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Preoperative renal functional
reserve as a predictor of acute
kidney injury in young adults with
congenital heart disease
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Due to advances in medical and surgical care, there are more adults than children living with congenital
heart disease (CHD). Acute kidney injury (AKI) is a common complication following cardiac surgery

in patients with CHD, with creatinine lacking sensitivity for early detection. Renal functional reserve
(RFR), the kidney’s capacity to increase filtration under stress, has emerged as a potential predictor

of AKI. Our primary study objective was to evaluate whether preoperative RFR, using both creatinine
clearance (CrCl) and cystatin C estimated glomerular filtration rate (eGFR) methods, predicts AKI
following cardiopulmonary bypass in young adults with CHD. As a secondary objective, we compared
RFR in CHD patients to that of healthy controls. This prospective cohort study included 30 young adults
(ages 18-40) with acyanotic CHD and 8 healthy controls with normal baseline kidney function by serum
creatinine. Preoperative RFR was measured using CrCl and cystatin C eGFR before and after a protein
load. Postoperative AKI was diagnosed using the Kidney Disease Improving Global Outcomes criteria.
Twelve (40%) CHD patients developed AKI, exhibiting significantly lower RFR when compared to those
without AKI (median CrCI RFR: 9.6 vs. 35.0 mL/min/1.73m?; cystatin C eGFR RFR: 5.5 vs. 11.5 mL/
min/1.73m?; P<0.01). The ROC curve area for AKI prediction was 1.0 (CrCl RFR) and 0.88 (95% Cl: 0.72-
1.00, cystatin C eGFR RFR). CHD patients had lower RFR than controls (median CrCl: 25.5 vs. 56.4 mL/
min/1.73m?, P<0.01; median cystatin C eGFR: 9.0 vs. 13.5 mL/min/1.73m?, P=0.03). In conclusion,
preoperative RFR accurately predicts AKI in young adults with acyanotic CHD, providing a tool for the
identification of high-risk patients and potentially improving perioperative care.
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Recent significant advancements in the surgical and medical care of patients with congenital heart disease
(CHD) have resulted in an increase in the number of adults living with CHD'. Post-operative acute kidney injury
(AKT) is common in adults with CHD and is associated with negative outcomes, including persistent kidney
dysfunction, longer duration of mechanical ventilation, and increased length of intensive care unit (ICU) length
of stay*®. Although many patients with CHD have multiple cardiac surgeries beginning in infancy, leading to
greater cumulative AKI risk, there is a lack of literature exploring methods to determine the risk of postoperative
AKI in patients with CHD. The preoperative identification of high-risk patients could impact clinical decisions
related to procedure timing, hemodynamic monitoring, and the use of medications.

The risk of AKI in patients with CHD arises from a combination of factors, including individual susceptibility
and the degree of exposure to hypoxia, cardiopulmonary bypass, or nephrotoxic medications*. Among the key
contributors to susceptibility, a reduction in kidney mass is a significant factor and commonly not evident
based on traditional methods of assessing kidney function (e.g., serum creatinine, urinalysis, blood pressure
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measurements) in patients with CHD. In 1983, Bosch et al. outlined a method to quantify renal functional
reserve (RFR) by quantifying baseline and stress glomerular filtration rate (GFR) after a protein load®. The
kidney’s ability to maintain GFR within normal ranges despite reducing renal mass indicates the presence of
RFR. Since the work of Bosch and colleagues, a lack of increase in GFR in response to a protein load has been
shown in individuals with reduced nephron mass due to numerous etiologies, suggesting that a reduction in RFR
may represent an increased susceptibility to the effects of kidney insults®~*°.

