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Abstract
Background  There is uncertainty about the long-term risks of living kidney donation. Well-designed studies with 
controls well-matched on risk factors for kidney disease are needed to understand the attributable risks of kidney 
donation.

Methods  The goal of the Minnesota Attributable Risk of Kidney Donation (MARKD) study is to compare the long-
term (> 50 years) outcomes of living donors (LDs) to contemporary and geographically similar controls that are 
well-matched on health status. University of Minnesota (n = 4022; 1st transplant: 1963) and Mayo Clinic LDs (n = 3035; 
1st transplant: 1963) will be matched to Rochester Epidemiology Project (REP) controls (approximately 4 controls to 
1 donor) on the basis of age, sex, and race/ethnicity. The REP controls are a well-defined population, with detailed 
medical record data linked between all providers in Olmsted and surrounding counties, that come from the same 
geographic region and era (early 1960s to present) as the donors. Controls will be carefully selected to have health 
status acceptable for donation on the index date (date their matched donor donated). Further refinement of the 
control group will include confirmed kidney health (e.g., normal serum creatinine and/or no proteinuria) and 
matching (on index date) of body mass index, smoking history, family history of chronic kidney disease, and blood 
pressure. Outcomes will be ascertained from national registries (National Death Index and United States Renal Data 
System) and a new survey administered to both donors and controls; the data will be supplemented by prior surveys 
and medical record review of donors and REP controls. The outcomes to be compared are all-cause mortality, end-
stage kidney disease, cardiovascular disease and mortality, estimated glomerular filtration rate (eGFR) trajectory and 
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Background
A living donor kidney transplant is the best treatment 
option for a patient with end-stage kidney disease (ESKD) 
as it provides better patient and graft survival and qual-
ity of life than either dialysis or a deceased donor trans-
plant [1–13]. However, living donors (LDs) must undergo 
a major operative procedure associated with morbidity 
and mortality and the potential for adverse long-term 
consequences of living with a single kidney [14–58]. 
Practice guidelines, including those by the Kidney Dis-
ease: Improving Global Outcomes (KDIGO) consortium, 
allow a donor’s glomerular filtration rate (GFR) threshold 
to be as low as 60 ml/min/1.73m2 as an acceptance cri-
terion for donation[59, 60]. The British Transplant Soci-
ety 2018 guidelines and the European Renal Best Practice 
2013 guidelines even allow GFR below 60 ml/min/1.73m2 
in older donors[61, 62]. Since postdonation GFR is about 
65% of the predonation value due to hypertrophy of the 
retained kidney, many LDs will have a GFR less than 60 
ml/min/1.73m2 early after nephrectomy. For others, 
a decrease of GFR with aging or new onset disease will 
subsequently result in GFR less than 60 ml/min/1.73m2. 
Numerous studies in the general population have shown 
that individuals with GFR of less than 60 ml/min/1.73m2 
have increased long-term risks including continuing loss 
of kidney function and higher rates of cardiovascular dis-
ease (CVD) and mortality [63–87]. Those observations 
may not be relevant to LDs who have an abrupt, isolated 
reduction in GFR in the absence of any underlying dis-
ease process or comorbid illness [88–93].

Existing studies of attributable long-term risk of kidney 
donation
Several studies have sought to estimate the attributable 
risk of donor nephrectomy on mortality, ESKD, CVD, 
and other outcomes. Single-center and registry studies 
comparing LDs to the general population have not shown 
increased long-term CVD, ESKD, or mortality risk [14, 
44–54]. Indeed, studies of longitudinal renal function in 
LDs have shown a small annual increase in GFR or esti-
mated GFR (eGFR) for more than 15 years after donation 
[94–98]. A number of studies with average follow-up of 
less than 10 years compared LDs to matched healthy con-
trols and found no difference in CVD and mortality [52–
54, 58]. However, a 2014 Norwegian study with a median 

follow-up of 18 years found increased CVD and mor-
tality in LDs compared to healthy controls; the authors 
attributed the difference in their findings compared to 
prior ones to longer follow-up [55]. A subsequent study 
based on the same population reported an increased risk 
of ischemic heart disease in LDs [99]. Two studies – the 
2014 study from the Norwegian group, the other from the 
United States (US) - reported an increased risk of ESKD 
among LDs [55, 56]. Studies of postdonation pregnan-
cies, compared to the general population, have generally 
not identified an increased risk of adverse fetal or neo-
natal outcomes. However, two studies comparing postdo-
nation to predonation pregnancies reported an increased 
risk of hypertensive complications in the postdonation 
pregnancies, and one study reported an increased risk of 
hypertensive complications compared to healthy selected 
non-donors [100–102].

Limitations of prior work
In a review of studies reporting increased long-term risk 
for LDs, Janki et al. identified that both the Norwegian 
study reporting an increased risk of CVD, mortality, 
and ESKD, and the US study reporting increased risk of 
ESKD, selected non-donor control populations that were 
healthier than the donors, resulting in an over estimation 
of risk [103]. In addition, the definition of ESKD differed 
between donors and non-donors in the US study, poten-
tially biasing the results. A meta-analysis of the cardiac 
studies concluded that there was no increase in CVD dis-
ease or mortality in LDs [104]. For the two studies identi-
fying an increased risk of ESKD among LDs, the number 
of events was small, and there have been additional con-
cerns about methodology, including: controls were 
non-contemporaneous and from a different geographic 
location; lack of renal function assessment for controls at 
the date corresponding to the date of donation; and con-
cerns about the choice of statistical methods [105–115].

A key limitation in existing studies is that there was no 
determination of family history of chronic kidney disease 
(CKD) or ESKD for controls. In the Norwegian study, all 
9 donors who developed ESKD were first-degree rela-
tives of the recipient; in the US study, 83 of the 99 who 
developed ESKD were related to the recipient. Numerous 
studies in the general population have shown that indi-
viduals related to a person with ESKD have an increased 

chronic kidney disease, pregnancy risks, and development of diseases that frequently lead to chronic kidney disease 
(e.g. hypertension, diabetes, and obesity). We will additionally evaluate whether the risk of donation differs based on 
baseline characteristics.

