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Abstract

The current Banff scoring system was not developed to predict graft loss and may not be ideal for 

use in clinical trials aimed at improving allograft survival. We hypothesized that scoring histologic 

features of digitized renal allograft biopsies using a continuous, more objective, computer-assisted 

morphometric (CAM) system might be more predictive of graft loss. We performed a nested case-

control study in kidney transplant recipients with a surveillance biopsy obtained 5 years after 

transplantation. Patients that developed death-censored graft loss (n = 67) were 2:1 matched on 

age, gender, and follow-up time to controls with surviving grafts (n = 134). The risk of graft loss 

was compared between CAM-based models vs a model based on Banff scores. Both Banff and 

CAM identified chronic lesions associated with graft loss (chronic glomerulopathy, arteriolar 

hyalinosis, and mesangial expansion). However, the CAM-based models predicted graft loss better 

than the Banff-based model, both overall (c-statistic 0.754 vs 0.705, P < .001), and in biopsies 

without chronic glomerulopathy (c-statistic 0.738 vs 0.661, P < .001) where it identified more 

features predictive of graft loss (% luminal stenosis and % mesangial expansion). Using 5-year 

renal allograft surveillance biopsies, CAM-based models predict graft loss better than Banff 

models and might be developed into biomarkers for future clinical trials.
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1 | INTRODUCTION

Over the past three decades there has been a significant improvement in short-term renal 

allograft survival; however, the rate of graft loss beyond the first year has remained relatively 

unchanged at 2%−3% per year.1,2 Unfortunately, there is relatively little data regarding the 

mechanism of allograft injury that leads to graft loss beyond 5 years after transplantation. 

Studies of biopsies obtained for clinical indications have suggested that chronic antibody-

mediated rejection is the major cause of graft loss, whereas studies involving surveillance 

biopsies suggest several other causes of graft loss, such as diabetes, recurrent disease, and 

glomerulosclerosis.3

Identifying histologic features on surveillance biopsies that predict late renal allograft loss 

might be an important first step in developing therapeutic interventions. Allograft histology 

might also be a useful surrogate endpoint for clinical trials for interventions that target a 

specific pathology. The Banff scoring system4 was not developed as a biomarker to predict 

graft loss. The correlation between Banff scores such as chronic glomerulopathy or arteriolar 

hyalinosis (AH) and late graft loss have not been studied in detail.

A computer-assisted, morphometric-based scoring system for renal allograft biopsies might 

perform better than the current system that uses visual inspection alone (Banff scoring 

system). Prior work has suggested that morphometric scoring is more reproducible than 

visual estimates and that scoring fibrosis using morphometry (either with conventional stains 

or collagen-specific staining) was reproducible and correlated with estimated glomerular 

filtration rate (eGFR).5–8 Moreover, studies have demonstrated better reproducibility and 

reliability when analyzing scanned vs glass slides.9,10 The goal of the current study was to 

devise a computer-assisted morphometry (CAM) scoring system using digital slides to 

determine the histologic features that predict subsequent graft loss. We then compared the 

CAM-based models to the Banff-based models.

2 | METHODS

2.1 | Study population and design

This retrospective study was approved by the Mayo Clinic institutional review board. The 

study design was a nested case-control study in a cohort of kidney transplant recipients. This 

kidney transplant program obtains surveillance allograft biopsies at 5 years after 

transplantation as part of the usual follow-up care protocol. The inclusion criteria for the 

cohort were (1) a solitary kidney transplant at Mayo Clinic, Rochester, MN between 2000 

and 2013 that was blood group compatible and had a negative cytotoxic cross-match 

(antihuman globulin enhanced complement-dependent cytotoxicity cross-match) at the time 

of transplantation; and (2) a functioning allograft at 5 years after transplantation that 

underwent a 5-year surveillance allograft biopsy per protocol (not for clinical indication). 

