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ABSTRACT

BACKGROUND Cardiac surgery-associated acute kidney injury (CSA-AKI) is prevalent and increasingly reported. Its
diagnosis traditionally follows the Kidney Disease: Improving Global Outcomes (KDIGO) AKI criteria. However, little
evidence supports its appropriateness for cardiac surgery patients, particularly regarding the subtle serum creatinine
change (ASCr) that defines mild AKI.

OBJECTIVES The purpose of the study was to investigate the ASCr threshold specific to CSA-AKI and compare its
impact on CSA-AKI incidence and prognosis with the KDIGO AKI criteria threshold.

METHODS A 10-year coronary surgery cohort with serial perioperative SCr measurements was retrospectively analyzed.
The relationship and prognostically significant threshold of 48-hour absolute ASCr with 30-day mortality were explored
using multivariate restricted cubic spline analysis and receiver-operating characteristic curve analysis. AKI incidence and
prognostic value were compared between adopting the KDIGO or new thresholds.

RESULTS Among 37,706 patients, 20,290 (53.8%) developed KDIGO-defined AKI. For stage-1 AKI (18,835, 49.9%),

the majority (75.2%) were solely attributed to the KDIGO absolute criterion (48-hour ASCr =0.3 mg/dL). The 48-hour

ASCr threshold associated with an adjusted odds ratio =1.00 for 30-day mortality was 0.549 mg/dL. A similar threshold
(0.553 mg/dL) was also identified based on the Youden index cutoff. Applying the 0.55 mg/dL threshold to define stage 1
CSA-AKI, the overall and stage-1 CSA-AKI incidence decreased to 21.0% and 17.2%, with 27.7% of the stage-1 CSA-AKI solely
attributed to the new criterion. The prognostic value for AKI defined by this new threshold was significantly higher than the
KDIGO criteria.

CONCLUSIONS A cardiac surgery-specific ASCr threshold in defining AKI was notably higher compared with the current
general AKI definition. (JACC Adv. 2024;3:101326) © 2024 The Authors. Published by Elsevier on behalf of the American
College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

ASCr = serum creatinine
change

AKI = acute kidney injury

AUC = area under the receiver-
operating characteristic curve

CABG = coronary artery bypass
grafting

CSA-AKI = cardiac surgery-
associated acute kidney injury

eGFR = estimated glomerular

cute kidney injury (AKI) following

cardiac surgery is highly prevalent

and associated with increasing mor-
tality, prolonged hospital stays, and an
elevated risk of progression to chronic kid-
ney disease.'” The incidence rate of cardiac
surgery-associated AKI (CSA-AKI) could be
estimated to be as high as 40% to 50%,
depending on the patient population and
diagnostic criteria.»>* While moderate-to-
severe CSA-AKI is well recognized for its
devastating impact on patient outcomes, it

filtration rate

EMR = electronic medical

record

KDIGO = Kidney Disease:
Improving Global Outcomes

RCS = restricted cubic spline

ROC = receiver operating

characteristic

SCr = serum creatinine

occurs much less frequently compared to
mild AKI characterized by smaller elevation
of serum creatinine (SCr).*°® Studies indi-
cated that these smaller changes in SCr
(ASCr) also reflected underlying renal injury

and were associated with poorer out-
comes.>”® Therefore, the current Kidney
Disease: Improving Global Outcomes

(KDIGO) AKI definition considers a minimal
SCr elevation, eg, ASCr =0.3 mg/dL within 48-hour
intervals, sufficient to diagnose stage-1 AKI.°
However, applying this absolute ASCr criterion of
the KDIGO AKI definition, which is used primarily
in general patient populations, to diagnose CSA-AKI
in cardiac surgery patients could be problematic. On
one hand, there is limited evidence from cardiac
surgery studies supporting the appropriateness of
using the current KDIGO  threshold of
ASCr =0.3 mg/dL over 48 hours in defining stage-1
CSA-AKI. It is well recognized that CSA-AKI is a
heterogeneous disease entity resulting from an
intricate interplay of various pathophysiological
mechanisms, patient-related risk factors, and pro-
cedural impacts, many of which are highly specific
to the unique nature of cardiac surgery.">'°"?
Therefore, it raises questions about this one-size-
fits-all approach of extending the ASCr threshold
from the general AKI definition to cardiac surgery
patients. On the other hand, since the introduction
of consensus definitions and the adoption of elec-
tronic medical records (EMRs) with more efficient
test result monitoring and disease coding, there has
been a dramatic increase in the reported incidence
of AKI in both surgery and nonsurgery patient
populations.”®>* Applying such nonspecific and, if
overly lenient, diagnostic criteria in the current
EMR-based practice could potentially lead to over-
diagnosing many less clinically relevant AKI,
diverging clinical care and resource allocations.
Therefore, the aim of this study is to explore and
identify the cardiac surgery-specific minimal 48-hour
ASCr threshold level in defining the stage-1 CSA-AKI
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and compare its impact on the overall CSA-AKI inci-
dence and prognostic value with that based on the
KDIGO-defined threshold.

