = 6061
• Acute kidney injury requiring dialysis  n = 154
• Increase in SCr by ≥ 26.5 mmol/L within 48 h 

after cardiac surgery  n = 113
• Increase in SCr to ≥ 1.5 times baseline between 

3 to 7 d after cardiac surgery  n = 41

Had ≥ 1 SCr measurement within 3 mo
and within 7 d before surgery

n = 4467
• Acute kidney injury requiring dialysis n = 137
• Increase in SCr by ≥ 26.5 mmol/L within 48 h of 

cardiac surgery  n = 99
• Increase in SCr to ≥ 1.5 times baseline between 

3 to 7 d after cardiac surgery  n = 38

trohocnoitadilaVtrohoc noitavireD

Patients who had cardiac surgery 
in Calgary between Jan. 1, 2004, 

and Mar. 31, 2009
n = 6197

Excluded  n = 135
• History of heart 

transplant  n = 5
• History of end-stage 

renal disease  n = 112
• Age ≥ 18 yr  n = 18

Excluded  n = 81
• History of heart 

transplant  n = 2
• History of end-stage 

renal disease  n = 78
• Age ≥ 18 yr  n = 1

Patients who had cardiac surgery 
in Edmonton between Jan. 1, 

2004, and Mar. 31, 2009
n = 4590

Excluded  n = 1
(SCr not measured within 
3 mo before surgery)

Excluded  n = 42
(SCr not measured within 
3 mo before surgery)

Figure 1: Selection of patients for the derivation and validation cohorts. SCr = serum creatinine.



Research

1080	 CMAJ, October 18, 2016, 188(15)	

Missing data
We imputed missing data for Canadian Cardio-
vascular Society angina scores, hemoglobin con-
centration and surgery booking status using sin-
gle imputation techniques (missing value 
estimated using multivariable regression). Miss-
ing data for proteinuria, left ventricular ejection 
fraction and Duke Jeopardy Score were modelled 
as unknown categories. When the New York 
Heart Association functional classification was 
unknown, we considered it to be class IV if con-
gestive heart failure was present. We repeated the 
analyses after excluding records with missing 
data to test the robustness of the results.

Ethics approval
The study design was reviewed and approved by 
the Human Research Ethics Board at the Univer-

sity of Alberta in Edmonton and the Conjoint 
Health Research Ethics Board at the University 
of Calgary in Calgary.

Results
We included 6061 patients in the derivation 
cohort and 4467 in the validation cohort (Table 1, 
Figure 1). Compared with patients in the deriva-
tion cohort, those in the validation cohort had 
fewer comorbid conditions such as obesity, smok-
ing, vascular disease, pulmonary and chronic kid-
ney disease; were less likely to have severe coro-
nary artery disease or previous cardiac surgery; 
and were more likely to have an inpatient urgent 
or emergent booking status. The cohorts differed 
by type of surgery, with more patients in the vali-
dation cohort undergoing coronary artery bypass 
grafting and valve surgery. The overall incidence 
of acute kidney injury requiring renal replacement 
therapy after cardiac surgery was similar in the 
derivation and validation cohorts (2.5% and 3.1%, 
respectively; p = 0.1).

Development of risk prediction model
Table 2 shows the candidate variables and their 
associated odds ratios in the bootstrap model and 
the final prediction model. In addition to risk fac-
tors previously identified in other risk models for 
predicting acute kidney injury, the bootstrapping 
model also identified obesity, baseline eGFR, 
preoperative hemoglobin concentration and pro-
teinuria as independent predictors of acute kid-
ney injury after cardiac surgery.

