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Risk Prediction Models for Renal Function
Decline After Cardiac Surgery Within
Different Preoperative Glomerular Filtration
Rate Strata

Chunrong Wang @, MD* Yuchen Gao @, MD*, Bingyang Ji @, MD; Jun Li, MD; Jia Liu @, MD; Chunhua Yu, MDT;
Yuefu Wang @, MDT

BACKGROUND: Our goal was to create a simple risk-prediction model for renal function decline after cardiac surgery to help
focus renal follow-up efforts on patients most likely to benefit.

METHODS AND RESULTS: This single-center retrospective cohort study enrolled 24 904 patients who underwent cardiac surgery
from 2012 to 2019 at Fuwai Hospital, Beijing, China. An estimated glomerular filtration rate (€GFR) reduction of >30% 3 months
after surgery was considered evidence of renal function decline. Relative to patients with eGFR 60 to 89 mL/min per 1.73m?
(4.5% [531/11733)), those with eGFR >90mL/min per 1.73m? (10.9% [1200/11042]) had a higher risk of renal function decline,
whereas those with eGFR <59mL/min per 1.73m? (5.8% [124/2129]) did not. Each eGFR stratum had a different strongest
contributor to renal function decline: increased baseline eGFR levels for patients with eGFR >90mL/min per 1.73m?, transfu-
sion of any blood type for patients with eGFR 60 to 89 mL/min per 1.73m?, and no recovery of renal function at discharge
for patients with eGFR <59mL/min per 1.73m?2. Different nomograms were established for the different eGFR strata, which
yielded a corrected C-index value of 0.752 for eGFR =90 mL/min per 1.73m?, 0.725 for eGFR 60-89 mL/min per 1.73m? and
0.791 for eGFR <59 mL/min per 1.73m?,

CONCLUSIONS: Predictors of renal function decline over the follow-up showed marked differences across the eGFR strata. The
nomograms incorporated a small number of variables that are readily available in the routine cardiac surgical setting and can
be used to predict renal function decline in patients stratified by baseline eGFR.
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dition that has a high mortality rate and imposes
extreme health care expenditures.! The pathologic
transition from acute kidney injury (AKI) to CKD is multi-
factorial and remains poorly understood. Potential causes
include vascular dropout, interstitial profibrotic reactions,

Chronio kidney disease (CKD) is a devastating con-

disordered regeneration, and dysregulated apoptosis.?
Depending on the definitions used, time frame consid-
ered, and populations included, the incidence after car-
diac surgery is reported to range from 0.4% to 23%.3-°
Several clinical factors have been found to aggravate
renal function decline. A transient episode of AKI after
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CLINICAL PERSPECTIVE
What Is New?

An individual prediction model toward follow-
up renal dysfunction after cardiac surgery was
achieved in patients stratified by estimated
glomerular filtration rate (€GFR) >90mL/min
per 1.73m?, 60 to 89mL/min per 1.73m?, and
<59mL/min per 1.73m? at baseline.

What Are the Clinical Implications?

e The nomograms incorporated a small number
of variables that are readily available in the rou-
tine cardiac surgical setting and can be used to
predict renal function decline in patients strati-
fied by baseline eGFR.

e Predictors of renal function decline over the fol-
low-up showed marked differences across the
eGFR strata.

e Within the stratum of baseline eGFR >90mL/
min per 1.783m?, an increasing trend of base-
line eGFR levels indicated a greater likelihood of
renal function decline, as well as in the stratum
of eGFR 60 to 89 mL/min per 1.73m?; however,
there was no such association between eGFR
levels and renal function decline in those with
eGFR <59mL/min per 1.73m?.

Nonstandard Abbreviations and Acronyms

AKI acute kidney injury

STROBE Strengthening the Reporting of
Observational Studies in Epidemiology

least absolute shrinkage and selection
operator

LASSO

cardiac surgery, regardless of its severity, is recognized
as a leading contributor to CKD from a classical view.*®
The level of proteinuria and the extent to which renal
function recovers from AKI are considered other ideal
prognostic indicators for CKD outcome in the field of ne-
phrology,”'® but their roles in cardiac surgical settings
remain ambiguous. Among patients recovering from AKI
after cardiac surgery, CKD can still progress.®

A practical prediction score for CKD after cardiac
surgery has been proposed but is restricted to pa-
tients with a baseline estimated glomerular filtration
rate (eGFR) of at least 60mL/min per 1.73m2.8 The
recognition of renal function decline among those
with baseline eGFR <60mL/min per 1.73m? is limited.
The clinical prognosis of patients with different base-
line eGFRs has been elucidated,""? but whether risk
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factors contribute to progression of renal function de-
cline in different eGFR strata is still unclear.

The aim of this study, accordingly, was to develop a
simple nomogram that is easily used for the prediction
of renal function decline in a broad population of pa-
tients undergoing cardiac surgery of all baseline eGFR
levels. In addition, we planned to explore the preva-
lence and associated clinical risk predictors of subse-
quent renal function decline.

METHODS

Data Availability Statement

Because of the strict data regulations by Fuwai Hospital
and patient privacy considerations, patient data used
for analysis will not be made available to researchers
for the purpose of reproducing the results or replicating
the procedure.

Data Source

This retrospective cohort study was performed at Fuwai
Hospital (Beijing, China). Data on patient characteristics,
medical history, surgical procedures, and laboratory
measurements from January 1, 2012, to December 31,
2019, were extracted from the electronic health records
system, as presented in our last publication on the AKI
prediction.”® All these data had been input by clinical per-
sonnel at the time of admission or treatment. The accu-
racy and completeness of these data from our institute
were previously validated.”®='® Serial follow-up creatinine
measurements after the index hospitalization were up-
dated over time in the medical charts if the patient pre-
sented at the outpatient clinic or emergency room or
was rehospitalized. The follow-up ended on December
20, 2020. The ethics committee of our institute approved
this study before it was performed (No. 2019-1308), and
patient written consent was waived. This article adheres
to the Strengthening the Reporting of Observational
Studies in Epidemiology guidelines and the Transparent
Reporting of a Multivariable Prediction Model for Individual
Prognosis or Diagnosis statement.