Discussion  Our study will provide a comprehensive assessment of long-term living donor risk to inform candidate 
living donors, and to inform the follow-up and care of current living donors.
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risk of ESKD [116–122]. Wainright et al., using the Organ 
Procurement and Transplantation Network (OPTN) 
database, reported that LDs who were first-degree rela-
tives of the recipient had significantly increased risk of 
ESKD (highest in identical twins) compared to LDs who 
were distant relatives or were unrelated to the recipient 
[123].

There have only been a few studies of pregnancy risk 
postdonation [100–102, 124, 125]. Studies have been lim-
ited by low numbers of events, and the design has gen-
erally been restricted to a before-and-after study design 
which may result in an over estimation of risk.

Finally, to date, most studies of LDs matched to healthy 
controls had limited follow-up. In the US study by 
Muzaale et al.,[56] the mean follow-up was 7.2 years, and 
in the Norwegian study, the median follow-up was 15.1 
years. Steiner has emphasized that long-term follow-up 
is necessary to determine if kidney donation is associ-
ated with ESKD risk, since most LDs are relatively young 
at donation and most ESKD develops later in life [126–
128]. In addition, the majority of kidney diseases progress 
slowly, so that short-term LD follow-up will only identify 
LDs developing rapidly progressive disease (e.g., immu-
nologic). Long-term follow-up is required to determine 
the impact of diseases associated with aging, specifically 
hypertension and diabetes mellitus (DM), the two most 
common causes of ESKD in the US general population 
and the US LD population [129]. Analyses of US national 
LD data (20-year follow-up) and University of Minnesota 
(UMN) LDs have shown that the rate of ESKD increases 
postdonation; and, specifically, the cumulative incidence 
of ESKD due to DM or hypertension increases many 
years after donation [130, 131]. Thus, short-term studies 
will miss most postdonation ESKD.

The recognition of significant gaps in our understand-
ing of long-term LD outcomes has resulted in calls for 
more complete long-term LD follow-up studies [132]. In 
the US, this is reflected in statements from the Advisory 
Committee on Organ Transplantation[132], The Organ 
Donation and Recovery Improvement Act (ODRIA (P.L. 
108–216) (Sect.  7) and (Sec 371  A)[133], and by the 

Health Resources and Services Administration in tes-
timony to Congress[134] and on its website [135]. Con-
sensus conferences have argued for continued, systematic 
collection and reporting of long-term LD outcomes [136, 
137]; reasons included: (a) LDs and their potential recipi-
ents need accurate outcome information for informed 
consent, and (b) donation is a public trust, and the com-
munity has an obligation to continue to collect detailed 
information on outcomes. And, importantly, LDs them-
selves are asking for this information [138–141]. Of con-
cern, between 2004 and 2019 (because of the pandemic 
the number of LDs decreased in 2020 and 2021) the 
number of LDs has only increased 3%[129]; it has been 
suggested that the uncertainty regarding LD risk may be 
partly responsible.

To address these calls to action and limitations of exist-
ing studies, the Minnesota Attributable Risk of Kidney 
Donation (MARKD) study will compare the long-term 
risks for LDs from UMN and Mayo Clinic (first dona-
tion in 1963 and up to 60 years of follow-up) to the long-
term risks for contemporaneous, geographically similar, 
healthy matched controls from the Rochester Epidemi-
ology Project (REP). By reviewing medical records, we 
additionally plan to identify a subset of controls from the 
REP with known normal kidney function at a date cor-
responding to the date of donation and known family 
history of CKD and be able to match controls to LDs on 
these important risk factors. Consequently, we will pro-
vide the best data to date to inform prospective candi-
dates of the long-term risks of kidney donation.

Methods
Overview of study design
This is a matched cohort study of LDs from UMN and 
Mayo Clinic with contemporaneous, chart-validated, 
healthy matched REP controls with an index date (date 
of donation for LD) between 1963 and 2012. This time 
frame was chosen since the focus of the study is on long-
term (> 10-year postdonation) outcomes (see Fig. 1). New 
outcome data will be ascertained from national registries, 
including the National Death Index (NDI, mortality), 

Fig. 1  Matched Cohort Study Design
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United States Renal Data System (USRDS, ESKD), and 
a new survey of health outcomes. The new data will be 
augmented with information collected from prior sur-
veys (UMN LDs) and medical record review (UMN LDs 
and REP controls). Study criteria for donors includes: 1) 
provided research authorization and 2), US residency. 
Known non-US residents will be excluded from donor 
and control cohorts since national database information 
is unavailable for these individuals.

Aims and hypotheses
The MARKD study aims to determine long-term attrib-
utable LD risk by comparing well-matched controls 
with LDs. LDs will be compared with matched controls 
to determine: (a) whether LDs are at greater risk for the 
rare outcomes of mortality and ESKD; (b) whether LDs 
are at increased risk for CVD, cardiovascular mortality, 
and/or increased risk of intermediate measures of kid-
ney disease (proteinuria, CKD [eGFR < 45 and eGFR < 30 
ml/min/1.73m2 ]); (c) whether the trajectory of eGFR 
differs between LDs and controls; d) whether there are 
differences in the above outcomes for those developing 
de novo kidney disease and/or disease that might affect 
the kidneys (e.g., hypertension, DM, proteinuria); and 
e) whether there are differences in pregnancy outcomes 
(e.g., preeclampsia) between LDs and controls. The 
overall hypothesis is that LDs will have relatively small, 
slightly increased, but clinically insignificant, differences 
in the incidence of ESKD, mortality, intermediate end-
points, and pregnancy complications compared to well-
matched control groups.

Study cohorts
UMN LD cohort
From January 1, 1963 through December 31, 2012, there 
were 4022 LDs at UMN who met the study criteria. Most 
LDs were from the upper Midwest region of the US, and 
detailed descriptions of the UMN LD cohort have been 
published [45, 50]. At donation, laboratory and demo-
graphic variables, surgical information, and peri-oper-
ative course information is collected. Prior to 2003, LDs 
were surveyed intermittently. In 2003, all donors were 
contacted to be surveyed and asked to consent to be sur-
veyed every three years. Since 2003, consenting LDs are 
surveyed postdonation at regular intervals (6, 12, and 
24 months, and then every 3 years). Those not returning 
to the clinic are sent a survey (by mail; or, if preferred, 
by email) to determine health status. If the survey is not 
returned, the LD is contacted by phone monthly, for 3 
months. At least one phone call is made in the evening 
and one on weekends to increase response rates. LDs 
are also asked to provide alternate contacts. For LDs 
who become lost to follow-up UMN uses these con-
tacts to ask for a current phone number and address. 

