7%
university of 59/,
groningen L

i

University Medical Center Groningen

University of Groningen

Early increase in single-kidney glomerular filtration rate after living kidney donation predicts
long-term kidney function

van der Weijden, Jessica; Mahesh, Shekar V. K.; van Londen, Marco; Bakker, Stephan J. L.;
Sanders, Jan-Stephan; Navis, Gerjan; Pol, Robert A.; Roodnat, Joke; Kho, Marcia M. L.;
Yakar, Derya

Published in:
Kidney International

DOI:
10.1016/j.kint.2022.01.034

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2022

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

van der Weijden, J., Mahesh, S. V. K., van Londen, M., Bakker, S. J. L., Sanders, J-S., Navis, G., Pol, R.
A., Roodnat, J., Kho, M. M. L., Yakar, D., Kwee, T. C., Nolte, I. M., Berger, S. P., & De Borst, M. H. (2022).
Early increase in single-kidney glomerular filtration rate after living kidney donation predicts long-term
kidney function. Kidney International, 101(6), 1251-1259. https://doi.org/10.1016/j.kint.2022.01.034

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


https://doi.org/10.1016/j.kint.2022.01.034
https://research.rug.nl/en/publications/11636ce6-ff1a-425d-8191-34ee413e0fdf
https://doi.org/10.1016/j.kint.2022.01.034

www.kidney-international.org

clinical investigation

Early increase in single-kidney glomerular filtration

‘ '.) Check for updates

rate after living kidney donation predicts long-term

kidney function

OPEN

Jessica van der Weijden', Shekar V.K. Mahesh’, Marco van Londen', Stephan J.L. Bakker',
Jan-Stephan Sanders', Gerjan Navis', Robert A. Pol’, Joke I. Roodnat”, Marcia M.L. Kho®, Derya Yakar’,
Thomas C. Kwee”, llja M. Nolte®, Stefan P. Berger' and Martin H. De Borst'

'Department of Internal Medicine, Division of Nephrology, University of Groningen, University Medical Center Groningen, Groningen, The
Netherlands; *Department of Radiology, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands;
Department of Surgery, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands; “Department of
Internal Medicine, Division of Nephrology, Erasmus Medical Center, University Medical Center, Rotterdam, The Netherlands; and
>Department of Epidemiology, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands

Single-kidney glomerular filtration rate (GFR) increases
after living kidney donation due to compensatory
hyperfiltration and structural changes. The implications of
inter-individual variability in this increase in single-kidney
GFR are unknown. Here, we aimed to identify determinants
of the increase in single-kidney GFR at three-month
postdonation, and to investigate its relationship with long-
term kidney function. In a cohort study in 1024 donors, we
found considerable inter-individual variability of the early
increase in remaining single-kidney estimated GFR (eGFR)
(median [25th-75th percentile]) 12 [8-18] mL/min/1.73m?
Predonation eGFR, age, and cortical kidney volume
measured by CT were the main determinants of the early
postdonation increase in single-kidney eGFR. Individuals
with a stronger early increase in single-kidney eGFR had a
significantly higher five-year postdonation eGFR,
independent of predonation eGFR and age. Addition of the
postdonation increase in single-kidney eGFR to a model
including predonation eGFR and age significantly improved
prediction of a five-year postdonation eGFR under 50 mL/
min/1.73m? Results at ten-year follow-up were
comparable, while accounting for left-right differences in
kidney volume did not materially change the results.
Internal validation using '**l-iothalamate-based measured
GFR in 529 donors and external validation using eGFR data
in 647 donors yielded highly similar results. Thus,
individuals with a more pronounced increase in single-
kidney GFR had better long-term kidney function,
independent of predonation GFR and age. Hence, the early
postdonation increase in single-kidney GFR, considered
indicative for kidney reserve capacity, may have additional
value to eGFR and age to personalize follow-up intensity
after living kidney donation.

