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Abstract

Background Young autosomal dominant polycystic kidney disease (ADPKD) patients are becoming the new target popula-
tion for the development of new treatment options. Determination of a reliable equation for estimated glomerular filtration
rate (eGFR) from early stages is needed with the promising potential interventional therapies.

Methods Prospective and longitudinal study on a cohort of 68 genotyped ADPKD patients (age range 0-23 years) with
long-term follow-up. Commonly used equations for eGFR were compared for their relative performance.

Results The revised Schwartz formula (CKiD) showed a highly significant decline in eGFR with aging (—3.31 mL/min/1.73
m?/year, P <0.0001). The recently updated equation by the Schwartz group (CKiDU25) showed a smaller (—0.90 mL/
min/1.73 m?/year) but significant (P =0.001) decline in eGFR with aging and also showed a significant sex difference
(P <0.0001), not observed by the other equations. In contrast, the full age spectrum (FAS) equations (FAS-SCr, FAS-CysC,
and the combined) showed no age and sex dependency. The prevalence of hyperfiltration is highly dependent on the formula
used, and the highest prevalence was observed with the CKiD Equation (35%).

Conclusions The most widely used methods to calculate eGFR in ADPKD children (CKiD and CKiDU25 equations) were
associated with unexpected age or sex differences. The FAS equations were age- and sex-independent in our cohort. Hence,
the switch from the CKiD to CKD-EPI equation at the transition from pediatric to adult care causes implausible jumps in
eGFR, which could be misinterpreted. Having reliable methods to calculate eGFR is indispensable for clinical follow-up
and clinical trials.

Keywords ADPKD - Estimated glomerular filtration rate - Cystatin ¢ - Creatinine - Hyperfiltration - Measured glomerular
filtration rate

Abbreviations Introduction

ADPKD Autosomal dominant polycystic kidney disease

CKD Chronic kidney disease Autosomal dominant polycystic kidney disease (ADPKD) is
TKV Total kidney volume the most common monogenic inherited kidney disease affect-
EGFR Estimated glomerular filtration rate ing 13 million people worldwide [1]. To date, no curative
FAS Full age spectrum treatment for ADPKD exists, and patients often rely on kid-
SCr Serum creatinine ney replacement therapy for survival [1, 2]. The development
SCysC  Serum cystatin C of kidney cysts begins in utero with subsequent exponential

cyst growth during life [2-6]. For this, young patients with
early stages of ADPKD represent a promising target popula-
tion for intervention studies, since early alteration of the rate
of disease progression has the greatest potential to preserve
long-term kidney function [3, 7-10]. However, the lack of sen-
sitive and validated endpoints in this population renders clini-
cal trials very challenging [3, 10]. Kidney function in terms
of glomerular filtration rate (GFR) is generally preserved or
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even increased in the first decades of life [4, 11]. Once kidney
function starts to decline, a rapid and quite constant decline of
approximately 4-6 mL/min/1.73 m?/year is observed, gener-
ally faster than in chronic kidney disease (CKD) from other
etiologies [7, 8]. Reduced kidney function is therefore not a
typical feature of childhood ADPKD [3, 4, 10]. The mean risk
of reduced GFR in childhood is 8% as seen in meta-analyses
but varies widely between case series (95% CI: 2-26%, range
2-39%) [3, 4]. In addition, glomerular hyperfiltration, which
may herald loss of GFR, has been observed in about 20% of
children with ADPKD [11]. However, there is no uniform defi-
nition of this phenomenon, studies describing a relation with
an increased decline of kidney function in ADPKD children
are sparse, and last but not least, the available data on pediatric
estimated GFR (eGFR) are very heterogeneous as multiple
equations are used [11, 12]. Moreover, a reliable estimation
of eGFR over a wide age range spanning from childhood to
adulthood appears essential in this regard.

