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ABSTRACT

Background. Acute kidney injury (AKI) is an important com-
plication of cardiac surgery. Recently, elevated levels of en-
dogenous ouabain (EO), an adrenal stress hormone with
haemodynamic and renal effects, have been associated with
worse renal outcome after cardiac surgery. Our aim was to
develop and evaluate a new risk model of AKI using simple pre-
operative clinical parameters and to investigate the utility of EO.
Methods. The primary outcome was AKI according to Acute
Kidney Injury Network stage II or III. We selected the Nor-
thern New England Cardiovascular Disease Study Group
(NNECDSG) as a reference model. We built a new internal
predictive risk model considering common clinical variables
(CLIN-RISK), compared this model with the NNECDSG
model and determined whether the addition of preoperative
plasma EO improved prediction of AKI.
Results. All models were tested on >800 patients admitted for
elective cardiac surgery in our hospital. Seventy-nine patients
developed AKI (9.9%). Preoperative EO levels were strongly
associated with the incidence of AKI and clinical complication
(total ICU stay and in-hospital mortality). The NNECDSG
model was confirmed as a good predictor of AKI (AUC 0.74,
comparable to the NNECDSG reference population). Our
CLIN-RISK model had improved predictive power for AKI
(AUC 0.79, CI 95% 0.73–0.84). Furthermore, addition of

preoperative EO levels to both clinical models improved AUC
to 0.79 and to 0.83, respectively (ΔAUC +0.05 and +0.04, re-
spectively, P < 0.01).
Conclusion. In a population where the predictive power of the
NNECDSG model was confirmed, CLIN-RISK was more
powerful. Both clinical models were further improved by the
addition of preoperative plasma EO levels. These new models
provide improved predictability of the relative risk for the de-
velopment of AKI following cardiac surgery and suggest that
EO is a marker for renal vascular injury.

Keywords: acute renal failure, blood pressure, cardiovascular
disease, Na transport, renal injury

INTRODUCTION

Acute kidney injury (AKI) is an important complication of the
∼2 million cardiac surgeries performed annually, worldwide
[1–4]. Small increases in serum creatinine (SCr) after cardiac
surgery have been associated with a significant increase in 30-
day mortality [5]. Recently, novel plasma and urinary early
postoperative biomarkers have been proposed to assess the
risk of postoperative AKI. The early detection of renal damage
may offer ways to limit its progression to overt renal failure
with appropriate therapeutic interventions [6, 7] or identify
potential therapeutic targets for AKI [8]. However, there are
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neither preoperative biomarkers nor robust validated risk
models that predict AKI not requiring dialysis, and predictive
models of AKI frequently suffer from differing definitions,
small cohorts and a lack of external validation [9, 10].

Recently, we reported a significant association between pre-
operative endogenous ouabain (EO) levels and adverse renal
outcomes in cardiac surgery patients and with mortality in
critically ill patients [11]. EO is a neuroendocrine hormone
synthesized in the adrenal cortex [12–14]. EO modulates the
activity of Na, K-ATPase and induces signal transduction via
sodium-calcium exchange and the Src-dependent pathway
[15]. Approximately 50% of humans with untreated essential
hypertension have significantly elevated plasma EO [16–18].
Furthermore, in these patients, baseline glomerular filtration
rate (GFR) was inversely related to plasma EO [19, 20]. More-
over, increased circulating EO is present in cardiomyopathy
[21] and may contribute to pro-hypertrophic and pro-fibrotic
cell signalling [22].

Thus, we identified EO as a potentially valuable biomarker
of individual susceptibility to mild to severe AKI after cardiac
surgery. We hypothesized that preoperative EO levels may be a
useful predictor of postoperative AKI, after accounting for a
model of AKI that included preoperative clinical characteris-
tics using two cardiac surgical cohorts.

MATERIALS AND METHODS

Study population

We enrolled 802 patients undergoing cardiac surgery (cor-
onary artery bypass graft or valve surgery) in our hospital
from December 2009 to July 2012. We excluded patients with
evidence of AKI before surgery, prior kidney transplantation
or end-stage renal disease [estimated glomerular filtration rate
(eGFR) of <15 mL/min or patient on renal replacement
therapy (RRT)]. Participants with multiple surgeries were only
enrolled in the study once. All participants provided written
informed consent, and institution research ethics board ap-
proved the study.

Outcome definitions

The primary outcome was the development of mild to
severe AKI, consistent with the Acute Kidney Injury Network
(AKIN [23]) stage 2 or 3 (defined by doubling in serum cre-
atinine from the baseline preoperative value or receipt of acute
dialysis during the entire hospital stay). Preoperative creatinine
values were measured within 2 months prior to surgery and
eGFR was calculated [24].

