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Abstract

Background Accurate estimation of glomerular filtration rate (eGFR) is essential for managing pediatric chronic
kidney disease (CKD). While multiple eGFR equations are used clinically, their reliability in adolescents transitioning
to adulthood with pediatric-onset CKD remains uncertain. This study aimed to evaluate the accuracy of 10 eGFR
equations against measured GFR (mGFR) values in South Korean adolescents and young adults with CKD using data
from the KoreaN Cohort Study for Outcomes in Patients With Pediatric Chronic Kidney Disease (KNOW-PedCKD)
cohort.

Methods Patients aged > 15 years who underwent mGFR testing were included in the KNOW-PedCKD study. mGFR
was determined using plasma clearance of *'Cr-EDTA or *™Tc-DTPA. Ten eGFR equations (U25¢, U25¢c, U25¢, ¢,
Schwartze, CKiD¢.cysc, FASc-Age, FAS-Ht, FASe o, CKD-EPIe, and CKD-EPI¢.sc) were compared with concurrent
mGFR values. Performance was assessed using bias, precision, and accuracy expressed as the percentage of eGFR
estimates within 10% [P10] and 30% [P30] of the mGFR.

Results The analysis encompassed 187 mGFR measurements from 82 patients (median age 18.4 years, interquartile
range (IQR) 16.5-20.8; 75.9% male). Median mGFR was 42.3 (19.3-70.5) mL/min/1.73 m?. Overall, the U25¢, ¢y Showed
the most balanced performance, with low bias (1.9 mL/min/1.73 m?), high precision (SD 10.5), and accuracy values of
32.6% for P10 and 67.4% for P30. FAS.-Ht equation exhibited the highest accuracy (77.0%) and the lowest bias (-0.44),
with slightly lower precision (SD 12.5). Both equations performed constantly across adolescents and young adult
subgroups. In contrast, CKD-EPI, equation consistently overestimated GFR with the highest bias and lowest accuracy.
None of the evaluated equations achieved accuracy of 80-90% within 30% of mGFR, which are generally considered
acceptable. However, after exclusion of measurements corresponding to CKD stage 5, the FAS.-Ht and Schwartz,
equations achieved P30 accuracies of 84.6% and 84.0%, respectively.
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Conclusions The eGFR equations covering children — particularly U25¢ ¢ and FAS.-Ht equations — provide
more reliably estimates of GFR than adult equations in Korean adolescents and young adults with CKD. These findings
support the use of age-spanning formulas during transitional care to improve clinical accuracy and continuity.

Keywords Chronic kidney disease, Glomerular filtration rate, Adolescence

Background

Glomerular filtration rate (GFR) is a standard measure
of kidney function. Although inulin clearance is consid-
ered the gold standard, it is rarely used in clinical prac-
tice owing to its complexity. The measured GFR (mGFR)
using isotope tracers serves as a reliable reference
method; however, estimated GFR (eGFR) equations are
more practical and widely adopted in routine care.

Accurate estimation of GFR is essential for manag-
ing pediatric chronic kidney disease (CKD) and guiding
diagnosis, staging, treatment decisions, and prognostic
assessments, all of which significantly influence long-
term outcomes and quality of life [1, 2]. Among the vari-
ous pediatric eGFR equations, the Schwartz equation,
particularly the 2012 version, is the most validated and
commonly used for children and adolescents with mild to
moderate CKD [3]. In adults, the 2021 CKD Epidemiol-
ogy Collaboration (CKD-EPI) equation is widely used; it
estimates GFR based on creatinine, age, and sex and does
not include race as a variable [4].

However, there is no consensus regarding the optimal
eGFR equation for individuals transitioning from ado-
lescence to early adulthood. Studies have shown persis-
tent discrepancies between pediatric and adult equations
extending into the third decades of life [5, 6]. Such dis-
continuities can complicate clinical decision making and
lead to confusion during the transition from pediatric to
adult care. To address this gap, age-spanning equations
such as the Full Age Spectrum (FAS) and the U25 equa-
tions developed by the Chronic Kidney Disease in Chil-
dren (CKiD) Study have been proposed [7, 8].

This study aimed to compare ten different eGFR equa-
tions with corresponding mGFR determinations in
Korean pediatric CKD patients aged 15 years and older
using data from the KoreaN cohort study for Outcomes
in patients With Pediatric CKD (KNOW-PedCKD)
cohort to identify the equation that most accurately
reflects true kidney function during the transition from
adolescence to early adulthood.

