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Abstract

Background

Most transplant centers in the Netherlands use estimated glomerular filtration rate (eGFR)

for evaluation of potential living kidney donors. Whereas eGFR often underestimates GFR,

especially in healthy donors, measured GFR (mGFR) allows more precise kidney function

assessment, and therefore holds potential to increase the living donor pool. We hypothe-

sized that mGFR-based donor screening leads to acceptance of donors with lower pre-

donation eGFR than eGFR-based screening.

Methods

In this longitudinal cohort study, we compared eGFR (CKD-EPI) before donation in one cen-

ter using mGFR-based screening (mGFR-cohort, n = 250) with two centers using eGFR-

based screening (eGFR-cohort1, n = 466 and eGFR-cohort2, n = 160). We also compared

differences in eGFR at five years after donation.

Results

Donor age was similar among the cohorts (mean±standard deviation (SD) mGFR-cohort 53

±10 years, eGFR-cohort1 52±13 years, P = 0.16 vs. mGFR-cohort, and eGFR-cohort2 53±9

years, P = 0.61 vs. mGFR-cohort). Estimated GFR underestimated mGFR by 10±12 mL/

min/1.73m2 (mean±SD), with more underestimation in younger donors. In the overall

cohorts, mean±SD pre-donation eGFR was lower in the mGFR-cohort (91±13 mL/min/

1.73m2) than in eGFR-cohort1 (93±15 mL/min/1.73m2, P<0.05) and eGFR-cohort2 (94±12

mL/min/1.73m2, P<0.05). However, these differences disappeared when focusing on more

recent years, which can be explained by acceptance of more older donors with lower pre-
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donation eGFR over time in both eGFR-cohorts. Five years post-donation, mean±SD eGFR

was similar among the centers (mGFR-cohort 62±12 mL/min/1.73m2, eGFR-cohort1 61±14

mL/min/1.73m2, eGFR-cohort2 62±11 mL/min/1.73m2, P = 0.76 and 0.95 vs. mGFR-cohort

respectively). In the mGFR-cohort, 38 (22%) donors were excluded from donation due to

insufficient mGFR with mean±SD mGFR of 71±9 mL/min/1.73m2.

Conclusions

Despite the known underestimation of mGFR by eGFR, we did not show that the routine use

of mGFR in donor screening leads to inclusion of donors with a lower pre-donation eGFR.

Therefore eGFR-based screening will be sufficient for the majority of the donors. Future

studies should investigate whether there is a group (e.g. young donors with insufficient

eGFR) that might benefit from confirmatory mGFR testing.

Introduction

Living kidney donor transplantation currently represents ~50% of the total kidney transplanta-

tions in the Netherlands [1]. The main goal of living kidney donor evaluation is to assess

whether a donor is healthy enough to undergo surgery and maintain good health after the

nephrectomy [2, 3]. An important part of screening consists of estimation and/or measure-

ment of the glomerular filtration rate (GFR) before donation to determine whether the donor

will retain sufficient kidney function after donation for life long safe kidney function. Glomer-

ular filtration rate can easily be estimated (eGFR) by various equations based on serum creati-

nine or cystatin C, but the gold standard is assessment of the GFR by measuring the clearance

of exogenous filtration markers (mGFR) [4]. The latter is expensive and laborious and there-

fore much less widespread in use in the Netherlands [5].

There is no consensus regarding the best method for kidney function assessment during

the selection of living donors [2, 3, 6]. Some guidelines advise eGFR based on the chronic kid-

ney disease epidemiology collaboration (CKD-EPI) equation, others advise use of 24h creati-

nine clearance or even mGFR. Due to cost and time advantages, most centers in the

Netherlands estimate GFR based on creatinine clearance. The University Medical Center Gro-

ningen is the only center in the Netherlands that routinely performs mGFR measurements in

every (potential) donor.

Even though mGFR is considered the gold standard, it is unclear whether its use is

advantageous over the use of eGFR for living kidney donor screening. A well-known limi-

tation in white populations of kidney function estimation equations based on serum creat-

inine is that in the higher ranges of GFR, true GFR is underestimated [7–13].