Study Population

A total of 65077 adult patients (aged >18years) un-
derwent cardiac surgery at our institute over a period
of 8years. For patients with multiple surgical indexes,
data associated with the first surgery were entered.
Initially, we identified survivors who revisited our insti-
tute after discharge. Eligible patients must have had
at least 1 follow-up serum creatinine measurement
>90days after the surgical procedure because (1) kid-
ney function loss fluctuates greatly within 3 months
postoperatively,'® and (2) loss of function within 90 days
is predominantly considered acute rather than chronic
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kidney compromise.'” Other exclusion criteria consisted
of preoperative dialysis support, in-hospital death, and
a postoperative hospitalization duration >90days.
Patients who did not have baseline or postoperative
measurements of serum creatinine to estimate AKI
were not included. More details on the inclusion and
exclusion criteria are presented in Figure S1.

Definitions
AKI and eGFR

Postoperative AKI was assessed and staged accord-
ing to the Kidney Disease: Improving Global Outcomes
criteria.’® It was determined within the first postop-
erative 7days after collecting the patient’s highest
creatinine levels but did not account for urine out-
put. Preoperative creatinine measured at hospital ad-
mission was used when possible. Apart from those
suspected of having compromised renal function, all
patients had only a single serum creatinine test from
admission day until the cardiac surgery.

Patient eGFR was separately estimated at the
times of admission, hospital discharge, and follow-up.
It was calculated using the Chronic Kidney Disease
Epidemiology Collaboration equation on the basis of
patient serum creatinine level.”®

Renal Recovery Irrespective of AKI at Discharge

The difference between baseline eGFR and the last
eGFR at discharge was used to determine renal re-
covery irrespective of AKI. Renal function at discharge
was categorized as follows: (1) no recovery: eGFR at
discharge was at least 10% lower than baseline eGFR;
or (2) recovery: eGFR fell by <10%. The cutoff of a 10%
change in eGFR has been found to appropriately esti-
mate renal recovery in a clinically meaningful way.?-22
We assessed renal recovery irrespective of AKI be-
cause some patients not meeting AKI criteria could
develop unexpected “late” renal injury after the seventh
postoperative day, and their renal condition should be
updated to include the degree of kidney function re-
covery when appropriate.?324

Proteinuria Categories

Patient random spot urine samples were collected pre-
operatively. Proteinuria was examined by the urine al-
bumin: creatinine ratio or the standard semiquantitative
urine dipstick test at our institute, most often the latter.
The preoperative level closest to surgery was preferred
for each patient in this study. We categorized proteinu-
ria as normal (urine albumin:creatinine ratio <30mMg/g
or dipstick negative), mild (urine albumin: creatinine ratio
30-300mg/g or dipstick trace of 1+), or heavy (urine al-
bumin: creatinine ratio >300 mg/g or dipstick >2+).
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Follow-Up Renal Outcome

The main outcome was an affirmation of a 30% decline
or more in eGFR, calculated as the change between
the value at baseline and during follow-up. A >30% re-
duction has been proposed as a surrogate end point
of renal function decline in clinical trials since 2012,
as determined in a scientific workshop conducted by
the National Kidney Foundation and the US Food and
Drug Administration.?>?8 A diagnosis of renal function
decline is entirely dependent on laboratory data. We
considered the outcome of 30% reduction to be met if
any follow-up measurement showed such a decling, ir-
respective of any later amelioration. The follow-up time
to this outcome was calculated from the date of sur-
gery to the date of the first instance of renal function
decline, or the last follow-up date for patients who did
not experience a reduction in renal function.

Statistical Analysis

Continuous variables were reported using mean
(SD) or median (interquartile range), while categorical
variables are presented as frequency (percentage).
Missingness of data was assumed to be at random
(Table S1). Missing data were handled using multiple
imputation techniques with 5 data sets.

Candidate variables potentially associated with
follow-up renal function decline were considered
on the basis of a literature review, clinical judgment,
physiological relevance, and cardiac surgical factors.
Collinearity among the covariates was examined using
the variance inflation factor, and those having a vari-
ance inflation factor >10 were excluded. The cardiopul-
monary time and aortic clamping time had collinearity;
thus, the latter was not included in the models. Cox
hazards regression was used to investigate relation-
ships between a total of 41 candidate variables and
outcomes of interest. Corresponding hazard ratios
(HRs) and 95% Cls were reported. Cumulative rates
of renal function decline were compared with Kaplan-
Meier curves.

The relationships of continuous baseline eGFR
with serum creatinine and renal function decline were
depicted using restricted cubic splines with 5 knots.
The least absolute shrinkage and selection operator
(LASSO) technigue was employed to select candi-
date covariates to avoid model overfitting and improve
model accuracy in each eGFR stratum as well as con-
form to the rule of events per variable >10. LASSO re-
gression was specifically appropriate for patients with
baseline eGFR <59 mL/min per 1.73m? and character-
ized by a relatively large number of candidate covari-
ates but limited events of renal function decline. The
ultimate number of variables determined by LASSO
regression before multivariable Cox fitting was 14, 12,
and 10 in patients stratified into the eGFR >90mL/min
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per 1.73m?, 60 to 89 mL/min per 1.73m? and <59 mL/
min per 1.73m? groups, respectively.

To improve the clinical applicability of our models,
we constructed a nomogram for each eGFR stratum
to predict subsequent renal function decline by replac-
ing the coefficient of each variable with its closest in-
teger. Model discrimination was assessed by Harrell’s
C-index. A calibration plot was drawn to graphically
compare the observed versus predicted probabilities
of renal function decline. The final simplified model was
internally validated using a bootstrapping technique
with 1000 repetitions in both the eGFR >90 mL/min per
1.73m? and 60 to 89mL/min per 1.73m? strata and
200 repetitions in the eGFR <59 mL/min per 1.73m?
strata to assess the optimism-adjusted C-index. We
preferred bootstrap to perform internal validation in-
stead of data splitting because the latter has flaws in
inefficiency and not using all the data.?”