Materials and methods

Study participants and definitions

CKD patients aged > 15 years who underwent mGFR
testing were enrolled in this study from the KNOW-
PedCKD, a multicenter, prospective, observational
cohort study (ClinicalTrials.gov: NCT02165878; date of
registration: June 11, 2014) [9, 10]. Recruitment was con-
ducted between 2011 and 2016 at seven major pediatric

nephrology centers in South Korea. Enrolled participants
underwent annual assessments, including anthropomet-
ric measurements, laboratory tests, kidney ultrasonogra-
phy, cardiovascular assessments, metabolic bone disease
marker detection, and standardized questionnaires, as
previously described [9, 10]. Isotope GFR measurements
were conducted triennially during the follow-up period.
The etiology of CKD was classified as glomerulopa-
thy or nonglomerulopathy. CKD was defined and staged
using mGEFR values in accordance with the Kidney Dis-
ease Improving Global Outcomes (KDIGO) guide-
lines [11]. Height, weight, and body mass index (BMI)
Z-scores were calculated using the 2017 Korean National
Pediatric and Adolescent Standard Growth Charts [12].

mGFR and eGFR

The mGFR was determined using plasma clearance of
either chromium-51 ethylenediaminetetraacetic acid
(1Cr-EDTA) or technetium-99m diethylenetriamine
pentaacetic acid (*’™Tc-DTPA) depending on availabil-
ity at each participating center. Following the discon-
tinuation of *'Cr-EDTA production at the end of 2018,
only *™Tc-DTPA was available across all participating
centers from March 2019 onward. Both methods are
well-established reference standards for GFR measure-
ment and have demonstrated comparable accuracy in
previous validation studies [13—-16]. Tracer-specific stan-
dardized plasma sampling protocols were applied across
participating centers. Blood samples were collected at 3
and 5 h after >’Cr-EDTA injection and at 2 and 4 h after
9MTc-DTPA injection. The gamma activity of each tracer
in plasma samples and standard solutions was mea-
sured using a gamma counter with tracer-specific cali-
bration settings. Tracer measurements were performed
at each participating center according to institutional
nuclear medicine protocols and routine quality control
procedures. Plasma clearance was calculated using the
slope-intercept method based on a one-compartment
pharmacokinetic model. To account for the late dis-
tribution phase and slow equilibrating compartment,
clearance values were corrected using the Brechner-
Mortensen and Redbro correction, which provides a
validated approximation of two-compartment kinetics
[17-19]. The mGFR was expressed as plasma clearance
normalized to body surface area, which was calculated
using the DuBois method based on height and weight
measurements obtained at the time of mGFR assessment
[20].
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At the time of mGFR measurement, serum blood urea
nitrogen (BUN), creatinine (Cr), and cystatin C (CysC)
levels were measured in a central laboratory. Serum BUN
levels were determined using the urease/glutamate dehy-
drogenase method (Siemens ADVIA Chemistry; Sie-
mens Healthcare Diagnostics Inc., Tarrytown, NY, USA).
Serum creatinine was measured using the Jaffe rate
blank method with IDMS-traceable calibration (ADIVA
Chemistry Creatinine 2, Siemens, Germany). Cystatin
C was measured using a latex-enhanced nephelometry
method (BN II System N Latex Cystatin C, Siemens, Ger-
many) calibrated to the international reference material
(ERM°-DA471/IFCC). The central laboratory maintained
internal quality control procedures and participated in
external proficiency testing programs to ensure long-
term analytical accuracy and traceability. Because all
samples from participating centers were analyzed using
a single analytical platform and calibration system at the
central laboratory, inter-laboratory variability and lot-to-
lot calibration differences were minimized.