Selection of the reference model from the literature

After literature review [9, 10], we identified the Northern New
England Cardiovascular Disease Study Group (NNECDSG)
score as the only risk prediction model for AKI not requiring
dialysis that is computed solely on preoperative variables
prior to coronary artery bypass graft surgery (CABG) surgery
[25]. Their analysis excluded patients with moderate or severe
renal insufficiency at baseline (eGFR <60 mL/min) and the
renal outcome was severe renal insufficiency (eGFR of <30 mL/

min/1.732 m2 calculated by the highest postoperative SCr). The
model included 11 preoperative risk factors (age, gender, re-
intervention, hypertension, chronic heart failure, cardiovascular
disease/peripheral vascular disease (PVD), diabetes (DM), white
blood cell>12, preoperative use of intra aortic balloon pump
(IABP)). The main limitation of the model is the lack of valid-
ation with an independent cohort.

Development of a cohort-derived preoperative model
for AKI

Using logistic regression, we developed a clinical model for
AKI in the cohort, using only preoperative variables and com-
pared it to the NNECDSG score. We then examined the extent
of improvement in the area under the curve (AUC) of the re-
ceiver operating characteristic (ROC), adding the value of EO
to the clinical model.

To provide a score based on the clinical model, we created a
new score card by rounding off the odds ratio of the clinical
predictor to the nearest 0.5 value. Age and left ventricular ejec-
tion fraction (LVEF) were categorized into discrete values.
For example, age was categorized by decade, renal function
was classified by Kidney Disease Improving Global Outcomes
stages for CKD [26, 27]; and LVEF was categorized according
to the European system for cardiac operative risk evaluation
classification (ejection fraction (EF) <30, 30–50, >50%) [28].
Patient-specific risk scores were calculated by adding each
variable score. The score for each variable is shown in Table 1.
From these analyses, a new model (CLIN-RISK) was devel-
oped, based on clinical variables alone.

To estimate the predictive impact of EO, preoperative levels,
categorized into 3 groups [low (<133 pmol/L), medium (133–
210 pmol/L) and high (>210 pmol/L)] were added to the clinic-
al models. Two new models (called model-EO) were derived to
determine whether the addition of preoperative EO improved
the predictive power of the CLIN-RISK and NNECDSG.

Statistical analyses

Continuous data are expressed as means ± standard devi-
ation. Dichotomous variables are presented as percentages. Re-
flecting the non-normal distribution of EO among the

Table 1. Logistic regression for the development of AKI

Event category β logistic
regression

Relative risk
(95% CI)

P-value

Gendera −0.519 0.60 (0.34–1.04) 0.070
Age (decile) 0.533 1.71 (1.27–2.29) <0.0001
Left ventricular ejection
fraction

0.679 1.97(1.24–3.14) 0.004

Hypertension 0.298 1.35 (0.74–2.45) 0.329
Diabetes 0.420 1.52 (0.78–2.96) 0.217
CKD Class 0.315 1.37 (0.97–1.93) 0.073
Reintervention
(cardiac surgery)

0.835 2.30 (1.15–4.63) 0.019

Surgery typeb 0.559 1.75 (0.99–3.10) 0.056
EO >133 pmol/L 1.497 4.47 (1.74–11.45) 0.002
EO >210 pmol/L 2.115 8.29 (3.35–20.51) <0.0001

aSex: F versus M.
bSurgery type: combined surgery versus singular.
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population [29], we used logarithmic transformation for the
statistical analysis or non-parametric tests when appropriate.
Geometric means and inter quartile ranges (IQR) are pre-
sented. ANOVA or Kruskal–Wallis and Median tests were
used to compare continuous variables among EO tertiles,
whereas chi-square analysis or Fisher’s test was used to
compare discrete variables. The Mann–Whitney test was used
to compare EO between AKI groups. ROC was used to
examine the performance of old and new models predicting
AKI. The curve represents a plot of sensitivity versus 1-specifi-
city. AUC (that is, C-index) was calculated from the ROC
curve. The differences between AUC (C-index) were tested by
the StAR programme [30] in order to examine whether the
addition of EO improved the discrimination of the model. A
two-sided P-value of <0.05 was considered to indicate statistical
significance. The Hosmer–Lemeshow test for goodness of fit for
logistic regression models was applied to assess whether the ob-
served event rates match expected event rates in subgroups of

the model population. All analyses were performed with SPSS
20.0 software (IBM, Inc., Armonk, NY, USA).