The bootstrapping technique identified a total 
of 12 variables for the risk prediction model. Min-
imally informative variables were then sequen-
tially eliminated one at a time starting from the 
least significant variable; the performance of re-
duced models was sequentially compared until all 
variables were significant (p < 0.05) in the final 
model (Appendix 2, available at www.cmaj.ca/
lookup​/suppl/doi:10.1503/cmaj.151447/-/DC1). A 
reduction from 12 to 8 variables decreased the 
model’s C statistic from 0.88 to 0.87. The inte-
grated discrimination improvement associated 
with each deleted variable is shown in Appendix 
2. All of the models had good calibration. The fi-
nal model consisted of 8 variables: congestive 
heart failure, Canadian Cardiovascular Society 
class III or IV, diabetes, baseline eGFR, preopera-
tive hemoglobin concentration, proteinuria, type 
of cardiac surgery and surgery booking status. 

The integer-based risk scores and the corre-
sponding risk table are presented in Figure 2 and 
Appendix 3 (available at www.cmaj.ca/lookup/
suppl/doi:10.1503/cmaj.151447/-/DC1). The cor-
responding risk estimates associated with each 
score grouping, and the frequency of all mea-

Table 2: Odds ratios for candidate variables in derived scores

Variable

Model; OR (95% CI)

Bootstrap selection 
model Final model

Obesity (BMI > 30) 1.45 (1.02–2.07)

Myocardial infarction 1.53 (1.02–2.07)

Congestive heart failure 2.68  (1.75–4.12) 3.03 (2.00–4.58)

COPD 1.45  (0.99–2.14)

CCS angina class III or IV 1.49  (1.00–2.21) 1.66 (1.15–2.40)

Diabetes mellitus 1.45 (1.00–2.11) 1.61 (1.12–2.31)

Previous cardiac surgery 1.56 (0.97–2.49)

Baseline eGFR, per 1-mL/min 
per 1.73 m2 increase

0.96 (0.95–0.97) 0.96 (0.95–0.97)

Preoperative hemoglobin,  
per 10-g/L increase

0.85 (0.77–0.94) 0.85 (0.77–0.93)

Proteinuria

No (ref) 1.00 1.00

Yes 1.65 (1.07–2.55) 1.65 (1.07–2.54)

Unknown 1.39 (0.90–2.15) 1.33 (0.87–2.04)

Type of cardiac surgery

CABG (ref) 1.00 1.00

Valve 0.90 (0.38–2.15) 1.00

CABG + valve 1.26 (0.63–2.51) 1.25 (0.64–2.43)

Other 2.96 (1.94–4.52) 3.11 (2.12–4.58)

Surgery booking status

Low risk or outpatient 
urgent (ref)

1.00 1.00

Inpatient urgent 0.96 (0.63–1.46) 1.00

Emergent 4.85 (2.6–9.04) 4.63 (2.61–8.21)

Note: BMI = body mass index, CABG = coronary artery bypass grafting, CCS = Canadian 
Cardiovascular Society, CI = confidence interval, COPD = chronic obstructive pulmonary 
disease, eGFR = estimated glomerular filtration rate, IABP = intra-aortic balloon pump,  
NYHA = New York Heart Association, OR = odds ratio, ref = reference category.
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sured outcomes in each risk category, are pre-
sented in Appendix 4 (available at www.cmaj.ca/
lookup/suppl/doi:10.1503/cmaj.151447​/-/DC1). 
Patients in the highest risk category not only had 
the highest mortality but also the longest duration 
of hospital stay and the highest risks of short- and 
long-term mortality and end-stage renal disease.

Performance of risk prediction model
Figure 3 shows the predicted versus observed prob-
ability of acute kidney injury requiring renal re-
placement therapy based on application of the risk 
prediction model in the derivation and validation 
cohorts. The C statistics and Hosmer–Lemeshow 
goodness-of-fit test results for the prediction model 
and the 3 existing models4–6 are shown in Table 3. 
Despite recalibration of the 3 existing models 
within the derivation cohort, our prediction model 
had the best performance (C statistic 0.87 in the 
derivation cohort and 0.83 in the validation cohort). 
Calibration within the derivation cohort was good 
(p = 0.7 in Hosmer–Lemeshow goodness-of-fit test 
for our model); calibration was poor for all of the 
models in the validation cohort.

