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Aims: It remains controversial to choose the optimal equation to estimate glomerular filtration rate (GFR) in chronic kidney disease (CKD) patients with diabetes.

Materials and Methods: Two hundred and fifteen diabetic CKD patients and 192 non-diabetic CKD patients were enrolled in this study. Iohexol GFR, serum creatinine (SCr), and Cystatin C(CysC) were measured simultaneously for each patient. SCr- and CysC-based estimated GFR (eGFR) were calculated through eight equations, including three CKD-EPI equations, Revised Lund-Malmö study equation (RLM), CAPA equation, and three Full Age Spectrum (FAS) equations. Bias, precision, and accuracy were compared among eGFR equations with iohexol-GFR serving as measured GFR (mGFR). Independent predictive factors of accuracy were explored using multivariate logistic regression analysis.

Results: In the diabetic group, CKD-EPISCr−CysC showed the best performance among three CKD-EPI equations (interquartile range of 13.88 ml/min/1.73 m2 and 30% accuracy of 72.56%). Compared to CKD-EPISCr−CysC, the other five equations did not significantly improve the performance of GFR estimates. Mostly, eGFR equations were less accurate in diabetic group than in non-diabetic group. Significant differences were found in different mGFR range (P < 0.001). The multivariate logistic regression analysis identified that BMI, mGFR, and diabetic kidney disease (DKD) status were independent predictors of accuracy of three equations in diabetic group. HbA1c was a predictor of accuracy of CKD-EPISCr and CKD-EPICysC in diabetic group.

Conclusions: This study showed that eGFR equations were less accurate in the diabetic group than in the non-diabetic group. CKD-EPIScr−CysC had the best performance among CKD-EPI equations in Chinese diabetic CKD patients. The other five equations did not significantly improve the performance of GFR estimates. BMI, mGFR, DKD status, and HbA1c were independent factors associated with accuracy in eGFR equations.
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INTRODUCTION

The estimated overall prevalence of type 2 diabetes in China was 10.9% in 2013 according to a national survey (1). This may result in a proportional increase of chronic kidney disease (CKD) related to diabetes mellitus (2). Indeed, both reduced kidney function and albuminuria are essential not only for the diagnosis of diabetic kidney disease, but also for the prognosis of cardiovascular disease and all-cause mortality (3, 4). Albuminuria could be easily evaluated with simple urine collection. However, direct measurement of glomerular filtration rate (GFR) could be invasive and cumbersome, making it not suitable for day-to-day clinical practice. Thus, a number of equations have been developed to estimate GFR (5–7) and it is of great importance to accurately calculate eGFR. Most of the existing equations were built with serum creatinine (SCr) and serum Cystatin C (CysC). They were mainly developed from studies in CKD populations. Equations based on SCr and CysC, were developed by CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) group (7, 8). CKD-EPISCr and CKD-EPISCr−CysC were recommended by KDIGO in 2012 (9). Later, more equations were developed and were reported for better performance across different age groups, including Revised Lund-Malmö study equation (RLM) (10), CAPA equation (11) and three Full Age Spectrum (FAS) equations (12, 13). However, application of these eGFR equations in diabetic patients remains controversial due to affected levels of SCr and CysC in diabetic status (14).

In this article, we explored which eGFR equations based on filtration markers–SCr, CysC, alone or combined, would better represent GFR with less bias and more accuracy in Chinese diabetic CKD patients. We further explored the factors predicting the accuracy of eGFR.