Correspondence: Martin H. de Borst, Department of Internal Medicine, Di-
vision of Nephrology, University of Groningen, University Medical Center
Groningen, P.O. Box 30.001, 9700 RB Groningen, The Netherlands. E-mail:
m.h.de.borst@umcg.nl

Received 18 November 2021; revised 30 December 2021; accepted 11
January 2022; published online 26 February 2022

Kidney International (2022) 101, 1251-1259

Kidney International (2022) 101, 1251-1259; https://doi.org/10.1016/
j.kint.2022.01.034

KEYWORDS: glomerular filtration rate; living kidney donation; postdonation
adaptation; postdonation outcomes; renal functional reserve

Copyright © 2022, International Society of Nephrology. Published by
Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

n 1930, Ernest Basil Verney postulated that the kidney has

reserve forces, a dormant renal reserve intended to cope with

extraordinary hemodynamic and metabolic demands.' In
line with this concept, donor nephrectomy is followed by an
adaptive increase in glomerular filtration rate (GFR) by ~30%
in the remaining kidney.”* Although little is known about un-
derlying mechanisms and determinants, early hemodynamic
changes and structural adaptations of the remaining nephrons
are generally considered to explain this increase.” A recent study
identified a low nephron number for age as a predictor for long-
term risk of chronic kidney disease after living kidney donation.”
Whether reduced nephron number or cortical kidney volume,
which has also been linked with postdonation kidney func-
tion,”® are associated with a less pronounced postdonation in-
crease in single-kidney GFR is unknown.

Interestingly, the magnitude of the postdonation increase
in single-kidney GFR varies between individuals.” Hypothet-
ically, an increased single-kidney GFR could lead to glomer-
ular hypertension, glomerular injury, and loss of kidney
function on the long term.'™'" In contrast, a prior study
showed that postdonation hyperfiltration by the remaining
kidney is maintained stable by a combination of an increase in
kidney plasma flow and in the ultrafiltration coefficient
resulting from compensatory glomerular hypertrophy, not
glomerular hypertension.” So far, the impact of the post-
donation increase in single-kidney GFR on long-term post-
donation kidney function remains unknown.

At the same time, the optimal estimation of long-term
kidney function at living donor screening is key.'”'” Previ-
ous studies identified age and predonation GFR as major
predictors of long-term postdonation kidney function,
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although these factors together explained only 53% of the
variation in postdonation GFR.” At least part of the unex-
plained variability may be accounted for by the postdonation
increase in single-kidney GFR.

Therefore, in the present study, we hypothesized that the
early postdonation increase in single-kidney GFR predicts
long-term postdonation kidney outcomes. We first aimed to
identify predonation determinants of this increase and sub-
sequently investigated its capacity to predict long-term kidney
function after donation.

METHODS

Study design and participants

An overview of participants and available data is provided in Figure 1
and Supplementary Table S1. Data were used from all adults who
donated a kidney between 1984 and 2018 at the University Medical
Center Groningen, The Netherlands, and who provided informed
consent. Both estimated GFR (eGFR) and measured (mGFR) data
(details below) were available for the predonation screening visit and
at 3 months postdonation in 1024 donors. Five- and 10-year follow-
up of eGFR was available in 693 and 321 donors, respectively.
Measured GFR, used for the internal validation of the analyses, was
available in 529 and 236 donors at 5 and 10 years postdonation,
respectively. The study was approved by the institutional ethical re-
view board (2014/077) and was registered at clinicaltrials.gov under
identifier NCT0327284."* An independent living kidney donor
cohort from the Erasmus Medical Center (Rotterdam, The
Netherlands) was used as a replication cohort. Design and study
population of this cohort, consisting of 647 donors, are described in
Supplementary Methods. All procedures were conducted in accor-
dance with the Declaration of Helsinki, the Declaration of Istanbul,
and the Dutch Scientific Guidelines.

Measurements and calculations
Primary analyses involved the eGFR using the (isotope dilution
mass spectrometry—traceable) creatinine-based Chronic Kidney
Disease Epidemiology Collaboration formula.'” Internal validation
was performed in a subgroup of donors with mGFR data by using
radiolabeled iothalamate ('*’I-iothalamate) clearance, as described
in detail previously.'® Details on serum creatinine and mGFR
measurements are provided in Supplementary Methods. The day-
to-day variability of '*’I-iothalamate-based mGFR is 2.5%.'®'"”
The postdonation increase in single-kidney GFR was calculated
as the GFR at 3 months postdonation minus 50% of the pre-
donation GFR.' To account for left-right differences in kidney
volume, we performed a secondary analysis where we recalculated
the postdonation increase in single-kidney GFR by using the
remaining kidney volume as a percentage of the total volume of
both kidneys using computerized tomography (CT). Preoperative
kidney CT obtained during the corticomedullary phase (scanned
20-25 seconds after iv. contrast injection) was automatically
segmented; the volumes of the kidney cortex and medulla of both
kidneys were calculated separately, and cortical kidney volume of
the remaining (nondonated) kidney was used for further analysis.
The CT scans were performed routinely in every donor between
2007 and 2016 and were therefore available only in a subgroup of
donors.

