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Abstract
Background  Immediately after renal transplantation (RTX), estimation of renal function (eGFR) is important for drug dosing 
and the detection of potential complications. Conventional formulas cannot be used since the serum creatinine concentra-
tion is not at steady-state. In this study, we evaluated different dynamic renal function formulas (DRFFs) to estimate eGFR 
immediately after RTX.
Methods  We retrospectively included 154 RTX patients, of whom 45 had delayed graft function (DGF) and required dialysis, 
and 6 had unstable graft function without the need for dialysis; 103 patients had early, and thereafter stable, graft function 
(EGF). DRFFs were evaluated to calculate eGFR 1 day after transplantation (T1) using a new dynamic creatinine clear-
ance calculation (D3C), two previously published formulas (Jelliffe, and the kinetic eGFR [KeGFR]), and a naive predictor 
(Chronic Kidney Disease Epidemiology Collaboration [CKD-EPI] at T1). The estimated DRFF-based renal functions at T1 
were compared with the CKD-EPI after stabilization of renal function 3 days after transplantation (eGFR-T3), which was 
considered the underlying renal function immediately after RTX.
Results  The D3C showed low bias (mean prediction error [MPE] − 4.5 ml/min/1.73 m2) and performed well on other out-
come measures (R2 = 0.82, root mean squared error [RMSE] = 11.8 ml/min/1.73 m2, percentage of predictions within 30% 
of the reference value [p30%] = 76%). In addition, the D3C outperformed the KeGFR (MPE 20.5 ml/min/1.73 m2, R2 = 0.79, 
RMSE = 26.9 ml/min/1.73 m2, p30% = 29%), Jelliffe (MPE − 13.3 ml/min/1.73 m2, R2 = 0.76, RMSE = 19.1 ml/min/1.73 m2, 
p30% = 53%), and the naive predictor (bias − 24.8 ml/min/1.73 m2, R2 = 0.60, RMSE = 30.2 ml/min/1.73 m2, p30% = 21%).
Conclusions  The newly developed D3C enables reliable assessment of renal function immediately after RTX, provides 
crucial information for drug dosing, and might also advance the detection of functional decline, potentially improving treat-
ment and renal outcome.
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1  Introduction

Renal transplantation (RTX) is the best treatment for patients 
with end-stage renal disease. After successful RTX, serum 
creatinine concentrations decrease swiftly due to the imme-
diate function of the donor kidney. Assessment of renal func-
tion immediately after RTX is important for dosing of drugs 
that are eliminated by the kidney, including many antiviral, 
antibiotic, and antidiabetic drugs frequently used by these 
patients. A reliable early estimate of renal function is of 
importance to guide drug dosing and reduce complications.

Glomerular filtration rate is usually estimated (eGFR) by 
formulas such as the Chronic Kidney Disease Epidemiol-
ogy Collaboration (CKD-EPI) and Modification of Diet in 
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Key Points 

Estimated glomerular filtration rate (eGFR) measure-
ments during nonsteady-state creatinine are unreliable, 
while appropriate estimates may be important for drug 
dosing.

This study focuses on the accuracy and precision of 
existing dynamic renal function formulas (DRFFs) and a 
newly developed formula in a population of renal trans-
plant patients.

In this study, we show that a newly developed DRFF 
(which requires sex, age, and twice-measured creatinine) 
is highly accurate and precise in estimating underly-
ing renal function, and outperforms currently available 
alternatives.

cohort of patients 1 day after RTX. We used eGFR at steady 
state creatinine 3 days after transplantation as the reference 
standard. The aim of this study was to assess and compare 
the accuracy and precision of different DRFFs to estimate 
underlying GFR in the first days after transplantation in 
order to optimize drug dosing in this crucial period imme-
diately after transplantation.

2 � Methods

2.1 � Patient Population

We retrospectively included all 154 patients aged over 
18 years who underwent RTX at the UMC Utrecht between 
January 2014 and July 2016. We excluded 45 patients who 
had delayed graft function (DGF) and required dialysis, 
since our analyses required patients to have immediate func-
tion after transplantation until they reached steady-state cre-
atinine. Of those patients with early graft function (EGF), 
we excluded an additional six patients with immediate but 
unstable graft function, defined as a daily increase of more 
than 20% (normal analytical/biological variation) in serum 
creatinine in the analysis period (T0B-T3).

