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Abstract®

Background: Acute changesin renal function after elective coronary bypass surgery are incompletely
characterized and represent a challenging clinical problem.

Objective: To determine the incidence and characteristics of postoperative renal dysfunction and failure,
perioperative predictors of dysfunction, and the effect of renal dysfunction and failure on in-hospital resource
utilization and patient disposition after discharge.

Design: Prospective, observational, multicenter study.
Setting: 24 university hospitals.
Patients. 2222 patients having myocardial revascularization with or without concurrent valvular surgery.

M easurements: Prospective histories, physical examinations, and el ectrocardiographic and laboratory studies.
The main outcome measure was renal dysfunction (defined as a postoperative serum creatinine level > or = to
177 micromol/L with a preoperative-to-postoperative increase > or = to 62 micromol/L).

Results: 171 patients (7.7%) had postoperative rena dysfunction; 30 of these (1.4% overall) had oliguric renal

failure that required dialysis. In-hospital mortality, length of stay in the intensive care unit, and hospitalization
were significantly increased in patients who had renal failure and those who had renal dysfunction compared with
those who had neither (mortality: 63%, 19%, and 0.9%; intensive care unit stay: 14.9 days, 6.5 days, and 3.1
days; hospitalization: 28.8 days, 18.2 days, and 10.6 days, respectively). Patients with renal dysfunction were
three times as likely to be discharged to an extended-care facility. Multi-variable analysisidentified five
independent preoperative predictors of renal dysfunction: age 70 to 79 years (relativerisk [RR], 1.6 [95% ClI, 1.1
to 2.3]) or age 80 to 95 years (RR, 3.5 [CI, 1.9 t0 6.3]); congestive heart failure (RR, 1.8 [CI, 1.3 t0 2.6]);
previous myocardia revascularization (RR, 1.8 [Cl, 1.2 to 2.7]); type 1 diabetes mellitus (RR, 1.8 [CI, 1.1 t0
3.0]) or preoperative serum glucose levels exceeding 16.6 mmol/L (RR, 3.7 [Cl, 1.7 to 7.8]); and preoperative
serum creatinine levels of 124 to 177 micromol/L (RR, 2.3 [Cl, 1.6 to 3.4]). Independent perioperative factors
that exacerbated risk were cardiopulmonary bypass lasting 3 or more hours and three measures of ventricular
dysfunction.

Conclusions: Many patients having elective myocardia revascularization devel op postoperative renal
dysfunction and failure, which are associated with prolonged intensive care unit and hospital stays, significant
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increases in mortality, and greater need for specialized long-term care. Resources should be redirected to mitigate
renal injury in high-risk patients.

Each year, 600 000 patients undergo myocardial revascularization with cardiopulmonary bypass and
sustain profound physiologic perturbations that precipitate ischemia and infarction in several organ
systems[1-3]. Although medical resources have been redirected to address perioperative cardiac and

neurologic illness, the clinical effect of cardiac surgery on renal function has not been studied
rigorously. Nonpulsatile blood flow, increases in levels of circulating catecholamines and inflammatory
mediators, macroembolic and microembolic insults to the kidney, and release of free hemoglobin from
traumatized erythrocytes result in numerous pathophysiologic renal responses [4-6]. Many studies [7-9]

have shown that patients who have undergone cardiac surgery developed maldistributed renal blood
flow, increasesin renal vascular resistance, and substantive decreases (25% to 75%) in renal blood flow
and glomerular filtration rate.

The effect of these phenomena on clinical outcome is not well known but is thought to be considerable.
Studies have reported incidences of oliguric renal failure requiring dialysis as high as 5% and mortality
rates as great as 89%. Previous studies [10-19] have many limitations because of a wide variability
(threefold or more) in estimates of adverse renal outcomes: All of the studies were conducted at asingle
center, most were retrospective, and most were done more than a decade ago. No previous study
provided adjusted estimates of risk factors; in addition, the definition chosen for renal dysfunction was
arbitrary, or the study sample consisted only of patients requiring dialysis[11,13,15-17]. Finally, few
studies have investigated resource utilization in patients with renal dysfunction or failure.

