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Abstract

Background: We aimed to investigate the accuracy of different equations in evaluating estimated glomerular
filtration rate (eGFR) in a Chinese population with different BMI levels.

Methods: A total of 837 Chinese patients were enrolled, and the eGFRs were calculated by three Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equations, three full-age spectrum (FAS) equations and two
Modification of Diet in Renal Disease (MDRD) equations. Results of measured GFR (MGFR) by the 99Tcm-
diathylenetriamine pentaacetic acid (99Tcm-DTPA) renal dynamic imaging method were the reference standards.
According to BMI distribution, the patients were divided into three intervals: below 25th(BMlp,s), 25th to
75th(BMlpss_75) and over 75th percentiles (BMlp7s).

Results: The medium BMI of the three BMI intervals were 20.9, 24.8 and 28.9 kg/mz, respectively. All deviations from
mGFR (eGFR) were correlated with BMI (p < 0.05). The percentage of cases in which eGFR was within mGFR +30%
(P30) was used to represent the accuracy of each equation. Overall, €GFReas_c¢; cysc and eGFREPI_Cr_2009
performed similarly, showing the best agreement with mGFR among the eight equations in Bland-Altman analysis
(biases: 4.1 and — 4.2 mL/min/1.73m?, respectively). In BMlp,s interval, eGFRpas o got — 0.7 of the biases with 74.2%
of P30, the kappa value was 0422 in classification of CKD stages and the AUCg, was 0.928 in predicting renal
insufficiency, and eGFREPI_Cr_2009 got 2.3 of the biases with 71.8% of P30, the kappa value was 0418 in
classification of CKD stages and the AUCgq was 0.920 in predicting renal insufficiency. In BMlp,s_,5 interval, the bias
of @GFRpas_cr cysc was 4.0 with 85.0% of P30, the kappa value was 0.501 and the AUCqo was 0.941, and
eGFRras_cr cysc Showed balanced recognition ability of each stage of CKD (62.3, 63.7, 680, 714 and 83.3%
respectively). In BMIpys interval, the bias of eGFRepi ¢ cysc 2012 Was 3.8 with 78.9% of P30, the kappa value was 0.484
the AUCso was 0.919, and eGFRepi_cr_cysc_2012 €quation showed balanced and accurate recognition ability of each
stage (60.5, 60.0, 71.4, 57.1 and 100% respectively). In BMlp;s interval, the bias of eGFRras ¢ cysc was — 1.8 with
78.5% of P30, the kappa value was 0.485, the AUCgq was 0.922. However, the recognition ability of each stage of
eGFRras cr cysc €9. (71.1,61.2, 70.0, 42.9 and 50.0% respectively) was not as good as GFRepi_cr cysc_2012 €quation.

* Correspondence: lijiegu82@126.com

fJiayong Li and Xiang Xu contributed equally to this work.

“Department of Nephrology, Shanghai General Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai 200080, China

Full list of author information is available at the end of the article

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12882-021-02395-x&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:lijiegu82@126.com

Li et al. BMC Nephrology (2021) 22:197

Page 2 of 12

Conclusion: For a Chinese population, we tend to recommend choosing eGFReas ¢ and eGFRegp| ¢ 2000 When BMI
was around 20.9, eGFReas_ ¢ cysc when BMI was near 24.8, and eGFRepi_cr cysc 2012 when BMI was about 289.

Keywords: Body mass index, Estimated glomerular filtration rate, Chronic kidney disease

Introduction

Chronic kidney disease (CKD) is defined as a re-
duced glomerular filtration rate (GFR), increased
urinary albumin excretion, or both, and has been
recognized as an increasing public health issue
worldwide [1]. Rising prevalence, poor outcomes,
and high costs of CKD have led to considerable so-
cial and economic burdens in both developed and
developing countries. Prevalence of CKD is estimated
to be 8-16% worldwide [2]. In 2017, there were
132.3 million [95% confidence interval (95% CI)
121.8 to 143.7] people were diagnosed as CKD in
China [3]. Therefore, the early prevention and accur-
ate detection of CKD are particularly important.

Ideally, GFR should be measured. Measured (m) GFR
gives an accurate assessment of kidney function and
avoids confounding by interactions with variables, such
as age or weight. Tc-99 m DTPA renal dynamic scintig-
raphy is a useful tool for clinicians in assessing renal
function [4]. Because of the complicated process and nu-
clear pollution of above method, estimated GFR (eGFR)
was considered as a convenient and no-invasive means
which had been widely used in clinical diagnosis and
treatment.