As it is not yet routinely used in clinical care, work has been done to standardize the measurement of RFR
using creatinine clearance (CrCl)!!. We and other groups have published on using cystatin C estimated GFR
(eGFR) to quantify RFR as it can be completed over a shorter time period when compared to CrCl'2*3. In a
prospective cohort of adults with a normal resting GFR undergoing elective cardiac surgery, Husain-Syed et al.
reported that preoperative RFR calculated using CrCl highly predicted postoperative AKI with an area under
the receiver operating characteristic curve of 0.83'%. To our knowledge, no prior work quantifies RFR in patients
with CHD or, importantly, explores its association with the risk of AKI. Therefore, the primary objective of the
study was to evaluate the ability of preoperative RFR (using both CrCl and cystatin C eGFR methods) to predict
AKI after cardiopulmonary bypass in young adults with CHD and a normal resting eGFR. A secondary aim
of our study was to compare RFR values in young adults with CHD with those of young adults without CHD.
Furthermore, many investigators have reported that urine albumin excretion is a reliable prognostic marker
of chronic kidney disease progression!'>!¢, but there is scant data on using urine albumin to predict AKI. As a
result, an additional secondary aim of this study was to assess the association of preoperative albuminuria with
postoperative AKI in young adults with CHD.

Materials and methods

Study design and participants

Patients with acyanotic CHD 18-40 years of age with a documented eGFR260 (based on serum creatinine
within the prior two years) and plans for cardiac surgery requiring cardiopulmonary bypass in the following four
weeks were approached for study participation. Patients were excluded if they had a history of urologic diseases,
dialysis, or kidney transplant. Individuals 18-40 years of age with no known history of cardiac disease, kidney
disease, transplantation or urologic disease were recruited from the University of Pittsburgh campus. Notably,
we chose the young adult age range of 18-40, given that human studies have demonstrated an annual decline in
GFR of about 0.8 mL/min/1.73m2 per year after the age of 30 years!’. The Institutional Review Board approved
the study at the University of Pittsburgh (Study Number 18110108). Informed consent was obtained from all
study participants. All procedures followed the ethical standards of the Institutional Research Committee and
the 1964 Helsinki Declaration.

Baseline variables

Information regarding the CHD diagnosis and percent ejection fraction from an echocardiogram done in the
preceding month was obtained from the medical record. For all study participants, height and weight were
recorded at the start of the study, and body surface area was calculated using the DuBois and DuBois formula'.
Blood pressure stages for systolic and diastolic values were determined using automatic readings based on the
2017 guidelines from the American College of Cardiology and the American Heart Association'®. Baseline
eGFR was quantified from the first serum creatinine and cystatin value upon arrival to the study visit. For
individuals > 25 years of age, we defined baseline eGFR using the 2021 Chronic Kidney Disease Epidemiology
Collaborative (CKD-EPI) equation, including both serum creatinine and cystatin C*. The Chronic Kidney
Disease in Children under age 25 (CKiD U25) equation was used to define baseline eGFR for study participants
18-25 years of age, also including both serum creatinine and cystatin C*!.

All subjects collected urine specimens immediately after awakening on the day of RFR quantification of total
protein and creatinine. Clinically significant proteinuria was defined as a protein-to-creatinine ratio of > 0.2 mg/
mg?2. Urine albumin was also determined from the first-morning specimen, and albuminuria categories were
classified by a ratio of albumin to creatinine as previously defined®. Using a modified Jaffe technique, serum and
urine creatinine were run in the clinical laboratory at UPMC Children’s Hospital of Pittsburgh (CHP). Also, in
the clinical laboratory at CHP, cystatin C was run using the turbidimetric method, enlisting the most up-to-date
material from the International Federation of Clinical Chemistry.

