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Abstract

Background Evaluating glomerular filtration rate (GFR) remains challenging in pediatrics; new formulas were developed
to increase performance of GFR estimation (eGFR). We aimed to evaluate the recently published formulas as applied to
another pediatric population.

Methods A retrospective study was conducted in a cohort of 307 patients with a “kidney risk” (mean age 12.1 +4.5 years,
sex ratio 1/1) assessed in a tertiary pediatric nephrology center and a mean measured GFR (mGFR) using plasma iohexol
clearance of 85.5+25.3 mL/min/1.73 m?; creatinine levels were measured by IDMS-standardized enzymatic method and
cystatin C by immunonephelometry. The following eGFRs were calculated: Schwartz2009, Schwartz-Lyon, CKiDU25creat,
and EKFC for eGFR using creatinine (eGFR-creat), CKiDU25cys and FAScys for eGFR using cystatin (¢GFR-cys) as well
as combined SchwartzCreat-Cys, average (CKiDU25creat-CKiDU25cys), and average (EKFC-FAScys) for eGFR using both
biomarkers. The performance of the different formulas was evaluated compared to mGFR by absolute bias measurement and
accuracy (p10%, p30%). Results are expressed as mean + SD.

Results Creatinine-based formulas and especially the new CKiDU25 and EKFC overestimate GFR, even in children with
normal kidney function. However, the bias is constant with these two formulas whatever the age group or gender, contrary to
the previously published formulas. In contrast, cystatin C-based equations and combined formulas showed good performance
in all age groups and all medical conditions with an acceptable bias and p30%.

Conclusions In our pediatric population, the performance of all creatinine-based formulas is inadequate with significant GFR
overestimation, mainly in subjects with mGFR > 75 mL/min/1.73 m?. Conversely, cystatin C-based or combined formulas
have acceptable performance in patients followed in a tertiary pediatric nephrology unit.
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Consortium) equation [1] and the CKiDU25 (Chronic Kid-
ney Disease in Children Under 25) formula, based both on
creatinine and/or cystatin C [2]. Promising results have been
obtained in a wide but general population of children and
young adults [3]. Thus, our hypothesis is that performance
of these equations might be worse in a tertiary pediatric
nephrology population. The aim of this study is to evalu-
ate the performance of these recently published formulas
compared to the gold standard iohexol clearance (mGFR)
in our population.

Methods

We retrospectively included all children with a plasmatic
iohexol clearance measurement with a concomitant cre-
atinine and/or a cystatin C determination obtained during
their follow-up in our center between June 2020 and Jan-
uary 2022. The following data were collected: age, body
weight, height, body surface area (according to the formula
of Dubois (BSA = height® 7% x weight®4?° x 0.007184) [4],
medical condition (i.e., indication for mGFR assessment),
systolic and diastolic blood pressure (BPs, BPd), plasma
creatinine, serum cystatin C, and urinary protein. Percen-
tile of height and blood pressure were calculated using age-
based pediatric blood pressure reference charts from the
Baylor College of Medicine [5]. BMI was calculated with
actual weight as obesity was not a frequent condition in our
population. Hypertension (HBP) was defined as BPs and/or
BPd > 95" percentile. Percentile of weight and BMI were
determined using the World Health Organization (WHO)
charts [6].

Biochemical evaluations were performed by our central-
ized laboratory (Service de biochimie et biologie molécu-
laire Laboratoire de biologie médicale multisite, Hospices
Civils de Lyon, France). All plasma creatinine values were
obtained by an enzymatic technique (Architect ©, Abbott
Diagnostics) traceable to the National Institute of Standards
and Technology (NIST SRM 967 and NIST SRM 914). Lab-
oratory imprecision for creatinine is 1.8%, 1.24%, and 1.37%
at 57 uM, 174 uM, and 500 pM, respectively. Cystatin C was
measured with a standardized immunonephelometry method
(nephelometric Siemens assay on Atellica Neph 630) with
a method traceable to the International Federation of Clini-
cal Chemistry Working Group for Standardization of serum
cystatin C and the IRMM certified reference materials. Total
imprecision of the method was 2.2% and 2.3% at 1.2 and 2.3
mg/L, respectively.