We therefore studied 2400 patients who underwent myocardial revascularization with cardiopulmonary
bypass. Our goals were to determine 1) the incidence and characteristics of postoperative rena
dysfunction and failure, 2) the predictors of renal dysfunction (determined by the use of multivariate
modeling techniques), and 3) the effect of renal dysfunction on in-hospital resource utilization and
patient disposition after discharge.

Methods”

Patients”

The Multicenter Study for Perioperative |schemia (McSPI) Research Group studied 2417 patients
undergoing myocardial revascularization between 1991 and 1993. Twenty-four diverse U.S. health care
facilities-small and large academic institutions, private medical centers, health maintenance organization
groups, and Veterans Affairs hospitals-participated in this study. Most patients were representative of
consecutive patients seen at a given medical center. We enrolled every nth patient on the basis of a
proportion of the site-specific expected annual caseload (n = 2 through 30 in 24 centers). Comprehensive
data were collected from preoperative cardiac, surgical, and medical histories; invasive and noninvasive
cardiologic testing; surgical procedures and techniques; perioperative hemodynamic events;
postoperative in-hospital events (illness and death); and hospital resource utilization. In addition, serial
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preoperative and postoperative 12-lead el ectrocardiograms were obtained and were centrally analyzed
by a consensus panel of cardiologists. Serum creatinine values were recorded before and after surgery.
Of the 2417 patients enrolled, 195 were excluded from analysis because of preexisting renal failure (n =
99) or dysfunction (serum creatinine level > 177 micromol/L [n = 81]) or lack of perioperative serum
creatinine measurements (n = 68). The latter group included patients who died before a postoperative
sample could be obtained.

Definitions of Renal Failure, Renal Dysfunction, and Comorbid Events”

Postoperative renal failure was defined by the need for dialysis after surgery. Renal dysfunction was
defined as a postoperative serum creatinine level of 177 micromol/L or greater and an increase in serum
creatinine level of 62 micromol/L or greater from preoperative to maximum postoperative values. The
criteriafor dysfunction were derived from the distribution of serum creatinine valuesin an
uncomplicated patient subset. This subset excluded patients with preoperative renal disease (serum
creatinine level > 124 micromol/L) or medical risk factors (age > 70 years; history of congestive heart
failure or type 1 diabetes mellitus), or a complicated postsurgical course (in-hospital death; concomitant
valvular surgery; intraaortic balloon pump insertion; administration of at least three nonroutine inotropic
drugs; measures of hemodynamic instability; ventricular fibrillation or dysrhythmiarequiring a
pacemaker; complications necessitating a return to cardiopulmonary bypass, the intensive care unit, or
the operating room; or chest tube output exceeding 1 L/d). Less than 1% of patients meeting these
criteria had a maximum postoperative creatinine level greater than 177 micromol/L and a maximum
preoperative-to-postoperative change in creatinine level of 62 micromol/L.

Comorbid events, assessed through the first postoperative day, consisted of postoperative myocardial
infarction, congestive heart failure (hemodynamic or clinical), use of an intraaortic balloon pump or
other mechanical circulatory assist device, administration of three or more inotropic drugs, and
hemorrhage. A myocardial infarction was defined as either a Q-wave or a non-Q-wave infarction. A Q-
wave myocardial infarction was diagnosed centrally by the presence of a new Q wave on each of two
postoperative 12-lead electrocardiograms, as defined by Minnesota Code criteria, that were scored by a
consensus panel of cardiologists. A non-Q-wave myocardial infarction was determined by an elevated
creatine kinase-MB level, a new wall-motion abnormality detected by echocardiography, or a new
perfusion defect on a scintigraphy scan. Low output state (an ordered, categorical variable) was defined
as one of the following: 1) severe ventricular dysfunction-intraaortic balloon pump counterpul sation
required, 2) moderate ventricular dysfunction-"hemodynamic" congestive heart failure or at least three
nonroutine inotropic drugs prescribed after surgery, and 3) mild ventricular dysfunction-"clinical"
congestive heart failure. We defined hemodynamic congestive heart failure on the basis of a cardiac
index less than 1.5 L/min per m2 body surface areafor at least 30 minutes, a central venous pressure
greater than 12 mm Hg, or a pulmonary artery occlusion pressure/left ventricular end diastolic pressure
greater than 18 mm Hg. Clinical congestive heart failure was defined according to the presence of
pulmonary rales, S3 gallop, or chest radiographic findings suggestive of heart failure. We defined
hemorrhage as 1) chest tube output of at least 1 L/d, 2) return to the critical care unit or operating room
within the first postoperative day because of bleeding, or 3) administration of three or more units of
blood products in the operating room or critical care unit within 48 hours of surgery.
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Statistical Analysis”