Other clinical and biochemical measurements were performed as
described previously."* Diabetes was diagnosed according to the
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American Diabetes Association criteria. ~ Proteinuria was deter-
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mined using the protein-creatinine ratio in a spot urine sample.

Statistical analyses

Data are presented as mean £ SD for normally distributed variables
and as median (25th—75th percentile) for nonnormally distributed
variables. Binary variables are shown as number (percentage). The
distribution was tested using histograms and probability plots. The
characteristics of the population are presented for the whole cohort
and according to tertiles of the postdonation increase in single-
kidney GFR. In cross-sectional analyses, we aimed to identify inde-
pendent predonation determinants of the short-term postdonation
increase in single-kidney GFR, including all potential determinants
of this parameter.””*' Variables with univariable P values <0.05
were subsequently included in a multivariable linear regression
model. Because we hypothesized that the cortical volume of the
remaining kidney would be a major determinant, we performed
similar analyses in a subgroup with available CT-based kidney vol-
ume data.

Next, in longitudinal analyses, we used multivariable linear
regression models to investigate the association between the (short-
term) postdonation increase in single-kidney GFR and the eGFR at 5
and 10 years postdonation. We similarly used linear regression
analysis to study the associations between the postdonation increase
in single-kidney GFR and the development of proteinuria at 5 and 10
years postdonation. Models were adjusted for predonation eGFR and
donor age as well-established determinants of long-term post-
donation kidney function.” Multicollinearity was examined in all
models using the variance inflation factor; only variables with a
variance inflation factor of <3 were included in the models.

We subsequently assessed the capacity of the postdonation increase
in single-kidney GFR to predict an eGFR of <50 ml/min per 1.73 m” at
5 and 10 years postdonation beyond established predictors (i.e., age
and predonation eGFR). This threshold was selected to make sure that
>10% of donors would reach the end point, allowing for reliable risk
prediction. We compared the performance of basic models including
GFR and age with or without the postdonation increase in single-
kidney GFR by using receiver operating characteristic curve analyses
to calculate the area under the curve (AUC) for predicting an eGFR
of <50 ml/min per 1.73 m* at 5 and 10 years postdonation. Differences
in AUCs between models were tested according to DeLong et al.** In
addition, we calculated the net reclassification improvement and the
integrated discrimination improvement index by comparing 2 logistic
regression models for the risk of reaching a 5- and 10-year post-
donation eGFR of <50 ml/min per 1.73 m*.>>** We performed several
sensitivity analyses including replication of analyses using the mGFR-
based postdonation increase in single-kidney GFR in the same cohort
and external validation in a cohort with pre- and postdonation eGFR
(see Supplementary Methods).

SPSS version 23 for Windows (IBM Corporation), RStudio
version 1.1.463, and GraphPad Prism 6 for Windows (GraphPad)
were used to perform the analyses. P values <0.05 were considered
statistically significant.

RESULTS

Characteristics of the donor cohort

The characteristics of the study participants are summarized
in Table 1. At the predonation screening visit, donors were 52
=+ 11 years old, 52% were female, and all donors were White.
The mean eGFR was 91 4 15 ml/min per 1.73 m?

Kidney International (2022) 101, 1251-1259
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Potential living kidney

donors (N = 1412)

(n=1031)

Proceeded to donation

\ 4

Pre- and 3-mo post-
donation eGFR data
available (n = 1024)

Predonation CT-based
cortical kidney volume
data available (n = 499)

\ 4

\ 4

5-Yr postdonation

Donated >5 yrago (n = 856)
Donated >10 yr ago (n = 494)

eGFR available (n = 423)

)

- Died before the 5-yr visit (n = 10)
- Skipped 5-yr follow-up (n = 26)
- Has not yet had an appointment (n = 12)
- Lost to follow-up (n = 115)

5-Yr postdonation

eGFR available (n = 693)

\ 4 \ 4

- Died before the 10-yr visit (n = 7)
- Has not yet had an appointment (n = 11)
- Lost to follow-up (n = 155)

Only 10-yr post-
donation eGFR available
(n=26)

5- and 10-yr post-

(n =295)

donation eGFR available

\ 4

Total 10-yr post-

(n=321)

P donation eGFR available

Figure 1| Overview of the study design and numbers of donors with available data. CT, computed tomography; eGFR, estimated

glomerular filtration rate.

predonation, 59 + 13 ml/min per 1.73 m® at 3 months

postdonation (P < 0.001 vs. predonation), and 62 + 13 and
63 4 13 ml/min per 1.73 m” at 5 and 10 years postdonation
(for both, P < 0.001 vs. 3 months postdonation). The median
(25th—75th percentile) increase in eGFR beyond 50% of the
predonation eGFR at 3 months postdonation was 12 (8-18)
ml/min per 1.73 m?.

