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Abstract

Background—Evaluation of candidates for living kidney donation relies on screening for 

individual risk factors for end-stage renal disease (ESRD). To support an empirical approach to 

donor selection, we developed a tool that simultaneously incorporates multiple health 

characteristics to estimate a person’s likely long-term risk of ESRD in the absence of donation.

Methods—We used meta-analyzed risk associations from 7 general population cohorts, 

calibrated to US population-level incidence of ESRD and mortality, to project the estimated long-

term incidence of ESRD in the absence of donation according to 10 demographic and health 

characteristics. We then compared 15-year projections to observed risk among recent US living 

kidney donors (N=52,998).

Results—There were 4,933,314 participants followed a median of 4 to 16 years. For a 40-year-

old person with health characteristics similar to age-matched kidney donors, the 15-year ESRD 

risk projections in the absence of donation varied by race and sex: 0.24%, 0.15%, 0.06%, and 

0.04% in black men, black women, white men, and white women. Risk projections were higher in 

the presence of lower estimated glomerular filtration rate, higher albuminuria, hypertension, 

smoking, diabetes, and obesity. In the model-based lifetime projections, ESRD risk was highest at 

younger age, particularly among African Americans. Risk projections in the absence of donation 

were 3.5–5.3-fold lower than 15-year observed risk post-donation in US kidney donors.

Conclusions—We suggest multiple health characteristics be considered together to estimate 

long-term ESRD risk for living kidney donor candidates.

Nearly 30,000 people worldwide become living kidney donors each year.1–3 Traditionally, 

living donors have been selected, based on the absence of risk factors for poor post-donation 

outcomes, and without a comprehensive assessment of individualized long-term risk. 

Although considered safe in healthy, low-risk persons, kidney donation has lifelong 

implications, and the most direct effect may be a higher long-term risk of end-stage renal 

disease (ESRD).4–7 A tool to predict a donor candidate’s long-term risk of developing 

ESRD, based on the combined impact of multiple pre-donation demographic and health 

characteristics, could help make criteria by which a potential kidney donor is accepted or 

declined more empiric and transparent.

In the absence of a robust epidemiologic framework for long-term risk assessment, 

acceptance criteria for living kidney donation have varied widely across transplant 

centers.8–10 There is controversy over whether donor candidates with certain health 

characteristics such as older age or hypertension should be accepted for kidney donation. 

Some transplant centers use more stringent criteria for younger donors compared to middle-

aged donors, given the long post-donation life expectancy during which complications may 

develop.11 Race is also a consideration when evaluating donor candidates, since ESRD risk 

is higher in black compared to white persons in both the general US and donor 

populations.2,5,12–14

We developed an online risk tool to help evaluate, counsel, and accept living kidney donor 

candidates (www.transplantmodels.com/esrdrisk). Using population-based data, we derived 

equations that quantify the combined effect of 10 routinely available demographic and 
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health characteristics to estimate a kidney donor candidate’s chance of developing ESRD 

over a 15-year time horizon. These estimates do not incorporate any added risk attributable 

to kidney donation; kidney donation likely increases ESRD risk, but the increase in risk 

according to pre-donation characteristics is difficult to quantify reliably with existing 

data.15–17 We compared risk projections to the observed 15-year incidence of ESRD in 

recent living kidney donors, hypothesizing that ESRD incidence in the presence of donation 

would be at least 4-fold higher than projections in the absence of donation, given recent 

reports.5,6 Because many kidney donors are young, we also projected lifetime risk of ESRD, 

with the caveat that these lifetime estimates lack precision and were based on relatively 

short follow-up data.

METHODS

We developed risk equations to estimate the long-term incidence of ESRD in the absence of 

kidney donation according to a person’s baseline demographic and health characteristics. 

Data sources included the annual incidence of ESRD for the overall US population, and 

associations of health characteristics with ESRD in 7 general population studies 

(Supplementary Appendix, Appendix 1).

Study Design and Oversight

MG, ASL, KM, JC, DLS, BLK, KLL, and AXG conceived of the study concept and design. 

