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Abstract
Historically, to minimize risks, living kidney donors have been highly selected and healthy. Operative
risks are well-deﬁned, yet concern remains about long-term risks. In the general population, even a
mild reduction in glomerular ﬁltration rate (GFR) is associated with cardiovascular disease, chronic
kidney disease, and end-stage kidney disease (ESKD). However, reduction in GFR in the general
population is due to kidney or systemic disease. Retrospective studies comparing donors with matched
general population controls have found no increased donor risk. Prospective studies comparing donors with controls (maximum follow-up, 9 years) have reported that donor GFR is stable or increases
slightly, whereas GFR decreases in controls. However, these same studies identiﬁed metabolic and
vascular donor abnormalities. There are a few retrospective studies comparing donors with controls.
Each has limitations in selection of the control group, statistical analyses, and/or length of follow-up.
One such study reported increased donor mortality; 2 reported a small increase in absolute risk of
ESKD. Risk factors for donor ESKD are similar to those in the general population. Postdonation
pregnancies are also associated with increased risk of hypertension and preeclampsia. There is a
critical need for long-term follow-up studies comparing donors with controls from the same era,
geographic area, and socioeconomic status who are healthy, with normal renal function on the date
matching the date of donation, and are matched on demographic characteristics with the donors.
These data are needed to optimize donor candidate counseling and informed consent.
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THE CONCERN WITH LIVING KIDNEY
DONATION
or a patient with end-stage kidney disease (ESKD), a living donor (LD) kidney is the optimal treatment option,
providing better patient and graft survival
and quality of life than either dialysis or a
deceased donor transplant. However, it
does have a distinct disadvantage: LDs
must undergo a major operative procedure
associated with morbidity and mortality. In
addition, there are concerns about the potential for adverse long-term medical consequences of living with a single kidney.1-24
In this review, we summarize current knowledge regarding these medical concerns,
describe their physiologic basis and epidemiologic evidence, and, given these concerns,
discuss donor care after donation and
research needs.
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LONG-TERM NON-LD OUTCOMES WITH
REDUCED GLOMERULAR FILTRATION RATE
In humans, uninephrectomy results in loss
of approximately 50% of kidney function;
compensatory changes in the remaining
kidney rapidly return glomerular ﬁltration
rate (GFR) to approximately 70% of initial
function.25 Observations from animal
models and the general population have
led to concerns about the long-term impact
of reduced GFR. First, in the rat model,
unilateral nephrectomy plus partial ablation
of the remaining kidney results in hyperﬁtration of the remaining glomeruli.26-29
The hyperﬁtration, although initally beneﬁcial, ultimately leads to progressive
dysfunction. In other species, however,
subtotal nephrectomy does not uniformly
lead to the same progressive loss of renal
function.30,31
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Living kidney donation is the optimal treatment for end-stage
kidney disease, but there are concerns regarding medical risk
to the donor.
Some, but not all, studies report increased overall mortality,
cardiovascular mortality, and kidney failure in living donors;
however, even when present, the absolute risk is very small.
Studies, to date, have not deﬁned the risk attributable to
donation.
There remains a critical need for long-term follow-up studies
comparing donors with controls from the same era and
geographic area and who are healthy, with normal renal function
on the date matching the date of donation.
Donors need continued medical follow-up and encouragement
for a continued healthy lifestyle because, similar to the general
population, with aging many will develop kidney and cardiovascular disease risk factors such as obesity, hypertension, and
diabetes.

