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ABSTRACT
Background Nephrosclerosis, nephron size, and nephron number vary among kidneys transplanted from
living donors. However, whether these structural features predict kidney transplant recipient outcomes is
unclear.
Methods Our study used computed tomography (CT) and implantation biopsy to investigate donated
kidney features as predictors of death-censored graft failure at three transplant centers participating in the
Aging Kidney Anatomy study. We used global glomerulosclerosis, interstitial ﬁbrosis/tubular atrophy,
artery luminal stenosis, and arteriolar hyalinosis to measure nephrosclerosis; mean glomerular volume,
cortex volume per glomerulus, and mean cross-sectional tubular area to measure nephron size; and calculations from CT cortical volume and glomerular density on biopsy to assess nephron number. We also
determined the death-censored risk of graft failure with each structural feature after adjusting for the
predictive clinical characteristics of donor and recipient.
Results The analysis involved 2293 donor-recipient pairs. Mean recipient follow-up was 6.3 years, during
which 287 death-censored graft failures and 424 deaths occurred. Factors that predicted death-censored
graft failure independent of both donor and recipient clinical characteristics included interstitial ﬁbrosis/
tubular atrophy, larger cortical nephron size (but not nephron number), and smaller medullary volume.
In a subset with 12 biopsy section slides, arteriolar hyalinosis also predicted death-censored graft
failure.
Conclusions Subclinical nephrosclerosis, larger cortical nephron size, and smaller medullary volume in
healthy donors modestly predict death-censored graft failure in the recipient, independent of donor or
recipient clinical characteristics. These ﬁndings provide insights into a graft’s “intrinsic quality” at the time
of donation, and further support the use of intraoperative biopsies to identify kidney grafts that are at
higher risk for failure.
JASN 31: ccc–ccc, 2020. doi: https://doi.org/10.1681/ASN.2019090964

Living kidney donation has become the preferred
therapeutic option for patients with ESKD.1 A thorough clinical evaluation with laboratory testing is
required to ensure the donor has healthy kidneys.
Despite this, certain live donor clinical characteristics (particularly older age and lower GFR) predict
an increased risk of death-censored graft failure in
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the recipient.2,3 These clinical characteristics may reﬂect underlying structural features in the kidney that are predictive of
longevity of the graft. Indeed, there is substantial variability
with respect to nephrosclerosis, nephron size, and nephron
number among living kidney donors.4–6
Even if there are subclinical structural features that predict
death-censored graft failure, this would not likely affect initial
decision regarding living kidney donation. Recipients generally have better outcomes with a kidney from a living donor
than from a deceased donor.1 Consequently, availability of a
willing person with acceptable health for kidney donation will
generally supersede concerns regarding graft quality. However, long-term death-censored graft failure remains a primary concern,7,8 and identifying kidney structural predictors of death-censored graft failure may facilitate enriched
strategies to improve graft longevity. Transplantation is
also a unique setting to study how kidney structural features
contribute to the development of kidney failure because the
donated kidney, once placed in the recipient, becomes independent of the nonkidney characteristics of the donor.
We studied donor biopsy specimen structural measures as
predictors of death-censored graft failure in a cohort of 2293
living kidney donor-recipient pairs at three transplant centers
in the Aging Kidney Anatomy study.4–6 We previously found
that nephrosclerosis, larger nephron size, and low nephron
number modestly predict lower GFR, higher urine albumin,
or hypertension in the donor at 4 months after donation.5,9
Thus, we hypothesized that these same structural features
would be predictive of death-censored graft failure in the
matched recipients.