METHODS

STUDY PARTICIPANTS. A consecutive cohort of pa-
tients undergoing coronary artery bypass grafting
surgery (CABG) from 2013 to 2022 at Fuwai Hospital,
National Center for Cardiovascular Disease (Beijing,
China) was retrospectively included. Patients were
managed following practice guidelines, and all pro-
cedures were performed using standard CABG tech-
niques (Supplemental Method 1). The inclusion
criteria are adult CABG cases performed between
January 1, 2013, and October 1, 2022. Patients without
either at least one baseline SCr measurement before
surgery or serial SCr measurements (=2 measure-
ments) during or after surgery were excluded. For the
main analysis, patients without the 30-day outcome
data were also excluded. Patients lacking outcome
data beyond 30 days were excluded for the longer-
term secondary analysis. This study complied with
the Declaration of Helsinki and was approved by the
institutional review board at Fuwai Hospital.
Informed consent requirement was waived by the
institutional review board as all patient data were
collected retrospectively and all case records were de-
identified before analysis. Our study followed the
Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) reporting guidelines
(Supplemental Table 1).'®

DATA COLLECTION AND PREPARATION. Data on
demographic characteristics, medical history, labo-
ratory tests, surgical procedures, and treatment de-
tails were extracted from the EMR system and further
supplemented with manual inspection and entry
through medical record review by experienced clin-
ical staffs. The accuracy and completeness of these
data were verified and ensured through multiple
procedures described previously.'”?* Data variables
with missing values were imputed with a random
forest-based algorithm.”” The missingness and
imputation consideration were summarized in
Supplemental Method 2.

AKI DEFINITION AND OUTCOMES. The diagnosis of
AKI was adjudicated following the current KDIGO AKI
guidelines based on the comprehensive records of
perioperative SCr measurements during the hospital
stay (from patient admission to day 7 after surgery).
In summary, AKI stages were defined as follows: 1)
stage-1: an absolute increase in SCr =0.3 mg/dL
within 48 hours (the absolute criterion) or a relative
increase in SCr =150% to 200% of the baseline (the
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ratio criterion); 2) stage-2: a relative increase in
SCr =200% to 300% of the baseline; and 3) stage-3: a
relative increase in SCr =300% of the baseline, or an
increase in SCr to =4.0 mg/dL, or initiation of renal
replacement therapy, respectively.” Among patients
adjudicated as stage-1 AKI, they were further cate-
gorized based on the specific criteria met: the abso-
lute criterion only, the ratio criterion only, or the dual
criteria (meeting both the absolute and ratio criteria)
AKI. The detailed method for comprehensively
capturing KDIGO-defined AKI in our current study
was described in Supplemental Method 3.

The primary outcome of this study was 30-day all-
cause mortality. Secondary outcomes included 1-year
all-cause mortality and/or dialysis, 6-month, 1-year,
3-year, and 5-year all-cause mortality during the
follow-up. Patients were followed up through routine
outpatient visits or telephone interviews conducted
by trained research nurses as part of standard insti-
tutional protocols. In case of adverse events reported
during the follow-up, related medical records were
required as supportive documents for further
adjudication.

STATISTICAL ANALYSIS. Data are presented as mean
+ SD or median IQR according to the distribution
pattern for continuous variables and percentages for
categorical variables. The baseline characteristic dif-
ferences between groups were compared using either
the one-way analysis of variance or Kruskal-Wallis
test for continuous variables and the chi-square test
or Fisher’s exact test for categorical variables,
where appropriate.

The relationship between the perioperative
maximal ASCr (ASCry,,x) within 48-hour intervals and
30-day mortality was analyzed using a restricted cu-
bic spline (RCS) in a logistic regression model with
multivariate adjustment for patient characteristics
and operative variables, including age, sex, body
mass index, hyperlipidemia, preoperative left ven-
tricular ejection fraction, preoperative estimated
glomerular filtration rate (eGFR),”® coronary lesion
counts, prior cardiac surgery history, combined sur-
gery, nonelective surgery, and on-pump surgery.
From the fitted model, we identified the ASCr
threshold level corresponding to an adjusted odds
ratio (OR) estimate of =1.00, along with the 95% CI for
this specific ASCr threshold. A secondary method to
identify this specific ASCr threshold was also per-
formed through the receiver-operating characteristic
(ROC) curve analysis. The ROC curve predicted the
30-day mortality based on the maximal 48-hour ASCr
level, and the ASCr threshold was determined by the
Youden index cutoff point.
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Using the newly identified 48-hour ASCr threshold,
patients initially classified as stage-1 KDIGO AKI were
reclassified. = Multivariate-adjusted logistic  re-
gressions were conducted to examine the prognostic
effects of different 48-hour ASCr threshold levels on
30-day mortality, 1-year all-cause death, and/or dial-
ysis, as well as 5-year all-cause death, as the under-
lying assumption of proportional hazards in the Cox
regression for the 5-year survival outcome was not
met. The multivariate performance of meeting stage-1
CSA-AKI criteria based on either the KDIGO criteria or
the criteria adopting the new threshold described
above in predicting all-cause death at various follow-
up time points was also evaluated by the area under
the ROC (AUC), with the Delong test for AUC com-
parison. The sample size was determined using the
method recommended by Riley et al.?* with an
outcome rate of 0.8%, resulting in a sample size of
9,940 with 80 events, supporting the sample size
adequacy of the current study (Supplemental
Methods 4). All comparisons were two-sided, with
statistical significance defined as P < 0.05, without
adjustment for multiple comparisons.