Currently, total kidney volume (TKV) factored for age is
the best predictor of GFR trajectory; however, it is available
only for subjects older than 15 years [7-9]. In addition, several
clinical trials showed a dissociation between the rate change
of TKV and GFR [7]. Specifically, it remains unclear how to
best estimate the GFR in the early stages of ADPKD. GFR
is commonly estimated based on endogenous filtration mark-
ers, for example, serum creatinine (SCr) and serum cystatin
C (SCysC), which are less complex and provide rapid results
compared with the measured GFR (mGFR) [13]. However,
eGFR has severe limitations. Separate equations (Supplemen-
tary Table S1) have been developed for children (CKiD equa-
tion is recommended in all children per the current KDIGO
guidelines), and younger and middle-age adults (CKD-EPI
equation) [13—17]. These equations lack continuity with aging
and can cause implausible jumps at the transition from pedi-
atric to adult care [15]. To this end, new equations for eGFR
across the full age spectrum (FAS) were recently introduced
[18-22]. These FAS equations are based on normalized SCr
(SCr/Q), where Q is the median SCr from healthy populations
to account for age- and sex-related differences in SCr genera-
tion [18-22]. Both a height-dependent (FAS-Height) and a
height-independent equation (FAS-Age, with Q-matching on
age) have been reported [18-22]. With the FAS equations,
the adjustment for age (in children) and sex is on the level
of SCr and not on the level of GFR [18-22]. This is more
direct because a clear increase in SCr during childhood exists
with a difference between sexes during adolescence [19, 20].
In contrast, the body surface area indexed GFR is not age-
dependent during childhood and young adulthood, and (small)
differences in GFR between sexes are still a matter of intense
debate [13]. Despite the demonstrated biases associated with
the use of the CKiD equation [13], it is still the most widely
used and recommended equation for the follow-up of kidney
function in children worldwide [14].

@ Springer

We aimed to evaluate all the available equations for the
calculation of eGFR and compare their relative perfor-
mance in a prospective, genotyped cohort of young ADPKD
patients with longitudinal follow-up, in order to identify the
most appropriate method for this population. Furthermore,
the study evaluated the performance of eGFR equations dur-
ing transition from pediatric to adult care.

Methods
Ethical statement

The study was approved by the local ethical board (Ethical
Committee Research KU / UZ Leuven, S59500) and in accord-
ance with the Declaration of Helsinki. Written informed con-
sent was obtained from either the parents or patients.

Patients

ADPKD patients followed at the dedicated pediatric
ADPKD clinic from the University Hospital of Leuven, with
available longitudinal biobanking material, were included.
The diagnosis of ADPKD was made on a clinical basis with
genetic confirmation. Relevant demographic and anthropo-
metric data including age, sex, height, and weight were col-
lected yearly. Furthermore, reason and setting of diagnosis,
including potential prenatal signs of cystic kidney disease,
were determined for each subject.

Laboratory measurements

Longitudinally stored lithium heparin plasma samples in the
biobank collected between January 2014 and June 2021 were
measured for SCr and SCysC in one run in the Laboratory of
the University Hospital of Leuven to exclude any sampling
and/or methodology bias. SCr was determined on a Roche
Cobas 8000 C702 module using an enzymatic colorimet-
ric method (traceable to the gold standard isotope dilution
mass spectrometry method), and SCysC was measured using
the particle enhanced immunoturbidimetric assay on Roche
Cobas 8000 C502 platform according to the manufactur-
er’s instructions (Roche Diagnostics, Basel, Switzerland),
calibrated to the certified international reference material
ERM-DA471/TFCC.

Statistical analysis

Data are described as mean and SD if normally distributed,
otherwise by median and interquartile range. The evolution
of SCr, SCysC, and estimated GFR with age were graphi-
cally displayed. Linear quantile regression analysis, for the
longitudinal data, was used to quantify the evolution of



Pediatric Nephrology

eGFR with age. Bland-Altman correlation analysis was per-
formed comparing the different equations against the FAS-
Age equation. Significance level was set at alpha=0.0023
(Bonferroni correction for multiple testing n=22). SAS 9.4
(SAS Institute, Inc., Cary, North Carolina, USA) statistical
package was used.

