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Abstract

Background—Acute kidney injury (AKI) following cardiac surgery is associated with worse
outcomes. However, it is not known how adverse long-term consequences vary according to the
duration of AKI. We sought to determine the association between duration of AKI and survival.

Methods—4,987 cardiac surgery patients from 2002 through 2007 with serum creatinine (SCr)
collection at a medical center in northern New England. AKI was defined as a >0.3 (mg/dL) or
>50% increase in SCr from baseline and further classified into AKI network stages. Duration of
AKI was defined by the number of days AKI was present and categorized by: no AKI, AKI for 1-
2, 3-6 and =7 days.

Results—39% of patients developed AKI. Long-term survival was significantly different by AKI
duration (p < 0.001). The proportion of patients with AKI duration, adjusted hazard ratios (HR)
and 95% confidence intervals for mortality (no AKI as referent), were: 1-2 days (18%, HR 1.66;
1.32-2.09), 3-6 days (11%, HR 1.94; 1.51-2.49), =7 days (9%, HR 3.40; 2.73-4.25). This graded
relationship of duration of AKI with long-term mortality persisted when patients who died during
hospitalization were excluded from analysis (p < 0.001). Propensity matched analysis confirmed
results.

Conclusion—The duration of AKI after cardiac surgery is directly proportional to long-term
mortality. This AKI dose-dependent effect on long-term mortality helps to close the gap between
association and causation, whereby AKI stages and AKI duration have important implications for
patient care and can aid clinicians in evaluating the risk of in-hospital and post discharge death.
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Introduction

Methods

Acute kidney injury (AKI) is common in hospitalized patients and is independently
associated with an increased risk of morbidity, mortality, and length of stay.[1] AKI occurs
in 2 to 30% of patients undergoing cardiac surgery, depending on the definition.[2] Long-
term survival in patients that undergo cardiac surgery is proportional to severity of AKI, at
least as assessed by peak changes in serum creatinine (SCr).[3] The dose-response
relationship between severity of AKI and long-term survival has been demonstrated in
several other settings as well.[4] Most recent epidemiologic studies of AKI have utilized the
consensus definitions of Risk Injury Failure Loss End-stage (RIFLE) or Acute Kidney
Injury Network (AKIN) to classify severity of AKI.[3] These definitions assess the
magnitude of serum creatinine elevation as the primary dimension to grade severity (change
from baseline to peak creatinine). The AKIN definition also incorporates tempo as a
prerequisite (rise must occur over a period of 48 hours), but both definitions ignore a
potentially important third dimension of severity of AKI: duration. Not only does duration
of serum creatinine elevation intuitively denote severity of AKI in the clinical arena, but the
duration of serum creatinine elevation has also been suggested as a better endpoint for trials
of AKI.[5] However, to our knowledge, the value of duration of AKI for predicting long-
term survival has not been thoroughly studied.

Thus, we sought to determine the association between duration of SCr elevation and long-
term survival in cardiac surgery patients. Cardiac surgery is an ideal setting in which to
assess this relationship, as AKI is common in this setting, the timing of the insult is known,
and daily SCr measurement is generally conducted on a daily basis for the first two
postoperative days. Subsequent SCr measurements are done according to clinical indications
until discharge.

We prospectively enrolled 4,987 consecutive cardiac surgery patients from 2002 through
2007. Patients with a history of dialysis were excluded from the analysis (N=70). Eighty-
five patients were excluded that did not have valid procedure dates and thus AKI duration
was not calculated. The Maine Medical Center Institutional Review Board at has approved
this study and waived theneed for patient consent.