Consequently, donors with normal to high kidney function might be mistakenly classified

as having insufficient kidney function when eGFR is used, possibly leading to exclusion

from donation. This study aimed to compare pre- and post-donation eGFR of living kid-

ney donors between two centers that base the decision to accept a donor based on eGFR

and a center that uses mGFR for decision making. We hypothesized that mGFR-based

screening allows acceptance of donors with lower mean pre-donation eGFR compared to

the population from centers that use eGFR-based screening. In addition, post-donation

safety was studied by comparing kidney function five years after donation in donors who

have been evaluated using mGFR and eGFR.
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Materials and methods

Study design

In this longitudinal cohort study in the Netherlands, we compared effective living kidney

donors between one center that used mGFR-based donor evaluation (University Medical Cen-

ter Groningen, mGFR-cohort) and two centers that used eGFR-based donor evaluation

(eGFR-cohort1 = Erasmus MC, University Medical Center Rotterdam, and eGFR-

cohort2 = Radboud University Medical Center Nijmegen,). The study was approved by the

institutional ethical review board of each participating center. For the mGFR-cohort, the study

underwent ethical review in accordance with current ethical guidelines in 2014 as the Trans-

plantLines biobank and cohort study (2014/077). The study was registered at clinicaltrials.gov

under identifier NCT0327284 [14]. All donors included in the study signed informed consent

for the use of their medical data for scientific research. In eGFR-cohort1 the study was

approved by the EMC Medical Ethical Committee MEC-2019-0737. In eGFR-cohort1 and

eGFR-cohort2, all donors have given written informed consent for the use of their medical

data for scientific research. All procedures were conducted in accordance with the Declaration

of Helsinki, Declaration of Istanbul, and the Dutch Scientific Guidelines.

Study population and measurements mGFR-cohort

In the University Medical Center Groningen, the selection criteria according to Dutch Living

Kidney Donor guidelines (based on international guidelines) were used [3]. Instead of the rec-

ommended eGFR, mGFR was used to assess renal function before and after donation. A total

of 1,113 potential living kidney donors were screened between 2006 and 2018 in Groningen.

In this group, 977 donors were accepted for donation, of which 250 donated and had data for

five-year follow-up available. The mGFR, measured as the urinary clearance of 125I-iothala-

mate (S1 File), and eGFR (based on serum creatinine) were measured before donation in every

(potential) donor and five years after donation. Measured GFR was corrected for body surface

area (BSA, calculated according to Dubois et al.) [15]. Clinical decision making was based on

pre-donation mGFR. Estimated GFR was retrospectively determined according to the Chronic

Kidney Disease Epidemiology Collaboration (CKD-EPI) equation to enable comparison with

the eGFR-cohorts and according to the Modification of Diet in Renal Disease (MDRD) equa-

tion and the Cockcroft-Gault (CG) equation for secondary analyses [12, 16, 17]. Twenty-four-

hour urine samples were used to calculate the 24h creatinine clearance (CrCl). Besides kidney

function measurements, clinical parameters such as weight, height, and blood pressure were

measured during the visits. Blood pressure was measured three times while seated with an

interval of three minutes and a fourth time after standing straight for one minute using an

automatic device as described previously [14].

Study population and measurements eGFR-cohort1

Between 1981 and 2019, 4,801 potential donors were screened for donation at the Erasmus

MC, University Medical Center Rotterdam, the Netherlands. Of these donors, 2,144 donors

eventually donated. For 647 donors, five-year follow-up was available. In order to enable com-

parison with the mGFR-cohort, donors that were screened before 2006 were excluded, render-

ing 466 donors eligible for this study. Glomerular filtration rate was assessed by equations

based on serum creatinine, measured by enzymatic creatinine determination. In potential

donors with unexpectedly low eGFR, 24-hour urine collection was performed to calculate

endogenous creatinine clearance. When CrCl was adequate donation was allowed. Besides
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kidney function measurements, clinical parameters such as weight, height and blood pressure

were measured during the visits.

Study population and measurements eGFR-cohort2

Between 2006 and 2014, 970 potential donors were screened for donation in the Radboud Uni-

versity Medical Center in Nijmegen, the Netherlands. Of these donors, 603 donors donated in

these years. For 160 donors, five-year follow-up was available. Glomerular filtration rate was

assessed by the equations based on serum creatinine and two 24-hour urine collection allowing

calculation of the endogenous creatinine clearance. Serum creatinine was measured by enzy-

matic method. Besides kidney function measurements, clinical parameters such as weight,

height and blood pressure were measured during the visits. The office blood pressure measure-

ment was included in this study.

Statistical analyses

Data are presented as mean±standard deviation (SD) for normally distributed variables and as

median (first quartile–third quartile) for non-normally distributed variables. The distribution

was tested using histograms and probability plots. Binary variables are shown as ‘number (%)’.

