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Reliability of GFR Estimated by Creatinine-Based Formulas in
Moderate-to-Severe Proteinuria

Carmine Zoccali@®,"?? Pasquale Fabio Provenzano,” Giovanni Tripepi,* Fabiola Carrara(®,” Francesca Mallamaci,*®
Annalisa Perna@®,’ Pierre Delanaye@®,”® Piero Ruggenenti,>° and Giuseppe Remuzzi

Key Points

e GFR estimations are biased in patients with frank nephrotic syndrome, but the problem is uncharacterized in patients with
non-nephrotic proteinuria.

e We investigated the bias and accuracy of eGFR formulas in patients with mild-to-moderate proteinuria participating in the
ramipril in nondiabetic renal failure 1 and 2 trials.

e The CKD Epidemiology Collaboration 2009 and 2021 and European Kidney Function Consortium equations show no
significant bias and sufficient accuracy in moderate-to-severe proteinuria.

Abstract

Background Creatinine-based GFR formulas introduce a substantial bias in GFR estimations in patients with frank
nephrotic syndrome. The bias and accuracy of creatinine-based GFR estimates (eGFR) in patients with non-nephrotic
proteinuria need better characterization.

Methods We used data from the Ramipril in Nondiabetic Renal Failure (ramipril in nondiabetic renal failure [REIN] 1) and
REIN 2 trials involving nondiabetic CKD patients with proteinuria to compare eGFRs derived from the CKD Epide-
miology Collaboration formulas (with and without race) and the European Kidney Function Consortium equations with
iohexol clearance (a gold-standard GFR measure, measured GFR [mGFR]). Bias was defined as the median difference
between eGFR and mGFR while accuracy was assessed using P30 and P15 metrics, which represent the percentage of
eGFR values within £30% and *15% of mGFR, respectively.

Results The median bias of the three formulas being compared did not differ, being minimal and in a strict range (0.04—
0.05 ml/ml per min per 1.73 m?) in the REIN 1 trial and (—0.04 to 0.03 ml/min per 1.73 m?) in the REIN 2 trial. These
findings were confirmed in analyses stratified by age and mGFR. The global accuracy of the three formulas regarding P30
% showed sufficient accuracy (P30 >75%) in the REIN 1 trial and all strata in the REIN 2 trial, but the mGFR stratum
was <15 ml/min per 1.73 m2.

Conclusions The CKD Epidemiology Collaboration (with and without race) and European Kidney Function Consortium
equations show no significant bias and sufficient accuracy in patients with proteinuria. These formulas can be safely
applied to nondiabetic CKD patients with moderate-to-severe proteinuria.

Clinical Trial registry name and registration number: This is a post hoc analysis of two trials, REIN 1 and 2, published about
20 years ago.
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Introduction

The creatinine-based GFR equations are founding elements
for the staging of CKD, and the 2021 CKD Epidemiology
Collaboration (CKD-EPI) equation, without race, is one of
the two formulas recommended in the current 2024 Kid-
ney Disease Improving Global Outcomes guidelines.!
Race is considered a social rather than a biological con-
struct. For this reason, creatinine and cystatin-based eGFR
formulas omitting race have been recently produced, and
these formulas are more accurate and minimize differ-
ences between Black and non-Black individuals than new
equations without race with either creatinine or cystatin C
alone.?2 However, when applied in a predominantly White
northern European population, the CKD-EPI equation
omitting race overestimates eGFR, particularly at an older
age and in men, and shifts a major proportion of patients
with CKD to a higher eGFR category.3 For this reason, the
2009 CKD-EPI formula with race is still predominantly
applied in European countries. In 2021, Pottel ef al. de-
veloped the European Kidney Function Consortium
(EKFC) formula, a creatinine-based equation (EKFC
eGFRcr), to estimate the GFR with a rescaled serum cre-
atinine level, that is, creatinine level divided by the me-
dian creatinine level in healthy individuals to control for
variation related to differences in age, sex, or race.* This
equation has useful properties and performs better in
estimating GFR than the current Kidney Disease Improv-
ing Global Outcomes-recommended equations, and it is
increasingly applied in Europe.

It is well known that the endogenous creatinine clearance
overestimates the GFR because of the renal tubular secre-
tion of creatinine. Tubular handling of creatinine is typi-
cally altered in patients with nephrotic syndrome, and the
creatinine clearance in these patients substantially exceeds
the eGFR as measured by inulin clearance.>~” Discrepancies
between eGFR using the Modification of Diet in Renal
Disease (MDRD) and CKD-EPI formulas have been noted
in patients with glomerular diseases and hypoalbumine-
mia.® The bias and accuracy of eGFR in patients with less
severe proteinuria are still poorly characterized.

In this study, we have investigated the effect of pro-
teinuria on the bias and accuracy of estimates of the eGFR
using the 2009 CKD-EPI equation,’ the 2021 equation with-
out race,? and the EKFC consortium equation* in the da-
tabase of the ramipril in nondiabetic renal failure (REIN)
1910 and REIN 2'! trials, two trials in CKD patients with
proteinuria where iohexol clearance, a gold-standard GFR
metric, was used, and the abovementioned serum
creatinine-based measures of the GFR.

Methods

The REIN 1 trial was a randomized, placebo-controlled,
multicenter clinical trial including 352 patients with
chronic, nondiabetic proteinuric nephropathies. The pri-
mary objective was to assess the effect of treatment with
ramipril on the rate of decline in GFR and to measure the
extent to which this effect depended on the drug’s anti-
proteinuric effect. This study assessed the effect of ram-
ipril on the evolution of the GFR over time, proteinuria,
time to doubling of serum creatinine, and progression
to kidney failure in patients with moderate-to-severe
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proteinuria (from >1 to >3 g/24 hour). A detailed de-
scription of the study protocol and the main results of this
trial are reported elsewhere.1%!! REIN 2 was a trial in 339
CKD patients with moderate-to-severe nondiabetic pro-
teinuria (defined as above) receiving background treat-
ment with the ACE inhibitor ramipril that was randomly
assigned as either conventional (diastolic <90 mm Hg;
n=169) or intensified (systolic/diastolic <130/80 mm Hg;
n=169) blood pressure control.!? This trial was designed
to establish whether further BP lowering could benefit
CKD on top of ACE inhibition.