Distributions and univariate measures of preoperative, postoperative, and preoperative-to-postoperative
changes in serum creatinine values were examined. Unadjusted relative risks and 95% Cls were
calculated for al perioperative factors. Adjusted relative risk estimates were derived from multivariate
logistic regression models because an 8% incidence of renal dysfunction isrelatively rare. Models were
analyzed in a piece-wise fashion (separate models were devel oped for each preoperative, operative, and
postoperative period from the significant unadjusted factors in each period). A final model with adjusted
estimates of relative risk was derived with factors that remained significant (P < or = to 0.05) in the three
time period models. Operative and postoperative variables were entered into the model in aforward
stepwise fashion after adjustment for preoperative variables. No appreciable differences were noted
when all perioperative factors were allowed to enter into the model in forward or backward stepwise
selection procedures.

The best-fitting models were selected from evaluation of the Hosmer-Lemeshow goodness-of -fit test
statistic and the smallest values of the Akaike Information Criterion. The predictive ability of the models
of preoperative risk factors alone, as well as the final model, were aso evaluated with the area under the
receiver-operating characteristic curve (the concordance or c-index). The c-index was also derived from
a"validation" process that involved comparison of the c-index derived from arandom sample of half of
the patients from each site and a computed c-index derived from modeling the remaining sampl€e's
predicted probability of renal dysfunction calculated from the variable estimates from the original 50%
random sample. In other words, a predicted probability was derived from variable estimates from those
obtained from the 50% within-center sample; these estimates were applied to the patients combination
of risk factors in the remaining sample. The c-index was then cal culated from modeling the remaining
sample's predicted probabilities as a single predictor.

From the final model of preoperative risk factors, both observed and predicted probabilities were
described and the sensitivity and specificity of the preoperative model were reported. The sensitivity and
specificity were determined by selecting the highest sensitivity and specificity from a classification
Table of observed and predicted events (this occurred with a probability of renal dysfunction > or =to
6%0).

Theoretically, each of the 24 medical centersin the study sample may have characteristics that were not
measured and could have influenced patients outcomes. To address potential within-center correlation,
ancillary analyses were conducted. Logistic regression models using generalized estimating equations
with an exchangeabl e correlation matrix were used to account for within-center correlation. Estimates of
SEs are considered corrected for potential within-center correlation; Cls are considered improved when
this technique is used.

Generalized linear models were used to compare average length of stay in critical care units by rena
dysfunction; the number of days was log transformed to approximate a normal distribution. Least-square
means and their SEs are presented as back-transformed (exponentiated). All analyses were done by
using SAS/STAT software, release 6.12 (SAS Ingtitute, Inc., Cary, North Carolina).
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Role of Funding Source”

The funding source (Ischemia Research and Education Foundation) had no role in gathering these data
but did help the investigators analyze and interpret the measures. The | schemia Research and Education
Foundation had no authority to influence the content or publication of this report.

Results™

Postoperative renal dysfunction occurred in 171 (7.7%) of the 2222 patientsin our study; 30 of these
(18%), or 1.4% of all study patients, required dialysis. Among the 24 centers, the median +/- SE
incidence of renal dysfunction was 8.5% +/- 0.8% (range, 1.0% to 13.7%). The average incidence and
median incidence of renal dysfunction in a 50% within-center random sample of patients were 7.8% and
7.3% +/- 1.0% (range, 0% to 18%), respectively. The similar descriptive statistics for the remaining
patients were 7.5% and 6.3% +/- 1.0% (range, 0% to 17.3%). This average incidence among the within-
center random sample of patients was similar to the overall incidence of 7.7%. The mortality rate was
19% (27 of 141 patients) among patients with renal dysfunction who did not require dialysis, 63% (19 of
30 patients) among those who required dialysis, and 0.9% (20 of 2051 patients) among patients without
renal dysfunction or failure.