Second, in the general population, even a
mild reduction in renal function has been
associated with all-cause mortality and cardiovascular mortality.32-34 All forms of cardiovascular disease (CVD) are more
common in patients with chronic kidney disease (CKD), including acute myocardial
infarction, heart failure, stroke, peripheral
artery disease, and atrial ﬁbrillation. Supportive of these clinical observations,
decreasing estimated GFR (eGFR), has
been associated with increased cardiac hypertrophy and ﬁbrosis of the left ventricle,
as well as cardiac cell enlargement in the
left ventricular wall.
Third, in the general population, reduced
GFR and the slope of the GFR predict ESKD
risk.35-37
Fourth, studies of children born with unilateral renal agenisis or a reduced number of
functioning nephrons have reported development of focal segmental sclerosis and progressive renal failure.38-40 However, in these cases
it is not clear whether the remaining nephrons
were normal. In contrast, some long-term
follow-up studies after nephrectomy performed for unilateral disease have not found
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progressive deterioration in renal function.41-44 Andersen et al41 compared the survival rates of 232 patients who underwent
nephrectomy for benign disease (vs the overall Danish population). Follow-up ranged
from 2 months to 26 years. If the remaining
kidney was normal, survival was identical to
that of the overall population. Baudoin
et al43 assessed patients (18-56 years old at
the time of the study) who had undergone
uninephrectomy in childhood. In general,
their kidney function was maintained. However, those followed longer than 25 years (vs
<25 years) had a higher incidence of kidney
failure, higher blood pressure (BP), and
increased
urinary
protein excretion.
Narkun-Burgess et al44 compared outcomes
of 56 World War II veterans who lost a kidney
because of trauma with those of other World
War II veterans of the same age. The mortality
rate was not increased in veterans who had
lost a kidney; of the 28 living veterans
(mean  SD: age, 644 years; interval after
kidney loss, 451 years), none had severe
chronic kidney disease.
LONG-TERM OUTCOMES WITH KIDNEY
DONATION
Challenges in Studying LD Outcomes
There are a variety of challenges to studying
LD outcomes. The ﬁrst is identifying an
appropriate comparator group. Living donors are screened to be healthy at the time
of donation, and reduced GFR is solely due
to nephrectomy. The ideal possible control
group would be those approved for donation
but not actually donating, but there are
likely insufﬁcient numbers to detect differences in rare events. Neither is a clinical trial
to randomize approved donors between
actual donation vs nondonation feasible
given the limited options for acceptable donors, the advantages of living donation,
and the often close interpersonal relationships between the donor and recipient.
Single-center and registry studies from
throughout the world comparing LDs with
age-, sex-, and ethnicity-matched general
population controls have found no increased
risk of CVD, mortality, or ESKD in the
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LDs.1-22 In the absence of a completed donor
evaluation, the best possible control group
should be from the same era, geographic
area, and socioeconomic status; have a
health assessment corresponding to the
date of donation (ruling out diseases precluding donation, and with normal renal
function on the date corresponding to the
date of donation); be matched on characteristics on the date corresponding to the date
of donation (eg, body mass index [BMI],
smoking history, family history of CKD or
ESKD; and measurement and matching of
BP and renal function [GFR and proteinuria]); and have decades of follow-up to
detect long-term outcomes.
A second challenge is determining causation of any ﬁndings. Most long-term LD
follow-up studies are retrospective observational studies that cannot discern whether
any outcomes can be caused by donation.
In addition, risk factors that have been associated with worse LD outcomes (eg, CKD or
ESKD) are identical to those seen in the general population. The few prospective studies
matching LDs to controls have not reported
differences in clinical outcomes. As
described later herein, retrospective studies
that found an increased risk of ESKD or
mortality in LDs compared with matched
controls have signiﬁcant limitations related
to the choice of control groups. Until there
are studies matching LDs to controls, as
described previously herein, it will be difﬁcult to attribute any poor LD outcomes
directly to donation.
Metabolic and Hemodynamic Changes After
Donation
In a prospective study, Kasiske et al45,46
matched 200 LDs with 200 controls and reported on baseline and follow-up laboratory
values. After 9 years, 133 LDs and 113 controls were still being followed.46 Six months
after donation, compared with baseline,
measured GFR (mGFR) was 29% lower in
LDs but unchanged in controls. Subsequently, mGFR was stable in LDs but
declined in controls(e1.26 mL/min/1.73 m2
per year). In a similar analysis, Lam et al47
used administrative data to match 604 LDs
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with 2214 controls. Median follow-up was
7 years (maximum, 15 years). From 6 weeks
onward, eGFR increased in the LDs (0.35
mL/min/1.73 m2 per year) and signiﬁcantly
decreased in the controls (e0.85 mL/min/
1.73 m2 per year).
Kasiske et al48 also found that 36 months
after donation, LDs (compared with matched
controls) had abnormalities of bone metabolism: signiﬁcantly reduced tubular phosphate reabsorption, serum phosphate
concentrations,
and
serum
1,25dihydroxyvitamin D3 concentrations. In
contrast, LDs had signiﬁcantly higher 25hydroxyvitamin D concentrations and
higher concentrations of both bone resorption and bone formation. At 9 years, urine
protein, urine albumin, glucose, hemoglobin
A1c, insulin, and lipoprotein levels; BP; and
carotid-femoral pulse wave velocity did not
differ between groups. However, parathyroid
hormone, homocysteine, and uric acid levels
were higher in LDs, and their mean small artery elasticity was signiﬁcantly lower.
Kasiske et al46 concluded that the LDs
remained healthy at 9 years but that the
long-term implications of the metabolic and
vascular differences needed to be
determined.
In a study comparing 68 LDs and 56 controls, Moody et al49 found that at 12 months
LDs had signiﬁcant increases in uric acid,
parathyroid hormone, ﬁbroblast growth factor, and high-sensitivity C-reactive protein
levels. In addition, detectable highly sensitive troponin T levels and microalbuminuria
were signiﬁcantly more common in LDs.
Although there were differences in cardiac
structure at 12 months, after 5 years of
follow-up, there was no difference between
LDs (n¼50) and controls (n¼45) in left ventricular mass as well as other parameters of
cardiac structure or function or ambulatory
BP.50
Hypertension Outcome
There are conﬂicting reports of LD hypertension risk. In a 1995 meta-analysis, Kasiske
et al2 compared 3124 uninephrectomized patients (60% were LDs) and 1703 controls.
They found that nephrectomy did not
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TABLE 1. CVD and Mortality in Kidney Donors Compared With Matched Controlsa
Author, year

Country

Era

Donors/controls, No.