Quantification of renal functional reserve and glomerular filtration rate
Figure 1 shows the overall study flow. Before study participation, individuals were mailed instructions on a
low protein diet (< 15 g/meal) for the night before and the morning of the study and to discontinue the use of
angiotensin-converting enzyme inhibitor or angiotensin receptor blocker medications 48 h before the study?*.
A urine specimen container was also mailed to the subjects, and they were instructed to bring a first-morning
urine specimen on the day of the study, which was sent for albumin, total protein, and creatinine, as described
above. To ensure normal hydration status, all subjects were asked to drink eight ounces of water before study
arrival. See Supplementary Fig. 1 for the study data collection form. The protocol was constructed based on prior
published studies using CrCl and cystatin C eGFR to quantify RFR!>"!%. The study occurred at CHP’s Pediatric
Clinical and Translational Research Center (PCTRC). For participant convenience, the study day corresponded
with the subject’s pre-operative cardiac surgery clinic visit in an office next to the PCTRC, and the protein load
was ingested during the clinic visit. In addition, pre-operative labs were obtained with one of the study blood
draws.

After emptying their bladders at Time 0, participants completed three spontaneous urine collections with
blood draws immediately following. Since the majority of prior studies quantifying RFR have used a 60-80 g
oral red meat protein load, and red meat has been shown to induce the greatest change in GFR, the protein
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Fig. 1. Flow chart of the renal functional reserve test. This figure depicts the structured timeline and
procedures for preparing and acquiring blood and urine samples to assess renal functional reserve. Three urine
and blood specimens were obtained before and after participants ate a 78-g protein-containing burger.

load used for this study was three beef burgers with protein dosed at 78 g>°. The protein load was administered
after the third urine collection and blood draw over 15-20 min. Participants then completed three more timed
spontaneous urine collections with blood draws to follow. CrCl was calculated and adjusted for 1.73m? of body
surface area: CrCl=(urine creatinine (mg/dL) x urine volume (mL))/(time (minutes)*serum creatinine (mg/
dL)) x 1.73/body surface area (kg/m?). The mean value of the three CrCl values obtained before the protein load
was considered the resting CrCl GFR. The stress CrCl was defined as the highest value reached after the protein
load'®. Renal functional reserve using CrCl was calculated from the difference between the stress and resting
CrCl. Blood for cystatin C was obtained at baseline (prior to the protein load) and then 1, 2 and 3 h after the
protein load and eGFR was calculated using the CKD-EPI and CKiD U25 equations as described above*2!. The
baseline cystatin C based eGFR was subtracted from the nadir cystatin C based eGFR after the protein load to
calculate the cystatin C eGFR determined RFR.

Variables obtained during hospital admission

The type of cardiac surgery, cardiopulmonary bypass time, and cross clamp time were collected. Hourly doses
of all vasoactive medications were recorded for the first 24 h after admission to the ICU, and the maximum
vasoactive-inotropic score was calculated?”. Hourly urine output and daily serum creatinine values were
obtained from patient charts throughout their hospital admission in order to diagnose AKI using the Kidney
Disease Improving Global Outcomes (KDIGO) criteria®®. Baseline serum creatinine was the value obtained at
the start of the study visit quantifying RFR. The time window for defining AKI began on postoperative day zero
and included the entire hospital stay. All medications given throughout the hospital admission were recorded.
Data regarding length of stay and mortality was also obtained.