Preoperative Risk Factors for Renal Dysfunction”
The characteristics of patients with and those without postoperative renal dysfunction are listed in Table
1 and Table 2. The proportion of patients developing renal dysfunction increased with advancing age:

10% of patientsin their 60s, 15% of those in their 70s, and nearly 25% of those older than 80 years of
age (Table 1). Almost half of the patients had a history of unstable angina, but their risk for renal

dysfunction was not increased. A history of type 1 diabetes mellitus, a preoperative glucose level greater
than 16.6 mmol/L, congestive heart failure (defined by New Y ork Heart Association class Il or IV
criteria), previous coronary artery bypass graft surgery, and preoperative creatinine levels between 124
and 177 micromol/L were associated with an approximate twofold increased risk for post-operative renal
dysfunction. The risk among patients with moderate or severe congestive heart failure was nearly
threefold higher. Estimates of the risks associated with age, congestive heart failure, previous
myocardia revascularization, type 1 diabetes mellitus, and elevated serum creatinine and glucose levels
remained significant when adjusted for each other. The model containing the seven preoperative risk
factors (Table 3) had a goodness-of-fit P value of 0.045 and a c-index of 0.75. Given a probability of
postoperative renal dysfunction of at least 6%, the sensitivity and specificity of the model with the seven
preoperative risk factors were 77.2% and 70.6%, respectively.

Table 1. Preoperative Characteristics of the Study Peatients*

Table 2. Intraoperative and Postoperative Characteristics of the Study Patients
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Table 3. Final Model of Risk Factors for Postoperative Renal Dysfunction in 2222 Patients Undergoing
Coronary Artery Bypass Graft Surgery

(Table 4) lists the predicted probability of renal dysfunction for each preoperative risk factor
combination. Although there is uncertainty around some of the point estimates (indicated by relatively
wide Cls and the observed-to-predicted differences for some combinations), several patterns emerge that
emulate the estimates from the multivariate model. Compared with younger patients, the risk for renal
dysfunction is approximately tripled for patients at least 80 years of age and doubled for patients
between 70 and 80 years of age. In each age group, the risks generally doubled with one risk factor and
tripled with two risk factors. A preoperative creatinine level of at least 124 micromol/L doubled the
predicted risk for postoperative renal dysfunction. The predicted relative risk with one, two, or three risk
factors (any combination of congestive heart failure, previous coronary artery bypass graft, type 1
diabetes mellitus, and creatinine level > 124 micromol/L) would be doubled for patients 70 to 79 years
of age and tripled for patients at least 80 years of age.

Table 4. Preoperative Risk Factors and Predicted Probabilities of Renal Dysfunction*

Although alow gjection fraction (< or = to 0.30) was not a statistically significant factor after
simultaneous adjustment for other preoperative factors, small subsets of patients with low gection
fractions and type 1 diabetes mellitus, moderately elevated creatinine levels, or angiography within 1
day of surgery had higher risks for postoperative renal dysfunction. Patients with low gection fractions
and type 1 diabetes mellitus, creatinine levels greater than 124 micromol/L, or recent angiography had a
risk of 24% (4 of 17 patients), 36% (9 of 25 patients), and 23% (3 of 13 patients), respectively. For
patients who underwent angiography within 24 hours of surgery and had type 1 diabetes mellitus or
those who had preoperative renal dysfunction (creatinine level > 124 micromol/L), the risk for
postoperative dysfunction was 16.7% (3 of 10 patients) compared with 9.6% (17 of 178 patients) in
those without diabetes; the risk was 27.3% (6 of 22 patients) compared with 8.1% (14 of 174 patients) in
those with normal renal function. These observations regarding high-risk patient subsets should be
interpreted with caution given the small numbers and the proportion of patients for whom information
on gjection fraction was missing.

Intraoperative Risk Factors for Renal Dysfunction”®

A small proportion of patients (6.1%) underwent cardiopulmonary bypass without the use of an arterial
filter to minimize emboli; compared with patients who underwent bypass with arteria filters, the
unadjusted relative risk for renal dysfunction was increased (relativerisk, 1.8 [95% ClI, 1.1 to 3.1])
(Table 2). Risks for renal dysfunction were elevated among patients with aortic cross-clamp and total
cardiopulmonary bypass lasting at least 2 hours (unadjusted relative risks, 2.5 and 2.3, respectively).
Cardiopulmonary bypass lasting 3 hours or longer was associated with anearly fourfold elevated risk
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(unadjusted relative risk, 3.7 [CI, 2.8 to 4.9]) compared with cardiopulmonary bypass lasting less than 2
hours.

