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Acute renal failure (ARF) is common after cardiac surgery
and more frequent after complex cardiac surgery. While the inci-
dence of ARF is increasing after coronary artery bypass graft
(CABG) surgery, trends in other forms of cardiac surgery remain
unclear. We investigated the trend of ARF in various cardiac pro-
cedures and compared patterns using CABG surgery as a refer-
ence group. The study population consisted of discharges from
the Nationwide Inpatient Sample from 1988 to 2003, grouped
according to surgery as: CABG, CABG with mitral valve, CABG
with other valve, valve alone, and heart transplant. Standard

diagnostic codes were used to identify ARF among discharges.
Multivariable regression was used to determine trends in ARF
among various procedures with CABG as a reference group. The
incidence of ARF increased in all five groups (p < 0.001) over
the 16-year period. The ARF incidence was highest in the heart
transplant group (17%). Compared to the CABG population,
patients following heart transplantation developed ARF at higher
rates during the study period. In contrast, while ARF increased
over time in other groups, the rates of rise were slower than in
CABG patients. Among heart surgery procedures, ARF inci-
dence is highest in heart transplantation. The incidence of ARF is
also increasing at a faster rate in this group of patients in contrast
to other procedure groups when compared to CABG surgery.
The disproportionate increase in ARF burden after heart trans-
plantation is a concern due to its strong association with chronic
kidney disease and mortality.
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INTRODUCTION

Acute renal failure (ARF) is a major postoperative
morbidity that complicates 1–8% of cardiac surgeries.[1–4]

Postoperative ARF increases resource utilization, hospital
length of stay, total health care costs, and risk of both
short- and long-term mortality.[4–7] Acute renal failure
has been noted to occur in up to 9% of heart transplant
recipients[8–10] and in 7.5% of patients following valve
surgery.[1,3] This suggests that the incidence of ARF is
variable among different cardiac surgical procedures, with
heart transplant recipients at higher risk. The occurrence
of ARF after heart transplantation is significant due to the
strong association with progression to chronic kidney dis-
ease, increased resource utilization, and mortality.[11,12]

Various criteria have been used to define ARF,
including absolute and relative increase in creatinine and
the need for renal replacement therapy,[13,14] making com-
parisons between studies difficult. While ARF may be
regarded as a clinical diagnosis, acute kidney injury has
been proposed as the appropriate term that defines an
acute renal insult in any setting, and is the preferred
research definition. However, despite variable definitions,
ARF remains the standard diagnosis in clinical practice
and is still uniformly included in research and administra-
tive databases. Using national databases that include ARF
as a clinical diagnosis, studies have reported an increasing
incidence of ARF among all hospitalized patients.[15]

Recently, we reported a rising trend in ARF following cor-
onary artery bypass graft (CABG) surgery in the United
States.[16] However, while the epidemiology of ARF fol-
lowing CABG surgery is being extensively studied,[17]

ARF trends in other forms of cardiac surgery remain
unclear. Therefore, using a large national inpatient data-
base, we investigated the trend in ARF in various cardiac
procedures including heart transplantation. In addition, we
compared ARF trends among cardiac surgical procedures
to determine whether specific procedures remain at higher
risk compared to isolated CABG surgery.

MATERIALS AND METHODS

Data Sources

We used data from the Nationwide Inpatient Sample
(NIS) database to investigate the trend in ARF in different
cardiac surgery procedures. The NIS is the largest data-
base available for tracking information on inpatients in the
United States and contains information from more than
1000 hospitals in 37 states. This represents a 20% strati-
fied sample of U.S. community hospitals, correlating with
90% of hospital discharges in this country. The NIS database

was developed by the Agency for Healthcare Research and
Quality in order to provide a large sample size to study
trends, rare conditions, and uncommon treatments. This
database does not contain any patient identifiers and was
approved by the Duke University Institutional Review
Board as exempt from review. All members of the
research team with access to the NIS database have a Data
Use Agreement on file. All available discharge data over a
16-year period (1988–2003) from the NIS database were
used in this study.

Identification of Study Population

The study population consisted of discharges contain-
ing clinical classification software (CCS) codes for CABG
(code 44), valve surgery (code 43), or heart transplantation
(code 176), as shown in Table 1. All discharges coded for
end stage renal disease and missing mortality data were
excluded.