Follow-up, median
[25%, 75%], y

Donor
CVD

Donor
Mortality
4

Garg et al,18
2008

Canada

1993-2005

1278/6369

Mean  SD ¼ 6.03.2

4

Segev et al,19
2010

United States

1994-2009

80,347/9458

6.3 [3.2, 9.8]

4

Berger et al,20
2011b

United States

1990-2010

219/219

Garg et al,21
2012

Canada

1992-2019

2028/20,280

Median ¼ 6.5;
maximum ¼ 17

4

Y

1996-2006

3368/3368

7.8 [5.1, 10.2]

4

4

1963-2007

1901/32,621

15 [1.5, 43.9]

[

[

1996-2017

1262/12,620

7 [3.3, 12.1]

4

Y

General
population

1996-2018

1103/11,030

7.8 [3.9, 12.1]

Y

Y

Blood donors

1995-2017

1007/260,494

7.9 [4.0, 12.2]

4

4

2000-2016

215/215

Mean  SD ¼ 5.53.7

4

Krishnan et al,57 UK
2020

2001-2013

9750/19,071

8.4 [6.0, 11.3]

Y

Y

Janki et al,58
2020

1981-2010

761/1522

8.0 [5.1, 11.9]

4

Y

Lin et al,59 2019 Taiwan

1997-2010

1082/1081

Kim et al,60
2020

1982-2016

1237/4387

Median ¼ 11

4

Reese et al,22
2014c
Mjoen et al,23
2014

Norway

Chaudry et al,54 Denmark
2020
Munch et al,55
2020

56

Grupper et al,
2017

4

Denmark

Israel

The Netherlands

Korea

4
4

CVD ¼ cardiovascular disease.
Aged 70 years or older at donation.
c
Aged 55 years or older at donation.
a