The CKD Prognosis Consortium (CKD-PCC) Data Coordinating Center (DCC; MG, YS, 

KM, SB, JC) and the CKD-PC investigators/collaborators listed in the Supplementary 

Appendix materials acquired the data. The DCC members analyzed the data. MG and JC 

had full access to all the data in the study and take responsibility for the integrity of the data 

and the accuracy of the data analysis and all authors had final responsibility for the decision 

to submit for publication, informed by discussions with collaborators. MG, YS, ASL, KM, 

SB, JC, KLL, and AXG drafted the manuscript, and ARC, EKC, BLK, CPK, GNN, VS, and 

DLS provided critical revisions of the manuscript. All collaborators shared data and were 

given the opportunity to comment on the manuscript. JC obtained funding for CKD-PC and 

individual cohort and collaborator support is listed in the Supplementary Appendix.

Incidence of ESRD in the US Population

The annual incidence of ESRD, defined as receipt of chronic dialysis or a kidney transplant, 

was previously estimated for the US population within categories of age, sex, and race.14 

These estimates were derived using actual ESRD incidence and mortality collected by the 

US Renal Data System, and overall mortality rates from the US Census (Supplementary 

Appendix, Appendix 2);18 annual rates were compounded to determine absolute risk over 

the desired time horizon. We partitioned the population incidence of ESRD into high-risk 

(ineligible for kidney donation) and low-risk (potentially eligible for kidney donation) 

subgroups, with the latter defined to exclude persons with ≥1 absolute contraindication to 

kidney donation: estimated glomerular filtration rate (eGFR) <45 ml/min/1.73 m2, insulin-

dependent diabetes mellitus, the use of ≥4 anti-hypertensive medications, systolic/diastolic 

blood pressure ≥160/90 mmHg with medication or ≥170/100 mmHg without medication, 

random urine albumin-to-creatinine ratio ≥300 mg/g, or a history of coronary heart disease, 
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stroke, congestive heart failure, or peripheral arterial disease (Supplementary Appendix, 

Table S1).

Associations of Individual Health Characteristics with ESRD

We quantified the associations of health characteristics and incident ESRD in the low-risk 

subgroups of 7 general population cohorts assembled by the CKD-PC19: follow-up of Third 

National Health and Nutrition Examination Survey (NHANES III, 1988–1994), the 

Atherosclerosis Risk in Communities Study, Geisinger Health System, Maccabi Health 

System, Veterans Administration (VA) Health System, Mount Sinai BioMe cohort, and the 

Institute for Clinical Evaluative Sciences Ontario Kidney, Dialysis and Transplantation 

Program. To ensure model stability, cohorts were required to have at least 20 ESRD events 

in the low-risk subgroup. Multiple-imputation was used for missing health characteristic 

data. Missing data ranged from <1% for all variables in the ARIC cohort to >90% for 

measures of albuminuria in the cohorts derived from electronic health record data 

(Supplementary Appendix, Table S2). Coefficients based on data imputed >20% were not 

used in meta-analysis.

We considered 13 distinct demographic and health characteristics: age, race, sex, eGFR, 

urine albumin-creatinine ratio, systolic blood pressure, non-insulin dependent diabetes 

mellitus, anti-hypertensive medication use, smoking status, body mass index (BMI), total 

cholesterol and low-density lipoprotein (LDL) cholesterol, and a history of kidney stones. 

Total cholesterol, LDL cholesterol, and history of kidney stones were not statistically 

significant and thus were excluded from the final model. All models were adjusted for an 

age-race interaction.

Risk associations were estimated using multivariable Cox proportional hazards models 

individually in each cohort and then combined using random-effects meta-analysis. The 

discrimination of meta-analyzed coefficients was evaluated in development cohorts 

(Supplementary Appendix, Table S3).

Estimating the Long-Term Incidence of ESRD for the Base-Case Scenario

We applied the meta-analyzed coefficients to the low-risk subgroups of NHANES III and 

continuous NHANES (1999–2010) using sample weights as per analytic guidelines.20 A 

base-case scenario was defined using average health characteristics of the recent US donor 

pool: systolic blood pressure 120 mmHg, urine albumin-creatinine ratio 4 mg/g, BMI 26 

kg/m2, no smoking, no diabetes or use of anti-hypertensive medications5 (which were fairly 

uniform in donors, irrespective of age), and an age-specific eGFR (Supplementary 

Appendix, Appendix 3). The linear function for each participant was centered on that of the 

base-case scenario within each category of age (10-year increments), sex, and race.21 We 

calibrated this risk to the estimated ESRD incidence in the low-risk population over a given 

time period (15-year and lifetime) by dividing the overall estimate by the product-sum of the 

prevalence of each low-risk participant’s health profile and the exponentiated linear function 