Sensitivity analyses were prespecified for robust-
ness on the basis of the association between baseline
eGFR levels and renal function decline in each eGFR
stratum: (1) The eGFR change used to define the end
point of renal function decline was increased from
30% to 40%; (2) the multivariable association calcu-
lation was repeated, which controlled for all selected
variables with P<0.1 in the univariable regression; (3) a
lack of renal function recovery at discharge was rede-
fined as a reduction in eGFR of at least 20%; and (4)
the length of intensive care unit stay was introduced
into LASSO regression.

R software, version 3.6.1 for Windows (R Project for
Statistical Computing, Vienna, Austria), was employed
to perform all statistical analyses.

RESULTS

Patient Characteristics

A total of 24 904 patients were eligible for entry into the
final analysis. Their mean age was 57.8 (10.7) years,
and men predominated (69.0%). The mean patient
eGFR at hospital admission and at discharge was
88 (22) mL/min per 1.73m? and 89 (28) mL/min per
1.73m?, respectively. During postoperative hospitaliza-
tion, 8283 (33.3%) patients experienced AKI. Patient
baseline characteristics, intraoperative information,
and clinical outcomes are shown in Table 1.

Patients With/Without Renal Function
Decline

Over a median follow-up of 314 (110, 607) days and a
mean follow-up of 499days, 1855 (7.4%) patients ex-
hibited renal function decline. Patients with renal func-
tion decline were 2years older than those without a
decline and were more often women. These patients
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were also accompanied with more comorbidities, in-
cluding anemia, diabetes, hyperlipidemia, stroke, hy-
pertension, and prior myocardial infarction (Table 1).

Baseline serum creatinine in patients with renal
function decline and those without a decline was 0.82
(0.23) mg/dL and 0.94 (0.22) mg/dL, respectively, and
their baseline eGFR was 101 (29) mL/min per 1.73m?
and 87 (21) mL/min per 1.73m?. The incidence of renal
function decline during follow-up increased with higher
AKI stages in a graded manner: 5.1% (844/16621) in
patients without AKI, 10.7% (782/7278) in stage 1,
211% (168/796) in stage 2, and 29.2% (61/209) in
stage 3. Compared with patients without renal function
decline, those with renal function decline had a lower
incidence of full renal function recovery at hospital dis-
charge (60.3% versus 30.8%, respectively). The num-
ber of creatinine measurements during postoperative
hospitalization (10 [6—17] versus 9 [6-16]; P<0.001) and
at follow-up (2 [1-4] versus 1 [1-2]; P<0.001) were both
significantly higher in patients who experienced renal
function decline than those who did not.

The Association of Baseline eGFR Levels
and Renal Function Decline

The restricted cubic splines displayed that, among
patients with eGFR >90 mL/min per 1.73m?, the haz-
ard of renal function decline increased with greater
baseline eGFR levels before and after thorough ad-
justment for other variables (Figure 1). Compared
with patients with eGFR 60 to 89 mL/min per 1.73m?,
those with eGFR >90mL/min per 1.73m? gained a
significantly higher risk of developing renal function
decline (HR, 2.470 [95% ClI, 2.208-2.764]; P<0.001).
However, patients with eGFR 45 to 59mL/min per
1.73m? (HR, 1.006 [95% CI, 0.803-1.261]; P=0.958)
and those with eGFR <44 mL/min per 1.73m? (HR,
0.792 [95% ClI, 0.520-1.208]; P=0.279) had compa-
rable risks of renal function decline relative to those
with eGFR 60 to 89mL/min per 1.73m? (model 1 in
Table S2). Alternatively, using an eGFR 60 to 89mL/
min per 1.73m? as the reference, an eGFR <59mL/
min per 1.73m? was not significantly associated with
a higher risk of developing renal function decline (HR,
0.961 [95% ClI, 0.777-1188]; P=0.711) (model 2 in
Table S2). The Kaplan—Meier curves of different base-
line eGFR strata are displayed in Figure S2.

Predictive Factors of Renal Function
Decline in Each eGFR Stratum

For statistical purposes, the groups of patients with
eGFR <44 mL/min per 1.73m? and those with eGFR 45
to 59mL/min per 1.73m? had a limited number of pa-
tients and ultimate events, so they were integrated into
an isolated eGFR stratum of <59 mL/min per 1.73m?.
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Table 1. Baseline Characteristics and Intra- and Postoperative Information

