
Vol.:(0123456789)1 3

Clinical and Experimental Nephrology (2018) 22:1213–1223 
https://doi.org/10.1007/s10157-018-1574-2

ORIGINAL ARTICLE

Optimal equation for estimation of glomerular filtration rate 
in autosomal dominant polycystic kidney disease: influence 
of tolvaptan

Tsuyoshi Yamaguchi1 · Eiji Higashihara2 · Takatsugu Okegawa1 · Isao Miyazaki3 · Kikuo Nutahara1

Received: 16 January 2018 / Accepted: 31 March 2018 / Published online: 22 May 2018 
© Japanese Society of Nephrology 2018

Abstract
Background  The reliability of various equations for estimating the GFR in ADPKD patients and the influence of tolvaptan 
on the resulting estimates have not been examined when GFR is calculated on the basis of inulin clearance.
Methods  We obtained baseline and on-tolvaptan measured GFRs (mGFRs), calculated on the basis of inulin clearance, in 114 
ADPKD, and these mGFRs were compared with eGFRs calculated according to four basic equations: the MDRD, CKD-EPI, 
and JSN-CKDI equations and the Cockcroft–Gault formula, as well as the influence of tolvaptan and of inclusion of cystatin 
C on accuracy of the results. Accuracy of each of the seven total equations was evaluated on the basis of the percentage of 
eGFR values within mGFR ± 30% (P30).
Results  mGFRs were distributed throughout CKD stages 1–5. Regardless of the CKD stage, P30s of the MDRD, CKD-EPI, 
and JSN-CKDI equations did not differ significantly between baseline values and on-tolvaptan values. In CKD 1–2 patients, 
P30 of the CKD-EPI equation was 100.0%, whether or not the patient was on-tolvaptan. In CKD 3–5 patients, P30s of the 
MDRD, CKD-EPI, and JSN-CKDI equations were similar. For all four equations, regression coefficients and intercepts did 
not differ significantly between baseline and on-tolvaptan values, but accuracy of the Cockcroft–Gault formula was inferior 
to that of the other three equations. Incorporation of serum cystatin C reduced accuracy.
Conclusions  The CKD-EPI equation is most reliable, regardless of the severity of CKD. Tolvaptain intake has minimal 
influence and cystatin C incorporation does not improve accuracy.

Keywords  Autosomal dominant polycystic kidney disease (ADPKD) · Estimated glomerular filtration rate (eGFR) · 
Glomerular filtration rate (GFR) · Chronic kidney disease (CKD) · Cystatin C · Tolvaptan

Introduction

In patients with autosomal dominant polycystic kidney dis-
ease (ADPKD), renal function deteriorates progressively, 
with end-stage renal failure occurring in approximately 50% 
of patients by their late 60 s [1–4]. Hence, monitoring the 

glomerular filtration rate (GFR) is clinically important in 
patients with ADPKD. Different equations are used to cal-
culate the so-called measured GFR (mGFR), with the differ-
ences lying in the markers of GFR that are incorporated into 
the equations. 121I-iothalam [5], 99mTc-diethylenetramine-
penta-acetic acid [6], and 51Cr-ethylenediaminetetra-acetic 
acid (Cr-EDTA) [7] are used widely to calculate mGFR 
[8], but these radioactive tracers are not available in Japan. 
However, inulin has become commercially available [9]. 
In routine clinical practice, calculating GFR by measuring 
any of the usual test substances is troublesome, and there is 
widespread acceptance of the more convenient estimated 
GFR (eGFR). However, to date, there has been no reported 
study of the relation between eGFR and mGFR in Japanese 
patients with ADPKD.

Orskov et al. used 51Cr-EDTA in 101 Danish patients with 
ADPKD and reported that the Modification of Diet in Renal 
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Disease (MDRD) Study equation based on the use of cystatin 
C reflected GFR most accurately [13]. Serum cystatin C is rec-
ognized as an alternative to serum creatinine for calculation of 
the eGFR [11, 12], but serum cystatin C is affected by factors 
such as age, sex, and race [13], and whether use of cystatin C 
improves the accuracy of eGFR measurement in, for example, 
Japanese patients with ADPKD or patients taking tolvaptan 
needs to be examined.

