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Objectives: Acute kidney injury after cardiac surgery is associ-
ated with increased operative and late mortality.  The objective 
was to determine if short and long term mortality are systemati-
cally improved with completeness of postoperative acute kidney 
injury reversal or with amount of residual renal function.
Design: Retrospective, single center study.
Setting: Tertiary care hospital.
Patients: One thousand five hundred and forty-three cardiac sur-
gery patients divided into acute kidney injury groups based on Kid-
ney Disease International Group Outcome criteria.
Measurements and Main Results: Operative mortality was 3.1% 
overall and was progressively worse with increasing acute kid-
ney injury: none (0.8%), minimal (1.6%), Kidney Disease Interna-
tional Group Outcome stage 1 (4.3%), stage 2 (17%), and stage 
3 (29%). Similar to the operative outcomes, late outcomes were 
progressively worse with rising amounts of acute kidney injury. 

The risk of late death was related to amount of acute kidney injury 
and remaining renal function at discharge.
Conclusions: Acute kidney injury was associated with higher oper-
ative and late mortality. Lesser amounts of residual renal function 
were associated with increased late mortality. (Crit Care Med 
2014; 42:2069–2074)
Key Words: cardiac surgery; creatinine; glomerular filtration rate; 
kidney injury; mortality; renal function

In the United States alone, more than 350,000 patients 
undergo coronary artery bypass or cardiac valve surgery each 
year (1). Acute kidney injury (AKI), defined as an acute rise in 

serum creatinine levels, occurs in approximately 25% of patients 
undergoing cardiac surgery (2–8). Studies have shown that AKI 
in hospitalized patients is associated with an increased risk of 
death, and the increased risk is proportional to the magnitude of 
the rise in creatinine (2, 9). Even minimal increases (0.1 mg/dL) 
in postoperative creatinine are associated with increased 30-day 
mortality (3). A meta-analysis suggested that the development of 
AKI was associated with doubling of risk of late death (10).

AKI frequently resolves by ICU or hospital discharge (11). 
Even if hospital-acquired AKI rapidly resolves, hospital mor-
tality remains elevated (12). Failure to even partially resolve 
is associated with greater risk of dying than is partial recovery 
(11). Although the development of AKI is well established as a 
poor prognostic indicator, the science of evaluating renal func-
tion recovery is much less mature.

It is unclear what proportion of cardiac surgery patients dem-
onstrating varying levels of AKI recover some or all of their base-
line preoperative renal function. More importantly, it is unclear 
whether recovery of renal function after development of AKI or 
the amount of residual renal function offers improved long-term 
outlook compared to patients with less recovery or less residual 
function. While a recent study showed that transient AKI was asso-
ciated with better long-term survival than was nontransient AKI, 
the study was limited in that severity of AKI and amount of recov-
ery or residual renal function were not studied (5). This study was 
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designed to test the hypothesis that 1) AKI carries risk of decreased 
long-term survival and 2) that recovery of renal function or the 
amount of residual renal function following AKI as evidenced by 
estimated glomerular filtration rate (eGFR) or serum creatinine at 
hospital discharge portends better survival than patients with less 
recovery or less residual renal function after AKI.

METHODS
This study was approved by the institutional review board of 
Mercy St. Vincent’s Medical Center in Toledo, OH. All patients 
who underwent cardiac surgery at a tertiary care university-
affiliated community hospital between October 1, 2006, and 
July 31, 2010, were reviewed. All cardiac surgery procedures, 
both on-pump and off-pump, were included. Patients with 
preoperative renal replacement therapy requirements were 
excluded. Data were obtained from the institute’s Society of 
Thoracic Surgeons Cardiac Surgery database and the labora-
tory data warehouse. To confirm accuracy of the computer-
ized warehouse data, manual chart review was conducted on 
20 patients and compared to the warehouse data. For each 
patient, demographic, anthropometric, surgical procedure, 
transfusion, and comorbidities were collected using Society of 
Thoracic Surgeons standard definitions. Chronic kidney dis-
ease (CKD) was staged using eGFR using the Modification of 
Diet in Renal Disease Study Group equation (13, 14).