Iohexol plasma clearance (mGFR) was performed accord-
ing to a standardized technique that used a single-bolus IV
injection of iohexol (Omnipaque 300 mg/mL; GE Healthcare
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SAS, Vélizy-Villacoublay, France). The dose injected was
determined by measuring the difference between the weights
of the syringe before and after the administration. A multi-
ple sample method was performed and blood samples were
drawn from the contralateral arm after 120, 180, and 240
min. Iohexol biochemical assays were performed at the
Medical Biology Reference Laboratory (LBMR) (Service
de biochimie et biologie moléculaire Laboratoire de biolo-
gie médicale multisite, Hospices Civils de Lyon, France).
Serum iohexol concentrations were determined using
high-performance liquid chromatography ultraviolet light
detection (HPLC-UV). The iohexol assay has an analytical
imprecision of < 5% (laboratory imprecision for iohexol is
4.9%, 2.94%, and 1.91% at 41 uM, 160 pM, and 317 pM,
respectively). The external quality control is provided by
Equalis (Uppsala, Sweden) every 3 months. Measured GFR
was determined using a slope intercept GFR model, and
the results were expressed per 1.73 m? of body surface area
(BSA) calculated according to the formula of Dubois [4].
The GFR was calculated from the slope of plasma concen-
trations using a 1-compartment model corrected using the
Brochner-Mortensen formula.

As summarized in Table 1, different formulas were used
to calculate eGFR: Schwartz2009 [7], Schwartz-Lyon [8],
CKiDU25creat [2], and EKFC [1] for the creatinine-based
eGFR, as well as CKiDU25cys [2] and FAScys [9] for the
cystatin C-based eGFR, and combined Schwartz [7], the
mean of CKiDU25creat and CKiDU25cys, and the mean
of EKFC and FAScys for combined eGFR. Abnormal albu-
minuria was defined by urinary albumin/creatinine ratio > 3
mg/mmol.

Variables were tested for normality using the Kolmog-
orov—Smirnov test. The agreement between mGFR and
eGFR was assessed by the calculation of absolute bias
(eGFR—-mGFR, mL/min/1.73 mz), and accuracy with p30%
and p10% (i.e., proportion of eGFR within +30% and 10%
of mGFR, respectively). We investigated the performance
of the different eGFR formulas in subgroups according to
the underlying medical condition (namely, transplanted chil-
dren or not), gender, and the stage of chronic kidney disease
(CKD).

Differences between groups were studied by paramet-
ric tests (Student’s 7-test and one-way analysis of variance
(ANOVA) followed by Fisher post hoc test for continuous
data), and dichotomized variables were compared using the
Pearson j” test. Regression graphs and Bland—Altman plots
with quantile regression lines (2.5th, median and 97.5th
percentile lines) are proposed. Bland—Altman plots and
regression graphs were built using the gold standard mGFR
[10]. Regression analyses were also performed to assess
the evolution of absolute bias with age. All analyses were
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Table 1 Formul.as used to (Ht x 0.413)/Ser
calculate eGFR in the current Schwartz2009 (7) Ht in em
study Scr in mg/dL
(Ht x k)/Scr Ht in cm
Schwartz-Lyon (30) k=0.413 if male > 13 Scr in mg/dL
years old
k=0.368 for the other
(Ht x k)/Scr k: - Male:
Htin m o <12 years: 39.0 x 1.008 &~ 12
Scr in mg/dL o 12-18 years: 39.0 x 1.045 &~ 12
CKiDU25creat (2) o 18-25 years: 50.8
- Female:
o <12years: 36.1 x 1.008 &~ 12
o 12-18 years: 36.1 x 1.023 %12
o 18-25 years: 41.4
2-40 years: > 40 years:
If Ser/Q < 1: =107.3 x | If Ser/Q < 1: =107.3 x (Scr/Q) 3% x 0.990 &~ 40
(SCT/Q) -0.322
or Ser/Q > 1: =107.3 x | or Ser/Q > 1: =107.3 x (Scr/Q) %% x 0.990 -4
(SCr/Q) -1.132
Scr and Q in pmol/L (to convert to mg/dL, divide by 88.4)
EKFC (1) Q if patient from 2 to 25 years:

- Male: In(Q) = 3.2 + 0.259 x age — 0.543 x In(age) — 0.00763 x age® +
0.0000790 x age®
- Female: In(Q) = 3.080 + 0.177 x age — 0.223 x In(age) — 0.00596 x age® +
0.0000686 x age®
Q if patient > 25 years:
- Male: 80 pmol/L (0.90 mg/dL)
- Female: 62 umol/L (0.70 mg/dL)

SchwartzCys (7)

70.69 x Cyst %!