Overall Without renal function Renal function
Variables (n=24904) decline (n=23049) decline (n=1855) P value ASD
Demographics
Age, v* 57.8 (10.7) 57.7 (10.7) 59.4 (10.4) <0.001 0.157
Male sex* 17194 (69.0) 16053 (70.0) 1141 (61.5) <0.001 0.172
Body mass index, kg/m?* 25.3 (3.4) 25.3 (3.4) 25.3 (3.5) 0.836 0.005
Medical history
Ever/current smoker* 12214 (49.0) 11361 (49.3) 853 (46.0) 0.006 0.066
Anemia® 5650 (22.7) 5054 (21.9) 596 (32.1) <0.001 0.231
Diabetes* 6330 (25.4) 5690 (24.7) 640 (34.5) <0.001 0.216
Hyperlipidemia® 12368 (49.7) 11353 (49.3) 1015 (54.7) <0.001 0.109
History of stroke* 6593 (26.5) 6014 (26.1) 579 (31.2) <0.001 0.113
Chronic obstructive pulmonary disease* 320 (1.3) 291 (1.3) 29 (1.6) 0.282 0.025
Liver disease* 1499 (6.0) 1396 (6.1) 1083 (5.6) 0.417 0.022
Endocarditis* 186 (0.8) 167 (0.7) 19(1.0) 0.159 0.032
Hypertension* 13283 (53.3) 12119 (52.6) 1164 (62.8) <0.001 0.207
Atrial fibrillation* 3151 (12.7) 2913 (12.6) 238 (12.8) 0.799 0.006
Prior myocardial infarction* 4967 (19.9) 4546 (19.7) 421 (22.7) 0.003 0.073
Prior heart failure* 54083 (21.7) 5007 (21.7) 396 (21.4) 0.725 0.009
NHYA llI/Iv* 8899 (35.7) 8230 (35.7) 669 (36.1) 0.763 0.007
Critical status prior to surgery*t 195 (0.8) 166 (0.7) 29 (1.6) <0.001 0.079
Echocardiography
Left ventricular ejection fraction (%)* 61.0 (7.9) 61.0(7.9) 60.7 (8.1) 0.098 0.039
Preoperative medication
B Blockers* 17234 (69.2) 15926 (69.1) 1308 (70.5) 0.21 0.031
Angiotensin-converting enzyme inhibitors/ 5782 (23.2) 5232 (22.7) 550 (29.7) <0.001 0.159
angiotensin receptor blockers*
Antiplatelet agents* 7426 (29.8) 6754 (29.3) 672 (36.2) <0.001 0.148
Statins* 11509 (46.2) 10572 (45.9) 937 (50.5) <0.001 0.093
Diuretics* 46009 (18.5) 4250 (18.4) 359 (19.4) 0.335 0.023
Preoperative laboratory measurements
Hemoglobin, g/L 136.6 (16.3) 137.0 (16.2) 131.9 (16.6) <0.001 0.308
Albumin, g/L* 41.1 (4.0) 41.1 (4.0) 40.2 (4.0) <0.001 0.227
Potassium, mmol/L* 4.0 (0.4) 4.1 (0.4 4.0(0.4) <0.001 0.124
Chloride, mmol/L* 104.4 (3.4) 104.4 (3.4) 104.7 (3.5) <0.001 011
Sodium, mmol/L* 139.9 (2.8) 139.9 (2.8) 139.6 (2.8) <0.001 0.121
Calcium, mmol/L* 2.3(0.1) 2.3(0.1) 2.3(0.1) <0.001 0.132
Phosphorus, mmol/L* 1.2(0.2) 1.2(0.2) 1.2(0.2) 0.009 0.063
Uric acid, umol/L* 361.0 (101.5) 362.7 (101.3) 340.1 (101.4) <0.001 0.223
Urine nitrogen, mmol/L* 5.8(2.2) 5.9(2.2) 5.4 (2.0) <0.001 0.202
White blood cell count, 10%/L* 6.7 (1.8) 6.7 (1.8) 6.7 (1.9 0.74 0.008
Platelet count, 10%/L* 205.0 (57.8) 205.1 (57.6) 204.0 (60.3) 0.406 0.02
Baseline serum creatinine, pmol/L 0.93 (0.22) 0.94 (0.22) 0.82 (0.23) <0.001 0.525
Baseline kidney function
Baseline eGFR, mL/min per 1.73m? 87.8 (22.1) 86.7 (21.1) 100.8 (28.9) <0.001 0.555
Baseline eGFR category
>90mL/min per 1.73 m? 11042 (44.3) 9842 (42.7) 1200 (64.7) — 0.459
60-89 mL/min per 1.73 m2 11733 (47.1) 11202 (48.6) 531 (28.6)
45-59mL/min per 1.73 m? 1713 (6.9) 1615 (7.0) 98 (5.3)
(Continued)
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Table 1. Continued

Renal Function Decline After Cardiac Surgery

Overall Without renal function Renal function
Variables (n=24904) decline (n=23049) decline (n=1855) P value ASD

30-44mL/min per 1.73m? 374 (1.5) 353 (1.5) 21 (1.1)

15-29mL/min per 1.73 m? 38(0.2) 33 (0.1) 5(0.3)

<15mL/min per 1.73 m? 4(0.02) 4(0.02) 0(0)

Preoperative proteinuria degrees*

Negative 22293 (89.5) 20680 (89.7) 1613 (87.0) <0.001 0.119

Mild 2347 (9.4) 2148 (9.3) 199 (10.7)

Heavy 264 (1.1) 221 (1.0) 43 (2.3)

Surgery characteristics
Nonelective procedures* 614 (2.5) 559 (2.4) 55 (3.0) 0.161 0.033
Surgical types*

Isolated CABG 13883 (55.8) 12877 (55.9) 1006 (54.2) — 0.143

Isolated valve procedures 4151 (16.7) 3887 (16.9) 264 (14.2) —

CABG plus valve procedures 1290 (5.2) 1155 (5.0) 135 (7.3) -

Aortic procedures 1737 (7.0) 1567 (6.8) 170 (9.2) —

Other procedures 3843 (15.4) 3563 (15.5) 280 (15.1) —
Cardiopulmonary bypass time, min* 110.4 (45.9) 110.0 (45.6) 115.2 (49.8) <0.001 0.109
Aortic-cross time, min 77.7 (34.3) 77.6(34.2) 80.0 (36.1) 0.014 0.069
Duration of surgery, h 4.7 (1.7) 4.7 (1.6) 5.0(2.7) <0.001 0.119
Perioperative transfusion of any blood type*® 8065 (32.4) 7401 (32.1) 664 (35.8) — —
Intraoperative red blood cell transfusion 6278 (25.2) 5755 (25.0) 523 (28.2) 0.002 0.073
Postoperative outcomes
AKI*