The net gain in risk reclassification of pa-
tients to high- and low-risk strata when we com-
pared the prediction model with the best exist-
ing model (Cleveland Clinic Score) is shown in 
Appendix 5 (available at www.cmaj.ca/lookup/
suppl/doi:10.1503/cmaj.151447/-/DC1). The net 
reclassification improvement was 13.9% (p < 
0.001), with a net proportion of 16.1% events 
assigned to a higher risk category and a net pro-
portion of 2.2% of non-events assigned a lower 
risk category. The reclassification improvement 
was primarily seen among patients who required 
dialysis, who were more often appropriately re-
allocated to higher risk categories using the de-
rived model.

Sensitivity analysis
The performance of the model was unchanged 
when we used the serum creatinine level mea-
sured only within 7 days of hospital admission to 
estimate baseline eGFR, or when we excluded 
patients with missing data from the cohort before 
model generation.

Interpretation

We have developed and validated a simple 
8-variable preoperative risk prediction model to 
determine the risk of acute kidney injury requiring 
renal replacement therapy after cardiac surgery. 
The model incorporates routinely available clini-
cal and laboratory information, including several 
recently identified risk factors for acute kidney in-
jury. The prediction model identified the need for 

acute dialysis after cardiac surgery according to a 
validated consensus definition and performed as 
well as or better than existing models.

Congestive 
heart failure Points

0oN
5seY

Diabetes Points

No 0
Yes 2

Hemoglobin, g/L Points

≥ 160 0

130–150 2

100–120 4

< 100 6

CCS angina class Points

0II ro I
III or IV 2

Proteinuria Points

0oN

2seY

Unknown 1

Emergent surgery Points

0oN

7seY

Risk factor
Total 

points

Congestive heart 
failure

___

Diabetes ___

CCS angina class ___

eGFR ___

Proteinuria ___

Hemoglobin ___

Type of surgery ___

Emergent 
surgery ___

Total score ___

eGFR, mL/min 
per 1.73 m2 Points

> 90 0
75–89 5
60–74 8
45–59 11
30–44 14
< 30 16

Type of surgery Points

CABG or valve 0

CABG + valve 1

Other 6

Total score
Estimated risk of acute kidney 

injury requiring dialysis, %

1 <31–0

5–1.112–41

01–1.552–22

51–1.0172–62

12–1.5192–82

12 >92 >

Figure 2: Risk prediction model for acute kidney injury requiring renal replace-
ment therapy within 14 days after cardiac surgery. Example: A 65-year-old man 
without congestive heart failure (0 pts) who has diabetes (2 pts), CCS angina 
class I (0 pts), an eGFR of 60 mL/min per 1.73 m2 (8 pts), unknown proteinuria 
(1 pt), a hemoglobin concentration of 140 g/L (2 pts), requires nonurgent car-
diac surgery (0 pts) and undergoes CABG (0 pts) has a total score of 13; there-
fore, his risk of acute kidney injury requiring dialysis is less than 1%. CABG = 
coronary artery bypass grafting, CCS = Canadian Cardiovascular Society, eGFR = 
estimated glomerular filtration rate.
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Among existing prediction models, the most ro-
bust for predicting acute kidney injury after cardiac 
surgery have been those that predict the need for di-
alysis using combinations of preoperative, intraop-
erative and postoperative information.4–7,30 How-
ever, they consistently underestimate the risk when 
applied in external cohorts, and risk stratification 
between low-, medium- and high-risk groups has 
not been clinically relevant.29 We found that our 
prediction model performed as well as or better 
than the 3 best-performing risk scoring tools avail-
able for identifying acute kidney injury requiring 
dialysis in both the derivation and the validation co-
horts. Our model uses clinical and laboratory infor-
mation routinely obtained in preoperative settings, 
and it provides an easily understandable estimate of 

risk. Furthermore, our prediction model showed a 
net improvement of reclassification of patients to 
clinically relevant high- and low-risk groups, 
largely gained through the reclassification of pa-
tients in with acute kidney injury requiring renal re-
placement therapy to higher risk categories, thereby 
directly addressing a challenge with existing scores.