Statistical analysis

Continuous variables were summarized as medians with interquartile ranges (IQR), and categorical data were
displayed as counts (percentages). Normality was evaluated through histograms and the Shapiro-Wilk test.
Continuous and categorical variables were compared using the Kruskal-Wallis test, Pearson’s Chi-square test,
or Fisher’s exact test where appropriate. Receiver-operator (ROC) curves were generated with 95% confidence
intervals (CI) to evaluate the sensitivity and specificity of RFR based on CrCl, RFR based on cystatin C eGFR,
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All Patients AKI+ AKI -
Variable® (n=30) (n=12) (n=18) P-value
Age (years) 29 (25-34) 29.5 (24-34) 29 (26-35) 0.64
Sex (female) 12 (40.0) 3(25.0) 9 (50.0) 0.17
BMI (kg/mz) 28.0 (24.5-30.1) 27.1(25.9-29.7) 28.6 (24.2-31.6) 0.80
Baseline cystatin C and creatinine eGFR (mL/min/1.73m?2)® | 111.5 (100.0-124.0) | 113.1 (103.2-125.0) | 108.0 (96.0-120.0) | 0.33
Ejection Fraction from Most Recent Echocardiogram (%) 58.5 (55-62) 59.5 (56-61) 58 (55-63) 0.69
Primary CHD Diagnosis
. 6(20.0) 0(0) 6(33.3)
Ebstgm Anomaly 6 (20.0) 3 (25) 3(16.7)
Aortic Stenosis
0 X . 4(13.3) 2(16.7) 2(11.1)
ypertrophic Cardiomyopathy
) 3(10.0) 2(16.7) 1(5.6)
Coarctation of the Aorta 0.26
. 3(10.0) 2(16.7) 1(5.6)
Pulmonary Valve Stenosis
3(10.0) 1(8.3) 2(11.1)
Tetralogy of fallot
Bicoso, ' ) o 3(10.0) 2(16.7) 1(5.6)
icuspid Aortic Valve, Aortic Regurgitation
PAPVR 2(6.7) 0(0) 2(11.1)

Table 1. Baseline Characteristics of Patients with Congenital Heart Disease. *Data expressed as median
(interquartile range) or n (%). bUsing the 2021 Chronic Kidney Disease Epidemiology Collaborative (CKD-
EPI) equation if > 25 years of age or the Chronic Kidney Disease in Children under age 25 (CKiD U25)
equation if 18-25 years of age. Abbreviations: AKI Acute Kidney Injury, BMI Body Mass Index, eGFR
estimated glomerular filtration rate, CHD Congenital Heart Disease, PAPVR Partial Anomalous Pulmonary
Venous Return.

All Patients | AKI+ AKI -

Variable® (n=30) (n=12) (n=18) P-value
Surgical Procedure
Cone Procedure 6(20.0) 0(0) 6(333)
Pulmonary Valve Replacement 6(200) 3(250) 3(167)
Ross Proczdure P 6(20.0) 3(25.0) 3(16.7)

. 5(16.7) 3(25.0) 2(11.1) 0.19
Aortic Valve Replacement
S 4(13.3) 2(16.7) 2(11.1)

eptal Myomectomy

' 2(6.7) 0(0) 2(11.1)
Repair of PAPVR 1(3.3) 1(8.3) 0(0)
Bentall Procedure ’ ’
fTAT Category 6(20) 2(16.7) 4(222)
2 11(36.7) 6 (50.0) 5(27.8) 0.25
3 8(26.7) 1(8.3) 7 (38.9) :
1 5(16.7) 3(25.0) 2(11.1)
CPB Time (minutes) 137(65-168) | 114 (49.5-182) | 137.5 (72-161) | 0.57
Cross Clamp Time (minutes) 64 (35-108) | 63 (35-89) 76.5(38-122) | 0.40

Table 2. Surgical Characteristics (n=30). Abbreviations: STAT The Society of Thoracic Surgeons-European
Association for Cardio-Thoracic Surgery, PAPVR Partial Anomalous Pulmonary Venous Return, CPB
Cardiopulmonary Bypass.

baseline serum creatinine, and baseline serum cystatin C for predicting AKI. Two-sided p-values of less than
or equal to 0.05 were deemed statistically significant. Analyses were performed using STATA 16.1 (Stata Corp,
College Station, TX, USA).

Results

Baseline characteristics of the young adults with congenital heart disease

Table 1 shows the baseline characteristics of the 30 patients with CHD who were enrolled in the study. No
participants met clinical criteria for hypertension or proteinuria at the time of study enrollment!®?2. The most
common diagnoses were Ebstein Anomaly and aortic stenosis (40% of the total cohort). All CHD participants
underwent cardiac surgery with cardiopulmonary bypass within two weeks of completing the RFR study. As
shown in Table 2, the most common surgeries done were pulmonary valve replacement and Ross and Cone
procedures, each occurring in 20% of patients. The median baseline eGFR based on cystatin C and creatinine
was 111.5 (100.0-124.0) ml/min/1.73m? among all patients with CHD.