None 16621 (66.7) 15777 (68.5) 844 (45.5) — 0.518

Stage 1 7278 (29.2) 6496 (28.2) 782 (42.2) — —

Stage 2 796 (3.2) 628 (2.7) 168 (9.1) — —

Stage 3 209 (0.8) 148 (0.6) 61 (3.3 — —

Dialysis support 69 (0.3) 50(0.2) 19 (1.0) <0.001 0.103
Creatinine at discharge, umol/L 0.96 (0.30) 0.95 (0.29) 1.00 (0.45) <0.001 0134
eGFR at discharge, mL/min per 1.73m? 88.5 (28.0) 88.8 (27.6) 85.6 (31.7) <0.001 0.106
eGFR ratio of discharge/admission 1.02 (0.27) 1.04 (0.27) 0.85 (0.23) <0.001 0.731
Nonrecovery of renal function at discharge* 8225 (33.0) 7106 (30.8) 1119 (60.3) <0.001 0.62
Intra- and postoperative mechanical cardiac support 124 (0.5) 108 (0.5) 21 (11) <0.001 0.077
Duration of mechanical ventilation, h 16.0 (13.0-20.0) 16.0 (13.0-20.0) 17.0 (14.0-22.0) <0.001 0.123
Length of ICU stay, d 2.0 (1.0-4.0) 2.0 (1.0-3.0) 2.0 (1.0-4.0) <0.001 0.168
Length of hospital stay, d 6.7 (6.5-8.7) 6.7 (6.5-8.6) 6.7 (6.6-9.7) <0.001 0.226
No. of postoperative creatinine measurements till 9.0 (6.0-16.0) 9.0 (6.0-16.0) 10.0 (6.0-17.0) <0.001 0176
discharge (times)

No. of follow-up creatinine measurements (times) 1.0 (1.0-2.0) 1.0 (1.0-2.0) 2.0 (1.0-4.0) <0.001 0.567

AKl indicates acute kidney injury; ASD, absolute standard difference; CABG, coronary artery bypass graft; eGFR, estimated glomerular filtration rate; ICU,

intensive care unit; and NHYA, New York Heart Association.
*Candidate variables that were considered in multivariable Cox analyses.

Defined as mechanical ventilation or mechanical cardiac support before cardiac surgery.
$Perioperative transfusion was defined as the transfusion of any blood product: red blood cells, fresh frozen plasma, or platelets.

An overview of the clinical information of patients
with and without follow-up renal function decline within
the baseline eGFR strata of >90mL/min per 1.73m?,
60 to 89mL/min per 1.73m?, and<45mL/min per
1.73m? is summarized in Tables S3 to S5. The crude
incidence of renal function decline was 10.9% (1200/11

J Am Heart Assoc. 2024;13:e029641. DOI: 10.1161/JAHA.123.029641

042), 4.5% (531/11 733), and 5.8% (124/2129) for pa-
tients with eGFR >90 mL/min per 1.73m?, 60 to 89mL/
min per 1.73m?, and <59 mL/min per 1.73m?, respec-
tively. Within the stratum of baseline eGFR >90mL/min
per 1.73m?, an increasing trend of baseline eGFR levels
indicated a greater likelihood of renal function decline
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Figure 1. The shapes of association of baseline eGFR and serum creatinine levels as continuous
variables and renal function decline depicted by restricted cubic splines.

Patients with eGFR >90mL/min per 1.73m? gained a higher risk of renal function decline than those
with eGFR <90mL/min per 1.73m?. The curves are presented with 95% Cls. (A) Without adjustment for
covariables: There was a J-shaped relationship between baseline eGFR and renal function decline. eGFR
of 42mL/min per 1.73m?2 and 86 mL/min per 1.73m? were 2 cutoffs with regard to risk of renal function
decline, because their HRs of corresponding lower limit of 95% CI were calculated as 1.0; for the sake
of clinical utility, we set the cutoffs at 45mL/min per 1.73m? and 90mL/min per 1.73m? as consistent
with KDIGO guidelines. (B) With adjustment for the covariables presented in Table 1 that were labeled
*. (C, D) Before and after adjustment for the covariables presented in Table 1 that are labeled *. eGFR
indicates estimated glomerular filtration rate; HR, hazard ratio; and KDIGO, Kidney Disease: Improving

Global Outcomes.

(HR, 1.023 [95% CI, 1.021-1.026]; P<0.001), as well as
in the stratum of eGFR 60 to 89mL/min per 1.73m?
(HR, 1.029 [95% CI, 1.018—1.040]; P<0.001). However,
there was no such association between eGFR levels
and renal function decline in those with eGFR <59mL/
min per 1.78m? (unadjusted HR, 0.988 [95% ClI,
0.966-1.011]; P=0.301). The different predictive factors
associated with renal function decline in each eGFR
stratum, which were determined by the LASSO tech-
nique before model fitting, are listed in Table 2.

Diabetes and hypertension were recognized as
significant contributors to renal function decline in the
above 3 eGFR strata (Table 2). Nevertheless, no signif-
icant interaction was gained between eGFR strata and
diabetes (P=0.125) or hypertension (P=0.642) toward
the end point.

The strongest contributor to renal function de-
cline was increased baseline eGFR levels in the eGFR
>90mL/min per 1.73m? stratum, perioperative trans-
fusion of any blood type in the eGFR 60 to 89 mL/min
per 1.73m? stratum, and no renal function recovery in
the eGFR <59mL/min per 1.73m? stratum (Figure 2).
Hypertension, transfusion of any blood type, postop-
erative AKI stages, and no recovery of renal function
at discharge were shared as common contributors to
renal function decline in all 3 eGFR categories.

J Am Heart Assoc. 2024;13:e029641. DOI: 10.1161/JAHA.123.029641

Sensitivity Analysis

The association of eGFR strata and kidney dysfunc-
tion progression remained unaltered when we re-
defined renal decline as a 40% drop in eGFR (eGFR
>90mL/min per 1.783m? versus eGFR 60-89mL/
min per 1.73m?% HR, 2.188 [95% ClI, 1.694-2.827];
P<0.001; eGFR <59mL/min per 1.73m? versus eGFR
60-89mL/min per 1.73m?: HR, 1.272 [95% ClI, 0.846—
1.911]; P=0.248). Multivariable Cox analysis, which ad-
justed for variables with P<0.1 on univariable analysis,
revealed that the relationships between baseline eGFR
and renal function decline within the 3 eGFR strata
remained unaltered (Table S6). The results regarding
the link between eGFR and renal function decline were
still unchanged in the context that the lack of recov-
ery of renal function at discharge was determined as
an eGFR drop of at least 20% (Table S7). The most
important contributor to renal function decline in each
baseline eGFR stratum also remained consistent when
the length of intensive care unit stay was additionally
incorporated into the models (figure not shown).