Duration and Staging of AKI

The last pre-operative SCr value prior to surgery was compared to each post-operative SCr
as a measure of AKI. SCr was measured daily until 48 hours post-surgery, followed by
additional days of measurement per the attending provider’s discretion. All SCr laboratory
measures were conducted as part of the hospitals standing protocol and no SCr
measurements were conducted for research. AKI was defined as a 0.3 (mg/dL) or >50%
increase in SCr from baseline for each post-operative day.[6] Duration of AKI was defined
by the number of days AKI was present and categorized by: no AKI, AKI for 1-2, 3-6 and
>7 days. Severity of AKI was classified by AKIN staging criteria.[6] We also classified AKI
into transient and persistent categories based on renal recovery back to baseline at the time
of discharge (SCr values returning to “no AKI” status).

Patient Follow-Up

Patients were followed during the index hospital admission for cardiac surgery until
discharge. Baseline, procedural and clinical outcomes were collected at discharge. Long-
term follow-up for mortality was obtained by linking the registry to the Social Security
Death Master File (SSDMF).[7] Patients were matched by name, social security number,
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and date of birth.[8] Follow-up time was calculated from the date of the procedure to the
date of death recorded by the SSDMF as previously described.[9, 10]

Statistical Analysis

Results

Baseline patient and disease characteristics and clinical outcomes were summarized by
percentages and means (= standard deviation). We used x? tests and tests of trend to assess
similarities between categories of duration of AKI. Degrees of freedom for the x? tests
depended on the number of groups. We used an alpha of 0.05. In Table 1, gender,
hypertension, chronic obstructive pulmonary disease, vascular disease, diabetes, left main
disease (=50% stenosis), unstable angina, intra-aortic balloon pump, and prior CABG were
tested using X2 test with 1 degree of freedom; priority using x2 test had 2 degrees of freedom
and baseline estimated glomerular filtration rate using the Modification of Diet in Renal
Disease equation (mL/min/1.73 m2).[11] All other continuous variables were tested using
Cuzick’s nonparametric test for trend 16 across ordered groups of duration of AKI, which is
an extension of the Wilcoxon rank-sum test. All variables in Table 2 were tested using the x?
test, except for AKIN stages,(2) percent changes in peak SCr,(3) and length of stay where
compared using test of trend.

Kaplan-Meier techniques were used to conduct the survival analysis and failure plots for
time to AKI recovery; patients were stratified by the duration of AKI post-operatively.
Cox’s proportional hazard models were used to calculate crude and adjusted hazard ratios
(HR): with “No AKI™ as the referent, adjusting for age, sex, prior CABG, COPD,
emergency surgery, ejection fraction, and baseline eGFR due to biological plausibility and
univariate associations with survival and duration of AKI. Adjusted HRs were reported with
95% confidence intervals and p-values. Propensity matched blocks were created AKI
categories, matching on covariates listed above and Cox’s proportional hazard modeling was
conducted across the propensity matched blocks. All analyses were conducted using Stata
9.0 (College Station, TX).

During the study period, thirty-nine percent (1,886/4,837) of patients developed AKI. We
stratified patients by duration of AKI: no AKI (2,951), 1-2 days of AKI (896; 18.5%), 3—6
days (552; 10.8%), and =7 days (438; 9.1%). Patients developing AKI significantly differed
with regard to baseline patient and disease characteristics (Table 1) with lower baseline
eGFR, longer duration on cardiopulmonary bypass and other co-morbidities representing
important risk factors for the development on AKI and duration of AKI. We displayed the
time to AKI recovery (duration of AKI) in Figure 1; nearly 50 percent of patients with AKI
recovered after 2 days, however the remaining AKI patients took as long as three months to
recover renal function.