A total of 10 eGFR equations were evaluated as follows:
Cr-based U25 (U25(,), CysC-based U25 (U25¢c), Cr-
CysC-based U25 (U25¢,_cyc), Schwartze, CKiDe,_cysc
FAS Age Cr (FAS(,-Age), FAS Height Cr (FAS,-Ht), FAS
CysC (FAS¢y,c), Cr-based CKD-EPI (CKD-EPI,), and
Cr-CysC based CKD-EPI (CKD-EPI,_c,c) equations [3,
8, 21-23]. The formulae for these equations are provided
in the Supplementary Material. The cystatin C-based and
creatinine-cystatin C-based eGFR equations included in

Table 1 Baseline characteristics of 187 person-visits

Characteristics Values
Sex, male: female 142:45
Age, years 18.4 (16.5-20.8)
Height, cm 164.4(158.0-171.6)
Body weight, kg 59.8 (49.3-68.3)
Body mass index, kg/m? 216 (18.9-25.4)
Height Z score -1.0(-1.7--0.1)
Weight Z score -0.3 (-1.3-0.6)
Body mass index Z score -0.02 (-0.9-1.2)
Underlying disease

Non-glomerular 148 (79.1)

Glomerular 39(20.9)
BUN, mg/dL 26.7 (19.0-42.7)
Creatinine, mg/dL 16(1.2-3.2)
Cystatin C, mg/L 1.6(1.2-2.7)
Measured GFR, mL/min/1.73 m? 423(19.3-70.5)
Chronic kidney disease stage by measured GFR

Stage 1 26 (13.9)

Stage 2 36(19.3)

Stage 3 54 (28.9)

Stage 4 40 (21.4)

Stage 5 31 (16.6)

Variables are presented as median (interquartile range) or numbers (%)
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this study were derived using IFCC-standardized cys-
tatin C assays. Therefore, no additional recalibration of
cystatin C was required for equation application in this
cohort.

Statistical analysis

Statistical analyses were performed using SPSS software
v.25 (IBM Corp., Armonk, NY, USA). Performance of the
eGFR equations was assessed in comparison with that of
the mGFR in terms of bias, precision, and accuracy. Bias
was defined as the mean difference between mGFR and
eGFR. Precision was defined as the standard deviation
(SD) of the difference. Accuracy was assessed as the per-
centage of eGFR values within 10% (P10) and 30% (P30)
of mGFR.

Continuous variables were summarized as mean+SD
or median with interquartile range (IQR), as appropri-
ate. Categorical variables were compared using the chi-
square test. Spearman’s correlation coefficients were
calculated to assess the relationship between mGFR and
eGFR. Agreement between mGFR and eGFR was further
evaluated using Bland-Altman plots. Limits of agreement
were calculated as the mean difference (bias) +1.96 x SD
of the differences. Proportional bias was assessed by lin-
ear regression analysis of the difference between mGFR
and eGFR against their mean values. A regression slope
significantly different from zero was considered evi-
dence of proportional bias. To assess heteroscedasticity,
linear regression analysis of absolute error against mean
GER was performed. P<0.05 was considered statistically
significant.

Results

Baseline characteristics

The number of enrolled patients was 82, 74.4% of whom
were men. The majority (80.5%) of patients had non-
glomerular causes of CKD. Each participant underwent
a median of two mGFR assessments (IQR, 1-3), result-
ing in 187 person-visits being included in the analy-
sis (Table 1). The median age was 18.4 years old (IQR
16.5-20.8), and 75.9% of visits were from male patients
(n=142). Median height and weight were 164.4 cm (IQR,
158.0-171.6) and 59.8 kg (IQR, 49.3-68.3), respectively.
The median mGFR was 42.3 mL/min/1.73 m? (IQR,
19.3-70.5), with CKD stage distribution as follows: stage
1, 13.9%; stage 2, 19.3%; stage 3, 28.9%; stage 4, 21.4%;
and stage 5, 16.6%.

Overall performance of eGFR equations

Among the 10 evaluated eGFR equations, U25¢, ¢y
demonstrated the most balanced performance, with low
bias (1.9 mL/min/1.73 m?), high precision (SD 10.5),
P10 of 32.6% and P30 of 67.4%, and a strong correlation
coeflicient (p=0.97) (Table 2). FAS.,-Ht achieved the
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Table 2 Prediction performance results of different eGFR on
measured GFR

mL/min/1.73m? Bias Precision P10, P30,
n(%) n
(%)
U25¢, 509+29.0 26 109 52 133
(27.8) (71.1)
U25¢,sc 4954255 12 128 56 117
(29.9) (62.6)
U2Se e 5024268 19 105 6 126
(326) (674)
Schwartz, 449+26.7 34 126 51 143
(27.3) (76.5)
CKiDeycyee 5164262 33106 57 112
(30.5) (59.9)
FASc-Age 56.6+329 83 128 38 99
(20.3) (52.9)
FAS¢-Ht 4794287 -044 125 63 144
(33.7) (77.0)
FASc,sc 58.14299 97 128 45 9
(24.1) (49.2)
CKD-EPI¢, 63.0£38.7 147 137 27 82
(144) (43.9)
CKD-EPle_csc  56.3%356 80 95 49 12
(26.2) (65.2)