To further support our overall findings, we con-
ducted a series of sensitivity analyses. These
included: 1) inclusion of fluid balance, a metric pre-
viously reported to reflect the fluid status over a
period of time®> as a covariate in the multivariate
adjusted RCS analysis; 2) exploration of the 48-hour
ASCr,,x threshold in patients with normal baseline
kidney function as defined by preoperative
eGFR =60 mL/min/1.73 m?; 3) analysis of the 48-hour
ASCrpax threshold in subgroups of on-pump CABG
and off-pump CABG, respectively; and 4) applying
RCS processing for other continuous covariables that
also demonstrated nonlinear association with 30-day
mortality.

Statistical analysis and plotting were conducted
with SAS version 9.4 (SAS Institute) and R version
4.0.3 (R Foundation for Statistical Computing).

RESULTS

STUDY POPULATION. Between January 1, 2013, and
December 31, 2022, a total of 42,822 adult patients
underwent CABG at Fuwai Hospital. After excluding
5,116 patients without perioperative SCr measure-
ments, 37,706 patients were included in the main
analysis, all with available 30-day survival outcome
data. With beyond 30-day outcome data, 34,144
(90.6%) patients were included in the longer-term
analysis, with a mean follow-up duration of 3.0-2.4
years and the longest follow-up duration up to
8.5 years. (Figure 1).
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FIGURE 1 Flowchart of the Study Cohort

42 822 adult patientts undergoing coronary artery bypass grafting
surgery in Fuwai hospital, National Center for Cardiovascular Diseases

from January 1, 2013 to December 31, 2022.

5 116 patients excluded due to lakcing perioperative SCr records:

4 997 without baseline SCr measurements before surgery.

123 without serial SCr measurements (22) during and after surgery.

37 706 patients with perioperative SCr records.

0 patients excluded due to lakcing 30-day mortality outcome results.

3 562 patients lakcing beyond 30-day mortality outcome results.

37 706 patients were included in the 30-day main analysis.

34 144 patients were included in the longer-term analysis.

The flowchart depicting the included and excluded patient population in the current
study. SCr = serum creatinine.

Among the 37,706 patients, the median age was
62.0 (IQR: 55.0-67.0) years old, and 8,524 (22.6%)
were female. Table 1 summarizes baseline clinical
characteristics and operative information for the pa-
tients. The median of preoperative eGFR was 90.3
(IQR: 76.9-99.3) ml/min/1.73 m?. Of cases, 77.0% were
isolated CABG and 59.8% were on-pump procedure.
Based on the KDIGO AKI criteria, 20,290 (53.8%) pa-
tients developed AKI, with the incidence of 49.9%
(18,835) for stage-1 AKI and 3.9% for = stage-2 AKI.

FORTY-EIGHT-HOUR ASCr ,ox LEVELS AND ITS ASSOCIATION
WITH 30-DAY MORTALITY. Among the main analysis
cohort, the median value of the 48-hour ASCry.x
following CABG was 0.31 mg/dL (IQR: 0.22-0.44
mg/dL), 19,803 (52.5%) patients’ 48-hour ASCry.x =
0.30 mg/dL (ie, the KDIGO-defined stage-1 AKI ab-
solute criterion threshold). Table 2 presented the
multivariate association of the 48-hour ASCrpax
level with 30-day mortality, adjusted for relevant
covariates. Figure 2 illustrates the distribution of the
48-hour ASCrpay, which revealed a J-shaped
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relationship with 30-day mortality after multivariate
adjustments. The lowest 30-day mortality risk was
observed around 0.20 to 0.30 mg/dL of the 48-hour
ASCrpax levels. Overall, an increased 30-day mor-
tality was associated with higher 48-hour ASCrax
levels (adjusted OR for each 1-unit increase of the
48-hour ASCrp,x level: 3.15; 95% CI: 2.71-3.67). The
distribution and adjusted relationship between the
perioperative 48-hour ASCry,x and the composite
outcome of 1-year death and/or dialysis were pro-
vided in the Supplemental Figure 1.

Figure 3A presents the multivariate-adjusted OR
curves from RCS analysis modeling the relationship
between the 48-hour ASCr,,x levels and 30-day mor-
tality, which confirmed the nonlinear relationship
(P < 0.001). The lowest level of the 48-hour ASCrax
associated with an adjusted OR of more than 1.0 for 30-
day mortality was 0.549 mg/dL (95% CI: 0.426-0.925),
a level 1.83 times that of the current KDIGO threshold
(0.3 mg/dL). Figure 3B depicts the ROC curve predict-
ing the 30-day mortality based on the 48-hour ASCryax
level (AUC: 0.785; 95% CI: 0.752-0.818). A similar
threshold of 0.553 mg/dL was identified based on the
Youden index cutoff from the ROC curve. The
multivariate-adjusted OR curves modeling the rela-
tionship between the perioperative 48-hour ASCryax
and the composite outcome of 1-year death and/or
dialysis are provided in the Supplemental Figure 2.