METHODS
Study Sample

This study included living kidney donors at Mayo Clinic Minnesota, Mayo Clinic Arizona, and Cleveland Clinic who donated between May 10, 1999 and December 11, 2017, with a
predonation computed tomography (CT) scan and a renal
biopsy of the donated kidney during transplantation. The corresponding kidney recipients were followed annually at all
three sites. Recipient characteristics and follow-up were standardized using United Network for Organ Sharing (UNOS)
Standard Transplant Analysis and Research (STAR) ﬁles for
each of the three sites, obtained on July 27, 2018.10 Certain
populations at high risk for early death-censored graft failure
or death were excluded. Speciﬁcally, we excluded kidney recipients with previous or concurrent nonkidney solid organ transplants, ABO-incompatible transplants, and recipients aged
,15 years at the time of transplantation. In addition, we excluded recipients with graft failure, death, or lost follow-up
within 1 month after transplantation. Early graft loss in those
recipients was mainly owing to technical reasons (e.g., renal artery thrombosis or kinking), and their kidney structural features were not signiﬁcantly different from the remaining cohort.
2
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Signiﬁcance Statement
The quality of a kidney obtained from a living donor is often inferred
from the donor’s age, risk factors, and kidney function. Little is
known about the inﬂuence of a donated kidney’s structural features
on the risk of death-censored graft failure in the recipient. In an
analysis of 2293 kidney donor-recipient pairs, the authors identiﬁed
subclinical nephrosclerosis, larger nephron size (but not nephron
number), and smaller medullary volume as structural predictors of
death-censored graft failure that were independent of both donor
and recipient clinical characteristics. These ﬁndings provide important insights into the factors that deﬁne the “intrinsic quality” of
the living kidney donor graft at the time of donation, and support
use of intraoperative biopsies to identify donor kidneys that are at
higher risk for failure.

Recipients with positive crossmatch (including preformed
donor-speciﬁc antibodies) were not excluded because substantial
changes in crossmatch technology over the study period prevented a consistent deﬁnition of positive crossmatch. All data were
obtained from the medical records of donors and UNOS STAR
ﬁles for recipients with a waiver of informed consent under institutional review board approval.
Donor Clinical Characteristics

All kidney donors underwent a thorough medical evaluation
before donation that included a prescheduled series of tests.
The predonation evaluation included serum creatinine to
eGFR using the CKD Epidemiology Collaboration equation,
urinary iothalamate clearance to measure GFR, 24-hour urine
albumin excretion (Mayo Clinic donors only), body mass index (BMI), and ofﬁce BP. Acceptance criteria for donation
varied by site and era, but generally included 24-hour urine
albumin excretion ,30 mg and GFR normal for age. Mild
controlled hypertension in older donors and moderate obesity
(BMI of 30–35 kg/m2, occasionally up to 40 kg/m2 in older
donors) were allowed. Patients with diabetes mellitus or cardiovascular disease were not accepted as donors. Hypertension was deﬁned as a preexisting diagnosis of hypertension, an
ofﬁce BP .140/90 mm Hg, or use of antihypertensive medication to lower BP. Living related donors were deﬁned by being a blood relative of the kidney recipient.
Kidney Structural Features

An intraoperative needle core biopsy of the renal cortex was
performed at the time of donation. The tissue specimen was
ﬁxed in formalin and embedded in parafﬁn. Unstained sections from the tissue block were sent to Mayo Clinic in Minnesota from the other sites for staining. Two sections (2- to
3-mm thickness) from the biopsy core were stained, one with
periodic acid–Schiff and one with Masson trichrome, and
then scanned into high-resolution digital images (Aperio XT
digital scanner; Leica Biosystems). Supplemental Appendix 1
describe the stereological measurements and equations used
to characterize the microstructural features from these images.
Nephron size was characterized by mean nonsclerotic
JASN 31: ccc–ccc, 2020
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glomerular volume, cortex volume per glomerulus (inverse of
nonsclerotic glomerular volumetric density), and mean crosssectional tubular area.4 Nephrosclerosis on biopsy was characterized by the percentage of glomeruli that were globally
sclerotic, the percentage interstitial ﬁbrosis/tubular atrophy
(IF/TA), the density of IF/TA foci (per millimeter squared of
cortex), and arteriosclerosis severity by percentage luminal
stenosis from intimal thickening. In the Mayo Clinic Minnesota subset, detection of any arteriolar hyalinosis was assessed
by a pathologist review of all 12 biopsy section slides. Supplemental Appendix 1 describes how CT images were used to
determine kidney cortical and medullary volume, presence
of any cyst, and surface roughness of donated kidney.4 Nephron number was calculated from the product of cortical
volume and glomerular density,11–13 and single-nephron
GFR was calculated from measured GFR divided by nephron
number (Supplemental Appendix 1).9
Recipient Clinical Characteristics and Outcome

From the UNOS STAR ﬁle, the baseline kidney transplant
recipients’ characteristics considered for prediction of deathcensored graft failure were age at transplant, sex, race/
ethnicity, height, BMI, primary cause of CKD, diabetes, hypertension, last available calculated panel reactive antibody
before transplant (available after December 5, 2007), number
of HLA class 1 mismatches, HLA donor-recipient mismatches,
number of previous kidney transplants, pretransplant dialysis,
use of depleting immunosuppression induction therapy,
maintenance calcineurin inhibitor use, and maintenance steroids use. Delayed graft function was deﬁned by dialysis during the ﬁrst week post-transplant. Dates of death-censored
graft failure and last follow-up were ascertained from the
UNOS STAR ﬁle. Death-censored graft failure was deﬁned
as either retransplantation or initiation of dialysis with
follow-up through to August 3, 2018.
Statistical Analyses