Many eGFR equations are based on the creatinine
or/and cystatin C concentrations in serum. However,
multiple factors such as muscle mass, weight, race,
sex, gender and other individual differences affect
the levels of serum creatinine [5]. Performance of
Modification of Diet in Renal Disease (MDRD) and
Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equations remains suboptimal for esti-
mating GFR in obese populations [6, 7]. Serum
cystatin C also has the disadvantage in obesity popu-
lation. Enlarged adipose tissues lead to elevation of
serum cystatin C [8]. In fact, overweight and obesity
account for a large proportion in CKD, while the
muscle percentage is not synchronized with body
weight. Therefore, the accuracy of eGFR assessments
is affected by irregular fluctuation in creatinine and
cystatin C.

How to choose an appropriate eGFR equation
which can estimate renal function accurately? We
used the body mass index (BMI) as the breakthrough
point. There are many researches on the comparison
of different eGFR equations, but still lack of re-
searches on which special equation should be recom-
mended in certain BMI range. In the present study,

we assessed the accuracy of eight eGFR equations
[CKD-EPI cr_2009 (eGFRgpy cr 2000) [9], CKD-EPI
CYS_2012 (eGFREPLCysC72012) [1], CKD-EPI Cr_cys_
2012 (eGFRgpr_cr cysc_2012) [1, 10]], three full age
spectrum (FAS) equations (eGFRpas ¢, €GFRpag
_CysGC and EGFRFAS 7Cr7CySC) [11], abbreviated_MDRD
(eGFR, MDRD) [12], and Chinese_ MDRD
(eGFR. mprp) [13] compared with GFR measurement
using 99Tcm-DTPA scintigraphy. Our research aimed
to identify which equation performed better at esti-
mating GFR and ideally predicting the CKD stage in
the corresponding BMI interval, and finally, provide
credible eGFR in certain BMI intervals to the
clinicians.

Methods

Participants

A total of 904 patients who underwent GFR measure-
ment using 99T cm-diathylenetriamine pentaacetic acid
(99Tcm-DTPA) scintigraphy from January 2016 to Sep-
tember 2017 in Shanghai General Hospital, were ob-
served. Exclusion criteria included amputation, pregnant
women, obstructive nephropathy, solitary kidney or a
single kidney, urinary tract infection, acute kidney injury,
any history of malignancy or kidney surgery, hyperthy-
roidism, use of antibacterial agents within 2 weeks, and
malignant hypertension. Finally, a total of 837 patients
were enrolled in this study. General characteristics were
included such as sex, age, body mass index (BMI), serum
creatinine, serum cystatin C, measured GFR (mGFR)
and the situation of basic diseases. BMI was calculated
following the equation: BMI (Kg/m?) =weight (kg)
/height2 (m). Three intervals were divided based on BMI
percentiles, percentile 25% (BMlIp,s5), percentile 25% ~
75% (BMlpys_75) and percentile 75% (BMlp;s). Research
has been conducted in accordance with the Declaration
of Helsinki and was approved by the Ethics Committee
of Shanghai General Hospital. Written informed consent
was obtained from all participants. All methods were
carried out in accordance with the relevant guidelines
and regulations.

Measurement of reference GFR (mGFR)

The mGFR was measured by gate’s method of radio-
nuclide renal dynamic imaging. The instrument used
Siemens Excel Evo SPECT which equipped with low
energy and high resolution parallel hole collimator,
energy peak 140 keV, window width + 20%. 9TcmDTPA
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(radiochemical purity, > 95%; percentage of 99TcmDTPA
bound to plasma protein, < 5%) was provided by Shanghai
Atom Kexing Pharmaceutical Co., Ltd, China. Deter-
mined the mGFR by gate’s method.

Definition of renal insufficiency and CKD classification
The definition of renal insufficiency and CKD classifica-
tion were referred to the 2012 KDIGO clinical practice
guideline [1]. Renal insufficiency was defined as mGFR
<60 mL/min/1.73 m*. CKD was classified into five stages
based on the mGFR values as follows: stage 1, mGFR
>90 mL/min/1.73 m?; stage 2, 60mL/min/1.73 m? <
mGFR <90 mL/min/1.73 m?% stage 3, 30 mL/min/1.73
m? < mGFR <60 mL/min/1.73 m?% stage 4, 15 mL/min/
1.73m? < mGFR < 30 mL/min/1.73 m?% stage 5, mGFR <
15 mL/min/1.73 m>.