Patient data were systematically recorded in a renal trans-
plant database during hospital admission until discharge. 
From this database, we obtained data on donor, recipient, 
procedure, and patient follow-up. For the recipient, we col-
lected data on age, sex, dialysis modality, diabetes status, 
and height and weight on the day of transplantation, while 
for the donor, we collected data on age, sex, cold ischemia 
time, type of donor (living, donation after brain death, or 
donation after cardiac death), human leukocyte antigen 
(HLA) mismatches, weight, and last known serum creati-
nine level. Serum creatinine was determined by enzymatic 
colorimetric assay (Beckman Coulter, Brea, CA, USA).

DGF was defined as the need for dialysis within the first 
week after transplantation [12]. Patients with stable graft 
function were defined as patients with EGF without a daily 
20% rise in creatinine, since this exceeds the biological and 
analytical variation of serum creatinine [13].

2.2 � Construction and Rationale of Dynamic Renal 
Function Formulas (DRFFs)

All DRFFs have been constructed based on the mass bal-
ance equation in a single compartment model, given that the 
volume of distribution remains stable (Eq. 1) [14]:

(1)CLcr =
Pcr − Vd ×

dC

dT .

C

Renal Disease (MDRD) [1, 2]. When serum creatinine is not 
in a steady state, estimation of the GFR using conventional 
formulas is unreliable and lags behind the true underlying 
GFR. Due to the rapid decrease in creatinine concentration 
after RTX, conventional formulas do not accurately estimate 
GFR [3–7].

Several dynamic renal function formulas (DRFFs) have 
been developed to estimate renal function during acute 
fluctuations of serum creatinine concentration [4–7]. These 
DRFFs are based on the pharmacokinetic principles of cre-
atinine mass balance; when creatinine production exceeds 
excretion, creatinine will build up in the volume of distri-
bution until excretion again equals production and a new 
steady state has been reached, or vice versa. Clearance can 
therefore be calculated using estimates of the volume of 
distribution and creatinine production combined with the 
observed change in serum creatinine over time. Different 
DRFFs utilize different estimations for volume of distribu-
tion and creatinine production, the accuracy of which may 
vary between different patient populations [8].

Although DRFFs have been evaluated in acute kidney 
injury in the intensive care unit (ICU), the experience with 
DRFFs in RTX is scarce [9–11]. In addition, the accuracy 
of these methods to estimate underlying GFR has not been 
investigated in any population, which is crucial if it is to be 
used for drug dosing. In addition, different DRFFs have not 
been evaluated side-by-side in the same study or population.

In this study, we developed and evaluated a new formula, 
the Dynamic Creatinine Clearance Calculation (D3C), which 
uses pharmacokinetic principles of creatinine mass balance 
and readily available variables (age, sex, and two succes-
sive creatinine concentrations) to estimate normalized GFR 
(ml/min/1.73 m2) when creatinine is not in steady state, and 
compared its performance with two existing DRFFs, in a 
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where CLcr is the clearance, Pcr is the production of creati-
nine, Vd is the volume of distribution, T represents a unit 
of time, and C is the creatinine concentration. One can sim-
plify the above equation by substituting the differential dC

dT
 in 

the numerator by ΔC
ΔT

 of two subsequent creatinine measure-
ments, and C in the denominator by the mean of these two 
measurements.

2.3 � Dynamic Creatinine Clearance Calculation (D3C)

For the D3C, we estimated mean creatinine with the geomet-
ric mean, which is consistent with the proposed first-order 
elimination of creatinine. D3C creatinine clearance (D3C*) 
can therefore be calculated using the following formula 
(Eq. 2):

where Cgeomean is the geometric mean creatinine.
The volume of distribution of creatinine has been shown 

to equal total body water, which, after RTX, has been shown 
to be approximately 0.6 L/kg of bodyweight [15–17]. Pro-
duction of creatinine was derived from the Cockcroft–Gault 
formula (Eq. 3) [18]:

where A represents age (years) and W represents bodyweight 
(kg).

