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Acute Kidney Injury Classification
Underestimates Long-Term Mortality
After Cardiac Valve Operations

Hjalmar R. Bouma, MD, PhD, Hubert E. Mungroop, MD, A. Fred de Geus, PhD,
Daniel D. Huisman, BSc, Maarten W. N. Nijsten, MD, PhD,
Massimo A. Mariani, MD, PhD, Thomas W. L. Scheeren, MD, PhD,
Johannes G. M. Burgerhof, MSc, Robert H. Henning, MD, PhD, and
Anne H. Epema, MD, PhD
Department of Clinical Pharmacy and Pharmacology, Department of Internal Medicine, Department of Anesthesiology, Department of
Critical Care Medicine, Department of Cardio-Thoracic Surgery, and Department of Epidemiology, University Medical Center
Groningen, University of Groningen, The Netherlands
Background. Perioperative acute kidney injury (AKI) is
an important predictor of long-term all-cause mortality
after coronary artery bypass (CABG). However, the effect
of AKI on long-term mortality after cardiac valve opera-
tions is hitherto undocumented.

Methods. Perioperative renal injury and long-term all-
cause mortality after valve operations were studied in a
prospective cohort of patients undergoing solitary valve
operations (n [ 2,806) or valve operations combined with
CABG (n [ 1,260) with up to 18 years of follow-up.
Postoperative serum creatinine increase was classified
according to AKI staging 0 to 3. Patients undergoing
solitary CABG (n [ 4,938) with cardiopulmonary bypass
served as reference.

Results. In both valve and valveDCABG operations,
postoperative renal injury of AKI stage 1 or higher was
progressively associated with an increase in long-term
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mortality (hazard ratio [HR], 2.27, p < 0.05 for valve;
HR, 1.65, p < 0.05 for valveDCABG; HR, 1.56, p < 0.05
for CABG). Notably, the mortality risk increased
already substantially at serum creatinine increases of
10% to 25%—that is, far below the threshold for AKI
stage 1 after valve operations (HR, 1.39, p < 0.05), but
not after valve operations combined with CABG or
CABG only.
Conclusions. An increase in serum creatinine by more

than 10% during the first week after valve operation is
associated with an increased risk for long-term mortality
after cardiac valve operation. Thus, AKI classification
clearly underestimates long-term mortality risk in pa-
tients undergoing valve operations.

(Ann Thorac Surg 2018;106:92–8)
� 2018 by The Society of Thoracic Surgeons
ransient perioperative renal function deterioration
Tafter cardiac operation is associated with a substantial
increase in risk for in-hospital mortality after coronary
artery bypass grafting (CABG) [1]. Moreover, we have
shown that a moderate and transient renal function loss
also predicts long-term mortality at 14 years follow-up
after CABG [1, 2]. Although acute kidney injury (AKI) is
reported to occur in a substantial number of patients after
valve operations, the association with postoperative
mortality is unclear [3]. Moreover, the association be-
tween perioperative renal injury and long-term mortality
has been clearly established in CABG, but has yet to be
explored in cardiac valve operations.

Currently, a uniform classification system has been
developed to stage renal function loss, ranging from AKI
levels 0 to 3 [4]. This acute kidney injury network clas-
sification was introduced to standardize the identifica-
tion of AKI across patient populations (Supplemental
Table 1) [4]. This classification embodies a substantial
threshold for renal injury, however, as the criterion for
its first stage includes an increase in serum creatinine of
at least 50% or 26.4mmol/L [4]. Nevertheless, long-term
follow-up of CABG patients demonstrates that AKI
represents a valid classification to identify patients at
risk for long-term mortality [1, 5]. Whether AKI classi-
fication correctly identifies long-term mortality risk after
cardiac valve operation is unknown. Therefore, we
studied the relation between perioperative AKI and
long-term mortality in 4,066 patients undergoing valve
The Supplemental Tables and Figures can be viewed in
the online version of this article [https://doi.org/10.1016/
j.athoracsur.2018.01.066] on http://www.annalsthoracic
surgery.org.
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operation, either solitary or combined with CABG, with
up to 18 years of follow-up in comparison with patients
undergoing cardiopulmonary bypass (CPB)-assisted
solitary CABG.
Patients and Methods

Patient Selection and Ethics Approval
Data of all adult patients who underwent first-time
valve operation or CPB-assisted CABG (from 1997
through 2015) in our tertiary center were entered into
our cardiothoracic operation registry and later selected
for post hoc analysis (n ¼ 11,286 operations). Mortality
data were collected from the Dutch Municipal Database
(August 5, 2015), which contains up-to-date data of all
citizens within the Netherlands. Patients missing
creatinine data (mostly because of transfer from other
hospitals) and with induced circulatory arrest were
excluded (n ¼ 2,149). Survival of patients excluded does
not differ from those who are included in the analysis
(Supplemental Fig 1). Measurement of serum creatinine
in the 7 days preceding the operation was used as
baseline. If multiple samples were taken, the mea-
surement closest to the start of operation was used. The
highest creatinine level during the first postoperative
week was used for analysis (Supplemental Table 2). The
study was approved by the medical ethics committee of
the University Medical Center Groningen (METC
#2010/118).