Available internet search engines and other databases 
(e.g., Accurint.com, Peoplefinder.com) are also used to 
identify LDs lost to follow-up.

At each contact, LDs are asked about hypertension, 
DM, and other diagnoses requiring treatment. Female 
donors are asked about pregnancy history. LDs are also 
asked to provide recent lab test results and copies of 
medical records; alternatively, with LDs’ permission, 
UMN investigators contact local clinics for recent medi-
cal records that include clinical notes and laboratory test 
results, including serum creatinine, glucose, urinalysis, 
and urinary protein measurements. Those without recent 
information are asked to get a history, physical, and labs 
at their local physician’s office and have the results sent to 
UMN. For LDs willing to do the tests but without insur-
ance coverage, UMN pays for them. A summary of the 
clinical and demographic characteristics of the UMN LD 
cohort is given in Table 1.

Mayo clinic LD cohort
Between 1963 and December 31, 2012, 3035 LD trans-
plants were performed who met the study criteria, with 
most LDs from the upper Midwest region of the US. The 
acquisition and storage of all relevant clinical data for 
all LDs are currently available via the Transplant Center 
clinical databases, which interfaces with the institution’s 
electronic medical record to access laboratory and demo-
graphic variables, surgical information, and peri-oper-
ative course. The Mayo Clinic LD program provides an 
additional source of long-term LD follow-up that will: (a) 
increase the sample size to increase the statistical power 
for analyses of certain outcomes (ESKD and mortality) 
and (b) add a second site to assess the generalizability 
of findings. A summary of the clinical and demographic 
characteristics of the Mayo LD cohort is given in Table 1.

Rochester epidemiology project
The development and use of the REP have been described 
in detail [142–145]. In brief, the REP is a medical records 
linkage system that allows detailed collection of data on 
a well-defined population (Olmsted and surrounding 
Counties, Minnesota, US) starting in the early 1960s. The 
REP was developed with the recognition that nearly all 
residents of Olmsted County received their medical care 
at one of two hospitals and/or at affiliated institutions 
because of the central location of the hospitals in an area 
in which there are no other competing medical centers. 
In addition, other small private practices have partnered 
with the major medical centers in the area to contribute 
to the REP. As such, population estimates for the Olm-
sted County by REP are slightly higher and more com-
prehensive than those reported in the US Census (1970, 
104.1%; 1980, 103.5%; 1990, 102.4%; and 2000, 102.7% 
of the US Census counts) [144]. The characteristics of 
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the population are similar to those of residents from the 
Upper Midwest of the US [145, 146]. The records contain 
details of every inpatient hospitalization at the affiliated 
hospitals, every outpatient visit to the office, clinic, or 
emergency department, as well as every laboratory result 
and correspondence concerning each patient. The medi-
cal records are easily retrievable because the REP has 
maintained extensive indices based on clinical and histo-
logic diagnoses (i.e., diagnosis codes) and surgical proce-
dures. The result is the linkage of medical records from 
nearly all sources of medical care utilized by the Olmsted 
County population. Each year, more than half of the pop-
ulation is examined at one of the REP facilities, and about 
85–100%, depending on the age group, have at least one 
REP contact over a 3-year period [142].

The REP represents the same geographical region as 
both the UMN and Mayo LDs with the same time frame 
starting in the 1960s, making it an ideal control group 
(reference cohort) for long-term follow-up.

Control matching algorithm, validation, and abstraction
Our goal is to identify, for each LD, individuals in the 
REP database who would have been eligible for kidney 
donation on the same date as the LD based on the infor-
mation in the medical record.

Pilot studies:
As we were unsure of the most efficient way to use 

diagnostic codes and chart abstraction for excluding con-
trols that would not qualify as donors, we performed two 
pilot studies to optimize our selection of exclusionary 
codes and exclusionary criteria on chart abstraction.

First, we identified all approximately 180,000 indi-
viduals who have not opted out of the use of their medi-
cal records for research (per Minnesota statute) in the 
REP Olmsted County cohort with a potential index date 
within the age and time period window of the donors. 
Within the REP, code sets have been developed for 355 
different specific diseases using International Classifica-
tion of Disease 9th and 10th revisions (ICD-9, ICD-10), 
Hospital Adaptation of the International Classification 
of Diseases (HICDA), and Berkson codes (a local coding 
system that predates ICD-9 codes). On review of these 
code sets, we determined that 173 of these were condi-
tions/diseases that if truly present, would always lead to 
exclusion as a donor. Of these exclusionary diseases, 26 
were prevalent on or prior to the index date of at least 
1,000 individuals within the REP. However, we did not 
want to exclude too many of our potential controls that 
were false positives for these exclusionary diseases. Thus, 
we (Drs. Matas and Issa) performed a manual chart 
review on 10 random individuals for each of these disease 
code sets. We found that some codes within these code 
sets corresponded to conditions that were true contra-
indications for donation (e.g., kidney disease), but some 

Table 1  Characteristics of the University of Minnesota (UMN) 
and Mayo Clinic donors

UMN donors
(N = 4022)

Mayo 
donors
(N = 3035)

Years from donation to last survey or 
History & Physical (mean ± SD)

22.04 ± 11.93

No returned surveys 9.5%

Sex (%)

     Female 2294 (57.0%) 1668 (55.0%)

     Male 1728 (43.0%) 1354 (44.6%)

     Unknown 0 (0%) 13 (0.4%)

Age at donation (mean ± SD) 39.02 ± 11.64 42.52 ± 11.98

     Unknown 0 (0%) 13 (0.4%)

Race (%)

     Asian 40 ( 1.0%) 31 (1.0%)

     Black or African American 95 ( 2.4%) 50 (1.6%)

     Caucasian / White 3796 (94.4%) 2840 (93.6%)

     Hawaiian Or Other Pacific Islander 1 ( 0.0%) 4 (0.1%)

     Multi-racial 90 ( 2.2%) 26 (0.9%)

     Unknown 0 (0%) 84 (2.8%)

Ethnicity (%)

     Hispanic/Latino 99 ( 2.5%) 66 (2.2%)

     Non-Hispanic/Non-Latino 3428 (85.2%) 2600 (85.7%)