Results
Population demographics

We included 68 genotyped ADPKD patients. The cohort
was equally distributed in terms of sex, with a mean age
of 10.2 years (min—max: 0.0-23.0 years) and with a mean
time of follow-up of 3.6 years (min—max: 1.0-8.0 years)
and a mean number of measurements of 4 (min—max: 1-9)
(Table 1). Approximately 20% of cases had prenatal signs
of cystic kidney disease. In 70.6%, the diagnosis of ADPKD
was made by screening in the context of a family history
of ADPKD. A positive family history of ADPKD was
described in 96.0% of cases. The majority of patients had a
mutation in the PKDI gene (92.7%), the others in PKD?2 or
GANAB (Table 1).

Anthropometric values and SCr and SCysC are
as expected

Longitudinal measurements (n =275 measurements) of
height, weight, and BMI plotted against age were within the
reference limits for a healthy population (Fig. 1). As such,
there are no arguments for growth retardation in the studied
population (Fig. 1b). The majority of both SCr and SCysC
measurements fall within the reference intervals (Fig. 2a,
b, Table 2). No significant differences in SCr (mg/dl) or
SCysC (mg/l) between boys and girls were detected (0.49

(0.29) versus 0.47 (0.17), P=0.4 and 0.87 (0.13) versus
0.88 (0.17), P=0.8), respectively). No statistically signifi-
cant difference, accounted for multiple testing (P=0.02), in
SCr/Q was observed between boys and girls (Tables 2 and
3). SCr/Q showed no significant age-dependency (slope of
the median regression line is+0.0046 mg/dL/year, 95% CI
[0.0013; 0.0093], P=0.03) (Table 4 and Fig. 3a).

Influence of sex and/or age on the used eGFR
equation

As described in the previous paragraph, the evolution of SCr
and SCysC in the young ADPKD patients falls within the
reference interval for a healthy population, suggesting a pre-
served and stable kidney function. However, the eGFR cal-
culated with the revised Schwartz formula (CKiD) showed
a highly significant and steep decline in eGFR with aging
(—3.31 mL/min/1.73 m%/year, [—3.69; —2.65], P <0.0001)
(Table 4 and Fig. 2). No significant sex difference was
observed with this equation (P =0.6, Table 3). The recently
updated equation by the Schwartz group (CKiDU25) showed
a smaller but still significant (—0.90 mL/min/1.73 m?/year,
[-1.81;—-0.37], P=0.001) decline in eGFR with aging
(Table 4 and Fig. 3). In addition, a significant difference in
eGFR (mL/min/1.73 m?) between boys and girls was found
with this new equation (124.7 (19.5) versus 109.8 (20.5),
P <0.0001) (Table 3). SCr normalized for Q and the related
FAS equations did not show a clear age-or sex- dependency
(Tables 3 and 4). In addition, CysC-based and combined
equations were independent of age and sex in this pediatric
ADPKD patient cohort (Tables 3, 4 and Fig. 3). Bland—Alt-
man plots for the different equations against FAS-Age are
added in Supplementary Fig. 1. Data from the Bland—Alt-
man analysis is summarized in Supplementary Table S2.
These plots showed the relative bias introduced by each
formula against the FAS-Age equation.

Table 1 Population

or Demographic data
characteristics

Number (n=68)

Sex (M/F)

Age of diagnosis mean (SD) (min—-max)

34/34
4.1 (5.0) (0.0-16.0)

Height (cm) mean (SD) (min—max)
Weight (kg) mean (SD) (min—max)
BMI (kg/mz) mean (SD) (min—max)
Biochemical analysis
Serum creatinine (mg/dL) mean (SD) (min—max)
Serum Cystatin C (mg/L) mean (SD) (min—max)
Genetics
PKDI n (%)
PKD2 n (%)
GANAB n (%)

143.1 (29.3) (58.8-198.0)
39.8 (21.3) (5.5-111.4)
17.8 (3.7) (12.2-34.1)

0.5 (0.2) (0.2-1.0)
0.9 (0.1) (0.3-1.3)

63 (92.7%)
4.0 (5.9%)
1.0 (1.5%)

M, male; F, female; SD, standard deviation; BMI, body mass index

@ Springer
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The proportion of hyperfiltration is highly Discussion

dependent on the used eGFR equation

The highest prevalence of values corresponding with
hyperfiltration (defined as eGFR > 133.9 mL/min/1.73
m?) was observed with the use of the CKiD equation
(Table 5). Almost no measurements fell within the range
of hyperfiltration by using SCysC-based equations
(Table 5).