The primary outcome was AKI, defined using the Kidney 
Disease Improving Global Outcomes (KDIGO) criteria and 
the peak serum creatinine within the first 14 postoperative days 
(15). Urine output criteria were not used. The KDIGO stages 
are as follows: 1—serum creatinine increased 1.5–1.9 times 
baseline or increased > 0.3 mg/dL within 48 hours; 2—serum 
creatinine increased 2.0–2.9 times baseline; and 3—serum cre-
atinine increased greater than 3 times baseline, or to greater than 
4.0 mg/dL, or renal replacement therapy was initiated. In order 
to improve sensitivity for lower levels of renal injury, a fourth 
category of AKI defined as minimal, any rise in creatinine less 
than stage 1 was created (2). The baseline preoperative serum 
creatinine was the most recent creatinine prior to surgery start. 
The secondary outcomes were renal recovery and residual renal 
function and their associations with mortality. Residual renal 
function was measured by both eGFR (14, 15) and serum creati-
nine level at hospital discharge. Renal recovery was dichotomized 
into 1) Any—any decrease in creatinine from postoperative 
peak and 2) None—creatinine remained at peak until discharge. 
Operative mortality was defined per the Society of Thoracic 
Surgeons guidelines as death within 30 days of surgery or at any 
point during the index hospitalization regardless of its duration. 
All-cause late mortality was defined as death at follow-up (April 
1, 2011), which was obtained from routine updating from office 
records and from the social security master file.

Table 1. Creatinine Levels (mg/dL): Baseline, Peak, and Change (Peak – Baseline) by 
Level of Acute Kidney Injury

Acute Kidney  
Injury Level n

Baseline Creatinine Peak Creatinine Change in Creatinine

Mean ± sd Mean ± sd Mean ± sd

ANOVA p < 0.001 ANOVA p < 0.001 ANOVA p < 0.001

None 705 0.94 ± 0.34a,b 0.83 ± 0.24 –0.12 ± 0.25

Minimal 426 0.92 ± 0.27c,d 1.05 ± 0.29 0.13 ± 0.06

KDIGO stage 1 305 1.07 ± 0.35a,c 1.59 ± 0.52 0.52 ± 0.25

KDIGO stage 2 69 0.97 ± 0.29 2.19 ± 0.69 1.23 ± 0.42

KDIGO stage 3 38 1.30 ± 0.72b,d 4.57 ± 1.57 3.27 ± 1.41

ANOVA = analysis of variance, KDIGO = Kidney Disease International Group Outcomes.
Pairwise comparisons by Tukey test: ap < 0.001, bp = 0.043, cp < 0.001, and dp = 0.024.

Table 2.  Operative Outcome by Stage of Acute Kidney Injury

Acute Kidney Injury Level

Dead (n = 48) Alive (n = 1,495)

Mortality (%) OR 95% CIn % n %

None 5 10 700 47 0.8 1

Minimal 7 15 419 28 1.6 2.34 0.74–7.42

KDIGO stage 1 13 27 292 20 4.3 6.23 2.20–20.6

KDIGO stage 2 12 25 57 4 17 29.5 10.0–86.6

KDIGO stage 3 11 23 27 2 29 57.0 18.5–176

OR = odds ratio, KDIGO = Kidney Disease Improving Global Outcomes.
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Statistics
Preoperative and intraoperative variables and measures of 
renal function (AKI level, maximum creatinine, peak change 
in creatinine, and amount of recovery) were univariably com-
pared between operative survivors and decedents and between 
late survivors and decedents using Student t test for nor-
mally distributed data, rank sum for nonparametric data, chi 
square, or Fisher exact test, as appropriate. The Shapiro-Wilk 
test was used to determine normality. The proportional haz-
ard assumption was tested with Schoenfeld residuals and the 
Wald test for the covariate log-time interaction. Independent 
predictors of operative survival were determined by binary 
logistic regression and long-term survival (excluding opera-
tive deaths) with Cox modeling. To characterize the effects of 
recovery on the individual levels of AKI, interactions terms of 
injury and recovery were created and entered into the models. 
Variables were entered into the multivariable models if their 
univariable p value was less than 0.3. All variables regarding 
extent of AKI or recovery were forced into the model. Vari-
ables were retained in the model if p value was less than 0.05. 
p value less than 0.05 and 95% CIs that excluded 1 denoted 
statistical significance. All univariable p values were two tailed. 
The ability of the logistic and Cox models to discriminate 
between deaths and survivors was measured by the c-statistic, 
calculated by the area under the receiver operator character-
istic curve for the logistic and by Harrell’s method for Cox 
models (16). SPSS 19.0 and 21.0 (IBM, Armonk, NY) were 
used for statistical analysis.