     Unknown 495 (12.3%) 369 (12.2%)

Index decade (%)

     1960s 99 ( 2.5%) 45 (1.5%)

     1970s 658 (16.4%) 271 (8.9%)

     1980s 796 (19.8%) 218 (7.2%)

     1990s 1040 (25.9%) 454 (15.0%)

     2000s 1200 (29.8%) 1647 (54.3%)

     2010–2012 229 ( 5.7%) 400 (13.2%)

Donor relationship (%)

     Child 474 (11.8%) 493 (16.2%)

     Parent 932 (23.2) 422 (13.9%)

     Full Sibling 1579 (39.3%) 934 (30.8%)

     Half Sibling 21 ( 0.5%) 25 (0.8%)

     Identical Twin 15 ( 0.4%) 5 (0.2%)

     Not Related 562 (14.0%) 662 (21.8%)

     Other Relative 241 ( 6.0%) 156 (5.1%)

     Spouse 198 ( 4.9%) 327 (10.8%)

     Unknown 0 (0%) 11 (0.4%)

Creatinine at donation (mean ± SD) 0.91 ± 0.16 0.90 ± 0.19

     Unknown 0.7% 1.1%

BMI at donation (mean ± SD) 25.88 ± 4.36 27.38 ± 5.11

     Unknown 1.5% 0.5%

Glucose at donation (mean ± SD) 93.46 ± 14.77 96.00 ± 14.12

     Unknown 4.9% 1.0%

DBP at donation (mean ± SD) 73.26 ± 9.92 73.16 ± 12.22

     Unknown 1.9% 4.8%

SBP at donation (mean ± SD) 119.85 ± 13.11 120.62 ± 15.22

     Unknown 1.9% 4.8%
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were for mild disease or other conditions which were not 
absolute contraindications (e.g., urinary incontinence 
that was mild, depression that was mild and transient, 
arrhythmias – palpitation with negative cardiac work-
ups). The individual codes for these 26 code sets were 
refined to better correspond to conditions that would be 
absolute contraindications for donation. Subsequently, 
all 173 exclusionary diseases (including the 26 that were 
adjusted to be made more specific for exclusion and less 
sensitive) were used to exclude individuals from being 
matched as controls. See Supplemental Materials for a 
full list of exclusionary conditions.

Second, after excluding individuals with these 173 dis-
eases, we performed a pilot study of 117 randomly sam-
pled individuals to abstract in detail their medical status, 
available data at or prior to the potential index date and 
during follow-up, and any potential concerns with their 
candidacy as a kidney donor on the index date. From 
this pilot study, we identified 5 exclusionary conditions 
(psychiatric conditions, substance abuse, hypertension, 
abnormal serum creatinine or urine protein, and obe-
sity) that were relatively common and missed by the 
exclusionary code set. Psychiatric conditions, substance 
abuse, and hypertension are common and require medi-
cal record review as many are mild and do not warrant 
exclusion. Abnormal serum creatinine, urine protein, or 
body mass index (BMI) are simply underdiagnosed and, 
thus, require medical record review to be detected for 
exclusion.

Initial matching algorithm
After finalizing the list of exclusionary codes, up to 4 
potential controls were identified for every donor. All 
controls were residents of Olmsted County (or surround-
ing counties) at some point and lacked any exclusionary 
diagnoses before the index date (date of donation for the 
matched LD) or up to 1 year after the index date. The 
1-year window after the index date was used because 
some diseases may be present on the index date but not 
diagnosed due to the intermittent nature of clinic visits 
in the medical record. This matching was accomplished 
first for the UMN donors and then for the Mayo Clinic 
donors. These potential REP controls were initially iden-
tified based on the following requirements: (1) Olm-
sted County or surrounding county resident at index 
date, (2) at least one REP encounter prior to index and 
at least one REP encounter one year or more after index, 
(3) age difference between LD and potential REP con-
trol at index less than 5 years, and (4) exact match on 
broad racial categories (Black vs. non-Black). If more 
than four controls meet these criteria, the four best con-
trols based on (1) exact match on more granular racial 
categories (White or unknown, Black, Asian, Hawaiian/
Pacific Islander, Other), (2) exact match on ethnicity 

(Hispanic, non-Hispanic), and (3) minimum difference 
in age at index was selected. If fewer than four controls 
were identified, the matching criteria were broadened to 
allow for unknown county of residence at the index date 
and subsequently known non-resident of Olmsted or sur-
rounding counties at the index date. The full algorithm is 
provided in Fig. 2. From this initial algorithmic matching 
over 16,000 and 14,000 potential controls were identified 
for the UMN and Mayo Clinic donors, respectively.

Control validation and medical record abstraction
Subsequently, all identified potential control charts 
(paper and electronic) are being manually reviewed 
and abstracted into a REDCap database by the abstrac-
tion team, which consists of a nurse practitioner who 
previously worked in a kidney transplant clinic, nurses, 
and medical research trainees. Abstraction guidelines 
with screenshots of the database are maintained and 
updated as needed for use by all abstractors. After ori-
entation is completed, each abstractor completes a set 
of 20 cases to ensure consistency with these guidelines. 
Chart abstraction involves two steps: (1) validation 
of the potential control (i.e., ensuring that the subject 
would have been a suitable donor at the index date), and 
then, if valid: (2) capturing clinical and laboratory data. 
The validation step involves reviewing medical records 
prior to the index date for contraindications for kidney 
donation. The following conditions are often found by 
abstractors resulting in exclusion of possible control: 
hypertension (blood pressure over 140/90 mm Hg), Pro-
teinuria (1 + dipstick, 24-hour urine protein > 200  mg, 
protein osmolarity ratio > 0.42), impaired kidney func-
tion (creatinine > 1.3  mg/dL in men, > 1.1  mg/dL in 
women), non-tobacco substance abuse (interferes with 
lifestyle or requires hospitalization/treatment), obesity 
(BMI > 40  kg/m2), history of recent cancer (other than 
non-melanoma skin cancers), severe depression/anxiety 
(untreated and interferes with lifestyle), history of uro-
logical abnormalities (significant structural/functional 
abnormalities of the urinary tract), heart disease, liver 
disease, and chronic obstructive pulmonary disease.