Patients undergoing concomitant procedures (such as valve replacement or carotid surgery) also had a
twofold increased risk. However, the risk for postoperative renal dysfunction was significantly greater
among those with longer cardiopulmonary bypass durations with or without concomitant intracardiac
procedures. Hemodynamic instability during cardiopulmonary bypass was associated with a moderately
elevated risk, although the statistical power to detect an effect from hemodynamic instability was low
because of the small number of patients (n = 30). Hemodynamic instability during the period
immediately after bypass surgery (intraaortic balloon pump insertion, areturn to cardiopulmonary
bypass, or use of several inotropic drugs), which occurred in 340 of these patients (20%), was associated
with an approximately fourfold increased risk.

Postoperative Risk Factors for Renal Dysfunction”

In the postoperative period, markers of alow output syndrome were associated with the development of
renal dysfunction. Table 2 lists the unadjusted relative risks for renal dysfunction for the following

postoperative factors. the ordered, categorical variable of alow output state; Q-wave and non-Q-wave
myocardial infarction; and hemorrhage. Patients requiring an intraaortic balloon pump (indicative of a
severe low output state) had a nearly sevenfold higher risk for postoperative renal dysfunction. Patients
identified as having a moderately severe compromise in ventricular function had an approximate
fourfold increase in risk. Renal dysfunction occurred in 20% of 66 patients with a reduced cardiac index
(<1.5 L/min per m2) on the day of surgery and in 61% of the 18 patients with areduced cardiac index on
the day of surgery and on postoperative day 1. In patients with clinically defined congestive heart failure
(mild ventricular dysfunction), risk for postoperative renal dysfunction was increased fivefold.
Postoperative renal dysfunction developed in only 32 of 171 (19%) patients without identifiable
postoperative hemodynamic instability or hemorrhage. All but 4 of these 32 patients had at |east one of
the previously described preoperative risk factors. Although the use of at |east three inotropic drugs was
associated with an increased risk for postoperative renal dysfunction, the use of fewer drugs was not.
The administration of "renal-dose" dopamine did not decrease the likelihood of postoperative renal
dysfunction.

Multivariate Model of Predictors of Renal Dysfunction”

We selected a final model that retained al of the preoperative factors and that evaluated adjusted risks
and model fits associated with the addition of intraoperative and postoperative factors. With the
simultaneous adjustment for all of the factorsin the model, intraaortic balloon pump insertion (severe
ventricular dysfunction) and clinical congestive heart failure (mild ventricular dysfunction) were
associated with the highest risk (increased more than fourfold) for renal dysfunction. Factors associated
with a greater than threefold increased risk were age 80 years or older, a preoperative serum glucose
level of at least 16.6 mmol/L, and moderate ventricular dysfunction. Moderately elevated preoperative
serum creatinine levels (>124 and <177 micromol/L) and long cardiopulmonary bypass duration were
associated with a greater than twofold increased risk. In this predictive model, patients 70 to 80 years of
age and those who had previously had coronary artery bypass graft surgery or had a history of type 1
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diabetes mellitus had a 50% higher risk for postoperative renal dysfunction. No appreciable differences
resulted from within-center correlations, as reflected by the similar Cls derived from the logistic
regression models that ignored and accounted for clustered within-center sampling (generalized
estimating equations models).

Length of Stay in Critical Care Units®

The average length of stay in critical care units was evaluated for patients who had postoperative renal
dysfunction, those who had renal dysfunction but did not require dialysis, and those who had renal
failure and thus required dialysis (Table 5). The mean length of stay in critical care units was

approximately twice as long for patients with renal dysfunction as for patients without. For patients
requiring dialysis, the stay in critical care units was twice as long as the stay for patients with renal
dysfunction and was more than five times as long as the stay for patients without renal dysfunction.
These patterns persisted even when center-specific utilization and in-hospital mortality rates were
considered.