In this post hoc analysis, we investigated in the two trials
the relationship between the gold-standard measurement
of the GFR, plasma iohexol clearance (measured GFR
[MGFR]), and the GFR as estimated (eGFR) by the 2009
(with race) and 2024 (without race) CKD-EPI formula and
EKFC consortium equation.

Bias is a critical measure in evaluating the performance
of eGFR formulas because it indicates the systematic
deviation of the eGFR from the mGFR. A median bias
close to zero suggests that the eGFR formula does not
systematically overestimate or underestimate the true
GFR. Bias was defined as the median difference between
eGFR and mGFR, with 95% confidence intervals (CIs)
calculated using the binomial method, which makes no
specific assumptions about the underlying distribution of
the variable. Accuracy metrics, such as P30 and P15, are
widely used in nephrology to assess the clinical utility of
eGFR formulas. P30 represents the percentage of eGFR
values that fall within +30% of the mGFR, whereas P15
represents the percentage within *15%. These metrics
provide a clear indication of how often the eGFR values
are close to the true GFR, which is essential for making
reliable clinical decisions. The Kidney Disease Outcomes
Quality Initiative considers a P30 >75% as sufficient for
good clinical decision making, making these metrics
highly relevant for evaluating the performance of
eGFR formulas. The 95% CIs for P30 and P15 were
calculated by binomial exact calculation. Another mea-
surement of the variation in the differences between
eGFR and mGFR is the root mean square error, that is,
the square root of the average squared differences be-
tween eGFR and mGFR. The root mean square error is
expressed in ml per minute per 1.73 m? of body surface
area, and a smaller value reflects better accuracy
of eGFR.13

Simultaneous measurements of iohexol plasma clear-
ance and the various eGFR metrics were available in 269
patients in the REIN 1 trial and 201 patients in the REIN 2
trial. Eighty-three patients in the REIN 1 trial and 138 in
the REIN 2 trial could not be included in this analysis
because of missing plasma iohexol clearance or creatinine
measurements.

Creatinine was measured using multichannel automatic
instruments using the Jaffé method in reference laboratories
of the units participating in the trial. IDMS calibration was
performed according to instructions by the manufacturers
of the kits used in the same laboratories.

In both trials, the iohexol plasma clearance measured the
gold-standard GFR. In brief, after injection of 5 ml of
iohexol (Ominipaque 300, Nycomed, Milan, Italy), blood
samples were obtained at 120, 180, 240, 300, 450, and
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600 minutes for patients with expected GFR <40 ml/min
per 1.73 m? and at 120, 180, and 240 minutes for patients
with expected GFR >40 ml/min per 1.73 m,?!3 and samples
were analyzed by high-performance liquid chromatogra-
phy. The plasma profiles were analyzed by an one-
compartment open model system,'® and the calculated
clearance of iohexol was corrected by the Brochner—
Mortensen formula.!*

Statistical Analyses

All analyses and calculations were performed using
STATA statistical package (version 16.1 for Windows,
TX) and SPSS (IBM Corp. Released 2021. IBM SPSS Sta-
tistics for Windows, Version 28.0. Armonk, New York:
IBM Corp).

The performance of GFR equations was compared with
standard metrics: median bias (i.e., eGFR—mGFR) with
95% CI and P30 and P15 accuracy (percentage of eGFR

values within +30% or =15% of mGFR, with 95% CI). As
for the median bias, the 95% CIs were calculated using a
binomial method, which makes no specific assumptions
about the underlying distribution of the variable. The 95%
CIs for P30 and P15 were calculated by binomial exact
calculation.

From a clinical perspective, the goal for P30 was 100%,
yet the Kidney Disease Outcomes Quality Initiative has
considered P30 >75% “sufficient for good clinical deci-
sion making.”1516

The effect modification analysis of serum albumin and
proteinuria on the association between the three GFR es-
timates and the mGFR was tested using the standard
approach to this analysis.!” Significance is considered to
be at the 5% significance level. The effect of serum albumin
and proteinuria on the GFR estimates investigated in this
study was tested by standard effect modification analysis.'®
Data analysis was performed using SPSS version 28 (IBM