Similar to the donor candidate assessment, certain con-
ditions are allowed for controls at the time of index if they 
are otherwise healthy. A BMI of 35–40 kg/m2 is allowed 
if the control is deemed to be in otherwise very good 
health as BMIs in this range are allowed in some donors. 
As with donors, medically well-controlled hyperten-
sion is allowed in controls over 50 years of age. Controls 
on more than 1 non-diuretic antihypertensive medica-
tion or more than 1 diuretic antihypertensive medica-
tion are excluded. Depression/anxiety is allowed if well 
controlled, infrequent, and acute episodes had occurred 
in the distant past relative to the index date. Substance 
abuse is also allowed if use was in the remote past; 
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current marijuana and alcohol use is allowed as long as it 
does not interfere with work and social function. Patients 
who were pregnant at the index date or within 3 months 
postpartum, or hospitalized within 2 weeks of index date 
(for a non-exclusionary reason), may be rematched to a 
different donor at a different index date.

If it is unclear if a certain control would have been eli-
gible to donate given their medical history, a review by 

kidney donation experts (Drs. Matas, Rule, and Issa) 
is used to approve or exclude the potential control. 
The abstraction guidelines are subsequently updated 
to ensure future consistency. In addition, the abstrac-
tor team meets monthly after completing a reliability 
chart (same chart for each abstractor) to ensure similar 
abstractions among the abstractor team.

Fig. 2  REP Control Match Flow Chart
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If a control is validated, abstractors proceed to collect 
additional baseline and follow-up data. This includes any 
mention of family history of DM, hypertension, CKD, or 
ESKD. We obtain the closest laboratory data measures 
before and after the index date for baseline. These mea-
sures include: height, weight, blood pressure (avoiding 
blood pressure obtained during visits to the emergency 
department), serum creatinine, blood urea nitrogen 
(BUN), serum glucose, urine glucose, and any assessment 
of proteinuria/albuminuria (avoiding those with concur-
rent urinary tract infections).

Outcomes
Outcomes include mortality, CVD and cardiovascular 
mortality, serial creatinine (to determine eGFR trajec-
tory and chronic kidney disease) and other laboratory 
measures, pregnancy outcomes and complications, and 
development of diseases that frequently lead to CKD 
(e.g., hypertension, DM, and obesity). Outcomes will 
be ascertained from national registries, medical record 
review of donors and REP controls, and a new survey 
administered to both donors and controls. A list of data 
collected, data source, and frequency of data collection is 
provided in Table 2 and is summarized below.

National registries: mortality and ESKD
To determine mortality/causes of death and ESKD, 
patient identifiers (name, birthdate, social security num-
ber, address) for the UMN and Mayo donors and the REP 
controls will be sent in a secure manner to the NDI and 
to the USRDS, respectively.

Medical record review: mortality, ESKD, and other outcomes
Once a control is validated, as noted above, abstractors 
collect follow-up data from the medical record. Lab mea-
sures obtained after index are limited to up to one value 
per calendar year and include: weight, blood pressure, 
serum creatinine, serum glucose, BUN, serum creati-
nine, and urine protein. For efficiency of abstraction, the 
database is prefilled with all electronically available val-
ues from the medical record and then validated by the 
abstractor. Finally, clinical diagnoses and the year they 
occurred are recorded from the medical record.

As described above, when UMN LDs are surveyed, they 
are also asked to provide recent lab test results and copies 
of medical records. At the time of survey administration, 
abstractors collect follow-up data from medical record of 
the UMN health system and affiliated clinics. With LDs’ 
permission, UMN investigators will contact other clinics 
for recent medical records that include clinical notes and 
laboratory test results.

Survey data: mortality, ESKD, and other outcomes
UMN donors and validated REP controls not known to 
be deceased will be sent a standardized survey to deter-
mine outcomes. This survey is based on the existing 
survey that has been used for UMN donors, but modi-
fied to be usable with both LDs and controls. This survey 
supplements the capture of key data that may not be con-
sistently documented in the medical record with specific 
items including: hematuria or proteinuria of at least 6 
months duration, hypertension, DM, heart failure, myo-
cardial infarction, angioplasty or stent, angina, smok-
ing history, and pregnancy history; and family history of 
hypertension, DM, or ESKD (see Supplemental Materi-
als for the survey). We will additionally capture cancer 
information to use as a negative control (see statistical 
analysis section).

The survey will allow for uniform ascertainment of out-
comes between UMN donors and REP controls. Because 
Mayo LDs have not been routinely contacted about 
health outcomes after donation, they do not have a simi-
lar long-term follow-up history as UMN LDs from which 
to validate survey responses. Because of this and budget-
ary constraints, only the REP controls and UMN donors 
will be surveyed.

UMN donors will be contacted to complete the survey 
using a similar process as described previously for the 
3-year postdonation follow-up surveys. Data obtained 
from this new survey will be used to supplement data 
collected in the triannual surveys sent to UMN donors 
previously.

For REP controls, mailing addresses and phone num-
bers will be obtained from recent Olmsted County medi-
cal care episodes. REP controls without a recent medical 
visit will be queried in Accurint™ to determine if they are 
alive and if so, identify their most recent mailing address 
and phone number. Up to three mailed surveys, with the 
first including an incentive item for participation, will 
be sent to the controls followed by up to 5 phone calls 
(including evenings and weekends). After surveying the 
first validated control for each REP donors, we will pri-
oritize surveying controls for donors who lack completed 
surveys by a matched control.

Database security, quality assurance, and ethics
We have established a secure database to combine data 
from each source. The same combination of manual 
review, quality control reports, and built-in logic checks 
that has been used to ensure data quality for UMN LD 
survey responses will be used for all surveys in this study 
to ensure the integrity of the data. This study has been 
approved by the Institutional Review Boards of the Uni-
versity of Minnesota and the Mayo Clinic.
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Statistical considerations
Primary control group and matching algorithms
Although the REP control matching algorithm outlined 
in Sect.  2.4 matches on age at index date and race/eth-
nicity, there may be important differences between the 
LDs and potential REP controls on other characteristics. 
We plan to rematch LDs to these potential REP con-
trols based on other clinical characteristics. Although 
laboratory data is nearly complete in the LDs (due to the 
extensive donor evaluation), these data are less complete 

among otherwise healthy potential controls. Indeed, it is 
possible that measurement of some characteristics (e.g., 
serum creatinine), particularly among young, otherwise 
healthy individuals, may indicate suspicion of disease. 
Thus, requiring potential controls to have complete labo-
ratory data may lead to selection bias. However, includ-
ing potential controls with missing laboratory values may 
lead to detection bias as some of these controls may have 
an unrecognized underlying disease. We will consider 
several different sets of characteristics to match on to 