The eGFR during transition from childhood
to adulthood

A subgroup analysis of 16 patients who reached adult-
hood (18-23 years) was performed and included 60
measurements of SCr and SCysC to evaluate the eGFR
equations during this transition phase. A comparison of
the different equations is displayed in Table 6. For this
subgroup, CKD-EPI predicts a mean eGFR =130.35 mL/
min/1.73 m?, while revised/bedside Schwartz (CKiD) pre-
dicts 103.93 mL/min/1.73 m?, a difference of 25%, and
the newly updated CKiDU25 equation predicts a value
of 116.25 mL/min/1.73 m? (Table 6). Considering the
median eGFR values, the difference between Schwartz
(99.07 mL/min/1.73 m?) and CKD-EPI (130.26 mL/
min/1.73 m?) is even larger, with a difference of 31.5%
(Table 6). However, using FAS equations, no jumps at
transition were observed (Table 6).

@ Springer

We describe the evaluation of kidney function of a geno-
typed ADPKD cohort with early stages, demonstrating that
the most widely used methods to calculate eGFR in chil-
dren and adolescents (CKiD and CKiDU25 equations) are
associated with unexpected age or sex differences and with
a higher proportion of hyperfiltration. However, the FAS
equations were age- and sex-independent in our cohort and
could be used over the entire age spectrum.

Indeed, young CKD-stage ADPKD patients, both chil-
dren and young adults, represent a promising target popula-
tion for intervention studies [4, 5, 10, 12]. Since eligibility
for inclusion in clinical trials is often based on GFR esti-
mation, in order to be able to assess the impact of potential
drugs on kidney function, a reliable method to follow up on
kidney function is greatly needed [2, 10]. GFR, the most
universally used marker of kidney function, is commonly
estimated by plasma markers [13]. More than 70 equations
for eGFR have been described, based on SCr and SCysC
[23, 24]. The reliability of all these formulae is far from
perfect [23]. A recent study on 226 adult ADPKD patients
showed an average error of about 50% between the differ-
ent eGFR equations and the measured GFR [23]. With the
use of longitudinal follow-up data on a well-characterized
and genotyped cohort of young ADPKD patients, we aimed
to compare the relative performance of SCr, SCysC, and
combined methods to calculate eGFR.
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Fig.2 a Serum creatinine longitudinally plotted against age with
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Serum cystatin C against age. P2.5, P50, and P97.5 are presented
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The current KDIGO guidelines recommend the use of the
CKiD equation for the calculation of eGFR in children and
the CKD-EPI equation in adults [14, 23]. The Schwartz group
initially described the relationship between body length, GFR,
and SCr in the following equation: eGFR =k X body length
(cm)/SCr (mg/dL); the coefficient k is different in preterm
infants, full-term infants, children between 2 and 12 year
of age and males and females over the age of 12 years [14].
This formula was developed for the Jaffe method determined
SCr [14]. In 2009, the revised/bedside Schwartz equation
(CKiD equation) was introduced, designed for enzymatic
SCr determination [14, 25-29]. This CKiD equation was ini-
tially developed and validated in children with CKD until the
age of 16 years with a high prevalence of patients with poor
growth [13—-15]. However, it is commonly accepted and rec-
ommended by the KDIGO guidelines to calculate eGFR in all
children until the age of 18 years with this formula [13-15].

However, the concern about the applicability of this for-
mula in children without CKD and different ethnic groups
was already raised [25-29]. It was already highlighted in

Table 2 Results of eGFR calculated with different equations (n =68,
275 measurements)

Equation Mean (SD) Median (LQ-UQ)
CKiD" 126.2 (26.0) 123.6 (106.6-142.1)
(mL/min/1.73 m?)

CKiDU25" 117.3 (21.2) 115.0 (102.2-128.5)
(mL/min/1.73 m?)

FAS-Age'® 119.1 (21.1) 117.0 (105.0-130.0)
(mL/min/1.73 m?)

FAS-Height'® 127.5 (25.2) 123.6 (111.1-136.6)
(mL/min/1.73 m?)