Table 1. Demographic and clinical characteristics of REIN 1 and 2 trials
Characteristic REIN 1 REIN 2
Patients, no. 269 201
Age, yr 49 (*£13) 53 (*=16)
Sex (M/F), no. (%) 204 (76)/65 (24) 146 (73)/55 (27)
Body mass index, kg/ m? 25 (*=4) 26 (=4)
Kidney disease, no. (%)
Glomerular 138 (51.3) 107 (53.2)
Interstitial 12 (4.5) 5 (2.5)
Polycystic 3(1.1) 2 (1.0)
Other 71 (26.4) 32 (15.9)
Unknown 45 (16.7) 55 (27.4)
Iohexol GFR, ml/min per 173 m? 44 (=18) 33 (£14)
Iohexol GFR >60 ml/min per 173 m?, N (%) 54 (20.1) 10 (5.0)
Serum creatinine, mg/dl 1.3 (£0.2) 1.5 (+=04)
Creatinine clearance, ml/min 71.4 (£16.0) 64.7 (£12.8)
Urine protein excretion, g/d 2.1 (1.3-3.1) 2.5 (1.6-2.9)
Iohexol GFR 45-60 ml/min per 1-73 m?, N (%) 64 (23.8) 19 (9.5)
Serum creatinine, mg/dl 1.7 (£0.4) 1.7 (£0.4)
Creatinine clearance, ml/min 58.5 (+12.7) 56.6 (=11.4)
Urine protein excretion, g/d 2.5 (1.54.1) 2.7 (1.34.6)
Tohexol GFR 30-45 ml/min per 173 m?, N (%) 80 (29.7) 79 (39.3)
Serum creatinine, mg/dl 2.2 (x0.5) 2.3 (x0.6)
Creatinine clearance, ml/min 452 (=12.5) 40.4 (£10.8)
Urine protein excretion, g/d 3.1 (1.5-5.1) 2.2 (1.5-3.4)
Iohexol GFR 15-30 ml/min per 1-73 m?, N (%) 67 (24.9) 77 (38.3)
Serum creatinine, mg/dl 3.1 (x0.6) 2.3 (£0.6)
Creatinine clearance, ml/min 29.7 (+£7.8) 404 (£10.8)
Urine protein excretion, g/d 3.4 (1.94.2) 2.2 (1.5-3.4)
Serum creatinine, mg/dl 2.1 (=0.9) 2.8 (£1.0)
Creatinine clearance, ml/min per 1-73 m? 50 (*+20) 36 (=15)
CKD-EPI 2009, ml/min per 1-73 m? 46 (+21) 32 (=17)
CKD-EPI 2021, ml/min per 173 m? 46 (+21) 33 (*=16)
EKFC, ml/min per 1-73 m? 46 (*=20) 32 (=17)
Urinary protein excretion, g/d, N (%) 2.7 (1.54.2) 24 (1.5-3.6)
>3 124 (46.1) 73 (36.3)
1.5-3 74 (27.5) 76 (37.8)
1.0-1.5 56 (20.8) 30 (14.9)
Systolic BP, mm Hg 145 (*17) 136 (*16)
Diastolic BP, mm Hg 90 (£11) 84 (*9)
Serum albumin g/dl 3.8 (=0.5) 3.7 (£0.5)
Hypoalbuminemia (<3.0 g/dl), n (%) 16 (5.9) 16 (8.0)
Serum cholesterol, mg/dl 242 (+63) 217 (+42)
Serum triglycerides, mg/dl 156 (111-216) 142 (£110-203)
CKD-EPI, CKD Epidemiology Collaboration; EKFC, European Kidney Function Consortium; REIN, ramipril in nondiabetic re-
nal failure.
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SPSS Statistics for Windows Armonk, New York: IBM
Corp. and STATA 16 StataCorp, Lakeway Drive, College
Station, Texas).

Results

The demographic and clinical characteristics of patients
in the REIN 1 and REIN 2 trials are reported in Table 1. The
mGFR was, on average, approximately 11 ml/min per
1.73 m? lower in patients in the REIN 2 trial than in those
in the REIN 1 trial (P = 0.02) as it was proteinuria (median:
2.4 g/24 hours, interquartile range, 1.5-3.6 versus 2.7 g/24
hours versus 2.7 g/24 hours [1.5-4.2] interquartile range,
1.5-4.1, versus P = 0.05) and BP (136+16/84+9 mm Hg
versus 145+17/90+11 mm Hg, P < 0.001 for both pres-
sures). Serum albumin was slightly lower in the REIN 2
trial, whereas total cholesterol and triglycerides were more
deranged (P < 0.001) in the REIN 1 trial than in the REIN 2
trial. The proportion of patients with nephrotic-range al-
buminemia (<3 g/dl) was small and similar in the two
studies (6% in the REIN 1 trial and 8% in the REIN 2
trial) (Table 1).

The relationship between iohexol GFR and the eGFR by
CKD-EPI 2009 and 2021 and EKFC consortium equation in
the two trials are shown in Figure 1. The regression coef-
ficients of these relationships did not differ in the REIN 1
trial. Likewise, the same coefficient did not differ in the
REIN 2 trial but was coherently lower than in the REIN 1
trial. In effect modification analyses, neither serum albumin
nor proteinuria modified the association between mGFR
and the three estimates of the GFR in the REIN 1 trial (P
ranging from 0.12 to 0.82) and in the REIN 2 trial (P ranging
from 0.10 to 0.48).
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As shown in the whole population of the REIN 1 (Table 2)
and REIN 2 (Table 3) trials, the median bias of the three
formulas being compared did not differ, being in a strict
range (0.04-0.05 ml/ml per min per 1.73 m?) in the REIN 1
trial and in the REIN 2 trial (—0.04 to 0.03 ml/min per
1.73 m?). Similarly, analyses of the bias stratified by age and
mGFR categories substantially confirmed the aggregate
analysis in both studies (Tables 2 and 3).

In the REIN 1 (Table 2) and REIN 2 (Table 3) trials, the
global accuracy of the three formulas in terms of P30% was
superior to that registered in the European cohorts and
showed sufficient accuracy (P30 >75%) in the whole pop-
ulation of the two studies. In the REIN 1 trial, in analyses
stratified by age, all formulas but the CKD-EPI in the 18-40-
year stratum showed an accuracy >75%, which was also
true across all mGFR categories (Table 2). In the REIN 2
trial, in the whole population, the accuracy was also sat-
isfactory (>75%) because it coherently was in all analyses
stratified by age or mGFR but in patients with an
mGFR <15 ml/min per 1.73 m? where all formulas had
a 68.8% accuracy (Table 3). Both in REIN 1 and 2 trials
(Tables 2 and 3), the squared root standard error was pretty
good, of the same order as that registered in other studies,
such as the study by Pottel et al,'° and similar across eGFR
formulas. Both in REIN 1 and REIN 2 trials, the severity of
proteinuria did not affect the bias and accuracy of the GFR
estimates analyzed in this study.

Discussion

In patients with proteinuric nondiabetic CKD who took
part in the REIN 1 and 2 trials, estimates of the GFR by the
CKD-EPI with and without race and EKFC formulas

REIN-1-study
CKD-EPI 2021 (ml/min /1.73 m?) CKD-EPI 2009 (ml/min /1.73 m?) EKFC equation (ml/min /1.73 m?)
140
140 1=0.85 140 | r=0.85 120 | r=0.85

120 I— 120 5 0 001 P<0.001
100 P<0.001 100 100
80 80
60 60
40 40
20 20
0 0

0O 20 40 60 80 100 120 0O 20 40 60 80 100 120 0 20 40 60 80 100 120
GFR iohexol (ml/min /1.73 m?) GFR iohexol (ml/min /1.73 m?) GFR iohexol (ml/min /1.73 m?)
REIN-2-study
CKD-EPI 2021 (ml/min /1.73 m?) CKD-EPI 2009 (ml/min /1.73 m?) EKFC equation (ml/min /1.73 m?)
140 140 140
- r=0.82 =

120 o 12017 p 0,001 120 |- 20 o
100 100 100
80 80 80
60 60 60
40 40 40
20 20 20
0 0 0

0 20 40 60 80 100 120 0 20 40 60 80 100 120 0O 20 40 60 80 100 120

GFR iohexol (ml/min /1.73 m?)