From this cohort, we identified all cases that developed graft loss (return to dialysis, 

retransplantation, or relisting due to eGFR < 20 mL/min) after their 5-year surveillance 

biopsy (n = 67). From the same cohort, we identified controls that were 2:1 matched on age, 

gender, and a functioning allograft at the same follow-up time when the patient developed 
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graft loss. To avoid “super controls,” we allowed for the inclusion of grafts that could be 

matched by these criteria as controls and subsequently had graft lost at a later time point.

2.2 | Histologic analysis

The 5-year protocol needle core kidney biopsy specimens were formalin fixed, paraffin 

embedded, and sectioned (3 microns thick). The 10 sections from the renal core were stained 

with hematoxylin and eosin (HE), periodic acid–Schiff (PAS), trichrome (TRI), and 

methenamine silver (SIL). The Banff scoring was determined by dedicated renal 

pathologists examining all 10 slides under light microscopy at the time of the biopsy as part 

of clinical care for the 5-year follow-up visit. In this study we focused on ci, ah, cv, mm, and 

cg scores, that is, the Banff scores representing structural lesions. All cg was rescored by a 

trained renal pathologist (MPA) per Banff 2015 classification (this scored cg = 1 if double 

contours of the GBM were present in 1%–25% of the capillary loops in the most affected 

nonsclerotic glomerulus by light microscopy). The morphometry scoring system (objective 

and quantitative) was applied to the PAS-, TRI-, and SIL-stained slides. First, these three 

slides were scanned into high-resolution (20x) digital images (Aperio AT2 system scanner). 

Using the Image Scope software (Version 12.2.2.5015) all measurements were performed by 

a trained research fellow (MCM) masked to clinical characteristics including case vs control 

status. PAS-stained sections were used to trace the cortical area, areas of each nonsclerotic 

glomeruli (NSG), areas of mesangial expansion in each NSG, circumferential, or focal AH 

(Figure 1A–D). Interstitial fibrosis and arterial intimal thickening were assessed on a 

trichrome-stained section (Figure 1E–F). Glomerular basement membrane (GBM) 

duplication was evaluated using a silver-stained section (Figure 1G). Cortical area, NSG 

count, and arterial intimal thickening were evaluated as previously described.11,12 Detailed 

calculation of morphometric measures is described in the detailed methods of Supporting 

Information. Given the adaptability of the CAM approach, we evaluated (1) more than one 

approach to measure chronic glomerulopathy–% glomeruli with 3 quadrants affected by 

chronic glomerulopathy (CG) vs % glomeruli with 4 quadrants affected by CG; and (2) more 

than one AH score normalized for the number of nonsclerotic glomeruli:

CAH + FAH > 8
=  Number of arterioles with circumferential AH+ Number of arterioles with focal AH(when > 8)

 Total number of NSG on the biopsy 

CAH > 1 + FAH > 8
=  Number of arterioles with circumferential AH (when > 1) + Number of arterioles with focal AH (when  > 8)

 Total number of NSG on the biopsy 

In both of these variants of AH, the second model represents a more severe and pervasive 

form of injury. The time required to perform morphometric analysis highly depends on the 

number and extent of abnormal pathologic lesions and can range from a few minutes (biopsy 

with virtually no pathology) to 30 minutes (biopsy with significant pathology where every 

single lesion has to be carefully examined).
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2.3 | Statistical analysis

Clinical characteristics and biopsy findings were compared between cases and controls with 

Student’s t test or chi-square test. Spearman’s correlation was used to assess the agreement 

between Banff scores (modeled as per level of each score) and morphometric measures. 

Conditional logistic regression was used to assess odds ratios (OR) for Banff scores or CAM 

measurements with graft loss. All associations were first done unadjusted (univariate), then a 

multivariable model based on Banff-based biopsy findings was compared to multivariable 

models based on CAM-based biopsy findings. A single Banff-based model was developed 

using all the ci, ah, cv, mm, and cg scores assessed on light microscopy. Given the higher 

complexity of the CAM data with respect to scoring AH and chronic glomerulopathy, 

several CAM-based models were developed. Because a single patient may enter the analysis 

more than once (as a case and as a control), the Huber sandwich estimator of the standard 

error for any slope coefficient were used.13 For the 42 patients missing an analyzable artery 

to calculate % luminal stenosis, we imputed the mean overall % luminal stenosis. To test the 

sensitivity of this imputation type, a random forest imputation was also used and we found 

no change in the OR (data not shown). The c-statistic was compared between each model 

with and without cross-validation to correct the c-statistic for optimism.