Kidney International (2022) 101, 1251-1259

Determinants of postdonation increase in single-kidney eGFR
In univariable analyses, age, body mass index, systolic blood
pressure, HbAlc, and body surface area were inversely asso-
ciated and predonation eGFR was positively associated with
the postdonation increase in single-kidney eGFR (Table 2). In
the final multivariable model, predonation eGFR, age, and
body surface area were independent determinants (Table 2).
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Table 1| Characteristics of living kidney donors according to tertiles of Ask-eGFR

Ask-eGFR
Low (<10 ml/min Intermediate (10-16 ml/min High (>16 ml/min
Characteristic Total per 1.73 m?) per 1.73 m?) per 1.73 m?)
Number 1024 341 341 342
Female sex 531 (52) 160 (47) 189 (55) 182 (53)
White race 1028 (100) 343 (100) 343 (100) 342 (100)
Age (yr) 52+ 11 56 + 10 52+ 10 47 £ 1
Weight (kg) 80 + 14 82+ 14 80 + 14 78 + 13
Height (cm) 175+ 9 175+ 10 175+ 9 175 +£ 10
BMI (kg/mz) 26 + 4 27 +3 26 +3 26 + 4
BSA (mz) 1.95 +£ 0.20 1.97 + 0.20 1.95 £ 0.19 1.93 + 0.19
SBP (mm Hg) 126 + 13 128 + 13 127 + 13 124 + 12
DBP (mm Hg) 76 £ 9 76 £ 9 76 £ 9 75+ 9
Hypertension® 159 (16) 62 (18) 49 (14) 48 (14)
Use of 142 (14) 64 (19) 39 (11) 39 (11)
antihypertensives
ACE inhibitors 54 (5) 25 (7) 10 (3) 19 (6)
ARBs 30 (3) 16 (5) 11 (3) 3(1)
B-Blockers 53 (5) 21 (6) 15 (4) 17 (5)
Calcium antagonists 27 (3) 12 (4) 8 (2) 7 (2)
Diuretics 43 (4) 20 (6) 10 (3) 13 (4)
Statins 39 (4) 16 (5) 14 (4) 9(3)
Predonation eGFR (ml/min per 1.73 m?) 91 £ 15 86 + 16 90 + 12 96 + 14
Predonation mGFR (ml/min) 114 + 21 108 + 20 113 + 21 120 + 22
Serum creatinine (umol/I) 75 + 13 79 + 13 75 + 12 72 +£13
Serum glucose (mmol/l) 53+ 06 54 £0.7 53 +05 52+ 05
HbA1c (%) 55+ 04 55+ 04 55+ 04 54 +£04
Current smoking 249 (24) 61 (18) 78 (23) 110 (32)
Serum cholesterol (mmol/l) 53+ 1.0 54+1.0 54+1.0 52+ 1.1
LDL 35+ 09 35+ 09 35+ 1.1 34 £09
HDL 1.5+ 05 14+ 04 1.7 £ 0.5 1.6 £ 0.6
Triglycerides 14 £ 09 14 £08 14 £ 09 1.3 £ 09
Serum urea (mmol/l) 54+13 58+£13 54 +£1.2 51+ 14
Serum potassium (mmol/l) 40 £03 39+ 03 39+03 40 + 04
Serum sodium (mmol/l) 141 £ 3 141 £ 2 141 £+ 2 140 +£ 3
Sodium excretion (mmol/24 h) 194 + 74 196 + 74 196 + 75 190 + 74

ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BMI, body mass index; BSA, body surface area; DBP, diastolic blood pressure; Ask-eGFR, postdonation
increase in single-kidney glomerular filtration rate; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; mGFR, measured

glomerular filtration rate; SBP, systolic blood pressure.
?SBP >140 mm Hg and/or DBP >90 mm Hg.
Data are expressed as mean £ SD or n (%).

A secondary analysis in a subgroup of donors with available
CT-based cortical kidney volume data (n = 499; character-
istics in Supplementary Table S2) identified cortical kidney
volume as another independent determinant (Supplementary
Table S3).