RECLASSIFICATION OF CSA-AKI BASED ON THE
NEW THRESHOLD. Figure 4 illustrates the incidence
and staging composition of AKI defined by incorpo-
rating either the absolute criterion of the KDIGO
threshold (0.3 mg/dL) or the newly identified
threshold (0.55 mg/dL) into the overall CSA-AKI
diagnostic criteria. Among the 18,835 (49.9%)
KDIGO-threshold-based stage-1 AKI cases, 75.2% were
diagnosed solely attributed to the absolute criterion
of the 48-hour ASCr =0.3 mg/dL after CABG. How-
ever, applying the new threshold of 0.55 mg/dL to
define the stage-1 CSA-AKI, 65.5% of these previously
KDIGO absolute criterion-defined stage-1 AKI were
reclassified as not having CSA-AKI. Among the pre-
viously KDIGO dual criteria-defined stage-1 AKI cases,
46.9% (1,980) were reclassified as only meeting the
ratio criterion. With the new threshold, the overall
incidence of CSA-AKI decreased to 21.0% (7,930), and
the stage-1 CSA-AKI incidence rate was reduced to
17.2% (6,475). Among this newly-defined stage-1 CSA-
AKI, only 27.7% were diagnosed solely based on this
new absolute 48-hour ASCr threshold criterion, 37.6%
were attributed to the ratio criterion, and 34.7% met
the dual criteria.
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TABLE 1 Baseline Characteristics
Overall No KDIGO AKI KDIGO Stage-1 AKI = KDIGO Stage-2 AKI
(N = 37,706) (n =17,416) (n =18,835) (n =1,455) P Value®
Age, y 62.0 (55.0-67.0) 60.0 (54.0-66.0) 63.0 (56.0-68.0) 65.0 (58.0-70.0) <0.001
Female 8,524 (22 6) 410S (23.6) 3,906 (20.7) 510 (35.1) <0.001
BMI, kg/m2 25.4 (23.5-27.5) 25.5 (23.5-27.6) 25.4 (23.4-27.5) 25.1 (22.9-27.3) <0.001
Smoking 20,582 (54.6) 9,480 (54.4) 10,412 (55.3) 690 (47.4) <0.001
Hypertension 24,313 (64.5) 10,740 (61.7) 12,527 (66 5) 1,046 (71.9) <0.001
Hyperlipidemia 25,608 (67.9) 11,937 (68.5) 12,863 (68.3) 80S (55.5) <0.001
Diabetes status <0.001
Nondiabetes 21,563 (57.2) 10,511 (60.4) 10,247 (54.4) 805 (55.3)
Noninsulin-treated diabetes 12,455 (33.0) 5,548 (31.9) 6,449 (34.2) 458 (31.5)
Insulin-treated diabetes 3,688 (9.8) 1,357 (7.8) 2,139 (11.4) 192 (13.2)
CAD types <0.001

Stable CAD 26,387 (70.0) 12,553 (72.1) 12,815 (68.0) 1,019 (70.0)

Unstable angina 9,663 (25.6) 4,151 (23.8) 5,161 (27.4) 351 (24.1)

Acute MI 1,656 (4.4) 712 (4.1) 859 (4.6) 85 (5.8)

CCS Angina Class <0.001

No symptoms 6,385 (169) 2,427 (13.9) 3,683 (19.6) 275 (18.9)

| 3,728 (9.9) 1,730 (9.9) 1784 (9.5) 214 (14.7)

I 15,085 (40.0) 7,309 (42.0) 7,256 (38.5) 520 (35.7)

I 10,454 (27.7) 4,929 (28.3) 5,176 (27.5) 349 (24.0)

1\ 2054 (5.4) 1,021 (5.9) 936 (5.0) 97 (6.7)

CHF 737 (2.0) 265 (1.5) 410 (2.2) 62 (4.3) <0.001
NYHA functional class <0.001

| 3,638 (9.6) 1,815 (10.4) 1,680 (8.9) 143 (9.8)

I 21,652 (57.4) 10,087 (57.9) 10,860 (57.7) 705 (48.5)

1 11,652 (30.9) 5,233 (30.0) 5,900 (31.3) 519 (35.7)

I\ 764 (2.0) 281 (1.6) 395 (2.1) 83 (6.0)