Cyst in mg/L
=k/Cyst k: - Male:
Cyst in mg/L o <l5years: 87.2x 1.011 %1
o 15-18 years: 87.2 x 0.960 <~ 13
CKiDU25cys (2) o IS years T
o <12years: 79.9 x 1.004 %~ 12
o 12-18 years: 79.9 x 0.974 %12
o 18-25 years: 68.3
107.3/(Cyst/(Q cyst))  x (0.988 ¢~ % when age > 40 years)
Cyst in mg/L
FAScys (9) Qcyst :
- <70 years: 0.82 mg/L
- >70 years: 0.95 mg/L
=39.8 x (Ht/Scr) “* x (1.8/Cyst) “¥ x (30/BUN) * x (Ht/1.4) *1™
Combined 1.076 if ma}e
Schwartz Ht mm
Scr in mg/dL

in mmol/L

30/BUN (mg/dL) = 10.71/urea

Scr, creatinine; Cyst, cystatin C; eGFR, estimated glomerular filtration rate

To convert creatinine (umol/L) to mg/dL, divide by 88.4

performed using Statview© software. A value of p <0.05

Results

was considered statistically significant. Results are presented

as mean + SD. Acceptable performance is defined by an
absolute bias <10% and a p30% >90% [11, 12]. This retro-
spective review has been approved by the local IRB (Comité
Ethique des Hospices Civils de Lyon, session June 10, 2022,

registration number 22_890).

In total, 307 children were analyzed, at a mean age of 12.1
+ 4.5 years, body mass index of 19.3 + 5.0 kg/m? (74% of
patients having a normal BMI), average percentile of BPs
63.0 + 28.6, average percentile of BPd 61.3 + 25.9, mean
creatinine of 57.2 + 27.1 umol/L, mean mGFR of 85.5 +
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Table 2 Characteristics of the
studied population according
to the subgroups of patients
(kidney transplant 31%, non-
kidney transplant 40%, and
CKD patients 29%)

@ Springer

Overall Kidney Non kidney CKD® p

population transplant transplant

(n=307) (n=95) (n=123) (n=189)
Age (years) 12.1+4.5 13.5+4.1%* 11.5+4.5 11.4+43  0.0007
Sex (F155/M152)  (F45/M50) (F61/M62)  (F49/M40)
Female, % (F 50.5%) (F 47.4%) (F 49,6%)  (F55.1%)
Weight (kg) 41.6+18.9 46.4+17.0* 40.2£19.7  38.6+18.8 0.0095
e Weight percentile o 423+31.7 e 4424313 e 41.1£32.9 * 40.9+31.0 0.7
Height (cm) 142.74£28.6 147.5£19.6* 142.1£25.0  138.6+23.7 0.03
e Height percentile e 35.1£28.6 o 30.3+26.7 o 40.4+29.6*e 32.5+28.2 0.03
BMI 19.3£5.0 20.7+4.9* 18.7+£5.2 18.8+4.7  0.07
e Thinness (< 3rd percentile) (%) o 6.2 e 43 e 08 e 24
e Normal (3rd-97th percentile) (%) o 74.3 e 702 e 732 e 807
e Obesity (>97th percentile) (%) o 19.6 e 255 o 17.1 e 169

L]

Systolic blood pressure (BP) (mmHg) 108.7+13.0 117.6+11.3* 106.8+11.7 102.3%11.3 <0.0001
e Systolic BP percentile o 63.0£28.6 o 78.7424.4*% e 60.3+£27.8 e 52.1+27.1 <0.0001
o High Blood Pressure (HBP) (%) ¢ 15.0 e 33.8 ¢ 92 e 49
Diastolic blood pressure (mmHg) 65.5£9.6 70.749.3 64.5+£8.5 61.549.0  <0.0001
e Diastolic BP percentile o 6134259 e 71.14253* e 59.6424.8 e 54.4+25.5 <0.0001
e HBP (%) o 113 e 213 e 75 e 37
Hypertension HTN (%) 18,3
Plasma creatinine (mg/dL) 0.6£0.3 0.9+0.3* 0.5+0.2 0.6+£0.3 <0.0001
serum Cystatin C (mg/L) 1.1£0.3 1.3+0.3* 1.0£0.3 1.0+0.3 <0.0001
Albuminuria / creatininuria ratio 9.7£34.4 12.9429.5 8.5+£39.8 8.0£31.1  0.57
(mg/mmol)
e Normal (%) e 093 * 533 e 736 e 813
e Microalbuminuria (%) e 243 e 38.0 e 215 e 125
e Macroalbuminuria (%) e 63 e 8.7 e 50 e 63
mGFR (mL/min/1.73m?) 85.5+25.3 67.7£15.5* 93.6+£22.0  93.4428.5 <0.0001
e Hyperfiltration (%) e 33 e 0 e 1.6 e 96
e Stage I CKD (%) e 384 ¢ 9.6 e 569 o 434
e Stage II CKD (%) o 427 e 585 e 350 o 373
e Stage IIla CKD (%) e 130 * 26.6 e 49 o 84
e Stage IIIb CKD (%) e 20 e 43 e 16 e 0
e Stage IV CKD (%) e 0.7 o 1.1 e 0 e 12
Height/Pcr ratio 256.0+89.1 183.4+48.6* 287.5£79.7 289.7+89.7 <0.0001
eGFR Schwartz2009 105.7436.8 75.7+£20.0* 118.7£32.9 119.6+37.0 <0.0001
(mL/min/1.73m?)
eGFR Schwartz Lyon 96.2432.7 69.3+17.5* 108.1£28.9  108.2+33.2 <0.0001
(mL/min/1.73m?)
eGFR CKiDU25 creatinine 99.7+32.3 74.0£17.9% 111.3£27.7 111.3+34.5 <0.0001
(mL/min/1.73m?)
eGFR EKFC creatinine 96.7423.2 77.9+19.7* 106.0£16.7 104.1+£22.6 <0.0001
(mL/min/1.73m?)
eGFR FAS cystatin C 88.3+23.3 71.7+15.0% 93.5+20.4  98.9+25.0 <0.0001
(mL/min/1.73m?)
e¢GFR CKiDU25 cystatin C 78.6+20.1 63.5+13.0* 83.4+16.8  88.0+21.7 <0.0001
(mL/min/1.73m?)
eGFR Combined Schwartz 85.5+22.5 66.8+13.5* 92.8+18.2  95.4423.7 <0.0001