Statistical Analysis
The preoperative glomerular filtration rate (eGFR) was
estimated by the MDRD-4 formula, which was classified
according to the KDIGO criteria [6]. Postoperative AKI
was classified using the perioperative change in serum
creatinine [7] (Supplemental Table 1). Normality of dis-
tribution was tested using a Kolmogorov-Smirnov test,
distribution histograms and Q-Q plots. Differences were
tested using paired-samples t tests, Z test for proportions
with Bonferroni correction (categorical variables), and
one-way ANOVA with Tukey’s test (continuous vari-
ables). Kaplan-Meier curves were constructed to visualize
mortality, and differences between curves were calcu-
lated using a Mantel-Cox log-rank test. The association
between AKI and mortality was analyzed by calculating
hazard ratios (HRs) using a Cox-proportional hazard
analysis, adjusted for known risk factors (ie, age, body
mass index sex, type of intervention, and duration of
perfusion). Statistical significance was defined as P less
than 0.05.

Software and Data Presentation
Analysis was performed with SPSS 23 (IBM, Armonk,
NY), and Sigmaplot 12 (Systat Software, Inc, San Jose,
CA) was used to produce the figures. Data are expressed
as absolute numbers with the percentage in parentheses
(categorical variables) or as median (interquartile range
[IQR]) (continuous variables).
Results

Patient Characteristics and Mortality After Valve
Operations
Patients who underwent first-time valve operation
(n ¼ 2,806), valve operation combined with CABG
(n ¼ 1,260) or CABG (n ¼ 4,938) assisted by CPB from
1997 through 2015 at our institution were included from
our prospective cardiothoracic registry; demographic
characteristics were in line with other studies (Supple-
mental Tables 3, 4). Only a very small fraction (w1%) was
classified as having renal failure preoperatively
(ie, KDIGO CKD-G5). The vast majority of valve patients
underwent either isolated aortic or mitral valve opera-
tions (94% to 98%; Supplemental Table 4). The median
follow-up in valve operations was 70 months (maximum,
217 months) and 65 months (maximum, 215 months) in
valve operation combined with CABG. During this
follow-up period, 911 (33%) patients died after valve
operation, and 536 (43%) patients died after valve oper-
ation combined with CABG (Supplemental Fig 2). CABG
patients, serving as a reference group, had a slightly
longer follow-up (110 months [maximum, 218]) and lower
mortality (35%, n ¼ 1,736). Thus, our cohort resembles a
typical patient population scheduled for cardiac opera-
tions, in which mortality is in line with numbers reported
by other studies [3, 8].

Prognostic Value of AKI Classification After Valve
Operations
To evaluate the prognostic value of AKI classification
for long-term mortality after cardiac operations, patients
were stratified according to the AKIN criteria
(Supplemental Table 1). The incidence of AKI was 14.4%
after valve operations and 22.6% after valve operations
combined with CABG (Supplemental Table 3). This
higher incidence was largely because of more patients
having AKI stage 1 (18%) after valve operations com-
bined with CABG as compared with valve operations
without CABG (11%). In both valve operations and valve
operations combined with CABG, postoperative AKI
stage 1 to 3 was associated with a profound increase in
long-term mortality, which was similar between the
different stages of AKI (Fig 1). Moreover, patients clas-
sified with AKI stage 1 and 2 had a higher long-term
mortality risk after valve operation compared with
valve operation combined with CABG (Supplemental
Table 5). Subgroup analysis of the most frequently per-
formed operations (ie, aortic and mitral valve operations)
reveals AKI to be a strong risk factor for long-term
mortality after all types of interventions (Supplemental
Tables 6, 7).
In comparison with valve operations, CABG patients

had a lower incidence of all stages of AKI (11%) and
showed a different relation between AKI stages and
mortality. Notably, AKI stage 1 in CABG patients was
associated with an intermediate mortality rate between
AKI stage 0 and AKI stages 2 and 3 patients (Fig 1). The
incidence of postoperative AKI depends on preoperative
renal function [9]. As such, patients with a normal