Measurement of serum creatinine (Scr) and cystatin C
(CysQ) levels and GFR-estimating equations
Blood samples were obtained after the patients had
fasted for 12 h. Both Scr and CysC were measured by
an automatic biochemical autoanalyzer (Cobas 8000;
Roche Products Ltd. Basel, Switzerland), used original
matching assay kit (Roche Diagnostics, Mannheim,
Germany). Based on the Scr, eGFR was calculated by
CKD-EPI Cr_2009 (eGFRgpr cr 2000) [9], FAS Cr
(eGFRgas cr) [11], abbreviated _.MDRD (eGFR, mprp)
[12], and Chinese _MDRD (eGFR. mprp) [13]. Based
on the CysC, eGFRs was calculated by CKD-EPI
CysC_2012 (eGFRgp;_cysc_2012) [1] and FAS CysC
(eGFRpas _cyscy [11]. Based on both SCr and CysC,
eGFR was calculated by CKD-EPI Cr_CysC_2012
(eGFRepy_cr_cysc_2012) [10] and FAS Cr_CysC (eGFR-
EAS _Cr_Cysc) [11].

The equations used in the study population (with no
correction for race and ethnicity) were the following
(SCr indicates serum creatinine):

(1) CKD-EPI Cr_2009 equation:

Female, SCr<61.88umol/L : eGFR
= 144 x (SCr/61.88)"%* x 0.993%¢
x (1.159ifblack)
Female, SCr > 61.88pmol/L : eGFR
= 144 x (SCr/61.88) 2% x 0.993%¢
x (1.159ifblack)
Male, SCr<79.56pmol/L : eGFR
= 141 x (SCr/79.56) "' x 0.993%°
x (1.159ifblack)
Male, SCr > 79.56pumol/L : eGFR
= 141 x (SCr/79.56) "% x 0.993%¢
x (1.159ifblack)

(2) CKD-EPI CysC_2012 equation:
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Female, SCr<61.88pumol/L and SCys<0.8mg/dL : eGFR = 130
x(Scr/61.88) 2% x (Scyst/0.8) "7 x 0.995%° x (1.08 if black)
Female, SCr<61.88pumol/L and SCys > 0.8 mg/dL : eGFR = 130

x(Scr/61.88) 8 x (Scyst/0.8) %71 x 0.995%° x (1.08 if black)
Female, SCr > 61.88umol/L and SCys<0.8 mg/dL : eGFR = 130

X (Scr/61.88) %! x (Scyst/0.8) "% x 0.995%° x (1.08 if black)
Female, SCr > 61.88pumol/L and SCys>0.8mg/dL : eGFR = 130

x(Scr/61.88) %% x (Scyst/0.8) "M x 0.995%° x (1.08 if black)
Male, SCr=79.56umol/L and SCys<0.8 mg/dL : eGFR = 135

x(Scr/79.56) %7 x (Scyst/0.8) 3% x 0.995%° x (1.08 if black)
Male, SCr<79.56umol/L and SCys > 0.8mg/dL : eGFR = 135

% (Scr/79.56) %27 x (Scyst/0.8) M x 0.995%¢ x (1.08 if black)
Male, SCr > 79.56pmol/L and SCys<0.8 mg/dL : eGFR = 135

x(Ser/79.56) %" x (Scyst/0.8) "7 x 0.995%° x (1.08 if black)
Male, SCr > 79.56pumol/L and SCys > 0.8 mg/dL : eGFR = 135

x(Scr/79.56) %" x (Scyst/0.8) "7 x 0.995%¢ x (1.08 if black)

(3) CKD-EPI CysC_2012 equation:

SCys<0.8mg/L : eGFR = 133 x (Scyst/0.8) ***
%0.996%¢(%0.932 if female)SCys > 0.8mg/L :
eGFR = 133 x (Scys/0.8) %% x 0.996%°(x0.932 if female)

(4) FAS Cr equation:

eGFR = 107.3/(SCr/QCys) x {0‘988<age’40),when age > 40 years]
(female : QScr = 0.70 mg/dl; male : QScr = 0.90 mg/dl);

(5) FAS CysC equation:

eGFR = 107.3/(SCys/QCys]| x [0.988(age'40) when age > 40 years}
(age < 70 years old : QCys = 0.82 mg/l; age>70 years old :
QCys = 0.95 mg/1)

(6) FAS Cr-CysC equation:

eGFR = 107.3/[a x (SCr/QScr) + (1-a) x (SCys/QCys)]
X {0.988(“*’40) when age > 40 years]

(female : QScr = 0.70 mg/dl; male :

QScr = 0.90 mg/dl; age < 70 years old :

QCys = 0.82 mg/1; age>70 years old :

QCys = 0.95 mg/l;a = 0.5)

(7) abbreviated_ MDRD equation:

eGFR = 175 x SCr (umol/L x 0.0011312)*** x age (years) ***
x(0.742,if female) x (1.212,if black)