The analysis of death-censored graft failure used a Cox proportional hazards model with censoring at death. The relationship between death-censored graft failure and each donor
or recipient variable was summarized with a hazard ratio
(HR). Missing values of the predictor variables were imputed
using multivariate imputation by chained equations.14 Nine
data sets were created, with missing values replaced by different multivariate imputation by chained equations values in
each data set. HRs, 95% conﬁdence intervals (95% CIs), and
P values for each model were obtained by ﬁtting the model
on each imputation data set and combining the results using the methods of Rubin15 and Li et al.16 For each biopsy
or CT structural predictor, four models were ﬁt: unadjusted,
adjusted for donor characteristics, adjusted for recipient characteristics, and adjusted for both donor and recipient characteristics. To avoid adjusting for an excessive number of clinical
covariates, the clinical predictors for death-censored graft
failure in this data set were ﬁrst selected using stepwise
JASN 31: ccc–ccc, 2020
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backward elimination (requiring predictive covariates to
have P value ,0.10). The stepwise algorithm was run on
each of the imputation data sets, and a covariate was retained
in the ﬁnal set if it was selected in at least ﬁve of the nine data
sets. The selection process was applied separately to select
donor characteristics as covariates and to select recipient characteristics as covariates. To account for differences among the
three study sites, all Cox models were ﬁt with site as a stratiﬁcation factor. The proportional hazards assumption of the
models was checked using weighted Schoenfeld residuals.17
Sensitivity analyses were performed. To address the potential role of early acute rejection as part of the pathway for
death-censored graft failure, analyses were repeated with baseline set to 1 year post-transplant with further adjustment for
acute rejection during the ﬁrst year post-transplant. We further assessed the effect of adjusting for donor 24-hour urine
albumin. The subset with available arteriolar hyalinosis measures allowed assessment of arteriolar hyalinosis as a predictor
of death-censored graft failure. Finally, analyses were repeated
adjusting for all donor and recipient clinical covariates, rather
than just those identiﬁed by backward stepwise selection. All
computations and statistical analyses were performed using R
version 3.4.2.

RESULTS
Donors and Recipient Clinical Characteristics

After exclusions, there were 2293 living kidney donors studied
(Figure 1). This included donor and recipient pairs at Mayo
Clinic Minnesota (n51585), Mayo Clinic Arizona (n5436),
and Cleveland Clinic (n5272). Table 1 describes the baseline
clinical, CT scan, and biopsy sample characteristics of the donors; Table 2 describes the baseline clinical characteristics of
the recipients. During follow-up, 287 (12.5%) recipients experienced death-censored graft failure and 424 (18.5%) recipients died. The mean6SD time to death-censored graft failure
or last follow-up was 6.363.8 years. The percentage missing
data for each characteristic that was imputed for analyses is
shown in Supplemental Table 1. Donor clinical characteristics
that independently predicted death-censored graft failure
(at P,0.10) were older age and black race, and higher 24hour urine albumin (in the subset with 24-hour urine albumin
testing) (Supplemental Table 2). Recipient clinical characteristics that independently predicted death-censored graft failure (at P,0.10) were younger age, black race, diabetes, cause
of CKD, any HLA antigen mismatch, HLA donor-recipient
mismatch, previous kidney transplant, pretransplant dialysis,
and delayed graft function (Supplemental Table 3).
Structural Features as Predictors of Death-Censored
Graft Failure

Each kidney structural feature on biopsy or CTscan at the time
of transplantation was evaluated as a predictor of deathcensored graft failure. Presence of IF/TA .5% and larger
Donor Biopsy and Recipient Graft Failure
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All living donor biopsies
N=2921

Donors with:
- adequate biopsy
- available CT scan
N=2655

Matched with UNOS
recipient data
N=2566

Final matched sample
N=2293

Excluded due to:
- Prior non-kidney transplant (N=117)
- ABO incompatible transplant (N=60)
- Lack of sufficient follow-up (<3 months) (N=52)
- Recipients younger than 15 years (N=44)