RESULTS
There were 1,547 eligible cardiac surgery patients. Four 
patients could not be linked to data warehouse laboratory 
records and were therefore excluded. The study consists of 
the remaining 1,543 patients. Manual checking of 20 patients’ 
physical charts showed that all creatinine values present in the 
chart were present in and identical to the values provided by 
the laboratory. Eight hundred thirty-eight of these patients 
(54%) developed AKI (Supplemental Table 1, Supplemental 
Digital Content 1, http://links.lww.com/CCM/A972). Preop-
erative creatinine levels were slightly higher in patients who 
developed KDIGO stage 1 or stage 3 than in those who did not 
develop AKI (Table 1).

Operative Mortality
Operative mortality was 3.1% (48 of 1,543 patients). The risk 
of operative mortality increased with increasing severity of 
AKI, ranging from 0.8% for no AKI to 29% for KDIGO stage 3 
(Table  2). Patients who died were older, more likely to have 
comorbidities, had lower ejection fractions, and were more 
likely to be transfused and to have coronary artery bypass sur-
gery combined with another cardiac surgery. They also had 
worse baseline renal function and developed greater rises in 
serum creatinine levels and higher peak levels than survivors 
(Supplemental Table 1, Supplemental Digital Content 1, http://
links.lww.com/CCM/A972).

Using multivariable analysis to adjust for other risk factors, 
including baseline renal function, AKI was associated with an 
increased risk of death (Table 3).

Late Mortality
One hundred thirty of 1,495 operative survivors (8.6%) were 
dead at follow-up. The mean follow-up duration was 3.5 years, 
with a range of 6 months to 6.3 years. In addition to being 
older, having more comorbidities, and being more likely to 

Table 3. Factors Independently Associated 
With Operative Mortality

Factor OR 95% CI p

Age (yr) 1.040 1.008–1.072 0.013

Prior cardiac intervention 2.278 1.198–4.331 0.012

Cardiogenic shock 5.380 1.990–15.54 0.001

Blood transfusion 4.887 1.974–12.10 0.001

Acute kidney injury < 0.001

 � None 1

 � Minimal 1.989 0.617–6.416 0.250

 � KDIGO stage 1 3.695 1.276–10.70 0.016

 � KDIGO stage 2 14.92 4.791–46.47 < 0.001

 � KDIGO stage 3 28.17 8.539–92.92 < 0.001

OR = odds ratio, KDIGO = Kidney Disease Improving Global Outcomes.
Binary logistic regression of operative death with levels of acute kidney injury 
included in the model. c-statistic ± se = 0.879 ± 0.028.

Table 4. Late Outcome by Stage of Acute Kidney Injury

Acute Kidney Injury Level

Dead (n = 130) Alive (n = 1,365)

Mortality (%)
Relative  

Risk 95% CI pn % n %

None 42 32 658 48 6 1

Minimal 43 33 376 28 10 1.91 1.25–2.92 0.003

KDIGO stage 1 29 22 263 19 10 1.98 1.23–3.18 0.005

KDIGO stage 2 10 8 47 3 18 3.34 1.68–6.66 0.001

KDIGO stage 3 6 5 21 2 22 4.15 1.76–9.77 0.001

KDIGO = Kidney Disease Improving Global Outcomes.
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receive blood transfusions, patients with late deaths had worse 
preoperative renal function. They also developed greater rises 
in postoperative creatinine, with higher peak and discharge 
levels, along with the development of more severe stages of 
AKI. Smaller decreases in creatinine levels from peak to dis-
charge and greater increases from baseline to discharge were 
also seen in patients with late deaths. eGFR similarly was lower 
at discharge, and a greater fall in eGFR was noted from baseline 

to discharge in long-term nonsurvivors than in survivors. The 
relative risk of death increased with worse levels of AKI, from 
1.91 for minimal to 4.15 for stage 3 (p < 0.001) (Table 4).

After adjustment for other factors, AKI remained associated 
with increased late mortality (Table 5). When variables show-
ing renal recovery and residual renal function were entered 
into the models, residual renal function replaced severity of 
AKI as a marker of late mortality, while renal recovery was not 
associated with mortality (Table 6). For each 1 mg/dL higher 
creatinine level at discharge, the risk of death was 1.901 (95% 
CI = 1.540–2.346, p < 0.001). When stages of both CKD and 
AKI were forced to remain in the model, both were statistically 
insignificant, while last creatinine level remained highly statisti-
cally significant (Table 7 and Fig. 1).