Measured GFR data are reported as absolute values (mL/min) and corrected for body surface

area according to Dubois et al. (mL/min/1.73m2) [15]. To maintain consistency and enable

comparison, eGFR was recalculated according to the CKD-EPI equation for all centers. Differ-

ences in characteristics of donors between the mGFR-cohort and eGFR-cohort1 and between

the mGFR-cohort and eGFR-cohort2 were tested using the independent Student’s t-test for nor-

mally distributed variables, the Mann-Whitney U-test for non-normally distributed variables,

and the chi-square test for proportions. To characterize donors with low pre-donation eGFR,

we compared characteristics of 10% of donors with the lowest pre-donation eGFR to the other

90% of the donors using the tests mentioned above. Similarly, we compared donors with an

underestimation of mGFR�10 and�20 mL/min/1.73m2 by eGFR to donors with no underes-

timation or an underestimation <10 and<20 mL/min/1.73m2, in order to identify donors at

risk of underestimation by eGFR. Bias between pre- and post-donation eGFR and mGFR was

calculated as the mean difference between both parameters. Because reason of exclusion from

donation was mostly multifactorial and rarely solely dependent GFR, we did not analyze the

number of donors excluded based on kidney function per center. SPSS version 23 for Windows

(IBM, Armonk, NY) and Graphpad Prism 8 for Windows (Graphpad, San Diego, CA) were

used to perform the analyses. P values<0.05 were considered statistically significant.

Results

Bias between eGFR and mGFR

The known underestimation of pre-donation mGFR by pre-donation eGFR (CKD-EPI) was

also present in the mGFR-cohort (mean±SD bias = -10±12 mL/min/1.73m2, S1 Table). This

underestimation was visualized in a Bland-Altman plot (Fig 1). This bias became smaller five

years after donation (-5±9 mL/min/1.73m2). Pre-donation 24h CrCl overestimated pre-dona-

tion mGFR with a bias of 26±29 mL/min (S2 Table). Five years after donation, this overestima-

tion was still present, although it was slightly reduced (18±19 mL/min).

Donors in whom pre-donation GFR was underestimated

The mGFR-cohort of donors was split into a group in which eGFR underestimated mGFR

(�10 mL/min/1.73m2 difference) and a group in which eGFR did not underestimate mGFR
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(<10 mL/min/1.73m2 difference), as shown in Table 1. Besides differences in kidney function,

there were no statistically significant differences in clinical characteristics between donors in

whom mGFR was underestimated by eGFR and donors in whom mGFR was not underesti-

mated by eGFR. Donors in whom eGFR underestimated mGFR�20 mL/min/1.73m2 were

significantly younger than donors in whom the difference between eGFR and mGFR was <20

mL/min/1.73m2 (mean±SD 50±8 vs. 54±10 years respectively, P = 0.02). A low eGFR com-

pared to 24h CrCl was mainly limited to donors with higher height, weight, BMI and BSA (S3

Table). Difference between eGFR and 24h CrCl was more commonly <10 mL/min in female

donors (S3 Table). An overestimation of mGFR by eGFR was present in 45 donors (S4 Table).

Comparison of kidney function and clinical characterestics before donation

The characteristics of the living kidney donor populations before donation are shown in

Table 2. Mean±SD age before donation was 53±10 (mGFR-cohort (Groningen)), 53±12

(eGFR-cohort1 (Rotterdam)), and 54±10 (eGFR-cohort2 (Nijmegen)) years and 54%, 54%,

and 45%, respectively were female. Mean±SD eGFR (CKD-EPI) before donation was 91±13

mL/min/1.73m2 in the mGFR-cohort, which was lower than in eGFR-cohort1 (93±15 mL/

min/1.73m2, P = 0.20) and eGFR-cohort2 (94±12 mL/min/1.73m2, P = 0.01) where eGFR

formed the basis for screening. Distributions of pre-donation eGFR (CKD-EPI) for the differ-

ent centers are shown in Fig 2. Mean±SD mGFR/BSA before donation was 101±15 mL/min/

1.73m2 in the mGFR-cohort. Pre-donation systolic blood pressure (SBP) was higher in eGFR-

cohort2 (137±16 mmHG) compared to the mGFR-cohort (128±14 mmHg, P<0.001) and

slightly different between eGFR-cohort1 (130±16 mmHg) and the mGFR-cohort (P = 0.05).

This difference is probably explained by the use of office blood pressure in eGFR-cohort2.

Body size measurements (height, weight, BMI and BSA) did not show major differences before

and after donation between the cohorts.

Fig 1. Bland-altman plot of pre-donation eGFR and pre-donation mGFR. Bias between pre-donation eGFR and

pre-donation mGFR is shown on the X-axis, the average between pre-donation eGFR and pre-donation mGFR is

shown on the Y-axis. Mean±SD bias was -10.38 mL/min/1.73m2, the 95% confidence interval of the mean bias was

-33.48 to 12.72 mL/min/1.73m2.

https://doi.org/10.1371/journal.pone.0270827.g001
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Analysis of differences in eGFR over time

Because this study included donors that were screened during a large timeframe (especially in

eGFR-cohort1), we performed secondary analyses to investigate whether the differences in

pre-donation eGFR were consistent over time. We therefore split the cohort in two equal

parts, which resulted in a group that was screened before 01-01-2009, and a group that was

screened after 01-01-2009. Fig 3 shows the distribution of pre-donation eGFR (CKD-EPI)

before and after 2009 and shows that the differences that were seen in the total cohort, mainly

depended on differences in pre-donation eGFR before 2009 (mean±SD eGFR in mGFR-

cohort: 90±12 mL/min/1.73m2, eGFR-cohort1: 94±15 mL/min/1.73m2, eGFR-cohort2: 97±11

mL/min/1.73m2). When focusing on data after 2009, the differences in pre-donation eGFR

seem to disappear (mGFR-cohort: 92±13 mL/min/1.73m2, eGFR-cohort1: 92±15 mL/min/

Table 1. Pre-donation characteristics of donors from the mGFR-cohort with an underestimation of mGFRBSA by eGFR�10 mL/min/1.73m2.