Figure 1. Sampling of matched living donor and recipient pairs. Among 2921 living kidney donors at Mayo Clinic Minnesota, Mayo
Clinic Arizona, and Cleveland Clinic who donated between May 1999 and December 2017, 2293 were studied who had a predonation
computed tomography (CT) scan and an adequate renal biopsy. These living kidney donors were all paired with their respective recipients using United Network for Organ Sharing (UNOS) Standard Transplant Analysis and Research (STAR) ﬁles for each of the 3 sites
and excluding recipients with prior non-kidney transplants, ABO incompatible transplants, short follow-up, or pediatric recipients
younger than 15 years.

tubular area predicted death-censored graft failure (Figure 2,
A and B). After adjusting for both donor and recipient clinical
characteristics, death-censored graft failure was predicted by IF/
TA .5%, larger glomerular volume, larger tubular area, and
smaller medulla volume (Table 3). In analyses adjusting each
structural predictor for other structural predictors, only IF/TA
.5% versus 0% (HR, 3.62; 95% CI, 1.61 to 8.10) and larger
tubular area per SD (HR, 1.18; 95% CI, 1.05 to 1.34) predicted
death-censored graft failure independently of each other.
A sensitivity analysis was performed in the 2200 recipients
with follow-up beyond 1 year post-transplant. Acute rejection
during the ﬁrst year occurred in 221 (10.0%) and predicted
graft loss independent of other recipient characteristics
(HR, 2.28; 95% CI, 1.65 to 3.61). The baseline kidney structural
predictors for graft loss after 1 year were similar, even after
adjustment for donor and recipient characteristics including
acute rejection during ﬁrst year (Supplemental Table 4). Another sensitivity analysis was performed in the subset with donor 24-hour urine albumin available (n51705). The structural
predictors of death-censored graft failure had HRs similar to
those in the main analysis, although IF/TA .5% and glomerular volume were no longer statistically signiﬁcant after adjusting for donor and recipient clinical characteristics, including
donor 24-hour urine albumin (Supplemental Table 5). Findings
in Table 3 were not substantively different with adjustment for all
donor and recipient clinical covariates (Supplemental Table 6)
and only nonsclerotic glomerular volume per SD was no longer
statistically signiﬁcant (HR, 1.11; 95% CI, 0.99 to 1.24).
4
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Finally, a sensitivity analysis was performed in the 1585
donors that were assessed for arteriolar hyalinosis. Presence
of arteriolar hyalinosis was a predictor of death-censored
graft failure in unadjusted (Figure 2C) and adjusted analyses
(Table 4).The other kidney structural predictors in this subset had HRs similar to those in the main analysis, although IF/TA .5% and glomerular volume were no longer
statistically signiﬁcant after adjusting for donor and recipient
characteristics (Table 4). In further analysis of this subset
adjusting each structural predictor for other structural predictors, only IF/TA .5% versus 0% (HR, 4.46; 95% CI, 1.85
to 10.74), larger tubular area per SD (HR, 1.17; 95% CI, 1.02
to 1.33), and arteriolar hyalinosis (HR, 1.61; 95% CI, 1.13 to
2.29) predicted death-censored graft failure independently of
each other.

DISCUSSION

Biopsy sample features of nephrosclerosis (IF/TA .5%
and arteriolar hyalinosis), larger cortical nephron size
(larger glomeruli and larger tubules), and smaller medulla
at the time of donation were modest predictors of deathcensored graft failure in kidneys obtained from living
donors. These structure-outcome associations were not explained by the clinical characteristics of either the donor or
the recipient. In particular, these associations persisted even
after adjustment for gold-standard measures of donor
JASN 31: ccc–ccc, 2020
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Table 1. Baseline characteristics of the 2293 donors
Clinical Characteristic

Mean (SD) or n (%)

Age at transplant surgery, yr
Male
Race
Black
White
Other/unknown
BMI, kg/m2
Height, cm
Measured GFR, ml/min per 1.73 m2
24 h urine albumin, mga
Living related donor
Hypertension
Biopsy featuresb
Globally sclerotic glomeruli, %
Glomerulosclerosis above age thresholdc
%IF/TA
0%
.0% to #5%
.5%
Number of IF/TA foci per mm2
Artery luminal stenosis, %
Tubular cross-sectional area, per 1000 mm2
Nonsclerotic glomeruli volume, per 1000 mm3
Cortical volume per glomerulus, mm3
Presence of any arteriolar hyalinosisd
CT features
Cortex volume, cm3
Medullary volume, cm3
Any kidney cyst (.1 cm in diameter)
Kidney surface roughness score
0
1
2
3
Nephron number, per 1000
Single-nephron GFR, nl/min