We defined our study groups in a hierarchical manner
as shown in Figure 1. First, discharges with the CCS code
for heart transplantation were identified (Group A). Next,
the remaining discharges were dichotomized according to
the presence of either both CCS codes for CABG and
valve surgery or only one of these codes. Those with both

Table 1 
Procedural codes used in this study

Procedures CCS ICD9-CM Description

CABG 44 36.10–36.14 Aortocoronary 
bypass

36.15–36.16 Internal mammary 
graft

36.17–36.39 Other heart 
revascularization

Valve 43 35.00–35.04 Valvotomy
35.10–35.14 Valvuloplasty
35.20–35.28 Valve replacement
35.96–35.99 Other valve 

procedures
Mitral valve 43 35.02 Closed valvotomy

35.12 Open valvuloplasty
35.23, 35.24 Replacement

Heart transplant 176 37.5, 37.51 Heart transplantation
Diagnosis CCS ICD9-CM Description
ARF 157 584.0, 584.5–9,

586
Acute renal failure

Abbreviations: ARF = acute renal failure, CABG = coronary
artery bypass graft, CCS = clinical classification software,
ICD9-CM = International Classification of Disease 9th Revision
Clinical Modification.
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procedure codes represented the CABG with combined
valve surgery population, while those with only one of
these codes comprised the isolated CABG or valve proce-
dure. Within the combined procedure population, those
with mitral valve surgery procedure codes (including
International Classification of Disease 9th revision Clinical
Modification [ICD9-CM] codes [3502, 3512, 3523, and
3524]) comprised Group B (CABG and mitral valve),
while Group C included the remaining CABG and “other”
valve surgery population. Within the isolated CABG or
valve procedure population, those with only the CABG
procedure code comprised Group D (isolated CABG),
while those with only a valve procedure code represented
group E (isolated valve).

Statistical Analyses

After the five groups were established, we deter-
mined the incidence of ARF in each group. This was
done using the ICD9-CM diagnosis codes for ARF
(584.0, 584.5–584.9, and 586; see Table 1). Demographic
and co-morbidity information was available for all dis-
charges. The analyses were performed using age, female
gender, number of valves repaired, number of bypass

grafts performed, and a comprehensive set of 29 comor-
bidities described by Elixhauser.[18] Comorbidities included
diabetes, hypertension, chronic obstructive pulmonary
disease, obesity, peripheral vascular disease, neurological
disorders, anemia, coagulopathy, and other less common
conditions. Valvular heart disease was not included as a
co-morbidity, as this disease process was accounted for by
the surgical groups.

Estimations of incidence rates were calculated using
the year of surgery as a categorical variable. A separate
multivariable analysis was performed using the year of
surgery as a continuous variable in order to estimate the
slope of ARF rates over time. Additionally, an overall
multivariable model was constructed using all five surgical
procedures, with a group-year interaction variable included
in the model for the purpose of comparing slopes over
time. Because logistic regression modeling produces a sig-
moid curve of predicted probabilities, the logit function
was used to transform probabilities (inverse of sigmoid
function) and produce straight lines, simplifying compari-
sons among groups. In this model, each procedure group
was compared using isolated CABG surgery (group D) as
a reference to determine if the incidence of ARF among
the different procedures was increasing at the same rate as
isolated CABG surgery. The ARF slope for Group D was

Figure 1. Hierarchical methodology of definition of groups based on surgical procedure (see text for details). Abbreviations: CABG =
coronary artery bypass graft, CCS = clinical classification software, ESRD = end stage renal disease, ICD9-CM = International
Classification of Disease 9th Revision Clinical Modification, MV = mitral valve, NIS = Nationwide Inpatient Sample.
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therefore given a value of 0. Consequently, a positive
slope indicated that the rate of increase in ARF was higher
than that of Group D, whereas a negative slope indicated
the rate of increase was slower than that of the reference
group.

Discharge weights were applied to all analyses to
obtain national estimates. Significance was assessed at an
alpha level of 0.05. All analyses were conducted using
SAS 9.1 statistical software (SAS Inc., Cary, North
Carolina, USA).

RESULTS

During the study period (1988–2003), an estimated
8,990,620 cardiac surgeries were performed in the United
States. Group-wise distribution of the study population is
shown in Table 2. A description of demographics, proce-
dural variables, co-morbidities, and frequency of ARF is
also provided in this table. The cumulative incidence of
ARF over the study time period in the heart transplant
group was 17%, which was higher than the other groups
(range: 3.6 to 11.8%).

The primary multivariable logistic regression analysis
modeling ARF incidence showed that year was signifi-
cantly associated with ARF for each group (p < 0.001).
The model also accounted for age, female gender, and 29
other comorbidities as described previously. The time
trend of the adjusted incidence of ARF over the study
period is shown in Figure 2. The largest increase in inci-
dence of ARF was observed in Group A (heart transplanta-
tion: from 6.6% in 1988 to 26.2% in 2003).

The secondary multivariable regression analysis of
ARF rates among different groups showed that slopes in

all comparison groups were significantly different (p < 0.001)
from the reference group (see Table 3). While the inci-
dence of ARF was increasing at a lower rate in groups B,
C and E, the rate of rise in ARF was significantly higher
than the reference group in only the heart transplantation
cohort (p < 0.0001). The logits from this model are shown
in Figure 3. Intercepts were set to a value of 0 in 1988 to
simplify the comparison of slopes among groups.