(mL/min/1.73m?)
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Table 2 (continued)

Overall Kidney Non kidney CKD® p
population transplant transplant
(n=307) (n=095) (n=123) (n=89)
Mean CKiDU25® (mL/min/1.73m?)  89.2+24.5 68.7+14.3* 97.4£19.6  99.6+26.1 <0.001
Mean EKFC-FAS @ 92.5£21.5 74.8+15.9% 99.8+16.4  101.5+21.7 <0.001

(mL/min/1.73m?)

M All CKD without transplants

@Mean between eGFR CKiDU25 creatinine and eGFR CKiDU25 cystatin C
(Mean between EKFC creatinine and FAS cystatin C

*Different from other groups

Results are presented as mean+ SD or %

mGFR, measured GFR by iohexol clearance; eGFR, estimated GFR by creatinine and/or cystatin C-based formulas

25.3 mL/min/1.73 m? [15—175], and a mean urinary albu-
min/creatinine ratio of 9.7 + 34.4 mg/mmol (among them
31% with abnormal albuminuria). All these characteristics
are displayed in Table 2.

Patients were referred for suspected or established kid-
ney dysfunction or kidney risk (for example follow-up of
urological abnormalities, metabolic disease potential drug
toxicity, and other factors 29%), or after kidney transplanta-
tion (31%) or non-kidney (i.e., lung, heart, liver, and bone
marrow) transplantation (40%).

The performance of each equation is detailed in Table 3
with three key parameters: absolute bias and accuracy with
p30% and p10%. As illustrated in Table 3, in our cohort, only
the cystatin C-based formulas have acceptable performance.
The combined Schwartz formula also has an excellent perfor-
mance with an absolute bias at —0.04 + 12.0 mL/min/1.73 m?,
with a convincing accuracy (p30% at 95% and p10% at 52%)
whatever CKD stage. In contrast, all creatinine-based formu-
las have insufficient performance for a reliable estimation of
GFR, whatever the severity of CKD. A significant overestima-
tion of GFR is observed with Schwartz2009 in the group with
mGFR > 75 mL/min/1.73 m?, whereas GFR is significantly
underestimated by CKiDU25cys in this group of patients.
When mGFR is below 75 mL/min/1.73 m?, GFR is overes-
timated with CKiDU25creat, EKFC, FAScys, mean EKFC-
FAScys, and mean CKiDU25creat-CKiDU25cys, as well.

Performance of equations was evaluated according to
gender (Table 4). Performance of Schwartz 2009, FAScys,
and average EKFC-FAScys was decreased for females. For
all other formulas, no significant difference based on mean
bias was found.

In the current study, the performance of creatinine-based
formulas is better in kidney transplant recipients as compared
to other organ transplant recipients and to patients with CKD.
Notably, Schwartz2009, Schwartz-Lyon, and CKiDU25creat
have a mean absolute bias of 8.0+15.6, 1.6 +13.1, and
6.2+ 12.7 mL/min/1.73 m? in kidney transplant patients, respec-
tively, while the mean absolute bias of each of the previous

formulas is over 10 mL/min/1.73 m? in the total population
(Table 5). In contrast, the CKiDU25cys, FAScys, combined
Schwartz formula, average CKiDU25creat-CKiDU25¢ys, and
average EKFC-FAScys have an excellent performance what-
ever the initial disease with a mean absolute bias lower than
10:—4.2+8.1,3.9+9.6,-0.9+8.6, 1.0+ 8.4, and 7.0+9.3
mL/min/1.73 m?, respectively, in kidney transplant patients
and—7.0+13.3, 2.8+14.1,-0.04 +12.0, 3.6 +12.6, and
7.0+ 13.0 mL/min/1.73 m? in the total population. We find no
significant differences between the disease subgroups regard-
ing EKFC, combined Schwartz, and average EKFC-FAScys.

