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ABSTRACT 

Background. Creatinine-based equations are the most used to estimate glomerular filtration rate ( eGFR) . The Chronic 
Kidney Disease Epidemiology Collaboration ( CKD-EPI) , the re-expressed Lund-Malmö Revised ( r-LMR) and the European 

Kidney Function Consortium ( EKFC) equations are the most validated. The EKFC and r-LMR equations have been 

suggested to have better performances in young adults, but this is debated. 
Methods. We collected data ( GFR) measured by clearance of an exogenous marker ( reference method) , serum creatinine, 
age and sex from 2366 young adults ( aged between 18 and 25 years) both from Europe and the USA. 
Results. In the European cohorts ( n = 1892) , the bias ( in mL/min/1.73 m²) was systematically better for the EKFC and 
r-LMR equations compared with the CKD-EPI equation [2.28, 95% confidence interval ( 1.59; 2.91) , –2.50 ( –3.85; –1.76) , 17.41 
( 16.49; 18.47) , respectively]. The percentage of estimated GFR within 30% of measured GFR ( P30) was also better for EKFC 

and r-LMR equations compared with the CKD-EPI equation [84.4% ( 82.8; 86.0) , 87.2% ( 85.7; 88.7) and 65.4% ( 63.3; 67.6) , 
respectively]. In the US cohorts ( n = 474) , the bias for the EKFC and r-LMR equations was better than for the CKD-EPI 
equation in the non-Black population [0.97 ( –1.69; 3.06) , –2.62 ( –5.14; –1.43) and 7.74 ( 5.97; 9.63) , respectively], whereas the 
bias was similar in Black US individuals. P30 results were not different between the three equations in US cohorts. 
Analyses in sub-populations confirmed these results, except in individuals with high GFR levels ( GFR ≥120 mL/min/1.73 
m²) for whom the CKD-EPI equation might have a lower bias. 
Conclusions. We demonstrated that both the EKFC and r-LMR creatinine-based equations have a better performance 
than the CKD-EPI equation in a young population. The only exception might be in patients with hyperfiltration. 

Keywords: creatinine, glomerular filtration rate, young adult 

KEY LEARNING POINTS 

What was known: 

• The best creatinine-based equation to be used in young people to estimate glomerular filtration rate ( GFR) is still debated.

This study adds: 

• We compare three equations [Chronic Kidney Disease Epidemiology Collaboration ( CKD-EPI) , the re-expressed Lund-Malmö
Revised ( r-LMR) and the European Kidney Function Consortium ( EKFC) ] in European and US cohorts in the largest study 
including young individuals.

Potential impact: 

• We showed that EKFC and r-LMR equations were more accurate than the CKD-EPI equation to estimate GFR in young 
individuals both in Europe and USA.
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NTRODUCTION 

reatinine-based equations are still the most used equations 
o estimate glomerular filtration rate ( eGFR) in clinical practice.
mong these equations, the Chronic Kidney Disease Epidemiol- 
gy Collaboration ( CKD-EPI) [1 ], the Lund-Malmö Revised ( LMR) 
2 , 3 ] and the European Kidney Function Consortium ( EKFC) 
quations [4 ] are those that have been developed and validated 
ith the largest datasets ( Supplementary data, Table S1) [5 –7 ].
hese equations have been recently recognized as ‘validated’ by 
he Kidney Disease: Improving Global Outcomes ( KDIGO) guide- 
ines. The EKFC and the re-expressed version of LMR ( r-LMR) 
quation [3 ] are both based on rescaled biomarkers and have 
een developed with the aim to avoid implausible jumps in eGFR 
s
t the transition between adolescence and adulthood. An im- 
lausible jump is something that is observed when separate 
quations are used for children and adults, notably with the 
hronic Kidney Disease in Children ( CKiD) and CKD-EPI equa- 
ions [8 ]. It can be observed that serum creatinine in healthy 
opulations is increasing during adolescence ( because of grow- 
ng and gain in muscular mass) and then remains quite con- 
tant from young adulthood to old ages, whereas GFR mea- 
ured by a reference method is constant from 2 years to around 
0 years, and then physiologically declines with aging [4 , 9 ].
his observation was included in the development of the EKFC 

 based on rescaled serum creatinine, and using two splines with 
 knot at 40 years) [4 ] and in r-LMR ( considering the rescaled 
erum creatinine concept) [3 ] equations, while the CKD-EPI 