GFR iohexol (ml/min /1.73 m?)

GFR iohexol (ml/min /1.73 m?)

Figure 1. Correlations among mGFR (plasma iohexol clearance) and creatinine-based GFR estimates (CKD-EPI 2021 without race, CKD-
EPI 2009 with race, and EKFC equation). CKD-EPI, CKD Epidemiology Collaboration; EKFC, European Kidney Function Consortium;

mGFR, measured GFR; REIN, ramipril in nondiabetic renal failure.
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Table 2. Bias and accuracy of creatinine-based GFR estimates in the REIN 1 trial

REIN 1 CKD-EPI 2009 CKD-EPI 2021 (without Race) EKFC Formula
Median bias in the whole study population (n=269) 0.05 0.04 0.04
95% CI 0.01 to 0.08 0.003 to 0.08 0.01 to 0.08
IOR —0.12 to 0.22 —0.11 to 0.21 —0.09 to 0.2
Root mean square difference 11 (4-19) 11 (4-19) 11 (4-17)
P15 (95% CI) 67 (61 to 72) 68 (62 to 74) 66.(60 to 72)
P30 (95% CI) 84 (79 to 88) 84 (79 to 88) 84 (79 to 88)
Median bias by age (yr), 18-40 yr (n=73) 0.19 0.18 0.17
95% CI 0.11 to 0.22 0.11 to 0.22 0.11 to 0.2
IQR 0.02-0.33 0.02-0.31 0.03-0.3
Root mean square difference (95% CI) 14 (2 to 26) 14 (2 to 25) 12 (2 to 22)
P15 (95% CI) 46 (34 to 58) 47 (35 to 59) 46 (34 to 58)
P30 (95% CI) 71 (59 to 81) 71 (59 to 81) 76 (65 to 86)
Median bias by age (yr), 40-65 yr (n=162) —0.02 —0.02 0.0

95% CI —0.06 to 0.03 —0.06 to 0.03 —0.04 to 0.04
IQR —0.16 to 0.16 —0.16 to 0.15 —0.13 to 0.15
Root mean square difference (95% CI) 11 (2 to 19) 11 (2 to 19) 10 (2 to 18)
P15 (95% CI) 75 (67 to 81) 76 (69 to 83) 73 (66 to 80)
P30 (95% CI) 89 (84 to 94) 89 (84 to 94) 86 (80 to 91)
Median bias by age (yr), =65 yr (n=34) 0.02 0.02 —-0.01
95% CI —0.04 to 0.11 —0.04 to 0.11 —0.08 to 0.08
IOR —0.1 to 0.22 —0.11 to 0.22 —0.14 to 0.17
Root mean square difference (95% CI) 10 (=2 to 23) 10 (-2 to 22) 9 (-1 to 19)
P15 (95% CI) 73 (56 to 87) 73 (56 to 87) 73 (56 to 87)
P30 (95% CI) 88.(72 to 97) 88.(72 to 97) 88.(72 to 97)
Median bias by mGFR >60 ml/min per 1.73 m? (n=54) 0.05 0.04 0.02
95% CI —0.01 to 0.1 —0.01 to 0.1 —0.03 to 0.07
IOR —0.01 to 0.15 —0.01 to 0.14 —0.11 to 0.12
Root mean square difference (95% CI) 15 (2 to 29) 15 (1 to 29) 14 (2 to 25)
P15 (95% CI) 78 (64 to 88) 82 (69 to 91) 82 (69 to 91)
P30 (95% CI) 89 (77 to 96) 89 (77 to 96) 93 (82 to 98)
Median bias by mGFR 45-60 ml/min per 1.73 m* (n=64) 0.06 0.06 0.06
95% CI —0.01 to 0.14 —0.01 to 0.13 —0.01 to 0.14
IQR —0.11 to 0.3 -0.12 t0 0.3 —0.12 to 0.22
Root mean square difference (95% CI) 15 (2 to 28) 15 (2 to 28) 14 (3 to 25)
P15 (95% CI) 66 (53 to 77) 66 (53 to 77) 66 (53 to 77)
P30 (95% CI) 77 (64 to 86) 77 (64 to 86) 80 (68 to 89)
Median bias by mGFR 30-45 ml/min per 1.73 m* (n=80) 0.02 0.02 0.02
95% CI —0.03 to 0.13 —0.04 to 0.13 —0.04 to 0.12
IQR —0.2 to 0.3 —0.2 to 0.24 —0.13 to 0.22
Root mean square difference (95% CI) 9 (2 to 16) 9 (2 to 16) 9 (2 to 15)
P15 (95% CI) 63 (51 to 73) 64 (52 to 74) 63 (51 to 73)
P30 (95% CI) 83 (72 to 90) 83 (72 to 90) 84 (74 to 91)
Median bias by mGFR 15-30 ml/min per 1.73 m? (n=67) 0.03 0.02 0.07
95% CI —0.04 to 0.13 —0.04 to 0.11 0.02 to 0.16
IOR —0.1 to 0.21 —0.1 to 0.21 —0.05 to 0.23
Root mean square difference (95% CI) 6 (0 to 11) 6 (0 to 11) 6 (0 to 11)
P15 (95% CI) 64 (52 to 76) 66 (53 to 77) 58 (46 to 70)
P30 (95% CI) 90 (80 to 96) 90 (80 to 96) 81 (69 to 89)
Median bias by mGFR <15 ml/min per 1.73 m? (n=4) -0.19 -0.19 -0.12
95% CI —0.28 to 0.22 —0.28 to 0.22 —0.21 to 0.25
IOR —0.27 to 0.13 —0.27 to 0.13 —0.2 to 0.17
Root mean square difference (95% CI) 3 (0 to 6) 3 (0 to 6) 3(-1to6)
P15 (95% CI) 75 (19 to 99) 75 (19 to 99) 75 (19 to 99)
P30 (95% CI) 100 (40 to 100) 100 (40 to 100) 100 (40 to 100)
Median bias by urinary protein >3 g/d (n=124) 0.01 0.01 0.03
95% CI —0.04 to 0.07 —0.04 to 0.06 —0.02 to 0.08
IOR —0.13 to 0.21 —0.14 to 0.2 —0.1to 0.2
Root mean square difference (95% CI) 10 (2 to 19) 10 (2 to 18) 10 (2 to 18)
P15 (95% CI) 69 (60 to 77) 70 (61 to 78) 67 (58 to 75)
P30 (95% CI) 86 (78 to 91) 86 (78 to 91) 85 (77 to 91)
Median bias by urinary protein 1.5-3 g/d (n=74) 0.13 0.12 0.12
95% CI 0.06 to 0.17 0.06 to 0.17 0.07 to 0.15
IQR 0.0 to 0.26 —0.02 to 0.26 0.01 to 0.23
Root mean square difference (95% CI) 13 (1 to 25) 13 (1 to 25) 12 (1 to 22)
P15 (95% CI) 57 (45 to 68) 60 (47 to 71) 60 (47 to 71)
P30 (95% CI) 82 (72 to 90) 82 (72 to 90) 80 (69 to 88)
Median bias by urinary protein 1.0-1.5 g/d (n1=>56) 0.01 0.01 0.0