(8) Chinese _MDRD equation:

eGFR = 175 x SCr (umol/L x 0.0011312) %" x age (years) "'’
%(0.79,if female)
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Statistical analysis

Statistical analyses were performed using SPSS version
22.0 for Windows (SPSS Inc., Chicago, USA) and Med-
calc 11.4 for windows. Kolmogorov-Smirnov test (K-S)
was used to test the normality of variables [14]. Continu-
ous variables were presented as the means + standard
deviation and were analyzed using unpaired Student’s t-
tests. Nonnormally distributed variables were presented
as medians with corresponding 25th and 75th percen-
tiles (interquartile ranges) and compared using the
Mann—Whitney U test [15]. Wilcoxon test was used to
compare the differences of the deviation from mGFR
(2eGFR, which is mGFR minus eGFR) by these eight
eGFRs when in different BMI interval. Plotting scatter
diagrams were used to observe the trend of each 2eGFR
when in different BMI state. Partial correlation analysis
was used to evaluate correlations between 2eGFR and
BMLI. Bland-Altman analysis [16] was used to determine
the agreement between the mGFR and eGFR values,
similar to the study by Chi et al [17], which were calcu-
lated by different equations. The percentage of cases in
which eGFR was within mGFR +30% (P30) was used to
represent the accuracy of each equation. Kappa statistics
were used to evaluate the agreement between stage clas-
sification from the mGFR values and from the eGFR
values calculated by different equations, with the follow-
ing interpretations: slight agreement (0—0.20), fair agree-
ment (0.21-0.40), moderate agreement (0.41-0.60),
substantial agreement (0.61-0.80), and almost perfect or
perfect agreement (0.81-1.0) [18]. The receiver operat-
ing characteristic (ROC) curve was used to determine
the diagnostic power at predicting the renal insufficiency
(ROCgp) by the eight different equations, with the results
reported as the areas under the ROC curve (AUCg),
sensitivity, and specificity [19]. Differences with P < 0.05
were considered statistically significant.

Results

Overview of the entire study population

The demographic and clinical features of the partici-
pants included in the analysis are listed in Table 1. The
medium BMI was 24.8 Kg/m> which 25.1 Kg/m* for
male, and 24.2 for female. According to the percentile of
BM]I, it was divided into three intervals, < 25% (BMlIp,s5),
25% ~ 75% (BMlIpys_75) and > 75% (BMlp;s), respectively.
The average BMI was 20.9 Kg/m? in BMIp,s, 24.8 Kg/m>
in BMIp,5 75, and 28.9 Kg/m? in BMlIp5 respectively.
Among all the patients, 66.8% had diabetes and 64.5%
had hypertension, and 71.6% had atherosclerosis which
was the most common diagnosis. The average mGFR
was 71.4 + 28.1 mL/min/1.73 m?, while the average eGFR
varied according to different calculation formulas, ran-
ging from 60.2(44.9, 74.9)mL/min/1.73 m> to 88.5 +49.1
mL/min/1.73 m*.
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Relation between BMI and 2eGFR based on different
formulas

The correlation between 2eGFR based on different for-
mulas and BMI was shown by plotting scatter diagrams
of 2eGFR based on different formulas with the increase
of BMI (Fig. 1). With the increase of BMI, trends of
4eGFR differed with diverse formulas. Partial correlation
coefficient was shown in Table 2, which was statistically
significant (p =0.012 for 2eGFR. mprp while the rest
p <0.001).

The comparison of 2eGFR among different BMI
groups was shown in Table 3. Delta eGFRgp; cr 2000,
2eGFRepr_cysc_2012) 2€GFRepr_cr_cysc 20120 2€GFReas_cr
2eGFRpas cysc and 2eGFRpas ¢ cysc showed significant
differences in different BMI intervals (p =0.030, 0.010,
0.000, 0.0029, 0.000 and 0.001 respectively). While
2eGFR, mprp and 2eGFR. pmprp had no significant dif-
ference in different BMI intervals (p = 0.234 and 0.522,
respectively).