A random sample of 26 surveillance biopsies was used to assess the reproducibility of 

morphometric measures between 2 investigators masked to each other’s measures. The 

reproducibility was assessed through the pairwise, two-way intraclass correlation coefficient 

(proportion of variation not due to measurement error). Results of the conditional logistic 

regression models were presented as ORs and 95% confidence intervals (CI). P values < .05 

were considered significant.

In order to compare Banff and morphometric model performance we use model concordance 

(Harrel’s c-statistic) which is a measure of the percentage of case-control pairs where the 

model accurately predicts the true response. Statistical differences in the c-statistic for the 

full fit were performed with a jackknife test. To account for overfitting, k-fold cross-

validation was also used to estimate the c-statistic. In this case 10-fold were used for the full 

dataset and 5-fold were used for the subset analysis due to fewer matched strata.

In addition, each k-fold cross-validation was averaged over 10 iterations to account for 

variability using different random seeds. All statistical analyses were performed using JMP, 

version 13.0 (SAS Institute, Cary, NC; www.jmp.com), and R version 3.4.2 (R Core Team, 

R Foundation for Statistical Computing, Vienna, Austria).

3 | RESULTS

3.1 | Study population

There were 67 cases of graft loss and 108 controls (2 controls could not be identified for 

every case; 26 of the controls subsequently became cases after the follow-up time in which 

they were matched to a case). Of the entire population of 175 unique patients, 42.2% were 

female, 92.0% white, and 85.7% received a kidney from a living donor (Table 1). As might 

be expected, at the time of the 5-year surveillance biopsy, the mean eGFR was higher in the 

controls than the cases (53.0 ± 16.3 mL/min/1.73 m2 vs 38.2 ± 16.0 mL/min/1.73 m2; P 
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< .001). The mean time to loss in the cases was 8.25 ± 2.25 years posttransplant (range 5.1–

14.2 years) and the mean time to follow-up in the controls as 11.3 ± 2.6 years (range 6.1–

16.1 years).

3.2 | Histologic features at 5 years and correlation between Banff and CAM scores

Biopsies at implantation were almost always normal or showed mild lesions as described in 

prior studies from our group.11,12 At 5 years, biopsies in both controls and cases showed a 

wide spectrum of lesions by both Banff and CAM (Figure 2). Although there was a 

moderate correlation between Banff and CAM (rS = 0.43 to 0.82, P < .0001 for all lesions), 

there was “reclassification” in many instances (histology described as mild by one approach 

was deemed moderate or severe by the other and vice versa). For example, many biopsies 

score by Banff as cg > 0 were negative using CAM’s % 3-quadrant CG metric. Similarly, 

Banff ah > 1 biopsies were commonly scored as normal by the CAM All CAH + FAH > 8 

metric. The CAM % interstitial fibrosis and % arterial luminal stenosis/arteriosclerosis 

measures could be converted to the same scale as Banff ci and cv. Table 2 shows that only 

51% of the patients with ci2 scores by Banff (% fibrosis 26–50%) were scored similarly by 

CAM with 47.3% being reclassified as ci1 (6–25%). The cv score tended to be higher by 

CAM than by Banff criteria.

3.3 | Scores at 5 years that predict graft loss

By univariate analysis, scores that predicted graft loss included: Banff scores of ah, mm, and 

cg (higher risk with each unit increase in score) and all CAM scores (higher risk with each 

increase in one standard deviation score) with the exception of interstitial fibrosis (Table 3). 