The absolute bias depending on age and gender is shown
in Figs. 1 and 2 for each formula: the Schwartz 2009 and
Schwartz-Lyon overestimate eGFR in the younger age
groups, whereas GFR is underestimated in adolescents/
young adults both in girls and boys. Similarly, the abso-
lute bias of SchwartzCys is not constant with age in girls
(p=0.002), with an underestimation of eGFR in girls below
10 years. In girls, FAScys and combined Schwartz under-
estimate eGFR in the youngest age groups. In contrast, in
boys, SchwartzCys, FAScys, and combined Schwartz do
not significantly vary with age. Overall, the absolute bias
is constant in all age groups in both genders for CKiDU-
25creat, EKFC, and CKiDU25cys. In addition, the absolute
bias of eGFR formulas is not constant with GFR. Indeed, for
all eGFR formula except Schwartz2009, eGFR is overesti-
mated in severe CKD whereas eGFR formulas underestimate
mGFR for normal or high mGFR (Fig. 3).

Discussion

In this study, we show that creatinine-based formulas and
especially the new CKiDU25 and EKFC formulas overesti-
mate GFR in our selected pediatric population, whatever the
severity of CKD (Figs. 3 and 4). Thus, using such formulas,
we may underestimate the severity of kidney disease on one
hand but also miss a diagnosis of early CKD on the other

@ Springer



3028

Pediatric Nephrology (2024) 39:3023-3036

Table 3 Statistical results for
the prediction performance of

GFR>175

GFR <75

. . All patients mL/min/1.73m? mL/min/1.73m? p
eGFR equations according to . .
mGFR, subgroups (193 patients) (114 patients)
’ Schwartz2009
Absolute bias 20.1+£23.3 23.8+25.6 14.0+ 174 0.0003
p30% 63 65 60
p10% 21 20 22
Schwartz-Lyon
Absolute bias 10.6 +20.2 12.6 £22.5 73+15.1 0.0272
p30% 78 79 76
pl0% 35 37 30
CKiDU25creat
Absolute bias 14.2 +£19.8 159+ 21.8 113+ 154 0.0481
p30% 74 77 69
pl0% 32 35 26
EKFC
Absolute bias 11.2+£17.2 8.8+ 16.6 15.2+17.5 0.0014
p30% 79 90 60
p10% 32 37 23
FAScys
Absolute bias 2.8+ 14.1 -0.1+14.8 7.6+11.3 <0.0001
p30% 90 94 83
p10% 49 52 45
score*® 15 15 13
CKiDU25cys
Absolute bias -7.0+£13.3 -10.9 + 13.6 -0.3+9.8 <0.0001
p30% 96 97 94
pl0% 47 42 55
Combined Schwartz
Absolute bias -0.04 +12.0 22+125 3.6£9.9 <0.0001
p30% 95 98 90
p10% 52 57 45
Mean CKiDU25"
Absolute bias 3.6 +12.6 25+13.7 55+103 0.0462
p30% 91 94 87
p10% 53 58 45
Mean EKFC-FAS @
Absolute bias 7.0+ 13.0 4.4+13.0 11.4+12.0 <0.0001
p30% 86 95 71
p10% 45 52 33

p values in bold indicate significance

(DMean between eGFR CKiDU25 creatinine and eGFR CKiDU25 cystatin C
@Mean between EKFC creatinine and FAS cystatin C

In gray: acceptable performance: bias < 10% and p30% >90%

In white: insufficient performance: bias > 10% and/or p30% < 90%

hand. However, the bias is constant with these two formulas
whatever the age group or gender, contrary to the previ-
ously published pediatric formulas. Interestingly, cystatin
C-based equations and combined formulas, namely, FAScys,
CKiDU25cys, combined Schwartz, average CKiDU25creat-
CKiDU25cys, and average EKFC-FAScys, showed a good
performance in all age groups and all medical conditions.
In our population, the performance of creatinine-based
formulas is poor with a significant overestimation of GFR
and a p30% < 80% mainly in patients with a GFR > 75 mL/
min/1.73 m2. In contrast, cystatin C-based or combined

@ Springer

formulas have acceptable performance with a p30% >90%
even in kidney transplant patients. It is worth noting that
although the combined Schwartz formula was established
in 2012 using the pre-IFCC calibrated cystatin C meas-
urement, its performance is comparable to other formulas
combining creatinine and cystatin (average CKiDU25creat-
CKiDU25cys and average EKFC-FAScys).