95% CI —0.14 to 0.1 —0.14 to 0.1 —0.11 to 0.03
IOR —0.17 to 0.15 —0.17 to 0.15 —0.15 to 0.17
Root mean square difference (95% CI) 12 (0 to 23) 12 (0 to 23) 11 (1 to 20)
P15 (95% CI) 77 (64 to 87) 77 (64 to 87) 73 (60 to 84)
P30 (95% CI) 86 (74 to 94) 86 (74 to 94) 91 (80 to 97)

ClI, confidence interval; CKD-EPI, CKD Epidemiology Collaboration; EKFC, European Kidney Function Consortium; IQR, interquartile range;
mGFR, measured GFR; P15, accuracy within 15%; P30, accuracy within 30%; Pct, percentile; REIN, ramipril in nondiabetic renal failure.
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Table 3. Bias and accuracy of creatinine-based GFR estimates in the REIN 2 trial

REIN 2

CKD-EPI 2009

CKD-EPI 2021 (without Race)

EKFC Formula

Median bias in the whole population (n=201)
95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by age (yr), 18-40 yr (n=49)

95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by age (yr), 40-65 yr (n=106)
95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by age (yr), =65 yr (n=45)

95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by mGFR >60 ml/min per 1.73 m> (n=10)
95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by mGFR 45-60 ml/min per 1.73 m* (n=19)
95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by mGFR 30-45 ml/min per 1.73 m? (n=79)
95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by mGFR 15-30 ml/min per 1.73 m? (n=77)
95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by mGFR <15 ml/min per 1.73 m? (n=16)
95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by urinary protein >3 g/d (n=73)
95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by urinary protein 1.5-3.0 g/d (1=76)
95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

Median bias by urinary protein 1.0-1.5 g/d (n=30)
95% CI

IQR

Root mean square difference (95% CI)

P15 (95% CI)

P30 (95% CI)

—0.04
—0.09 to 0.0
—0.18 to 0.18
10 (2 to 17)
74 (67 to 80)
87 (81 to 91)

0.01
—0.06 to 0.12
—0.13 to 0.22

8 (1 to 16)
69 (55 to 82)
82 (68 to 91)
—0.04
—0.12 to 0.0
-0.2 to 0.18
9 (1 to 18)
75 (65 to 82)
88 (80 to 93)
-0.11

—0.17 to —0.01
—0.21 to 0.12
11 (=2 to 24)
76 (60 to 87)
89 (76 to 96)

—0.01
—0.33 to 0.23
—0.3 to 0.22

20 (=3 to 43)
50 (19 to 81)

90 (56 to 100)

0.06
—0.15 to 0.23
—0.16 to 0.24

13 (=2 to 29)
63 (38 to 84)
84 (60 to 97)

—0.05

—0.11 to —0.01
—0.19 to 0.04
10 (0 to 19)
85 (75 to 92)
94 (86 to 98)

—0.07
—0.14 to 0.01
—0.19 to 0.17

6 (1 to 12)
75 (64 to 84)
83 (73 to 91)

021
—0.1 to 0.36
—0.11 to 0.38

6 (=4 to 17)
38 (15 to 65)
69 (41 to 89)

0.02
—0.11 to 0.1
—0.17 to 0.2

10 (0 to 20)
73 (61 to 82)
88 (78 to 94)

—0.05
—0.13 to 0.0

—0.19 to 0.16
10 (0 to 19)
75 (64 to 84)
87 (77 to 94)

—0.11

—-02 to —0.03
—0.22 to 0.1
10 (=3 to 22)
80 (61 to 92)
90 (74 to 98)

-0.13 -0.12
—0.17 to —0.01 —0.17 to —0.05
—0.21 to 0.11 —-0.22 to 0.12
11 (=2 to 24) 11 (~1 to 22)

90 (56 to 100)

—0.05 —0.06

—0.12 to —0.02 —0.09 to —0.01
~0.19 to 0.04 ~0.19 to 0.09
10 (0 to 19) 9 (1 to 17)

—-0.12 —0.08

—-02 to —0.03 —0.18 to 0.02
—-0.24 to 0.1 —0.19 to 0.11
10 (-3 to 22) 10 (-3 to 23)

—0.04 -0.03
—0.09 to 0.0 —0.08 to 0.01
—0.19 to 0.16 —0.16 to 0.16
10 (2 to 17) 9 (2 to 16)

74 (68 to 80)
89 (83 to 93)

74 (67 to 80)
86 (81 to 91)