DISCUSSION
We found a progressive increase in both operative and late 
mortality associated with all levels of AKI—ranging from 
AKI-minimal to stage 3. We also found that residual renal 
function was an important determinant of late survival. As 
shown by the two Cox models (Tables 5 and 6), while sever-
ity of AKI is important in late outcome, it is actually the 
amount of residual renal function present on discharge, that 
is the  factor better associated with survival. For example, 
our data demonstrate that three patients with the follow-
ing kidney function evolution have the same risk of death: 
the first has baseline creatinine = 1.0 mg/dL, goes to 4.3 mg/
dL (AKI-stage 3), but has recovered to 2.0 mg/dL on dis-
charge; the second has baseline creatinine = 1.1 mg/dL, goes 
to 2.0 mg/dL (AKI-stage 1), and stays at 2.0 mg/dL through 
discharge; and the third has baseline creatinine 2.0 mg/dL and 
stays at 2.0 mg/dL (no AKI) through discharge. Based on the 
final model, all three patients have the same discharge creati-
nine value and hence the same increased hazard of dying (1.901 
compared to a patient with discharge creatinine = 1.0 mg/dL,  
95% CI = 1.540–2.346, p < 0.001).

Our findings that AKI is associated with late mortality 
and that some measure of recovery is associated with better 
outcomes are similar to several studies (4–8, 10). However, 

Table 5.  Factors, Excluding Discharge 
Renal Function, Independently Associated 
With Late Mortality

Factor
Hazard 
Ratio 95% CI p

Age (yr) 1.052 1.033–1.071 < 0.001

Diabetes mellitus 1.499 1.040–2.315 0.030

Hyperlipidemia 0.566 0.376–0.853 0.007

Blood transfusion 1.473 1.010–2.146 0.044

Chronic obstructive 
pulmonary disease

1.661 1.126–2.451 0.011

Peripheral vascular  
disease

1.859 1.253–2.755 0.002

Ejection fraction 0.973 0.960–0.987 < 0.001

Baseline creatinine  
(mg/dL)

1.935 1.336–2.803 < 0.001

Acute kidney injury 0.047

 � None 1

 � Minimal 1.574 1.019–2.431 0.041

 � KDIGO stage 1 1.218 0.744–1.994 0.432

 � KDIGO stage 2 2.677 1.326–5.407 0.006

 � KDIGO stage 3 2.146 0.732–6.293 0.164

KDIGO = Kidney Disease Improving Global Outcomes.
Cox proportional hazard model of operative death with levels of acute kidney 
injury included in the model but excluding measures of renal function on 
discharge. c-statistic ± se = 0.785 ± 0.053.

Table 6.  Factors Independently Associated With Late Mortality

Factor Hazard Ratio 95% CI p

Age (yr) 1.050 1.031–1.069 < 0.001

Diabetes mellitus 1.488 1.032–2.146 0.033

Hyperlipidemia 0.566 0.375–0.853 0.007

Blood transfusion 1.637 1.131–2.364 0.009

Chronic obstructive pulmonary disease 1.656 1.125–2.439 0.011

Peripheral vascular disease 1.912 1.295–2.825 0.001

Ejection fraction 0.973 0.959–0.986 < 0.001

Discharge creatinine (mg/dL) 1.901 1.540–2.346 < 0.001

Cox proportional hazard model of operative death with levels of acute kidney injury and variables of residual renal function and recovery included in the model. 
c-statistic ± se = 0.786 ± 0.053.
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our finding of residual renal function being more strongly 
associated with late mortality compared to the amount of 
recovery differs from previous studies that focused on renal 
recovery without evaluating residual renal function (5–8). 
Both Brown et al (4) and Howell et al (6) reported that dis-
charge eGFR was strongly associated with late death, but 
they did not evaluate discharge creatinine in their models. 

We found that discharge creatinine is certainly easier to cal-
culate than eGFR and a better predictor of late mortality, 
perhaps because eGFR is a calculated variable that includes 
age, which was a separate statistically significant variable in 
our final Cox models.