b

increase the prevalence of hypertension;
however, there was a small increase in systolic BP (2.4 mm Hg), which rose slowly
with duration of follow-up (1.1 mm Hg per
decade); there was also a small increase in
diastolic BP, but this did not change with
duration of follow-up.
Three prospective studies comparing
LDs with controls found no increased hypertension risk for the LDs.46,47,49 In addition,
Najarian et al1 studied greater than 20-year
outcome of LDs (n¼66) compared with their
siblings and reported no differences between
groups. Garg et al,18 using administrative
data, matched 1278 LDs with 6359 controls.
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With mean follow-up of 6 years (range, 1-13
years), LDs were diagnosed as having hypertension more frequently (16.3% vs 11.9%).
However, Garg et al noted that a possible
explanation for this difference was that the
LDs were seen more frequently by their primary care physicians. A small study of African American individuals (103 LDs and 235
controls; mean follow-up, 6.8 years) reported a signiﬁcant increased risk of hypertension in LDs (40.8%) vs controls
(17.9%).51 More recent studies of LDs
compared with controls have continued to
have conﬂicting results: increased risk or
no difference.52-59 Many authors noted,
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similar to Garg et al, that the observation of
increased risk of hypertension may have
been related to closer follow-up of LDs.
CVD and Mortality Outcomes
Older studies comparing LDs with matched
controls found no difference in CVD or mortality (Table 1).18-22 However, most were
limited by relatively short follow-up. In
contrast, in 2014, Mjᴓen et al23 reported
that LDs, compared with selected healthy
controls, had signiﬁcantly increased allcause and cardiovascular mortality. They reported that the increased mortality risk was
seen after 15 years, and they attributed the
differences in their study from previous analyses to the longer follow-up.
More recently, 7 studies (from 6 different
countries) comparing LDs with matched
controls found either no difference between
groups or decreased mortality in the LDs
(Table 1).54-60 O’Keeffe et al,61 in a metaanalysis and review of intermediate- and
long-term LD follow-up studies, concluded
that CVD and mortality were not increased
after donation. Similarly, in a methodological review of the single paper reporting
increased risk, Janki et al62 found “key differences with respect to the comparability
of donors and non-donors that could have
led to overestimation of the risk in donors.”
CKD and ESKD Risk Compared With
Controls
Two studies, 1 from Norway (Mjᴓen et al23)
and 1 from the United States (Muzaale
et al24), reported increased ESKD in LDs.
In the study by Mjᴓen et al,23 9 of 1901
LDs developed ESKD; in the study by
Muzaale et al,24 99 of 96,217 LDs developed
ESKD. As such, in both studies the absolute
ESKD risk was small. In fact, Muzaale et al
noted that the LDs had a much lower estimated lifetime risk of ESKD than did the
general population (presumably because
LDs are healthier than the average person
in the general population). Mjᴓen et al reported that the estimated hazard ratio for
ESKD in LDs was 11.38. Muzaale et al reported an 8-fold increase in risk. The authors of both papers stated that they would
Mayo Clin Proc. n November 2022;97(11):2107-2122
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continue performing LD nephrectomies
and that their observations would improve
predonation counseling and informed
consent.
In a review by the ERA-EDTADESCARTES group, Maggiore et al63 point
out that any increased risk must be taken
in context with the actual risk in controls,
stating “what matters most to donors is the
increase in long-term ‘absolute’ risk.” They
point out that an 11- or 8-fold increase
over a close-to-zero reference hazard “yields
only minor increases in the absolute risk.”
On a related note, since 1988 in the United
States there have been 164,052 LD transplants.64 In data from October 16, 1987,
through November 3, 2020, the US Scientiﬁc
Registry of Transplant Recipients has records
of 633 LDs (0.4%) that have developed
ESKD.65
A major limitation of both of the previously mentioned studies is that they did
not match for family history of CKD. In
the study by Mjᴓen et al,23 all 9 LDs with
ESKD were ﬁrst-degree relatives of the recipient; in the study by Muzaale et al,24 83 of
the 99 were related to the recipient.
Numerous general population studies have
reported that relatives of individuals with
ESKD have an increased risk of ESKD.66-68
Wainright et al,69 in an analysis of the US
Organ Procurement and Transplantation
Network database, reported that LDs who
were ﬁrst-degree relatives of the recipient
had a signiﬁcantly increased risk of ESKD
(highest in identical twins) compared with
LDs who were distant relatives or were unrelated to the recipient.
In addition to lack of matching for LDrecipient relationship, there are numerous
other limitations to the studies by Mjᴓen
et al23 and Muzaale et al,24 including statistical analyses, controls and donors were from
a different era and a different environment,
differing lengths of follow-up, and different
methods for identifying cases of ESKD.70-76
The detailed methodologic reviews of both
of these studies by Janki et al62 suggested
that the lack of comparability between donors and controls may have led to an overestimation of donor risk.
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Three subsequent studies (number of
LDs and length of follow-up shown in
Table 1), each with mean or median
follow-up less than 10 years, found no difference between LDs and matched controls in
ESKD risk.58-60 Each study also had limitations, including short follow-up, lack of
matching for family history of CKD/ESKD,
small event numbers, lack of matching for
other CKD and/or CVD risk factors (eg,
BMI), lack of controls from the same era
and environment as the LDs, and lack of
known normal renal function in controls at
the time corresponding to the donation date.
To date, the data suggest that increased
risk of ESKD is limited to those who are
ﬁrst-degree relatives of the recipient. However, in the early days of kidney transplant as a
treatment option, most LDs were related to
the recipient. Since then, the number of unrelated LDs has increased substantially. It
may be that with longer follow-up, increased
risk will be observed in unrelated LDs.
Long-term Follow-up for CKD and ESKD in
LDs
A common concern with most previous
studies is that there was insufﬁcient followup time. Steiner74-76 emphasized that longterm follow-up is necessary to determine
whether kidney donation is associated with
ESKD risk because most LDs are relatively
young at donation and most ESKD develops
later in life. In addition, most kidney diseases progress slowly, so that short-term
LD follow-up will identify only LDs developing rapidly progressive disease (eg, immunologic). Long-term follow-up is required to
determine the impact of diseases associated
with aging, speciﬁcally hypertension and
diabetes (the 2 most common causes of
ESKD in the US general population and the
US LD population).77 It is unknown whether
the rate of progression of these diseases toward ESKD differs between LDs and
matched controls. Yet, worldwide, there
has been little systematic LD follow-up.
The Norwegian data were collected from a
single center and a national health care system.23 In the United States, reporting of 2year outcomes is required. However, even
2112
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within this short interval, only approximately 66% of LDs have complete data.78
Although LD survival longer than 50 years
has been reported,79 there are only a few
studies that include a substantial number of
LDs more than 20 years after donation. In
these studies, the reported interval from
donation to ESKD is directly related to the
duration of follow-up. In the US study by
Muzaale et al,24 mean follow-up was 7.2 years
and the mean interval from donation to ESKD
was 8.6 years. In the Norwegian study, median follow-up was 15.1 years and the median
interval from donation to ESKD was 18.7
years.23 With longer follow-up in the University of Minnesota series80 and in a Canadian
series (J. Gill, J. Lesage, personal communication), mean interval from donation to ESKD
was 27 years.
In the study with the longest follow-up,
Keys et al79 reported on 66 LDs donating
50 or more years earlier. Of the 66 LDs, 22
(33.3%) were still alive (current mean 
SD age, 78.57.25 years), 39 (59.1%) had
died (mean  SD age at death, 74.212.3
years), and 5 (7.6%) were lost to follow-up
(mean  SD age at last contact, 68.74.6
years). There were no differences among
the 3 groups other than those who had
died were older at donation. At last followup, the mean  SD eGFR by Chronic Kidney
Disease Epidemiology Collaboration for LDs
currently alive was 60.213.4 mL/min/1.73
m2, for those who died was 54.021.5 mL/
min/1.73 m2, and for those lost to followup was 55.67.5 mL/min/1.73 m2; ESKD
developed in 2 LDs (3.0%).
Onset of CKD Risk Factors After Donation
A critical question is whether LDs who subsequently develop risk factors for
CKDdeven years after nephrectomydwill
have an accelerated course to CKD and kidney failure. Of particular concern are
obesity, type 2 diabetes, and hypertension;
each can occur later in life. There are few
data to answer this question.
Issa et al81 studied serial BMI after donation (median follow-up, 22 years) and reported that weight gain was associated with
increased risk of hypertension and/or
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TABLE 2. Web-Based Calculators for Estimating Risk of Adverse Outcomes in Kidney Donors
Reference