Table 5. Mean Length of Stay in Critical Care Unit and Hospital Ward among Patients without Renal
Dysfunction, Those with Renal Dysfunction but without Renal Failure, and Those with Renal Failure

Prognosis”

Of the 171 patients with renal dysfunction, 30 (17.5% of those with renal dysfunction and 1.4% of the
study sample) required dialysis: Eight required temporary dialysis, 3 were discharged with a continued
need for dialysis, and 19 died. The total number of days on which dialysis was performed ranged from 1
to 90. The in-hospital mortality rate among all patients with renal dysfunction was 27% (46 deaths); this
represented 70% of all deaths from any cause in the entire study sample. In contrast, only 0.9% of
patients without postoperative renal dysfunction died. Among patients who survived hospitalization,
those with renal dysfunction were less likely to be discharged to their home. Discharges to extended-
care, acute-care, skilled-nursing, or rehabilitation facilities were two to five times more frequent for
patients with renal failure (44% [7 of 16 patients]; relativerisk, 7.3 [Cl, 2.7 to 19.3]) and for patients
with renal dysfunction who did not require dialysis (22% [33 of 151 patients]; relativerisk, 25 [CI, 1.7
to 3.6]) compared with patients without renal dysfunction (9% [200 of 2160 patients]).

Discussion”

Our study shows that renal dysfunction and failure are important adverse events after cardiac surgery
and are associated with increased morbidity, mortality, and in-hospital resource utilization. Using data
from 24 U.S. medical centers, we found that renal dysfunction or failure occurred in nearly 8% of all
patients undergoing myocardial revascularization and that this proportion seemed to be fairly constant
across centers. Patient-specific rather than center-specific factors accounted for increased risks.
Compared with patients who do not have postoperative renal dysfunction, patients with renal
dysfunction (who do not need dialysis) remain twice as long in both the intensive care unit and hospital
wards and have significantly higher mortality rates (1% compared with 19%). Furthermore,
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approximately 1 in 6 patients with renal dysfunction will need dialysis; 2 of 3 of these patients will not
survive their hospitalization. Finally, patients with dysfunction are three times as likely to require
continued, costly extended care after hospital discharge.

The reported incidence of renal dysfunction after cardiac surgery is significantly influenced by the
definition used in a given study, the number and type of centers, and the size of the study sample. A
limitation common to all previous studies was that each was conducted at a single center; as aresult, the
findings reflected individual practice patterns and the generalizability of the findingsis limited.
Furthermore, most previous studies used an absol ute creatinine value alone, and the others used widely
differing relative-change criteria; thisyielded incidences of dysfunction ranging from 3% to 29% [10-

19]. We sought to overcome these limitations by studying alarge number of patients-more than 2200-
from 24 diverse medical centers. We also defined postoperative renal dysfunction on the basis of an
absolute creatinine value (> or = to 177 micromol/L) coupled with arelative change in creatinine level
(> or = to 62 micromol/L) between the preoperative and the postoperative period.

Most patients at increased risk for postoperative renal dysfunction can be identified before their surgical
procedures-that is, patients with advanced age, a history of modcrate to severe congestive heart failure, a
previous coronary artery bypass graft, type 1 diabetes mellitus, preoperative hyperglycemia, or
preexisting renal disease (as manifested by an elevated serum creatinine level) have an increased risk for
postoperative rena dysfunction. Thisrisk approximately doubles with one preoperative risk factor and
quadruples with two risk factors. These findings allow identification of high-risk patients and estimation
of risk for renal dysfunction, thus enabling informed patient-clinician decisions regarding surgery.
Independent perioperative factors-prolonged cardiopulmonary bypass duration and ventricular
dysfunction developing after bypass surgery-may be modified in the high-risk subgroup. Finally, these
findings also mandate allocation of resources that may be redirected to mitigate this problem.

Although pathophysiol ogic changes occur during coronary revascularization, most patients can
withstand the renal ischemic insult associated with cardiopulmonary bypass. Advanced age was an
important prognostic factor for the development of postoperative renal dysfunction: Patients 70 years of
age had atwofold increased risk, and patients at least 80 years of age had an amost fourfold increase in
risk. Impaired renal autoregulation and perioperative hemodynamic instability are more likely in older
patients and increase the risk for postoperative renal dysfunction. Our results also show that in patients
with preexisting, moderately impaired renal function (possibly reflecting volume depletion or poor renal
perfusion) and type 1 diabetes mellitus, risk for postoperative dysfunction was increased almost twofold.
These findings are consistent with those of smaller, single-center studies[10,14,15,17,18,20].