mailto:pdelanaye@chuliege.be
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quation assumes a constant decline across all ages, as it is
ased on regression of log( measured GFR) ( mGFR) against log- 
 serum creatinine) , sex and age [1 , 6 , 7 ]. This implies that CKD-
PI cannot be used in children due to massive overestimation
f mGFR, and it also leads to overestimation in young adults of
GFR by the CKD-EPI equation which is observed both in Euro-
ean [4 , 10 , 11 ] and US cohorts [12 ]. Intriguingly, Inker et al. [13 ]
ecently published opposite findings for young adults. Indeed,
n 1491 individuals aged between 18 and 40 years, they showed
hat the bias of the CKD-EPI equation was better [ + 0.5 ( 95% CI –
.7; 1.5) mL/min/1.73 m²] than the bias of EKFC [–4.9 ( 95% CI –5.7;
3.7) mL/min/1.73 m²]. However, accuracy within 30% ( P30) ( the 
ercentage of eGFR within 30% of mGFR) remained very similar 
88.9% ( 87.3; 90.5) versus 89.7% ( 88.3; 91.3) ]. Focusing on the 276 
atients aged between 18 and 25 years of age, the difference in
ias was still more impressive [ + 3.3 ( 95% CI 0.0; 5.0) mL/min/1.73
² versus –11.0 ( 95% CI –13.6; –7.3) mL/min/1.73 m² for the CKD- 
PI and EKFC equations, respectively], whereas P30 was the same
or both equations [90.2% ( 86.6; 93.5) ]. 

In the Inker study, the sample size of individuals aged be-
ween 18 and 25 years was, however, relatively small ( n = 276) .
he sample size available to the EKFC in the same age range ( 18–
5 years) is much larger ( n = 2366) , allowing several subgroup 
nalyses. Focusing on the young population ( 18–25 years) , the 
im of the present study was thus to compare the performance
f r-LMR, EKFC and CKD-EPI equations in European and US
ohorts. 

ATERIALS AND METHODS 

he equations used in the current analysis are described in
upplementary data, Table S1. We onl y consider ed the race- 
ree CKD-EPI equation [1 , 14 ]. We here present results from two
atasets including subjects aged from 18 to 25 years. The one
rom Europe was previously used for the seminal article of the
KFC equation, but excluding data from USA [4 ]. All partici-
ants were considered as White in this dataset [4 ]. We also used
ata obtained from US cohorts that have been described else-
here [12 ]. Briefly, in all European cohorts, creatinine was di-
ectly measured with an IDMS traceable assay, whereas serum 

reatinine results were mostly indirectly recalibrated in US co- 
orts [4 , 12 , 15 ]. GFR was measured by a recognized reference
ethod [16 , 17 ]. Characteristics of the cohorts are described in
upplementary data, Table S2.

All analyses and calculations were performed using SAS 
.4 ( SAS Institute Inc., Cary, NC, USA) . Data were presented as
ean ± standard deviation ( SD) when the distribution was nor- 
al and as median with interquartile range ( quartile 1–quartile 
) when not. Normality was assessed using the Shapiro–Wilk 
est. Performance of GFR equations was compared with usual 
etrics: median bias ( i.e. eGFR – mGFR) with 95% confidence 

ntervals ( CI) which is the systematic difference between esti- 
ation and measurement, imprecision ( interquartile range of 

he bias) which is the random difference between estimation 
nd measurement, as well as P30 and P20 accuracy ( percentage 
f eGFR values within ±30% or 20% of mGFR) with 95% CI.
he target for bias was zero, but an absolute bias of at most
 mL/min/1.73 m² might be considered reasonable. Imprecision 
hould be as low as possible [18 ]. The goal for P30 was 100%, yet
30 > 75% has been considered as ‘sufficient for good clinical
ecision making’ [19 ]. To test whether an equation is different
rom another equation in the same population, we did not use
tatistical tests to avoid numerous P -value calculations, but we
onsidered an equation as different when the 95% CI between

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae261#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae261#supplementary-data
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quations was not overlapping, which is a more conservative 
riterion. Median bias across the age spectrum was graphically 
resented using median quantile regression with 4th degree 
olynomials. We used all available data from the 18–100 years 
ge range to calculate median quantiles, but here present the 
edian quantile line restricted to the young adult age range [4 ,
2 ]. Likewise, accuracy P30 ( %) was graphically presented across 
he age spectrum using cubic splines ( 3rd degree polynomial) 
ith three free knots. Again, all available data were used 

or this calculation, but the P30 graph was restricted to the 
oung adult age range. We have also presented the classical 
land and Altman figures to illustrate the performance of 
he equations according to GFR ( expressed in an absolute or 
elative way) . 