Fig 1. Postoperative acute kidney injury differentially affects long-term
mortality after valve operations, valve operations combined with CABG,
and CABG. The hazard ratio (HR) for long-termmortality is increased in
patients with a more pronounced decline in renal function. Notably, a
minor perioperative increase in serum creatinine differentially
affects survival following valve operations (either solitary or
combined with CABG) as comparedwith patients undergoing CABG.
Shown in the figure are quadratic fitted curves of the HR’s (solid
lines) and corresponding 95% confidence intervals (shaded areas)
that were calculated per quartile based on the perioperative serum
creatinine level. Cases with a perioperative rise in the serum
creatinine level of less than 5% served as reference category.
(CABG ¼ coronary artery bypass grafting.)

Fig 2. Postoperative acute kidney injury (AKI) is strongly associated with mort
associated with a reduced survival during long-term follow-up after valve ope
CABG operation (c2 ¼ 84, df ¼ 3, p < 0.001) (B), and CABG (c2 ¼ 300, df ¼
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preoperative renal function (ie, eGFR � 90 mL � min-1

� 1.73 m-2) developed AKI with an incidence of 7.9% after
valve operation, 7.5% after valve operation combined
with CABG, and 10.2% after CABG (Supplemental
Table 8). In contrast, patients with a moderately to
severely reduced preoperative renal function (ie, eGFR 30
to 45 m L �min-1 � 1.73 m-2) showed a greater incidence of
AKI, comprising 31.9% after valve operations, 45.4% after
valve operations combined with CABG, and 29% after
CABG (Supplemental Table 8). Taken together, these
results imply that AKI is a strong predictor for long-term
mortality after valve operation, and the risk of developing
AKI is associated with preoperative renal function.

AKI Classification Underestimates Mortality Risk After
Valve Operations
To refine the analysis of association of postoperative kid-
ney injury and mortality, the HR for long-term mortality
was calculated for different levels of perioperative renal
function decline. Patientswerefirst classified into quartiles
according to the percentage change in serum creatinine,
followed by calculation of the HR for long-term mortality
per quartile. Next, HRs were quadratically fitted to visu-
alize the association with a perioperative change in renal
function (Fig 2). This analysis demonstrates that a 25%
to 50% perioperative rise in serum creatinine after
valve operations and valve operations combined with
CABG—which is under the 50% threshold of classification
as AKI—is already associatedwith a doubling of long-term
mortality risk. In contrast, the long-term mortality risk
associated with such a perioperative rise in serum creati-
nine is significantly lower in CABG patients.

Perioperative Renal Function Decline Is an Independent
Prognostic Marker for Mortality in Valve Operations
To determine whether the perioperative change in
renal function is independently associated with
ality. The occurrence of a perioperative renal function decline is strongly
ration (c2 ¼ 335, df¼ 3, p< 0.001) (A), valve operation combined with
34, p < 0.001) (C). (CABG ¼ coronary artery bypass grafting.)
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long-term mortality, we performed a multivariate Cox
regression analysis to adjust for preoperative renal
function and other potentially confounding factors.
This analysis reveals that AKI is a strong and inde-
pendent risk factor for long-term mortality, indepen-
dent of age, sex, or perfusion time (Supplemental
Table 5). Mild postoperative renal dysfunction (AKI
stage 1) carried the highest risk for long-term mor-
tality after solitary mitral valve operation, compared
with the other types of interventions (Supplemental
Tables 5–7).

Usefulness of Alternative Classifications of Renal Injury
in Valve Operations
Next, we investigated the relation between a small rise
in the serum creatinine level and long-term mortality.
Among patients who are not classified as having AKI
according to the AKIN criteria, the median
increase in serum creatinine was 5.3% for valve opera-
tions (n ¼ 1480), 6.8% for valve operations combined
with CABG (n ¼ 691), and 5.8% for CABG (n ¼ 3,180).
Minor renal injury, not classified as AKI, was identified
as a risk factor for mortality after valve operations (HR,
1.39; 95% CI, 1.15 to 1.68; p < 0.05; Supplemental Fig 3A).
This was not the case in patients who underwent valve
operations combined with CABG (HR 1.17; 95% CI, 0.92
to 1.48; p ¼ 0.20; Supplemental Fig 3B) or solitary CABG
(HR, 1.10; 95% CI, 0.97 to 1.24; p ¼ 0.13; Supplemental
Fig 3C). Thus, valve patients not classified as having AKI
but with a perioperative serum creatinine increase of
more than 5.3% are a subgroup at risk for long-term
mortality. As a clinical consequence, a perioperative
rise in the serum creatinine of at least 10% classifies this
subgroup, with a hazard ratio of 1.23 (95% CI, 1.03 to
1.46, p < 0.05; adjusted for age, sex, body mass index,
and duration of perfusion). Together, a minor post-
operative decrease in renal function well below the
threshold used in the AKI classification is associated
with an increased long-term mortality risk after solitary
valve operations.
Comment