EKFC!"? 108.0 (11.0) 110.0 (104.7-113.9)
(mL/min/1.73 m?)

LMR18% 102.9 (12.1) 102.9 (96.1-109.9)
(mL/min/1.73 m?)

CKD-EPI40?! 105.6 (13.5) 109.0 (99.4-113.3)
(mL/min/1.73 m?)

FAS-CysC?? 103.0 (18.5) 100.0 (93.6-110.0)
(mL/min/1.73 m?)

FAS-combined-Age?? 111.1 (14.7) 110.0 (101.2-119.5)
(mL/min/1.73 m?)

FAS-combined-Height?? 115.3 (15.7) 112.6 (105.4-121.2)
(mL/min/1.73 m?)

SCr/Q" 0.93 (0.16) 0.92 (0.83-1.02)
(mg/dL)

CysC/Q% 1.06 (0.14) 1.07 (0.98-1.15)
(mg/L)

SD, standard deviation; LQ, lower quartile (25th percentile); UQ,
upper quartile (75th percentile)

literature that body composition differs between differ-
ent ethnic groups which highly impact on the applicabil-
ity of the CKiD equation in children from different origins
[25-29]. For example, the CKiD equation is not applicable
in Japanese children, and for this reason, Uemura’s formula
was introduced [29]. Our cohort did show in the majority
of cases an evolution of height, weight, SCr, and SCysC
within the reference intervals for a healthy population. The
CKiD-eGFR equation showed a strong decline with aging
during childhood and young adulthood in ADPKD patients.
However, this decline in kidney function with aging was
not reflected in the evolution of SCr and SCysC against
age. In addition, the recently introduced CKiDU25 equa-
tion [16], with age-specific k values, did not show such a
strong decline with age, although the decrease was still sta-
tistically significant. On the other hand, the new CKiDU25
equation [16, 17] introduced significant difference between
boys and girls which was unexpected based on the SCr
and SCysC data. Furthermore, the switch from CKiD or
CKiDU25 [16, 17] to the CKD-EPI equation [15] at the age
of 18 years causes implausible jumps at the transition from
pediatric to adult care [15]. eGFR is a poor outcome meas-
ure in early ADPKD; however, it has been reported that 8%
of the children had CKD stage 2 or higher, and 20% have

@ Springer
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Table 3 Comparison of the different eGFR equations and SCr and SCysC normalized by Q between sexes

Equation (n=68), 275 measure-

Males Mean (SD) Females mean (SD) Males median (LQ-UQ) Females median (LQ-UQ) P value

ments

CKiD' 127.4 124.7 124.5 121.7 0.6

(mL/min/1.73 m?) (27.6) (23.7) (105.96-143.71) (106.58-137.70)

CKiDU25"7 124.7 109.8 120.7 107.1 <0.0001*

(mL/min/1.73 m?) (19.5) (20.5) (110.0- 135.1) (96.58-118.86)

FAS-Age'® 1255 119.5 122.1 117.3 0.02

(mL/min/1.73 m?) (20.2) (23.07) (111.8-135.6) (103.7-132.4)

FAS-Height'® 131.7 122.0 127.5 118.7 0.0002*

(mL/min/1.73 m?) (25.0) (24.4) (117.1-141.6) (106.5-129.5)

EKFC!" 111.6 107.2 111.9 109.6 0.001%*

(mL/min/1.73 m?) (8.6) (11.8) (108.6-116.1) (101.9-113.9)

LMR18% 107.4 101.8 106.9 101.7 0.0001*

(mL/min/1.73 m?) (10.9) (12.9) (100.6-114.0) (93.85-109.4)

CKD-EPI40?! 112.0 105.3 112.1 109.1 0.0003*

(mL/min/1.73 m?) (11.2) (15.6) (107.3-117.2) (96.3-113.8)

FAS-CysC?? 101.7 104.9 101.1 99.9 0.8

(mL/min/1.73 m?) (12.0) (24.5) (93.6-108.6) (92.6-112.8)

FAS-combined-Age? 113.5 112.3 112.5 110.58 0.2

(mL/min/1.73 m?) (12.8) (17.2) (104.8-121.0) (100.0-120.5)