Underestimation�10 mL/min/1.73m2 Underestimation<10 mL/min/1.73m2 P value

Number, n (%) 121 (49) 127 (51) -

CKD-EPI, mL/min/1.73m2 88 ±13 94 ±12 <0.001

CrCl, mL/min 131 ±32 124 ±35 <0.001

mGFR, mL/min 122 ±24 109 ±19 <0.001

mGFR/BSA, mL/min/1.73m2 108 ±16 96 ±12 <0.001

Age, years 52 ±9 53 ±10 0.31

Sex, n (%) female 61 (50) 72 (57) 0.32

Race, n (%) Caucasian 121 (100) 127 (100) -

Weight, kg 80 ±13 81 ±14 0.55

Height, cm 174 ±9 174 ±9 0.98

BMI, kg/m2 26 ±3 27 ±4 0.38

BSA, m2 1.95 ±0.20 1.96 ±0.20 0.70

SBP, mmHg 128 ±14 127 ±14 0.45

DBP, mmHg 77 ±9 76 ±9 0.48

Serum creat, μmol/L 78 ±13 70 ±12 <0.001

Underestimation�20 mL/min/1.73m2 Underestimation<20 mL/min/1.73m2 P value

Number, n (%) 53 (21) 195 (79) -

CKD-EPI, mL/min/1.73m2 89 ±14 92 ±12 0.20

CrCl, mL/min 139 ±28 124 ±34 0.01

mGFR, mL/min 133 ±23 110 ±20 <0.001

mGFR/BSA, mL/min/1.73m2 116 ±15 98 ±12 <0.001

Age, years 50 ±8 54 ±10 0.02

Sex, n (%) female 23 (43) 110 (56) 0.09

Race, n (%) Caucasian 195 (100) 53 (100) -

Weight, kg 82 ±13 81 ±14 0.46

Height, cm 176 ±10 174 ±9 0.28

BMI, kg/m2 26 ±3 26 ±4 0.99

BSA, m2 1.98 ±0.20 1.95 ±0.20 0.32

SBP, mmHg 127 ±14 128 ±14 0.62

DBP, mmHg 76 ±9 77 ±9 0.43

Serum creat, μmol/L 79 ±15 73 ±12 <0.001

Binary variables presented as n (%), continuous variables presented as mean ±SD

Abbreviations: CKD-EPI: Chronic kidney disease epidemiology collaboration equation; CrCl: Creatinine clearance; mGFR: Measured GFR; BMI: Body mass index;

BSA: Body surface area; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; SD: Standard deviation.

https://doi.org/10.1371/journal.pone.0270827.t001
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1.73m2, eGFR-cohort2: 93±12 mL/min/1.73m2). When looking at age before and after 2009

(Fig 4), our data show that both eGFR-cohort1 and eGFR-cohort2 accepted older donors after

2009 compared to before 2009, although only significant in eGFR-cohort2 (mean±SD age

eGFR-cohort1: 52±12 years before and 53±13 years after 2009 (P = 0.16), eGFR-cohort2: 51

±10 before and 55±9 after 2009 (P = 0.01)), whereas in mGFR-cohort there does not seem to

be a difference in age over time (before 2009 53±9 years vs. after 2009 53±10 years, P = 0.99).

Mean BMI did not differ before and after 2009 in the three centers (S1 Fig).

Living kidney donor characteristics five years after donation

Five years after donation, there was no difference in mean±SD eGFR (CKD-EPI) in the total

cohort (mGFR-cohort: 62±12 mL/min/1.73m2, eGFR-cohort1: 60±14 mL/min/1.73m2

(P = 0.15 vs. mGFR-cohort), eGFR-cohort2: 61±11 mL/min/1.73m2 (P = 0.65 vs. mGFR-

cohort) Table 3 and S2 Fig). When looking at differences between the centers for the groups

that were screened before 2009 and after 2009, we see no differences between the centers, but

for all centers five-year post-donation eGFR was lower (mGFR-cohort: 64±12 mL/min/1.73m2

before and 60±12 mL/min/1.73m2 after 2009 (P = 0.01), eGFR-cohort1: 61±14 mL/min/

1.73m2 before and 59±13 mL/min/1.73m2 after 2009 (P = 0.07), eGFR-cohort2: 63±11 mL/

min/1.73m2 before and 60±11 mL/min/1.73m2 after 2009 (P = 0.04), S3 Fig).