We found that preoperative patient characteristics, which probably reflect diffuse atherosclerosis, were
the most important prognostic factors for the development of postoperative rena dysfunction. Markers
of preoperative congestive heart failure and intraoperative and postoperative factors suggestive of
compromised renal perfusion were associated with an increased risk for postoperative renal dysfunction
in our patients. The association between surrogate markers of compromised renal perfusion and adverse
renal outcomes has been noted by several investigators in the past two decades[12,14,15,18,19]. The
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importance of alow output state for postoperative renal dysfunction is emphasized by our finding that
more than 80% of patients with renal dysfunction had experienced intraoperative or postoperative
hemodynamic instability or hemorrhage. Substantive changes in perfusion aso occur immediately after
surgery and probably exacerbate the renal ischemic insult occurring during extracorporeal circulation
[21,22]. Our data support this hypothesis: Renal dysfunction developed in only 20% of our patients with
Inadequate cardiac output limited to the period immediately after surgery compared with 61% of all
patients who had reduced cardiac output through postoperative day 1. Similarly, Hilberman and
colleagues [22] found that acute renal failure developing after renal dysfunction may be averted by

hemodynamic recovery in the first week after cardiac surgery.

As with the findings of any multicenter study, our findings may not be generalizable to all medical
centers. However, we believe that our data emphasi ze that patient-specific rather than center-specific
factors are the predominant determinant of postoperative renal dysfunction. Our analyses are also
limited with respect to exploring other potential causes of renal dysfunction-specifically, injury caused
by nephrotoxic agents or dyes-and exploring the temporal relation between renal dysfunction and other
relevant comorbid events. In addition, although serum creatinine values are easily and inexpensively
obtained and increased values correlate well with diminished creatinine clearance, more sensitive early
markers of glomerular filtration and renal tubular function are available [8,23,24]. Thereisno "gold
standard” definition of perioperative rena dysfunction not requiring dialysis; thus, we derived a
definition using an internal "reference” subset of patients who experienced no perioperative morbidity or
mortality. Finally, our data are limited to the postoperative hospitalization stay; the effect of inhospital
renal dysfunction on long-term outcomes remains unknown.

What is the impact of these results on clinical practice? First, identification of a high-risk subset allows
more comprehensive informed consent by way of communication of thisrisk to the patient. Second,
therapy with potentially nephrotoxic medications (such as aminoglycoside antibiotics, nonsteroidal anti-
inflammatory drugs, or angiotensin-converting enzyme inhibitors) before, during, and after surgery in
patients with one or more risk factors should be discontinued or replaced. Third, because prolonged
cross-clamp time is an independent risk factor, the surgeon should consider modification of surgical
techniques by choosing to perform fewer anastomoses or instituting more substantive hypothermic
regimens. It isalso critical for the anesthesiologist and intensivists to optimize ventricular function
aggressively control serum glucose levels, and closely monitor fluid and renal status. Finally, given that
an increasing number of elderly patients desire more complex cardiac surgery, clinicians will be
continually challenged in these efforts to mitigate perioperative rena injury. It is therefore necessary that
new pharmacol ogic approaches be developed to prevent or treat such costly injury.

On the basis of 600 000 coronary artery bypass graft procedures performed annually throughout the
world, and assuming a 7.7% incidence, we estimate that approximately 46 000 patients will develop
postoperative renal dysfunction and that 8000 of these patients will require dialysis. According to the
length-of -stay results of our study, the effect of such perioperative renal dysfunction and failure will be
to increase total intensive care unit stay by more than 200 000 days and total hospital stay by almost 400
000 days. Thiswould result in additional inhospital health care costs, which probably exceed hundreds
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of millions of dollars annually. In addition, of the 46 000 patients developing dysfunction, 12 000 will
die in the hospital; of the 34 000 patients surviving their hospitalization, approximately 9000 will be
discharged to an extended-care facility, further increasing health care costs.