P10, percentage of eGFR values within 10% of mGFR; P30, percentage of eGFR
values within 30% of mGFR; Cr, creatinine; CysC, cystatin C; CKiD, Chronic Kidney
Disease in Chidren; FAS, Full Age Spectrum; Ht, height; CKD-EPI, Chronic Kidney
Disease Epidemiology Collaboration

highest P30 (77.0%) and the lowest bias (-0.44), albeit
with slightly lower precision. In contrast, CKD-EPI,
demonstrated the greatest overestimation, with the high-
est bias (14.7) and lowest P10 (14.4%) and P30 (43.9%),
respectively. Similarly, FAS.,-Age and FASc ¢ exhibited
relatively high biases (8.3 and 9.7, respectively) and lower
P30 values (52.9% and 49.2%, respectively). All equations
demonstrated strong correlations with mGFR (p=>0.93,
P<0.001) (Supplementary Fig. 1, Supplementary Table 1).
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Sex- and age-specific analysis

The performance of the eGFR equations was generally
consistent across sexes, with some differences observed
(Table 3). U25¢, ¢, exhibited a similar bias and preci-
sion in males (bias 1.9; SD 9.9) and females (bias 1.7; SD
12.4), although P30 was higher in males (69.7%) than in
females (60%). Most equations showed slightly higher
correlation coefficients in females, with CKiD¢,
achieving the highest in females (p =0.99, Supplementary
Table 1).

Age group analysis revealed no substantial differences
in performance between adolescents (15-18 years) and
young adults (218 years) (Table 4). U25¢, - main-
tained consistent performance across age groups, with a
P30 of 67% in both subgroups. FAS,-Ht also performed
well in both age groups, with P30 values of 77.1% in ado-
lescents and 76.9% in young adults. CKD-EPI, consis-
tently overestimated the mGFR and exhibited the largest
bias and lowest accuracy in both age groups.

Performance by CKD stage

The performance of the eGFR equations varied across
CKD stages (Table 5). In stages 1 and 2, most equations,
particularly the Schwartz,, CKiD¢,_cysc; FASc,-Ht, and
U25 equations, tended to underestimate mGFR. Con-
versely, in stages 3, 4, and 5, most equations overesti-
mated the mGFR. The CKD-EPI equations overestimated
GER across all CKD stages.

The most appropriate equations for each CKD stage
based on the combined assessment of bias, precision,
and accuracy were as follows: FAS¢, ¢ in stage 1; U25,,
U25¢,_cyscr and CKiD,_cyc in stage 2; and Schwartzc,
and FAS(,-Ht in stage 3. In Stage 4, the performance
declined across all equations. In stage 5 cases, no equa-
tion demonstrated acceptable agreement with mGFR.
When CKD stage 5 visits were excluded, FAS.,-Ht and

Table 3 Bias, precision and accuracy of eGFR on measured GFR by sex

mL/min/1.73m? Bias Precision P10, n (%) P30, n (%)

male female male female male female male female male female

(n=142) (n=45) (n=142) (n=45) (n=142) (n=45) (n=142) (n=45) (n=142) (n=45)
U25¢, 5134268 494+354 24 3.1 1.1 10.6 43 (30.3) 9 (20) 103 (72.5) 30 (66.7)
U25¢y 504+238 4671304 14 041 11.0 17.5 47 (33.1) 9(20) 90 (634) 27 (60)
UZSCFCWC 50.8+24.9 48.1+32.2 19 1.7 9.9 124 47 (33.1) 14 (31.1) 99 (69.7) 27 (60)
Schwartz, 432+230 500£359 -5.7 3.7 123 10.9 41 (28.9) 10 (22.2) 112 (78.9) 31(68.9)
CKiDe_cyec 51.6£239 51.6+326 27 53 103 115 44(31.0) 13(28.9) 92 (64.8) 20 (44.4)
FAS.-Age 56.0+29.7 58.5+41.7 7.0 12.2 135 9.3 32(22.5) 6(13.3) 84 (59.2) 15(33.3)
FAS.-Ht 473+26.1 49.6+36.0 -1.6 33 12.7 10.9 52 (36.6) 11 (24.4) 113 (79.6) 31(68.9)
FASCWC 57.2+26.1 60.7+39.7 83 144 103 17.3 36 (254) 9 (20) 75(52.8) 17 (37.8)
CKD-EPI, 646+379 582+413 15.6 11.8 14.2 11.8 24(16.9) 3(6.7) 65 (45.8) 17 (37.8)
CKD-EPI¢,_cysc  57.1£338 53.8+41.1 8.2 75 9.5 9.6 37 (26.1) 12 (26.7) 96 (67.6) 26 (57.8)