Consistency of eGFRs compared with mGFR
The consistency between the eGFR based on different
formulas and the mGFR was analyzed by Bland-Altman
plots (Fig. 2, Table 4). The accuracy of each equation
was represented by the percentage of cases in which
eGFR was within the range of mGFR +30% (P30). Com-
pared with mGFR, biases of €GFRgas ¢r cysc and eGFRg.
pLcr 2000 (4.1 and -4.2, respectively) were much less
than those of eGFReas cr €GFREp;_cysc_2012) €GFREpy ¢ -
CysC_2012» eGFRFASﬁCysCr eGFR, mprD and eGFR._nmprD
(-6.9, 84, 9.6, 10.8, — 8.4 and - 20.8, respectively). The
accuracy of each eGFR was as follows: 81.5% for eGFR-
74.1% for
70.1% for
63.0%for

EAs_Cr CysCr 74.1% for eGFRepr cr cysc 20125
eGFREpr_cysc 2012, 73:4% for eGFRpas cyscr
eGFRgpr cr 2000, 69.3%  for  eGFRgas cr
eGFR, mprp and 47.0% for eGFR. pmprp-

However, the accuracy of different formulas varied in
different BMI intervals. In the BMlIp,5 interval, the bias
of eGFRpas ¢ was improved to -0.7mL/min/1.73
m>*(P = 0.679) with 74.2% of P30. And the bias of eGFRg.
pL Cr 2000 Was 2.3 mL/min/1.73 m* (P = 0.061) with 71.8%
of P30. In the range of BMlpys_75, the bias of eGFR-
FAS_Cr Cysc Was 4.0 mL/min/1.73 m” with 85.0% of P30,
and the bias of eGFRgp; ¢y 2000 Was 4.0 mL/min/1.73 m?
with 74.7% of P30, which were most consistent with
mGFR. In the BMIpy5 interval, the bias of eGFRgpy ¢y -
CysC_2012 Was 3.8 mL/min/1.73m” (P <0.01) with 78.9%
of P30 and the bias of eGFRgp; cysc 2012 Was 3.3 mL/
min/1.73 m*> (P<0.05) with 76.6% of P30. The bias of
eGFRpas ¢r cysc Was - 1.8 mL/min/1.73 m?, but there
was no statistical significance (P =0.095). It was sug-
gested that the consistency of eGFR compared with the
mGFR was the best when eGFR calculated by eGFRgp;
cysC_2012 and eéGFReas ¢r cysc formulas.
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Table 1 Baseline characteristics
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Variable Total Male(n =505) Female(n =332)
Age, years 60 (52, 69) 59 (51, 67) 62 (55, 71) *
Height, cm 167 (160.0, 172.3) 170 (167, 175) 160 (155, 163) *
Weight, kg 69 (60, 77) 74 (66, 81) 61 (54, 69) *
Body surface area (BSA), m? 1 (167, 1.95) 1.90 (1.80, 2.01) 1.66 (156, 1.77) *
Body mass index (BMI), Kg/m2 248 (22.7,27.3) 25.1(23.1, 27.4) 24.2(21.6,26.8) *
BMlp,s, Kg/m? (n = 209) 209 (196, 21.9)

BMIpss_s, Kg/m? (n = 419) 248 (237, 259)

BMIps, Kg/m? (n = 209) 289 (280, 30.6)

Serum creatinine (sCr), umol/L 79 (61,113.3) 86 (68, 120) 66 (51, 100) *
Serum uric acids (sUA), umol/L 360 (289, 435) 380 (311, 449) 323 (268, 421) *
Serum urea (sUrea), mmol/L 6.3 (5.0, 8.6) 6.5 (5.2, 86) 6.1 (48,88 "
Serum cystatin C (sCysc), mg/L 1.17 (097, 1.53) 1.18 (0.99, 1.53) 1.16 (0.94, 1.58) *

Urinary albumin creatinine ratio (ACR),

ACR 2 30 yg/mg rate, %

Hg/mg

644 (18.3, 458.5)
64.03

738 (15.7,522.8)
62.80

60.2 (239, 406.1) *
66.10"

Diabetes 559 (66.8%) 373 (73.9%) 186 (56.0%)*
Hypertension 540 (64.5%) 325 (64.4%) 215 (42.6%)"
coronary heart disease 165 (19.7%) 102 (20.2%) 63 (12.5%)"

atherosclerosis 599 (71.6%) 358 (70.9%) 241 (47.7%)"°
mGFR, ml-min —=1:1.73 m 2 714+ 281 698273 73842924

distribution in each CKD stage
CKD1

221 (26.4%)

123 (24.4%)

98 (29.5%)"

CKD2 338 (40.4%) 214 (424%) 124 (37.4%)"
CKD3 212 (25.3%) 130 (25.7%) 82 (24.7%)"
CKD4 4 (6.5%) 28 (5.5%) 26 (7.8%)"
CKD5 12 (1.4%) 10 (2.0%) 2 (0.6%)"

eGFR
eGFR, vorp 753(47.2,105.1) 786(55.8, 104.7)* 782(480, 110.0)**
eGFR._prD 88.5+49.1 87.9+44.7% 984 + 54.4%4

eGFRepi_cr_2009
eGFRep_cr_cysc_2012
eGFREPLCyscfzm 2
eGFRras_cr
eGFRras_cysc

eGFRrascr_cysc

81.9 (522, 933)
633 (420, 81.2)
62.8 (434, 823)
77.7(516, 104.0)*
60.2(44.9, 74.9)*
66.8(47.8, 856)*