The D3C was rewritten to give an eGFR instead of an 
estimated creatinine clearance (eCrCl). We did this by cal-
culating projected steady-state creatinine (Eqs. 4, 5):

After rearranging, this becomes (Eqs. 6, 7):

where Cgeomean is the geometric mean creatinine (μmol/l), 
A represents age (years), ΔC is the change in creatinine 

(2)D3C ∗ =
Pcr − Vd ×

ΔC

ΔT

Cgeomean
,

(3)
Pcr (μmol/h) = (140 − A) × W × 0.07362[× 0.85 if female],

(4)
Pcr − Vd ×

ΔC

ΔT

Cgeomean
=

Pcr

Css
,

(5)

(140 − A) × W × 0.07362[ × 0.85 if F] − 0.6 × W ×
ΔC

ΔT

Cgeomean

=
(140 − A) × W × 0.07362[× 0.85 if F]

Css
,

(6)

Cssmale(μMol/L) =
Cgeomean × (140 − A) × 0.07362

0.07362 × (140 − A) − 0.6 ×
ΔC

ΔT

,

(7)

Cssfemale(μMol/L) =
Cgeomean × (140 − A) × 0.06258

0.06258 × (140 − A) − 0.6 ×
ΔC

ΔT

,

concentration (μMol/l), and ΔT represents the change in 
time (h).

Since weight can be eliminated in the above rearrange-
ment, the calculated steady-state creatinine can be calculated 
without knowing the patient’s weight, and can be incorpo-
rated into the standard CKD-EPI formula to give the D3C 
as an eGFR in ml/min/1.73 m2 [2].

2.4 � Kinetic Estimated Glomerular Filtration Rate

The kinetic eGFR (KeGFR) estimates volume of distribution 
by dividing the total body change in creatinine by the change 
in plasma creatinine when a patient is anuric, when change 
in total body creatinine equals the production of creatinine 
(Eqs. 8, 9):

Production of creatinine is estimated by multiplying any 
estimate of eGFR or eCrCl with a coupled known steady-
state creatinine concentration, or, when this is unknown, 
the Cockcroft–Gault formula. After dividing the total by 
the arithmetic mean, and after rearrangement, the formula 
is (Eq. 10):

Since the last known steady-state creatinine and renal 
function could not be derived for patients who had been 
on dialysis before RTX, we used the Cockcroft–Gault for-
mula [5]. In addition, since we did not have records detailing 
whether our patients had been fully anuric in the past, we 
used the default value of 132.6 μMol/l/day suggested by the 
author.

2.5 � Jelliffe Calculations

Jelliffe estimates volume of distribution (dL) by multiply-
ing body weight by 4. Production of creatinine (mg/day) is 
estimated as follows (Eq. 11):

2.6 � Evaluation of DRFFs

Creatinine was sampled at different time points: the recovery 
unit (T0), when the patient reached the nursing ward (T0B, 
4.2 ± 0.9 h), and every morning at the nursing ward (T1–T6). 

(8)Vd =
ΔCtot

ΔC
,

(9)Vd =
Pcr

Max ΔC/day when GFR = 0
.

(10)

KeGFR =
Css × eGFR

Carrmean
×

(

1 −
24 × ΔC

Δt × Max ΔC/day

)

.

(11)
[29.305 − (0.203 × A)] × W ×[ 1.037 − (0.0338 × Carrmean)].
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We did not use the T0–TB interval to calculate the DRFFs, 
since the time between measurements at the T0–TB inter-
val is small and the time annotation of samples collected at 
the recovery unit might not be fully accurate. Furthermore, 
it is likely that patients with underlying renal function in 
the first hours after transplantation are still recovering from 
the effects of the surgery, thus renal function at this stage 
will not coincide with renal function at T3. Therefore, the 
T0B–T1 interval (11.3 ± 2.8 h) was used and compared with 
eGFR (CKD-EPI) 3 days after transplantation, the earliest 
point at which creatinine, on average, reached steady-state, 
defined as the moment when the average change in serum 
creatinine approximated 0% (T3, Fig. 1b). For this analysis, 

only patients with EGF were included, since creatinine is 
not an accurate measure of renal function when patients are 
on dialysis [12, 14, 19]. In patients with EGF, we assumed 
underlying renal function to be constant between T1 and T3 
in patients who are not suspected of having significant func-
tional decline, defined as a 20% increase in serum creatinine 
concentration [13].