Tolvaptan is a vasopressin V2-receptor antagonist, and the 
pivotal clinical trial, the Tolvaptan Efficacy and Safety in Man-
agement of Autosomal Dominant Polycystic Kidney Disease 
and Its Outcomes (TEMPO) 3:4 Study, showed a reduction in 
the annual percentage increase in total kidney volume (TKV) 
and a decline in kidney function over 36 months [14]. In 2014, 
tolvaptan was approved in Japan for treatment of ADPKD. 
In fact, Japan was the first country in which tolvaptan was 
approved for ADPKD. To assess the safety and efficacy of 
tolvaptan, Muto et al. calculated the eGFR using the Japan 
Society of Nephrology CKD Initiative (JSN-CKDI) equation 
in a subset of Japanese ADPKD patients from the TEMPO 
3:4 trial [15]. However, because the Chronic Kidney Disease 
Epidemiology Collaboration (CKD-EPI) modification for 
Japanese was used in the original TEMPO 3:4 trial [14] and 
the JSN-CKDI equation was used in the subgroup analysis, 
concerns have been raised about the accuracy and consistency 
of the results of subgroup analysis [16]. There has been no 
reported study conducted to determine which eGFR equation 
is most reliable or the influence of tolvaptan on the reliability 
of the equations in patients with ADPKD.

Accuracy of the eGFR varies according to the different 
stages of CKD in patients with general renal disease unrelated 
to ADPKD [17]. In 12 studies of general renal diseases in 
North America, Europe, and Australia, the CKD-EPI equation 
performed better at higher GFRs (CKD stages 1–2), and the 
MDRD study equation performed better at lower GFRs (CKD 
stages 3–5) [18]. Neither the CKD-EPI nor the MDRD study 
equation was ideal for all patient populations and all ranges 
of GFR [18]. There has been no reported study that examined 
which eGFR equation is best or the influence of tolvaptan on 
the accuracy of equations for estimating GFR in patients with 
ADPKD.

With these issues in mind, we conducted a study to evaluate 
relations between mGFR and eGFR as determined by various 
equations in Japanese patients with ADPKD, both before and 
at 1 year of tolvaptan administration and per CKD stage.

Methods

Study patients

The study involved 114 patients with ADPKD diagnosed 
on the basis of the Pei et al. criteria [19]. All were over 

20 years of age, and all were seen at our hospital between 
April 2014 and December 2016 for treatment of ADPKD. 
CKD had been staged according to the Kidney Disease Out-
comes Quality Initiative (K/DOQI) guidelines [20]. TKV 
was measured by means of volumetric magnetic resonance 
imaging [21]. This study was retrospective.

Tolvaptan intake and measurement of inulin 
clearance

Inulin clearance was measured in all 114 patients before the 
tolvaptan was started and was considered the baseline inulin 
clearance value. Inulin clearance was measured at 1 year 
in 85 of the patients; at the time of this measurement, the 
remaining 29 patients had not yet taken tolvaptan for a full 
year.

Patients were hospitalized for the measurements of base-
line and on-tolvaptan inulin clearance. Inulin solution was 
prepared by mixing 4 g of inulin (Inulead, 4 g inulin/40 mL, 
Fuji Pharmaceutical Company, Saitama, Japan) in 500 mL 
of warmed KN3B solution (NaCl: 0.175 g, KCl: 0.15 g, 
L-C3H5NaO: 0.224 g, Glucose: 2.7 g/100 mL). The patients 
drank 300 mL of warm water over 30 min before the clear-
ance study and an additional 150 mL of water every 30 min 
throughout the clearance study. A total of 540 mL of inu-
lin solution were administered intravenously (by infusion 
pump) over 150 min at 200 mL/h. A 120 min-urine sample 
was collected 30 min after the inulin infusion was started. 
Creatinine and inulin concentrations were measured in the 
120 min-urine sample and in serum samples obtained at 35 
and 145 min after the inulin infusion was started. Inulin and 
serum cystatin C were measured by SRL Co. (Tokyo, Japan). 
Creatinine was measured by the enzymatic method. Both 
the creatinine and cystatin C measurements were calibrated.

eGFR equations and their assessment

eGFR was calculated by means of four basic equations: 
the Modification of Diet in Renal Disease (MDRD) study 
equation with the Japanese coefficient [22–24], the Chronic 
Kidney Disease Epidemiology Collaboration (CKD-EPI) 
equation with a Japanese coefficient [17, 25–27], a conver-
sion equation for Japanese determined by the Japan Society 
of Nephrology CKD Initiative (JSN-CKDI) [24], each with 
and without the use of standardized serum cystatin C, and 
the 0.789 × Cockcroft–Gault formula (BSA) [24, 28]. Thus, 
a total of seven eGFR equations were evaluated (Table 1).

Because the validities of the equations differ according 
to CKD stage [17, 18], the equations were evaluated sepa-
rately for the early (stages 1–2) and more advanced (stages 
3–5) CKD.
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Statistical analysis

Accuracy metrics were applied to each of the equations [24, 
29, 30]. Accuracy of the eGFR value derived from each of 
the equations was expressed as the percentage of cases in 
which the eGFR fell within ± 30% of the mGFR (P30). Per-
formance of the equations was assessed by measurement 
of bias, which was calculated as [mGFR–eGFR]. P30 has 
been reported to be the best index for comparing equations, 
because it incorporates both bias and precision [18, 31]. 
Therefore, P30 was the primary index used to judge which 
equation is best for calculating eGFR, and differences in P30 
were analyzed by the McNemar test [32]. Bland–Altman 
plots were drawn to analyze agreement between mGFR and 
eGFR.