Postdonation increase in single-kidney eGFR and long-term
kidney function

Five- and 10-year eGFR follow-up was available for 693 and 321
donors, respectively; the predonation characteristics of these
subgroups are provided in Supplementary Table S4 and were
highly similar to the full cohort (Table 1). Five- and 10 years
postdonation eGFR values according to postdonation increase
in single-kidney eGEFR tertiles are provided in Figure 2. The
postdonation increase in single-kidney eGFR was associated
with eGFR at 5 years after donation both in univariable analysis
(Supplementary Table S5) and after adjustment for predona-
tion eGFR and age (St. § = 0.33; P < 0.001; Table 3). Adding the
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postdonation increase in single-kidney eGFR to a model with
predonation eGFR and age significantly improved the model R>
(0.58-0.68; P < 0.001; Table 3). Similar results were obtained in
the subgroup with data available on 10-year postdonation

Table 2| Predonation determinants of the postdonation
increase in single-kidney eGFR

Univariable Multivariable
Variable st. 8 P st. B8 P
eGFR 0.34 <0.001 0.22 <0.001
Age —-0.33 <0.001 —0.23 <0.001
BMI —0.11 0.001 — —
SBP —0.10 0.001 — —
BSA —0.09 0.003 —0.13 <0.001
HbA1c —0.08 0.02 — —
Female sex 0.05 0.15 — —
Sodium excretion 0.05 0.13 — —

BMI, body mass index; BSA, body surface area; eGFR, estimated glomerular filtration
rate; SBP, systolic blood pressure; St. 8, standardized (.
Multivariable model, R? = 0.16.

Kidney International (2022) 101, 1251-1259
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5-Yr postdonation eGFR
P < 0.001

100

eGFR (ml/min per 1.73 m2)

10-Yr postdonation eGFR
P < 0.001

<93 9.3-158 >15.8

Postdondation increase in
single-kidney eGFR
(ml/min per 1.73 m?)

<9.3

9.3-15.8 >15.8

Postdondation increase in
single-kidney eGFR
(ml/min per 1.73 m?)

Figure 2| Five- and 10-year postdonation estimated glomerular filtration rate (eGFR) according to tertiles of the early postdonation
increase in single-kidney eGFR. Bars and error bars indicate means and SDs.

follow-up (Table 3). The postdonation increase in single-
kidney eGFR was not associated with a protein-creatinine ra-
tio of >15 mg/mmol at 5 and 10 years postdonation (odds ratio
1.02;95% confidence interval [CI] 0.99—-1.04; P=0.21, n =650
and odds ratio 1.01; 95% CI 0.98-1.05; P = 0.49, n = 301,
respectively; Supplementary Table S6).

We next investigated the capacity of the postdonation in-
crease in single-kidney eGFR to improve the prediction of an
eGFR of <50 ml/min per 1.73 m” at 5 and 10 years post-
donation. Of the 693 donors with 5-year postdonation eGFR
data available, 108 reached an eGFR of <50 ml/min per 1.73

m? at 5 years postdonation (median [range] 46 [31-49] ml/
min per 1.73 m®). Receiver operating characteristic curve
analyses demonstrated that predonation eGFR combined with
age (model 1, Table 3) strongly predicted a 5-year eGFR
of <50 ml/min per 1.73 m? (AUC 89%; 95% CI 86%—92%).
Addition of the postdonation increase in single-kidney eGFR
(model 2, Table 3) improved prediction (AUC 92%; 95% CI
90%-94%; P = 0.01 vs. model 1). Addition of the post-
donation increase in single-kidney eGFR to a logistic regres-
sion model that also included predonation eGFR and age
improved the reclassification of donors who reached a 5-year

Table 3| Multivariable associations of Ask-eGFR with long-term postdonation eGFR in the main cohort and independent

validation cohort

Main cohort Independent validation cohort
Variable st. 8 P R? R? change st. 8 P R? R? change
5-yr eGFR (n = 693) 5-yr eGFR (n = 647)
Model 1
eGFR 0.67 <0.001 0.58 0.67 <0.001 0.62
Age -0.16 <0.001 —0.16 <0.001
Model 2
eGFR 0.59 <0.001 0.59 <0.001
Age -0.10 0.001 0.68 <0.001 —0.11 <0.001 0.70 <0.001
Ask-eGFR 033 <0.001 0.30 <0.001
10-yr eGFR (n = 321)
Model 1
eGFR 0.67 <0.001 0.45
Model 2
eGFR 0.57 <0.001 0.55 <0.001
Ask-eGFR 0.34 <0.001

Ask-eGFR, postdonation increase in single-kidney estimated glomerular filtration rate; eGFR, estimated glomerular filtration rate; GFR, glomerular filtration rate; St. (3, stan-

dardized .