DISCUSSION

Our study highlights two major issues in the epidemi-
ology of ARF associated with cardiac surgery. First, the
incidence of ARF in the heart transplantation population is
significantly higher than other forms of cardiac surgery;
and second, the rate of rise in ARF in the transplant group
has been disproportionately higher than any other cardiac
surgery procedure. In contrast, the rate of rise in ARF in
isolated valve procedures and combined CABG-valve sur-
gery was slower that the isolated CABG surgery group.

The epidemiology of ARF has been studied in a num-
ber of settings. Waiker et al. showed a rising trend in ARF
among hospitalized patients,[15] and our group reported
similar findings in the CABG population.[16] ARF has also
been well characterized in terms of its incidence, risk fac-
tors, and etiology by several investigators.[2,4,17,19] How-
ever, most epidemiologic studies of postoperative ARF
have been limited to the CABG or valve surgery popula-
tion. Studies suggest a high risk of ARF after heart trans-
plantation.[9,20] Reasons attributed to this risk range from a
heightened inflammatory response related to the proce-
dure, pre-existing renal insufficiency from heart failure,
and nephrotoxic effects of immunosuppression.[20–22] The

Table 2 
Group-wise distribution of the study population

Heart transplant
(Group A) 
N = 29,176

CABG + MV
(Group B) 

N = 204,515

CABG + OV
(Group C) 

N = 378,253

CABG 
(Group D) 

N = 6,756,846
Valve (Group E) 
N = 1,621,830

Age (yrs) 46.2 (18.2) 69.2 (9.5) 71.8 (9.4) 65.1 (10.5) 59.0 (21.0)
Female (%) 24.6 45.3 32.8 28.2 49.4
Number of grafts 0.1 (0.5) 2.5 (1.1) 2.4 (1.2) 3.4 (1.1) 0
Number of valves 0.0 (0.2) 1.2 (0.4) 1.00 (0.1) 0 1.0 (0.4)
Co-morbidities (out of 29)* 1.0 (1.0) 2.0 (1.4) 1.8 (1.3) 1.7 (1.3) 1.1 (1.1)
ARF (%) 17.0 11.8 6.9 3.6 4.7

Figures represent mean values with standard deviation in parentheses. Number of discharges (N) for each group represents national
estimates after application of discharge weights as provided by the NIS.

Abbreviations: ARF = acute renal failure, Htx = cardiac transplantation, CABG = coronary artery bypass graft, MV = mitral valve,
OV = other valve.

*List of comorbidities are described by Elixhauser et al.[18]
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need for immunosuppression following transplantation,
particularly cyclosporine, may contribute to the high inci-
dence of ARF after heart transplantation. The NIS database
does not contain immunosuppression data and began data
collection only in 1988. As cyclosporine was introduced in
the early 1980s, it is difficult to ascertain if its use had any
influence on our observations on ARF incidence. Perhaps
with the development and use of newer agents, the alarming
trend of ARF we observed in this population will improve
over time. While the higher risk of ARF after heart

transplantation is already known, our study highlights the
increasing incidence over time that is disproportionate
with other forms of cardiac surgery. The risk of ARF asso-
ciated with heart transplantation is higher now and seems
to be increasing.

There may also be other factors influencing the
increasing incidence of ARF in heart transplant recipients.
Boyle et al. determined several preoperative risk factors
for ARF (defined as the need for postoperative hemodialysis)
in this patient population, including previous cardiac
surgery.[8] The recent increase in the use of mechanical
devices for circulatory support as a bridge to transplant has
resulted in more patients presenting for heart transplanta-
tion who have had prior cardiac surgery. This may partly
explain the increasing rate of ARF that we observed in this
patient population.

The use of aprotinin may contribute to a higher inci-
dence of ARF after cardiac surgery.[23–25] While the increase
in the use of this popular antifibrinolytic in later years may
be a factor in our observations, the lack of detailed medi-
cation data in the NIS precludes an investigation of this
phenomenon.

The occurrence of postoperative ARF has serious
implications for the heart transplant population. It has been
associated with the development of long-term chronic renal
failure[11] and with a high risk of mortality.[8,9] Our study
shows not only a substantial incidence of ARF in heart
transplant surgery, but also a disturbing rate of increase in
incidence. It is therefore necessary to focus our efforts into

Figure 2. The incidence of ARF in each group (A-E) from 1988 to 2003. Abbreviations: ARF = acute renal failure, CABG =
coronary artery bypass graft.