(Supplementary Appendix, Appendix 4).
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Projected Risk Distribution in Recent Donor Populations

We applied the risk equations to 57,508 living kidney donors assembled from the US Organ 

Procurement and Transplantation Network (OPTN) between January 1, 2005, and July 2, 

2014. Donors missing pre-donation serum creatinine or systolic blood pressure were 

excluded (N=4,510). Albumin-creatinine ratio was imputed as 4 mg/g for those with 

“negative,” “not done,” or “unknown” urinalysis, and 30 mg/g for those with “positive” 

urinalysis. Smoking status was imputed as former smoker if “history of cigarette use” or 

“other tobacco used” was reported. Missing BMI (2.5%), diabetes mellitus (1.7%), and anti-

hypertensive medication use (97.5%) were imputed as 26 kg/m2, no diabetes, and no anti-

hypertensive medication use, respectively.

Comparison of Projected to Observed Risks and Sensitivity Analyses

We compared recently published 15-year ESRD risk in kidney donors5 with the projected 

risk in the absence of donation for the average donor and assessed the relative risk. We 

conducted various sensitivity analyses – first, varying by ±33% the estimated proportion of 

events occurring in the low-risk subgroup, and second, projecting long-term ESRD risk 

using coefficients derived from literature review.22,23 Because our meta-analyzed 

coefficients were similar to those previously published for all variables except BMI, the 

latter analyses focused on BMI. All analyses were done in Stata/MP 13.1 (College Station, 

TX).

RESULTS

Baseline Characteristics

Overall, there were 8,325,115 participants in the 7 cohorts, of whom 4,933,314 had no 

health conditions deemed absolute contraindications to kidney donation. There were 3,900 

ESRD events over 31,321,064 person-years of follow-up in this subgroup; median cohort 

follow-up ranged from 4 to 16 years (Table 1). The average age at cohort entry ranged from 

40 to 63 years. The proportion of women ranged from 9.3% in the VA cohort to 52–60% in 

the remaining cohorts.

Associations of Health Characteristics with ESRD

There was a graded association between an eGFR below 90 ml/min/1.73 m2 and a higher 

risk of ESRD; above eGFR 90 ml/min/1.73 m2, there was no significant association (Table 

2). Other characteristics associated with a higher risk of ESRD included non-insulin 

dependent diabetes (adjusted hazard ratio [HR] 3.01, 95% CI: 1.91–4.74), higher systolic 

blood pressure (HR 1.42 per 20 mmHg, 95% CI: 1.27–1.58), anti-hypertensive drug use (HR 

1.35, 95% CI: 1.01–1.82), former smoking (HR 1.45, 95% CI: 1.23–1.71), current smoking 

(HR 1.76, 95% CI: 1.29–2.41), and higher urine albumin-creatinine ratio (HR 2.94 per 10-

fold change, 95% CI: 0.99–8.75). There was a relatively weak association between BMI and 

ESRD risk, with a small graded association above 30 kg/m2 (HR 1.16 per 5 kg/m2, 95% CI: 

1.04–1.29).
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Individualized ESRD Risk Projections

The 15-year pre-donation ESRD risk projection for the average kidney donor candidate 

varied by age, sex, and race; the highest risks were for middle-aged black men (Fig. 1A). 

For a base-case candidate, the 15-year projected risk was 0.08%, 0.05%, 0.02%, and 0.01% 

for a 20-year-old black man, black woman, white man, and white woman, respectively; 

corresponding estimates for 60-year-old base-case candidates were 0.32%, 0.18%, 0.13%, 

and 0.08%. As expected, the model-based lifetime projections were higher, especially in 

younger persons, although these risks were <2% for all base-case scenarios (Fig. 1B).

The projected risk of ESRD was higher in persons with additional risk factors, particularly 

high albumin-creatinine ratio (Table 3). Current smoking was also a strong risk factor 

(Supplementary Appendix, Fig. S1). Risk factors had a larger impact on model-based 

lifetime projections for young persons (Supplementary Appendix, Fig. S2). Relationships 

were similar in most sensitivity analyses (Supplementary Appendix, Fig. S3), with the 

exception of lifetime projected risks in young persons with higher BMI, where coefficients 

derived from the literature estimated higher risks (Supplementary Appendix, Table S4).