Age, eGFR, and body surface area were measured predonation. Age was not an independent determinant of 10-yr postdonation eGFR and was therefore withdrawn from the
10-yr postdonation eGFR model. The independent validation cohort had no 10-yr eGFR data available.

Kidney International (2022) 101, 1251-1259
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Table 4| Reclassification table of models with vs. without the postdonation increase in single-kidney eGFR for predicting a 5- or

10-yr postdonation eGFR of <50 ml/min per 1.73 m?

With the postdonation
increase in single-kidney

eGFR (n)

Correctly reclassified Net correctly

Without the postdonation increase in single-kidney eGFR  <30% 30%-60% >60% Total (n) Increased risk Decreased risk reclassified
Risk of 5-yr postdonation eGFR < 50 ml/min per 1.73 m?
Donors reaching a 5-yr postdonation eGFR of <50 ml/min per 1.73 m? 25% 9% 16%
<30% 22 12° 2° 36
30%-60% 7° 16 137 36
>60% o 3 33 36
Total 29 31 48 108
Donors not reaching a 5-yr postdonation eGFR of <50 ml/min per 1.73 m? 4% 4% 0%
<30% 507 19° 1° 527
30%-60% 17° 23 4° 44
>60% 0? 6° 8 14
Total 524 48 13 585
Risk of 10-yr postdonation eGFR < 50 ml/min per 1.73 m?
Donors reaching a 10-yr postdonation eGFR of <50 ml/min per 1.73 m? 42% 8% 34%
<30% 13 6° 6° 25
30%-60% 0P 8 9 17
>60% 0P 4° 4 8
Total 13 18 19 50
Donors not reaching a 10-yr postdonation eGFR of <50 ml/min per 1.73 m? 7% 4% —3%
<30% 234 14° 2° 250
30%-60% 11° 4 2° 17
>60% 0° 1° 3 4
Total 245 19 7 271

eGFR, estimated glomerular filtration rate.

?Donors who were correctly reclassified by the model including the postdonation increase in single-kidney GFR.
PDonors who were incorrectly reclassified by the model including the postdonation increase in single-kidney GFR.
Model predicting a 5-yr postdonation eGFR of <50 ml/min per 1.73 mZ (i) net reclassification improvement 0.16 (P < 0.001) and (ii) integrated discrimination improvement

0.08 (P < 0.001).

Model predicting a 10-yr postdonation eGFR of <50 ml/min per 1.73 m* (i) net reclassification improvement 0.32 (P < 0.001) and (ii) integrated discrimination improvement

0.18 (P < 0.001).

eGFR of <50 ml/min per 1.73 m” (integrated discrimination
improvement 0.08; net reclassification improvement 0.16;
P < 0.001; Table 4).

Of the 321 donors with 10-year postdonation eGFR data
available, 50 reached a 10-year postdonation eGFR of <50 ml/
min per 1.73 m? (median [range] 46 [29—49] ml/min per 1.73
m?). Predonation eGFR (model 1, Table 3) predicted a 10-
year postdonation eGFR of <50 ml/min per 1.73 m* with
an AUC of 81% (95% CI 75%—-87%). Addition of the post-
donation increase in single-kidney eGFR (model 2, Table 3)
increased the AUC to 88% (95% CI 83%-94%; P < 0.001 vs.
model 1). The postdonation increase in single-kidney eGFR
also improved the reclassification of donors who reached a
10-year postdonation eGFR of <50 ml/min per 1.73 m’
(integrated discrimination improvement 0.18; net reclassifi-
cation improvement 0.32; P < 0.001; Table 4).