P10, percentage of eGFR values within 10% of mGFR; P30, percentage of eGFR values within 30% of mGFR; Cr, creatinine; CysC, cystatin C; CKiD, Chronic Kidney
Disease in Chidren; FAS, Full Age Spectrum; Ht, height; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration
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Table 4 Bias, precision and accuracy of eGFR on measured GFR by age

mL/min/1.73m? Bias Precision P10, n (%) P30, n (%)

15-18yrs  =18yrs 15-18yrs  =18yrs 15-18yrs  =18yrs 15-18yrs  =18yrs 15-18yrs  =18yrs

(n=83) (n=104) (n=83) (n=104) (n=83) (n=104) (n=83) (n=104) (n=83) (n=104)
U25., 506+308 51.1+278 20 3.0 1.7 103 19 (22.9) 33(31.7) 62 (74.7) 71(68.3)
U25Cysc 50.0£274  49.1+24.1 1.3 1.1 13.0 12.7 27 (32.5) 29 (27.9) (62.7) 65 (62.5)
U25¢_cysc 503+284 501255 1.7 20 10.6 10.5 26 (31.3) 35(33.7) 6 (67.5) 70 (67.3)
Schwartzg, 460+£286 439+253 -26 -4.1 13.2 121 26(31.3) 25(24.0) 4 (77.1) 79 (76.0)
CKiDe_cysc 519+275 514+252 33 33 109 104 25(30.1) 32(30.8)  48(57.8) 64 (61.5)
FAS.-Age 551+334 578+326 64 9.8 12.7 12.7 7(20.5) 21(20.2) 1(614) 48 (46.2)
FAS-Ht 495+312 466+265 087 -15 127 123 29 (34.9) 34 (32.7) 4(77.1) 80 (76.9)
FASCWC 574+£313 586%+288 87 10.6 15.7 9.8 24(28.9) 21(20.2) 4(53.0) 48 (46.2)
CKD-EPI, 655+424 61.0+356 169 13.0 14.4 13.0 0(12.0) 17(16.3) 6 (43.4) 46 (44.2)
CKD-EPl¢,_cyc 5734381  556+336 87 75 9.9 9.2 22 (26.5) 27(260)  52(62.7) 70 (67.3)

P10, percentage of eGFR values within 10% of mGFR; P30, percentage of eGFR values within 30% of mGFR; yrs, years; Cr, creatinine; CysC, cystatin C; CKiD, Chronic
Kidney Disease in Chidren; FAS, Full Age Spectrum; Ht, height; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration

Schwartz, equations achieved P30 accuracies of 84.6%
and 84.0%, respectively.

Bland-Altman and correlation analyses

Bland—Altman plots (Fig. 1) showed increasing disagree-
ment between eGFR and mGFR at higher GFR levels. Sig-
nificant proportional bias was observed in all equations
except the FAS..-Age equation, as indicated by regres-
sion slopes significantly different from zero (Supplemen-
tary Table 2). Most pediatric equations demonstrated
negative slopes, indicating increasing underestimation of
GEFR at higher mGFR values. In contrast, the CKD-EPI,
and CKD-EPI, ¢, equations exhibited positive slopes,
suggesting increasing overestimation at higher GFR lev-
els. Regression analysis of absolute error demonstrated
that estimation variability increased significantly with
higher mGER levels in all eGFR equations except FAS-
cysc» indicating increasing heteroscedasticity (Supple-
mentary Table 3).

When stratified by biomarker type, creatinine-only
equations showed wider limits of agreement, particularly
for CKD-EPI,, suggesting greater variability in estima-
tion error. Combined creatinine-cystatin C equations
demonstrated more consistent agreement with mGFR
and smaller increases in absolute error compared with
most single-marker equations (Supplementary Table 2).