Nomograms for Renal Function Decline

Nomograms were built to predict the probability that
a patient will develop renal function decline following
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Table 2. Multivariable Cox Regression Analysis Using LASSO Technique of Renal Function Decline Over Follow-Up Among

Patients Stratified by Baseline eGFR Levels*

Renal Function Decline After Cardiac Surgery

eGFR >90mL/min per 1.73m?

eGFR 60-89mL/min per 1.73m?

eGFR <59mL/min per 1.73m?

Adjusted HR (95%

Adjusted HR (95%

Adjusted HR (95%

P<0.001

Variables Cl), P value Variables Cl), P value Variables Cl), P value
Baseline eGFR (1 mL/min | 1.023 (1.021-1.026), Baseline eGFR (1 mL/ 1.029 (1.018-1.040), — -

per 1.73m? increment)t P<0.001 min/1.73m? increment) P<0.001

Male sex 0.709 (0.628-0.800) — — Diuretics 0.555 (0.372-0.829)

P=0.004

Age (1-y increment)

1.031 (1.024-1.037)
P<0.001

Age (1-y increment)

1.031 (1.020-1.043)
P<0.001

P=0.209

Hypertension 1.314 (1.163-1.483) Hypertension 1.458 (1.208-1.759) Hypertension 2.298 (1.389-3.800)
P<0.001 P<0.001 P=0.001

Diabetes 1.336 (1.180-1.512) Diabetes 1.373 (1.136-1.660) Diabetes 1.244 (0.845-1.831)
P<0.001 P=0.001 P=0.269

Anemia 1.089 (0.954-1.243) — — Anemia 1.353 (0.904-2.025)

P=0.142

Myocardial infarction

1.289 (1.119-1.484)
P<0.001

LVEF (1% increment)

0.979 (0.970-0.989)
P<0.001

Stroke

1,502 (1.316-1.714)
P<0.001

Albumin (1 mg/L
increment)

0.980 (0.957-1.003)
P=0.094

Albumin (1 mg/L
increment)

0.979 (0.935-1.026)
P=0.386

Sodium (1-mmol/L
increment)

0.958 (0.938-0.978)
P<0.001

Chlorine (1-mmol/L
increment)

1.033 (1.007-1.061)
P=0.014

Calcium (1-mmol/L
increment)

0.287 (0.191-0.432)
P<0.001

Calcium (1-mmol/L
increment)

0.213 (0.106-0.427)
P<0.001

Calcium (1 mmol/L
increment)

0.156 (0.031-0.779)
P=0.023

Preoperative proteinuria
levels

Preoperative proteinuria
levels

Preoperative
proteinuria levels

P=0.844

P<0.001

Negative 1 (reference) Negative 1 (reference) Negative 1 (reference)

Mild 1.564 (1.289-1.896) Mild 1.512 (1.136-2.012) Mild 1.394 (0.857-2.266)
P<0.001 P=0.005 P=0.181

Heavy 1.253 (0.720-2.180) Heavy 2.874 (1.675-4.931) Heavy 1.736 (0.914-3.297)
P=0.426 P<0.001 P=0.092

Perioperative transfusion 1.970 (1.725-2.251) Perioperative 2.287 (1.885-2.775) Perioperative 1.917 (1.265-2.904)

of any blood type P<0.001 transfusion of any blood P<0.001 transfusion of any P=0.002

type blood type

AKI stages AKI stages AKI stages

None 1 (reference) None 1 (reference) None 1 (reference)

Stage 1 1.368 (1.207-1.550) Stage 1 1.617 (1.329-1.966) Stage 1 1.839 (1.1569-2.919)
P<0.001 P<0.001 P=0.010

Stage 2 1.739 (1.393-2.172) Stage 2 2.618 (1.909-3.590) Stage 2 1.905 (0.963-3.767)
P<0.001 P<0.001 P=0.064

Stage 3 1.050 (0.644-1.714) Stage 3 3.4683 (2.273-5.275) Stage 3 3.240 (1.528-6.871)

P=0.002

Renal recovery

Renal recovery

Renal recovery

Recovery

1 (reference)

Recovery

1 (reference)

Recovery

1 (reference)

None

1.695 (1.494-1.924)
P<0.001

None

1.893 (1.5673-2.279)
P<0.001

None

2.809 (1.876-4.206)
P<0.001

Follow-up time, d,
median interquartile
range)

335.0 (109.8-671.7)

302.9 (109.1-563.0)

264.1 (110.9-565.0)

C-index

C=0.761

C=0.744

C=0.811

AKl indicates acute kidney injury; eGFR, estimated glomerular filtration rate; HR, hazard ratio; LASSO, least absolute shrinkage and selection operator; and
LVEF, left ventricular ejection fraction.

*The variables in each eGFR stratum displayed in this table were specifically selected using the LASSO technique, which incorporated 40 candidate variables
in Table 1 labeled * and baseline eGFR levels.

The unadjusted risk associated with CKD for patients with eGFR >90mL/min per 1.73m? was HR, 1.021 (95% CI, 1.019-1.023), P<0.001; for patients
with eGFR 60 to 89 mL/min per 1.73m? was HR, 1.011 (95% ClI, 1.001-1.022), P<0.001; and for those with eGFR <59mL/min per 1.73m? was 0.988 (95% Cl,
0.966-1.011), P=0.301.
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%20z ‘Tz |1dy uo Aq Bio'sfeuinofeye//:diy wouy pspeojumoq

Wang et al

Renal Function Decline After Cardiac Surgery

A Baseline eGFR > 90 ml/min/1.73 '

L P

B Baseline eGFR 60-89 mI/min/1.73

C Baseline eGFR <59ml/min/1.73 m*

L P *P

Hypertension . 14.3 0.0002 Diabetes .

mellitus
Myocardial infaction | ® 14.4 0.0001
Left ventricular .
ejection fraction

Diabetes mellitus . 22,5 0.0000

Py i Hypertension .
reoperative

proteinuria levels . 27.0 0.0000
Baseline GFR .