Mean ± standard deviation (SD) or median values 
are shown. Differences were analyzed by t test, χ2 test, 
Mann–Whitney U test, or analysis of variance, as appropri-
ate. All statistical analyses were performed with JMP ver. 
10 (SAS Institute Inc., Cary, NC, USA), and a two-sided p 
value of < 0.05 was regarded as significant.

Results

Clinical characteristics of the 114 patients who under-
went baseline measurements of inulin clearance and the 85 
patients who underwent on-tolvaptan measurements of inu-
lin clearance are shown in Table 2. The baseline mGFR was 
48.8 ± 2.29/min/1.73 m2 and the mean on-tolvaptan mGFR 
was 45.8 ± 2.66 mL/min/1.73 m2 (p = 0.03). For patients with 

CKD stage 1–2, the baseline and on-tolvaptan mGFRs were 
79.4 ± 2.57 and 77.9 ± 2.86 mL/min/1.73 m2, respectively. 
For those with CKD stage 3–5, the baseline and on-tolvaptan 
mGFRs were 36.3 ± 1.46 and 31.6 ± 1.71 mL/min/1.73 m2, 
respectively. Baseline serum Cr was 1.35 ± 0.07 mg/mL, 
and the on-tolvaptan concentration was 1.63 ± 0.08 mg/
mL. For patients with CKD stage 1–2, baseline serum Cr 
was 0.83 ± 0.03 mg/mL, and for patients with CKD stage 
3–5, baseline serum Cr was 1.56 ± 0.08 mg/mL (p < 0.001). 
The on-tolvaptan serum Cr concentrations for patients with 
CKD stage 1–2 and for patients with CKD stage 3–5 were 
0.84 ± 0.04 and 1.98 ± 0.09 mg/mL, respectively (p < 0.001). 
Baseline TKV was 2170 ± 87.3 and on-tolvaptan TKV was 
2271 ± 102 mL (p = 0.45). For patients with CKD stage 
1–2, baseline and on-tolvaptan TKVs were 1823 ± 159 
and 1656 ± 173 mL, respectively (p = 0.12). For patients 
with CKD stage 3–5, baseline and on-tolvaptan TKVs 
were 2311 ± 101 and 2517 ± 109 mL, respectively. Over-
all, serum cystatin C concentrations were 1.29 ± 0.53 mg/L 
(baseline) and 1.45 ± 0.61 mg/L (on-tolvaptan) (p = 0.04). 
Systolic blood pressure of patients with CKD stage 1–2 was 
124 ± 9 mmHg and that of patients with CKD stage 3–5 was 
130 ± 13 mmHg (p = 0.04).

Baseline eGFRs derived from the seven equations are 
shown in Table 3. Performance of the seven equations per 
CKD stage is summarized in Table 3a. The MDRD, CKD-
EPI, and JSN-CKDI equations (Equations 1. 2, and 3) were 
shown by P30 to be most accurate, and there was no sig-
nificant difference between them. Performance of the seven 
equations in ADPKD patients with an mGFR ≥ 60 mL/
min/1.73 m2 (CKD stage 1 or 2) is summarized in Table 3b. 

Table 1   Equations for estimating GFR

Equation 1: MDRD (mL/min/1.73 m2): 175 × [Cr]−1.154 × [Age]−0.203 (if female; ×0.742) (if Japanese; ×0.808)
Equation 2: CKD-EPI (mL/min/1.73 m2): 141 × [Cr/κ]α × 0.993[Age] (if female; ×1.018) (if Japanese; ×0.813)
κ = 0.9 if male or 0.7 if female. If male and Cr ≤ 0.9 mg/dL then α = − 0.411, if male and Cr > 0.9 mg/dL, then α = − 1.209
If female and Cr ≤ 0.7 mg/dL then α = − 0.329, if female and Cr > 0.7 mg/dL, then α = − 1.209
Equation 3: JSN-CKDI (mL/min/1.73 m2): 194 × [Cr]−1.094 × [Age]−0.287 (if female; ×0.739)
Equation 4: 0.789 × Cockcroft–Gault (mL/min/1.73 m2): 0.789×[(140 − [Age]) × [BW]/[Cr]/72 × 1.73/BSA (if female; ×0.85)]
Equation 5: MDRD with cystatin C (mL/min/1.73 m2): 177.6×[Cr]−0.65 × [serum cystatin C]−0.57 × [Age]−0.20 (if female; ×0.82)
Equation 6: CKD-EPI with cystatin C (mL/min/1.73 m2):135 × [Cr/κ]α × [serum cystatin C/0.8]β × 0.995[Age] (if female; ×0.969) (if Japanese; 