43.8 (11.9)
930 (40.6%)
77 (3.4%)
1898 (82.8%)
318 (13.9%)
27.5 (4.8)
170.4 (9.6)
114.7 (24.4)
4.3 (10.9)
1189 (51.9%)
359 (15.7%)
3.3 (6.3)
138 (6.0%)
1670 (72.9%)
552 (24.1%)
69 (3.0%)
0.1 (0.2)
34.1 (21.0)
4.2 (1.4)
2.5 (1.0)
0.1 (0.0)
213 (13.4%)
102.3 (21.4)
42.2 (10.6)
207 (9.0%)
862 (37.6%)
557 (24.3%)
492 (21.5%)
381 (16.6%)
929.9 (439.9)
76.1 (47.5)

a

Assessed in 1705 donors.
Biopsies used had a mean6SD cortical area of 6.763.0 mm2 and number of
glomeruli of 19611 per section.
c
Number of globally sclerotic glomeruli on biopsy exceeds 95th percentile
expected for donor age and number of glomeruli present.30
d
Assessed in 1585 donors.
b

kidney function (measured GFR and 24-hour urine albumin
excretion).
Our results suggest subclinical structural features in the
kidney at the time of donation modestly contribute to
death-censored graft failure. Low nephron numbers was
not a predictor of death-censored graft failure, nor were
its surrogates, increased globally sclerotic glomeruli or low
cortical volume. Nephron number in donors predominately reﬂects physiologic variation at birth and the gradual
nephron loss with aging.6,18,19 For the recipient, it may be
the baseline “health” of the donated nephrons rather than
their number that inﬂuence outcomes. Larger nephrons and
even small amounts of IF/TA may reﬂect nephrons that
are more prone to post-transplant injury (immunologic or
JASN 31: ccc–ccc, 2020
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nonimmunologic). Instead, pathologic ﬁndings of interstitial ﬁbrosis and arteriolar hyalinosis were predictive of
death-censored graft failure. Furthermore, enlarged nephrons, which may have occurred in response to the metabolic
milieu of the donor (e.g., as in obesity), predicted deathcensored graft failure, despite the different metabolic milieu
of the recipient. Thus, subtle subclinical pathology in the
living donor kidney may progress and contribute to deathcensored graft failure in the recipient.
Nephrosclerosis or arterionephrosclerosis has been described as a process by which arteriosclerosis (artery luminal
stenosis from intimal thickening and arteriolar hyalinosis)
causes ischemia resulting in global glomerulosclerosis, tubular
atrophy, and interstitial ﬁbrosis. In living kidney donors,
nephrosclerosis is associated with older age and hypertension.20 With normal aging, donors lose about half their nephrons from age 20 to age 70 years, but the increase in IF/TA with
aging is modest.9 The ﬁndings of IF/TA .5% or arteriolar
hyalinosis may be indicative of an injury to the kidney separate
from the aging process. Among histologic features at 5 years
post-transplant, arteriolar hyalinosis is one of the most
important predictors of death-censored graft failure21; this
study suggests that arteriolar hyalinosis originating from the
donor is also important. Once evident, IF/TA also predicts
progressive graft dysfunction in the subsequent years.22,23
Table 2. Baseline characteristics of the 2293 recipients
Clinical Characteristics

Mean6SD or n (%)

Age at transplant surgery, yr
Male
Race
Black
White
Other/unknown
BMI, kg/m2
Height, cm
Diabetes mellitus
Hypertension
Cause of CKD
Glomerular disease
Diabetes
Polycystic kidneys
Hypertension
Other/unknown
HLA-A,B 0 mismatch
HLA-DR 0 mismatch
cPRA, %a
Previous kidney transplant
Pre-emptive transplant
Depleting agent for induction
CNI-based maintenance immunosuppression
Maintenance steroids use
Delayed graft function

50.4614.6
1372 (59.8%)
90 (3.9%)
1963 (85.6%)
240 (10.5%)
28.066.1
171.5610.1
598 (26.1%)
1956 (85.3%)
666 (29.0%)
433 (18.9%)
335 (14.6%)
166 (7.2%)
693 (30.2%)
226 (9.9%)
426 (18.6%)
10.1623.9
292 (12.7%)
1014 (44.2%)
1674 (73.0%)
2195 (95.7%)
1728 (75.4%)
40 (1.7%)

HLA-DR, HLA donor-recipient; cPRA, calculated panel reactive antibody;
CNI, calcineurin inhibitor.
a
cPRA was available only in 1224 recipients (during the more recent time
period of transplantation).