The performance of the D3C was compared with a naive 
predictor (CKD-EPI at T1) and previous approaches to esti-
mate renal function in case of nonsteady-state serum creati-
nine concentrations, i.e. the KeGFR described by Chen and 
Jelliffe’s formula of creatinine clearance [5, 6]. The input 
parameters of the formulas are summarized in Table 1. 
Performance of the different formulas at T1 was tested by 
assessing the mean prediction error (MPE), R2, root mean 
squared error (RMSE), and the percentage of predictions 
within 30% of the reference value (p30%). To allow com-
parison with the CKD-EPI, the Jelliffe and KeGFR formulas 
were indexed to a body surface area (BSA) of 1.73 m2 using 
the Du Bois formula [20].

2.7 � Urinary Creatinine Clearance

In order to further test the validity of the dynamic formu-
las, we calculated urinary creatinine clearance in a subset 
of patients (n = 83) for whom 24-h urine was collected the 
day after transplantation. We calculated urinary creatinine 
clearance as follows (Eq. 12):

where uCrCl is the creatinine clearance (ml/min), UCr is 
the urinary creatinine concentration (mmol/l), Uvol is the 
urinary volume (ml), and Cgeomean is the geometric mean 

(12)uCrCl =
UCr × Uvol

1.44 × Cgeomean
,

Fig. 1   Modeled example of serum creatinine course in a patient 
after transplantation, and sampling time points: T0 is sampled when 
patients enter the recovery unit; T0B is sampled when patients reach 
the nursing ward; T1 is sampled the next day during the morning 
round; and T3 is sampled 3  days after transplantation during the 
morning round when creatinine has reached steady-state. Since the 
time between measurements at the T0–TB interval is small (mean 
4  h) and the time annotation of samples collected at the recovery 
unit might not be fully accurate, the T0B–T1 interval (mean 16  h) 
was used to calculate the dynamic renal function and compare with 
steady-state eGFR at T3. C0 creatinine concentration in the recovery 
unit, Css steady-state creatinine concentration, eGFR estimated glo-
merular filtration rate

Table 1   Calculation of pharmacokinetic parameters of creatinine

D3C dynamic creatinine clearance calculation, KeGFR kinetic estimated glomerular filtration rate, BW bodyweight, SD standard deviation, Vd 
volume of distribution
a Data are expressed as mean ± SD or median [range]
b BW is eventually eliminated in the D3C formula and is therefore not needed for calculations
c Vd =

Pcreat

ΔC∕ΔT when GFR = 0
 ; if anuric serum creatinine increase is unknown, default is 132.6 μMol/day

d Average geometric mean at 1 day after transplantation (T1)

D3C KeGFR Jelliffe

Method Valuea Method Valuea Method Valuea

Production (μMol/h) Cockcroft–Gault 470 ± 120 Cockcroft–Gault 470 ± 120 Jelliffe 450 ± 100
Volume of distribution (l) 60% of BWb 46.0 ± 9.1 Creatinine 

increase during 
anuriac

59.8 ± 15.2 40% of BW 30.7 ± 6.1

Mean creatinine value (μMol/l) Geometric mean 398 [81–1485]d Arithmetic mean 416 [88–1485]c Arithmetic mean 416 [88–1485]c
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of serum creatinine concentration from the beginning and 
end of collection (µmol/l).

In our center, urine collection is measured and sent to the 
laboratory at 2200 h. Since we did not have the serum cre-
atinine concentrations at the beginning and start of the urine 
collection, of which we would normally take the geometric 
mean, we used the serum creatinine concentration at T1 as 
the mean value. The uCrCl was normalized to 1.73 m2 BSA 
using the Du Bois formula [20].