Table 2  Data collection sources and frequency for REP controls and UMN donors. CR: Chart Review, DS: Donor survey + chart review if 
available (every 3 years), SS: Study Survey, LD: Lab data (every year)

Source of data
Data UMN Donors REP Controls
Baseline characteristics
  Demographics CR CR1

  History of substance abuse2 CR CR

  Diagnosis of Depression/Anxiety Disorder3 CR CR

  High cholesterol CR, SS CR, SS

  Hypertension4 CR, SS CR, SS

  Family history of kidney disease, DM, HTN CR, DS, SS CR, SS

  Smoking history CR, DS, SS CR, SS

Lab measurements Requested every 
3 years with 
study survey

Recorded 
every year if 
available

  BUN/Urea CR CR, LD

  Glucose CR CR, LD

  Urine protein5 CR CR, LD

  BMI CR, DS, SS CR, LD, SS

  Creatinine CR, DS, SS CR, LD, SS

  Blood pressure CR, DS, SS CR, LD, SS

Outcomes
  CVD6 DS, SS CR, SS

  Diabetes DS, SS CR, SS

  Cancer DS, SS CR, SS

  Hematuria DS, SS CR, SS

  High cholesterol treated with medication DS, SS CR, SS

  Hypertension treated with medication DS, SS CR, SS

  Pregnancy history7 DS, SS CR, SS

  Proteinuria DS, SS SS

  Kidney disease/ abnormal kidney function/ ESKD DS, SS, USRDS CR, SS, USRDS

  Vital status and cause of death DS, SS, NDI CR8, SS, NDI
1 Chart review for controls includes abstraction of data from electronic transfer from the Rochester Epidemiology Project (REP) database, Mayo clinic paper records, 
Olmstead Medical Center electronic and paper record, Olmstead Community Hospital electronic and paper records, Epic, and the REP browser (electronic record 
system) from date of first REP encounter to date of last follow-up
2Permissible substance abuse at donation/donation is defined as a remote history of marijuana use with no active use around the time of the donation date or 
current marijuana use as long as it does not interfere with lifestyle. Remote other substance use is not a contraindication to donation as long as its truly remote
3Permissible depression/anxiety at donation/donation is defined as well controlled, in the distant past prior to the donation date, or involving few episodes of care
4Permissable hypertension at donation/donation includes that which is well controlled (< 140/90), treated with a diuretic antihypetensive agent, a non-diuretic 
antihypertensive agent, or both (1 diuretic and 1 non-diuretic hypertensive agent), age needs to be > 50 years. Exclude if age < 50 years or not well controlled or using 
2 or more non-diuretic agents or using 2 or more diuretic agents
5Urine Dipstick, 24 H Urine Protein, Urinalysis Predicted 24-Hour Protein, Protein-Osmolality Ratio, Urine Protein to Creatinine Ratio, Urine Albumin to Creatine Ratio, 
24 H Urine Albumin
6Congestive heart disease, myocardial infarction, cerebrovascular accident, transient ischemic attack, angioplasty, stents
7Number and year of pregnancies, pregnancy outcome (singleton, twins, triplets, ≥ 4, abortion, miscarriage, fetal death), gestational length (full term, pre-term), and 
pregnancy complications (gestational hypertension, gestational diabetes, proteinuria, eclampsia, preeclampsia)
8Proof of life noted for medical encounters with no data
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create control cohorts which vary between minimizing 
detection bias and minimizing selection bias. This will 
allow us to determine the variability/range of incidence 
rates for each outcome that are dependent on how the 
controls are matched to donors. A prior study assessing 
risk of CKD with kidney stones had this same challenge 
of missing serum creatinine levels in the REP, but found 
reasonably consistent findings in analyses that minimized 
detection bias versus analyses that minimized selection 
bias [147].

For the primary analysis, we consider controls for 
whom we can ascertain BMI, systolic and diastolic blood 
pressure, use of anti-hypertensive medications, smok-
ing history, and known normal serum creatinine, normal 
blood urea nitrogen (particularly relevant in the 1960s 
where serum creatinine testing may not have been done), 
or normal urine protein (with no abnormal values for 
any of these 3 tests) identified within 10 years prior to 
the index date (minimize detection bias as we avoid any 
controls who may have had unrecognized kidney disease 
due to absence of kidney function testing). We addition-
ally will attempt to include family history of CKD at the 
index date (either through chart review or from survey 
results) as a factor in the matching. Urine protein tests 
allowed are comprehensive (urine dipstick protein, 24 h 
urine protein, 24 h urine albumin, urine protein to cre-
atinine ratio, urine protein to osmolality ratio, and urine 
albumin to creatinine ratio). However, we expect most 
will be urine dipstick proteins. Normal is defined using 
the reference range at the time of the test. Our prelimi-
nary data suggested that younger controls will often not 
have a baseline serum creatinine level, though about half 
will have a urine protein assessment. Since most kidney 
disease in younger adults is proteinuric, a normal urine 
protein test in younger adults (age < 50 years) will be con-
sidered sufficient for inclusion in this analysis.

We plan to use optimal, sparse 1:k matching with 
refined covariate balance[148, 149] to ensure that the 
patients who are in each group (donors and controls) are 
as similar as possible based on age, sex, race/ethnicity, 
BMI, systolic and diastolic blood pressure, hypertension, 
smoking history, and family history of CKD. Briefly, this 
method allows one to exactly match on a small number of 
covariates (in this sense the method is sparse because it 
does not consider all possible matched pairs). The match-
ing algorithm allows the near fine balance on discrete 
covariates between the intervention and control group 
(this means the distribution of the covariate is the same 
in the two groups but individuals may be matched to oth-
ers with different levels of the covariate, i.e., frequency 
matching). An advantage of this approach is that it allows 
prioritization for balance on certain covariates over oth-
ers. Finally, individuals are matched to minimize the 
overall difference between individuals using Mahalanobis 