825 (55.5,101.2) *
635 (436,79.8) *
62.5 (44.1,803) *

804 (485,97.8) **
622 (396,822) **
62.8 (412, 84.5) **

788 +36.7% 74.1(48.1, 104.6)™"
60.8(45.9, 73.9)* 614 +248%"
679+283* 66.0(46.3, 87.3) *

“P>0.05, 4P <0.05, *P < 0.01, compared with male; *P < 0.01, °P > 0.05, compared with mGFR

Accuracy of eGFR in CKD staging in different BMI
intervals

The kappa values of eGFRgp ¢y 20000 €GFRpas ¢ and
eGFR, mprp were similar(0.418, 0.422 and 0412 re-
spectively), which were higher than that of other formu-
las when in BMlIpy; interval (Supplemental Table 1).
They showed high accuracy (84.4, 76.6 and 88.3%, re-
spectively) in the identification of stage 1 CKD and mod-
erate accuracy in the identification of stage 2 and 3
CKD. In BMlIpy5_75 interval, eGFRpas_cr_cysc had highest

kappa value (0.504), which was higher than eGFRgp; -
CysC_2012 (0431), eGFRFAsicr(OA‘lS) and eGFREPIfCrﬁ»
cysc_2012 (0.415). The eGFRpas ¢ cysc showed a better
accuracy in the identification of stage 2 and 3 CKD (63.7
and 68.0% respectively) (Supplemental Table 2). In the
BMlIp;5 interval, eGFREPI_Cr_CysC_2012 was found to
be the best, with a kappa value of 0.484, showing bal-
anced and accurate recognition ability of each stage
(60.5, 60.0, 71.4, 57.1 and 100% respectively) (Supple-
mental Table 3). However, the recognition ability of each
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J

CKD stage of FAS_Cr_CysC eq. (71.1, 61.2, 70.0, 42.9
and 50.0% respectively) was not as good as EPI_Cr_
CysC_2012 equation.

Diagnostic performance of each eGFR equation for
predicting renal insufficiency in different BMI intervals
The diagnostic performance for predicting renal insuffi-
ciency based on each eGFR equation in three BMI inter-
vals was summarized and showed in Supplemental
Table 4, 5 and 6 and Fig.3. In the BMlIp,5 interval, with a
sensitivity of 89.7% and a specificity of 84.1%, at a cut-
off point of 67.1 mL/min/1.73 m*, eGFREPI_Cr_2009 got
an AUCgo of 0.920 which had no significant difference
compared with other equations (p > 0.05), suggesting ap-
propriate diagnostic ability for predicting renal insuffi-
ciency. In BMlpys interval, eGFRpas o had similar
performance with a sensitivity of 79.3%, specificity of
88.1%, and an AUCgq of 0.928 at a cut-off point of 56.6
mL/min/1.73 m®.

In BMlIp,s5_75 interval, the cut-off point of eGFRgas ¢ -
cysc Was 62.9 mL/min/1.73 m?, with an AUCg, of 0.941

which had no significant difference compared with other
equations (except eGFRpas cyscy p =0.021). When the
cut-off values of eGFREPI_CysC_2012 and eGFREPI_
Cr_CysC_2012 were revised to 60.1 and 60.2 mL/min/
1.73 m® respectively, the sensitivity was increased to 90.3
and 91.8% respectively, but the specificity was decreased
to 78.9 and 77.2% respectively. Looking back at eGFR-
Fas_cr_cysc: when cut-off point of eGFRpas cr cysc Was
62.9 mL/min/1.73 m?, the sensitivity was 92.5% and the
specificity was 78.6%, while after revising cut-off value to
60.0 mL/min/1.73 m?, the sensitivity was 87.3% and the
specificity was 82.0%, indicating that the diagnostic per-
formance for predicting renal insufficiency was relatively
stable. In BMIp,5 interval, the optimal cut-off point of
eGFREpr_cr cysc 2012 for predicting renal insufficiency
was 60.5 mL/min/1.73 m? with an ideal sensitivity of
90.7%, a specificity of 80.5%, and an AUCg, of 0.919
(P<0.05 vs. eGFRgpy_cysc_2012), highlighted itself. The
optimal cut-off point of eGFRpas ¢; cysc for predicting
renal insufficiency was 61.5 mL/min/1.73 m?, with a sen-
sitivity of 87.2%, a specificity of 84.6%, and an AUCgq of
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Table 4 Comparison of bias and accuracy between eGFRs and mGFR in different BMI groups