We did a subgroup analysis according to sex, race ( only in 
he US) , eGFR ( as usually considered by the CKD-EPI group) or 
GFR ( as usually considered by the EKFC) levels [20 , 21 ], and us- 

ng the usual categories ( < 30, 30–45, 45–60, 60–90, 90–120 and 
120 mL/min/1.73 m²) . We also performed an analysis accord- 
ng to body mass index ( BMI) , but only in European cohorts as 
here were too many missing data for height ( n = 343) in the US 
ohorts. 

The EKFC equation uses the concept of rescaled crea- 
inine, which is the creatinine of the subject rescaled by a 
-value which is corresponding to the median serum cre- 
tinine concentration observed in a given population [6 , 7 ].
etween 2 and 25 years, the Q-value is a polynomial calcu- 
ation based on age: for men: ln( Q) = 3.200 + 0.259 × age –
.543 × log( age) – 0.00763 × age² + 0.0000790 × age³, and 
or women: ln( Q) = 3.080 + 0.177 × age – 0.223 × log( age) –
.00596 × age² + 0.0000686 × age³ ( serum creatinine being 
xpressed in μmol/L in this equation) . These polynomials 
evel off at 0.70 mg/dL for females and 0.90 mg/dL for males,
t the age of 25 years [4 ]. The race-free US Q-values have 
een previously established and validated, as a fixed value 
 0.97 mg/dL in males and 0.73 mg/dL in females) [12 , 22 , 23 ].
owever, race-free US Q-values before 25 years were here 
alculated, as follows. The basic assumption is that the serum 

reatinine growth curves of White Europeans serve as a model 
ut a gradual change is obtained between 12 years ( assuming 
ll healthy children have the same average serum creatinine 
ntil 12 years) and 25 years, by applying a linear relationship 
or the multiplication factor between ‘1’ ( at 12 years) and the 
atio Q-new population/Q-Europe. Consequently, all ‘healthy’ 
hildren at 12 years are supposed to have the same ideal 
erum creatinine value ( Q-value) , which gradually changes to 
he plateau value at 25 years, corresponding to the specific 
opulation. 
We also compared the performance of the EKFC equation 

ith the polynomial Q-values, as it was developed in the sem- 
nal EKFC article with results using a fixed Q-values as used in 
ndividuals older than 25 years ( i.e. 0.7 mg/dL for females and 
.9 mg/dL in males) . 

ESULTS 

he sample size from European and US cohorts was 1892 and 
74, respectively. Mean age was 20.7 ± 2.1 and 22.2 ± 2.2 ( range 
8–25) years, mean mGFR was 89.5 ± 28.9 mL/min/1.73 m² and 
1.5 ± 35.3 mL/min/1.73 m², respectively ( Supplementary data,
able S2) . In the European cohorts ( Table 1 ) , bias and P30 were 
ystematically better for the EKFC and r-LMR equations com- 
ared with the CKD-EPI equation, which largely overestimated 
GFR ( Table 1 ) . r-LMR and EKFC equations performed simi- 
arly. In the US cohorts, the bias for the EKFC and r-LMR equa-
ions was also better than for the CKD-EPI equation in the 
hole and non-Black population, whereas the bias was simi- 

ar in Black US individuals. P30 results were not different be- 
ween the three equations in the US population. The bias and 
30 results for the EKFC, r-LMR and CKD-EPI equations accord- 
ng to age in the White European cohorts are shown in Fig. 1 A
nd B, in the non-Black US cohorts in Fig. 1 C and D, and in
he Black US cohorts in Fig. 1 E and F. The Bland and Altman
lots [with absolute bias ( Fig. 1 A) or relative bias ( Fig. 1 B) ] con- 
rmed the overestimation of the CKD-EPI equation, both in 
hite Europeans ( Fig. 2 A and B) and US non-Black populations 

 Fig. 3 ) . 
In the analysis according to sex ( Supplementary data,

able S3) , the same conclusions as in the whole population can 
e drawn in the European cohort. In US cohorts, only the bias in
ales was better for EKFC and r-LMR than for CKD-EPI, and all
ther results were similar. 
In the US cohorts, the analysis according to race is shown 

n Table 1 , but the sample size of Black individuals was low. The
ias for the EKFC equation was better than for the CKD-EPI equa- 
ion in non-Black individuals, whereas other metrics were not 
ifferent. EKFC and CKD-EPI had the same performance in Black 
opulations. 
In the analysis stratified by GFR ( Supplementary data,

able S4) , EKFC and r-LMR had the same performance ( with some 
xceptions favouring EKFC or r-LMR) . In European cohorts, bias 
nd P30 for EKFC and r-LMR were similar and frequently bet- 
er than for CKD-EPI, whether the stratification was on eGFR or 
GFR. The only exception was in the stratification on mGFR in 

he subgroup with mGFR ≥120 mL/min/1.73 m² ( n = 256) , where 
oth the bias and the P30 for the CKD-EPI equation was better 
han for the EKFC or r-LMR equations. 