Grams et al,90 2016

Massie et al,91
2017

Palzer et al,93
2020

Data source

7 General population cohorts

National donor Single center
registry

Follow-up

Median per cohort, 4-16 y

Not available

Median, 22.8 y
(range, 0.856.4 y)

Age

X

X

X

Sex

X

X

X

Race

X

X

X

Myocardial
infarction

X

X

X

X

X

Predictor variables

Donor/recipient
relationship
eGFR

X

X

Creatinine

X

Urinary albumin X
to creatinine
ratio
Smoking history X

X

Systolic BP

X

X

Diastolic BP

X

Hypertension
medications

X

Noneinsulindependent
diabetes

X

Glucose

X

Family history
Hypertension

X

Hyperlipidemia

X

Recipient type
1 diabetes

X

Recipient type
2 diabetes

X

Outcomes
predicted

15-y and lifetime risk of diabetes; proteinuria; kidney failure 20-y donor risk 40-y donor risk
without eGFR <60, <45, <30 mL/min/1.73 m2 donation
of
of kidney
hypertension
failure

BP ¼ blood pressure; eGFR ¼ estimated glomerular ﬁltration rate.
From Nat Rev Nephrol,96 with permission.

diabetes. Locke et al82 studied the impact of
obesity at the time of donation in 119,769
LDs in the United States. Maximum followup was 20 years. They found that for each
unit increase in BMI higher than 27 there
was an associated signiﬁcant 7% increase in
Mayo Clin Proc. n November 2022;97(11):2107-2122
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risk of ESKD. The risk was similar for male
and female donors, African American and
White donors, and across the baseline
eGFR spectrum. In a separate analysis, Locke
et al83 also reported that high BMI at donation was associated with increased mortality.
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In a study from the University of Minnesota, Ibrahim et al84 reported that of 4014
LDs, 309 (7.7%) developed diabetes a median of 18 years after donation. At donation,
those subsequently developing diabetes had
a higher BMI, glucose level, and creatinine
concentration; after donation, they had
increased weight gain. The LDs developing
diabetes were followed an average of 9.2
years (range, 0-37 years) after onset of diabetes. In the 7 years before the onset of diabetes there was no difference in slope of
eGFR for those developing diabetes
compared with those without. Onset of diabetes in LDs was associated with the development of proteinuria and hypertension.
After the development of diabetes, eGFR
decline exceeded that of nondiabetic LDs
only for those who had concomitant proteinuria and hypertension.
Sanchez et al85 reported that with median follow-up of 16 years after donation,
27% of LDs developed hypertension. Risk
factors at donation included older age,
higher BMI, higher systolic and diastolic
BPs, hyperlipidemia, and smoking. Hypertension was associated with proteinuria,
CKD, CVD, and mortality. Importantly, in
the studies by Ibrahim et al84 and Sanchez
et al,85 there was more than 15 years between donation and onset of new disease
and less than 10 years of follow-up after
new-onset disease, stressing the importance
of additional long-term follow-up studies.
Risk Factors for CKD and ESKD and Risk
Calculators
In the general population, numerous risk
factors for the development of CKD and
ESKD have been identiﬁed, including biological relationship to an individual with ESKD,
smoking, BMI, sex, age, race/ethnicity, lower
GFR, proteinuria, hematuria, hypertension,
and diabetes.86-89 Similar risk factorsdidentiﬁable at evaluationdhave been
found for LDs, including biological relationship to recipient, sex, age, race/ethnicity,
BMI, lower GFR, and lower socioeconomic
status.16,69,82,90,91 In addition, also similar
to the general population, it has recently
been proposed that in African American
2114

Mayo Clin Proc.