BMI Total <25% 25-75% >75%
Equation Bias 30% Bias 30% Bias 30% Bias 30%
(mL/min/1.73m?) accuracy (mL/min/1.73m?) accuracy (mL/min/1.73m?) accuracy (mL/min/1.73m? accuracy
(2eGFR, 95% Cl) (2eGFR, 95% Cl) (2eGFR, 95% Cl) (2eGFR, 95% Cl)
eGFRep|_cr_2009 —42(-55--30"  701% 2.3(-0.1-4.8)° 71.8% —40(-58--25)"  747% —11.1(-135 - -84)"  593%
eGFRep_cysc 2012 84(7.3-9.6)° 74.0% 13.1(10.7-157)" 675%  86(7.0-10.1)" 759%  33(12-554 76.6%
eGFRepi_cr_cysc 2012 9:6(86-10.7)" 74.1% 15.2(13.1-17.3)" 64.1% 98(84-11.2)" 75.4% 3.8(1.7-58)" 78.9%
eGFReas_cr —69(-85--54)"  69.3% —-0.7(-38-25)° 74.2% —71(=92--49)"  706% —~129(- 160 — 61.7%
929)°
eGFReas_cysc 10.8(9.7-11.9)* 734% 159(13.5-18.3)" 64.1% 11.0(9.5-12.6)" 76.1% 53(3.2-74)" 77.0%
eGFReas_cr_cysc 41(3.0-5.1)" 815%  9.9(78-12.1)° 775%  4025-55) 850%  —18(-3.9-03)° 78.5%
eGFR,_wmorDp —84(-102--67)"  63.0% —37(=73--01) % 646% —85(-109--60)"  650% —~13.1(- 163 - 9.9 59.8%
eGFR._morp —-20.8(-230 - 47.0% —88(-126--49)"  455% —-205(-239 - 51.1% —24.8(~286 - 40.2%
-186)° -17.5) -205)"

2Compared with mGFR, P<0.01;

A Compared with mGFR, P < 0.05;
oCompared with mGFR, P =0.061;
mCompared with mGFR, P =0.401
oCompared with mGFR, P =0.679;
eCompared with mGFR, P =0.095;
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Fig. 3 Receiver operating characteristic curve of eGFRs in different
BMI intervals

0.922 (P < 0.05 vs. eGFRgas_cysc)- It suggested that eGFRE.
PLCr_CysC_2012 and eGFReas ¢ cysc had the strongest abil-
ity to predict renal insufficiency in BMIp;s5 interval.

Discussion
There is high disease burden of CKD in China [2]. The
global increase in this disease is mainly driven by the
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increase in the prevalence of diabetes mellitus, hyperten-
sion, obesity, and aging. To make matters worse, the risk
of death gradually increases with the deterioration of
CKD [20]. Therefore, screening, diagnosis, and staging
CKD early as well as accurately are more and more im-
portant. Estimating GFR accurately is crucial for clinical
practice, research, and public health. Although Tc-99 m
DTPA renal dynamic scintigraphy is a useful tool for cli-
nicians in assessing renal function, this method cannot
be regularly used in clinical practice. On the contrary,
GEFR estimated from equations is a convenient approach
to assess patients’ renal function. Due to the conveni-
ence of testing, it can be used as a method for large-
scale cases screening.

Each eGFR equation is established by statistically pro-
cessing of certain population data, so it always performs
less well outside the cohort in which they were devel-
oped [21]. All methods for the estimation of GFR have
limitations, so no equation can perform best in all popu-
lations. Obesity is associated with a risk of CKD and is
highly prevalent among patients with CKD [22, 23]. In
our study, the average BMI of the cases was 24.8, of
which 25.1 for males and 24.2 for females. A large num-
ber of patients were overweight or obese. Therefore, it
inspired us to consider the influence of BMI, which can
partly reflect the difference of body. If we properly han-
dled this influence, can we make the best use of each
eGFR equation? There are few studies on the applicabil-
ity of different eGFR equations in different BMI inter-
vals. In this study, we evaluated the value of different
eGFR formulas in different BMI intervals.