By multivariate analysis, increasing Banff mm, ah, and cg scores remained predictive of 

graft loss (OR = 1.50 [1.09–2.06], P = .012, OR = 1.75 [1.30–2.35], P < .001, and OR = 1.68 

[1.21–2.34], P = .002 respectively) (Table 4). Similarly, CAM scores significantly predictive 

of graft loss by multivariate analysis included AH (by either threshold approach), % 

mesangial expansion, and % CG (by either 3 or 4 quadrants). The c-statistic for a model 

with Banff scores was 0.705. Four different CAM models were examined based on using % 

3-quadrant CG, % 4-quadrant CG, CAH+FAH>8 or CAH>1 + FAH>8. All four CAM models 

had c-statistics that predicted graft loss better than Banff (c-statistics 0.716 to 0.754, with P 
values compared to Banff ranging from 0.05 to < 0.001 [Table 4]). The best CAM model 

was one that identified abnormal by only the most severe forms of CG and AH. The cross-

validated c-statistics continued to show a higher c-statistic with three of the CAM models 

than the Banff model (0.730–0.756 vs 0.694), whereas only one CAM model was similar to 

the Banff model (0.697 vs 0.694).

3.4 | Subanalysis of cases without glomerulopathy

The cg on a 5-year surveillance biopsy was clearly shown to be associated with subsequent 

graft loss. To focus on graft loss due to other causes, we performed an analysis in the subset 

where the 5-year biopsy did not show cg. For Banff, there were 115/201 biopsies with Banff 

cg score > 0 that were excluded. This Banff cg- model included 21 cases and 29 controls. By 

multivariate analysis, in the Banff cg-negative model only ah was significant and the c-

statistic was 0.661 (Table 5). For CAM, four models were developed: first patients were 

excluded based on CAM CG score and separated based on the two different CAM measures 
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of AH. For CAM, Model 1 excluded grafts with % 3-quadrant CG > 0 (excluded more 

biopsies on the basis of having mild cg) and a second less restrictive model that excluded 

grafts only with % 4-quadrant CG > 0 (excluded grafts on the basis of having more severe 

cg). 3-quadrant CG (models #1A/B) designated more biopsies as having cg than 4-quadrant 

CG (models #2A/B). For CAM Models #1A and #1B, luminal stenosis and both AH scores 

were associated with graft loss. In more restrictive cg-negative CAM models #2A and 2B, % 

mesangial expansion and AH predicted graft loss. For graft loss in cg-negative patients, 

CAM Model 2B had the highest c-statistic of 0.738 compared to the Banff cg- model c-

statistic of 0.661. CAM models #2A and 2B both found % mesangial expansion and AH 

predicted graft loss in cg- patients. The cross-validation c-statistics for all models ranged 

from 0.629 to 0.698.

3.5 | Reproducibility of CAM scores

Using two trained technicians working independently, we selected a random sample of 26 

cases with a variety of Banff scores (from no or minimal pathology to significant pathology) 

and assessed reproducibility of all morphometric measures. The intraclass correlation 

coefficients for each assessed morphometric surrogate measure ranged from 79.2% to 95.0% 

(Table 6).

4 | DISCUSSION

At 5 years after transplantation, we found that both Banff and CAM identified chronic 

histologic lesions that were associated with graft loss including: cg, ah, and mm scores. 

However, models derived from CAM scores had higher correlations with graft loss 

compared to Banff. The “best” CAM predictor of graft loss was a model that included % 

mesangial expansion and CG and AH scores that included more severe forms of each lesion 

(eg, biopsies in which all 4 quadrants of the glomeruli involved with CG, and a combined 

hyalinosis score in which concentric and focal AH involved more glomeruli). One concept 

that emerged during this study was that the current Banff system clumps different biopsies 

into the same category and this loss of detail was important when identifying histologic 

features/biomarkers predictive of graft outcome.

Considering that cg > 0 scores using the current Banff criteria predict graft survival well is 

somewhat reassuring and shows that expert opinion will likely continue to provide important 

insight. Cg lesion may be unique in that it is readily recognized, easily scored as present or 

absent and that any cg portends an increased risk of graft loss. Other specific lesions may be 

more difficult to score by visual estimation alone.