0.01 0.05
—0.06 to 0.11 —0.05 to 0.11
—0.13 to 0.21 —0.1 to 0.19

8 (1 to 16) 8 (0 to 16)

69 (54 to 82)
88 (75 to 95)

71 (57 to 83)
84 (70 to 93)

—0.04 —0.02
—0.12 to 0.0 —0.08 to 0.05
—0.21 to 0.16 —0.18 to 0.17

9 (1 to 18) 9 (1 to 18)

75 (65 to 82)
88 (80 to 93)

73 (63 to 81)
85 (77 to 91)

78 (63 to 89)
91 (79 to 98)

78 (63 to 89)
91 (79 to 98)

—0.01 —0.04
—0.34 to 0.22 —0.39 to 0.21

03 to 0.2 —0.34 to 0.19
20 (=3 to 43) 20 (=3 to 44)

50 (19 to 81) 70 (35 to 93)

90 (56 to 100)

0.06 0.06
—0.15 to 0.23 —0.16 to 0.19
—0.16 to 0.24 —0.16 to 0.2
13 (-2 to 29) 13 (=3 to 28)

63 (38 to 84)
84 (60 to 97)

63 (38 to 84)
84 (60 to 97)

85 (75 to 92)
95 (88 to 99)

85 (75 to 92)
92 (84 to 97)

-0.07 —0.02

—0.14 to 0.01 —0.1 to 0.07

—0.19 to 0.16 —0.16 to 0.18
6 (1 to 12) 6 (1 to 12)

75 (64 to 84)
86 (76 to 93)

71 (60 to 81)
83 (73 to 91)

0.19 0.23
012 to 0.35 —0.07 to 0.43
—0.13 to 0.38 —0.09 to 0.46
6 (4 to 17) 7 (—4 to 17)

44 (20 to 70)
75 (48 to 93)

44 (20 to 70)
69 (41 to 89)

0.02 0.05
—0.11 to 0.1 —0.08 to 0.12
—0.18 to 0.19 —0.16 to 0.17
10 (=0 to 20) 9(1to18)

73 (61 to 82)
89 (80 to 95)

73 (61 to 82)
88 (78 to 94)

—0.05 —0.04
—0.13 to 0.0 —0.11 to 0.0
—0.2 to 0.14 —0.16 to 0.14
10 (0 to 19) 10 (0 to 19)

76 (65 to 85)
88 (79 to 94)

76 (65 to 85)
87 (77 to 94)

80 (61 to 92)
90 (74 to 98)

77 (58 to 90)
90 (74 to 98)

CI, confidence interval; CKD-EPI, CKD Epidemiology Collaboration; EKFC, European Kidney Function Consortium; IQR, interquartile range;
mGEFR, measured GFR; P15, accuracy within 15%; P30, accuracy within 30%; Pct, percentile.
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showed a median bias similar or inferior to that in studies
that established the CKD-EPI 2009° and 2021 (without
race)? and EKFC* formulas. Accuracy for GFR estimation
in the REIN 1 and 2 trials was generally satisfactory (P30
84% and 86%, respectively) and similar to that observed in
the reference studies quoted above. These findings in two
cohorts with moderate-to-severe proteinuria coherently
indicate that moderate-to-severe proteinuria does not
bias or alter the accuracy of creatinine-based estimates
of the GFR.

Tubular handling of creatinine is disturbed in nephrotic
syndrome. In a study by Carrie et al.,° the creatinine clear-
ance in these patients substantially exceeded the GFR as
measured by inulin clearance. However, this seminal study
was based on 38 patients with overt nephrotic syndrome,
and ten of 17 in the control group had heart failure, which
is per se a condition that biases the creatinine-based estimate
of the GFR.20 A subsequent survey by Branten ef al., in 42
patients with nephrotic syndrome, showed that the endog-
enous creatinine clearance and the MDRD-eGFR overesti-
mate the GFR measured by inulin clearance compared with
a group of 45 healthy participants.” Hofstra ef al. registered
discrepancies between eGFR using the six-variable MDRD
formula and abbreviated MDRD formula compared with
the CKD-EPI formula and cystatin C and 8 2-microglobulin
assumed as gold-standard GFR measurements in a series of
one hundred forty-two patients with glomerular diseases.?
Whether less severe or non-nephrotic proteinuria can bias
eGFR estimates and affect the accuracy of these estimates is
still scarcely characterized.

In this study, we systematically investigated the effect
of proteinuria on the bias and accuracy of estimates of the
GEFR by the CKD-EPI equation with and without race and
EKFC equation in the database of the REIN 1 and REIN 2
trials, two trials in nondiabetic CKD patients with
moderate-to-severe proteinuria and a minimal prevalence
of nephrotic hypoalbuminemia (just the 6% and 8% in the
REIN 1 and 2 trials, respectively) that adopted plasma
iohexol clearance as the golden standard. Of note, in all
age-stratified analyses in the REIN 1 and 2 trials, median
bias (0.04 and —0.03 ml/min per 1.73 m?, respectively)
was similar to or less than that registered in the studies
that established the CKD-EPI 2009 (<60 ml/min per
1.73 m? stratum: 2.1 ml/min per 1.73 m?)° and CKD-
EPI 2021 (non-Black participants: —0.5 ml/min per
1.73 m?).2 Furthermore, median bias in the REIN trials
was less than that in the European Kidney Consortium
cohorts,* where it ranged from 1.8 ml/min per 1.73 m? (40
to =<65-year stratum) to 5.3 ml/min per 1.73 m? (=65-year
stratum). Overall, the global accuracy (P30) in the REIN
trials (REIN 1: 84%, REIN 2: 86%) was in the same order
observed in the abovementioned studies. In this study, the
severity of proteinuria did not affect the bias or accuracy
of eGFR. This finding does not contrast with observations
by Branten et al.” and Hofstra et al.® because these studies
focused on patients with frank nephrotic syndrome,
whereas in the REIN 1 and 2 trials, only 6% and 8% of
patients, respectively, had nephrotic-range albuminemia
(<3 g/L).