In US cohorts, the performance of the three equations 
as similar, except in some groups where EKFC and r-LMR 
ere better. Once again, CKD-EPI was better than EKFC in 
he stratification on mGFR only in the subgroup with mGFR 
120 mL/min/1.73 m² ( n = 93) . 
In the analysis according to BMI ( Supplementary data,

able S5) , the same conclusions as in the whole population can 
e drawn in the European cohort. 

Considering the polynomials Q-values versus fixed Q results,
e observed little impact on the global performance of the 
KFC equations, as only the bias was better with the polynomial 
-value in the European whole cohort ( Supplementary data,
able S6) . 

Because an equation performs better in the cohorts that were 
sed for its development, we repeated analyses in the European 
articipants who were in the external validation cohort of the 
KFC equation [i.e. subjects from Amsterdam, France ( Kidney 
onors Study) , Leuven and Lund, n = 240]. We observed a better 
ias for EKFC compared with the CKD-EPI equation [ + 5.25 ( 2.41; 
.64) versus + 19.53 ( 16.87; 21.78) mL/min/1.73 m², respectively) ,
nd a better P30 result [87.1 ( 82.8; 91.3) versus 64.4 ( 59.4; 71.4) %,
espectively]. 

ISCUSSION 

he new creatinine-based EKFC equation has been recently con- 
idered as a validated equation to estimate GFR by the KDIGO 

uidelines [24 ]. Moreover, this equation has been shown to have 
etter performance than the CKD-EPI equation by different au- 
hors in different populations [25 –27 ], but few focused on young 
opulations. The better performance of the EKFC equation over 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae261#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae261#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae261#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae261#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae261#supplementary-data
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Figure 1: ( A –F) Bias and P30 for the different equations according to age in the European, non-Black US and Black US cohorts. The grey area indicates the region where 
bias was zero ±5 mL/min/1.73 m² or P30 was ≥75%. 

Figure 2: The Bland and Altman plots [absolute ( A , C) or relative ( B , D) bias] in the European cohorts for the EKFC ( A, B) and CKD-EPI equations ( C, D) . The red line is 
the bias ( mean difference) and the limits of agreement are between the green dotted lines. The grey dotted lines are corresponding to the zero bias line and the ±30% 

limits. 
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Figure 3: The Bland and Altman plots [absolute ( A , C) or relative ( B , D) bias] in the non-Black US cohorts for the EKFC ( A, B) and CKD-EPI equations ( C, D) . The red line is 
the bias ( mean difference) and the limits of agreement are between the green dotted lines. The grey dotted lines are corresponding to the zero bias line and the ±30% 

limits. 
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he CKD-EPI has recently been questioned in young adults [13 ].
owever, in the present analysis, we confirmed that both the 
KFC and r-LMR equations have a significant better performance 
 both bias and accuracy) than the CKD-EPI equation, which over- 
stimates GFR in this age range. This is one of the main advan- 
ages of the EKFC and r-LMR equations—having a better perfor- 
ance in young adults, allowing a smooth transition in esti- 
ating GFR between children, adolescents and young adults—
hereas between 40 and 65 years, EKFC, r-LMR and CKD-EPI 
re quite equivalent [4 , 6 –8 ]. The theoretical advantage of the 
KFC compared with the CKD-EPI equation in young adults is 
llustrated in the Supplementary data, Figs S1–S4. To the best 
f our knowledge, our analysis is the largest ever conducted 
n this age range ( n = 2366) , with data coming from both Eu- 
ope and USA. In Europe, the performance advantage of EKFC 