Table 3 
Multivariable regression model comparing slopes

Variable
Parameter 
estimate p value

Year 0.11 <0.0001
Group (reference group is isolated CABG)

Valve only −0.16 <0.0001
CABG + valve −0.53 <0.0001
CABG + mitral −0.27 <0.0001
Heart transplant 1.64 <0.0001

Group × year interaction terms (reference group is CABG only)
Year × valve only −0.02 <0.0001
Year × CABG + valve −0.01 <0.0001
Year × CABG + mitral −0.02 <0.0001
Year × heart transplant 0.04 <0.0001

Abbreviation: CABG = coronary artery bypass graft.
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establishing the etiology of ARF in heart transplant recipi-
ents and to determine mechanisms of prevention and renal
salvage.

Our study also found that while the incidence of ARF
in patients undergoing valvular procedures and combined
CABG and valve surgery is increasing, the rate of rise is
slower than those undergoing CABG alone. This was an
unexpected finding, as valve surgery has been shown to be
an independent risk factor for ARF by Grayson et al., and
combined CABG-valve surgery is associated with a higher
risk of postoperative ARF than CABG alone.[3] Alterna-
tively, minimally invasive valve surgery, which is increas-
ing in popularity, has been shown to be associated with a
decreased incidence of ARF compared to those patients
who undergo a median sternotomy.[26,27] Improvements in
surgical techniques over time and earlier intervention prior
to the development of heart failure may partly explain our
observation of a slower rate of increase in ARF in this set-
ting. Another factor may be that CABG surgery is being
increasingly performed in patients with complex coronary
artery disease not amenable to percutaneous intervention
compared with previous years. This complexity may affect
outcomes in two ways. First, complex coronary artery dis-
ease may translate to longer revascularization times, which
may influence the occurrence and severity of postopera-
tive ARF. Second, isolated CABG patients may be getting

older and with higher number of comorbidities, therefore
predisposing them to a higher risk of adverse outcomes.
However, our analyses included both the number of
bypass grafts performed (as a surrogate marker of proce-
dure duration) and age and comorbid conditions, and the
observed trend persisted despite accounting for these
variables.

The principal strength of our study is a large sample
size as well as representation from a wide geographical
area across the United States over a long timeframe. How-
ever, the fact that the NIS is an administrative database
presents some limitations. Administrative databases typi-
cally lack detailed data found in research databases, are
dependent on coding accuracy, and lack laboratory and
follow-up data precluding further investigation of observed
phenomena. For instance, the true incidence of acute renal
function impairment cannot be investigated in terms of
acute kidney injury, as creatinine data are unavailable.
Therefore the assessment of acute kidney injury is depen-
dent on the clinical diagnosis of ARF, regardless of defini-
tion, and coding accuracy. Lorence et al. found a 5–20%
discrepancy between coders and physicians.[28] Coding
inaccuracy has also been shown to be dependent on insti-
tution size, location, and academic status.[28,29] However,
ARF is more likely to be coded as a discharge diagnosis
when present than when absent. Two groups have attempted

Figure 3. A multivariable regression model comparing the rates of ARF among all groups to the reference CABG only group. The
heart transplant group had a positive slope, indicating that the incidence of ARF in this group was rising faster than that in the CABG-
only group. All other groups had negative slopes (see text for details). Abbreviations: ARF = acute renal failure, CABG = coronary
artery bypass graft.
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to validate the accuracy of ICD-9-CM codes for ARF.[30,31]

These investigators found that although codes for ARF
and chronic renal failure were more specific than sensi-
tive, they were sufficiently robust for evaluating trends,
especially when associated with a dialysis procedure. The
NIS database was developed by the Agency for Healthcare
Research and Quality with the specific purpose of assessing
trends in less common diseases that would otherwise be
difficult with smaller datasets or require multi-institutional
collaborative initiatives. The NIS data are also subject to
periodic review and quality control of the information it
contains, making it a reliable and useful tool to evaluate
trends over time.

In summary, using a nationwide database, we found
that the incidence of ARF was not only high among heart
transplant recipients, but was increasing at a dispropor-
tionate rate in this population compared with other forms
of cardiac surgery. Increase in heart transplantation in
patients with history of prior cardiac surgery and use of
potentially nephrotoxic immunosuppression may partly
explain our findings. An unexpected slower rate of
increase in ARF in combined CABG and valve surgery
may reflect improved surgical management and/or earlier
intervention. The increasing rate of ARF in heart trans-
plantation is a concern given the high risk of progression
to chronic kidney disease and long-term mortality asso-
ciated with this complication. Our findings suggest that
further investigation into mechanisms of ARF and
assessment of protective interventions is warranted,
especially in the heart transplant population. The risk of
ARF may also be considered in discussions with patients
and their families to help with decision-making in the
perioperative period.
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