We have determined the incidence, characteristics, and associated resource utilization of renal
dysfunction and failure after coronary artery bypass graft surgery. On the basis of these findings, it is
clear that postoperative rena dysfunction isrelatively common (occurring in 7.7% of our patients) and
serious. We have identified the high-risk subset of patients likely to develop perioperative rena
dysfunction, thereby allowing modification of the reversible factors, communication of such risk to the
patient, and efficient and focused perioperative care in this high-risk group. Further investigation is
needed to better define the mechanisms, risk factors, magnitude, and kinetics of postoperative renal
dysfunction and to develop clinical and therapeutic strategies to reduce morbidity and mortality.

Appendix: The Multicenter Study of Perioperative Ischemia

Research Group”

Director: Dennis T. Mangano, MD, PhD; Rena Analysis: Laura Diamondstone, PhD, Christina Mora
Mangano, MD, Ahvie Herskowitz, MD, and Dennis T. Mangano, MD, PhD; Data Management:
Catherine Ley, PhD, Long Ngo, MS, Rita Sears, RN, Cynthia Dietzel, MD, Ester Kwan, MS, Gerard M.
Ozanne, MD, Roger Lox, BS, and Reg Parks, MPH; Editorial/Administrative Assistants: Mark Riddle,
Diane Beatty, Brenda Xavier, Irene Asturias, Chris Schlesinger, and Winnifred von Ehrenburg.

The following are the participating investigators and medical centers: Anil Aggarwal, MD (Veterans
Affairs Medical Center, Milwaukee, Wisconsin); Wayne H. Bellows, MD, and Gary W. Roach, MD
(Kaiser Permanente Medical Center, San Francisco, California); Simon C. Body, MD, and Rosemarie
Maddi, MD (Brigham and Women's Hospital, Boston, Massachusetts); Randall M. Clark, MD, Patrick
E. Curling, MD, and Salwa Shenag, MD (Baylor College of Medicine, Houston, Texas); Mark E.
Comunale, MD (Beth Israel Hospital, Boston, Massachusetts); Michagl N. D'Ambra, MD
(Massachusetts General Hospital, Boston, Massachusetts); Judith A. Fabian, MD, and Richard L.
Wolman, MD (Medical College of Virginia, Richmond, Virginia); Richard Fine, MD, and Onofrio
Patafio, MD (Cornell University Medical Center, New York, New York); Arnold S. Friedman, MD
(Cedars-Sinai Medica Center, Los Angeles, California); Mark T. Goldstein, MD, and Stephen Slogoff,
MD (Texas Heart Institute, Houston, Texas); Marc S. Kanchuger, MD, and Katherine E. Marschall, MD
(New York University Medical Center, New Y ork, New Y ork); Colleen G. Koch, MD, and Norman J.
Starr, MD (The Cleveland Clinic Foundation, Cleveland, Ohio); William A. Lell, MD (University of
Alabama at Birmingham, Birmingham, Alabama); Joseph P. Mathew, MD (Y ale University School of
Medicine, New Haven, Connecticut); ChristinaMora Mangano, MD, and James G. Ramsay, MD
(Emory University School of Medicine, Atlanta, Georgia); Gerard M. Ozanne, MD (Veterans Affairs
Medical Center, San Francisco, California); Allan F. Ross, MD (University of lowa, lowa City, lowa);
Joseph S. Savino, MD (University of Pennsylvania, Philadelphia, Pennsylvania); Bruce D. Spiess, MD
(University of Washington, Seattle, Washington); Thomas E. Stanley, MD, and Mark F. Newman, MD
(Duke University Medical Center, Durham, North Carolina); E. Price Stover, MD, and Lawrence C.
Siegel, MD (Stanford University School of Medicine, Stanford, California); Kenneth J. Tuman, MD
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(Rush-Presbyterian-St. Luke's Medical Center, Chicago, Illinois); Joyce A. Wahr, MD (University of
Michigan, Ann Arbor, Michigan); and Winnie Y.W. Ruo, MD, and Mark F. Trankina, MD (University
of Chicago, Chicago, Illinois).

From Stanford University School of Medicine, Stanford, California; The Ischemia Research and
Education Foundation, San Francisco, California; Emory University School of Medicine, Atlanta,
Georgia; Medical College of Wisconsin, Madison, Wisconsin; and San Francisco Veterans Affairs
Medical Center, San Francisco, San Francisco, California.
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