Secondary analyses of pre-donation kidney function

Mean±SD pre-donation 24-hour creatinine clearance (24h CrCl) was 127±33 mL/min in the

mGFR-cohort and 129±28mL/min in eGFR-cohort2 (P = 0.50); eGFR-cohort1 did not rou-

tinely determine CrCl (S4 Fig). These results were similar before 2009 compared to after 2009.

Table 2. Characteristics of the living kidney donors during screening.

mGFR-cohort eGFR-cohort1 P vs. mGFR-cohort eGFR-cohort2 P vs. mGFR-cohort

Number, n (%) 250 466 - 160 -

CKD-EPI, mL/min/1.73m2 91 ±13 93 ±15 0.20 94 ±12 0.02

CrCl, mL/min 127 ±33 - - 129 ±28 0.50

mGFR, mL/min 115 ±22 - - - -

mGFR/BSA, mL/min/1.73m2 101 ±15 - - - -

Age, years 53 ±10 53 ±12 0.91 54 ±10 0.41

Female sex, n (%) 134 (54) 252 (54) 0.90 72 (45) 0.89

Caucasian race, n (%) 250 (100) 450 (97) - 160 (100) -

Weight, kg 80 ±14 79 ±14 0.12 78 ±14 0.05

Height, cm 174 ±9 172 ±9 <0.001 173 ±8 0.13

BMI, kg/m2 26 ±3 27 ±4 0.38 26 ±4 0.13

BSA, m2 1.96 ±0.20 1.92 ±0.20 0.01 1.92 ±0.19 0.04

SBP, mmHg 128 ±14 130 ±16 0.05 137 ±16 <0.001

DBP, mmHg 76 ±9 78 ±9 0.07 81 ±8 <0.001

Use of antihypertensive medication, n (%) 43 (17) 79 (17) 0.93 24 (15) 0.56

Smoking, n (%) 59 (24) - - 52 (33) 0.05

Serum creat, μmol/L 74 ±13 74 ±14 0.62 72 ±12 0.18

Binary variables presented as n (%), continuous variables presented as mean ±SD

Abbreviations: CKD-EPI: Chronic kidney disease epidemiology collaboration equation; CrCl: Creatinine clearance; mGFR: Measured GFR; BMI: Body mass index;

BSA: Body surface area; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; SD: Standard deviation.

https://doi.org/10.1371/journal.pone.0270827.t002
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We also compared pre-donation eGFR according to the CG and MDRD equation before and

after 2009, which yielded similar results to the CKD-EPI comparison (S5 and S6 Figs).

Comparison of donors with marginal pre-donation eGFR

We subsequently focused on the 10% of donors with lowest pre-donation eGFR in the

three cohorts (Table 4). In these donors from the mGFR-cohort, mean±SD pre-donation

Fig 2. Distribution of pre-donation eGFR (CKD-EPI) per center. Differences between mean pre-donation eGFR

were tested using the independent sample T-test, P-values are shown in the Fig. Distribution of mGFR in the mGFR-

cohort was added on the right in the Fig.

https://doi.org/10.1371/journal.pone.0270827.g002
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eGFR was 70±3 mL/min/1.73m2 and mean±SD five-year post-donation eGFR was 48±6

mL/min/1.73m2 (Table 4). Pre-donation mGFR/BSA was 86±9 mL/min/1.73m2 and only

decreased to 59±9 mL/min/1.73m2 five years after donation. The 10% donors from eGFR-

cohort1 and eGFR-cohort2 with lowest pre-donation eGFR were older than the corre-

sponding donors from the mGFR-cohort (65±9 years and 60±8 years respectively vs. 56±6

years (P<0.001 and P = 0.09 respectively)). Furthermore, BSA tended to be higher in these

donors from the mGFR-cohort versus eGFR-cohort1 and eGFR-cohort2 (1.94±0.19 m2 vs.

1.89±0.15 m2 and 1.89±0.17 m2 (P = 0.13 and P = 0.30, respectively), but power might be

too limited to draw conclusions. The same applies to blood pressure (132±21 mmHg for

the mGFR-cohort vs. 136±17 mmHg for eGFR-cohort1 and 138±22 mmHg for eGFR-

cohort2 (P = 0.34 and P = 0.52, respectively). In the mGFR-cohort, 5% of the donors had a

pre-donation eGFR below the age-adapted threshold versus 3% in eGFR-cohort1

(P = 0.13) and 1% in eGFR-cohort2 (P = 0.04) (S5 Table). None of these donors had poor

outcomes at five years after donation.

