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remaining 165 (19.7 %) subjects as the verification set. The 
equations were modified using the hill-climbing algorithm.
Results Compared with the original CKD-EPI equations, 
the accuracy assessment indexes (bias, precision, accuracy 
and misclassification) were obviously improved after modi-
fication. Bland–Altman analysis also demonstrated that this 
modification attempt gained success to some extent.
Conclusions The modified 2012 CKD-EPI equations could 
be more accurate than the original equations for elderly 
Chinese individuals.

Keywords Chronic kidney disease · Glomerular filtration 
rate · Elderly · Estimation equations

Introduction

Chronic kidney disease (CKD) has been a major public 
health problem with an increasing prevalence [1, 2]. China 
also does not stay away from this global chronic disease. 
Timely and accurate evaluating renal function is important 
for the diagnosis of CKD. Glomerular filtration rate (GFR) 
has been regarded as the essential parameter of renal func-
tion. However, techniques, precisely measuring GFR, are 
complicated and expensive. Thus, equations based on renal 
biomarkers provide an available method for GFR evalua-
tion (eGFR).

The simplified Modification of Diet in Renal Disease 
(MDRD) Study and the 2009 Chronic Kidney Disease 
Epidemiology Collaboration (CKD-EPI) equations have 
been the most widely used methods for predicting eGFR 
in recent decades. These equations are based on serum cre-
atinine (sCr). However, sCr concentration is influenced by 
several factors, including muscle mass, distal tubule secre-
tion and inflammation [3]. The above influences tend to 
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exist more often in the elderly. In addition, differences in 
race, physical fitness, diet and living habits also influence 
sCr [4]. What is more, previous studies indicated that none 
of the sCr-based equations predicted satisfactory eGFR in 
elderly Chinese [5, 6].

Kidney Disease: Improving Global Outcomes (KDIGO) 
2012 Clinical Practice Guidelines for the Evaluation and 
Management of CKD recognized the limitations of sCr and 
then recommended additional confirmatory tests: serum 
cystatin C (sCys) and equations based on sCys (2012 CKD-
EPI equations). However, our previous validation studies 
demonstrated that the 2012 CKD-EPIscr–cys equation was 
inaccurate for elderly CKD 3–5 stage patients, while the 
2012 CKD-EPIcys equation performed no better than the 
other included equations [7].

According to the research background mentioned earlier, 
a modification study on the basis of 2012 CKD-EPI equa-
tions was subsequently conducted for elderly Chinese [8].

Methods

Subjects

A total of 839 elderly Chinese subjects (aged 60 years and 
older) in clinic or hospitalized were included, from four 
hospitals in China between October 2009 and Decem-
ber 2014. The same inclusion and exclusion criteria were 
demanded in all participant hospitals. The inclusion was 
that subjects should be stable, or they were excluded, espe-
cially in these following conditions: acute renal failure, 
skeletal muscle atrophy, edema, ascites, pleural effusion, 
malnutrition, amputation, severe heart failure, ketoacidosis, 
use of cimetidine or trimethoprim, and patients who had 
ever received renal replacement therapy. The “stable” status 
meant that the outpatients had no condition changes, and 
the inpatients gradually recovering to discharge from hos-
pital or ahead of operation.

Laboratory measurements

Identical research standard was requested in all the four 
hospitals to minimize inter-institutional variation. The 
researchers and staff underwent the same training. Subjects 
had to be fasting for 6 h before the examination. Blood 
samples were collected between 8:00 and 10:30 am, then 
centrifuged at 3000 rpm for 15 min, 1 h later and deter-
mined within 12 h.

Serum creatinine was determined using the isotope 
dilution mass spectrometry (IDMS) standardized enzy-
matic method (Kehua Dongling Diagnostic Products 
Co., Ltd, Shanghai, China) with a reported coefficient 

of variation of 6 %, reference range 44–136 umol/l, and 
traceable to National Institute of Standards and Technol-
ogy creatinine standard reference material (SRM 967) 
[9]. Serum cystatin C was measured by particle-enhanced 
immunoturbidimetry (Leadman Biomedical Co., Ltd, Bei-
jing, China) with a reported coefficient of variation of 8 % 
and reference range 0.60–1.55 mg/l, which was calibrated 
referring from the international certified reference mate-
rial ERM-DA471.