Donor Biopsy and Recipient Graft Failure
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B
% Interstitial Fibrosis / Tubular Atrophy
>5%
>0% but ≤ 5%
0%

35%
30%
25%
20%
15%
10%
5%
0%

Mean Tubular Cross-Sectional Area
Upper Tertile
Middle Tertile
Lower Tertile

35%
30%
25%
20%
15%
10%
5%
0%

0

1

2

3

4
5
6
7
Years After Transplant

8

9

10

Number at Risk
>5%

69

>0% but ≤ 5%

552

0% 1670

C

40%
Incidence of Graft Failure

Incidence of Graft Failure

40%

0

1

2

3

4
5
6
7
Years After Transplant

8

9

10

Number at Risk

58

38

24

14

9

Upper Tertile 761

694

557

440

321

217

480

323

194

1537

1182

846

111

72

Middle Tertile 760

688

507

333

206

121

555

342

Lower Tertile 761

684

471

285

147

82

Incidence of Graft Failure

40%
Arteriolar Hyalinosis
AH > 0
AH = 0

35%
30%
25%
20%
15%
10%
5%
0%
0

1

2

3

4
5
6
7
Years After Transplant

8

9

10

Number at Risk
AH > 0 211

196

149

104

70

42

AH = 0 1339

1241

1028

785

539

346

Figure 2. Several histological ﬁndings predicted death-censored graft failiure. The presence of (A) more than 5% interstitial ﬁbrosis
and tubular atrophy, (B) larger mean tubular cross-sectional area, and (C) any arteriolar hyalinosis on the donated kidney biopsy at the
time of transplantation predicted death-censored graft failure in the matched recipient.

These ﬁndings to compare with those in deceased donor kidneys, where both IF/TA and glomerulosclerosis, at the time of
transplant surgery, predict death-censored graft failure.24 In
living kidney donors, glomerulosclerosis may be less predictive of death-censored graft failure because the glomerulosclerosis is more reﬂective of the age-related loss of nephrons than
underlying kidney disease. It is plausible that the IF/TA and
arteriolar hyalinosis in the transplanted kidney might accelerate the injurious effects of ischemia-reperfusion injury, rejection, or calcineurin inhibitor toxicity to the graft.25,26
Larger nephrons also predicted death-censored graft failure. Larger nephrons occur when metabolic demand for renal
function exceeds nephron number, such as with obesity, and
are linked to hypertension and albuminuria.4,6 Unlike nephrosclerosis,9 nephron enlargement may seem benign and reversible, until collapse and sclerosis of the glomerular tuft
occurs.27 In this unique setting of transplantation, the clinical
characteristics of the donor are no longer linked to the structural features of larger nephrons. Yet the acquisition of a
kidney with enlarged nephrons confers an increased risk of
6
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death-censored graft failure. Enlarged glomeruli may make
the graft more prone to hyperﬁltration that in turn, may potentiate immunologic and nonimmunologic stress to the graft.
In general, less is known about the structural features of the
renal medulla. Although smaller cortical volume did not predict death-censored graft failure, there was evidence that
smaller medullary volume predicted death-censored graft failure. It is worth noting that the age-related loss of nephrons
occurs with superﬁcial glomeruli, not deep glomeruli.21 Because medulla is composed of the tubules of deep glomeruli,
loss of medulla volume may reﬂect loss of nephrons that is
more pathologic rather than age-related. Further, because
lower medullary volume was not predictive of deathcensored graft failure after adjusting for IF/TA .5% and larger
tubular area, it is likely part of the same pathway as these
histologic features.
Intraoperative kidney biopsy has very low risk for harm,
with any bleeding easily controlled by the surgeon. These biopsies provide a baseline histologic assessment of the graft,
but the clinical importance of this has been unclear. 4
JASN 31: ccc–ccc, 2020
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Table 3. Donor baseline CT and biopsy predictors of death-censored graft failure (n52293)
Structural Featurea

Unadjusted
HR (95% CI)

% Globally sclerotic glomeruli
Glomerulosclerosis above age
thresholdd
%IF/TA
0%
.0% to #5%
.5%
IF/TA foci/mm2
% Artery luminal stenosis
Nonsclerotic glomeruli volume
Tubular cross-sectional area
Cortical volume per glomerulus
Cortex volume
Medulla volume
Kidney surface roughness
Any kidney cyst
Nephron number
Single-nephron GFR