Leion et al. showed in a cohort of 702 children between
2 and 18 years who were referred for mGFR measurement
(i.e., iohexol and inulin clearance in 440 and 262 children,
respectively) an acceptable performance for 6 out of 10
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Table 4 Statistical results for
the prediction performance of All patients F emz{le Mal.e P
eGFR equations according to (155 patients) (152 patients)
gender Schwartz2009
Absolute bias 20.1£233 23.6 +£23.0 16.7+£23.2 0.0094
p30% 63 58 68
pl0% 21 20 21
Schwartz-Lyon
Absolute bias 10.6 £20.2 11.4+20.3 9.8 +20.1 0.4789
p30% 78 75 80
p10% 35 38 31
CKiDU25creat
Absolute bias 14.2 £ 19.8 12.6 £19.2 15.8 £20.3 0.1510
p30% 74 75 72
p10% 32 33 30
EKFC
Absolute bias 11.2+17.2 11.1+£17.7 11.2+16.8 0.9578
p30% 79 77 80
p10% 32 32 32
FAScys
Absolute bias 2.8+ 14.1 6.6 +15.0 -1.1+12.0 <0.0001
p30% 90 83 97
p10% 49 45 53
score* 15
Combined Schwartz
Absolute bias -0.04 +12.0 0.1+£12.8 -0.1+11.1 0.8792
p30% 95 93 98
p10% 52 51 54
Mean CKiDU25"
Absolute bias 3.6 £12.6 2.8+12.8 44 +12.5 0.2671
p30% 91 90 93
p10% 53 52 54
Mean EKFC-FAS @
Absolute bias 7.0£13.0 89+13.38 51+11.9 0.0106
p30% 86 82 90
p10% 45 43 47

p values in bold indicate significance
(DMean between eGFR CKiDU25 creatinine and eGFR CKiDU25 cystatin C
®Mean between EKFC creatinine and FAS cystatin C

In gray: acceptable performance: bias < 10% and p30% >90%

In white: insufficient performance: bias > 10% and/or p30% < 90%

creatinine-based formulas (including Schwartz2009 IDMS)
and for 4 out of 5 cystatin C-based formulas (including FAS-
cys) with a bias<10% and p30% >75% [13]; this is better
than our results. However, even though a quite similar creati-
nine enzymatic IDMS standardized method was used in the
two studies, the use of two different methods of mGFR assess-
ment in Leion’s paper could partly explain this discrepancy.
To compare our results with Den Bakker’s results, we
studied the relative bias of the different formulas, in particu-
lar FAScys. In contrast to their results, we found an overes-
timation rather than an underestimation with FAScys (6.0%
vs.—4.7%, respectively) [14]. However, the reference method
for mGFR assessment was inulin clearance which could
explain quite different results as compared to iohexol clear-
ance. Moreover, the assays used for creatinine measurement

were also not exactly the same, namely, IDMS corrected Jaffé
method before 2008 and then IDMS standardized enzymatic
method, respectively [14]. Lastly, our current results are in
accordance with Salvador’s results showing in a cohort of
96 children an unacceptable bias over 10% and low p30%
with creatinine-based equations with iohexol clearance, while
demonstrating a good performance of combined Schwartz
and SchwartzCys with low bias and p30% at 90% [15].
Nyman et al. [3] conducted an external validation of
the CKiDU25 equation in the European cohort of the
EKFC (European Function Consortium), which included
2293 children with a mean mGFR of 97 mL/min/1.73
m? with similar characteristics, such as age (11.9 years)
and BMI (18 kg/m). They found that CKiDU25creat and
EKFC exhibited minimal bias (1.3 and — 1.6 mL/min/1.73
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Table 5 Statistical results for