Preoperative LVEF 61.0 (57.0-65.0) 62.0 (58.0-65.0) 61.0 (57.0-65.0) 60.0 (54.0-64.0) <0.001
Preoperative eGFR, mL/min/1.73 m? 90.3 (76.9-99.3) 94.5 (83.3-101.5) 85.9 (72.5-96.7) 80.8 (64.0-94.8) <0.001
CKD 710 (1.9) 96 (0.6) 478 (2.5) 136 (9.3) <0.001
PAD 6,947 (18.4) 2,896 (16.6) 3,705 (19.7) 346 (23.8) <0.001
AF 1707 (4.5) 500 (2.9) 997 (5.3) 210 (14.4) <0.001
COPD 1,256 (3.3) 530 (3.0) 653 (3.5) 73 (5.0) <0.001
Prior MI 9,107 (24.2) 3,983 (22.9) 4,742 (25.2) 382 (26.3) <0.001
Prior CVE 5,346 (14.2) 2,273 (13.1) 2,820 (15.0) 253 (17.4) <0.001
Prior PCI 2,885 (7.7) 1,254 (7.2) 1,512 (8.0) 19 (8.2) 0.009
Prior cardiac surgery 1,560 (4.1) 586 (3.4) 823 (4.4) 151 (10.4) <0.001
Left main disease 8,051 (21.4) 3,798 (21.8) 4,001 (21.2) 252 (17.3) <0.001
Triple vessel disease 29,365 (77.9) 13,566 (77.9) 14,875 (79.0) 924 (63.5) <0.001
Isoated CABG 29,037 (77.0) 14,194 (81.5) 14,162 (75.2) 681 (46.8) <0.001
Nonelective surgery 914 (2.4) 319 (1.8) 442 (2.3) 153 (10.5) <0.001
On-pump surgery 22,552 (59.8) 9,445 (54.2) 11,944 (63.4) 1,163 (79.9) <0.001
Bypass duration, min 78.0 (0.0-118.0) 64.0 (0.0-106.0) 86.0 (0.0-124.0) 122.0 (73.0-185.0) <0.001
Clamp duration, min 52.0 (0.0-84.0) 41.0 (0.0-75.0) 59.0 (0.0-89.0) 83.0 (45.0-122.0) <0.001
Number of grafts 3.0 (2.0-4.0) 3.0 (1.0-4.0) 3.0 3.0-4.0) 3.0 (2.0-3.0) <0.001
LIMA graft use 34,077 (90.4) 15,992 (91.8) 16,901 (89.7) 1,184 (81.4) <0.001
Lesion count 3.0 (2.0-4.0) 3.0 (2.0-4.0) 3.0 3.0-4.0) 3.0 (2.0-4.0) <0.001
Baseline serum creatinine, mg/dL 0.9 (0.8-1.0) 0.9 (0.8-1.0) 1.0 (0.8-1.1) 1.0 (0.8-1.2) <0.001
30-d mortality 297 (0.8) 38 (0.2) 83 (0.4) 176 (12.1) <0.001
1-y dialysis and/or death 728 (2.1) 185 (1.2) 349 (2.1) 194 (14.9) <0.001
Values are median (IQR) or n (%). °The P value represented the comparison between the three groups.

AF = atrial fibrillation; AKI = acute kidney injury; BMI = body mass index; CABG = coronary artery bypass grafting; CAD = coronary artery disease; CCS = Canadian Cardiovascular Society;
CHF = congestion heart failure; COPD = chronic obstructive pulmonary disease; CKD = chronic kidney disease; CVE = cerebrovascular events; eGFR = estimated glomerular filtration rate;
IQR = interquartile range; KDIGO = Kidney Disease: Improving Global Outcomes; LIMA = left internal mammary artery; LVEF = left ventricular ejection fraction; Ml = myocardial infarction;
NYHA = New York Heart Association; PAD = peripheral artery disease; PCl = percutaneous coronary intervention.
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TABLE 2 Multivariate Association of Perioperative 48-H ASCr,,.x Levels and Covariates

With Short- and Long-Term Outcomes

Adjusted Effect Sizes

OR (95% CI) P Value
30-d mortality®
Perioperative 48-h SCrp.x Level
<0.3 mg/dL (Reference) (Reference)
0.3-0.5 mg/dL 1.275 (0.859-1.891) 0.284
=0.5 mg/dL 6.253 (4.446-8.794) <0.001
Age (+ASD) 1.388 (1.214-1.586) <0.001
Female 1.098 (0.839-1.438) 0.496
BMI (+ASD) 0.841 (0.745-0.949) 0.005
Hyperlipidemia 1.140 (0.890-1.461) 0.300
Preoperative LVEF (+ASD) 0.733 (0.661-0.812) <0.001
Preoperative eGFR (4+-ASD) 0.929 (0.831-1.039) 0.196
Coronary lesion counts (+ASD) 0.899 (0.794-1.019) 0.096
Prior cardiac surgery history 2.504 (1.775-3.533) <0.001
Combined surgery 1.826 (1.379-2.417) <0.001
Nonelective surgery 3.625 (2.517-5.220) <0.001
On-pump surgery 1.840 (1.328-2.550) <0.001
1-y death and/or dialysis®
Perioperative 48-h ASCry,ax level
<0.3 mg/dL (Reference) (Reference)
0.3-0.5 mg/dL 1.205 (0.984-1.475) 0.072
=0.5 mg/dL 3.374 (2.773-4.106) <0.001
5-y mortality”
Perioperative 48-h ASCr,ax Level
<0.3 mg/dL (Reference) (Reference)
0.3-0.5 mg/dL 1.078 (0.943-1.232) 0.281
=0.5 mg/dL 2.377 (2.070-2.729) <0.001

?For both the 30-d mortality and the composite outcome of 1-y death and/or dialysis, the above covariates
(n = 11) were included in the multivariate analysis. For the 5-y mortality, in addition to the above covariates
(n = 11), five additional covariates of hypertension, smoking, diabetes status, coronary artery disease type, and

the number of grafts were also included in the model.

AKI = acute kidney injury; BMI = body mass index; eGFR = estimated glomerular filtration rate; LVEF = left
ventricular ejection fraction; OR = odds ratio; SCr = serum creatinine.

PROGNOSTIC VALUE OF DIFFERENT 48-HOUR ASCr
THRESHOLDS AND THE CORRESPONDING STAGE-1 AKI
CRITERIA. From the multivariate-adjusted models,
the prognostic effects of different 48-hour ASCrpax
levels were assessed (Figures 5A to 5C). Considering
the 48-hour ASCrpax level <0.3 mg/dL as a reference,
only the 48-hour ASCrp.x level =0.5 mg/dL was
significantly associated with increased 30-day mor-
tality (adjusted OR: 6.25; 95% CI: 4.45-8.79), 1-year
death and/or dialysis (adjusted OR: 3.37; 95% CI:
2.77-4.11) and 5-year all-cause mortality (adjusted OR:
2.38; 95% CI: 2.07-2.73). Table 2 and Supplemental
Tables 2 and 3 present the above multivariate asso-
ciation of the 48-hour ASCry.x level stratification,
along with pertinent covariates, with long-
term outcomes.