distance or difference in propensity score (in this sense 
the match is optimal). The number of matched controls 
will depend on the number of potential controls with the 
available data. For each cohort of matched controls, we 
will assess the quality of matches by  1) computing the 
standardized difference of means for each covariate, as 
well as two-way interactions and squares and 2) for con-
tinuous covariates, examining quantile–quantile (QQ) 
plots, which compare the empirical distributions of each 
variable in the donor and control groups. Covariates for 
which there is an imbalance (e.g., standardized mean dif-
ference greater than 0.1) may be discretized and matched 
either exactly or to achieve near fine balance. Because 
matching is part of the design phase (as opposed to the 
analysis phase), we can repeat the matching several times 
until an acceptable balance is achieved without inflating 
type I error rates. If not enough controls with a matching 
characteristic (e.g., family history of CKD) are identified 
for matching to LDs, then the presence of the character-
istics in both LDs and controls will be corrected for with 
multivariable adjustment for the analyses in predicting 
outcomes. Given that causal analysis is a rapidly devel-
oping field we will additionally consider state-of-the-art 
methodologies for determining optimal matches as new 
discoveries are made in this field.

Control groups for sensitivity analysis
In addition to the set of controls selected for the primary 
analysis, we will consider additional broader groups from 
the REP from which to match. As in the primary control 
group, we plan to use sparse optimal 1:k matching to 
match REP patients in these groups to LDs.

i)	 REP patients for whom we can ascertain BMI, 
systolic and diastolic blood pressure, diagnosis of 
hypertension, smoking history, and normal renal 
function (normal serum creatinine, normal blood 
urea nitrogen, or normal urine protein). This group 
does not consider family history of CKD.

ii)	 REP patients for whom we can ascertain BMI, 
systolic and diastolic blood pressure, diagnosis of 
hypertension, and smoking history with no known 
abnormal renal function (abnormal serum creatinine, 
abnormal blood urea nitrogen, or abnormal urine 
protein). This group does not consider family history 
of CKD or require renal function testing to have 
been done.

iii)	A group that does not consider family history of 
CKD, require renal function testing to have been 
done, or consider clinical characteristics (however, 
patients with known contraindications to donation 
would have already been excluded and those 
with known abnormal renal function will still be 
excluded).
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iv)	Additionally, we will construct control groups using 
matching algorithms as close as possible to those 
used in previous studies[55, 56] to assess the effect 
of different matching criteria on the rates of each 
outcome.

For each control group (primary and sensitivity cohorts) 
we match to LDs, we will estimate the incidence rate of 
each outcome.

Statistical analyses details
Log-rank tests and Kaplan Meier curves will be used as 
preliminary assessments to compare the risk of all-cause 
mortality and cardiovascular mortality, CVD, ESKD, 
CKD (eGFR < 45; eGFR < 30 ml/min/1.73m2), proteinuria, 
DM, and hypertension after index date between LDs and 
healthy controls. Our study is powered based on these 
analyses. Cox proportional hazards models will also be 
used to test for an increased risk of adverse outcomes in 
living LDs versus controls while directly accounting for 
the variables used for matching (to account for any pos-
sible residual imbalance between the cohorts similar to 
how one may adjust for characteristics in a randomized 
controlled trial to account for residual imbalance and to 
improve efficiency). In analyses involving Mayo LDs and 
their associated controls we will account for donation 
center (Mayo vs. UMN) as a covariate in the model. If 
the proportional hazards assumption fails, an alternative 
method such as an accelerated failure time model will be 
considered. Indeed, the risk of mortality and ESKD may 
disproportionately increase with long-term follow-up on 
the 60-year scale of this study [123, 130, 131]. A similar 
approach will be used to test for increased risk of out-
comes for LDs versus controls after development of DM, 
hypertension, proteinuria, de novo kidney disease, or 
pregnancies with gestational hypertension or preeclamp-
sia, but additional measures (e.g. matching, adjustment) 
will be used to account for the time of disease onset.

In order to evaluate biases in the selection of controls 
and ascertain outcomes, we will compare the risk of 
non-kidney-related cancer between donors and controls 
using the previously described methods. As cancer risk 
is lower in donors than the general population, we expect 
a similar lower risk in controls [150]. If controls are well 
matched, we do not expect the risk of non-kidney related 
cancer to differ between donors and controls. If a differ-
ence in cancer risk is identified, it may indicate imbalance 
in our matching and it will be further investigated using 
methods described in Shi et al. [151].

We will also evaluate if the effect of donation differs 
across baseline characteristics (i.e. evaluate if a character-
istic modifies the effect of donation) by testing the signifi-
cance of the interaction term between donation and the 
characteristic in the model. These models will also allow 
us to assess the attributable risk of donation in LDs with 

certain characteristics at donation. We will specifically 
assess if age, BMI, smoking, donation eGFR, and race/
ethnicity modify the effect of donation on ESKD and 
mortality. As a sensitivity analysis, the analyses will be 
repeated using a subset of REP controls having at least 5 
years of medical history preceding the index date.

Logistic regression models fit using generalized esti-
mating equations will be used to test for differences in 
the odds of gestational hypertension and preeclampsia 
between LDs and controls for all pregnancies occurring 
after the index date, while accounting for women having 
potentially multiple pregnancies. Adjustment variables to 
be considered in the model include: race/ethnicity, age at 
pregnancy, gravidity, and previous occurrence of preg-
nancy complications. Secondary analyses using logistic 
regression models will test for differences in the odds of 
these complications in the first pregnancy after the index 
date, adjusting for having previous pregnancies, and 
second pregnancy after the index date, adjusting for the 
occurrence of pregnancy complications in the first post-
index date pregnancy.

A linear mixed effects model will be used to test the 
difference in the trajectory of eGFR over time between 
living LDs and healthy controls. This model will initially 
have a linear effect for time with subject-specific random 
intercepts and slopes, but natural splines will be used to 
investigate nonlinear temporal trajectories.

Power
Given the results identified using preliminary matching 
algorithms and chart review we assume that we will be 
able to identify 3 controls for 98% of LDs and at least one 
of those controls will be included in a more restrictive 
matched subset (i.e., known presence of CKD, known 
serum creatinine/urine protein at or prior to index date). 
For the following power analyses, the type-1 error prob-
ability is set to 5%.