×0.908)
κ = 0.9 if male or 0.7 if female. If male and Cr ≤ 0.9 mg/dL and cystatin C ≤ 0.8 mg/L, then α = − 0.207 and β = − 0.375
If male and Cr ≤ 0.9 mg/dL and cystatin C ≤ 0.8 mg/L, then α = − 0.207 and β = − 0.375
If male and Cr ≤ 0.9 mg/dL and cystatin C > 0.8 mg/L, then α = − 0.207 and β = − 0.711
If male and Cr > 0.9 mg/dL and cystatin C ≤ 0.8 mg/L, then α = − 0.601 and β = − 0.375
If male and Cr > 0.9 mg/dL and cystatin C > 0.8 mg/L, then α = − 0.601 and β = − 0.711
If female and Cr ≤ 0.7 mg/dL and cystatin C ≤ 0.8 mg/L, then α = − 0.248 and β = − 0.375
If female and Cr ≤ 0.7 mg/dL and cystatin C > 0.8 mg/L, then α = − 0.248 and β = − 0.711
If female and Cr > 0.7 mg/dL and cystatin C ≤ 0.8 mg/L, then α = − 0.601 and β = − 0.375
If female and Cr > 0.7 mg/dL and cystatin C > 0.8 mg/L, then α = − 0.601 and β = − 0.711
Equation 7: JSN-CKDI with cystatin C (mL/min/1.73 m2):104×[serum cystatin C]−1.019 × 0.996[Age] (if female; ×0.929)–8
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The CKD-EPI equation (Eq. 2) was shown by P30 to be most 
accurate in this group of patients. P30 of Eq. 2 was 100%, 
and the probabilities of 30% accuracy level between Eq. 2 
and other equations could not be calculated. Performance of 
the seven equations when mGFR was < 60 mL/min/1.73 m2 
(CKD stage 3–5) is shown in Table 3c. MDRD, CKD-EPI, 
and JSN-CKDI equations (Equations 1, 2, and 3) were 
shown by P30 to be most accurate, with no significant differ-
ence in accuracy between them.

The on-tolvaptan mGFRs derived from the seven equa-
tions are shown in Table 4. Performance of the seven equa-
tions per CKD stage is shown in Table 4a. The MDRD, 
CKD-EPI, and JSN-CKDI equations (Equations 1, 2, and 
3) were most accurate in terms of P30, and there was no 
significant difference between them. Performance of the 
seven equations in ADPKD patients with an mGFR ≥ 60 mL/
min/1.73  m2 (CKD stages 1 and 2) is summarized in 
Table 4b. The CKD-EPI equation (Eq. 2) was shown by 
P30 to be most accurate. P30 of Eq. 2 was 100%, and the 

probabilities of 30% accuracy level between Eq. 2 and other 
equations cannot be calculated. Performance of the seven 
equations when mGFR was < 60 mL/min/1.73 m2 (CKD 
stages 3–5) is shown in Table 4c. The MDRD, CKD-EPI, 
and JSN-CKDI equations (Equations 1, 2, and 3) were 
shown by P30 to be most accurate, and accuracy did not dif-
fer significantly between them.

The regression coefficients and intercepts obtained by 
plotting eGFR derived from each of the seven equations 
before and after tolvaptan treatment against mGFR are 
shown in Table 5. The indices did not change with tolvap-
tan treatment. Correlation between the eGFR values derived 
from the seven equations and mGFR in all patients regard-
less of the CKD stage is shown in Fig. 1. Values obtained 
from Equations 1, 2, and 3 correlated more strongly with 
mGFR than values obtained from equations that incorpo-
rated serum cystatin C (Equations 5, 6, and 7). The equa-
tions that incorporated serum cystatin C tended to overes-
timate GFR. Regardless of which of these three equations 

Table 2   Clinical characteristics of the study patients and per CKD stage before tolvaptan treatment and at 1 year of tolvaptan treatment

CKD chronic kidney disease, Cr creatinine, mGFR measured glomerular filtration rate
*Total pre-tolvaptan value vs. total on-tolvaptan value

Before tolvaptan administration At 1 year on-tolvaptan p value*

Total CKD stages1–2 CKD stages 
3–5

p value Total CKD stages 
1–2

CKD stages 
3–5

p value

No. of partici-
pants (men/
women)

114 (54/60) 33 (16/17) 81 (38/43) 85 (47/38) 26 (13/13) 59 (34/25)