n

individuals, APOL1 genotype may be a risk
factor for long-term CKD and ESKD.92
Identiﬁcation of risk factors present at
the time of evaluation allows for the development of risk calculators that can be used to
facilitate LD acceptance decisions and
improve informed consent. Two such calculators have been developed. Using the
University of Minnesota LD database, we
developed a calculator to estimate the longterm risk of hypertension, diabetes, proteinuria, and eGFR less than 60, less than 45,
and less than 30 mL/min/1.73 m2 (Table 2)
(shiny.biostat.umn.edu/transplant/kidneydonor).16,93 Massie et al,91 using the US national LD registry data, developed a
prediction model to estimate the long-term
risk of developing ESKD (Table 2) (transplantmodels.com/donesrd). In addition,
Grams et al90 developed a calculator, using
data from 7 general population cohorts,
that determines the projected risk of ESKD
in the absence of donation (Table 2) (transplantmodels.com/esrdrisk). Each calculator
has limitations based on the data available
in the data set.94,95 A calculator that could
estimate long-term risks with and without
donation (based on LDs and controls) is still
needed.
Other Long-term LD Outcomes
In addition to the previously mentioned outcomes, other speciﬁc outcomes have been
studied. In studies comparing LDs with
matched controls, there were no differences
between groups in microalbuminuia,58 incidence of diabetes,54,56,59 acute renal failure,59
hyperlipidemia,59
depression,57
58
59,97
98
BMI, cancer,
fractures, or kidney
stones.99 In contrast, Grupper et al56 reported that LDs were more likely to develop
new-onset metabolic syndrome, mainly from
increased triglycerides and impaired fasting
glucose levels. Consistent with reports of
elevated uric acid levels, Lam et al100 reported that LDs had an increased incidence
of gout.
Pregnancy After Donation
Pregnancy is associated with anatomical and
physiologic effects on the kidney, including
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hypertrophy and hyperﬁltration.101 Furthermore, pregnancies in women with CKD are
associated with increased maternal and fetal
complications. Thus, there have been
concerns about pregnancies after donation.
Unfortunately, there remains limited data
on pregnancies among female LDs.
To date, the data suggest that pregnancy after donation, compared with pregnancy in the matched general population,
is not associated with an increased risk of
complications (maternal or fetal).102,103
However, comparing pregnancies after
donation with those before donation, Ibrahim et al noted that pregnancies after
donation were associated with a higherthan-expected risk of hypertension and
preeclampsia.102 Reisaeter et al103 reported
similar ﬁndings. Garg et al104 matched 85
LDs with 510 controls and reported that
hypertension and preeclampsia were more
common in LDs (11%) than in controls
(5%). The increased risk of preeclampsia
reported in these studies is similar to
what has been seen in women with
chronic hypertension, gestational diabetes,
and a higher BMI. More recently, Davis
et al105 studied 59 LDs with pregnancies,
matched (on age and race) 4:1 with ﬁrst
pregnancies in women with 2 kidneys
and reported no differences in adverse
events. However, there was a trend toward
increased risk of preeclampsia in the LDs
(odds ratio, 2.96; 95% conﬁdence interval,
0.98 to 8.94), and for LDs younger than
30 years there was a 4-fold increased risk
of preeclampsia (odds ratio, 4.09; 95% conﬁdence interval, 1.07 to 15.59). In addition, Yoo et al106 studied 56 LDs
matched with 437 (propensity-matched)
controls; there were no differences between
groups in gestational hypertension, proteinuria, or preeclampsia.
In the only LD study reporting long-term
outcomes for women with gestational hypertension or preeclampsia, Ibrahim et al102
found that LDs with maternal complications,
compared with LDs without complications,
had similar eGFRs but were more likely to
have proteinuria and/or hypertension.
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These observations suggest that LD candidates of childbearing age should be
informed and counseled about increased
risks of hypertension and preeclampsia,
and told that pregnancies after donation
should be considered “higher risk,” with
stringent monitoring for hypertension and
preeclampsia, and rapid institution of
appropriate care.
POTENTIAL MECHANISMS FOR
PROGRESSIVE DECLINE IN GFR AFTER
KIDNEY DONATION
Underlying Disease or Disease Risk That
Was Present Before Donation
One possibility for progressive decline in
GFR after donation is underlying (subclinical) disease in the donor. Although LD evaluations are thorough, they are by no means
comprehensive for all measures of kidney
disease. Some kidney diseases are genetic
and manifest later in life. The classic
example is autosomal dominant polycystic
kidney disease. Transplant programs have
developed inclusion and exclusion criteria
that should eliminate acceptance of most
LDs with polycystic kidney disease. However, there are likely other genetic factors
that contribute to disease risk.107-113 Indeed,
living kidney donors donating to a blood
relative with ESKD have fewer nephrons
than donors who are unrelated to the recipient.114 Interestingly, although there is a lot
of missing information in registry data, analysis of Organ Procurement and Transplantation Network data found that only a few LDs
developing ESKD had the same disease as
their recipient.77 This observation is limited
by uncertainty in the cause of ESKD because
often no kidney biopsy was performed in the
recipient. Regardless, comprehensive genetic
testing for kidney disease is not generally
performed in LDs, despite many being ﬁrstdegree relatives of the recipient with ESKD.
In the general population, individuals of
African American ancestry have an increased
risk of ESKD. For example, in the United
States, individuals with African American
ancestry compose 13.4% of the general
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population but 31.5% of the ESKD population. More than a decade ago, it was recognized that some of this increased risk was
related to inheriting 2 copies of the G1/G2
variants of the apolipoprotein L1 gene
(APOL1).115 Importantly, the pathogenesis
of the kidney injury is poorly understood,
and most individuals of African ancestry
with 2 copies do not get kidney disease.
Doshi et al92 studied the impact of APOLI
genotype in 136 African American LDs. Of
the 136 LDs, 19 (14%) had 2 APOL1 risk alleles and were classiﬁed as high risk; 117
(86%) had 0 or 1 risk allele and were classiﬁed as low risk. Predonation characteristics