Sensitivity analyses and internal and external validation

We based our definition of the postdonation increase in
single-kidney GFR on the assumption that 50% of kidney
mass remains after donation. In a sensitivity analysis, we
changed the definition to account for the actual percentage of
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remaining kidney volume (see Supplementary Methods). The
modified postdonation increase in single-kidney eGFR was
still associated with 5- and 10-year eGFR (Supplementary
Table S7). Next, we internally validated our longitudinal an-
alyses by redefining the postdonation increase in single-
kidney GFR based on mGFR ('*’I-iothalamate), yielding
similar results regarding the associations with 5- and 10-year
mGFR (Supplementary Table S8). Then, we repeated all an-
alyses using the eGFR-based postdonation increase in single-
kidney eGFR in an independent validation cohort of 647
donors with 5-year postdonation eGFR available (character-
istics in Supplementary Table S9). Multivariable linear
regression also revealed age and predonation eGFR as main
determinants of the postdonation increase in single-kidney
eGFR in the validation cohort (Supplementary Table S10).
The postdonation increase in single-kidney eGFR was simi-
larly associated with eGFR at 5 years in the validation cohort
(Table 3). Lastly, we calculated the postdonation increase in
single-kidney eGFR based on the postdonation eGFR as a
percentage of the predonation eGFR. This relative post-
donation increase in single-kidney GFR was also associated
with long-term eGFR (Supplementary Table S11).
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Figure 3| Examples illustrating application of the postdonation increase in single-kidney estimated glomerular filtration rate (eGFR).
(a) Two individual patients with identical predonation eGFR (75 ml/min per 1.73 m?). One patient (blue symbols) had a higher early
postdonation eGFR (52 ml/min per 1.73 m?), resulting from a relatively stronger increase in single-kidney eGFR [Ask-eGFR = 52 - (75/2) = 14
ml/min per 1.73 m?]. This patient had a higher long-term eGFR (57 ml/min per 1.73 m?). The other patient (red symbols) had a lower early
postdonation eGFR (41 ml/min per 1.73 m?), as a result of a less pronounced increase in single-kidney eGFR [Ask-eGFR = 41 — (75/2) = 3 ml/
min per 1.73 m?. This patient, despite the identical early postdonation eGFR, had a lower long-term eGFR (49 ml/min per 1.73 m?. (b) Two
individual patients with identical eGFR at 3 months postdonation (55 ml/min per 1.73 m?). One patient (blue symbols) had a lower predonation
eGFR (87 ml/min per 1.73 m?), resulting in a relatively stronger increase in single-kidney eGFR [Ask-eGFR = 55 — (87/2) = 11 ml/min per 1.73
m?]. This patient had a higher long-term eGFR (67 ml/min per 1.73 m?). The other patient (red symbols) had a higher predonation eGFR (98 ml/
min per 1.73 m?), resulting in a less pronounced increase in single-kidney eGFR [Ask-eGFR = 55 — (98/2) = 6 ml/min per 1.73 m?]. This patient,
despite the identical early postdonation eGFR, had a lower long-term eGFR (58 ml/min per 1.73 m?).

Practical implications

To illustrate the implications of the postdonation increase in
single-kidney GFR beyond predonation and early post-
donation GFR, 2 sets of examples are presented in Figure 3.
Figure 3a shows the eGFR course for 2 individual patients
with an identical predonation eGFR but with different early
postdonation eGFR values and subsequently with different
eGFR values at 5 years postdonation. Figure 3b shows 2 in-
dividual patients with different predonation eGFR values but
with an identical eGFR at 3 months postdonation. These
patients therefore also had different early increases in single-
kidney eGFR and had different long-term eGFR values.

DISCUSSION

This study aimed to investigate the predictive value of short-
term postdonation kidney function adaptation, defined as the
postdonation increase in single-kidney GFR, for long-term
postdonation GFR. Furthermore, we aimed to identify pre-
donation determinants of the postdonation increase in single-
kidney GFR. We found that the postdonation increase in
single-kidney GFR improves the prediction of long-term
postdonation kidney function beyond predonation mGFR
and age. Independent determinants of the postdonation in-
crease in single-kidney GFR were age, predonation GFR, and
cortical volume of the remaining kidney.