MATERIALS AND METHODS

Participants

Two hundred and fifteen diabetic patients with chronic kidney diseases (CKD) were recruited from either Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (n = 195) or Shanghai East Hospital (n = 20). One hundred and ninety two non-diabetic patients with CKD were enrolled at Ruijin Hospital, Shanghai Jiao Tong University School of Medicine. The study period was from December 2013 to December 2016. Patients with CKD and previously or newly diagnosed type 2 diabetes mellitus were enrolled in the experimental group while non-diabetic CKD patients were recruited as a control group. The diagnosis of DKD (diabetic kidney disease) was made through the consensus of at least two senior physicians on the basis of clinical characteristics of DKD, such as diabetes duration and presence of diabetic retinopathy. Other causes of kidney disease were considered if there were atypical features of DKD. Those include sudden onset of low eGFR or rapidly decreasing eGFR, an abrupt increase in albuminuria or development of nephrotic or nephritic syndrome, refractory hypertension, signs of another systemic disease, and >30% eGFR decline within 2–3 months of initiation of a renin-angiotension system inhibitor (15, 16). The exclusion criteria were: (1) patients younger than 18 years old; (2) dehydration or fluid overload including congestive heart failure and severely uncontrolled edema; (3)chronic patients on maintenance hemodialysis or peritoneal dialysis or patients receiving dialysis within the past 3 months; (4) patients diagnosed with acute kidney injury (AKI); (5) patients allergic to iodine or with abnormal thyroid function; (6) patients pregnant or with malignancy; (7) patients on medications which can influence the serum creatinine level (e.g., cimetidine). This study was approved by the institutional review board (IRB) of Ruijin Hospital. Informed consents were signed by patients. Patient's characteristics were collected including gender, age, height, weight, diabetes status, hypertension status, and diagnoses at discharge.

Samples Taken Procedure

Patients had a light breakfast on the day of blood draw. Five milliliter of Iohexol, namely Omnipaque (300 mg iodine/mL, GE Healthcare, Shanghai, China) was administered. Syringes were weighed to an accuracy of 0.001 g before and after injection of iohexol. The dose of iohexol was calculated by multiplying the absolute difference in syringe weight by the concentration of iohexol (647 mg/mL) and then the result being divided by the density of iohexol (1.345 g/mL).

Iohexol weight (mg) = difference of syringes weight (g)* 647 (mg/mL)/1.345 (g/mL).

All the procedure was done at room temperature. Blood samples were drawn before and after the intravenous injection of iohexol. Phlebotomy site was different from that for intravenous injection. Two kinds of protocols were utilized for the phlebotomy (Figure 1) (17). In our study, the calculated GFR with 2 or 3 times of blood draw after the injection of iohexol (2 or 3 points) showed high consistency (R2 > 0.98) (For details, please see the Supplemental Figure 1).
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FIGURE 1. Flow chart of blood draw procedure. Unit of eGFR: ml/min/1.73 m2.



Measurement and Calibration

All the samples were tested in the kidney department's and central laboratories at Ruijin Hospital. We measured SCr by enzymatic method (Beckman Coulter AU5800, KEHUA kit, CV 2.16% at 97.1 μmol/L, 1.65% at 616.6 μmol/L), traceable to isotope-dilution mass spectrometry (IDMS). CysC was measured by Immuno-nephelometry (Particle enhanced, Beckman CoulterAU5800, Sysmex kit, CV 5.71% at 0.49 mg/L, 4.13% at 1.96 mg/L).

Measured GFR (mGFR) was determined by iohexol GFR. With measurement of iohexol by high performance liquid chromatography, iohexol GFR was calculated with the slope-intercept technique and corrected with Brøchner-Mortensen equation (18). BSA was normalized to 1.73 m2 with Dubois method (19).

Calculation of eGFR

The eGFR values were calculated with eight eGFR equations. These included CKD-EPISCr (7), CKD-EPICysC (8), and CKD-EPISCr−CysC (8), RLM, CAPA equation, and three FAS equations (FASSCr, FASCysC, and FASSCr−CysC) (Supplemental Table 1).