Fig 3. Distribution of pre-donation eGFR (CKD-EPI) before and after 2009 per center. Differences between mean

pre-donation eGFR were tested using the independent sample T-test, P-values are shown in the Fig. Distribution of

mGFR in the mGFR-cohort was added on the right in the Fig.

https://doi.org/10.1371/journal.pone.0270827.g003
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Donors that were excluded from donation in the mGFR-cohort

From 2006 to 2018, 173 potential donors were excluded from donation (Table 5). Mean±SD

eGFR of these donors was 81±14 mL/min/1.73m2 compared to 91±13 mL/min/1.73m2 in the

accepted group (P<0.001). In 16 of these donors, insufficient mGFR was the main reason for

disapproval. In 20 donors, insufficient mGFR was one of multiple reasons for disapproval. In

two donors, mGFR was considered too low for the recipient. The characteristics of the donors

that were declined due to insufficient mGFR (N = 38) are also shown in Table 5. Mean±SD

mGFR of these donors was 70±12 mL/min/1.73m2 (P<0.001 vs. accepted donors). Female

Fig 4. Distribution of age before and after 2009 per center. Differences between mean age were tested using the

independent sample T-test, P-values are shown in the Fig.

https://doi.org/10.1371/journal.pone.0270827.g004
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donors were more likely to be declined fordonation due to low GFR (84% female in the

“declined due to GFR” group vs.54% female in the accepted group (P<0.001)). Declined

donors were also significantly older with smaller body size measurements compared to

accepted donors.

Table 3. Characteristics of the living kidney donors five years after donation.

mGFR-cohort eGFR-cohort1 P vs. mGFR-cohort eGFR-cohort2 P vs. mGFR-cohort

Number, n 250 466 - 160 -

CKD-EPI, mL/min/1.73m2 62 ±12 60 ±14 0.15 61 ±11 0.65

ΔCKD-EPI, mL/min/1.73m2� -29 ±10 -32 ±10 <0.001 -33 ±8 <0.001

CrCl, mL/min 85 ±22 - - - -

mGFR, mL/min 76 ±16 - - - -

mGFR/BSA, mL/min/1.73m2 67 ±11 - - - -

Age, years 58 ±10 58 ±12 0.74 59 ±10 0.29

Weight, kg 83 ±15 81 ±15 0.17 80 ±16 0.15

BMI, kg/m2 27 ±4 27 ±4 0.34 27 ±4 0.36

BSA, m2 1.98 ±0.21 1.94 ±0.20 0.02 1.94 ±0.21 0.10

SBP, mmHg 127 ±14 133 ±16 <0.001 133 ±15 <0.001

DBP, mmHg 76 ±10 79 ±9 <0.001 79 ±7 0.01

Use of antihypertensive medication, n (%) 67 (27) 141 (30) 0.33 58 (36) 0.04

Smoking, n (%) 69 (28) - - 46 (29) 0.80

Serum creat, μmol/L 103 ±20 106 ±21 0.09 104±18 0.48

Binary variables presented as n (%), continuous variables presented as mean ±SD

�Calculated as: CKD-EPI 5 years after donation minus pre-donation CKD-EPI

Abbreviations: CKD-EPI: Chronic kidney disease epidemiology collaboration equation; CrCl: Creatinine clearance; mGFR: Measured GFR; BMI: Body mass index;

BSA: Body surface area; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; SD: Standard deviation.

https://doi.org/10.1371/journal.pone.0270827.t003

Table 4. Pre- and 5 year post-donation characteristics of 10% of the donors with lowest pre-donation eGFR per center.

mGFR-cohort eGFR-cohort1 eGFR-cohort2
Pre-donation 5 year post-donation Pre-donation 5 year post-donation Pre-donation 5 year post-donation

Number, n (%) 25 25 51 51 16 16

CKD-EPI, mL/min/1.73m2 70 ±3 48 ±6 67 ±5 43 ±8 72 ±5 48 ±6

CrCl, mL/min 107 ±20 73 ±17 - - 106 ±22 -

mGFR, mL/min 98 ±15 67 ±15 - - - -

mGFR/BSA, mL/min/1.73m2 87 ±9 59 ±9 - - - -

Age, years 56 ±6 62 ±7 65 ±9 71 ±9 60 ±8 66 ±8

Female sex, n (%) 15 (60) 15 (60) 29 (57) 29 (57) 9 (56) 9 (56)

Caucasian race, n (%) 25 (100) 25 (100) 51 (100) 51 (100) 16 (100) 16 (100)