Male sex (%) 47.4 48.5 46.9 0.9 55.3 50 57.6 0.5 0.27
Age (year) 51.8 ± 12.0 42.4 ± 7.1 55.6 ± 11.5 < 0.001 51.5 ± 11.6 44.2 ± 7.4 54.7 ± 11.6 < 0.001 0.85
Height (cm) 164.6 ± 9.0 167.2 ± 7.6 163.6 ± 9.5 0.6 165.9 ± 10.0 168.3 ± 8.9 164.8 ± 10.4 0.1 0.37
Weight (kg) 63.1 ± 13.0 67.6 ± 14.0 61.3 ± 12.3 0.02 64.1 ± 13.0 64.5 ± 10.0 63.9 ± 14.0 0.8 0.39
Body mass 

index (kg/m2)
23.1 ± 3.7 24.2 ± 5.0 22.7 ± 2.9 0.05 23.2 ± 3.0 22.8 ± 3.3 23.3 ± 3.4 0.5 0.84

Body surface 
area (m2)

1.69 ± 0.20 1.75 ± 0.17 1.66 ± 0.20 0.02 1.71 ± 0.21 1.71 ± 0.21 1.71 ± 0.21 0.5 0.38

Systolic blood 
pressure 
(mmHg)

128 ± 12 124 ± 9 130 ± 13 0.04 123 ± 14 122 ± 12 123 ± 15 0.8 0.31

Diastolic blood 
pressure 
(mmHg)

79 ± 10 79 ± 10 79 ± 10 0.9 76 ± 9 77 ± 10 76 ± 9 0.8 0.57

Antihyperten-
sive medica-
tion (%)

85.6 72.7 91.4 0.01 87.1 76.9 91.5 0.1 0.34

Serum Cr (mg/
dL)

1.35 ± 0.07 0.83 ± 0.03 1.56 ± 0.08 < 0.001 1.63 ± 0.08 0.84 ± 0.04 1.98 ± 0.09 < 0.001 < 0.01

mGFR (mL/
min/1.73 m2)

48.8 ± 2.29 79.4 ± 2.57 36.3 ± 1.46 < 0.001 45.8 ± 2.66 77.9 ± 2.86 31.6 ± 1.71 < 0.001 0.03

Cystatin C 
(mg/L)

1.29 ± 0.53 0.91 ± 0.08 1.45 ± 0.05 < 0.001 1.45 ± 0.61 1.06 ± 0.12 1.60 ± 0.07 < 0.001 0.04

Total kidney 
volume (mL)

2170 ± 87.3 1823 ± 159 2311 ± 101 0.01 2271 ± 102 1656 ± 173 2517 ± 109 < 0.001 0.45
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(Equations 5, 6, and 7) was used, the on-tolvaptan eGFR was 
higher than the baseline eGFR, but the differences between 
baseline eGFRs and on-tolvaptan eGFRs were not signifi-
cant. Bland–Altman plots of [mGFR–eGFR] are shown in 
Fig. 2. The difference between mGFR and eGFR was smaller 
when values were derived from Equations 1, 2, and 3 than 
when values were derived from Equations 5, 6, and 7, which 
incorporated serum cystatin C.

Discussion

There has been no reported study comparing the accuracy 
of different eGFR equations or examining the influence 
of tolvaptan on these equations when they are compared 
against mGRF obtained on the basis of inulin clearance in 
patients with ADPKD and across CKD stages 1–5. In CKD 
stages 1–5 at baseline, P30s of the MDRD (Eq. 1), CKD-EPI 

(Eq. 2), and JSN-CKDI (Eq. 3) equations were greater than 
P30s of the other equations, with no significant difference 
between these three equations. In CKD stage 1–2 at baseline 
(n = 33), P30 of the CKD-EPI equation was 100% and signifi-
cantly better than P30s of the other equations. In CKD stages 
3–5 at baseline (n = 81), P30s of the MDRD, CKD-EPI, and 
JSN-CKDI equations were significantly greater than P30s of 
the other equations, with no significant difference between 
them. Similarly, in CKD stages 1–5 on-tolvaptan (n = 85), 
P30s of the MDRD, CKD-EPI, and JSN-CKDI equations 
were greater than P30s of the other equations, with no sig-
nificant difference between the three equations. In CKD 
stage 1–2 (n = 26), P30 of the CKD-EPI equation was 100% 
and significantly better than those of the other equations. In 
CKD stages 3–5 (n = 59), P30s of the MDRD, CKD-EPI, and 
JSN-CKDI equations were significantly better than those of 
the other equations, and estimates yielded by each of these 
three equations did not differ significantly. The influence 

Table 3   Performance of seven 
GFR-estimating equations 
in patients with ADPKD at 
baseline measurement