Female . 30.1 0.0000

AKI . 35.9 0.0000

Preoperative .
proteinuria levels
Stroke . 355 0.0000

Age

No recovery .

of renal function 67.6 0.0000

No recovery
of renal function
Age . 101.6 0.0000

Perioperative AKI
transfusion . 117.0 0.0000

of any blood type

Baseline GFR *| 388.6 0.0000

11.2 0.0008
Diuretics prescribed| o

5.2 0.0231
preoperatively

18.5 0.0000

18.5 0.0000 11.1 0.0039

28.6 0.0000

30.0 0.0000 Hypertension . 15.0 0.0001

43.0 0.0000

Perioperative
transfusion of any .

blood type 18.1 0.0000

45.0 0.0000
. 58.4 0.0000

recovery
f renal function e | 28.0 0.0000
| 76.5 0.0000

0 100 200 300 400

- df

10 20 30 40 50 60 70 5 10 15 20 25

¥ - df ¥ - df

Figure 2. The rank of contributors to renal function decline in individual eGFR stratum.
(A) Contributors to renal function decline in patients with eGFR >90 ml/min/1.73 m2. (B) Contributors to renal function decline in
patients with 60-89 ml/min/1.73 m?. (C) Contributors to renal function decline in patients with eGFR <59 ml/min/1.73 m?2. eGFR

indicates estimated glomerular filtration rate.

cardiac surgery within each stratum of eGFR (Figure 3A
through 3C). An 11-variable nomogram regarding renal
function decline prediction was built for patients with
eGFR >90mL/min per 1.73m?: age; female sex; co-
morbidities of hypertension, diabetes, stroke, and my-
ocardial infarction; baseline eGFR levels; AKI stages;
preoperative proteinuria degrees; transfusion of any
blood type; and renal function nonrecovery at hospi-
tal discharge. A 9-variable nomogram was developed
for patients with eGFR 60 to 89 mL/min per 1.73m?:
age, hypertension, diabetes, baseline left ventricular
ejection fraction values, baseline eGFR levels, preop-
erative proteinuria degrees, AKI stages, transfusion
of any blood type, and renal function nonrecovery at
discharge. Finally, another 5-variable nomogram con-
sisting of hypertension, diuretics prescribed before
surgery, transfusion of any blood type, AKI stages, and
renal function nonrecovery at discharge was built for
patients with eGFR <59 mL/min per 1.73m?.

After internal validation via the bootstrap technique,
the corrected C-index was 0.752, 0.725, and 0.791 in
patents stratified by eGFR >90mL/min per 1.73m?, 60
to 89mL/min per 1.73m?, and <59 mL/min per 1.73m?,
respectively. The cumulative risk of renal function de-
cline by predicted 1-year risk stratification categorized
as low, medium, and high within each eGFR stratum is
displayed in Figure 4.

Calibration plots are presented in Figure S3.

DISCUSSION

The prominent strength of our analysis was that the
prediction of renal function decline in eGFR of 30%

J Am Heart Assoc. 2024;13:e029641. DOI: 10.1161/JAHA.123.029641

differed remarkably across different eGFR strata. An
individual prediction nomogram was achieved in pa-
tients with eGFR =90 mL/min per 1.73m?, 60 to 89mL/
min per 1.73m?, and <59mL/min per 1.73m?, show-
ing good internal consistency. Only a limited number
of routine clinical variables were incorporated into
each nomogram, making them easy to put into regular
practice.

The risk of follow-up renal function decline tended to
go unanimously upward with increased baseline eGFR
levels in patients without preexisting renal dysfunction,
seldom revealed by published studies focusing on car-
diac surgery. Patients with ostensibly excellent renal
performance may experience hyperfiltration or suffer
impaired renal reserve preoperatively. Their renal func-
tion subsequently declines in a rapid and progressive
fashion, manifesting as a reduction in eGFR of >30%
in the context of surgical insults or residual cardiac le-
sions. To some extent, higher eGFR levels should be
interpreted cautiously, as they are not typically per-
ceived as an ideal indicator of promising renal perfor-
mance. Elevated eGFR at baseline also gained greater
odds toward doubling of serum creatinine levels over
the follow-up.®

Instead of CKD conventionally being diagnosed
among French risk score as at least 2 follow-up eGFR
values <60 mL/min per 1.73m? separated by an interval
of at least 90 days, we have proposed that it be defined
as a decline in estimated eGFR by >30%.° A reduction
of 30% in eGFR occurs more frequently, confers bene-
fits such as shorter follow-up episodes and preemptive
prediction of CKD and end-stage renal disease,?®°
and is consistently linked with mortality risk.3°
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Figure 3. The nomogram to predict the probability that a patient will develop renal function

decline.

(A) 11-variable prediction nomogram for patients with eGFR >90mL/min per 1.73m?2. (B) 9-variable
prediction nomogram for patients with eGFR 60 to 89mL/min per 1.73m?2. (C) 5-variable prediction
nomogram for patients with eGFR <59 mL/min per 1.73m?. AKI indicates acute kidney injury; and eGFR,
estimated glomerular filtration rate.