Our study was the first to specifically examine graft loss using 5-year surveillance biopsies 

without cg. Using Banff, ah score predicted graft loss in cg- biopsies. In CAM models, AH 

also was predictive. The finding that AH on 5-year biopsies was predictive by both methods 

is surprising and novel and emphasizes the need for a more detailed scrutiny of this lesion. 

This is consistent with our prior study where we showed that the prevalence of moderate to 

severe ah in 10-year biopsies reached 66%.14 In addition, % luminal stenosis (a correlate of 

Banff cv) and percent mesangial expansion were significant in some CAM models. In the 

cg-negative cohorts CAM models tended have a higher correlation with graft loss than the 
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Banff model. We believe that these data in cg- biopsies suggest several possible biomarkers 

that might be further developed for use as surrogate endpoints for clinical trials. For 

example, AH (calcineurin inhibitor toxicity?) and mesangial expansion (diabetic 

nephropathy) could be inclusion criteria for intervention trials. These two lesions have rarely 

been considered to be associated with graft loss in other studies and thus have implications 

for future studies aimed to improve graft survival.

Importantly, at 5 years after transplantation, interstitial fibrosis was mild and was not 

predictive of graft loss. These data are consistent with prior studies from our group showing 

that fibrosis is rare in surveillance biopsies in tacrolimus-treated patients.15

The use of digitized images is not new and several recent reports have shown that there is 

good agreement with traditional approaches. The use of CAM is an extension of prior 

studies by our group, but applying it to renal allograft pathology is new. One potential 

limitation is that whereas a pathologist is reviewing 10 or more slides per clinical case, in 

this study we reviewed only 3 slides. However, based on results in this study, one might also 

consider that looking at just 3 vs 10 or more slides is actually more efficient as it still 

allowed similar or higher correlations with graft loss. In order for CAM to be accepted as a 

validated biomarker, many more steps are needed. Our data will require validation in another 

cohort of patients—preferably those with more deceased donors and in recipients from other 

ethnic groups than the current study. The robustness of these data in settings other than 5-

year protocol biopsies should be examined (eg, using biopsies for cause biopsies before or 

after 5 years). Poor reproducibility has been a major limitation of Banff and variability in 

scoring hampers the use of any biomarker—histologic or otherwise. Further studies of 

reproducibility of scoring by technologists at other centers are needed.

One might argue that CAM is more technically challenging than traditional light 

microscopy. CAM requires an expensive slide scanner and applying a new scoring method 

albeit similar to Banff may lead to confusion if there are two scoring systems—one used 

clinically and one used for clinical trials. However, the question of whether or not CAM or 

any scoring system can progress to a validated predictive biomarker for clinical trials 

supersedes concerns about ease and cost if it turns out to be predictive and feasible. 

Digitization of slides has great advantages in that scoring can be audited (eg, which 

glomeruli were scored and the score) and rescored centrally. In addition, the CAM scoring 

system is generally more objective (ie, the computer actually determines the traced fibrosis 

area, arterial intimal thickness, etc.). Digitized slides also provide the potential for the 

development of artificial intelligence digital algorithms to automatically recognize histologic 

biomarkers of interest. A continuous scoring system likely will provide better statistical 

power for clinical trials (ie, fewer patients needed to show an effect) and also provides a 

better method to describe progression of chronic lesions (eg, progression of ah in clinical 

trials designed to prevent calcineurin inhibitor toxicity). A major strength of the current 

CAM approach is that, besides already available clinical slides, no special additional stains 

were required. Finally, in contrast to prior studies, we avoided using inflammation and 

clinical data in order to focus on histology as a biomarker. The addition of these other 

clinical data or even gene expression data might enhance the predictability of both CAM and 
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Banff models. One potential limitation of morphometric approach is that, expectedly, it takes 

more time to perform than traditional visual scoring.