– Probabilities of 30% accuracy level between Eq. 2 (100%) and others could not be calculated
mGFR measured glomerular filtration rate. Equation  1 (Eq.  1) Modification of Diet in Renal Disease 
(MDRD) equation, Equation 2 (Eq. 2) Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) 
equation, Equation 3 (Eq.  3) Japan Society of Nephrology CKD Initiative (JSN-CKDI) equation, Equa-
tion 4 (Eq. 4) 0.789 × Cockcroft–Gault formula, Equation 5 (Eq. 5) MDRD equation with cystatin C, Equa-
tion 6 (Eq. 6) CKD-EPI equation with cystatin C, Equation (Eq. 7) JSN-CKDI equation with cystatin C

Accuracy (%) 
(within 30% of 
mGFR)

P

Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5 Eq. 6

a CKD stages 1–5
 Equation 1 84.2
 Equation 2 83.3 0.76
 Equation 3 84.2 1 0.8
 Equation 4 70.2 < 0.01 < 0.01 < 0.01
 Equation 5 46.5 < 0.0001 < 0.0001 < 0.0001 < 0.001
 Equation 6 37.7 < 0.0001 < 0.0001 < 0.0001 0.65 0.02
 Equation 7 39.5 < 0.0001 < 0.0001 < 0.01 < 0.0001 0.07 < 0.0001

b CKD stages 1–2
 Equation 1 87.9
 Equation 2 100 –
 Equation 3 84.8 0.32 –
 Equation 4 78.8 0.32 – 0.48
 Equation 5 51.5 0.04 – 0.02 0.03
 Equation 6 87.9 < 0.010 – < 0.01 < 0.01 0.16
 Equation 7 51.5 0.04 – 0.02 0.03 1 0.1

c CKD stages 3–5
 Equation 1 82.7
 Equation 2 76.5 0.06
 Equation 3 84 0.56 0.06
 Equation 4 66.7 < 0.01 0.07 0.01
 Equation 5 44.4 < 0.0001 < 0.0001 < 0.0001 < 0.01
 Equation 6 37 < 0.0001 < 0.0001 < 0.0001 < 0.001 0.06
 Equation 7 34.6 < 0.0001 < 0.0001 < 0.0001 < 0.001 < 0.03 0.59
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Table 4   Performance of seven 
GFR-estimating equations 
in patients with ADPKD 
on-tolvaptan treatment

– The probabilities of 30% accuracy level between Eq. 2(100%) and others are not be calcurated
mGFR measured glomerular filtration rate. Equation  1 (Eq.  1) Modification of Diet in Renal Disease 
(MDRD) equation, Equation 2 (Eq. 2) Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) 
equation, Equation 3 (Eq.  3) Japan Society of Nephrology CKD Initiative (JSN-CKDI) equation, Equa-
tion 4 (Eq. 4) 0.789 × Cockcroft–Gault formula, Equation 5 (Eq. 5) MDRD equation with cystatin C, Equa-
tion 6 (Eq. 6) CKD-EPI equation with cystatin C, Equation 7 (Eq. 7) JSN-CKDI equation with cystatin C

Accuracy (%) 
(within 30% of 
mGFR)

P

Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5 Eq. 6

a CKD stages 1–5
 Equation 1 92.4
 Equation 2 94.1 0.65
 Equation 3 94.1 0.65 1
 Equation 4 81.2 0.01 < 0.01 < 0.01
 Equation 5 63.5 < 0.0001 < 0.0001 < 0.0001 < 0.01
 Equation 6 57.6 < 0.0001 < 0.0001 < 0.0001 < 0.001 0.1
 Equation 7 43.5 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.01 0.03

b CKD stages 1–2
 Equation 1 96.2
 Equation 2 100 –
 Equation 3 92.3 0.32 –
 Equation 4 92.3 0.77 – 1
 Equation 5 57.7 < 0.01 – 0.01 < 0.01
 Equation 6 46.2 < 0.001 – < 0.01 < 0.001 0.08
 Equation 7 69.2 0.02 – 0.06 0.01 0.18 0.01

c CKD stages 3–5
 Equation 1 91.5
 Equation 2 91.5 1
 Equation 3 94.9 0.32 0.16
 Equation 4 76.2 0.01 < 0.01 < 0.001
 Equation 5 66.1 < 0.001 < 0.001 < 0.0001 0.2
 Equation 6 62.7 < 0.0001 < 0.0001 < 0.0001 0.08 0.41
 Equation 7 32.2 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.001

Table 5   Regression coefficients 
and intercepts of regression 
lines obtained by the seven 
GFR-estimating equations 
between mGFR and eGFR 
in patients before tolvaptan 
treatment (baseline) and 
at 1 year during tolvaptan 
treatment

Equation 1 Modification of Diet in Renal Disease (MDRD) equation, Equation 2 Chronic Kidney Disease 
Epidemiology Collaboration (CKD-EPI) equation, Equation 3 Japan Society of Nephrology CKD Initia-
tive (JSN-CKDI) equation, Equation 4 0.789 × Cockcroft–Gault formula, Equation 5 MDRD equation with 
cystatin C, Equation 6 CKD-EPI equation with cystatin C, Equation 7 JSN-CKDI equation with cystatin C.