This study investigates the impact of postoperative
renal function impairment in cardiac valve operations
with 18 years of follow-up. Our data reveal a substan-
tially larger impact of postoperative kidney injury on
long-term mortality after solitary valve operations as
compared with CABG (either solitary or combined with
valve operation). Patients undergoing solitary valve
operation show an increased mortality risk even only
with a slight perioperative increase in the serum
creatinine level (ie, >10%). In contrast, patients who
underwent valve operation combined with CABG or
solitary CABG are at risk only after a perioperative
increase in the serum creatinine level that equals
approximately AKI 1 (ie, >50% or an absolute rise of
>26.4 mmol/L). Hence, the perioperative change in the
serum creatinine level is a strong and sensitive
indicator of long-term mortality after valve operations.
The association between the perioperative change in
the serum creatinine level and mortality is stronger
after valve operations than after CABG. These data
underline the prognostic value of a perioperative renal
function decline on long-term mortality, but imply that
the current AKI classification clearly underestimates
the long-term mortality risk in valve patients.
The AKI classification has previously been intro-

duced as a uniform scale representing a loss in renal
function [7]. Previous studies suggest that AKI classi-
fication predicts end-stage renal disease and long-term
mortality in CABG patients [10, 11], in both those who
underwent noncardiac vascular operations [12] and in
critically ill patients [13, 14]. Data across AKI classes in
other types of cardiac operations regarding long-term
mortality is lacking and have been unable to demon-
strate an independent association between AKI and
mortality following valve operations [3]. We demon-
strate a stepwise increase in mortality risk per AKI
class in until-now-unreported cardiac surgical pro-
cedures. Moreover, our data question the suitability of
AKI classification in valve patients in predicting long-
term mortality. In valve operations, mortality risk in-
creases even well below the threshold for AKI stage 1
and a threshold of 10% perioperative increase in serum
creatinine level seems a simple adjustment to
adequately identify patients at risk. In contrast, the
current AKI classification only modestly un-
derestimates mortality risk in CABG patients. There-
fore, our results are in line with the association
between preoperative renal function and 5-year sur-
vival after mitral valve repair and replacement in the
elderly [15] and, in addition, we reveal a strong asso-
ciation between AKI and long-term survival. The
mortality risk of AKI not only depends on the severity
of renal dysfunction, but also on both the type of
operation (ie, valve, valve operation combined with
CABG, or solitary CABG) and/or preoperative renal
function. Separate risk models for mortality following
valve, valve operation combined with CABG, or soli-
tary CABG have been developed to account for the
influence of elements other than postoperative renal
failure [16–19]. Our finding that mild renal function
impairment increases mortality risk in valve and valve
operation combined with CABG, but not after solitary
CABG operations, supports the use of separate risk
models for different types of operations. Thus, refine-
ment of the classification of postoperative acute kidney
injury—taking into account the type of cardiac opera-
tion—seems warranted to optimally identify patients at
risk.
Why AKI represents such a strong independent risk

factor for long-term mortality after cardiac operations
remains unclear [5, 11, 20]. Remarkably, as compared to
AKI induced by critical illness, AKI induced by cardiac
operations is associated with a higher long-term mor-
tality risk [13]. It can be argued that AKI represents a
surrogate marker of cardiovascular comorbidity such as
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hypertension, hypercholesterolemia, and diabetes
mellitus. However, previous studies unequivocally
demonstrated that renal function is independently
associated with long-term mortality following adjust-
ment for sex, age, hypertension, diabetes mellitus, atrial
fibrillation, heart failure, liver disease, malignancies,
and postoperative complications after CABG [21]. The
pathophysiology of AKI following CPB is a complex,
interconnected syndrome of both kidney and cardio-
vascular disease and is only partly understood [22].
Exposure to radiological contrast during cardiac cath-
eterization is an independent risk factor for AKI after
valve surgery and CABG, particularly when the time
interval between contrast exposure and operation is
shorter than 2 days [23, 24]. Given that all our patients
underwent elective operations with a time interval
routinely exceeding 4 to 7 days, its impact was likely
minimal. Hemolysis induced by the CPB-circuit leading
to oxidative stress generated by free iron and deposi-
tion of hemoglobin in the form of tubular casts is sug-
gested to play an important role in the pathophysiology
of renal injury [25]. Further, hemodilution during CPB
leads to lowered renal oxygen delivery, which strongly
suggests that CPB-induced renal hypoxia may progress
into AKI. Moreover, the mismatch between renal oxy-
gen delivery and consumption increases after opera-
tion, as oxygen delivery further decreases and oxygen
consumption rises [26]. In contrast, red blood cell
transfusion during and after cardiac operations is
associated with AKI [3, 27]. Data on transfusion were,
however, not available from our database. In addition,
postoperative infection seems to play a role in the
pathogenesis of AKI after cardiac operations [28]. To
date, most studies investigating preventative measures
for AKI after cardiac operations, either by pharmaco-
logical treatment or remote preconditioning, proved
negative or of limited clinical value [29–34]. Although 2
small-scale studies suggest perioperative atrial natri-
uretic peptide or sodium nitroprusside administration
reduces postoperative AKI by 40% [35, 36], long-term
mortality effects of any intervention are so far
unknown.