GFR measurements

9mTc-DTPA (radiochemical purity 95–99 %) dynamic renal 
imaging was used to measure GFR (mGFR) [10]. Identical 
operational procedures were trained in all four hospitals. 
Subjects were demanded to avoid dehydration on the test 
day, drink 300–500 ml water in 30 min, empty their blad-
der and finally accept a bolus injection of 185 MBq 99mTc-
DTPA in the elbow vein. Dynamic renal images were 
acquired on single-photon emission computed tomography 
(Gates method).

Mathematical algorithm modification

A total of 674 subjects were randomly selected as the train-
ing set, the remaining 165 subjects as the validation set. 
The hill-climbing algorithm was applied to modify the 
2012 CKD-EPI equations with MATLAB software (version 
R2009a, Math Works Inc., USA). To search the optimal 
solution, each coefficient of the original equations was sub-
sequently fixed and then iteratively adjusts the other coef-
ficients until no further improvement was detected. Priority 
of the coefficients was repeatedly converted, to avoid inac-
curacy caused by diverse weights of the coefficients.

Statistical analysis

All continuous variables were presented as mean ± SD. 
Bias was defined as the difference between eGFR and 
mGFR (eGFR–mGFR). The interquartile range (IQR) of 
the median difference was calculated as another assessment 
index. P15 and P30 were defined as the percentage of eGFR 
deviating within 15 % and 30 % of mGFR. The Bland–Alt-
man plot analysis was also used to calculate the mean dif-
ference and precision between mGFR and eGFR. Crosstabs 
were used to understand the misclassification before and 
after modification. Root-mean-square error (RMSE) was 
also used to guide the modification process. All calcula-
tions and statistical analysis were performed with SPSS 
software (version 17.0; SPSS, Chicago, IL, USA) and 
MedCalc for Windows (version 11.6.1.0; MedCalc Soft-
ware, Mariekerke, Belgium).
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Results

Participant characteristics

A total of 839 subjects aged ≥60 years were recruited, 
including 525 men and 314 women. The age, sCr 
and sCys were 70.05 ± 7.19 years, 1.87 ± 1.75 mg/
dl and 1.91 ± 1.09 mg/l, respectively. The mGFR was 
51.88 ± 22.60 ml/min/1.73 m2. Detailed characteristics are 
listed in Table 1. 

Performances of the modification

The equations before and after modification are described 
in Tables 2 and 3. Compared with the original equa-
tions, the modified CKD-EPIcys and CKD-EPIscr–cys 
equations were significantly improved in terms of bias, 
precision and accuracy (Table 4). Table 5 presents the mis-
classification before and after modification. The original misclassification in CKD 3–4 stages was obviously cor-

rected after modification.
Bland–Altman analysis indicated that the accuracy of 

modified equations also achieved improvement. Accord-
ing to this assessment, the mean difference of CKD-EPIcys 
reduced from −7.6 ml/min/1.73 m2 to 0.8 ml/min/1.73 m2, 
and that of CKD-EPIscr–cys decreasing from −7.5 ml/
min/1.73 m2 to 0.5 ml/min/1.73 m2. Meanwhile, deviation 
range of CKD-EPIcys narrowed from 49.12 ml/min/1.73 m2 
to 45.10 ml/min/1.73 m2 and CKD-EPIscr–cys reducing from 
49.28 ml/min/1.73 m2 to 43.50 ml/min/1.73 m2). None 
of the equations surpassed the tolerance line (<60 ml/
min/1.73 m2) (Table 6; Fig. 1).

Discussion

It is of necessity to accurately evaluate kidney function for 
elderly population. As known, 2012 CKD-EPI equations 
performed apparently superior to the former equations in 
general population [11]. However, our previous studies indi-
cated the present GFR prediction equations, including the 
2012 CKD-EPI equations predicted inaccurate for elderly 
Chinese population [7]. Taking P30 (an accuracy index) as 
example, the K/DOQI guideline requires the acceptable 
level of P30 should be beyond 70 % [12], whereas P30 of the 
2012 CKD-EPI equations in our previous validation study 
did not reach the criteria; the similar diagnostic results were 
also exited before modification in this study. Based on these 
facts, an improvement study was conducted.