2.8 � Sensitivity Analysis

To test the robustness of the D3C to variable assumptions 
of the volume of distribution, we calculated the D3C with 
differing assumptions of volume of distribution, holding the 
other parameters constant (Table 5). To test how much of the 
performance of the D3C to estimate eGFR 2 days later might 
be affected by normal fluctuation of the eGFR, we evaluated 
the RMSE of serial eGFR measurements during steady-state 
creatinine over 2 days (T3–T5).

2.9 � Statistics

Normality of continuous variables was assessed using histo-
grams. Missing values were analyzed via pairwise deletion; 
changes in creatinine over time were analyzed as log-change 
per hour; and differences in log-change per hour between 
different days were analyzed using the paired t test. The R2 
value was acquired by ordinary least squares regression, 
and accuracy was acquired using Bland–Altman plots, the 
RMSE, and as the percentage of cases within a 30% range 
(p30%).

p values < 0.05 were considered statistically significant. 
All calculations and statistical analyses were executed using 
R statistics version 3.6.1.

3 � Results

3.1 � Patient Characteristics

We included 103 patients who underwent kidney transplan-
tation in our center. The first creatinine measurement to 
evaluate underlying renal function was taken at 4.2 ± 0.9 h 
after transplantation (T0B). In patients with EGF, there was 
a rapid decline of serum creatinine after transplantation, and, 
in the majority of patients, steady-state was reached at day 3 
(T3), defined as a non-significant change in creatinine from 
T3 to T4 compared with T4–T5 (p = 0.16) (Fig. 1a, b). All 
patients received standard immunosuppressive therapy, con-
sisting of prednisolone, tacrolimus, and mycophenolic acid. 
Population characteristics are shown in Table 2.

Daily calculation of DRFFs after transplantation showed 
that the D3C remained stable, the KeGFR showed a decline, 
and the Jelliffe formula showed a rise in renal function until 
steady-state creatinine (electronic supplementary Fig. 1). 
At steady state (T3), the D3C (mean difference 1.3 ml/
min/1.73  m2) and Jelliffe (mean difference − 0.03  ml/
min/1.73 m2) formulas coincided with the CKD-EPI, while 
the KeGFR had a higher estimate (mean difference 10.5 ml/
min/1.73 m2). Table 3 shows the difference in classifica-
tion of renal function categories between the D3C and the 
CKD-EPI at T1: 19% of patients did not change categories, 
however 35% changed one category and 46% changed more 
than one category.

3.2 � The D3C Accurately Quantifies the Estimated 
Glomerular Filtration Rate When Serum 
Creatinine is Not in Steady State

To assess the ability of the formulas to predict underlying 
renal function directly after RTX, we compared DRFFs 
at T1 with CKD-EPI eGFR at steady-state (eGFR-T3) 
(Table 4). The D3C displayed the least bias in predicting 
eGFR-T3 (MPE − 4.5 ml/min/1.73 m2). The overall ten-
dency of the Jelliffe formula was to underestimate eGFR-
T3 (MPE − 13.3 ml/min/1.73 m2), while the KeGFR for-
mula overestimated eGFR-T3 (MPE 20.5 ml/min/1.73 m2) 
(Table 4). The precision of all DRFFs was excellent (Table 4, 
Fig. 2c–f). The D3C (R2 = 0.816, p < 0.001) had slightly 
higher precision than the KeGFR (R2 = 0.787, p < 0.001) and 
Jelliffe (R2 = 0.762, p < 0.001) formulas. Finally, the D3C 

Table 2   Characteristics of recipients and donors (N = 103)a

HD hemodialysis, PD peritoneal dialysis, DBD donation after brain 
death, DCD donation after cardiac death, HLA human leukocyte anti-
gen, SD standard deviation
a Mean ± SD

Parameters

Recipient
 Age (years) 50 ± 15a

 Male/female 67/36
 Weight (kg) 77 ± 15a

 Diabetes (yes/no) 27/67
 Type of dialysis (HD/PD/pre-emptive) 38/27/38

Donor Living Post-mortal
 Age (years) 55 ± 11a 53 ± 13a

 Male/female 25/46 16/16
 Living/DBD/DCD 71/0/0 0/18/14
 Cold ischemia time (h) 2 ± 0.5a 16 ± 9a

 HLA mismatch (≤ 4/ > 4) 44/27 27/3
 Weight (kg) 73 ± 13a 77 ± 16a

 Preoperative creatinine (µmol/ml) 68 ± 14a 68 ± 25a
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had the lowest RMSE (11.8 ml/min/1.73 m2) and highest 
p30% of the formulas, with 76% of the estimates within ± 30% 
of the eGFR-T3 (Table 4, Fig. 2g–j).