FAS-combined-Height*? 116.6 113.5 114.7 110.3 0.03

(mL/min/1.73 m?) (14.8) (16.2) (106.7-122.7) (103.90-121.03)

SCr/Q" 0.88 0.93 0.88 0.92 0.02

(mg/dL) (0.13) (0.18) (0.79-0.96) (0.81-1.03)

CysC/Q% 1.07 1.06 1.06 1.07 0.8

(mg/L) (0.13) (0.16) (0.99-1.15) (0.95-1.16)

Equation Males mean (SD) Females mean (SD) Males Median (LQ-UQ) Females Median (LQ-UQ) P value

(n=16), 60 measurements

CKD-EPI?! 128.5 132.8 130.26 130.4 0.6

(mL/min/1.73 m?) (10.3) (10.2) (126.02-132.93) (126.8-139.9)

*Statically significant corrected for multiple testing

SD, standard deviation; LQ, lower quartile (25th percentile); UQ, upper quartile (75th percentile)

T?ble 4 Comparison .Of the Equation Age effect (mL/min/1.73 m%/year) 95% Cl interval P value

different eGFR equatlor'ls and [95% CI]

SCr and SCysC normalized by

Q in function of time CKiD™ -3.31 [—3.69;—2.65] <0.0001*
CKiDU25" —-0.90 [-1.81;-0.37] 0.001%*
FAS-Age'8 -0.62 [-1.23;-0.18] 0.03
FAS-Height'® —1.00 [-1.56;—0.42] 0.0005°*
EKFC" —0.27 [-0.39;-0.14] 0.0004*
LMR18% —045 [-0.73;-0.22] 0.0004*
CKD-EPI40?! -0.09 [—0.34;0.12] 0.7
FAS-CysC?* 0.16 [-0.31;0.49] 0.8
EZAS-combined-Age -0.22 [—0.81;0.25] 0.3
ZAS—combined—Height —-0.38 [—1.09; 0.15] 0.04
Equation Age effect (mg/dL/year) 95% Cl interval P value
SCr/Q'® 0.0046 [0.0013; 0.0093] 0.03
Equation Age effect (mg/L/year) 95% Cl interval P value
CysC/Q% —0.0017 [—0.0051; 0.0034] 0.6

@ Springer

*Statistically significance corrected for multiple testing
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FAS-Height

FAS-Age (ml/min/1.73m)

MR8 (ml/min/1.73m)
s N

Age (years)

j FAS-CysC FAS-combined

FAS-CysC (mi/min/1.73m)

Age (years)

Age (years)

Fig.3 Comparison of the different equations based on the longi-
tudinally plotted values. Values of boys indicated in red, in blue
for girls. a SCr/Q plotted against age with slope of the median
quantile regression line of+0.0044 mg/dL/year) and P value of
(P=0.03). b eGFR-CKiD against age (—3.31 mL/min/1.73 m?/year,
P<0.0001). ¢ eGFR-CKIDU25 against age (—0.90 mL/min/1.73
m%/year, P=0.001). d eGFR-FAS-Age against age (—0.61 mL/
min/1.73 m?/year, P 0.03). e eGFR-FAS-Height against age

hyperfiltration [3, 4, 10, 11]. Of note, absolute hyperfiltration
is defined as a supra-physiological increase of glomerular
filtration rate that occurs when single nephron filtration rate
increases in a kidney with a normal number of nephrons
[30-33]. Absolute hyperfiltration can occur in healthy peo-
ple after a high protein meal or during pregnancy and is
also observed in diabetes, obesity, and ADPKD [30-33].
Persistent increases in single-nephron glomerular filtration
rates that are associated with glomerular hypertension can
eventually lead to proteinuria, glomerular sclerosis, and in
a decline in kidney function [30-33]. In young ADPKD
patients with preserved kidney function, early vasoconstric-
tion and reduced kidney blood flow can cause an increase
in filtration fraction [30-33]. Glomerular hyperfiltration in
ADPKD might also be mediated by angiotensin II with a

soysc/a (mg/)