Statistical Analysis

The non-parametric and chi-square tests were used to compare differences between groups in non-normal and continuous variables with uneven variances. Other continuous variables were compared by independent T-test. P < 0.05 was considered statistically significant when comparing the clinical characteristics. Bland-Altman plots were applied in analyzing the agreement between the mGFR and eGFR. In addition, the performance of eGFR equations was classified as describing bias, precision and accuracy (20). Bias was measured as the absolute or non-absolute median of the difference between eGFR and mGFR. Precision was determined as the interquartile range (IQR) for difference (20). Accuracy was defined as the percentage of differences between eGFR and mGFR within 30% (P30) or 10% (P10) of mGFR. Confidence intervals (CIs) for the metrics were calculated by means of bootstrap methods (1,000 bootstraps) (8). When the 95% CI of non-absolute bias includes zero, the equation is considered unbiased. The differences of absolute bias, precision, and accuracy were compared in 2 steps between equations. First, we compared CKD-EPICysC and CKD-EPISCr−CysC with CKD-EPISCr, respectively. Second, the other five equations were compared to CKD-EPISCr−CysC. Absolute bias among equations were compared with paired t-test. Precision of equations was compared using the variance ratio test (F-test). The difference of accuracy (P30 and P10) was calculated using the exact McNemar test. As we made 7 pairwise comparisons, we used P < 0.05/7 = 0.0071 to claim significant difference, according to Bonferroni correction. The performance of each equation was then compared to itself between diabetic and non-diabetic CKD group.

The cross-sectional associations of variables and accuracy were calculated using the chi-square test to find out whether there were significant differences among groups. The associations were further assessed using logistic regression analysis. All the statistical analyses were conducted with IBM SPSS Statistics (version 20.0, Chicago, IL, USA) and R (version 3.3.1, R Development Core Team).

RESULTS

Participant Characteristics

In the diabetic CKD group (N = 215), the average age was 58.3 ± 11.1 years and 68.4% (N = 147) were males. In the non-diabetic CKD group (N = 192), the average age was 56.8 ± 13.0 and 58.9% (N = 113) were males. The mean mGFR were 49.20 ± 29.71 and 51.54 ± 33.31 (ml/min/1.73 m2) for the diabetic CKD and non-diabetic CKD groups, respectively. There were no significant differences for age, gender, corticosteroids use, mGFR, SCr, and CysC level between the two groups (Table 1). The median level of CRP and ESR in diabetic CKD group were 0.44 (N = 183, 95% CI: 0.36, 0.56) mg/L and 22.5 (N = 176, 95% CI: 18, 27) mm/h. In non-diabetic CKD group, the median level of CRP and ESR were 0.34 (N = 181, 95% CI: 0.28, 0.43) mg/L and 18 (N = 177, 95% CI: 17, 22) mm/h, respectively.


Table 1. Clinical characteristics of CKD with DM and CKD without DM group.
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Test Results
 Bias, Precision, and Accuracy

The bias was represented by median difference and absolute median difference (ml/min/1.73 m2) between eGFR and mGFR. The precision was represented by interquartile range (ml/min/1.73 m2). The accuracy was represented by differences between eGFR and mGFR. The differences within 30 and 10% of mGFR were showed as P30 and P10, respectively. The greater value means a higher accuracy. Kidney disease outcomes quality initiative (K/DOQI) recommended that accuracy of the eGFR equations should reach 70% and above for P30 (21). Overall, eGFR equations have lower bias, higher IQR, and higher P30/P10 in the non-diabetic group compared to the diabetic group (Table 2 and Supplemental Table 2).


Table 2. Bias, precision, and accuracy of different equations in CKD patients with DM.
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In the subgroup of diabetic CKD patients, bias, accuracy and precision were also compared among the eGFR equations (Table 2). Median difference was unbiased for 2 creatine-based equations, CKD-EPISCr and FASSCr. Meanwhile, both of them had equal absolute magnitude compared to CKD-EPISCr−CysC (8.18, 6.78 vs. 8.46 ml/min/1.73 m2).

Interquartile range was smaller in CKD-EPISCr−CysC than CKD-EPISCr (13.88 vs. 16.53 ml/min/1.73 m2). Though the F-test showed CKD-EPISCr−CysC had significantly different precision compared to FASSCr, they had similar interquartile range (13.88 vs. 13.64). The P30 of CKD-EPISCr, CKD-EPISCr−CysC, RLM, FASSCr, and FASSCr−CysC equation were 72.09, 72.56, 73.49, 75.81, and 76.74%, respectively. They all met the K/DOQI criteria. There was no significant difference among equations in P10.