The similar or inferior bias in the REIN 1 and 2 trials as
compared with the studies by Levey ef al.,” Inker ef al.,? and
Pottel et al* is likely attributable to plasma iohexol
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clearance being coherently adopted as a gold-standard
measurement in the REIN trials. By contrast, various meth-
ods were used in the abovementioned studies. Significant
differences exist among these gold-standard GFR meth-
ods,?! and uniformly adopting a single technique is the
best solution to maximize accuracy. The iohexol metric of
the GFR adopted in the REIN trials was highly standard-
ized, precise, and accurate.?

In contrast to previous pathophysiology studies in pa-
tients with overt nephrotic syndrome, proteinuria did not
introduce any bias in eGFR estimates and analyses strat-
ified by age and GFR categories substantially confirmed the
aggregate analysis in both studies. In the study by Hofstra
et al.,® bias was generally limited to patients with severe
hypoalbuminemia (<2.5 g/L),® suggesting that in non-
nephrotic patients, the tubular burden of proteinuria
does not disturb the renal handling of creatinine. We pro-
vide robust evidence that moderate-to-severe proteinuria
does not alter creatine-based GFR estimates’ reliability.

This study has limitations that should be acknowledged.
First, although findings in the REIN 1 trial were externally
replicated in the REIN 2 trial, these trials were performed in
Italian nephrology centers 20 years ago that did not include
non-White patients. Therefore, findings in this study re-
main to be confirmed in cohorts including other races and
ethnicities. Second, the study populations in the REIN 1
and REIN 2 trials were specific to chronic, nondiabetic
proteinuric nephropathies. This specificity may limit the
generalizability of the findings to other types of kidney
diseases or diabetic populations. Another limitation is that
we do not have a proper control group without proteinuria.
However, the fact that bias and accuracy in REIN trials
were similar to those in the reference cohorts in the studies
that established the CKD-EPI 2009 and 2021 and EKFC
formulas is sufficient evidence supporting the validity of
the estimates of GFR by creatinine in the CKD population
with moderate-to-severe proteinuria. The standardization
of GFR measurement with plasma iohexol clearance as a
gold standard and the accuracy of data collection in the
setting of two clinical trials are two important strengths of
this study.

Notwithstanding the bias of eGFR estimates by serum
creatinine in this study was minimal, in line with other
studies, including the seminal studies by Levey et al.,° Inker
et al.,? and Pottel et al.,* the P30, even if nominally tolerable,
was relatively high pointing to the need of measuring the
GFR by gold-standard methods whenever needed for
clinical and research reasons.?® This is true for confirma-
tion of the diagnosis of CKD in cases where there is a
discrepancy between GFR estimated from serum creati-
nine or cystatin C and the patient’s clinical status for the
evaluation of kidney function in potential living kidney
donors to ensure adequate renal reserve after donation,
in situations where body composition is significantly al-
tered (e.g., extreme obesity, muscle wasting), for the as-
sessment of kidney function in patients with rapidly
changing renal function and in research studies where
precise GFR values are critical for the analysis.** Cystatin
C measurements were unavailable 20 years ago so that
this study could not evaluate this metric.

In conclusion, the GFR estimates by the CKD-EPI for-
mulas with and without race and EKFC equations have



minimal bias and sufficient accuracy in patients with pro-
teinuria. These findings support the application of the same
formulas in patients with non-nephrotic proteinuria.

Funding
C. Zoccali: Consiglio Nazionale delle Ricerche (345678910 2024).

Disclosures

Disclosure forms, as provided by each author, are available
with the online version of the article at http://links.lww.com/
CJN/C88.

Acknowledgments

Because Francesca Mallamaci is an editor of the CJASN, she was
not involved in the peer-review process for this manuscript. An-
other editor oversaw the peer-review and decision-making process
for this manuscript.

Author Contributions

Conceptualization: Pierre Delanaye, Francesca Malllamaci, Giu-
seppe Remuzzi, Piero Ruggenenti, Carmine Zoccali.

Data curation: Fabiola Carrara, Annalisa Perna, Giovanni Tripepi.
Formal analysis: Annalisa Perna, Pasquale Fabio Provenzano,
Giovanni Tripepi, Carmine Zoccali.

Methodology: Pierre Delanaye, Giuseppe Remuzzi, Piero Rug-
genenti, Carmine Zoccali.

Writing — original draft: Carmine Zoccali.

Writing — review & editing: Fabiola Carrara, Pierre Delanaye,
Francesca Malllamaci, Annalisa Perna, Pasquale Fabio Provenzano,
Giuseppe Remuzzi, Piero Ruggenenti, Giovanni Tripepi, Car-
mine Zoccali.

Data Sharing Statement

Upon request to the leading investigator of REIN studies, G.
Remuzzi, 6 months after the publication of the study, the study
data will be made available for the following 6 months.

References

1. Rovin BH, Ayoub IM, Chan TM, et al. Executive summary of the
KDIGO 2024 clinical practice guideline for the management of
lupus nephritis. Kidney Int. 2024;105(1):31-34. doi:10.1016/j.
kint.2023.09.001

2. Inker LA, Eneanya ND, Coresh J, et al. New creatinine- and
cystatin C-based equations to estimate GFR without race.
N Engl ] Med. 2021;385(19):1737-1749. doi:10.1056/
NEJM0a2102953

3. Fu EL, Coresh ], Grams ME, et al. Removing race from the CKD-
EPI equation and its impact on prognosis in a predominantly
White European population. Nephrol Dial Transplant. 2023;
38(1):119-128. doi:10.1093/ndt/gfac197

4. Pottel H, Bjork J, Courbebaisse M, et al. Development and
validation of a modified full age spectrum creatinine-based
equation to estimate glomerular filtration rate: a cross-sectional
analysis of pooled data. Ann Intern Med. 2021;174(2):183-191.
doi:10.7326/M20-4366

5. Carrie BJ, Golbetz HV, Michaels AS, Myers BD. Creatinine: an
inadequate filtration marker in glomerular diseases. Am J Med.
1980;69(2):177-182. doi:10.1016/0002-9343(80)90376-9

20.

21.

22.

23.