CKiDU25

Female

0.975 quantile
0.500 quantile
0.025 quantile

Reference interval

Male

(—0.98 mL/min/1.73 m?year, P=0.0005). f eGFR-EFKC against
age (—0.27 mL/min/1.73 m?year, Pp=0.0004). g eGFR-LRM18
against age (—0.45 mL/min/1.73 m%year, P=0.0004). h eGFR-CKD-
EPI against age (—0.08 mL/min/1.73 m?%year, P=0.5). i CysC/Q
against age (—0.0010 mg/L/year, P=0.7). j eGFR-FAS-CysC against
age (0.096 mL/min/1.73 m?%year, P=0.1). k eGFR-FAS-combined
against age (—0.2877 mL/min/1.73 m.?/year, P=0.3)

predominant effect of vasoconstriction in the efferent glo-
merular arterioles [31]. On the other hand, the presence of
absolute hyperfiltration in this cohort of patients can itself
interfere with the accuracy of the different eGFR formulae,
because the equations are not developed in those reference
limits [34, 35]. To the best of our knowledge there is only
one study that described hyperfiltration in pediatric ADPKD
with the use of mGFR [30]. They observed significantly
higher GFRs in young ADPKD patients (n = 18) versus con-
trols (n=41) [30]. The diagnostic performance of SCysC
was superior to SCr for the detection of hyperfiltration in
this specific population of patients [30]. There is to date no
consensus on the cutoff value for hyperfiltration; however,
a cutoff of 135 mL/min/1.73 m? is most commonly used
according to the literature [32, 33]. We compared different
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Table 5 Proportion of measurements in the range of hyperfiltration
with two cutoffs for the different eGFR equations and for the normal-
ized biomarkers (n =68, 275 measurements)

Table 6 Subgroup of young adulthood ADPKD patients with an age
between 18 and 23 years. (n = 16, min—max: 18-23 years, mean 19
years, 60 measurements)

Equation 133.9<fraction< 160.1  Fraction> 160.1
(mL/min/1.73 m?) (mL/min/1.73 m?)

CKiD' 23.6% 12.0%
CKiDU25" 14.6% 5.5%
FAS-Age'® 17.5% 6.6%
FAS-Height'® 20.4% 9.1%
EKFC!" 1.1% 0.0%
LMR18% 0.4% 0.0%
CKD-EPI40?! 0.4% 0.0%
FAS-CysC?? 1.8% 0.4%
FAS-combined- 6.18% 1.09%

Age22
Equation Fr<0.80 (mg/dL) Fr<0.67 (mg/dL)
SCr/Q'® 17.1% 6.9%
Equation Fr<0.80 (mg/L) Fr<0.67 (mg/L)
CysC/Q% 1.8% 1.5%

The cutoff of 133.9 mL/min/1.73 m? and 160.1 mL/min/1.73 m? is
derived from the mathematical calculation and is equal to the cutoff
of the normalized biomarkers (107.3/0.80=133.9 mL/min/1.73 m?
and 107.3/0.67=160.1 mL/min/1.73 m?)

arbitrary cut-off values calculated from the lower limits of
SCr and SCysC. We demonstrated huge differences in the
prevalence of hyperfiltration (based on the different arbi-
trary cutoffs) between the different equations. The highest
prevalence of hyperfiltration was observed with the use of
the CKiD equation. Of note, the majority of studies inves-
tigating and describing hyperfiltration in ADPKD used the
CKiD equation [4, 5, 11, 30]. The high prevalence of hyper-
filtration was not observed with the SCysC-based equations.
The FAS equation better captures the fluctuations over age
seen in SCr and SCysC, meaning that this normalization
with Q values might be more adapted for ADPKD children
[18, 19, 23]. The normalized SCr and SCysC is therefore
a preferable tool to compare children of different age and
sex [18, 19, 23]. The main advantage of using normalized
values is that there is no need to convert SCr/SCysC into an
eGFR value, which depends on the formula used [18, 19,
23]. Furthermore, the different eGFR formulas have only
been validated after the age of 2 years, in contrast to the
normalized biomarkers which are still useful from 6 weeks
of age [13]. SCr/Q did not show an age- (+0.0046 mg/dL/
year, P=0.03) and sex- dependency (P =0.02), after Bonfer-
roni correction. The SCr-based FAS equation (FAS-Age),
and cystatin C-based FAS equation (FAS-CysC) and the
combined FAS equation were also age- and sex-independent
in the present ADPKD cohort. The rationale to combine SCr
and SCysC to calculate eGFR originated from the fact of the
differences in sources of error [32-35]. SCr is dependent on
muscle mass and variable tubular secretion, while SCysC