The predictive value of meeting stage-1 AKI criteria
adopting either the KDIGO or new threshold was also
assessed and compared (Figure 5D, Table 3). In pre-
dicting 30-day mortality, the AUC of the new
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threshold-adopted criteria (AUC: 0.757; 95% CI: 0.732-
0.783) was significantly higher than that of the KDIGO
criteria (AUC: 0.662; 95% CI: 0.642-0.682; P < 0.001).
Similar significantly better predictive performances
were also observed in predicting 6-month, 1-year, 3-
year, and 5-year all-cause death (P < 0.001 for all).
Figure 5E showed the Kaplan-Meier curve comparison
for long-term all-cause death (up to 5 years) based on
whether or not meeting the stage-1 AKI criteria that
adopted these two thresholds, respectively.

SENSITIVITY ANALYSIS. After including fluid bal-
ance as a covariate in the multivariate adjusted RCS
analysis, the lowest value of the 48-hour ASCrpax
threshold associated with an adjusted OR of greater
than 1.0 for 30-day mortality was 0.533 mg/dL
(Supplemental Figure 3), demonstrating overall
similar findings to the primary analysis. When the
analysis was restricted to patients with normal pre-
operative renal function, the identified 48-hour
ASCr,,x thresholds from the RCS analysis and ROC
curve analysis were 0.498 mg/dL and 0.563 mg/dL,
respectively. (Supplemental Figure 4). In the on-
pump surgery population, the thresholds identified
were 0.628 mg/dL from the RCS analysis and
0.677 mg/dL from the ROC curve analysis
(Supplemental Figure 5). In the off-pump subgroup,
the values were 0.480 mg/dL from RCS analysis and
0.302 mg/dL from ROC curve analysis (Supplemental
Figure 6). The model including RCS for both the 48-
hour ASCr,.x and other covariables that also showed
a nonlinear relationship with 30-day mortality also
demonstrated a similar threshold of 0.551 mg/dL.

DISCUSSION

In this large-scale, consecutive cohort study, we
investigated the relationship between the periopera-
tive ASCr over 48-hour intervals following CABG and
short- and long-term prognosis in a contemporary
CABG patient population. The identified threshold of
48-hour ASCr associated with increased 30-day mor-
tality was approximately 0.55 mg/dL, a level 1.83
times that of the current KDIGO stage-1 AKI threshold
(0.3 mg/dL). Applying this new threshold to re-define
stage-1 CSA-AKI resulted in a large decrease in both
the overall and stage-1 AKI incidence, as well as a
more balanced composition of different stage-1 AKI
subtypes based on specific criteria components met.
The prognostic value of meeting the stage-1 AKI
criteria and adopting the new threshold was signifi-
cantly higher than that of the KDIGO threshold
(Central Illustration).

The findings of the current study are generally in
line with prior evidence and provide additional
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FIGURE 2 Perioperative 48-Hour ASCr,,x and 30-Day Mortality
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The distribution of the perioperative 48-hour ASCr,,x and its association with 30-day mortality in the current study cohort. The predicted 30-day mortality was derived
from the multivariate adjusted logistic regression between the 30-day mortality and 48-hour ASCryax. SCr = serum creatinine.

insights.?®?’ In one previous study investigating the
prognostic impact of relatively subtle ASCr following
cardiothoracic surgery, Lassnigg et al*® explored the
relationship between the 48-hour ASCr levels and 30-
day mortality and identified a similar J-shaped rela-
tionship. Notably, they considered an increase of 48-
hour ASCr =0.5 mg/dL as the threshold for a partic-
ularly substantial increase in 30-day mortality.
Furthermore, when compared with the reference
group (48-hour ASCr change of —0.3-0.0 mg/dL) that
exhibited the lowest 30-day mortality, they found
that any increase in 48-hour ASCr was associated with
increased 30-day mortality. However, regarding this
latter finding, we challenge its inadequate granularity

and specificity. On one hand, the discretization into a
range spanning from 0 to 0.5 was relatively broad,
making it unclear which specific ranges or cut-offs
were potentially driving this increase in 30-day mor-
tality. On the other hand, the cohort represented a
heterogeneous mix of cardiothoracic surgery types
(both general cardiac surgery and aorta surgery) with
vastly different operative risk and dates back
20 years. Therefore, the identified range of 48-hour
ASCr might not reflect either the current practice or
the widely varying surgery types. Furthermore, in
contrast to the findings observed by Lassnigg et al,
where the association between 48-hour ASCr and the
mortality beyond 30 days was not significant, our
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FIGURE 3 Exploring the Threshold of Perioperative 48-Hour ASCr for 30-Day Mortality
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(A) The adjusted odds ratio curve with the restricted cubic spline for 30-day mortality as a function of the 48-hour ASCr.x; the threshold level was determined with an
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(indicated by red), which corresponded to 0.553 mg/dL vs the KDIGO threshold (0.3 mg/dL) for the stage-1 AKI ASCr absolute criterion (indicated by gray).