the prediction performance of p(f[))‘l,ﬁ:?il(lm trlzf:l(:;fgnt g :2;‘;‘1::::}’ CKD ® )
eGFR equations according to ~ - _ _
the underlying disease (n=307) (n=95) (n=123) (n=89)
Schwartz 2009
Absolute bias 20.1 £33 8.0 £ 15.6* 25.1+239 26.3+24.6 <0.0001
P30% 63.2 73.7 61.8 53.9
P10% 20.5 28.4 16.3 18.0
Schwartz Lyon
Absolute bias 10.6 +20.2 1.6 + 13.1% 145+21.2 14.8 £22.0 <0.0001
P30% 77.9 88.4 75.6 69.7
P10% 345 37.9 325 33.7
CKiDU2S creat
Absolute bias 14.2+19.8 6.2+ 12.7% 17.7+£20.8 17.9+22.2 <0.0001
P30% 73.6 82.1 72.4 66.3
P10% 31.6 37.9 27.6 30.3
EKFC
Absolute bias 11.2+172 10.1+13.8 124+164 10.7 £21.3 0.6056
P30% 78.5 76.8 80.5 77.5
P10% 319 32.6 333 29.2
FAScys
Absolute bias 2.8+14.1 3.9+9.6 -0.07 £15.7* 55+15.2 0.0109
P30% 90.2 90.5 91.1 88.8
P10% 49.2 52.6 42.3 55.1
CKiDU25cys
Absolute bias -7.0+13.3 4.2+ 8.1 -10.2 £14.1 -5.4+15.6 0.0019
P30% 95.8 97.9 95.1 94.4
P10% 46.6 51.6 39.0 51.7
Combined
Schwartz
Absolute bias -0.04 £+ 12.0 -0.9+ 8.6 -0.8+12.5 2.0+ 14.0 0.1597
P30% 95.4 95.8 95.9 94.4
P10% 52.4 55.8 56.1 43.8
Mean CKiDU25®
Absolute bias 3.6+12.6 1.0 £8.4* 3.7+133 6.2 +14.9 0.02
P30% 91.2 94.7 89.4 89.9
P10% 52.8 62.1 51.2 44.9
Mean EKFC-FAS®
Absolute bias 7.0+ 13.0 7.0£93 6.1+13.4 8.1+15.7 0.566
P30% 86.0 88.4 87.0 82.0
P10% 45.0 46.3 455 42.7

p values in bold indicate significance
(MAIl CKD without transplants

@Mean between eGFR CKiDU25 creatinine and eGFR CKiDU25 cystatin C

Mean between EKFC creatinine and FAS cystatin C

In gray: acceptable performance: bias < 10% and p30% >90%

In white: insufficient performance: bias > 10% and/or p30% <90%

*Different from other groups

m?, respectively) and an accuracy of > 80% (P30), that is
much better performance than in our study. In contrast,
Nyman et al. observed that cystatin C-based equations
(CKiDU25cys and FAScys) underestimated mGFR, while
only CKiDU25cys showed underestimation in our study.
It is worth noting that, while creatinine determination was

@ Springer

standardized to IDMS in both studies, there were differ-
ences in GFR determination and the study populations.
Nyman et al. used data from various European centers,
suggesting a more diverse pediatric population, whereas
our study focused on patients from a tertiary nephrology
center [3]. Additionally, although general characteristics,
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Fig. 1 Absolute bias between creatinine based eGFR equations according to age and gender. A Schwartz2009 in girls, B Schwartz2009 in boys,
C Schwartz-Lyon in girls, D Schwartz-Lyon in boys, E CKiDU25creat in girls, F CKiDU25creat in boys, G EKFC in girls, and H EKFC in boys

including BMI, were comparable between the two stud- solely on creatinine levels for estimating GFR in specific
ies, it is possible that altered body composition in our  populations.
patients may have contributed to the differences in GFR In the present study, we used iohexol plasma clearance.

estimation. This highlights the importance of not relying  Iohexol (molecular weight 0.821 kDa) is indeed considered
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«Fig.2 Absolute bias between cystatin and creatinine-cystatin-based eGFR
equations according to age and gender. A FAScys in girls, B FAScys
in boys, C CKiDU25cys in girls, D CKiDU25cys in boys, E combined
Schwartz in girls, F combined Schwartz in boys, G mean CKiDU25creat-
CKiDU25cys in girls, H mean CKiDU25creat- CKiDU25cys in boys, I
mean EKFCcreat-FAScys in girls, and J mean EKFCcreat-FAScys in boys
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Fig.3 Regression graphs and Bland-Altman plots of the different creati-
nine based eGFR estimating equations compared with the measured GFR
(mGFR) determined with the reference standard, iohexol clearance. A

as an ideal marker of glomerular filtration: it is a nonionic,
low-osmolar contrast agent, freely filtered through the glo-
merulus and neither secreted, metabolized, nor reabsorbed by
the kidney [16—18]. Iohexol has <2% plasma protein binding
and a nearly negligible extrarenal clearance [16, 19]. Although
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«Fig. 4 Regression graphs and Bland-Altman plots of the different
cystatin and creatinine-cystatin-based eGFR equations compared
with the measured GFR (mGFR) determined with the reference
standard, iohexol clearance. A FAScys, B CKiDU25cys, C combined
Schwartz, D mean CKiDU25 (mean CKiDU25creat-CKiDU25cys),
and E mean EKFCcreat-FAScys. Plain lines represent the regression
line with the 95% limits of agreement (broken lines)

several authors demonstrated that results of urinary inulin
clearance measurement and plasmatic iohexol clearance were
comparable [20-22], small differences can nevertheless be
found.