Bland-Altman of Each eGFR Equation in CKD With Diabetic Patients

In the diabetic CKD group, Bland-Altman was plotted with the mean value of eGFR and mGFR as abscissa and the differences between eGFR and mGFR as ordinate (see Figure 2). Among these equations, CKD-EPISCr and FASSCr showed overall consistency with mGFR. Among the individuals with higher GFR, the rest equations underestimated GFR.
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FIGURE 2. Bland-Altman plots of eight eGFR equations compared to mGFR in diabetic CKD group: (A) CKD-EPI-SCr; (B) CKD-EPI-CysC; (C) CKD-EPI-SCr-CysC; (D) RLM; (E) CAPA; (F) FAS-SCr; (G) FAS-CysC; and (H) FAS-SCr-CysC. Full line, mean difference between two methods; dashed line, ±1.96 SD difference against mean; the regression line of differences and the 95% confidence intervals are presented.



Variables Related to Accuracy of eGFR

In the diabetic CKD group, 180 of 215 patients with HbA1c available within 7 days after GFR measurement were included for the analysis (Table 3). We calculated the difference between eGFR and mGFR. D was defined as the ratio of the absolute difference to mGFR. The eGFR equations with D value <30% were thought to be accurate. The cross-sectional associations of variables and accuracy of the equations were calculated by chi-square test (Supplemental Table 3). Among the six variables (age, gender, BMI, mGFR, DKD status, and HbA1c), mGFR was found being related to the accuracy of CKD-EPISCr (P < 0.001). Also, mGFR and presence of diabetic nephropathy were factors influencing the accuracy of CKD-EPISCr−CysC, respectively. Further associations were evaluated using multivariate logistic regression analysis (Table 4). The results of the analysis indicate that BMI, mGFR and diabetic kidney disease (DKD) status were independent predictors of accuracy of three equations in diabetic group. HbA1c was a predictor of accuracy of CKD-EPISCr and CKD-EPICysC in diabetic group.


Table 3. Clinical characteristics of 180 patients.
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Table 4. Logistic regression analysis of variables.
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DISCUSSION

There are several eGFR equations widely accepted and applied in clinical practice. In this study, we compared three CKD-EPI equations, RLM equation, CAPA equation and three FAS equations in CKD patients with and without diabetes. Our study has shed a light on the precision, bias and accuracy of these equations in the Chinese Han population.

Our study showed that compared to the non-diabetic group, the bias and IQR were higher and P30 and P10 of eGFR equations were lower in diabetic group, which means the eGFR equations were more biased, less accurate and precise in the diabetic group. Previous studies showed that eGFR equations underestimated GFR in diabetic patients with preserved GFR (22, 23). Liu et al. also showed that eGFR equations, re-expressed 4-variable MDRD equation, the CKD-EPI equation and the Asian modified CKD-EPI equation showed more bias, less precision and accuracy in diabetic patients than non-diabetic patients in Chinese population (24). Our results showed consistency with Liu's research.

For eGFR equations with SCr and/or CysC, different performance between diabetic and non-diabetic CKD patients may be determined by several reasons. Firstly, the enzymatic method is better than the Jaffé method in detection for SCr but also performs worse in hyperglycemic patients than in healthy people (25, 26). Although CysC is less affected by age, sex and race, it can also be influenced by diabetes, inflammatory state and abnormal thyroid function (27, 28). Secondly, there is higher proportion of overweight or obese patients in those with diabetes. Muscle mass and diet are different in these patients, leading to bias in them when calculated with eGFRSCr equations (29). Cystatin C can be greatly affected by fat mass, resulting in higher serum level (30, 31). Thirdly, diabetic patients only consisted of <30% of the study population (5, 7, 8) when these equations were developed for eGFR. Moreover, while applying these eGFR equations, accounting for the characteristics of the population is also critical. Thus, the performance of eGFR equations in diabetic population is worse than that in non-diabetic population.