ASCr = serum creatinine change; AUC = area under the receiver-operator characteristics curve; AKI = acute kidney injury; KDIGO = Kidney Disease: Improving Global
Outcomes; Sen = sensitivity; Spe = specificity.

FIGURE 4 AKI Incidence and Staging Composition Based on Criteria With Different Thresholds
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FIGURE 5 Prognostic Value of Different 48-Hour ASCr Thresholds in AKI Criteria
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(A-C) Effect sizes of the stage-1 AKI criteria when adopting either the new or KDIGO-defined 48-hour absolute ASCr thresholds with multivariate adjustment for 30-day
mortality, 1-year death and/or dialysis, and 5-year all-cause death, respectively. (D) The predictive value of the stage-1 AKI criteria adopting either the new or KDIGO-
defined 48-hour absolute ASCr thresholds in predicting all-cause mortality at multiple time points over the 5-year follow-up period. (E) The Kaplan-Meier survival
curves for patients with or without stage-1 AKI based on criteria adopting either the new or KDIGO-defined 48-hour absolute ASCr thresholds over the 5-year follow-
up period, respectively. ASCr = serum creatinine change; AKI = acute kidney injury; AUC = area under the receiver-operator characteristics curve; KDIGO = Kidney
Disease: Improving Global Outcomes.

study demonstrated a persistent effect of the rela- increased the statistical power to detect outcome
tively subtle 48-hour ASCr on longer-term survival. significance compared with the previous study.

This may be due to the much larger sample size and The wunderlying pathophysiology of CSA-AKI,
longer follow-up duration in our study, which representing a unique and high-risk AKI patient

TABLE 3 Outcome Prediction of Stage-1 AKI Criteria Adopting the New vs KDIGO 48-H Absolute ASCr Thresholds

Stage-1 AKI Criteria Stage-1 AKI Criteria
Adopting the KDIGO Threshold Adopting the New Threshold
(0.3 mg/dL) AUC (95% CI) (0.55 mg/dL) AUC (95% CI) P Value Continuous NRI
30-d mortality 0.662 (0.642-0.682) 0.757 (0.732-0.783) <0.0001 Total NRI: 0.071

Event NRI: 0.414
Nonevent NRI: —0.344

6-mo mortality 0.635 (0.616-0.653) 0.717 (0.696-0.739) <0.0001 Total NRI: 0.364
Event NRI: 0.672
Nonevent NRI: —0.308

1-y mortality 0.610 (0.595-0.626) 0.676 (0.658-0.694) <0.0001 Total NRI: 0.297
Event NRI: 0.603
Nonevent NRI: —0.306

3-y mortality 0.593 (0.580-0.606) 0.638 (0.623-0.652) <0.0001 Total NRI: 0.211
Event NRI: 0.516
Nonevent NRI: —0.306

5-y mortality 0.579 (0.567-0.591) 0.619 (0.607-0.632) <0.0001 Total NRI: 0.195
Event NRI: 0.499
Nonevent NRI: —0.304

1-y death and/or dialysis 0.607 (0.590-0.623) 0.664 (0.646-0.683) <0.0001 Total NRI: 0.264

Event NRI: 0.571
Nonevent NRI: —0.307

KDIGO = Kidney Disease: Improving Global Outcomes; NRI = Net Reclassification Index.
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CENTRAL ILLUSTRATION Cardiac Surgery-Specific Perioperative Serum Creatinine Change in Defining Acute

Kidney Injury After Coronary Surgery

A cardiac surgery-specific threshold of subtle perioperative 48-hour SCr increase (0.55 mg/dL) is identified to be
~ 1.8 times higher than that (0.30 mg/dL) of the current KDIGO stage-1 AKI criteria commonly used in general patient populations

A 10-year consecutive cohort of

patients undergoing coronary artery
bypass grafting (CABG) surgery from
2013 to 2022 with serial perioperative

serum creatinine (SCr) measurements

(N =37,706)
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Exploring the cardiac surgery-specific perioperative 48-hour ASCr threshold level in defining the stage-1 CSA-AKI and comparing with that of the current general
KDIGO AKI diagnostic criteria. AKI = acute kidney injury; KDIGO = Kidney Disease: Improving Global Outcomes. Created in BioRender. Joosen, R. (2023) Bio-

Render.com/j13u676.

population, necessitates surgery-specific diagnostic
criteria that differ from general AKI criteria. Despite
sharing a similar pathophysiological framework as
general AKI, the primary disease pathways for
CSA-AKI have not been fully understood but are
thought to be more associated with hypoperfusion,
ischemic-reperfusion injury, oxidative stress,
inflammation, nephrotoxicity, and external mechan-
ical causes."”'?""” Underlying these pathophysiolog-
ical pathways, many cardiac surgery-related factors
significantly influence the development, mechanism
interactions, manifestations, and interpretation of
CSA-AKI. For instance, fluid status plays an impor-
tant role in the detection and monitoring of CSA-AKI,
particularly by influencing the SCr levels.?"3! On one
hand, the use of cardiopulmonary bypass often re-
sults in a dramatic change in patient fluid balance,

where hemodilution from fluid loading can obscure
the elevated SCr levels reflecting renal injury. On the
other hand, restricted fluid management during
postoperative care and intraoperative blood loss can
tilt the SCr scale in the opposite direction, where the
observed elevated SCr may be more reflective of a
temporal “artifact” of fluid status rather than the
“true kidney injury.” Therefore, it is crucial to
consider the unique and complex perioperative state
of cardiac surgery, including patient, procedural,
preoperative, intraoperative, and postoperative fac-
tors, when defining and diagnosing CSA-AKI.