Weight, kg 80 ±12 82 ±13 77 ±9 79 ±11 76 ±12 79 ±14

Height, cm 173 ±9 173 ±9 171 ±8 171 ±8 172 ±9 172 ±9

BMI, kg/m2 27 ±3 27 ±3 26 ±3 27 ±3 26 ±3 27 ±3

BSA, m2 1.94 ±0.19 1.97 ±0.19 1.89 ±0.15 1.90 ±0.16 1.89 ±0.17 1.91 ±0.22

SBP, mmHg 132 ±21 130 ±18 136 ±17 135 ±16 138 ±22 131 ±10

DBP, mmHg 79 ±9 77 ±13 79 ±8 77 ±10 81 ±7 78 ±5

Serum creat, μmol/L 90 ±12 121 ±21 90 ±12 127 ±22 87 ±11 119 ±18

Binary variables presented as n (%), continuous variables presented as mean ±SD

Abbreviations: CKD-EPI: Chronic kidney disease epidemiology collaboration equation; CrCl: Creatinine clearance; mGFR: Measured GFR; BMI: Body mass index;

BSA: Body surface area; SBP: Systolic blood pressure; DBP: Diastolic blood pressure.

https://doi.org/10.1371/journal.pone.0270827.t004
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Discussion

This study aimed to compare pre- and post-donation eGFR of living kidney donors between

two centers that base the decision to accept a donor based on eGFR and a center that uses

mGFR for decision making. We hypothesized that, due to systematic underestimation of

mGFR by eGFR, mGFR-based screening allows acceptance of donors with lower pre-donation

eGFR than a center that only uses eGFR. Findings confirm that pre-donation eGFR can indeed

underestimate pre-donation mGFR, especially in younger donors. In the overall cohort, we

found lower pre-donation eGFR in a center that uses mGFR for donor screening than in cen-

ters that use eGFR. However, when focusing on more recent data, these differences disappear,

and therefore, routine use of mGFR for living kidney donor screening does not seem to add

value compared to using eGFR on population level. Lastly, we did not find differences in five-

year post-donation eGFR between centers that use eGFR- or mGFR-based donor screening.

Measuring the clearance of exogenous filtration markers is the best available method to

assess GFR [18]. Because mGFR has cost and availability issues, eGFR equations are most

widely used. In line with the literature, our results show an underestimation of mGFR by

eGFR [7–13]. Mean pre-donation eGFR was lower in the mGFR-cohort, where clinical deci-

sion making was based on mGFR, than in centers that only used eGFR. However, when taking

time into account, we saw that both eGFR-cohort1 and eGFR-cohort2 accepted donors with

lower pre-donation eGFR after 2009 compared to before 2009, resulting in disappearance of

the differences in pre-donation eGFR. A reasonable explanation for this is that both centers

accepted older donors after 2009 compared to before 2009, whereas in the mGFR-cohort there

was no difference in eGFR and age before and after 2009. The increase in age and the consis-

tency of BMI over time that we found in this study are consistent with previous results [19].

The introduction of a national living kidney donor guideline in the Netherlands in 2008, in

Table 5. Characteristics of “accepted”, “declined” and “declined due to low mGFR” donors in the mGFR-cohort.

Accepted� Declined P vs. accepted Declined due to mGFR P vs. accepted

Number, n 250 173 - 38 -

CKD-EPI, mL/min/1.73m2 91 ±13 81 ±14 <0.001 70 ±12 <0.001

CrCl, mL/min 127 ±33 106 ±31 <0.001 77 ±23 <0.001

mGFR, mL/min 115 ±22 96 ±22 <0.001 72 ±8 <0.001

mGFR/BSA, mL/min/1.73m2 101 ±15 88 ±18 <0.001 71 ±9 <0.001

Age, years 53 ±10 60 ±11 <0.001 66 ±6 <0.001

Female sex, n (%) 134 (54) 100 (8) 0.39 32 (84) <0.001

Caucasian race, n (%) 250 (100) 173 (100) - 38 (100) -

Weight, kg 80 ±14 78 ±14 0.06 69 ±9 <0.001

Height, cm 174 ±9 171 ±9 0.001 167 ±6 <0.001

BMI, kg/m2 26 ±3 27 ±4 0.73 25 ±3 0.01

BSA, m2 1.96 ±0.20 1.90 ±0.20 0.01 1.77 ±12 <0.001

SBP, mmHg 128 ±14 131 ±14 0.02 129 ±10 0.50

DBP, mmHg 76 ±9 77 ±10 0.90 76 ±9 0.89

Use of antihypertensive medication, n (%) 43 (17) 46 (27) 0.02 11 (29) 0.08

Serum creat, μmol/L 74 ±13 79 ±13 <0.001 82 ±15 0.002

�Donors who were accepted, donated and had 5-year follow-up available

Binary variables presented as n (%), continuous variables presented as mean ±SD

Abbreviations: CKD-EPI: Chronic kidney disease epidemiology collaboration equation; CrCl: Creatinine clearance; mGFR: Measured GFR; BMI: Body mass index;

BSA: Body surface area; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; SD: Standard deviation.

https://doi.org/10.1371/journal.pone.0270827.t005
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which age-adapted thresholds for pre-donation eGFR were introduced might have contributed

to more uniformity in donor selection policies resulting in more similarity in recent donor

characteristics [3]. Our findings are in line with a previous study by Gaillard et al., who con-

cluded that mGFR is the most efficient method for living donor screening, but when not avail-

able, age-adapted thresholds for eGFR are also convenient [20]. Furthermore, we did not find

differences in five-year post-donation eGFR, despite differences in pre-donation GFR assess-

ment methods, which further supports the impression that routine use of mGFR does not have

an effect on mean eGFR on population level.