In patients with eGFR of >90mL/min per 1.73m?,

the absence of a graded effect of

the renal function decline burden was identified, as no

J Am Heart Assoc. 2024;13:e029641. DO

rising AKI stages on

I: 10.1161/JAHA.123.029641

significant association between stage 3 AKI and CKD
was examined by either LASSO regression (Table 2)
or univariable regression with the criterion of P<0.1

10
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Figure 3. (Continued)

(Table S6), in line with prior studies by Turan et al®!
and Privratsky et al.*> The likelihood of CKD was al-
ready recognized to be somewhat greater in those with
baseline eGFR >90mL/min per 1.73m? in conjunction
with subsequent mild AKI of stage 1 compared with
those having eGFR <90mL/min per 1.73m? and de-
veloping AKI of any stage postoperatively.®? Clinicians
should therefore be aware that the grade-dependent
response effects of postsurgical CKD associated with
baseline kidney compromise severity or AKI stages
may not exist as hypothesized. Meticulous nephrology
follow-up and care related to late kidney dysfunction
should also be shifted to patients with optimal base-
line kidney performance or to those encountering mild/
moderate postoperative AKI, when appropriate.

Numerous analyses have iteratively strengthened
the conclusion that transfusion has negative effects
on AKI and dialysis support,33-3% specifically in terms
of higher red blood cell requirements.3® Nevertheless,
this is the first study to confirm that transfusion with at
least 1 type of blood product is also associated with an
increased likelihood of renal function decline at 1 year
irrespective of the patient’s eGFR stratum. Specific
mechanisms underlying the renal damage mediated
by transfusion remain ambiguous. Higher levels of
myeloid-related protein 14 released from packed red
blood cells could damage renal structures by increas-
ing the ability of neutrophil influx into the kidney.®® The
red blood cell-derived exosome is another suspected
contributor to tubular injury and fibrosis.®”

J Am Heart Assoc. 2024;13:e029641. DOI: 10.1161/JAHA.123.029641

The incidence of nonrecovery of renal function at
hospital discharge in patients with and without renal
function decline was 60.3% and 30.8%, respectively.
Despite recovered AKI at discharge after cardiac sur-
gery, renal functional reserve can persistently decrease
even 3 months later,®® and these patients gained a 2.3
times increased likelihood of CKD relative to those with-
out AKL® In the setting of cardiac surgery, much work
is still required regarding the relevant assessment of re-
sidual renal function at discharge. The confirmation of
patient recovery, therefore, relies not only on cardiac
performance and physical exercise but also on renal
function. Renal recovery may further be referred to as a
component of the discharge criteria or of targeted inter-
vention for long-term morbidity and death.

Baseline proteinuria is a well-recognized risk factor
contributing to CKD within 1 year following discharge
in noncardiac settings. The urine albumin: creatinine
ratio was affirmed to indicate long-term renal function
decline after inpatient AKI episodes.” However, semi-
quantitative measurement of proteinuria using a urine
dipstick is the predominant approach at our institute
due in part to its lower cost. In real-life clinical man-
agement, the lack of urinalysis assessments for pro-
teinuria either pre- or postoperatively, irrespective of
the degrees of baseline creatinine and eGFR, seems
somewhat huge.839-4! Interestingly, preoperative pro-
teinuria, whether mild or severe, was not correlated
with renal function decline in patients with preexisting
kidney dysfunction in our study.

11
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Figure 4. Cumulative risk of renal function decline by the predicted 1-year risk stratification,

categorized as low, medium, and high.

Risk categories were created according to interquartile range of individual patient renal function
decline risk. (A) Cumulative risk of renal function decline in patients with eGFR >90 ml/min/1.73 m2. (B)
Cumulative risk of renal function decline in patients with eGFR 60-89 ml/min/1.73 m?. (C) Cumulative
risk of renal function decline in patients with eGFR <59 ml/min/1.73 mZ.
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Though an intensive cardiac population was analyzed
in our study, the incidence of loss to follow-up serum cre-
atinine was comparably high, at nearly 50% (Table S8).
Nevertheless, with the exception of hyperlipidemia and
requirement of preoperative medications (absolute stan-
dard difference >0.2), the overall demographic and clin-
ical information on patients with and without follow-up
serum creatinine was almost well balanced. The dis-
crepancy in kidney function either at baseline (87.0mL/
min per 1.73m? [73.0-103.0] versus 86.0mL/min per
1.73m? [73.0-101.0]) or at hospital discharge (87.3mL/
min per 1.73m? [69.1-107.1] versus 86.5mL/min per
1.73m? [69.7-104.4]) was subtle between patients with-
out follow-up creatinine and those with it.

We did not account for any laboratory biomarkers
significantly predicting renal function decline, such as
calcium, sodium, and chlorine, into the 3 individual no-
mograms because they are readily modifiable factors
during intra- and postoperative management.

This risk model can be readily implemented at the
time of hospital discharge to inform about the likelihood
of advanced chronic kidney function decline and to aid
in enacting and complementing follow-up schemes to
design nephrology-based interventions.

Study Limitations

We acknowledge several limitations. First, there were
no external data from other medical institutes to further
validate the nomogram’s performance in each eGFR
stratum for renal function decline prediction, which
was a primary limitation of this study. Second, no other
candidate variables, such as urine assessments, blood
pressure, perioperative management, and medica-
tions consumed postoperatively, were available in the
database. Notably, the kidney-associated parameters
we recorded at discharge, such as proteinuria levels,
AKI severity, and kidney function recovery, had been
fully evident in terms of CKD prediction instead of
common clinical characteristics.® Third, we obtained
a relatively insufficiently long length of follow-up, with
a median renal function decline of 314 days, which in
part ensured that the renal outcomes were not due
to other de novo renal pathogeneses but rather were
secondary to cardiac surgical insults. Fourth, definition
of renal recovery irrespective of AKI in our research
is not flawed because patients with serum creatinine
changes without AKI evidence might have body com-
position changes instead of “recovery of renal func-
tion.” However, this problem could not be solved by our
retrospective monitoring alone.

CONCLUSIONS

Predictors of renal function decline over the follow-
up showed remarkable discrepancy in each eGFR
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stratum of >90mL/min per 1.73m?, 60 to 89 mL/min
per 1.73m?, and <59 mL/min per 1.73m?. The nomo-
grams for these 3 strata incorporated a limited number
of variables that are readily available in the routine car-
diac surgical setting and can be used to predict renal
function decline in patients stratified by baseline eGFR.
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