The association of characteristics and exposures with acute kidney injury in patients with
congenital heart disease

Twelve (40%) of patients experienced AKI, five stage 1 and seven stage 2. Of the twelve patients with AKI, the
diagnosis was made by serum creatinine in six patients, urine output in three patients, and both serum creatinine
and urine output criteria in three patients. The majority of AKI was diagnosed on postoperative days 0 or 1
(83.3%), with only two patients meeting AKI criteria for the first time on postoperative days 2 or 3. Of the ten
patients where AKI was diagnosed on days 0 or 1, five were diagnosed by a rise in serum creatinine, three were
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All Patients AKI+ AKI -
Variable® (n=30) (n=12) (n=18) P-value
Resting CrCl GFRP 112.1 (105.0-117.1) | 114.9 (107.7-120.5) | 111.8 (105.0-115.0) 0.22
Resting Cystatin C Estimated GFR>* 122.5 (107.1-140.0) | 120.0 (105.3-132.5) | 122.5 (107.1-185.0) 0.40
Renal Reserve CrCI° 25.5(10.1-36.0) 9.6 (8.0-11.6) 35.0 (27.1-43.8) <0.001
Renal Reserve Cystatin C Estimated GFRb¢ 9.0 (6.0-12.0) 5.5(5.0-7.4) 11.5 (9.0-14.0) <0.001
Preoperative Urine Albumin-to-Creatine Ratio? | 90.1 (59.3-219.5) 177.4 (58.0-297.3) | 81.7 (59.3-192.0) 0.27

Table 3. Kidney Function Measures in Young Adults with Congenital Heart Disease Prior to Surgery. *

Data expressed as median (interquartile range). ®Units: mL/min/1.73m?. “Using the 2021 Chronic Kidney
Disease Epidemiology Collaborative (CKD-EPI) equation if > 25 years of age or the Chronic Kidney Disease
in Children under age 25 (CKiD U25) equation if 18-25 years of age. Units: mg/g. AKI Acute Kidney Injury,
GFR estimated glomerular filtration rate, CrCI Creatinine Clearance.
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Fig. 2. Preoperative renal functional reserve in patients with acute kidney injury as compared to patients
without acute kidney injury. Median (IQR) renal functional reserve quantified by both creatinine clearance
(CrCl) and cystatin C estimated glomerular filtration rate (cysC eGFR) was significantly greater in young
adults with congenital heart disease without AKI (CrCL: 35.0 (27.1-43.8) ml/min/1.73m? cysC eGFR: 11.5
(9.0-14.0) ml/min/1.73m?) as compared to young adults with congenital heart disease with AKI (CrCl: 9.6
(8.0-11.6) ml/min/1.73m? cysC eGFR: 5.5 (5.0-7.4) ml/min/1.73m?).

diagnosed based on urine output, and two were diagnosed by meeting both criteria. The median duration of
AKI during the hospitalization was 116 (IQR 75-139) hours. In 9 patients (75%), AKI persisted beyond 48 h.
Additionally, five patients meeting AKI criteria (41.7%) did not have documented creatinine and/or urine output
evidence of AKI recovery at the time of hospital discharge.

There were no differences in any baseline or surgical characteristics when comparing patients with and
without AKI (Tables 1 and 2). Supplementary Table 1 shows potentially nephrotoxic medications administered to
study participants perioperatively*®?’. There was no difference in AKI incidence based on any of the medications
given during the hospital admission. The majority of patients (66.7%) received no vasoactive medications after
admission to the ICU. The maximum vasoactive-infusion score in the first 24 h after surgery was not different
between patients who developed AKI and those who did not (median [IQR] 0 [0-1] vs. 0 [0-2], p=0.70).
The median (IQR) ICU and hospital length of stays were 2 (2-3) and 5 (4-6) days, respectively. There was
no difference in length of stay when comparing those with versus without AKI. No patients died during their
hospital admission.