RESULTS

The study population was composed of 802 patients (284
female and 518 male) detailed in Table 2. Postoperative AKI
was observed in 79 patients (9.9%), of which 19 required RRT.
Fourteen patients (1.8%) died during hospitalization for
cardiac surgery; AKI was observed in 86% of the deceased.
The derived clinical risk model for AKI consisted of the
following variables: age, gender, preoperative EF, basal eGFR,
surgery type, histories of hypertension, DM and redo-inter-
vention (Table 2). The CLIN-RISK score is detailed in Table 1.

EO was associated with both renal and general outcomes.
Patients with the highest preoperative EO values (plasma EO
>210 pmol/L) had increased prevalence of AKI when com-
pared with patients with mildly elevated or normal (<133
pmol/L) EO levels (respectively 17.7, 9.8 and 2.2%; Chi-
squared P < 0.0001). Other non-renal outcomes were more fre-
quently observed in the group with highest EO level (Table 2).

As mentioned above, the prediction power of NNECDSG
score, which was the only AKI not requiring dialysis predictive
model using preoperative variables, was tested in these popula-
tions. We observed that NNECDSG has a strong predictive
power for AKI and a successful adaptation to the population
under study which included subjects with normal renal func-
tion and all study subjects. The AUC of the NNECDSG model

Table 2. Characteristics of study population

Population Characteristics (802 subjects)

Anthropometric and Preoperative
Gender (f/m, %) 35.4/64.6
Age (years) 62 ± 13
BMI (kg/m2) 25 ± 5
Left ventricular ejection fraction (%) 57 ± 10
Left ventricular ejection fraction (%)
<30% 2.6
30–50% 20.5
>50% 75.9

Plasma Creatinine (mg/dL) 0.89 ± 0.21
eGFR (mL/m 1.73 m2) 80.17 ± 20.17
Plasma EO (pmol/L)* 170 (116–238.25)
Hypertension (%) 53.7
Diabetes (%) 13.1
NYHA classification (%)
I–II 77.3
III 21.1
IV 1.1

Operative
Reoperation cardiac surgery (%) 10.7
Combined surgery (%) 19.2
CPB time (min) 68 ± 30
Cardiopulmonary bypass used (%) 92.4
Cardiopulmonary bypass duration (min) 89 ± 38
Inotropes (%) 41.8
1 class (%) 36.3
2 classes (%) 5.5

Diuretics used (%) 12
IABP used (%) 4.8

Postoperative period
Transfusion (%) 13.3
Plasma creatinine (mg/dL) 1.20 ± 0.63
Plasma EO (pmol/L)* 239 (199–366)
Troponin T peak (units) 1.6 ± 2.5

Outcomes
ICU stay (days)* 1 (1–2)
Hospital stay (days)* 7 (5–10.5)
AKI (%) 9.9
RRT (%) 2.4
IHM (%) 1.7

Dichotomy variables = expressed as % (positive).
Parametric variables = expressed as mean ± SD.
Non parametric variables (*) = expressed as median (25–75 percentile).

Table 3. CLIN-RISK and CLIN-EO-RISK score system

Variable Classification Score

Gender M 0
F 0.5

Age <30 0
31–40 1.5
41–50 3
51–60 4.5
61–70 6
71–80 7.5
>81 9

Left ventricular ejection fraction >50% 0
30–50% 2
<30% 4

Hypertension No 0
Yes 1.5

Diabetes No 0
Yes 1.5

Renal function NF or Stage I 0
Stage II 1.5
Stage IIIa 3
Stage IIIb 4.5
Stage IV–V 6

Reoperation cardiac surgery No 0
Yes 2.5

Surgery type Single operation 0
Combination 2

EO (pmol/L) <133 0
133–210 4.5
>210 8.5

Total: CLIN-RISK score: 0–27; CLIN-EO-RISK score 0–35.5.
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was 0.76 ± 0.04 (95% CI: 0.68–0.83), tested on 651 (44 AKI)
subjects with normal renal function (eGFR >60 mL/min) and
0.74 ± 0.03 (95% CI 0.69–0.79) for all 802 subjects. These
results are within the confidence bounds (χ2 10.37; P = 0.17)
for the NNECDSG AUC of 0.72 described in their original
paper, thus validating the NNECDSGmodel in an external popu-
lation (Figure 1). As in the NNECDSG model, the CLIN-RISK
model was focused only on preoperative variables: age, gender,
preoperative EF basal eGFR, surgery type, hypertension, DM and
redo-intervention. Patient-specific risk scores were calculated by
summarizing each variable score detailed in Table 1. In the whole
population, CLIN-RISK predicted the onset of AKI with an AUC
of 0.79 ± 0.02 (95% CI 0.75–0.84).