One of the major shortcomings to advance our un-
derstanding of the impact of AKI after cardiac operation
is the lack of sound follow-up of patients at risk. Routine
follow-up of patients who are identified as having an
increased mortality risk based on the perioperative
decline in renal function will allow timely treatment of
important (cardiovascular) comorbidities. Our results
imply that patients with even a limited perioperative rise
in the serum creatinine level after solitary valve opera-
tions deserve attention and might benefit from treatment
of additional cardiovascular and renal risk factors such
as hypertension, hypercholesterolemia, and diabetes
mellitus—perhaps even more than CABG patients or
patients who have undergone valve operation combined
with CABG operation. Whether such interventions,
either driven by AKI or increase in serum creatinine,
adequately address the risk of long-term mortality in
cardiac operation patients remains an area of future
investigation.
Recruitment of patients from a single center may limit

the generalizability of the current study. For this reason,
we also analyzed patients undergoing CPB-assisted
CABG. Overall long-term mortality after CPB-assisted
cardiac operations is in line with those reported in
other studies [3, 8]. Additionally, the incidence of AKI in
our CABG patients (11%) is at the lower end of the range
reported in previous studies [37–39]. A further limitation
of our study is the unavailability of some data for anal-
ysis, such as preoperative medication, ejection fraction,
NYHA classification, and comorbidity. Partly, this is
because of the inclusion of patients transferred from
other hospitals to our (tertiary care) center without dig-
ital storage of biochemical values, with missing creati-
nine levels being the principal reason. Nevertheless,
additional comparisons of survival curves of patients
included and excluded from the analysis showed no
difference (Supplemental Fig 1). Furthermore, patients
on hemodialysis, who represent a group with poor sur-
vival after cardiac operation, may have differed between
groups. This is unlikely, as our population comprises
similarly low amount of patients (about 1% in all groups)
classified as CKD G5 in the KDIGO classification—a
subgroup that includes dialysis patients. In addition, the
impact of the initiation of postoperative dialysis on
mortality could not be addressed, as its prevalence was
undocumented. Finally, although we aimed to correct for
potentially confounding factors in our multivariate
analysis, it is unlikely that we have fully accounted for all
confounders. This limitation is partly because of the
prospective design of the study, which precludes post
hoc inclusion of additional data. Furthermore, although
AKI is an independent risk factor of long-term mortality
after all 3 types of operations (valve operation, valve
operation combined with CABG, and solitary CABG), it
should be noted that independent of renal function, each
type of operation differentially affects outcome as well.
Intrinsic differences between the 3 patient groups cannot
easily be translated into a factor to be included into the
analysis. Consequently, direct comparison of the asso-
ciation between AKI and long-term mortality between
the different types of interventions should be avoided.
The development of a risk model for long-term outcome,
however, awaits additional studies addressing this
relationship.
Conclusion
In summary, AKI is a strong and sensitive predictor of
long-term all-cause mortality after valve operations. In
contrast with CABG, minor renal dysfunction is associ-
ated with increased long-term mortality risk after valve
operations. Therefore, the currently widely used AKI
classification clearly underestimates patients at risk for
mortality following valve operations. A more than 10%
perioperative increase in serum creatinine, as measured
in the first week after valve operation, may identify
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patients at risk for long-term mortality after cardiac valve
operation.

The authors wish to thank S.P.H. Lambooy, Department of
Clinical Pharmacy and Pharmacology, University Medical Center
Groningen, for his kind review of their work.
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