Regression coefficient Intercept

Before tolvaptan 
administration

At 1 year on-
tolvaptan

p value Before tolvaptan 
administration

At 1 year on-
tolvaptan

p value

Equation 1 0.9 0.83 0.25 2.2 7.68 0.1
Equation 2 0.95 0.89 0.29 2.79 8.49 0.06
Equation 3 0.87 0.82 0.3 3.16 7.97 0.13
Equation 4 0.91 0.91 0.98 4.47 6.51 0.35
Equation 5 1.21 1.13 0.27 3.16 10.1 0.1
Equation 6 1.25 1.17 0.23 2.67 10.2 0.06
Equation 7 1.06 1.02 0.61 11.59 16.4 0.22
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Fig. 1   Correlation between measured glomerular filtration rate 
(mGFR) and estimated GFR (eGFR) derived from each equation in 
all patients (regardless of CKD stage) before tolvaptan treatment and 
at 1  year of tolvaptan treatment. Blue lines are regression lines for 
values obtained before tolvaptan treatment (baseline) and red lines are 
regression lines for values obtained at 1 year of tolvaptan treatment. 
The black lines indicate equivalence between eGFR and mGFR. The 

dotted vertical lines indicate 30% error. Equation 1 Modification of 
Diet in Renal Disease (MDRD) equation, Equation  2 Chronic Kid-
ney Disease Epidemiology Collaboration (CKD-EPI) equation, Equa-
tion  3 Japan Society of Nephrology CKD Initiative (JSN-CKDI) 
equation, Equation  4 0.789 × Cockcroft–Gault formula, Equation  5 
MDRD equation with cystatin C, Equation 6 CKD-EPI equation with 
cystatin C, Equation 7 JSN-CKDI equation with cystatin C
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Fig. 2   Bland–Altman plots showing measured GFR (mGFR) minus 
estimated glomerular filtration rate (eGFR) before tolvaptan treat-
ment and at 1 year of tolvapatan treatment. Blue dots represent val-
ues obtained before tolvaptan treatment and red dots represent values 
obtained at 1  year of tolvaptan treatment. Horizontal dashed lines 
in the center show mean bias, and the upper and lower horizontal 
dashed lines show mean bias ± 2 SDs. Equation  1 Modification of 

Diet in Renal Disease (MDRD) equation, Equation  2 Chronic Kid-
ney Disease Epidemiology Collaboration (CKD-EPI) equation, Equa-
tion  3 Japan Society of Nephrology CKD Initiative (JSN-CKDI) 
equation, Equation  4 0.789 × Cockcroft–Gault formula, Equation  5 
MDRD equation with cystatin C, Equation 6 CKD-EPI equation with 
cystatin C, Equation 7 JSN-CKDI equation with cystatin C
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of GFR on the reliability of eGFR equations reported in 
CKD patients in general [17, 18, 31, 33] and specifically 
in patients with ADPKD [10, 36] was also observed in the 
present study in patients with ADPKD, whether eGFR was 
determined at baseline or “on-tolvaptan”.

In the 12 studies of general renal diseases in North 
America, Europe, and Australia, the CKD-EPI equation 
performed better at high GFRs (CKD stages 1–2), and the 
MDRD equation performed better at lower GFRs [18]. 
Neither the CKD-EPI nor the MDRD equation was opti-
mal for all populations and GFR ranges [17, 18, 31]. Spi-
thoven et al. compared the CKD-EPI and MDRD equations 
using 125I-iothalamine clearance in Dutch ADPKD patients 
[36]. They found that the two equations performed simi-
larly. In contrast, we showed that the CKD-EPI equation 
was most accurate for patients with stage 1–2 CKD and that 
the MDRD, CKD-EPI, and JSN-CKDI equations were more 
accurate for patients with stage 3–5 CKD. It is possible that 
the discrepancy between our findings and those Spithoven 
et al. is the result of differences in ethnic characteristics of 
the study patients, distribution of the GFR in the popula-
tions studied, or the substance used to measure mGFR. The 
Consortium for Radiologic Imaging Studies of Polycystic 
Kidney Disease (CRISP) requires more accurate eGFR in 
cases in which previously stable renal function has worsened 
[37]; thus, it is particularly important to assess the validity 
of eGFR in patients with stage 3–5 CKD.