Our study is novel in that it analyzed AKI-minimal, a level 
of AKI not evaluated in other studies (4–10). Patients with tiny 

elevations in creatinine (less 
than criteria for KDIGO AKI) 
are not only at increased risk of 
short-term mortality, as shown 
previously by Lassnigg et al 
(3), but also, as we show, at 
increased risk of late mortality. 
By separating AKI-minimal 
from no AKI, we were able to 
show a mortality risk to AKI-
minimal (Table  5). Although 
the increased risk of dying 
associated with AKI-minimal 
is lower than that for KDIGO 
stage 2 and 3, it is not less than 
KDIGO stage 1’s risk (Table 5). 
Compared to the more severe 
levels of AKI, there are far 
more patients who develop 
AKI-minimal, which leads to 

Table 7. Factors Associated With Late Mortality

Factor Hazard Ratio 95% CI p

Age (yr) 1.048 1.028–1.068 < 0.001

Diabetes mellitus 1.406 0.969–2.039 0.073

Hyperlipidemia 0.585 0.387–0.884 0.011

Blood transfusion 1.765 1.183–2.633 0.005

Chronic obstructive pulmonary disease 1.685 1.140–2.490 0.009

Peripheral vascular disease 1.829 1.233–2.713 0.003

Ejection fraction 0.973 0.961–0.987 < 0.001

Discharge creatinine (mg/dL) 1.885 1.350–2.632 < 0.001

Chronic kidney disease 0.723

 � Stage 2 0.899 0.513–1.575 0.709

 � Stage 3 0.997 0.551–1.806 0.993

 � Stage 4 or 5 1.530 0.551–4.244 0.414

Acute kidney injury 0.270

 � Minimal 1.348 0.867–2.096 0.184

 � KDIGO stage 1 0.914 0.544–1.536 0.734

 � KDIGO stage 2 1.739 0.825–3.665 0.146

 � KDIGO stage 3 0.825 0.203–3.352 0.788

KDIGO = Kidney Disease Improving Global Outcomes.
Cox proportional hazard model of operative death with levels of chronic kidney disease and acute kidney injury forced to remain in the model shown in Table 6.

Figure 1. Cox plot at the mean of the other covariates showing expected survival with 1 sd (vertical bars) 
for patients with four different creatinine levels at discharge. For example, a patient with discharge creatinine 
= 0.5 mg/dL has an expected 3-year survival = 94.9% ± 0.7% (± 1 sd), whereas a patient with discharge 
creatinine = 2.0 mg/dL has an expected survival = 87.2% ± 1.9%.
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as many late deaths associated with AKI-minimal as from the 
other AKI stages combined.

There are several limitations to this study. It is a single-cen-
ter study. Iatrogenic causes of AKI and attempted prophylaxis 
or treatments may be particular only to our institution and 
not generalizable to other centers. We did not have urine out-
puts, so we do not know whether some of the no AKI or AKI-
minimal patients may have met KDIGO stages 1–3 by urine 
outputs. Also, as the study was conducted only in cardiac sur-
gery patients, it may not be generalizable to other critically ill 
patients. Another limitation is that while we had 1,543 patients, 
few patients had severe levels of AKI. This may have led to us 
being underpowered to find important differences in mortal-
ity based on more severe levels of AKI and given the wide CIs 
even on the lesser levels of AKI; further study is needed to bet-
ter estimate the effects of AKI on long-term survival. As we 
do not have causes of death, we cannot speculate on the kid-
ney’s role in late death. Additionally, because the dataset lacked 
indices of renal function beyond the initial hospitalization, we 
cannot assess how renal function progressed or how likely the 
initial episode of AKI led to CKD with its attendant increased 
morbidity and mortality. Chawla et al (17) found that of 5,351 
patients with AKI (defined as Risk, Injury, Failure, Loss, End 
stage renal disease staging of AKI-Risk or worse), 14% devel-
oped stage 4 CKD after hospitalization and that severity of ini-
tial AKI was a significant predictor of subsequent CKD.

There are several strengths of our study. We evaluated the 
effects using several different stages of AKI and several measures 
of renal recovery and residual renal function. Although AKI is 
commonly perceived to be a continuum, there may be differ-
ent mechanisms that cause lesser or more severe stages of AKI. 
For example, hypovolemia may cause a more readily reversible 
mild AKI, whereas sepsis may cause a more resistant type of 
severe AKI. By examining four different stages of AKI, we pro-
vide prognostic information based on the level of AKI, and by 
examining several different definitions of recovery and residual 
renal function, we were able to show that long-term survival is 
associated with residual renal function to a greater extent than 
it is to either severity of AKI or the amount of recovery.

In conclusion, we found that rises, even minimal, in serum 
creatinine are associated with increased operative and late death 
with the association increasing in proportion to the severity of 
the rise in creatinine. We also found that lesser residual renal 
function is associated with higher risk of late mortality. Patients 
with elevated serum creatinine levels on discharge should be 
followed closely for CKD and increased risk of death.
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