As expected, we observed a slight decrease in 
the performance of our risk prediction model in the 
validation cohort. Analysis of the baseline patient 
characteristics between study centres suggests 
some important differences between the cohorts in 
both patient selection and processes of care, in-
cluding types of surgery and surgery booking sta-
tus. Variability in these subjective decisions may 
have accounted for the slight differences observed 
in model performance between the 2 cohorts.

Limitations
We were limited to using available data; how-
ever serum creatinine and hemoglobin concen-
trations are routinely assessed preoperatively, 
and more than 99% of patients in our cohorts 
had these laboratory measurements available. 
Urinalysis for quantification of proteinuria is not 
routinely done before cardiac surgery, and about 
25% of our cohort did not have urinalysis results 
available. However, eliminating patients who 
had missing data did not substantially alter the 
coefficients obtained for proteinuria in these 
models. Finally, both the derivation and the vali-
dation cohorts were from Alberta. It is possible 
that population characteristics and decisions 
regarding candidacy for surgical revasculariza-
tion, and the decision to start renal replacement 
therapy, may differ between health care systems, 
ethnic groups and countries. Prospective multi-
centre validation studies are needed in non-

Risk score

Derivation cohort 3328 1276 817 473 167
Validation cohort 2677 908 550 246 86
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Figure 3: Observed versus predicted risk of acute kidney injury requiring renal 
replacement therapy in the derivation and validation cohorts. Error bars = 95% 
confidence intervals.

Table 3: Performance of risk prediction model and 3 existing models in predicting acute kidney injury after cardiac surgery in the 
derivation and validation cohorts

Performance measure
Bootstrap 

selection model
Final prediction 

model
Cleveland Clinic 

score4
Simplified Renal 

Index5

Society of Thoracic 
Surgeons scoring 

system6

Derivation cohort

C statistic (95% CI) 0.88 (0.86–0.91) 0.87 (0.85–0.90) 0.87 (0.84–0.89) 0.83 (0.79–0.86) 0.86 (0.83–0.89)

p value* 0.9 0.7 0.02 0.3 0.8

Calibration slope 0.9385 0.96 0.96 0.96 0.94

Validation cohort

C statistic (95% CI) 0.83 (0.79–0.86) 0.83 (0.79–0.86) 0.79 (0.75–0.83) 0.79 (0.75–0.83) 0.78 (0.74–0.82)

p value* < 0.001 < 0.001 < 0.001 < 0.001 0.006

Mean absolute value of observed cases 
minus expected cases across deciles

5.55 4.57 5.3 4.78 3.64

Note: CI = confidence interval.
*Hosmer–Lemeshow test.



Research

	 CMAJ, October 18, 2016, 188(15)	 1083

Canadian settings to determine the broader gen-
eralizability of our risk scoring system.

Conclusion
We have developed and validated a practical and 
accurate risk prediction model for acute kidney 
injury requiring renal replacement therapy after 
cardiac surgery based on routinely available pre-
operative clinical and laboratory data. Our pre-
diction model differs from other risk scoring 
tools in a number of ways: it uses a small num-
ber of variables that may be easily measured pre-
operatively, and it incorporates routinely col-
lected laboratory measurements as risk factors. 
Most importantly, it provides a simple and inter-
pretable estimation of risk. The score can be eas-
ily calculated at the bedside and may be an ef-
fective tool for communicating risk to patients. It 
could also help patients and care providers in de-
cision-making and be used to identify high-risk 
patients for future interventional studies.
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