In addition, in a subset of patients (n = 83), we calcu-
lated the urinary creatinine clearance from the 24-h urine 
collected at the end of T1 (collected between T0 2200 h 
and T1 2200 h) and compared this with the dynamic for-
mulas at T1 (median time of measurement 0800 h). For this 
purpose, we used the untransformed D3C (D3C*, calcu-
lated using Eq. 2) to calculate creatinine clearance instead 
of eGFR. Performance of the D3C* (MPE =  − 1.0  ml/
min/1.73  m2, R2 = 0.76, RMSE = 13.0  ml/min/1.73  m2, 
p30% = 74%), Jelliffe (MPE =  − 16  ml/min/1.73  m2, 
R2 = 0.73, RMSE = 22.5  ml/min/1.73  m2, p30% = 48%), 
and Chen formulas (MPE = 19 ml/min/1.73 m2, R2 = 0.68, 
RMSE = 27.3 ml/min/1.73 m2, p30% = 37%) were comparable 

with the analyses using the CKD-EPI at T3 (electronic sup-
plementary Fig. 2).

3.3 � Sensitivity Analysis Reveals that the D3C 
is Robust to Assumptions in Volume 
of Distribution That is Subjected to Iatrogenic 
Fluctuation During Transplantation

The assumption regarding volume of distribution might be 
violated. Patients with end-stage renal disease, especially 
those treated with hemodialysis, are often exposed to rapid 
and large changes in distribution volume. Moreover, during 
and immediately after transplantation, patients may receive 
aggressive volume reconstitution during or after transplanta-
tion, which in turn affects the performance of the D3C. Sen-
sitivity analysis revealed that significant decreases (50% of 
bodyweight, mean difference − 4.7 ± 2.9 ml/min/1.73 m2) or 
increases (70% of bodyweight, mean difference 4.7 ± 2.9 ml/
min/1.73 m2) in total body water composition of the patient 
did not significantly alter the D3C (Table 5). Additional sub-
group analyses of the D3C also showed that patients who 
were on peritoneal dialysis (MPE =  − 3.0, RMSE = 9.4) or 
hemodialysis (MPE =  − 5.5, RMSE = 12.1), or were pre-
emptive (MPE =  − 4.0, RMSE = 13.0) prior to transplanta-
tion had similar bias and accuracy.

Furthermore, natural fluctuations in underlying GFR 
between T1 and T3 may introduce extra variability, leading 
to an artificial increase in prediction error. It is of note that 
after stabilization of creatinine concentration at day 3, the 
CKD-EPI fluctuated with an RMSE of 8.9 ml/min/1.73 m2 
over a 2-day period (T3–T5).

4 � Discussion

Early assessment of renal function immediately after RTX is 
of critical importance to guide drug dosing and direct treat-
ment decisions. Many drugs used early after transplantation, 
such as antivirals and antibiotics, are cleared renally and 

Table 3   Comparison of D3C 
and the CKD-EPI formula at T1 
in the eGFR stage

D3C dynamic creatinine clearance calculation, CKD-EPI Chronic Kidney Disease Epidemiology Collabo-
ration, eGFR estimated glomerular filtration rate, KDIGO Kidney Disease Improving Global Outcomes

KDIGO stage (ml/
min/1.73 m2)

CKD-EPI

≥ 90 60–89 45–59 30–44 15–29 < 15

D3C
 ≥ 90 1 1 0 0 0 0
 60–89 0 1 4 6 6 1
 45–59 0 0 0 5 20 0
 30–44 0 0 0 0 14 14
 15–29 0 0 0 0 2 12
 < 15 0 0 0 0 0 15

Table 4   Comparison of the D3C with previously published formulas; 
analysis of bias, precision and accuracy compared with the CKD-EPI 
estimated steady-state renal function at T3 in patients with EGF and 
stable graft function (N = 103)