1.02 (0.90 to
1.15)
0.84 (0.49 to
1.44)
Reference
1.16 (0.87 to
1.55)
2.51 (1.48 to
4.26)
1.10 (0.98 to
1.24)
1.00 (0.89 to
1.11)
1.09 (0.98 to
1.22)
1.18 (1.06 to
1.32)
1.02 (0.92 to
1.14)
0.98 (0.87 to
1.10)
0.92 (0.82 to
1.04)
0.99 (0.88 to
1.12)
0.98 (0.65 to
1.49)
0.98 (0.86 to
1.12)
1.02 (0.91 to
1.14)

Adjusted for Donors
Covariatesb
HR (95% CI)

Adjusted for Recipients
Covariatesc
HR (95% CI)

Adjusted for Both Donors and
Recipients Covariatesb,c
HR (95% CI)

0.99 (0.8 to 1.12)

1.08 (0.96 to 1.22)

1.01 (0.89 to 1.15)

0.82 (0.48 to 1.40)

0.95 (0.55 to 1.63)

0.92 (0.53 to 1.58)

Reference
1.12 (0.83 to 1.50)

Reference
1.26 (0.94 to 1.69)

Reference
1.15 (0.86 to 1.55)

2.33 (1.35 to 4.04)

2.42 (1.42 to 4.14)

1.91 (1.10 to 3.33)

1.08 (0.95 to 1.21)

1.12 (1.00 to 1.26)

1.06 (0.94 to 1.20)

0.96 (0.85 to 1.08)

1.05 (0.94 to 1.18)

0.99 (0.88 to 1.12)

1.09 (0.98 to 1.22)

1.12 (1.00 to 1.25)

1.13 (1.01 to 1.26)

1.18 (1.06 to 1.32)

1.16 (1.03 to 1.29)

1.15 (1.03 to 1.29)

1.02 (0.91 to 1.14)

1.05 (0.94 to 1.18)

1.04 (0.93 to 1.17)

0.99 (0.88 to 1.12)

0.97 (0.86 to 1.09)

1.01 (0.89 to 1.14)

0.91 (0.81 to 1.03)

0.88 (0.78 to 0.99)

0.86 (0.76 to 0.97)

0.98 (0.87 to 1.11)

1.01 (0.90 to 1.14)

0.98 (0.87 to 1.10)

0.93 (0.61 to 1.42)

1.06 (0.70 to 1.62)

0.92 (0.60 to 1.41)

1.00 (0.88 to 1.14)

0.95 (0.83 to 1.08)

0.99 (0.87 to 1.13)

1.02 (0.91 to 1.14)

1.04 (0.93 to 1.17)

1.04 (0.93 to 1.16)

a

All HR for continuous measures are per SD from Table 1.
Donor age and black race.
c
Recipient age, black race, diabetes, cause of CKD, any HLA mismatch, HLA donor-recipient mismatch, previous kidney transplant, pretransplant dialysis, and
delayed graft function.
d
Number of globally sclerotic glomeruli on biopsy exceeds 95th percentile expected for donor age and number of glomeruli.30
b

Although morphometry is not routinely used to quantify
nephrosclerosis or nephron size measures, there may be a
role for morphometry in the future, especially if it can be
automated with machine learning techniques.28 There are
several potential uses of the intraoperative kidney biopsy for
clinical management of the recipient. If the biopsy shows arteriolar hyalinosis, IF/TA .5%, or enlarged nephrons, further
monitoring of the graft over time with follow-up biopsies may
be helpful. These patients may beneﬁt from non-calcineurin
inhibitors29 or more aggressive management of BP to prevent
worsening arteriolar hyalinosis or nephron enlargement.
However, further studies are needed to determine if recipient
management beneﬁts from modiﬁcations on the basis of the
living donor biopsy ﬁndings.
There were several potential limitations to this study. The
recipient data in our study were limited to UNOS reported
JASN 31: ccc–ccc, 2020

data by the individual transplant centers; however, using
UNOS data allowed us to standardize the data from the
three different centers. We did not take into account major
changes in immunosuppression in the analysis and we did not
capture recipients’ noncompliance with immunosuppressive
medication regimens that can inﬂuence allograft survival. The
kidney donors and recipients studied were predominantly
white, although we were still able to detect a risk of graft
loss by race. We did not include donor-recipient sex and
size mismatch; however, forcing donor and recipient height
into the model did not change our ﬁndings (data not shown).
In conclusion, IF/TA, arteriolar hyalinosis, and larger
nephrons from the living donor kidney were independent predictors of death-censored graft failure in the recipient. These
ﬁndings provide important insights into the “intrinsic quality” of the graft at the time of donation. They further support
Donor Biopsy and Recipient Graft Failure
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Table 4. Donor baseline CT and biopsy predictors of death-censored graft failure among donors who had arteriolar hyalinosis
assessed on biopsy (n51585)
Structural Featurea