Clinical outcomes

AKIN stage was associated with duration of AKI, where stage 2 and 3 AKIN patients
developed AKI for more days than AKIN stage 1 patients who experienced a more transient
episode of AKI (Table 2). The duration of AKI provided additional predictive information
for 5-year mortality risk over that of AKIN stage alone. In-hospital unfavorable outcomes
were also more common among patients with a longer duration of AKI, except for a new
onset of Q-wave myocardial infarction. Longer durations of AKI were more likely to result
in acute dialysis (Table 2).
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Long-term Mortality

Comment

The Kaplan-Meier survival plot demonstrates that patients with longer durations of AKI die
more often during the 5-years following cardiac surgery than patients with shorter durations
of AKI (p < 0.001, Figure 2) with an average follow-up of 2.6 years, (median 2.6 years). The
proportion of patients, adjusted hazard ratios (HR) and 95% confidence intervals for AKI
duration (no AKI as referent) are reported in Table 3 and are as follows: 1-2 days (18%, HR
1.66; 1.32-2.09), 3-6 days (11%, HR 1.94; 1.51-2.49), =7 days (9%, HR 3.40; 2.73-4.25).
This graded relationship of duration of AKI with long-term mortality persisted when
patients who died during hospitalization were excluded from analysis (Table 3).

We further divided our AKI duration groups to compare transient AKI (AKI resolved by the
time of discharge), persistent AKI (unresolved AKI at the time of discharge), and new onset
of acute dialysis (Figure 3, Table 3). We discovered there was an immediate upfront
mortality risk equal to that of acute dialysis among patients that were discharged with AKI
unresolved. The adjusted HRs for patients in this subgroup analysis confirmed these
findings, with no AKI as the referent (Table 3): transient AKI 1-2 days (HR 1.46; 1.15—
1.85), transient AKI 3-6 days (HR 1.66; 1.27-2.17), transient AKI =7 days (HR 3.22; 2.54—
4.08), persistent AKI (HR: 4.96; 3.43-7.17), and acute dialysis (HR: 8.53; 5.56-13.08).
Propensity matched analysis confirmed the results (Table 3).

We demonstrate the duration of AKI is associated with in-hospital and long-term mortality.
The duration of AKI provides additional information over the AKIN stage alone and can
provide additive risk information for in-hospital and long-term mortality risks for patients.
This finding is novel for the AKI literature, as all consensus definitions of AKI and the
majority of previous studies of AKI and outcomes have focused on the severity of AKI as
defined by the magnitude in rise of SCr (or blood urea nitrogen), the degree of oliguria, or
the need for hemodialysis.[3, 12-14] All of these parameters are measuring the same
dimension of AKI (functional decline in GFR), but ignore the important dimension of time
of AKI which can be attributed, in part, to structural and repair potential of the kidney. Since
incorporation of the duration of AKI into the schema for classification of AKI is very easy
and non-invasive for clinicians and researchers, and it provides prognostic value, and
represents assessment of another dimension of AKI, future investigations of AKI should
evaluate outcomes using both of these constructs. Furthermore, recent data suggest that
incorporating time of creatinine elevation into AKI definitions may be more efficient and a
less biased method of ascertainment of outcome in interventional trials for AKI as
demonstrated by Pickering and colleagues using mathematical modeling of creatinine
changes in AKI.[5] Before these types of new constructs for measurement of treatment
efficacy of AKI interventions are routinely employed as endpoints in clinical trials for AKI,
it first needs to be determined whether these time-based metrics of creatinine elevation in
AKI are associated with important hard outcomes, such as long-term survival.

In our large, prospective study of consecutive patients undergoing cardiac surgery in the
new millennium with daily SCr measurement following cardiac surgery, we have confirmed
the early reports that transient and persistent AKI is associated with worse survival;[3, 15—
17] furthermore, we are the first to identify that the duration of AKI during the index cardiac
surgery admission is an important indicator of in-hospital and long-term risk, is a better
predictor of long-term risk for death than traditional methods of classifying AKI, and thus
should be evaluated in future studies as a possible addition to the AKIN criteria for AKI.
Most importantly, we are the first to report on a particularly high-risk group of patients
developing AKI after cardiac surgery: Patients discharged with unresolved AKI, or
persistent AKI. We found an immediate mortality risk equal to that among patients receiving
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acute dialysis among patients developing AKI and discharged with unresolved AKI. This is
an important patient population that needs more attention in the literature and in clinical
practice as to how to effectively treat patients with persistent AKI before and after hospital
discharge.