Mathematical algorithms have powerful optimization 
capabilities. In 2013, we ever modified the 2009 CKD-EPI 

Table 1  General characteristics of 839 Chinese subjects

Continuous variables are expressed as mean ± SD; categorical values 
are expressed as number (%)

sCr serum creatinine, sCys serum cystatin C, mGFR measurement 
glomerular filtration rate, CKD chronic kidney disease

Characteristic Mean ± SD

Male (%) 525 (62.6 %)

Age (years) 70.05 ± 7.19

sCr (mg/dl) 1.87 ± 1.75

sCys (mg/l) 1.91 ± 1.09

mGFR (ml/min/1.73 m2) 51.88 ± 22.60

Number of subjects

mGFR (ml/min/1.73 m2)

 ≥90 35 (4.2 %)

 60–89 281 (33.5 %)

 30–59 352 (42.0 %)

 15–30 129 (15.4 %)

 <15 42 (5.0 %)

Primary cause of CKD

 Hypertension 176 (21.0 %)

 Diabetic mellitus 134 (16.0 %)

 Hematonosis 42 (5.0 %)

 Urinary tumor 84 (10.0 %)

 Urinary calculi 55 (6.6 %)

 Chronic nephropathy 80 (9.5 %)

 Hyperuricemia 25 (3.0 %)

 Indeterminate etiology or unknown 243 (29.0 %)

Table 2  The 2012 CKD-EPIcys equation before and after modifica-
tion by hill-climbing algorithms

sCys is shown as mg/l; age is shown as years

Modification Gender sCys Equation

Before Female ≤0.8 133 × (sCys/0.8)−0.499 × 0.996age 
× 0.932

>0.8 133 × (sCys/0.8)−1.328 × 0.996age 
× 0.932

Male ≤0.8 133 × (sCys/0.8)−0.499 × 0.996age

>0.8 133 × (sCys/0.8)−1.328 × 0.996age

After Female ≤0.8 133 × (sCys/0.8)−0.499 × 0.996age 
× 0.932

>0.8 134 × (sCys/0.8)−0.899 × 0.996age 
× 0.874

Male ≤0.8 133 × (sCys/0.8)−0.499 × 0.996age

>0.8 120 × (sCys/0.8)−0.825 × 0.996age
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equation using mathematical algorithms and then gained 
desired results in the general Chinese population [8]. In 
the current study, the mathematical algorithm was also 
applied to modify the 2012 CKD-EPI equations and for the 
elderly Chinese. The hill-climbing method, one of math-
ematical algorithms, is a simple, greedy search algorithm. 

It iteratively searches a better solution by orderly changing 
one coefficient to the next. However, the hill-climbing algo-
rithm sometimes falls into a local optimal solution, but not 
reaches the global optimal solution. Researchers overcome 
this limitation in combination with the simulated anneal-
ing algorithm. Considering that the original 2012 CKD-EPI 
equations have provided an optimal solution for the general 
population, it did not need to apply the simulated annealing 
algorithm. Therefore, the hill-climbing algorithm became 
the main modification tool for this study.

To avoid sampling error, the coefficients of the equations 
were adjusted three times with various random data. To be 
delighted, all the three solutions were similar, namely that 
the coefficients finally achieved optimal solution, on the 
view of mathematics. In addition, from the evidences of 
accuracy assessment, such as bias, P30, RMSE and Bland–
Altman analysis, this modification attempt improved the 
applicability of the equations, as well.

Exact CKD stage is essential to classify the risk strati-
fication. CKD 3–4 stages are the vital important phase 
to protect the residual renal function. That is precisely 
what the advantage of the results was. Misclassifica-
tion was obviously corrected in CKD 3–4 stages after 
modification.

Previous studies demonstrated that the equations com-
bined with sCr and sCys were more accurate than the 
equations based on one marker [13]. Most of the reasons 