All patients completed the 78-g protein load within 15-20 min at study hour 3.5. The peak increase in CrCl
and cystatin C eGFR occurred two hours after the protein load in 25 (83.3%) and three hours after the protein
load in 5 (16.7%) participants. Supplementary Fig. 2 shows the median values of cystatin C eGFR, and CrCl GFR
prior to the protein load, and at 1, 2, and 3 h following protein ingestion. As shown in Table 3, the median (IQR)
RER based on CrCl was 25.5 (10.1-36.0) mL/min/1.73m?. The median (IQR) cystatin C eGFR RFR was 9.0
(6.0-12.0) mL/min/1.73m?. The median (IQR) RFR based on CrCl for patients with AKI was 9.6 (8.0-11.6) mL/
min/1.73m?. The median (IQR) cystatin C eGFR RFR for patients with AKI was 5.5 (5.0~7.4) mL/min/1.73m>.
The median (IQR) RER based on CrCl for patients without AKI was 35.0 (27.1-43.8). The median (IQR) cystatin
C eGEFR for patients without AKI was 11.5 (9.0-14.0). The RFR quantified by both CrCl and cystatin C eGFR
was significantly lower in patients who met the criteria for AKI than in those who did not (P<0.001; Table 3
and Fig. 2). As shown in Fig. 3, the RFR based on CrCl perfectly predicted AKI with a cutoff between 12.3 and
20.0 mL/min/1.73m?, achieving 100% sensitivity and specificity (AUC =1.0). The AUC for predicting AKI for
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Fig. 3. The areas under the receiver operating characteristic curve (AUC) for four kidney function assessment
methods to predict acute kidney injury. Each AUC is shown with associated 95% confidence intervals for:

(a) renal functional reserve quantified by cystatin C estimated glomerular filtration rate (GFR), (b) renal
functional reserve quantified by creatinine clearance (CrCl), (c) baseline serum creatinine, and (d) baseline
serum cystatin C. *confidence interval cannot be calculated due to perfect separation.

cystatin C eGFR RFR was 0.88 (95% CI: 0.72-1.00). In contrast, the AUC for creatine was 0.50 (95% CI: 0.29-
0.74), and baseline cystatin C was 0.52 (95% CI: 0.30-0.72).

The median (IQR) preoperative albumin to creatinine ratio was 90.1 (59.3-219.5) mg/g and there was no
difference in median values when comparing patients with and without AKI (Table 3). Eighty-seven percent of
patients (n=26) had an albumin-to-creatinine ratio of 30-300 mg/dl.

Renal functional reserve in healthy young adults

Eight healthy young adults were enrolled and completed the study. The median (IQR) age was 23.5 (21.5-24.5)
years and 62.5% of participants were female. All study participants had no clinically significant albuminuria or
proteinuria based on a first-morning urine specimen®*?*. Blood pressure values were obtained at the beginning
of the study, and no participants met the criteria for hypertension'®. The median baseline eGFR based on cystatin
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Fig. 4. Renal functional reserve in young adults with congenital heart disease as compared to young adults
without congenital heart disease. Median (IQR) renal functional reserve quantified by both creatinine
clearance (CrCl) and cystatin C estimated glomerular filtration rate (cysC eGFR) was significantly greater

in young adults without congenital heart disease (CrCl: 56.4 (42.5-70.7) ml/min/1.73m? cysC eGFR: 13.5
(11.5-19.0) ml/min/1.73m?) as compared to young adults with congenital heart disease (CrCl: 25.5 (10.1-36.0)
ml/min/1.73m? cysC eGFR: 9.0 (6.0-12.0) ml/min/1.73m?).