D3C dynamic creatinine clearance calculation, CKD-EPI Chronic 
Kidney Disease Epidemiology Collaboration, eGFR estimated glo-
merular filtration rate, EGF early graft function, KeGFR KeGFR 
kinetic estimated glomerular filtration rate, MPE mean prediction 
error, SD standard deviation, RMSE root mean squared error
a Mean ± SD
b Goodness-of-fit, measure of estimation precision, derived from ordi-
nary linear least squares regression
c Accuracy defined as the percentage of subjects within 30% of the 
CKD-EPI estimated renal function

Naive D3C KeGFR Jelliffe

Estimated 
underlying 
eGFRa

21.3 ± 15.2 41.9 ± 22.3 67.3 ± 34.8 33.0 ± 16.6

MPE  − 24.8 –4.5 20.5 –13.3
R2b 0.60 0.82 0.79 0.76
RMSE 30.2 11.8 26.9 19.3
p30%

c 21% 76% 29% 53%
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have a small therapeutic window. In this study, we showed 
that the D3C has high accuracy in estimating underlying 
renal function in patients directly after RTX when serum 
creatinine levels are not in steady-state. In our population, 
the D3C showed the best performance compared with the 
KeGFR and Jelliffe formulas, two previously published 
DRFFs. Using the D3C early after transplantation may pro-
vide nephrologists with an important extra tool to guide drug 
dosing and possibly identify patients with early renal func-
tion decline.

The accuracy of D3C to estimate GFR immediately after 
RTX was high. Kidney Disease Improving Global Out-
comes (KDIGO) guidelines state that the performance of 
estimated renal function should be measured by the fraction 

Fig. 2   D3C calculated the day after transplantation (14.9 ± 4.2 h after 
transplantation) is highly accurate in estimating the underlying renal 
function, defined as steady-state eGFR (CKD-EPI) 3 days after trans-
plantation in patients with stable graft function. a,  b Scatter plots 
showing the creatinine course (a) and log change per hour compared 
with the last measurement (b) over time in patients with EGF the first 
week after transplantation. Red dots represent the measurements, 
with blue lines connecting individual measurements per patient. The 
green line represents a smoothed LOESS line. c–f Scatter plots of all 
predictors 1 day after transplantation, and CKD-EPI-calculated eGFR 
3  days after transplantation. The dotted line represents the line of 

identity. The regression line (solid line) and R2 values were calculated 
using the ordinary least squares regression line. g–j Bland–Altman 
plots of all predictors 1 day after transplantation, and CKD-EPI-cal-
culated eGFR 3  days after transplantation. The dotted line repre-
sents the mean difference, and solid lines represent the mean differ-
ence ± 1.96 SD. D3C dynamic creatinine clearance calculation, eGFR 
estimated glomerular filtration rate, CKD-EPI Chronic Kidney Dis-
ease Epidemiology Collaboration, EGF early graft function, LOESS 
locally estimated scatterplot smoothing, eGFR estimated glomerular 
filtration rate, SD standard deviation

Table 5   Sensitivity analysis of different assumptions of the volume of 
distribution of creatinine 1 day after transplantation (T1)a

D3C dynamic creatinine clearance calculation, Vd volume of distribu-
tion, BW bodyweight
a Data are expressed as mean ± SD
b D3C calculated using the different assumptions for the volume of 
distribution

Estimate (l) D3C (ml/
min/1.73 m2)b

Difference (ml/
min/1.73 m2)a

Vd (50% of BW) 38.3 ± 7.6 37.2 ± 19.8  − 4.7 ± 2.9
Vd (60% of BW) 46.0 ± 9.1 41.9 ± 22.3 Ref
Vd (70% of BW) 53.7 ± 10.7 46.7 ± 24.8 4.7 ± 2.9
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of estimates that fall within 30% of the true value (p30%) 
[21]. For the D3C, p30% was superior to existing DRFFs. 
This performance was comparable with the performance of 
widely used MDRD or CKD-EPI formulas to measure GFR 
(i.e. iohexol clearance) in case of steady-state creatinine 
[22]. Furthermore, the accuracy (RMSE) of the D3C was 
slightly higher than that of serial CKD-EPI measurements, 
suggesting that part of the inaccuracy came from natural 
fluctuations in GFR over a 2-day period.