Table 3  The 2012 CKD-EPIscr–

cys equation before and after 
modification by hill-climbing 
algorithms

sCcr is shown as mg/dl; sCys is shown as mg/l; age is shown as years

Modification Gender sCr sCys Equation

Before Female ≤0.7 ≤0.8 130 × (sCr/0.7)−0.248 × (sCys/0.8)−0.375 × 0.995age

>0.8 130 × (sCr/0.7)−0.248 × (sCys/0.8)−0.711 × 0.995age

>0.7 ≤0.8 130 × (sCr/0.7)−0.601 × (sCys/0.8)−0.375 × 0.995age

>0.8 130 × (sCr/0.7)−0.601 × (sCys/0.8)−0.711 × 0.995age

Male ≤0.9 ≤0.8 135 × (sCr/0.9)−0.207 × (sCys/0.8)−0.375 × 0.995age

>0.8 135 × (sCr/0.9)−0.207 × (sCys/0.8)−0.711 × 0.995age

>0.9 ≤0.8 135 × (sCr/0.9)−0.601 × (sCys/0.8)−0.375 × 0.995age

>0.8 135 × (sCr/0.9)−0.601 × (sCys/0.8)−0.711 × 0.995age

After Female ≤0.7 ≤0.8 130 × (sCr/0.7)−0.248 × (sCys/0.8)−0.375 × 0.995age

>0.8 129 × (sCr/0.7)0.158 × (sCys/0.8)−0.692 × 0.996age

>0.7 ≤0.8 130 × (sCr/0.7)−0.601 × (sCys/0.8)−0.375 × 0.995age

>0.8 119 × (sCr/0.7)−0.424 × (sCys/0.8)−0.463 × 0.995age

Male ≤0.9 ≤0.8 135 × (sCr/0.9)−0.207 × (sCys/0.8)−0.375 × 0.995age

>0.8 127 × (sCr/0.9)−0.232 × (sCys/0.8)−0.414 × 0.995age

>0.9 ≤0.8 135 × (sCr/0.9)−0.601 × (sCys/0.8)−0.375 × 0.995age

>0.8 129 × (sCr/0.9)−0.358 × (sCys/0.8)−0.459 × 0.995age

Table 4  Overall performance of 2012 CKD-EPI equations before 
and after modification

P15 proportion of eGFR within 15 % of mGFR, P30 proportion of 
eGFR within 30 % of mGFR, IQR interquartile range, RMSE root-
mean-square error

* P < 0.01; ** P < 0.001, compared with the original equation

CKD-EPIcys 
equation

CKD-EPIscr–cys 
equation

Before After Before After

Bias

 Median difference −7.46 −0.06* −8.64 0.30*

 Median of absolute difference 11.06 7.65* 10.28 7.25*

Precision

 IQR of the difference 16.72 8.02 15.22 9.42

Accuracy

 P15 (%) 36.97 43.03 34.15 49.39**

 P30 (%) 63.03 80.61** 63.41 77.44**

 RMSE 14.62 11.50 14.61 11.07
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were the combination could reduce the influences with 
non-GFR determinants [11]. However, this study found 
the accuracy of CKD-EPIscr–cys equation was similar to the 

CKD-EPIcys equation. In a few aspects, the CKD-EPIcys 
equation even performed superior to the CKD-EPIscr–cys 
equation. Zhu et al. [7] ever also found that the CKD-
EPIscr–cys equation performed substantially worse than 
the CKD-EPIcys equation. As far as we are concerned, the 
accuracy of an estimation equation is closely related to 
the basis renal function parameter, but to non-GFR deter-
minants. Due to fewer influence factors [15, 16], sCys 
has been proved to be superior to sCr [17]. Our previous 
meta-analysis further proved the fact, as well [14]. Thus, 
an equation based on sCys alone might be more accurate 
and simpler. This assumption is our next step to be accom-
plished in the near future.

In conclusion, we developed a new modified 2012 CKD-
EPI equations for elderly Chinese individuals. The new 

Table 5  Misclassification stage 
of chronic kidney disease before 
and after the modification

All subjects mGFR Sum

≥90 60–90 30–59 15–30 <15

CKD-EPIcys

 Before

  ≥90 25 0 0 0 0 25

  60–90 10 179 0 0 0 189

  30–59 0 102 243 0 0 345

  15–30 0 0 109 62 0 171

  <15 0 0 0 67 42 109

 After

  ≥90 16 0 0 0 0 16

  60–90 19 278 0 0 0 297

  30–59 0 3 352 24 0 379

  15–30 0 0 0 105 40 145

  <15 0 0 0 0 2 2

CKD-EPIscr–cys

 Before

  ≥90 29 0 0 0 0 29

  60–90 6 247 0 0 0 253

  30–59 0 34 275 0 0 309

  15–30 0 0 77 66 0 143

  <15 0 0 0 63 42 105

 After

  ≥90 25 0 0 0 0 25

  60–90 10 281 83 0 0 374

  30–59 0 0 269 40 0 309

  15–30 0 0 0 89 28 117

  <15 0 0 0 0 14 14

Table 6  Diagnostic accuracy comparison based on Bland–Altman 
analysis

Modification Bland–Altman analysis

Mean  
difference

Acceptable limits 
(95 % CI)

CKD-EPIcys Before −7.6 49.2 (−32.2, 17.0)

After 0.8 45.1 (−21.8, 23.3)

CKD-EPIscr–cys Before −7.5 49.2 (−32.1, 17.1)

After 0.5 43.5 (−21.3, 22.2)
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equations were similar to the original ones in forms, but 
more accurate. Extensive external validation was welcome 
to these new equations.
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