@ Springer

Equation Mean Min-max Median 5th-95th
(SD) percentile

SCr/Q™ 0.88(0.15) 0.61-1.14  0.88 0.61-1.11

(mg/dL)

CKiD" 103.9 (22.3) 76.7-162.0 99.1 83.4-159.6

(ml/min/1.73m?)

CKiDU25"7 116.3 (19.8) 92.4-162.0 109.2  94.3-160.0

(ml/min/1.73m?)

FAS-age'® 125.7(22.7)  93.9-176.7 1217  96.5-174.9

(ml/min/1.73m?)

FAS-height'® 122.9(27.8) 94.9-185.0 1143 95.2-183.4

(ml/min/1.73m?)

EFKC!" 108.8 (9.1) 86.9-123.7 110.0  89.5-123.3

(ml/min/1.73m?)

CKD-EPI40?!  130.4 (10.3) 107.5-147.7 1303  111.6-

(ml/min/1.73m?) 147.1

CKD-EPI?! 130.3 (10.7) 108.1-147.8 130.6  112.1-

(ml/min/1.73m?) 147.8

SD standard deviation, min minimum, max maximum

may differ with alterations in volume status [33, 34]. Previ-
ous research already described the poor agreement between
CKiD and CKD-EPI before and during transition with sys-
tematically higher eGFR with the CKD-EPI equation espe-
cially in males [36]. The FAS equations are applicable for
all ages, thus avoiding implausible jumps at the transition
from pediatric to adult nephrology. Moreover, the continu-
ity of SCr-based eGFR was already shown in the Japanese
population with the Uemura and 3-variable Japanese for-
mula [29]. The Uemura formula, suitable for children aged
between 2 and 18 years, also contains a normalization of
SCr (eGFRypura = 110.2 X (Reference SCr/SCr) +2.93).
Bland—Altman analysis was performed to analyze the rela-
tive bias of the different formulas against the FAS-age equa-
tion. FAS-age gives generally higher eGFR values (espe-
cially in adolescents) compared to the CKiD equation and
lower values compared with the CKD-EPI equation in young
adults [21, 22]. We observed a discrepancy in the high eGFR
ranges between FAS-age and LMR 18, EFKC, and CKD-EPL
Those formulas contain power coefficients based on SCr
growth curves to avoid erroneous overestimation of eGFR
for low SCr values. This intrinsic feature of the LMR18,
EFKC, and CKD-EPI probably explains the observed dis-
crepancy. The strengths of our study are that all the ADPKD
patients had a genetic confirmation and that the methodol-
ogy of the sampling and the measures of all the samples
were standardized. A limitation is the absence of measured
GFR, which could provide direct evidence for the choice of
the best eGFR equation. Therefore, our future studies will
be focused on the correlation and agreement between meas-
ured GFR and the different eGFR equations (both SCr- and
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SCysC-based) to confirm our findings. Furthermore, since
our cohort included only Caucasian patients, racial influ-
ences were not evaluated. Moreover, applying Bonferroni’s
correction for multiple testing relaxes the claim for signif-
icance and consequently makes it easier to state that “no
significant difference” is a condition of a suitable formula.

Conclusion

The most widely used methods to calculate eGFR in children
and adolescents (CKiD and CKiDU25 equations) were associ-
ated with unexpected age or sex differences in young ADPKD
patients and high estimation of hyperfiltration. However, the
FAS equations were age- and sex-independent in our cohort.
Hence, the switch from the CKiD to CKD-EPI equation at
the transition from pediatric to adult care causes implausible
jumps in eGFR, which could be misinterpreted. We propose
that the FAS equations are more appropriate to be used in order
to evaluate eGFR in the early stages ADPKD.
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