Depending on age and gender, children, adolescents,
and young adults will experience significant variations
in body composition, particularly in muscle mass and fat
mass, which can influence the performance of creatinine-
based equations. Some formulas have thus been developed
to address these challenges, particularly the CKiDU25 or
EKFC/FAS formulas. Therefore, we compared performance
of the various equations according to gender. Whereas global
performance in terms of mean bias is poor in the whole
group with Schwartz2009, which has no specific coefficient
according to age, a worse performance was found in female
patients. A slightly poorer performance was observed with
FAScys and consequently with average EKFC-FAScys in
the female group in our population. For all other formulas,
no difference in mean bias was observed, confirming the
importance of adapting formulas according to gender and
age in the pediatric/adolescent/young adult population.

Using a theoretical approach, Pottel showed that the
CKiDU25creat formula provides a constant bias in all age
groups and genders between 1 and 25 years, as opposed to
Schwartz2009 [23]. Here, we confirm these results with a
constant bias both with EKFC and CKiDU25. However, with
the cystatin-based equation, we obtained a constant bias only
with CKiDU25cys which is significantly different than FAS-
cys in girls. Finally, the better performance (lower mean bias
and better accuracy (p30% and p10%) of EKFC, CKiDU-
25creat, CKiDU25cys, and combined creat-cys equations
(combined Schwartz, average CKiDU25creat-CKiDU25cys,
and average EKFC-FAScys) associated with a quite constant
bias among age groups and gender, allowing a more reli-
able estimation of GFR in clinical practice. Conversely, the
Schwartz2009 and Schwartz-Lyon formulas overestimated
the eGFR in a variable way according to age and do not allow
a sufficiently reliable estimate over time for the patient.

It is well known that performance of GFR-estimating
equations depends on CKD stage and the different evalu-
ated cohorts [15, 24-26]. In accordance with Salvador et al.
[15], creatinine-based equations perform better in CKD
patients (GFR < 75 mL/min/1.73 m?) contrary to cystatin C
ones in which bias is significantly lower when GFR is over
75 mL/min/1.73 m>2. Finally, combined Schwartz, average

CKiDU25creat-CKiDU25c¢ys, and the mean of EKFC and
FAScys provide an acceptable performance whatever CKD
level, which is of main importance in clinical practice.

In specific populations, it has been demonstrated that the
use of cystatin C increases the performance of GFR estimat-
ing formulas [27-29], but cystatin C is not available in all
laboratories and remains expensive compared to creatinine.
When only creatinine is available, EKFC and CKiDU25creat
give satisfactory results, with a constant bias with age. How-
ever, the use of CKiDU25creat requires height measurement,
thus preventing all laboratories to estimate GFR as suggested
by the recommendations; moreover, it does not prevent the
problem of change of formula at the age of 25 years [2].
The performance of the EKFC is satisfying; the bias is con-
stant, allows estimation of GFR without height, and avoids
the change of eGFR formula at the time of the adolescent-
adult transition period with an improbable change in eGFR
between the formulas used in children and adults [1].

The strengths of this study are the use of the same reference
GFR measurement method by iohexol clearance as well as a
unique enzymatic IDMS standardized creatinine determination
method (reference method) for all patients. As for weaknesses,
this cohort studies only a White/Caucasian population, with
no Black race, and there is no proposed adjustment by eth-
nicity for children and young adults. Another weakness is the
lack of measurement of body composition in our patients to
estimate abnormal muscle mass in our population. In addition,
GFR measurement is expressed in mL/min/1.73 m? based on a
calculation of body surface area using a formula established in
normal-weighted patients. However, this approach may not be
suitable for overweight or obese patients, potentially leading to
inaccurate final results in mGFR [30, 31]. This issue is likely
more prevalent in a tertiary pediatric nephrology population.

Conclusion

New creatinine-based equations CKiDU25creat and EKFC
allow a better estimation of eGFR especially in adolescents and
teenagers compared to Schwartz2009. However, in patients
followed in a tertiary pediatric nephrology unit, creatinine
remains an insufficient parameter for estimating GFR with a
significant overestimation of GFR which could result in misdi-
agnosis of CKD. The cystatin C or creatinine-cystatin C com-
bination allows better estimation of GFR in this population and
should be preferred when cystatin C determination is possible.
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tary material available at https://doi.org/10.1007/s00467-023-06275-4.
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