Prediction of long-term postdonation kidney function has
been a major goal in transplant nephrology for decades,” and
several stress tests have been developed to investigate the
potential role of the renal reserve capacity in this context. We
previously reported that dopamine-induced GFR stimulation
before living kidney donation was associated with short-term
but not long-term mGFR postdonation.”’ This suggests that
predonation dopamine stimulation might reflect only
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hemodynamic processes that play a dominant role in the early
postdonation GFR adaptation, but not long-term adaptation,
which might be more a result of adaptive structural changes
after kidney donation.”' The same likely applies to oral/i.v.
amino acid administration.”® In current practice, predonation
kidney function and age are often used to estimate post-
donation kidney function.'”'” This study shows that early
postdonation GFR adaptation improves the prediction of
long-term postdonation kidney function beyond the absolute
values of pre- or postdonation GFR and might inform about
the reserve capacity of the remaining kidney. In other words,
donors with the same pre- or postdonation GFR but differ-
ences in postdonation increase in single-kidney GFR dis-
played differences in long-term kidney function, as shown in
the longitudinal analyses of this study. This is in line with the
conclusions of a previous study.”” Possibly, an early increase
in GFR reflects a more physiological mechanism of adaptation
to acute reduction in kidney mass (i.e., a better renal func-
tional reserve) whereas slow/long-term postdonation increase
in GFR may reflect more structural or even pathophysiolog-
ical changes in the kidney. Of interest, a recent study found
that subclinical nephrosclerosis, larger cortical nephron size,
and smaller medullary volume observed in intraoperative
biopsies in healthy donors predicted recipient death-censored
graft failure independently of donor or recipient clinical
characteristics.”® Moreover, another recent study from the
same group established an association between nephron
number and residual eGFR, defined as postdonation eGFR
divided by predonation eGFR.” In support of an underlying
relationship with residual kidney mass, our study showed that
(remaining) kidney volume is an independent determinant of
the postdonation increase in single-kidney GFR. The post-
donation increase in single-kidney GFR could be used to
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guide the intensity of donor follow-up by identifying in-
dividuals at risk of decreased GFR on the longer term. The
2017 Kidney Disease: Improving Global Outcomes guideline
states that for each donor a personalized plan for follow-up
should be made, which describes who should perform
follow-up care and how often. It is not specified how this
should be personalized. Our study may be useful to guide
personalization, as donors with low postdonation increase in
single-kidney GFR, similar to dose with low predonation
eGFR, might benefit from extended follow-up in the trans-
plant center.

Whether a relatively high postdonation GFR reflects renal
reserve or hyperfiltration linked with poor outcome has been
a long-standing debate. In various settings, such as diabetic
nephropathy, decreased GFR impairment is preceded by
hyperfiltration.'”” Landmark studies by Brenner and col-
leagues showed that hyperfiltration is followed by kidney
damage and proteinuria in animals.””*° However, so far it has
been unclear how these observations relate to unilateral ne-
phrectomy in healthy donors. We found that a more pro-
nounced postdonation increase in single-kidney GFR was
associated with better, not decreased, long-term GFR, and we
found no independent association with the development of
proteinuria. Instead, donors with low postdonation increase
in single-kidney GFR had worse outcomes on the long-term
after donation, possibly because these donors already suf-
fered from nephron loss before donation. Whether donors
with a more pronounced postdonation increase in single-
kidney GFR retain additional reserve in case of a post-
donation “second hit” (e.g., new-onset diabetes) remains
unknown.

Donor age and predonation GFR were the main de-
terminants of the postdonation increase in single-kidney
GFR, in line with a previous study by our group using the
dopamine-based renal functional reserve.” The inverse asso-
ciation between age and the postdonation increase in single-
kidney GFR could indicate aging-related subclinical kidney
injury. Although we analyzed a wide range of variables and
identified 3 independent determinants, the multivariable
model explained only 16% of variance in the postdonation
increase in single-kidney GFR (R* = 0.16, Table 2), limiting
predonation applicability. The inverse association between
systolic blood pressure and the postdonation increase in
single-kidney GFR that was found in univariable analyses
points toward the suggestion that donors with hypertension
might suffer from nephron loss and therefore retain less ca-
pacity to increase GFR postdonation. However, this associa-
tion lost significance after adjustment for age, which also
applies to sex, body mass index, and HbAlc. The association
with (cortical) kidney volume is in line with previous studies
connecting kidney volume with (postdonation) GFR.*’" Our
findings pave the way for future studies that identify under-
lying molecular mechanisms, define biomarkers, and reveal
the clinical potential of the postdonation increase in single-
kidney GFR, both in and beyond kidney donation.
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Our main cohort is unique in that it consists of a large
number of donors with both repeated eGFR and mGFR mea-
surements before and up to 10 years after donation. Although
we cannot fully exclude residual confounding, our results were
robust upon multivariable adjustment and consistent in in-
ternal and external validation cohorts. Limitations of our study
include poor generalizability to populations other than White
people and the lack of follow-up beyond 10 years precluding
conclusions on the potential impact on the risk of kidney fail-
ure. The time range in which the postdonation compensatory
increase in kidney function is determined varies among studies,
and in our center, only 3 months postdonation eGFR and
mGFR data were available.” Lastly, the postdonation increase
in single-kidney GFR cannot be assessed before donation,
underlining the need to develop adequate biomarkers in
addition to age, cortical kidney volume, and kidney function.

In conclusion, we found that the postdonation increase in
single-kidney GFR predicts long-term kidney function inde-
pendent of predonation GFR, age, and body surface area. Our
findings provide novel insights in the prognostic potential of
the kidney’s reserve capacity.
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