Risk Projections in Recent Kidney Donors

When the pre-donation ESRD risk projections were applied to the recent donor population, 

99%, 98%, and 94% of recent US donors had <3%, <2%, and <1% projected 15-year pre-

donation incidence of ESRD, respectively (Supplementary Appendix, Fig. S4). Pre-donation 

estimates >3% were most common among middle-aged (53–68 years) donors of black race.

There were similar patterns of ESRD risk according to race and sex in the absence and 

presence of donation, with 15-year risk projections in non-donors 3.5 to 5.3-lower than those 

observed for US kidney donors (Supplementary Appendix, Table S5). For example, the 

projected (in the absence of donation) and observed (after donation) 15-year risks for the 

average black male donor were 0.21% and 0.96%, respectively. Corresponding projected 

and observed 15-year risks were 0.12% and 0.59% in black women, 0.07% and 0.34% in 

white men, and 0.04% and 0.15% in white women.

DISCUSSION

We estimated the long-term risk of ESRD according to ten pre-donation demographic and 

health characteristics assessed together and then developed an online risk tool to help 

evaluate and counsel living kidney donor candidates and improve the acceptance process. 

We demonstrated substantial variation in the ESRD risk projections by age, sex, and race. 

For the base-case candidate, a scenario reflecting the average US kidney donor, the highest 

15-year risks were among middle-aged black men. In model-based lifetime projections, 

young persons, particularly of African-American race, were at highest risk. Many older 

persons had low long-term ESRD risk estimates, even in the presence of health 

characteristics often considered to be contraindications to donation, such as lower eGFR or 

mild hypertension. These data may provide an empirical foundation for the criteria a 

transplant center uses to accept or decline a living kidney donor candidate.
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A unique aspect of the present study are the estimates of long-term ESRD risk in low-risk 

persons, which consider together a combination of individual demographic and health 

characteristics. Our estimates leverage data from over 31 million person-years of follow-up 

and include persons with health characteristics not well captured in current living kidney 

donor populations. Use of the online risk tool in kidney donor acceptance protocols may 

help minimize the number of living kidney donors who develop ESRD after donation, 

support donation among people whose long-term risk was previously misunderstood, and 

enhance informed consent and shared decision-making with donor candidates.24 Although 

the risk tool was developed specifically for the US, the methods used to generate robust 

estimates may be adapted to other countries using local data sources.

Our risk projections focus on ESRD in the absence of donation over a 15-year time horizon. 

The protocol and statistical analysis plan are available on www.nejm.org. These estimates 

may not fully capture relevant risks for younger donors, who may have more than 60 years 

of remaining life. For this reason we also provided projected lifetime ESRD risk, with the 

caveat that these estimates lack precision and use relatively short follow-up data. Although 

we do not specifically model the incidence of risk factors such as diabetes and hypertension, 

our projections incorporate the natural rate of disease development in a given subset of the 

population, thereby incorporating all disease pathways to ESRD. However, the projections 

should be considered the population average. If a person has a higher risk of developing 

diabetes compared to a peer group with identical demographic and health characteristics 

(blood pressure, eGFR, albuminuria, BMI, smoking status), the actual risk may be higher 

than our projection. Similarly, the magnitude of the added risk from donation, and how this 

risk varies by health characteristics like obesity, remains uncertain. The relative risk of 

donation compared to non-donation was estimated to be 7.9 (95% CI: 4.6–8.1) and 11.4 

(95% CI: 4.4–29.6) in two recent studies.5,6 Our 15-year risk projections in the absence of 

donation appear consistent with previously published estimates of post-donation risk and the 

relative risk of donation5,6, with similar patterns of risk variation by sex and race.12,13

The relative associations used in our online tool were derived from 7 cohorts with follow-up 

ranging from 4 to 16 years. These meta-analyzed estimates were, for the most part, very 

similar to those previously published in a cohort with 25-year follow-up.22 Risk was higher 

in black persons than white persons, and slightly higher in men than women, similar to 

estimates in the general population.14,18 Racial variation in ESRD risk may relate to the 

incidence of hypertension and diabetes,13,25 access to care and other unmeasured 

environmental factors, and the distribution of kidney disease risk alleles such as APOL1; our 

estimates only incorporate the population-average exposure to these factors. However, two 

studies with long-term follow-up have suggested much stronger risk associations between 

BMI and ESRD.22,23 Sensitivity analyses suggest that an underestimate of the BMI-ESRD 

risk association would be significant primarily for younger donor candidates. Thus, we 

suggest caution be used in evaluating obese donor candidates, particularly when they are 

young.