Ozluk and colleagues showed that interobserver reproducibility using Banff scoring (visual 

estimation) of renal allograft pathology was higher using digital slides compared to 

conventional reading of glass slides (overall k-statistic 0.42 vs 0.28).9 Reproducibility using 

digital slides was highest for cg (overall k of 0.84), but still relatively low for ah (overall k of 

0.42) and mm (overall k of 0.32) scores. In contrast, the interobserver intraclass correlation 

coefficients in our morphometry studies ranged from 79.2% to 95.0% depending on the 

lesion. However, it is possible that one of the major contributors to the higher correlation 

between morphometric scores and outcomes was the higher reproducibility of the 

morphometric scores (the Ozluk study did not attempt to correlate histology and outcome). 

The primary focus of our study was not to validate the use of digital slides, but rather to 

examine the utility of a new method based on a continuous scale and compare to existing 

Banff score using current, conventional techniques.

In conclusion, the current study demonstrates that CAM performs better than Banff in 

identifying factors present on 5-year renal allograft biopsies that are predictive of late graft 

loss. Thus, we suggest that a CAM-based approach might be a path forward to the 

development of biomarkers for future clinical trials. We acknowledge that the development 

of a morphometric-based approach to assessing renal allograft biopsies is at an early stage; 

however, it is clear that techniques with greater predictive power than the current Banff 

system exist and this fact alone justifies further exploration. Future studies will focus on the 

further refinement and validation of the tool in order to proceed to a possible use of 

histology a more predictive biomarker of renal allograft outcome.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

AH arteriolar hyalinosis

CAM computer-assisted morphometry

CG chronic glomerulopathy

eGFR estimated glomerular filtration rate

GBM glomerular basement membrane

HE hematoxylin and eosin
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NSG nonsclerotic glomerulus

PAS periodic acid–Schiff

SIL methenamine silver

TRI trichrome
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FIGURE 1. 
Morphometric structural measurements on a surveillance renal biopsy. Magnified views 

show A, normal nonsclerotic glomerulus (red trace); B, mesangial matrix expansion (light 

green traces); C, circumferential arteriolar hyalinosis (when the whole circumference of the 

arteriole was affected); D, partial arteriolar hyalinosis; E, fibrosis and tubular atrophy (black 

trace); F, luminal (yellow trace) and intimal (red traces) areas used to calculate %luminal 

stenosis; and G, quantification of double contouring of the GBM (if at least one duplication 

present, the quadrant was annotated with a small green circle, or if absent with a dash)
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FIGURE 2. 
Banff scores show significant but moderate correlation with corresponding morphometric 

surrogates. A, ci score vs % fibrosis area; B, cv score vs % intimal thickening; C, mm score 

vs % mesangial expansion; D, ah score vs CAH > 1 + FAH > 8; and E, cg score vs % 4-

quadrant CG. Gray shaded areas and dotted lines represent the ranges for ci and cv Banff 

scores with comparable morphometric surrogates. The blue-colored dots are the cases and 

the red-colored dots are the controls

Denic et al. Page 11

Am J Transplant. Author manuscript; available in PMC 2021 June 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Denic et al. Page 12

TA
B

L
E

 1

D
em

og
ra

ph
ic

s 
an

d 
bi

op
sy

 c
ha

ra
ct

er
is

tic
s 

of
 s

tu
dy

 p
op

ul
at

io
n

C
ha

ra
ct

er
is

ti
cs

C
on

tr
ol

s 
(n

o 
gr

af
t 

lo
ss

) 
(N

 =
 1

08
)

C
as

es
 (

gr
af

t 
lo

ss
) 

(N
 =

 6
7)

P
 v

al
ue

D
em

og
ra

ph
ic

s 
at

 ti
m

e 
of

 tr
an

sp
la

nt
at

io
n

 
R

ec
ip

ie
nt

 a
ge

, y
ea

rs
55

.6
 (

12
.4

)
55

.9
 (

13
.5

)
.8

8

 
W

hi
te

 r
ac

e,
 %

10
2 

(9
4.

4%
)

59
 (

88
.1

%
)

.1
3

 
R

ec
ip

ie
nt

 b
od

y 
m

as
s 

in
de

x,
 k

g/
m

2a
27

.9
 (

5.
7)

27
.9

 (
5.