nd r-LMR is obvious, even if it should be recognized that some 
ohorts studied here have been used for the development of 
he EKFC equation [3 , 4 , 28 ]. However, we showed that the bet- 
er performance was also observed in the external validation 
ohorts used in the seminal article on the EKFC equation. In 
he US cohorts, the performance of the EKFC and r-LMR equa- 
ions is better than that of the CKD-EPI in young people ( bias 
loser to zero and higher P30 values) , at least in non-Black in- 
ividuals. This result is remarkable as many US cohorts in the 
urrent analysis have been used in the development and/or val- 
dation of the CKD-EPI equation [12 ]. From our subgroup analy- 
is, we learn that there is only one specific subgroup in which
he CKD-EPI equation has a better bias ( both in European and 
S cohorts) and P30 ( in European cohorts) and this is in patients 
ith mGFR > 120 mL/min/1.73 m², corresponding to individuals 
ith some degree of hyperfiltration [29 , 30 ]. This result is of im-
ortance and can, at least in part, explain the discrepant con- 
lusions from the analysis performed by Inker et al. in young 
dults [13 ]. Indeed, in their recent article, the mean mGFR in
he individuals aged from 18 to 25 years is high, with a me-
ian of 110.0 [93.0;126.9] or a mean of 106.8 ± 33.0 mL/min/1.73 
² ( these results were much higher than the mGFR observed in 
ther age groups younger than 40 years old in the same analysis) ,
ssuming that a large part of these individuals were well hyper- 
ltrating [13 ]. Moreover, it should be mentioned that in cohorts 
sed in Inker’s studies ( Table S1 in [13 ]) , two cohorts ( Renin An- 
iotensin System Study, n = 192 and Interdiabetes study, n = 16) 
ad a particularly low mean age ( 28.6 ± 6.3 and 23.9 ± 5.7 years) 
nd both were type 1 diabetic patients with a large propor- 
ion of hyperfiltrating individuals ( mean mGFR at 131.2 ± 19.5 
nd 149.4 ± 21.6 mL/min/1.73 m²) . Therefore, the conclusion of 
nker et al. that the CKD-EPI equation is better than the EKFC 

 or r-LMR) equation in young people might only be correct in 
he very specific group of patients who are hyperfiltrating ( GFR 
120 mL/min/1.73 m²) , where two estimations errors in opposite 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae261#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae261#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfae261#supplementary-data
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irections tend to cancel out. Moreover, another explana- 
ion can also be suggested when serum creatinine concentra- 
ions in the Inker study are examined. Indeed, for the same
 hyperfiltrating) individuals aged between 18 and 25 years, mean 
erum creatinine concentration in this study was quite high 
.00 ± 0.80 mg/dL [13 ]. The high SD value also suggests non-
ormality ( probably skewed to the right) , indicating that many 
ndividuals even have higher serum creatinine concentrations 
han 1.00 mg/dL, which is not expected in individuals with such
igh mGFR levels. Once again, the majority of patients come
rom the two cohorts of patients with diabetes. The way serum
reatinine has been calibrated in these two cohorts is obscure
15 , 31 –35 ]. Suspicious and abnormally high serum creatinine
n the cohorts considered in the Inker study [13 ] will normally
ead to underestimation of GFR, which could be here counter-
alanced by the overestimation of CKD-EPI eGFR, usually seen in
he age range we focused on in the current analysis [4 , 6 , 7 , 12 ]. 

We also showed that in this specific age range ( 18–25 years) ,
sing the polynomial Q-value or the fixed Q-value as this is the
ase in individuals over 25 years [4 ] has little impact on the ac-
uracy of the EKFC equation. This is correct for a cross-sectional
nalysis such as the current one. However, we must keep in mind
hat one major advantage of the EKFC ( and r-LMR) equation is 
hat it retains continuity in estimating GFR during the transition
etween childhood and adulthood, and in this context, using the
olynomial Q-value still makes sense [4 , 6 , 8 , 12 ]. 
Our study is not without limitations. First, some subanalyses 

nclude only a small number of individuals, and these results
hould thus be interpreted with caution. Second, only non-Black 
ndividuals are included in the European cohorts, and further 
tudies are required in African, Asian and non-White European 
opulations. In addition, the percentage of Black individuals 
rom US cohorts is low in young US cohorts, but this limitation is
lso shared by the CKD-EPI group ( n = 24 in [13 ]) . Also, the Euro-
ean cohort presented here has been used to develop or validate
he EKFC equation [4 ], and an equation usually performs well in
he cohort used for its development. However, the different sub-
nalyses were all original and relevant to confirm the superiority
f the EKFC equation in young people. It was also important to
erform a fair comparison between US and European cohorts.
inally, cystatin C results were not available in US cohorts, and
he interest of this biomarker in young people needs to be stud-
ed in detail in future. 

In the current analysis, we demonstrated that both the EKFC
nd r-LMR creatinine-based equations have a better perfor- 
ance than the CKD-EPI equation in a young population. The
nly exception might be in patients with hyperfiltration. 

UPPLEMENTARY DATA 

upplementary data are available at Clinical Kidney Journal online .
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