Prior Studies of AKI Recovery and Outcomes

Our findings add substantially to the merit of using the duration of AKI as a hard outcome
for in hospital and long-term prognosis. While many studies have examined long-term
outcomes after AKI, only a few have examined outcomes based on the recovery pattern of
AKI. Liano et al. reported on 187 consecutive acute tubular necrosis patients and ten-year
survival.[15] They demonstrated patients with only partial recovery of AKI had worse
survival compared to patients that had fully recovered renal function (P=0.028). Loef et al.
demonstrated that 8 year survival of 843 patients undergoing cardiac surgery was
diminished after AKI, as defined by SCr elevations of 225% or <25%, regardless of whether
SCr returned to baseline by the time of hospital discharge.[16] Hobson et al., reported long-
term follow-up on a retrospective cohort of 2,973 surgical patients from 1992 and 2002 and
reported long-term survival was significantly worse among patients with AKI (using RIFLE
criteria).[3] They stratified by complete, partial, and no recovery of renal function and
demonstrated that patients that recovered from a transient elevation in SCr had a sustained
increase risk of long-term mortality compared to patients without AKI. Patients with partial
and no recovery of renal function had even worse survival.

Clinical Construct and Mechanisms

The mechanism of duration of AKI represents a different process occurring at the level of
the kidney. The classification of AKI by duration may be potentially intuitive as "pre-renal”
azotemia, which is usually hemodynamic, does not involve true kidney injury, and thus
should recover in 24—-48 hours by optimizing volume or hemodynamics. However, in
patients with true acute Kidney injury (acute tubular necrosis), the duration of AKI may
denote recovery potential of the person or continued on-going insults. In cardiac surgery,
longer duration of AKI may likely denote poor recovery potential as one of the AKI insults
may occur at a single time-point, intra-operatively, during cardiopulmonary bypass.
Recovery from AKI involves replacement of necrotic or apoptotic renal tubular cells and
requires several steps such as dedifferentiation, redifferentiation and possibly recruitment of
local (renal) or bone-marrow stem cells.[18] It has been demonstrated that in older patients
or in the presence of other organ co-morbidities, renal recovery may be prolonged and
frequently incomplete.[19] Mild insults resulting in mild decrements in GFR will manifest
varying durations of AKI depending on one’s individual capacity for tubular cell repair.
Thus, in cases where the repair potential is impaired, the risk otherwise associated with mild
or moderate functional renal failure, as denoted may the rise in SCr, may increase as a
function of the duration of AKI, thereby adding to prognostic potential to AKIN stages.

Strengths and Limitations

There are several limitations of this study. First, this is a prospectively collected,
retrospectively analyzed single-center study. Second, we reported on long-term survival but
we did not have information on long-term incidence of end stage renal disease or mode of
death. Third, we lacked post-discharge follow-up on kidney function on patients with
persistent AKI. However, our study also has several strengths. This is a modern prospective
cohort of consecutive patients with a broad mix of comorbidites, race and gender, which
permits adequate generalizability of our findings. Patients were followed during a period of
time when many evidenced-based processes, such as tight glucose control, conservative
blood transfusion strategies, and low tidal volumes have become standard of care.[20-23]
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Furthermore, SCr labs were drawn daily until 48 hours post-surgery on all participants; after
48 hours, SCr labs were ordered per provider discretion until hospital discharge.

AKI, once thought to be benign when SCr returned to baseline, has significant long-term
implications. Not only does AKI potentially drive the increased mortality, it is likely a
surrogate for other end organ injuries. The fact that the duration of AKI differentiates AKI
from volume responsive renal dysfunction and is proportional to the amount of renal injury
and mortality compels us to have more impetus to change our processes of care specifically
with regard to AKI.