GFR Estimates and Proteinuria, Zoccali et al.

. Léwenborg EKM, Berg UB. Influence of serum albumin on renal

function in nephrotic syndrome. Pediatr Nephrol. 1999;13(1):
19-25. doi:10.1007/s004670050556

. Branten AJW, Vervoort G, Wetzels JFM. Serum creatinine is a

poor marker of GFR in nephrotic syndrome. Nephrol Dial
Transplant. 2005;20(4):707-711. doi:10.1093/ndt/gfh719

. Hofstra JM, Willems JL, Wetzels JFM. Estimated glomerular

filtration rate in the nephrotic syndrome. Nephrol Dial Trans-
plant. 2011;26(2):550-556. doi:10.1093/ndt/gfq443

. Levey AS, Stevens LA, Schmid CH, et al. A new equation to

estimate glomerular filtration rate. Ann Intern Med. 2009;150(9):
604-612. doi:10.7326/0003-4819-150-9-200905050-00006

. Remuzzi G, Ruggenenti P, Perna A, et al. Randomised placebo-

controlled trial of effect of ramipril on decline in glomerular
filtration rate and risk of terminal renal failure in proteinuric,
non-diabetic nephropathy. Lancet. 1997;349(9069):1857-1863.
PMID: 9217756

. Ruggenenti P, Perna A, Gherardi G, et al. Renoprotective

properties of ACE-inhibition in non-diabetic nephropathies with
non—nephrotic proteinuria. Lancet. 1999;354(9176):359-364.
doi:10.1016/50140-6736(98)10363-X

. Ruggenenti P, Perna A, Loriga G, et al. Blood-pressure control

for renoprotection in patients with non-diabetic chronic renal
disease (REIN-2): multicentre, randomised controlled trial.
Lancet. 2005;365(9463):939-946. doi:10.1016/S0140-6736(05)
71082-5

. Gaspari F, Perico N, Ruggenenti P, et al. Plasma clearance of

nonradioactive iohexol as a measure of glomerular filtration
rate. ] Am Soc Nephrol. 1995;6(2):257-263. doi:10.1681/ASN.
V62257

. Bréchner-Mortensen J. A simple method for the determination of

glomerular filtration rate. Scand J Clin Lab Invest. 1972;30(3):
271-274. doi:10.3109/00365517209084290

. Coresh J, Bolton K, et al.; National Kidney Foundation. K/DOQI

clinical practice guidelines for chronic kidney disease: evalu-
ation, classification, and stratification. Am J Kidney Dis. 2002;
39(2 suppl 1):1-266. PMID:11904577

. Earley A, Miskulin D, Lamb EJ, Levey AS, Uhlig K. Estimating

equations for glomerular filtration rate in the era of creatinine
standardization: a systematic review. Ann Intern Med. 2012;156(11):
785-795. doi:10.7326/0003-4819-156-11-201203200-00391

. De Jager DJ, De Mutsert R, Jager K], Zoccali C, Dekker FW.

Reporting of interaction. Nephron Clin Pract. 2011;119(2):
c158-c161. doi:10.1159/000327598

. De Mutsert R, Jager KJ, Zoccali C, Dekker FW. The effect of joint

exposures: examining the presence of interaction. Kidney Int.
2009;75(7):677-681. doi:10.1038/ki.2008.645

. Pottel H, Bjork ], Rule AD, et al. Cystatin C-based equation to

estimate GFR without the inclusion of race and sex. New Engl J
Med. 2023;388(4):333-343. doi:10.1056/NEJM0a2203769
Chen DC, Shlipak MG, Scherzer R, et al. Association of intra-
individual differences in estimated GFR by creatinine versus
cystatin C with incident heart failure. Am J Kidney Dis. 2022;
80(6):762-772.e1. doi:10.1053/j.ajkd.2022.05.011

Seegmiller JC, Burns BE, Schinstock CA, Lieske JC, Larson TS.
Discordance between iothalamate and iohexol urinary clear-
ances. Am J Kidney Dis. 2016;67(1):49-55. doi:10.1053/j.ajkd.
2015.08.020

Gaspari F, Perico N, Matalone M, et al. Precision of plasma
clearance of iohexol for estimation of GFR in patients with renal
disease. ] Am Soc Nephrol. 1998;9(2):310-313. doi:10.1681/
ASN.V92310

Levey AS, Becker C, Inker LA. Glomerular filtration rate and
albuminuria for detection and staging of acute and chronic
kidney disease in adults: a systematic review. JAMA. 2015;
313(8):837-846. doi:10.1001/jama.2015.0602

CJASN 20: 178-185, February, 2025 185


http://links.lww.com/CJN/C88
http://links.lww.com/CJN/C88
https://doi.org/10.1016/j.kint.2023.09.001
https://doi.org/10.1016/j.kint.2023.09.001
https://doi.org/10.1056/NEJMoa2102953
https://doi.org/10.1056/NEJMoa2102953
https://doi.org/10.1093/ndt/gfac197
https://doi.org/10.7326/M20-4366
https://doi.org/10.1016/0002-9343(80)90376-9
https://doi.org/10.1007/s004670050556
https://doi.org/10.1093/ndt/gfh719
https://doi.org/10.1093/ndt/gfq443
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1016/S0140-6736(98)10363-X
https://doi.org/10.1016/S0140-6736(05)71082-5
https://doi.org/10.1016/S0140-6736(05)71082-5
https://doi.org/10.1681/ASN.V62257
https://doi.org/10.1681/ASN.V62257
https://doi.org/10.3109/00365517209084290
https://doi.org/10.7326/0003-4819-156-11-201203200-00391
https://doi.org/10.1159/000327598
https://doi.org/10.1038/ki.2008.645
https://doi.org/10.1056/NEJMoa2203769
https://doi.org/10.1053/j.ajkd.2022.05.011
https://doi.org/10.1053/j.ajkd.2015.08.020
https://doi.org/10.1053/j.ajkd.2015.08.020
https://doi.org/10.1681/ASN.V92310
https://doi.org/10.1681/ASN.V92310
https://doi.org/10.1001/jama.2015.0602