CLIN-RISK had superior predictive power compared with
the NNECDSG score. CLIN-RISK achieved a greater AUC
(0.79 versus 0.74) with a change in AUC of 0.055 (95% CI
0.015–0.095; P-value = 0.036). The addition of EO levels upon
the AUC of the NNECDSG and CLIN-RISK models was eval-
uated. The addition of preoperative EO to NNECDSG im-
proved its risk prediction; the AUC for NNECDSG-EO
increased to 0.79 ± 0.02 (95% CI 0.75–0.84) with a change in
AUC of 0.055 (95% CI from 0.012–0.099; P = 0.014). Addition
of preoperative EO also significantly enhanced the predictive
power of the CLIN-RISK model; AUC for CLIN-EO-RISK
increased to 0.84 ± 0.02 (95% CI 0.79–0.88) with an increase
in AUC of 0.042 (95% CI from 0.048–0.146; P = 0.007) as seen
in Table 4 and Figure 1. While the use of EO increased the
NNECDSG score, the CLIN-EO-RISK model provided the best
test in the study populations, with the overall difference
between NNECDSG-EO and CLIN-EO-RISK being significant
(ΔAUC 0.042; P = 0.003).

DISCUSSION

We have formulated a simple risk model and scoring system
using preoperative clinical parameters (CLIN-RISK) that, rela-
tive to the well-recognized NNECDSG model, provides im-
proved prediction of the relative risk of AKI following cardiac
surgery in this cohort.

Second, the risk scores for both the CLIN-RISK and the
NNECDSG models were further improved by inclusion of pre-
operative plasma EO values. Both CLIN-RISK and NNECDSG
models (with or without EO) have strong and accurate ability
to predict the renal outcome of a candidate for elective cardiac
surgery. By itself, the CLIN-RISK model is easy to use and can
be valuable in everyday clinical practice for decision-making
in those centres that, currently, may not have access to EO
measurement. The power of EO was evident in the primary
Milan study population and also in a separate validation popu-
lation in Boston where preoperative plasma EO correlated sig-
nificantly with postoperative renal dysfunction as determined
by plasma creatinine (Supplementary data). Thus, in both po-
pulations, patients with the highest circulating levels of EO
had a higher relative risk of AKI. Similarly, we have recently
shown that the severity of the clinical presentation (APACHE

F IGURE 1 : Comparison between AKI predictive models. The
receiver operating characteristic for each model is portrayed. The
NNECDSG model was confirmed as a good prediction model of AKI
(AUC 0.74). The CLIN-RISK model derived for this cohort is a better
prediction model for AKI (AUC 0.79), for this cohort. The addition
of preoperative EO level further increased the AUC for the
NNECDSG-EO and CLIN-EO-RISK models 0.79 and 0.84,
respectively (P < 0.0001).

Table 4. Summary and comparison of the proposed models

Model AUC ± SE CI 95% P-value

NNEDCSG 0.74 ± 0.03 0.69–0.79 <0.0001
CLIN-RISK 0.79 ± 0.02 0.75–0.84 <0.0001
NNECDSG-EO 0.79 ± 0.02 0.74–0.74 <0.0001
CLIN-EO-RISK 0.84±0.021 0.79–0.88 <0.0001

AUC Difference
CLIN-EO-RISK 0.0421 (0.0140–0.0700) 0.0423 (0.0118–0.0727) 0.0970 (0.0481–0.1458)

P-value 0.003 NNECDSG-EO 0.0002 (0.0482–0.0486) 0.0549 (0.0109–0.0990)
0.007 ns CLIN-RISK 0.0548 (0.0146–0.0949)
< 0.001 0.014 0.008 NNECDSG

Upper side: specifications of the models under consideration.
Lower side: Upper Triangle: AUC Differences (CI 95%); Lower Triangle: P-values.
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score II) and the incidence of acute renal failure were linked
with the basal circulating level of EO (supplementary material
in ref [11]) in patients in Baltimore.

Third, EO is a marker of subclinical kidney damage and
this aspect of individual microvascular damage is not repre-
sented in any existing risk score. Moreover, the clinical surro-
gates currently employed (comorbidity and PVD) do not
compensate for this lack. The utility of EO is noteworthy
because risk scores in the literature are adapted to various po-
pulations with very different characteristics. Thus, when
desired, the preoperative level of EO can be integrated with
risk scores used in routine clinical practice.