A trend toward a reduced risk was observed in
patients with a small increase in SCr (ie, in the pa-
tients with 0-0.3 mg/dL SCr increase when exploring
the relationship between 48-hour ASCrmax and 30-
day mortality, as shown in Figure 2). The possible
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explanation was twofold. First, in the RCS analysis,
we used 48-hour ASCr = 0 as the reference group.
Compared to this reference group of patients with no
perioperative SCr change, the vast majority of cardiac
surgery patients will have some degree of SCr eleva-
tion after the major stress of cardiac surgery,*” rep-
resenting the “normal majority” with “average
prognosis.” Whereas the relative minority of patients
with little increase demonstrated relatively poorer
prognosis might be due to: 1) they had a relatively
consistently high or low level of SCr throughout the
perioperative period due to underlying adverse con-
ditions (eg, baseline renal dysfunction, low muscle
mass),>>3* and/or 2) they had other detrimental fac-
tors that offset the postoperative SCr increase,> both
of which were significantly associated with worse
outcomes.

Developing cardiac surgery-specific AKI diagnosing
criteria holds important clinical implications. First, in
the current era of increased EMR accessibility and
high-frequency monitoring, the lack of cardiac
surgery-tailored AKI diagnostic criteria may lead to
the overdetection and coding of a significant pro-
portion of potentially less clinically relevant AKI with
the current general AKI definition. This might, in
part, explain the reported rapid rise in AKI among
cardiac surgery patients, which may have signifi-
cantly impacted the downstream management and
potentially diverted clinical resource allocation from
patients with greater needs.”*'* Second, no effective
pharmacologic prevention strategies have been
proven in clinical trials for CSA-AKI."? Under the
current general AKI definition, while stage-1 AKI is
highly prevalent among cardiac surgery patients, the
more severe stage-2 and/or 3 AKI are rare. Inclusion of
these heterogeneous stage-1 AKI cases, with varying
prognostic significances under the current definition,
as the primary target outcome could potentially
dilute the expected treatment effect of any testing
strategies aimed to reduce the “true renal injury.”
Whereas, simply excluding stage-1 AKI would signif-
icantly increase the required sample size for testing
strategies to detect statistically significant benefits
due to the low event rate of stage-2 and/or 3 AKIL.
Therefore, by developing more cardiac surgery-
specific criteria in defining CSA-AKI, we are effec-
tively selecting those more clinically relevant
CSA-AKI cases as the target for both clinical practice
and research.

STUDY LIMITATIONS. Several limitations of the cur-
rent study should be acknowledged. First, as a single-
center study, the impact of institutional practices
might limit the generalizability of the current

Serum Creatinine in AKI After Cardiac Surgery

findings. Therefore, future studies involving broader
patient populations are warranted. Second, the cur-
rent study focuses solely on CABG patient pop-
ulations, which have a relative more homogeneous
surgical profile. This intended focus aims to provide a
clearer answer to the question of whether the subtle
ASCr threshold level in cardiac surgery patients
significantly differs from the current general
threshold. Third, the study focused only on the ab-
solute ASCr criterion component of the current AKI
definition framework. Other criterion components,
including the relative ratio and the urine output
criteria, should theoretically also be investigated for
cardiac surgery-specific thresholds given their likely
impact during perioperative care. Fourth, although
two different threshold-exploring methods were used
and confirmed a similar threshold of the 48-hour
ASCr, other methods and/or considerations from
different perspectives (eg, clinical utility, cost-
effectiveness) could also be explored to identify
thresholds that meet other specific clinical needs.
Lastly, given the retrospective nature of this study, it
was possible that some cases of AKI might have been
missed due to lack of SCr measurements at the time of
AKI onset and AKI occurring in the very late post-
operative period (ie, beyond 7 days after surgery),’
which was beyond the scope of our current study.
The results of the study were mainly hypothesis-
generating given the retrospective design and lack
of adjustment for multiplicity and therefore war-
ranted further validation.

CONCLUSIONS

In summary, our study demonstrated the relationship
between the perioperative absolute ASCr during short
periods of time and clinical outcomes in CABG pa-
tients. Notably, we identified a cardiac surgery-
specific 48-hour ASCr threshold that was notably
higher than the threshold from the current consensus
AKI definition criteria commonly used in general
populations. Application of this newly identified
threshold could significantly impact the reported
incidence and staging composition of CSA-AKI, with
important implications for both clinical practice and
research. This finding underscores the need for future
studies to further investigate more comprehensive
cardiac surgery-specific AKI diagnostic criteria.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The
level of absolute serum creatinine change over short
periods of time after cardiac surgery was nonlinearly
associated with prognosis.

COMPETENCY IN PATIENT CARE: The cardiac
surgery-specific threshold for short-period abso-
lute serum creatinine change in defining
clinically meaningful acute kidney injury is much
higher than the current consensus definition
threshold commonly used in general patient

TRANSLATIONAL OUTLOOK: Further studies are
warranted to further validate the current hypothesis-
generating findings and call for developing a new
definition system specific for cardiac surgery-
associated acute kidney injury.
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