C and creatinine was 122.5 (112.5-126.5) ml/min/1.73m?. Similarly to the patients with CHD, all participants
completed the 78-g protein meal within 15-20 min at study hour 3.5. The peak increase in CrCl and cystatin C
eGEFR occurred two hours after the protein load in 6 (75%) participants and three hours after the protein load in
2 (25%) participants. The median (IQR) RFR based on CrCl was 56.4 (42.5-70.7) mL/min/1.73m?. The median
(IQR) cystatin C eGFR RFR was 13.5 (11.5-19.0) mL/min/1.73m?.

Renal functional reserve in young adults with congenital heart disease as compared to
healthy young adults

Subjects with CHD were older (29.0 (25-34) vs. 23.5 (21.5-24.5) years, P=0.01) with a higher BMI (28.0 (24.5-
30.1) vs 23.9 (22.3-26.4) kg/m?, P=0.03) kg/m? when compared to those without. There was no difference in sex
or baseline eGFR when comparing those with and without CHD. Renal functional reserve quantified by both
CrCl and cystatin C was significantly less in young adults with CHD when compared to those without (Fig. 4).

Discussion

Our study findings show that RFR strongly predicts AKI after cardiac surgery in young adults with acyanotic
CHD with normal baseline eGFR, using either a CrCl or a cystatin C eGFR method. Notably, RFR based on CrClI
showed perfect predictive ability for AKI, while baseline renal function markers such as creatinine and cystatin
C were poor predictors. Preoperative risk assessment for AKI is essential for optimizing patient management
and potentially improving outcomes. Stratifying patients by AKI risk before surgery can aid clinical decision-
making, patient education and identify high-risk patients for trial enrollment.

Prior study results have demonstrated that the risk of AKI during cardiac surgeries can be reduced by
identifying high-risk patients and applying a comprehensive care bundle accordingly®®. However, these studies
stratified patients based on biomarker evidence of kidney stress. Patients with reduced RFR can be identified
well before receiving surgery or other planned stressors and, therefore, benefit from a proactive management
strategy, including minimizing nephrotoxic medications, reducing exposure to radiocontrast, adjusting fluid
intake, nephrology consultation upon hospital admission, and possibly even changes to the surgical and
anesthetic plans?®?. Medications like ACE inhibitors, ARBs, and sodium-glucose cotransporter 2 inhibitors have
shown promise in mitigating kidney damage in conditions like diabetes and hypertension®*-32. Furthermore,
this strategy could also be combined with biomarker measurements following surgery. Future work is needed
to explore if patients with reduced RFR may benefit from these medications to help reduce intraglomerular
pressure and GFR decline.

Importantly, patients with CHD in our study had significantly lower RFR values, whether measured by CrCl
or cystatin C eGFR, compared to those without CHD despite all participants having a similarly normal baseline
eGFR. This finding suggests that a lower RFR could indicate compromised "kidney fitness” or the kidney’s ability
to adapt to physiological stressors, such as cardiac surgery>. A kidney experiencing reduced fitness might be
operating at or near its maximum filtration capacity, thus limiting its ability to increase filtration under stress and
heightening the risk of AKI. Interestingly, although not statistically significant, baseline eGFR was higher in the
AKI group when compared to those who did not experience AKI, suggesting possible hyperfiltration in which
the remaining functional nephrons in the kidney increase their filtration rate to compensate for lost renal mass,
potentially masking early kidney damage™.
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There is a lack of methods to determine AKI risk in patients without kidney disease recognizable by
serum creatinine, proteinuria, or blood pressure findings. Cooper et al. highlighted the persistent elevation of
biomarkers such as IL-18 and liver-type fatty acid-binding protein seven years after cardiopulmonary bypass-
induced AKI, suggesting subclinical kidney damage despite normal kidney function by conventional measures*
. Volovelsky and colleagues demonstrated the predictive value of preoperative fibroblast growth factor 23 for
severe AKI post-cardiac surgery®®. This concept of kidney frailty or fitness emphasizes the importance of early
risk stratification and intervention, particularly for vulnerable populations like those with CHD where the six-
year mortality rate is five-fold higher for adults with CHD with a moderate or severe reduction in GFR when
compared to patients with a normal GFRY.