The rationale underlying our hypothesis was that high
levels of EO are indicative of pre-existing subclinical renal im-
pairment. It is not yet known whether EO is simply a marker
of the initial chronic GFR reduction or is functionally respon-
sible for podocyte integrity. We support the second possibility,
i.e. that when individuals with elevated preoperative EO and
with or without underlying kidney damage are exposed to the
acute stress of surgery, the further elevation of circulating EO
during surgery [31, 32] exacerbates the underlying damage
and contributes directly to AKI.

There are several models of AKI that predict postoperative
AKI with good power, usually expressed by an AUC between
0.76 and 0.84 [25, 33–38]. However, the most robust and ex-
ternally validated models are for AKI requiring dialysis, which
is a relatively rare event (1–2%). In contrast, prediction of the
more common AKI not requiring dialysis which contributes
to in-hospital outcomes has lagged. A simple validated score
that is predictive for AKI requiring dialysis as well as milder
forms of AKI would be of great utility [39]. It would also facili-
tate rapid identification of high-risk patients for enrolment
and thereby enhance the power of trials to detect efficacy.
Ideally, a score should be derived from the easy calculation of
common readily-available preoperative parameters.

We have developed a simple model (CLIN-RISK) with rou-
tinely available preoperative clinical information. The prior
risk model for AKI not requiring dialysis uses criteria devel-
oped by the NNECDSG. In our study population, we confirm
the quantitative value of the NNECDSG model. In the same
patients, we show that the predictive value of our new model
(CLIN-RISK) is superior to the NNECDSG model while being
simpler to use.

In summary, ‘a priori’ identification of the high-risk AKI
patient is a challenge. The two new models that we present
offer significantly improved prediction of AKI and can allow
clinicians to provide improved risk information to patients
and help with the development of novel treatment strategies.

Postoperative AKI is associated with an increased risk of
mortality and morbidity and predisposes patients to longer
hospitalization and increased costs [10]. Despite advances in
surgical techniques and care, there has been little change in
the rate of AKI [40]. Given the current lack of therapeutic
options to prevent AKI and the significant mortality associated
with this pathology, the identification of high-risk patients is
of primary importance [9]. To date, biochemical markers of
early AKI, including NGAL, cysteine-C or serum creatinine,
do not identify susceptible patients, principally because these

markers are elevated well after kidney injury has occurred. We
have shown that elevated plasma EO improves predictive risk
prediction of AKI. We suggest that EO should be further in-
vestigated for its additional predictive value in other cohorts
and forms of cardiac and non-cardiac surgery [41].

Limitations

There are several limitations of this study that require
further investigation.

The choice of cut-off (AKIN≥ stage II) for the outcome we
examined may not completely reflect the spectrum of renal
damage which may follow cardiac surgery. However, the
choice of this specific cut-off was driven by the evidence that
even if AKIN stage I is more frequent, it is less frequently asso-
ciated with morbidity and mortality.

The value of plasma EO as an additional predictor may be
dependent on the baseline clinical model. We developed the
CLIN-RISK score based on a prior model [11] that has yet to
be tested on an external population but its AUC is as robust
as other risk models for AKI including the widely used
NNECDSG model. For this reason we examined the additional
predictive value of plasma EO levels against both the CLIN-
RISK and NNECDSG scores, achieving similar improvement
in both models.

The value of risk models is dependent upon the population
being examined. The NNECDSG model was originally devel-
oped in patients with CABG with a preoperative normal
kidney function (eGFR >60 mL/min at baseline). We tested
this model in our population both with and without this eGFR
limitation finding similar results. As the results were similar in
both conditions, we have shown only those results obtained in
the whole population for simplicity.

Although widely used, the AUC-ROC curve may be a rela-
tively insensitive matrix to assess the incremental predictive
ability of a marker relative to established predictors. Even
though the calculation of IDI and NRI may partially over-
come this limitation, we preferred to not perform this kind of
analysis to emphasize that our models return a real number
that corresponds with the added risk of each person to
develop AKI, if undergoing surgery, than any other hospital
patient.

Finally, the multifaceted nature of AKI may require multiple
biomarkers for a comprehensive assessment of all potential
mechanisms of renal injury. Thus, the preoperative markers
described here may be relevant only in a subset of patients. The
major clinical need for AKI is to identify a therapeutic window
during which to apply an intervention that prevents or limits
renal damage. Our data suggest that preoperative plasma EO
identifies patients/individuals that may benefit from inhibition
of EO action. Indeed an inhibitor of EO (rostafuroxin) has been
recently developed [42] and may help minimize AKI.

SUPPLEMENTARY DATA

Supplementary data are available online at http://ndt.oxford
journals.org.
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