It was obvious that in our study, equations with CysC, including CKD-EPICysC, CAPA, and FASCysC were more biased than those with SCr in both diabetic and non-diabetic patients. Part of the reasons was the inaccurate standardization method. CysC was measured by nephelometric and turbidimetric methods. Unlike SCr, although standardization was achieved since 2011 with the release of a certified reference material(ERM-DA471/IFCC), which is not as good as IDMS, the “gold standard” of CysC is still lack of reference method comparable to that of SCr (32). Measurements of CysC from different laboratories are still biased (33). A single serum marker may not be able to completely avoid non-GFR factors, and the combination of multiple serum markers may reduce the inaccuracy caused by non-GFR factors (8). Our study showed that combination of SCr and CysC make eGFR more accurate also in diabetic CKD patients.

In the subgroup of diabetic CKD group, CKD-EPISCr−CysC showed the best performance among CKD-EPI equations, which was similar to Xue's study (34). Previously, Zhao et al. compared FAS equations with CKD-EPI equations and found that the FASSCr−CysC was better than CKD-EPISCr−CysC (35). Our data demonstrated that the RLM, FASSCr, and FASSCr−CysC did not have significantly better performance than CKD-EPISCr−CysC. Since most of the previous studies used renal dynamic imaging as measured GFR, which is thought to be less accurate than iohexol GFR, our study could prove stronger evidence for the result. Further research is needed in the future.

The predictors that might affect the prediction of eGFR are still controversial and researchers have not reached a consensus yet. In addition, understanding the sensitivity and the specificity of eGFR equations while applying them in a particular population is critical (14). Our study further explored the possible factors related to inaccuracy of the eGFR equations in diabetic CKD patients. Our observations show that higher BMI and lower mGFR level were related to less accuracy in CKD-EPISCr and CKD-EPISCr−CysC. The possible reason is that as BMI increases and mGFR decreases, inflammation and muscle levels in diabetic patients affect levels of serum markers, which are the factors making eGFR inaccurate. Our study also showed that DKD status was an affecting factor related to inaccuracy of three eGFR equations. Patients diagnosed with DKD tend to have a longer course of diabetic disease than CKD patients with diabetes. Their inflammation state, muscle and diet are possible factors infecting eGFR's accuracy. Akihiro Tsuda et al found that eGFR equations developed from Japanese population, were less accurate in diabetic patients (36), and poor glycemic control was a major factor in the overestimation of GFR in patients with hyperglycemia (37). Our study showed poor glucose control (HbA1c ≥ 6.5) was related to inaccuracy in CKD-EPISCr. Furthermore, in a previous study, Masclsaac et al found evidence that in patients <60 years old and whose fasting glucose more than 8 mmol/L, mGFR was higher than eGFR (P < 0.01 and P < 0.05, respectively) (38). Further researches are needed in the future.

It is important to acknowledge that there were some limitations in this study. Firstly, our patient group was limited by bias toward patients with diabetic CKD, because many of the cases selected were diagnosed with primary glomerular diseases at the same time. Therefore, pure diabetic or diabetic nephropathy patients are likely to be underrepresented. Secondly, our study was cross-sectional and each patient had only one blood draw. In consequence, there were possible systemic errors. Further studies need to be proceeded on more blood draws based on larger sample size. Since eGFR provides unsatisfied accuracy in many situations, mGFR still has its place in clinical practice (39, 40). Hopefully, eGFR equations with different combination of new serum markers could be explored.

In summary, in this cross-sectional study drawn from Chinese diabetic and non-diabetic CKD population, our results provided more evidence to support that CKD-EPIScr−CysC were more suitable in Chinese diabetic CKD patients. RLM, FASSCr, and FASSCr−CysC were promising equations. BMI, mGFR, DKD status, and HbA1c were independent factors associated with accuracy in eGFR equations.
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