were similar between the groups, except
that the high-risk group had a lower GFR
before donation (P¼.04). A median of 12
years after donation, LDs with the high-risk
alleles had signiﬁcantly lower eGFR
(P¼.02) and a faster decline in eGFR after
adjusting for GFR before donation (P¼.02).
Two donors had developed ESKD; both
had the high-risk genotype. Currently, there
is a National Institutes of Healthesponsored
trial (APOL1 Long-term kidney transplantation outcomes network [APOLLO]) studying the outcomes of kidney transplant from
deceased and living donors with recent African American ancestry.116 A secondary goal
of the study is to determine whether the
presence of the high-risk genotype in LDs
is associated with worse outcomes after
kidney donation.
Given that most individuals with 2
high-risk alleles do not develop kidney disease, there is a debate in the transplant
literature as to whether to genotype LD
candidates of African American ancestry.
There is a second debate about whether
those with 2 high-risk alleles should be
accepted for donation. Some centers will
accept older candidates, but not younger
candidates, with 2 high-risk alleles and
normal mGFR.
Kidney donor evaluations do not typically involve a kidney biopsy of the potential
donor. This is based on the invasive and
potentially harmful nature of kidney biopsies, which would likely discourage donation, and, more importantly, the perceived
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lack of clinical usefulness in donor evaluations. A donor evaluation that reveals a
normal GFR and no hypertension, proteinuria, or active urine sediment would seemingly be reassuring that the kidney
histology is “normal.” However, careful
morphometric study of kidney histology
from biopsies obtained at the time of donation suggest otherwise. There is signiﬁcant
variation in the underlying microstructural
features of nephrosclerosis (arteriosclerosis,
global glomerulosclerosis, and interstitial
ﬁbrosis), nephron number, and nephron
size among kidney LDs. This microstructural
variation is only weakly correlated with the
more accessible clinical and laboratory characteristics of LDs at the time of their evaluation.117
More
importantly,
these
microstructural features predict adverse kidney outcomes along pathways that are not
detected by CKD risk factors or kidney function tests (including mGFR and 24h urine
albumin). Speciﬁcally, larger glomerular volume and more interstitial ﬁbrosis and
tubular atrophy at the time of donation predict mGFR less than 60 mL/min/1.73 m2 4
months after donation.118 Larger and fewer
nephrons predicts the development of
detectable albuminuria (>5 mg/24 h), and
arteriosclerosis predicts the onset of hypertension 4 months after donation.118 With a
decade of follow-up, larger glomeruli predict
eGFR less than 45 mL/min/1.73 m2 and proteinuria, whereas low nephron number predicts a larger decline in eGFR after
donation and eGFR less than 45 mL/min/
1.73 m2.119 Relatedly, low birth weight is a
surrogate for low nephron number and is
predictive of albuminuria a decade after
donation.120 In the recipient of LD kidneys,
death-censored graft failure over a mean of
6.3 years was predicted by more severe interstitial ﬁbrosis and tubular atrophy, arteriolar
hyalinosis, larger glomeruli, and larger tubules in the LD kidney at the time of donation.121 The strength of these predictions is
modest and probably does not warrant
routine kidney biopsy of LDs. Nonetheless,
they highlight the presence of microstructural kidney features that go undetected by
current donor evaluations and yet are
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predictive of adverse kidney outcomes in
both the LD and the recipient after donation.
Detrimental Impact of Glomerular
Hyperﬁltration After Donation
Another possible etiology for LD ESKD is
that, similar to the rat model, the resulting
glomerular hyperﬁltration leads to nephron
damage. Early after donation, the GFR in
the remaining kidney is approximately 70%
of the GFR before donation due to compensatory hyperﬁltration (increase in singlenephron GFR).122 However, as noted previously herein, in the rat model progressive
decline in renal function occurred only
with additional damage to the remaining
kidney; in other species, progressive decline
in renal function was not seen after uninephrectomy. Lenihan et al123 note that ESKD after donation is not commonly due to focal
segmental glomerulosclerosis, which would
have been expected if hyperﬁltration were
the pathogenesis. Importantly, physiologic
modeling studies in LDs have suggested
that the compensatory increase in singlenephron GFR after donation is not
maladaptive.122
Impact of a Lower Baseline GFR After
Donation
It is possible that the abrupt decrease in
renal function associated with nephrectomy,
followed by the somewhat variable agerelated decline in GFR,124 may lead to clinically relevant kidney disease in some LDs.
However, the 2 studies cited previously herein comparing renal function in LDs and controls46,47 found that there was an annual
decline in GFR for the controls, whereas in
the LDs the GFR either increased or was stable. Other studies, some with follow-up
longer than 15 years, have reported small
annual increases in eGFR.125-128 In young
LDs, annual increases in eGFR could be
seen up to 25 years after donation.128
The new lower baseline GFR after donation can still be viewed as a loss of “renal
reserve” such that with onset of kidney disease later in life (unrelated to the donation)
there is earlier progression to ESKD. In other
words, an LD developing kidney disease
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starts off with a lower GFR than an individual with 2 kidneys. If the slope of decline in
GFR from a disease is the same in these 2 individuals, the LD will develop ESKD sooner
than the nondonor. Indeed, this likely possibility was ﬁrst suggested by Kido et al,129
who noted that for 9 LDs developing
ESKD, eGFR was stable until development
of new-onset disease (eg, kidney disease, diabetes). This observation was conﬁrmed in a
larger series.80
These latter observations are important
for candidate evaluation and acceptance
and LD follow-up. Some new-onset diseases
(eg, immunologic) are unpredictable; however, early detection and intervention may
slow their course. But the 2 most common
causes of LD ESKD in the United States are
type 2 diabetes and hypertension.77 Both
are diseases associated with lifestyle and
both develop with aging. The data suggest
that every effort should be made to
encourage LDs to live a healthy lifestyle.