Spearman correlation analysis (Supplementary Fig. 1)
confirmed strong correlations between mGFR and most
eGFR estimates.

Discussions

This study evaluated the performance of various eGFR
equations against mGFR in patients with CKD transi-
tioning from adolescence to early adulthood. Higher
accuracy was observed with pediatric equations or those
incorporating pediatric-specific variables such as age
and height, whereas the adult equations tended to over-
estimate GFR and exhibited greater bias. Although most

equations demonstrated strong correlations with mGFR,
correlation reflects association rather than agreement
and therefore cannot be interpreted as evidence of clini-
cal accuracy or interchangeability. Accordingly, interpre-
tation of equation performance in this study primarily
relied on bias, precision, and accuracy metrics, includ-
ing P10 and P30, which more directly reflect clinical
reliability.

Among the equations evaluated, Schwartz,, U25, and
FAS,-Ht demonstrated superior performance, showing
lower bias and higher accuracy than the CKD-EPI equa-
tions. These findings are consistent with previous studies
[6, 7, 24]. Notably, the U25¢, ¢, and FAS.-Ht equa-
tions consistently exhibited low bias and high accuracy
in both adolescents and young adults. Most of the better-
performing equations include height as a key variable,
highlighting its importance in GFR estimation during
growth periods [1, 6, 8]. Height is a well-established sur-
rogate marker of both kidney size and function in chil-
dren and adolescents, and this physiological development
does not abruptly cease at the age of 18 years [3, 6]. Many
young adults remain in the transitional phase, with ongo-
ing changes in body composition, muscle mass, and kid-
ney physiology [13]. Abrupt switching between pediatric
and adult equations at 18 years of age may disrupt the
continuity and accuracy of kidney function assessment.
The European Kidney Function Consortium reported a
mean difference of 23 mL/min/1.72 m? in eGFR values
when switching from pediatric to adult equations dur-
ing the transition to adult care [25]. Similarly, a longitu-
dinal analysis in a separate study applying the Schwartz,
and CKD-EPI, equations in patients aged 10 to 30 years
showed poor agreement between the two equations dur-
ing the transition period [5]. These findings support the
use of equations designed to span childhood through
adulthood in transitional care to ensure consistent moni-
toring of kidney function.
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Table 5 Bias, precision and accuracy of eGFR on measured GFR by CKD stage