Our results highlight the utility of cystatin C for estimating GFR, eliminating the need for timed urine
collections required by CrCl. The cystatin C method offers a faster and more practical alternative for clinical
use. Our data also indicates that creatinine-based estimates of RFR exceed those derived from cystatin C. This
discrepancy is likely due to the increased tubular secretion of creatinine following a protein-rich meal, which
prior studies have shown raises serum creatinine concentrations through non-steady state conditions induced
by the conversion of creatine to creatinine during cooking!2. Our results also provide important insights into
the timing of a GFR increase following a protein load. The peak increase in CrCl and cystatin C eGFR occurred
two hours after the protein load in 82% of our study participants. This is consistent with previous studies that
show a peak GFR increase within three hours after a protein load in subjects with a normal baseline eGFR!!~13.
Notably, Christiadi et al. demonstrated that in patients with CKD, plasma cystatin C levels reached their lowest
point approximately four hours after a protein load in more than 40% of CKD stage 3 patients and 52% of those
with CKD stage 4. This delayed response suggests that individuals with reduced baseline kidney function
may require a longer sampling period to fully capture the peak GFR increase compared to those with a normal
baseline GFR.

The albumin-to-creatinine ratio is a well-established predictor of CKD progression, with evidence linking
elevated ACR levels to worse outcomes, such as accelerated declines in GFR®. However, its use in predicting
AKIT is less extensively studied. We found no statistically significant difference in the preoperative albumin to
creatinine ratio between patients with AKI and those without, although values were numerically greater in those
with AKL

Our study has several strengths, including its prospective design and the use of both CrCl and cystatin
C-based eGFR methods to assess RFR in patient cohorts at increased risk for kidney disease progression.
However, our study also has limitations, such as the small sample size and the focus on a younger, predominantly
acyanotic CHD population, which may limit the generalizability of our results to older or more diverse cohorts.
In larger cohorts, it is plausible that the observed perfect prediction may not hold as precisely, given the potential
for increased variability. We did not have data available regarding a history of prior AKI episodes or detailed
data on prior surgical history, including the number and type of previous cardiac surgeries. In patients with
congenital heart disease, multiple staged surgical interventions are common and could influence the risk of
kidney injury and long-term renal outcomes. In addition, we did not assess urinary retention with bladder
ultrasound or urinary catheterization, which could have resulted in measurement error. Our clinical laboratory
used a modified Jaffe technique for reporting serum creatinine, and the CKiD25 equation was validated using
an enzymatic method. Additionally, the discrepancy between creatinine-based and cystatin C-derived estimates
of renal function points to the need for more precise methods to assess RFR. An important consideration
in interpreting our findings is the time-dependent nature of serum biomarker responses to acute changes in
GFR. Cystatin C may require time to reach a new steady-state concentration following changes in filtration
rate, potentially limiting its ability to capture rapid, transient increases in GFR fully. This may partly explain
the smaller magnitude of RFR observed with cystatin C compared to creatinine clearance. Nonetheless, the
statistically significant changes observed with cystatin C suggest that it remains sensitive to detecting RFR, albeit
potentially with reduced sensitivity to very short-lived fluctuations. Real-time GFR monitoring using fluorescent
molecules and transdermal sensors shows significant potential for accurately and efficiently assessing RFR in
future investigations®.

In conclusion, our study highlights the strong predictive value of RFR for identifying AKI risk after cardiac
surgery in young adults with acyanotic CHD and normal baseline eGFR. Using cystatin C as an alternative to
creatinine clearance offers a faster, more practical method for quantifying RFR. Future work should determine
the relationship between RFR and long-term outcomes, such as CKD progression, and explore the use of real-
time monitoring technologies to improve early risk stratification and intervention.
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The data supporting the findings of this study are not publicly available due to restrictions imposed by the Uni-
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