CONCLUSION
Counseling Donor Candidates
In addition to counseling about perioperative risks, LD candidates should be
counseled about the potential long-term
risks. Counseling should include information on the 2 studies that reported
increased ESKD and their limitations and
that current data suggest that any
increased risk may be limited to ﬁrstdegree relatives of the recipient because
related donors have been followed longer
than unrelated donors. Women of childbearing age should be informed about
the increased risk of gestational hypertension and preeclampsia associated with
pregnancies after donation.
All LD candidates should be informed
that the decision to donate should be accompanied by a commitment to a healthy lifestyle as well as regular health maintenance
visits that screen for early kidney disease
and kidney disease risk factors. Screening,
followed by intervention if necessary, may
minimize long-term risks.
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Long-term Donor Care
Historically, there was a debate as to whether
LDs should be followed closely after donation. One school of thought was that donation should be treated similar to an
appendectomy: once the LD had recovered
from the surgery, there should be no
emphasis on long-term follow-up. The rationale was that LD candidates are told that
donation is safe; recommending follow-up
that differed from normal adult preventive
care would send a message that LDs should
worry about long-term risks. Alternatively,
some suggested that given the limited information about outcomes after uninephrectomy, LD follow-up should include more
frequent follow-up visits than would normally be required for preventive care. We
have now learned that type 2 diabetes and
hypertension are the 2 most common causes
of ESKD after living donation. We also know
that treatment of new-onset CKD can often
slow the progression. As discussed previously herein, living donation should be
paired with a lifetime commitment to a
healthy lifestyle.
The Need for Additional Studies
It has been more than 65 years since the ﬁrst
successful LD transplant. At that time, the
justiﬁcation for considering an LD transplant
was the knowledge that individuals born
with a single kidney could live a normal
life. Since that early era, much has been
learned about CKD, risk factors for CKD,
and the association of relatively small decreases in GFR with increased morbidity
and mortality. However, most of this information has come from studies of populations
whose decreased GFR is due to kidney or
systemic disease. In contrast, decreased
GFR in LDs is solely due to nephrectomy.
As described previously herein, although
there are numerous reports about LD outcomes, there are few data on outcomes
compared with appropriately matched controls and with sufﬁcient follow-up time to
meaningfully assess attributable risk. These
data are needed to optimize donor candidate
counseling and informed consent; and,
importantly, LDs themselves are asking for
2118
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this information.130-133 The information
will also contribute to knowledge as to
whether nephron loss alone is a risk factor
for morbidity and mortality or these risks
are seen only when nephron loss is due to
an underlying disease process.
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