mL/min/1.73m? Bias Precision P10, n (%) P30, n (%)
CKD stage 1 (n=26)
U25¢, 99.1+185 9.2 16.7 6(23.1) 25(96.2)
U25¢,c 9164140 166 12.2 9 (346) 26 (100)
U25¢_cysc 954+150 -129 13.0 10 (38.5) 26 (100)
Schwartzg, 90.9+226 -17.3 179 8(30.8) 21(80.8)
CKiDgr—cysc 95.7+156 -12.6 1.2 12 (46.2) 26 (100)
FAS.-Age 11044245 22 186 9(346) 24(92.3)
FAS-Ht 96.0+214 -12.2 18.6 10 (38.5) 3(88.5)
FAScysc 106.0+£19.9 -2.2 99 19 (73.1) (1 00)
CKD-EPI¢, 126.0+£13.9 17.8 184 8(30.8) 9(73.1)
CKD-EPl¢, s 11784152 26 126 14(53.8) 25(96.2)
CKD stage 2 (n=36)
U25¢, 709+11.3 24 9.1 23 (63.9) 35(97.2)
U25¢c 67.9+10.2 -5.5 106 8(50) 34 (94.4)
U25¢_cysc 69.4+84 -39 7.2 21(58.3) 36 (100)
Schwartzg, 60.1+10.0 -133 94 3(83) 32(88.9)
CKiDe—cyec 70.1+7.8 -33 7.8 23 (63.9) 36 (100)
FASc-Age 7571177 23 15.2 17 (47.2) 32(88.9)
FAS-Ht 66.6+13.1 -6.7 12.8 12(333) 34(94.4)
FAScysc 775+115 42 12.0 6 (44.4) 32 (88.9)
CKD-EPI¢, 91.1+£172 17.8 13.6 5 (W 3.9) 22 (61.1)
CKD-EPler_cysc 81.8+127 8.5 106 12(333) 31(86.1)
CKD stage 3 (n=54)
U25., 515107 6.4 82 5(27.8) 44 (81.5)
U25¢,c 487+134 35 13 6 (48.1) 45(833)
U256, cysc 50.1+10.4 50 7.7 23 (426) 46 (85.2)
Schwartz, 453+87 0.11 7.7 5 (46.3) 51(94.4)
CKiDg,_cysc 519497 6.7 6.7 9(35.2) 42(77.8)
FAS.-Age 59.3+13.0 14.1 1.1 8(14.8) 25 (46.3)
FAS-Ht 47.1£105 20 8.6 28(51.9) 48 (88.9)
FAScysc 585+187 134 164 9(16.7) 30 (55.6)
CKD-EPI, 64.8+16.8 19.7 13.7 2(3.7) 18 (33.3)
CKD-EPIe, s 554+14 102 108 13 (24.1) 39 (72.2)
CKD stage 4 (n=40)
U25¢, 28.1£8.1 7.2 7.2 8(20) 20 (50)
U25¢,5 294+6.0 8.6 4.7 3(7.5) 12 (30)
U256, s 287465 79 53 6(15) 15 (37.5)
Schwartzg, 24.7+8.1 39 7.1 9(22.5) 27 (67.5)
CKiDe, cysc 309468 10.1 55 3(75) 7(17.5)
FAS.-Age 31.0+£88 10.2 7.7 4(10) 14 (35)
FAS.-Ht 266190 58 82 9(22.5) 27 (67.5)
FASC,sc 347470 138 55 1(25) 4(10)
CKD-EPI¢, 3124123 104 10.8 8(20) 15(37.5)
CKD-EPIe, s 269+8.1 6.1 6.4 6(15) 18 (45)
CKD stage 5 (n=31)
U25¢, 154146 55 36 0(0) 9(29.0)
U25¢,c 201441 10.2 30 0(0) 00
U256, cysc 178+4.1 7.8 31 132 3(97)
Schwartzg, 139+43 39 37 6(194) 12 (38.7)
CKIDg, ysc 195+44 926 34 0(0 13.2)
FASc-Age 17.5+49 7.6 39 0(0) 4(129)
FAS-Ht 144+4.6 4.5 39 4(129) 12 (38.7)
FAS o 246447 146 39 0(0) 0(0)
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Table 5 (continued)

mL/min/1.73m? Bias Precision P10, n (%) P30, n (%)
CKD stage 1 (n=26)
CKD-EPI¢, 155+52 56 4.1 4(129) 8(25.8)
CKD-EPle, ¢ 149+43 50 34 4(129) 9(290)

P10, percentage of eGFR values within 10% of mGFR; P30, percentage of eGFR values within 30% of mGFR; CKD, chronic kidney disease; Cr, creatinine; CysC, cystatin
C; CKiD, Chronic Kidney Disease in Chidren; FAS, Full Age Spectrum; Ht, height; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration

According to the KDIGO guidelines, an eGFR equation
is considered clinically acceptable if it achieves 80—90%
accuracy within 30% of the mGFR [11]. However, none of
the equations evaluated in our study met this threshold.
Importantly, the study population consisted entirely of
Korean pediatric and young adult patients, whereas most
eGFR equations were developed in Western cohorts.
Although the U25 equations, developed from the CKiD
cohort, have demonstrated 89-91% accuracy within 30%
of mGFR across multiple racial groups in prior studies
[8], they have not yet been externally validated in non-
Western populations. In our study, 16.6% of person-
visits were from patients with CKD stage 5, a subgroup
in which all equations demonstrated poor performance,
with an accuracy within 30%, ranging from 0% to 38.7%.
These results are consistent with previous reports indi-
cating reduced eGEFR accuracy at mGER levels < 30 mL/
min/1.73 m? [24, 26]. When CKD stage 5 visits were
excluded, FAS.-Ht and Schwartz.,. achieved accuracy
within 30% rates of 84.6% and 84.0%, respectively. These
findings underscore the need for externally validated
GEFR estimation equations tailored to pediatric and young
adult populations, including those with advanced CKD,
as emphasized in the 2024 KIDGO guidelines [11].