After being analyzed by Bland-Altman plots, biases of
eGFRpas cr cysc and eGFRgpp ;2000 Were much less
than that of others on the whole, showing the best
agreement with mGFR. In BMlpys interval, eGFRgas ¢,
and eGFRgp; ¢ 2000 formulas had optimal accuracy,
excellent ability to classify CKD stages, and best diagnos-
tic performance for predicting renal insufficiency. In
BMlIpys_75 interval, eGFRpas cr cysc Was the best one,
with optimal accuracy and excellent ability in staging
CKD2 and CKD3. In BMlIys interval, eGFRgpj ¢ -
cysC_2012 equation showed excellent accuracy, stable
identification power for CKD stages and the strongest
ability to predict renal insufficiency. In BMI;5 interval,
the accuracy and ability to predict renal insufficiency of
eGFRpas cr cysc Was similar to that of eGFRgpy ¢ -
CysC_2012- However, eGFRpas cr cysc Was not as good as
eGFREp|_c;_cysc_2012 €quation in identifying CKD stages.
We found Scr-cysC-based eGFR equations had superior-
ity in evaluating eGFR compared to the Scr-based for-
mulas in overweight or obese people.

It's well known that SCr has limitations including its
insensitivity to underlying changes in kidney function
and the numerous non-kidney factors that are
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incompletely accounted for in equations to eGFR [24].
Although as an endogenous biomarker, concentration of
cysC also can be affected by other non-renal determi-
nants, such as obesity, thyroid disorders, diabetes, and
inflammation, however, compared to SCr, cysC appears
to be less affected by age, race, sex, muscle mass, or diet-
ary intake [25, 26]. It is increasingly accepted to use the
use equations based on cystatin C or combined creatin-
ine and cystatin C [27]. In fact, kidney function assess-
ment in obese patients is challenging. Nephron number
does not change with weight gain, and the increase of
GFR observed in obese patients reflects compensatory
hyperfiltration of nephrons. This hyperfiltration in obese
patients can become maladaptive and is largely un-
accounted for in existing eGFR equations [28]. Accord-
ing to our research, it may be acceptable to choose an
eGFR formula based on combined creatinine and cysta-
tin C before a better formula appears. It is worth
mentioning that, our reseach proves that, the novel FAS
equations [11] are suitable for Chinese population, and
even have superiority compared to other formulas in
many cases, especially the eGFRgas cr_cysc €quation. In
a multicenter study of 1184 patients in China, the per-
formance of the eGFRpas cr cysc €quation was better
than that of the eGFRgp;_cr cysc_2012 €quation, particu-
larly in the elderly [29]. It may be necessary to further
modify the FAS equation from a larger-scale study to
make it more suitable for the Chinese population.

Exactly, each eGFR formula shows different clinical
value in different BMI intervals. Therefore, the BMI of
patients with CKD is an aspect worthy considering when
choosing the appropriate eGFR equation. Which is the
best choice? In our study, in normal or low-weight
population, the formula based on serum creatinine is
preferred, and in overweight or obese population, the
formula based on serum creatinine and cystatin C may
be more suitable. The reason may be that the combin-
ation of both biomarkers can cancel out the non-GFR-
related factors influencing creatinine and cystatin C in
different directions compared with mGFR. Steubl et al.
suggest that combining metabolites or proteins in equa-
tions to minimize the influence of nonkidney-related pa-
rameters appears to be a promising approach which is
consistent with our view [30].

Our research had some strengths such as on ethnic fac-
tors that all were from Chinese population, concentrative
age range, common high-risk diseases for CKD. These
favoured us to identify the appropriate eGFR equation for
Chinese population while considering the impact of BMIL
However, it needs to be verified and confirmed by differ-
ent types of studies based on a larger population. More
comparative studies on different types of samples are
needed to further illuminate which biomarkers are better
tools for diagnosis and prognosis of CKD.
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Nevertheless, our study has some limitations. Firstly,
we did not obtain specific data such as appendicular lean
mass index (ALMI) and total body fat percentage
(TBF%) measured by dual-energy x-ray absorptiometry
(DXA) of body composition [31, 32], so we cannot refine
the population in the BMI intervals. Secondly, we didn’t
have enough data of proteinuria to define renal dysfunc-
tion because we only got one urine protein test result
for each patient’s first morning urine. Thirdly, as it was
a cross-sectional analysis, and a retrospective, single-
center study, the results of this study should be carefully
applied in practical clinical practice. Finally, although we
assessed eight eGFR equations that were commonly
used, there are also some other equations which were
well praised were not included in our study.

In conclusion, after comprehensive analysis of factors
that included consistency, accuracy, classification ability
and diagnostic performance, we tend to suggest that
choosing eGFRgp; ¢y 2000 OF €GFRpas ¢ equation to esti-
mate GFR of patients when BMI is around 20.9 kg/m?,
eGFRpas cr cysc for overweight patients (BMI around
24.8 1<g/m2), and eGFRgpr_cr_cysc_2012 for obese patients
(BMI is about 28.9 kg/m?).
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