While routinely using mGFR in donor screening does not have an effect on the total popu-

lation characteristics, we did find that in half of the donors from the mGFR-cohort, mGFR

was underestimated by eGFR�10 mL/min/1.73m2 and in 20% of the donors even >20 mL/

min/1.73m2. Reasons for donor exclusion are mostly multifactorial and rarely solely based on

insufficient kidney function. Still, kidney function plays a major role in the decision-making

process of accepting a potential donor, and played an important role in the decision of 22% of

the declined donors in the mGFR-cohort. If insufficient eGFR is a decisive factor in the deci-

sion to decline a potential donor, confirmative GFR assessment might be needed, especially in

younger donors. This is supported by the finding that donors with the lowest 10% eGFR were

younger in the mGFR-cohort (where mGFR was used) than in eGFR-cohort1 and eGFR-

cohort2 (where eGFR was used). Measuring creatinine clearance (CrCl) from 24-hour urine

samples might be an alternative. However, besides the sampling errors that could cause mea-

surement inaccuracy, 24h CrCl tends to overestimate mGFR [21]. This overestimation

increases in the lower ranges of GFR, possibly due to an increased tubular secretion of creati-

nine, causing an increased error in donors with marginal kidney function. For the majority of

potential donors, 24h CrCl combined with eGFR will be sufficient to assess kidney function,

because the mGFR will likely be in between those values. However for borderline cases with

for example a too low eGFR and acceptable 24h CrCl, it is dangerous to assume that the 24h

CrCl will be closer to the mGFR value than the eGFR value. In such cases additional mGFR

testing would be useful.

The current guidelines do not clearly specify how GFR should be assessed before living kid-

ney donation [2, 3, 6]. This study supports the concept that assessment of mGFR is not needed

in every donor, but could be considered for a selected group of potential donors, for example

young donors with an insufficient eGFR, consistent with previous results [20]. The previously

developed online calculator from Huang et al., that calculates the probability to reach a specific

pre-donation mGFR threshold based on pre-donation eGFR, age, sex and race, could be a sup-

portive tool to distinguish between donors who could and who likely do not benefit from con-

firmatory mGFR testing [22]. In our study, only age was associated with an underestimation of

mGFR by eGFR>20 mL/min/1.73m2, and we did not identify other characteristics that led to

underestimation of mGFR. Future studies should focus on more detailed characterization of

donors in whom eGFR is inaccurate.

Strengths of this study include the extensive renal function measurements with 125I-Iothala-

mate in the mGFR-cohort. Furthermore, the comparisons were made in relatively large popu-

lations throughout the whole country with long-term follow-up. Also, consistent use of

methods for kidney function determination in the centers limits confounding by indication.

Yet, our study also has several limitations. First of all, the decision to accept a donor is multi-

factorial, and does not only rely on pre-donation GFR. Yet, we were able to identify 16 donors

that were declined due to insufficient GFR and another 22 in whom GFR was one of multiple

reasons for disapproval. Both estimated and measured GFR of these donors were lower than in

the accepted donors. Data on declined donors in the other centers were not available. Lastly,

the three populations mainly consisted of Caucasian donors. It is known that people of African
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ancestry (i.e. African Americans, Black U.K. people) on average have higher muscle mass, pos-

sibly leading to larger underestimation of GFR by the creatinine-based equations [23]. How-

ever, because end-stage kidney disease is more prevalent among African and African

American ethnicities [23], extra caution might be needed when accepting donors from these

ancestries with lower pre-donation eGFR. Recently, it has been suggested to remove the racial

correction factors in the eGFR equations, which led to more underestimation of GFR in black

individuals in the general population as compared to white individuals. How these equations

affect the applicability of the results of the current study (i.e. in a population with higher GFR

than the general population) remains to be investigated.

In conclusion, this study shows that routinely measuring GFR using exogenous filtration

markers did not lead to a detectable difference in the donor population compared to using

eGFR. These results suggest that the routine use of mGFR does not seem to result in accep-

tance of donors with lower pre-donation eGFR on the population level, neither does it result

in differences in five year post-donation eGFR. For the majority of potential donors eGFR

and/or 24h CrCl may provide sufficient guidance. Future studies are needed to confirm our

results and investigate whether a group could be identified (e.g. young donors) that might ben-

efit from confirmatory mGFR testing.
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