Unadjusted
HR (95% CI)

% Globally sclerotic glomeruli
Glomerulosclerosis above age
thresholdd
%IF/TA
0%
.0% to #5%
.5%
IF/TA foci/mm2
% Artery luminal stenosis
Nonsclerotic glomeruli volume
Tubular cross-sectional area
Cortical volume per glomerulus
Cortex volume
Medulla volume
Kidney surface roughness
Any kidney cyst
Nephron number
Single-nephron GFR
Any arteriolar hyalinosis

1.02 (0.89 to
1.16)
0.69 (0.35 to
1.35)
Reference
1.12 (0.81 to
1.55)
2.43 (1.38 to
4.29)
1.05 (0.91 to
1.20)
1.03 (0.92 to
1.17)
1.09 (0.96 to
1.23)
1.17 (1.04 to
1.31)
1.03 (0.92 to
1.16)
0.99 (0.87 to
1.14)
0.90 (0.79 to
1.03)
0.99 (0.87 to
1.14)
0.82 (0.49 to
1.39)
0.94 (0.80 to
1.10)
1.02 (0.90 to
1.15)
1.63 (1.16 to
2.31)

Adjusted for Donors
Covariatesb
HR (95% CI)

Adjusted for Recipients
Covariatesc
HR (95% CI)

Adjusted for Both Donors and
Recipients Covariatesb,c
HR (95% CI)

0.99 (0.86 to 1.15)

1.07 (0.94 to 1.23)

1.00 (0.87 to 1.16)

0.69 (0.36 to 1.35)

0.82 (0.42 to 1.61)

0.80 (0.41 to 1.56)

Reference
1.09 (0.78 to 1.53)

Reference
1.22 (0.87 to 1.70)

Reference
1.13 (0.80 to 1.58)

2.33 (1.28 to 4.25)

2.27 (1.27 to 4.04)

1.79 (0.97 to 3.28)

1.03 (0.89 to 1.19)

1.07 (0.93 to 1.22)

1.01 (0.87 to 1.16)

1.01 (0.89 to 1.15)

1.08 (0.96 to 1.23)

1.03 (0.90 to 1.17)

1.09 (0.97 to 1.23)

1.12 (0.99 to 1.26)

1.13 (1.00 to 1.28)

1.17 (1.04 to 1.31)

1.16 (1.03 to 1.31)

1.16 (1.03 to 1.31)

1.03 (0.91 to 1.16)

1.07 (0.95 to 1.21)

1.06 (0.94 to 1.20)

1.01 (0.88 to 1.15)

0.98 (0.86 to 1.12)

1.02 (0.89 to 1.17)

0.89 (0.78 to 1.02)

0.86 (0.75 to 0.99)

0.84 (0.73 to 0.96)

0.98 (0.86 to 1.13)

1.01 (0.88 to 1.16)

0.98 (0.86 to 1.13)

0.78 (0.46 to 1.33)

0.90 (0.53 to 1.52)

0.77 (0.45 to 1.31)

0.96 (0.81 to 1.12)

0.90 (0.77 to 1.05)

0.94 (0.80 to 1.10)

1.02 (0.90 to 1.15)

1.04 (0.92 to 1.18)

1.04 (0.92 to 1.18)

1.59 (1.12 to 2.26)

1.71 (1.19 to 2.46)

1.62 (1.12 to 2.34)

a

All HR for continuous measures are per SD.
Donor age and black race.
Recipient age, black race, diabetes, cause of CKD, any HLA mismatch, HLA donor-recipient mismatch, previous kidney transplant, pretransplant dialysis, and
delayed graft function.
d
Number of globally sclerotic glomeruli on biopsy exceeds 95th percentile expected for donor age and number of glomeruli.30
b
c

the use of intraoperative biopsies to identify kidney allografts
that are at higher risk for failure.
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