For estimating the minimal detectible hazard ratio for 
all-cause mortality, we note that at present, 12% of UMN 
LDs, 7% of all Mayo LDs, and 11% of identified prelimi-
nary controls are deceased. With a mortality rate of 11% 
in our study population, we estimate that our minimal 
detectible hazard ratio with 80% power will be 1.13 for a 
3:1 matching and 1.16 for a 1:1 matching.

In UMN LDs, approximately 13.5% have developed 
eGFR < 45 ml/min/1.73m2 during follow-up. In our 
analysis comparing the risk of developing an eGFR < 45 
between UMN LDs and healthy controls, we conserva-
tively estimate that eGFR < 45 will develop in approxi-
mately 8 to 14% of our study population. With this 
assumption, our minimal detectable hazard ratio will be 
between 1.20 and 1.15 for a 3:1 matching and between 
1.25 and 1.18 for a 1:1 matching.



Page 12 of 16Vock et al. BMC Nephrology          (2023) 24:121 

Among the 301 UMN LDs who developed DM after 
donation without first developing CVD, 57 individuals 
(19%) later developed CVD. Assuming identification of 
a 1:1 match for approximately 80% (240) of these donors 
and that the overall proportion of individuals in our study 
population who develop CVD after DM ranges from 15 
to 23%, we will have 80% power to detect a hazard ratio 
between 1.94 and 1.70.

Discussion
The MARKD study will evaluate the attributable long-
term risk of kidney donation by matching LDs from two 
transplant centers with controls from a large, contempo-
raneous, geographically similar epidemiological cohort. 
A similar study with the number of LDs and healthy 
matched controls and length of detailed follow-up could 
not be done anywhere else worldwide. While our geo-
graphic location is constrained in terms of ethnic/racial 
diversity, no other transplant centers have detailed long-
term donor follow-up with a truly well-matched control 
group. The Norwegian study described previously has 
the longest healthy matched-control study to date [55]. 
However, it has a much smaller sample size and numer-
ous limitations as previously described [103–115]. In the 
US, the OPTN did not start collecting Social Security 
numbers of donors until 1994, limiting linkages to other 
databases to obtain information on ESKD and mortality. 
Also, before 1996, LDs with ESKD listed with the OPTN 
for a transplant were not necessarily identified as a LD 
[152]. And today, even 6-month follow-up in the OPTN 
database remains poor [152–155].

The MARKD study will focus on LDs in two LD pro-
grams that started in 1963, and REP-controls dating 
back to 1963 with comprehensive medical records that 
are ongoing. A unique aspect of our study is the granu-
lar long-term follow-up. The UMN LD program has sur-
veyed LDs every 3 years. The REP links the full life course 
medical records of nearly all Olmsted County providers, 
allowing electronic (ICD-9/10 codes) and manual (chart 
abstraction) review of the comprehensive medical record 
of controls. No other study of this size provides: (a) this 
length of follow-up (more than three decades longer 
follow-up than the US OPTN registry), and (b) detailed 
ongoing follow-up of LDs and healthy-matched cohorts. 
Developing a matched control cohort from the REP will 
not only allow us to provide the best and the longest data 
on long-term LD outcomes to date, but will also lay the 
groundwork for future analyses.

A major innovative aspect of our study is our contem-
poraneous healthy matched control cohort. Unlike prior 
studies, we will more clearly delineate matched controls 
that reflect the health status of donors just prior to the 
date of donation. This will be accomplished by identify-
ing controls known to be healthy and with normal renal 

function at the index date (matched to donation date) 
who are from the same geographical region of residence 
(Upper Midwest) as donors, and by obtaining granular 
data on controls to allow for optimal matching of con-
trols to LDs on key characteristics (including family his-
tory of CKD).

Longitudinal follow-up of both LDs and REP controls 
provides detailed, uniquely available health information 
on events preceding ESKD and mortality. In contrast 
to previous studies, we will compare LDs and healthy-
matched REP controls on the much more common 
intermediate endpoints (e.g., low GFR; CVD) that occur 
before ESKD or death. Additionally, we will be able to 
study outcomes of LDs who develop new comorbidities 
late after donation (e.g., obesity, hypertension, DM, early 
or late GFR < 45 ml/min/1.73m2, proteinuria). This will 
provide information about whether the impact of these 
comorbidities differs for those with 1 vs. 2 kidneys. That 
is, we will be able to assess if differences in long-term 
outcomes between donors and controls are mediated by 
differences in postdonation comorbidities.

We will be among the first studies to evaluate modifiers 
of the effect of donation on ESKD and mortality. There 
have been several studies of risk factors for developing 
ESKD in the donor population. However, these identified 
risk factors are also risk factors for ESKD in the general 
population. By using well-matched REP controls, we will 
be able to assess the effect of donation for “ideal” LDs and 
for LDs who, at donation, have risk factors for CKD. That 
is, ours will be among the first studies to test if the attrib-
utable risk of an outcome with kidney donation is modi-
fied by clinical and demographic factors (e.g., age, BMI, 
smoking, donation eGFR).

Another strength of our study is uniform event ascer-
tainment. Use of national databases (NDI, USRDS), 
access to long-term historical data, and a new survey 
sent at the same time to LDs and controls will allow us to 
ascertain events by the same approach in both LDs and 
controls. Simultaneously obtaining outcomes for both 
groups the same way will avoid a differential ascertain-
ment bias. Further, the granular long-term follow-up of 
REP controls and the UMN LD program will provide 
independent sources for validating the timing and onset 
of self-reported outcomes on the new survey. Thus, we 
will be able to provide the most complete and detailed 
information on long-term LD outcomes as compared to a 
well-matched healthy control cohort.

Dissemination
Findings from this study will be disseminated through 
peer-reviewed journals, conference presentations, and 
targeted dissemination/presentation to advocacy and 
stakeholder groups. To translate our findings into an 
understandable format for LDs and their care team we 
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will develop a user-friendly long-term risk calculator. 
This freely available, interactive online calculator or app 
will allow candidate donors (and their providers) to esti-
mate their risk of each outcome (including intermediate 
outcomes) at different time intervals with versus without 
kidney donation.

Summary
The MARKD study will provide the best data, to date, 
on the attributable risk of kidney donation. The data will 
inform prospective candidates of the long-term risks 
(if any) of kidney donation; and inform best practices 
in long-term clinical follow-up, as well as the design of 
long-term health maintenance/surveillance of donors.
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