Although the three DRFFs are based on the same kinetic 
principles, there are some crucial differences. In the D3C 
formula, creatinine production is based on the Cock-
croft–Gault formula, which has good accuracy in RTX 
patients [23]. Studies have shown that the volume of distri-
bution of creatinine and the total body water directly after 
transplantation on average equals 60% of total bodyweight, 
the estimate that is used in the D3C [15–17]. Furthermore, 
transformation of the D3C to eGFR (in ml/min/1.73 m2) 
cancels out weight in the formula and makes it compara-
ble to the widely used CKD-EPI formula. The KeGFR pro-
vides freedom to use any existing formula of eGFR/eCrCl 
to calculate creatinine production by multiplying eGFR (ml/
min/1.73 m2) or eCrCl (ml/min) by the serum creatinine. 
This method might introduce bias in estimating creatinine 
production when the eGFR (in ml/min/1.73 m2) deviates 
from the creatinine clearance (in ml/min). In addition, inter-
preting eCrCl as eGFR may lead to overestimation, since 
creatinine clearance is generally higher than the glomerular 
filtration rate [23]. Finally, in the KeGFR, the volume of 
distribution is calculated from the maximum serum creati-
nine increase per day in an anuric patient, which is often 
not available. The default value of 132.6 μMol/l/day for 
maximum increase is based on reports from the literature, 
but has not been validated. The Jelliffe formula is based on 
the creatinine production formula of Jelliffe, and estimates 
volume of distribution as 40% of bodyweight. Underestima-
tion of the Jelliffe formula shown in our study is most likely 
explained by the low estimate of volume of distribution.

Since the D3C is based on standard pharmacokinetic 
principles that are not restricted to transplantation, it may 
also be used in other clinical settings. Patients with elevated 
serum creatinine and suspected acute kidney injury may ben-
efit from a second creatinine measurement and calculation of 
the D3C to help medication dosing and identify severe acute 
kidney injury. Indeed, studies have shown that the KeGFR 
accurately differentiated between protracted acute kidney 
injury and early recovery in the ICU [10, 24]. Our study adds 
that in these situations, the D3C may also be used to prevent 
medication toxicity, which is an important and modifiable 
consequence of acute kidney injury. Whether the estimates 
for volume of distribution of the D3C are also valid in these 
populations should be investigated, although our analysis 

showed that the formula is relatively robust to changes in 
body water composition.

In regard to the results of our study, some limitations 
should be noted. First, we assumed that the underlying renal 
function at T1 was the same at T3, although the hemody-
namic effects of anesthesia, ischemia–reperfusion injury, 
and drug effects could have modulated underlying renal 
function early after transplantation [12, 25]. However, it is 
likely that these effects would contribute to more variability 
in the estimated renal function instead of systematic bias 
over a 2-day period. Moreover, the fact that formulas based 
on kinetic modeling adequately predict renal eGFR at T3, 
and the D3C had minimal bias and good accuracy in relation 
to 24-h urine creatinine clearance at T1, favors the assump-
tion that the underlying renal function at T1 is a robust pre-
dictor of eGFR at T3. Including urinary parameters such as 
creatinine excretion in the formula would theoretically allow 
more detailed evaluation of the formula. However, it is of 
note that urine collection is prone to error, which favors the 
estimation of renal function using DRFFs, without the use 
of urine collection [3]. Finally, our formula quantifies total 
renal function and does not distinguish between residual 
renal function and graft function.

5 � Conclusion

The D3C is a new DRFF in RTX patients that enables accu-
rate assessment of renal function early after RTX when 
serum creatinine concentrations are still decreasing. The 
high accuracy and precision of the D3C allows close moni-
toring of the eGFR immediately after RTX, and optimal dos-
ing of potential toxic drugs that depend on renal clearance 
in a vulnerable patient population.
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