Cystatin C-based equations have undergone signifi-
cant refinement since Schwartz introduced the improved
eGFR equations for pediatric patients with CKD in 2012
[24, 27]. Unlike creatinine, which is affected by muscle
mass, sex, and tubular reabsorption, cystatin C is pro-
duced at a constant rate, and is less influenced by non-
GFR determinants [27]. It is particularly effective in
reflecting GFR in pediatric CKD patients with moderate
renal impairment (15-75 mL/min/1.73 m?) [3, 28]. The
2024 KDIGO guidelines recommend estimating GFR
using a combination of creatinine and cystatin C, when
available, as dual-marker equations offer greater accu-
racy than single-marker models [11]. In our study, the
U25¢,_ysc equation demonstrated the most balanced
overall performance, and the CKD-EPl¢, ¢, equation
showed greater reliability than the CKD-EPI, equation.
Combined creatinine-cystatin C equations also exhibited
tighter clustering of data points around the regression
line and narrower limits of agreement, indicating supe-
rior consistency across the GFR spectrum. These find-
ings provide supportive evidence that multi-biomarker
eGFR equations may improve the accuracy and overall

reliability of GFR estimation in patients with CKD tran-
sitioning from adolescence to early adulthood [3, 4, 23].

As observed in the Bland-Altman analysis, disagree-
ment between eGFR and mGFR increased at higher
mGEFR values in this study. Such discrepancies are clini-
cally relevant, particularly when important clinical
decisions depend on accurate GFR estimation. Overes-
timation of eGFR in the higher GFR range may increase
the risk of nephrotoxicity from medications or contrast
agents, whereas underestimation may lead to unneces-
sary treatment restrictions or inappropriate exclusion
during kidney donor evaluation. Consistent with these
concerns, the 2024 KDIGO CKD guidelines recommend
considering mGEFR for critical decisions, such as kidney
donor evaluation, drug dosing for medications with nar-
row therapeutic indices, and situations in which eGFR
may be unreliable [11]. Given that our cohort primarily
consisted of patients with moderate-to-severe CKD, data
in the higher GFR range were limited; therefore, these
findings should be interpreted with caution.

This study had several limitations. First, the relatively
small sample size limited the statistical power, particu-
larly for subgroup analyses. Second, the cohort included
only Korean patients and predominantly consisted of
adolescents and young adults with moderate to severe
CKD, with a substantial proportion of visits occurring in
CKD stages 3-5. As a result, the range of mGFR values
was relatively narrow, which may have led to an overes-
timation of precision for several eGFR equations. There-
fore, the precision and accuracy estimates observed in
this study may not be generalizable to individuals with
normal kidney function, hyperfiltration, or early-stage
CKD. Third, mGFR was measured using two different
tracers depending on availability at participating cen-
ters, which may have introduced tracer-related variabil-
ity. Although tracer-specific standardized protocols were
applied, external cross-center quality control was not
performed, and residual inter-center variability cannot
be entirely excluded. Fourth, serum creatinine was mea-
sured using a Jaffé rate blank method, although IDMS-
traceable calibration was applied. The Jaffé method is
susceptible to interference from non-creatinine chro-
mogens, including proteins, glucose, and other serum
constituents, which may result in positive bias, particu-
larly at low creatinine concentrations [29]. This may have
influenced the performance of creatinine-based and
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Fig. 1 Bland-Altman plots showing the disagreement between eGFR and mGFR
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creatinine—cystatin C—based eGFR equations and could
partially explain the observed differences in bias across
CKD stages [30]. Enzymatic creatinine assays were not
available in the central laboratory during the study period
and therefore could not be evaluated as a comparator,
although the use of IDMS-traceable calibration likely
reduced systematic measurement error. Finally, despite
the use of IFCC-certified reference material for cystatin
C calibration in the central laboratory, minor residual
calibration differences over time cannot be completely
ruled out. The 2024 KDIGO guidelines strongly support
the use of standardized, IFCC-traceable cystatin C assays
to improve the reliability of eGFR measurements [11].

In this study of adolescents and young adults with
CKD, eGFR equations covering children, particularly
Schwartzc,, U25¢,_cyc, and FASc-Ht, demonstrated
superior accuracy and lower bias than adult equations
such as CKD-EPIL. Equations incorporating pediatric-
specific variables, particularly height, performed better
during this transitional age period. Notably, none of the
evaluated equations achieved the KDIGO-recommended
accuracy threshold across the entire cohort, particu-
larly in advanced CKD cases. These findings highlight
the need for externally validated age-appropriate eGFR
equations tailored to pediatric and young adult popula-
tions, including those with severe CKD, to ensure reliable
assessment of kidney function during the transition from
pediatric to adult care.
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