Despite excellent outcomes in recipients of kidneys from older living donors,26–28 only 

2.8% of US living kidney donors were 65 years or older in 2014.3 Our estimates suggest that 

healthy older adults may be appropriate donor candidates with respect to their future ESRD 
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risk. Having lived to an older age without the development of high-risk health conditions, a 

healthy older adult would be relatively unlikely to develop ESRD, even in the presence of 

suboptimal health characteristics like lower eGFR or higher blood pressure. Other studies 

have demonstrated the safety of kidney donation among older adults with respect to post-

donation outcomes, such as perioperative mortality as well as subsequent cardiovascular 

events. 26–28

To model ESRD risk in the absence of donation, the present study used established methods, 

risk estimates derived from actual US incidence, and data from millions of persons. 

However, certain assumptions must be emphasized, particularly for the projections across a 

lifetime. First, projections are calibrated to incidence rates of ESRD from US population 

data. Annual incidence is derived using life-table methods, which assume constant age-, 

sex-, and race-specific ESRD incidence over decades and a static population sub-structure. 

Second, information on certain health characteristics of interest was not available. Our 

estimates reflect the population average for latent characteristics. For example, persons with 

higher socioeconomic status may have lower risk, and persons with lower socioeconomic 

status or a family history of kidney disease may have higher risk. Third, our models to 

estimate 15-year and lifetime risk were based on cohorts of low-risk persons who were 

followed between 4 and 16 years. Fourth, random effects meta-analysis takes into account 

potential heterogeneity, but precision is limited. Fifth, our study focuses on a single 

outcome, ESRD treated with chronic dialysis or transplantation. We did not assess untreated 

low GFR, a condition particularly common in older persons,29,30 nor did we assess the risk 

of other diseases linked to kidney donation, such as hypertension or preeclampsia.31,32 

Finally, we made no estimate of the age at which a donor candidate would develop ESRD or 

years with ESRD prior to death, nor did we assess the risk of perioperative or other 

complications from donation, which may vary by baseline characteristics such as 

obesity.13,31–33

In summary, our online risk tool incorporates multiple baseline demographic and health 

characteristics together to project a donor candidate’s 15-year incidence of ESRD in the 

absence of kidney donation. We speculate that if transplant programs were to incorporate 

individualized risk assessment using multiple demographic and health characteristics in the 

evaluation, counseling, and acceptance of all living kidney donor candidates, better 

estimates of future donor kidney outcomes might be feasible. When data become available, 

future estimates may be improved by the incorporation of cohorts observed for longer 

periods of time and from diverse countries, and by adding the risk of ESRD from donation 

according to multiple pre-donation health characteristics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 15-year (A) and lifetime (B) projections of ESRD incidence in the United States by age, 
race, and sex for the “base-case” scenario*
*The base-case scenario is the following: age-specific eGFR (114, 106, 98, 90, 82, 74, and 

66 ml/min/1.73 m2 for ages 20, 30, 40, 50, 60, 70, and 80 years, respectively), systolic blood 

pressure 120 mmHg, urine albumin-creatinine ratio (ACR) 4 mg/g (0.4 mg/mmol), BMI 26 

kg/m2, and no diabetes mellitus or anti-hypertensive medication use. These were selected as 

being representative of recent US living kidney donors. Lifetime projections are based on 15 

years of follow-up data and calibrated to the incidence of ESRD in the US low-risk 

population, and thus lack precision. All estimates reflect the United States population 

average for latent characteristics; individual risk may be higher or lower. Confidence 

intervals for each of the estimates are depicted in Appendix 4. Confidence intervals were 

obtained from simulations sampled from the distribution of meta-analyzed hazard ratios.
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