The duration of AKI after cardiac surgery is directly proportional to long-term mortality.
This AKI dose-dependent effect on long-term mortality helps to close the gap between
association and causation, whereby AKI and AKI duration have important implications for
patient care and can aid clinicians in evaluating the risk of in-hospital and post-discharge
death. AKI duration can also be employed as a surrogate outcome for long-term mortality in
intervention trials to prevent or treat AKI. The long-term implications of AKI compel us to
have some urgency regarding seeking changes of processes of care specifically regarding
renal protective strategies.
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Figure 1. Duration of AKI

The duration of AKI is plotted with the proportion of resolved AKI on the y-axis and days to
AKI recovery on the abcissa. The insert is a magnification of the data for the first 30-days.
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Figure 2. Survival by Duration of AKI

The proportion of patients surviving from the time of cardiac surgery is plotted by the
categories for the duration of AKI: no AKI (grey line), AKI for 1-2, 3-6, and =7 days (black
lines, Log rank p-value <0.001)
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Figure 3. Survival by Transient and Persistent AKI

The proportion of patients surviving from the time of cardiac surgery is plotted by no AKI
(grey line), transient AKI (grey dotted lines: resolved AKI by the time of discharge lasting
for 1-2, 3-6, and =7 days, respectively), persistent AKI (black line: unresolved AKI at the
time of discharge), and acute dialysis (bottom black line, Log rank p-value <0.001).
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Lon-term Mortality

Table 3
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Duration of AKI

Model 1
Age/Sex

Adjusted HR (95% ClI)

Model 2

Age/Sex+Covariates

Model 3

Age/Sex+Covariates+

baseline eGFR

Model 4
Propensity

None
1-2 Days
3-6 Days
>7 Days

AKI duration among patients alive at discharge

None
1-2 Days
3-6 Days
>7 Days

Transient and Persistent AKI

None

Transient AKI 1-2 Days
Transient AKI 3—-6 Days
Transient AKI =7 Days

Persistent AKI at Discharge

1.00 Reference
1.75 (1.40-2.18)
2.19 (1.72-2.78)
4.71 (3.82-5.80)

1.00 Reference
1.43 (1.11-1.84)
1.73 (1.30-2.30)
3.42 (2.66-4.40)

1.00 Reference
1.58 (1.26-1.99)
1.96 (1.52-2.53)
4.70 (3.79-5.84)
7.08 (5.14-9.75)

1.00 Reference
1.73 (1.38-2.17)
2.10 (1.64-2.69)
3.78 (3.04-4.70)

1.00 Reference
1.37 (1.06-1.78)
1.49 (1.11-2.00)
2.61 (2.00-3.41)

1.00 Reference
1.57 (1.24-1.99)
1.89 (1.46-2.46)
3.79 (3.02-4.75)
6.19 (4.43-8.65)

1.00 Reference
1.66 (1.32-2.09)
1.94 (1.51-2.49)
3.40 (2.73-4.25)

1.00 Reference
1.33 (1.03-1.73)
1.40 (1.04-1.89)
2.40 (1.83-3.15)

1.00 Reference
1.51 (1.19-1.91)
1.74 (1.34-2.26)
3.45 (2.75-4.34)
5.75 (4.10-8.07)

1.00 Reference

1.71 (1.37-2.13)
2.08 (1.32-3.30)
4.78 (3.08-7.44)

1.00 Reference

1.38 (1.07-1.79)
2.36 (1.32-4.23)
5.03 (2.86-8.85)

1.00 Reference
1.54 (1.23-1.94)
1.91 (1.19-3.07)
4.94 (3.14-7.77)
6.13 (3.68-10.23)

P: P-value; 95% confidence interval; Adjusted HR: Adjusted hazard ratio from Cox proportional hazard model; Model 1: adjusted for age, sex;
Model 2: adjusted for age, sex, prior CABG, chronic obstructive pulmonary disease, emergency surgery, and ejection fraction; Model 3: adjusted
for age, sex, prior CABG, chronic obstructive pulmonary disease, emergency surgery, ejection fraction and baseline eGFR; Model 4: propensity

matched analysis.
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