The proportion of study participants with CKD stages 1–2 
and CKD stages 3–5 differed between the Orskov et al. study 
[10] and ours. Patients with CKD stages 1–2 accounted for 
59.5% of the total patients in the Orskov et al. study [10], but 
only 28.9 and 30.6% of patients in whom respective baseline 
and on-tolvaptan measurements were obtained in our study. 
Therefore, the results of CKD stages 1–2 were strongly 
reflected in the results of CKD stages 1–5 in the Orskov 
et al. study, whereas the results of CKD stages 3–5 were 
emphasized in our study. By examining values according to 
CKD stage, however, we found that values obtained from 
the CKD-EPI equation were most consistent with mGFRs, 
regardless of the CKD stage. In daily practice, mGFR can-
not be determined quickly, and patients cannot be stratified 
according to CKD stage without testing for inulin clearance. 
Regardless of the CKD stage, the CKD-EPI equation yields 
the most reliable eGFR, and tolvaptan does not appear to 
affect the reliability of this equation. This is new and very 
useful information. The greater on-tolvapatan (vs. baseline) 
P30 obtained from each eGFR equation (Tables 3, 4) can be 
explained by the fact that tolvaptan increases urine volume 
and thus decreases error in measurement of this volume. The 
serum Cr concentration is in fact influenced by non-renal 
factors such muscle mass, exercise, and dietary intake [34]. 
To avoid the influence of non-renal factors on eGFR, serum 
cystatin C is used in the MDRD and CKD-EPI equations 

[26]. Serum cystatin C is freely filtered by the glomeruli, 
reabsorbed in the proximal tubules, and metabolized to 
amino acids; thus, it does not return to the blood. For these 
reasons, cystatin C is incorporated into the eGFR equation 
to compensate for the limitation of serum Cr [35]. However, 
the performance of serum cystatin C in estimating GFR was, 
in one study, shown to be reduced in patients with a low 
GFR [12]. In addition, cystatin C was shown to be affected 
by factors other than GFR, such as, age, sex, race, drugs, 
and disease status [13]. Drugs that have an effect on blood 
cystatin C include cyclosporine and corticosteroids. Cyclo-
sporin A has been reported to decrease the concentration of 
serum cystatin C [38]. Corticosteroids have been reported 
to increase cystatin C production in vitro [39, 40], while 
in vivo, it has been reported to elevate serum cystatin C 
concentration markedly [38], or not to have any effect at 
all [41], thus, results of past studies have not been consist-
ent. Cystatin C might be differently metabolized in ADPKD 
patients because of renal tubular impairment caused by 
enlarged cysts.

Orskov et al. compared the CKD-EPI and MDRD equa-
tions with use of serum cystatin C and the Cockcroft–Gault 
equations (BSA) using 51Cr-EDTA in Danish ADPKD 
patients without taking tolvaptan [10]. Their results showed 
that the MDRD study equation with cystatin C use was the 
most consistent with mGFR in CKD stages 1–5. In con-
trast to the supportive results for serum cystatin C [10], our 
results showed that use of serum cystatin C in three eGFR 
equations resulted in over-estimation. The possible reasons 
for the differences between the two studies may be explained 
by the difference in ethnic characteristics including body 
size and metabolic characteristics, the difference in GFR 
distribution among the study population, and/or difference 
in the substance used to measure GFR. The mechanisms 
are speculative and need further study. Last year, cystatin 
C-eGFR but not creatinine-eGFR was demonstrated to 
correlate with height-adjusted TKV (ht-TKV) in the early 
stages of ADPKD, indicating the potential usefulness of 
cystatin C-eGFR as an early marker of disease progression 
[42]. Going forward, we are intestigating the relationships 
between cystatin C-eGFR and mGFR by ht-TKV levels.

The limitations of this study was that the study was ret-
rospective and conducted at a single facility, with relatively 
small number of patients.

To summarize the results of the present study, the CKD-
EPI is the most consistent for estimation of GFR in patients 
with ADPKD. The reasons for this recommendation are as 
follows: (1) in daily outpatient department, we cannot know 
mGFR quickly without inulin clearance and the distribution 
of patient’s GFRs is various. Therefore, it is reasonable that 
the CKD-EPI is the most consistent at the point that the 
CKD-EPI is immune to various patterns of GFR distribution 
in ADPKD patients. (2) The CKD-EPI was optimal in all 
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GFR ranges of ADPKD patients at baseline and on-tolvap-
tan. (3) The JSN-CKDI equation estimates GFR almost 
equally with the CKD-EPI and MDRD at stages 3–5. How-
ever, the CKD-EPI equation with a Japanese coefficient is 
widely used in Japan, and the CKD-EPI equation is used 
across the world and the results obtained using the same 
equation can be compared. (4) Equations with use of serum 
cystatin C were inferior to the CKD-EPI equation without 
use of cystatin C in ADPKD.

Conclusion

The results suggest that the CKD-EPI equation is the most 
consistent for estimation of GFR in patients with ADPKD 
throughout all CKD stages. Tolvaptan intake does not affect 
and cystatin C incorporation does not improve the accuracy 
of equations.
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