8)
.9

9

C
lin

ic
al

 c
ha

ra
ct

er
is

tic
s 

at
 ti

m
e 

of
 tr

an
sp

la
nt

at
io

n

 
L

iv
in

g 
do

no
rs

90
 (

83
.3

%
)

60
 (

89
.6

%
)

.2
5

 
D

ia
be

te
s 

pr
et

ra
ns

pl
an

t
32

 (
29

.6
%

)
23

 (
34

.3
%

)
.5

2

 
R

et
ra

ns
pl

an
t

16
 (

14
.8

%
)

12
 (

17
.9

%
)

.5
9

 
H

L
A

 m
is

m
at

ch
es

3.
2 

(1
.9

)
3.

5 
(1

.7
)

.2
1

 
%

 o
n 

ta
cr

ol
im

us
10

4 
(9

6.
3%

)
57

 (
85

.1
%

)
.0

08

C
lin

ic
al

 c
ha

ra
ct

er
is

tic
s 

at
 5

 y
ea

rs

 
E

st
im

at
ed

 G
FR

, m
L

/m
in

/1
.7

3 
m

2
52

.8
 (

16
.4

)
38

.0
 (

16
.1

)
<

.0
01

T
ra

ns
pl

an
t f

ol
lo

w
-u

p 
tim

e,
 y

ea
rs

11
.3

 (
2.

6)
8.

3 
(2

.3
)

<
.0

01

B
an

ff
 s

co
re

s 
at

 5
-y

ea
r 

bi
op

sy

 
ci

 s
co

re
1.

15
 (

0.
94

)
1.

25
 (

0.
96

)
.4

7

 
m

m
 s

co
re

0.
36

 (
0.

65
)

0.
96

 (
1.

05
)

<
.0

01

 
cv

 s
co

re
a

1.
01

 (
0.

84
)

1.
16

 (
0.

83
)

.2
3

 
ah

 s
co

re
0.

99
 (

0.
90

)
1.

43
 (

0.
92

)
.0

02

 
cg

 s
co

re
0.

59
 (

0.
75

)
1.

40
 (

1.
24

)
<

.0
01

C
om

pu
te

r-
as

si
st

ed
 m

or
ph

om
et

ry
 s

co
re

s

 
%

 f
ib

ro
si

s 
ar

ea
16

.5
 (

14
.9

)
18

.8
 (

14
.0

)
.3

2

 
%

 m
es

an
gi

al
 e

xp
an

si
on

2.
9 

(3
.0

)
6.

6 
(5

.3
)

<
.0

01

 
%

 lu
m

in
al

 s
te

no
si

sb
39

.8
 (

17
.5

)
46

.5
 (

20
.3

)
.0

5

 
A

H
 a

ll 
C

A
H

 +
 F

A
H

 >
 8

0.
04

 (
0.

08
)

0.
13

 (
0.

27
)

<
.0

01

 
A

H
 s

ev
er

e 
C

A
H

 >
 1

 +
 F

A
H

 >
 8

0.
02

 (
0.

07
)

0.
11

 (
0.

27
)

<
.0

01

 
%

 3
-q

ua
dr

an
t C

G
5.

3 
(1

4.
7)

29
.5

 (
38

.0
)

<
.0

01

 
%

 4
-q

ua
dr

an
t C

G
1.

7 
(9

.3
)

19
.3

 (
30

.5
)

<
.0

01

Am J Transplant. Author manuscript; available in PMC 2021 June 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Denic et al. Page 13
D

at
a 

pr
es

en
te

d 
as

 N
 (

%
) 

or
 m

ea
n 

(S
D

).

a D
at

a 
m

is
si

ng
 f

or
 2

 p
at

ie
nt

s.

b N
 =

 8
3 

bi
op

si
es

 in
 th

e 
co

nt
ro

l g
ro

up
 (

77
%

) 
an

d 
50

 b
io

ps
ie

s 
(7

5%
) 

in
 th

e 
gr

af
t l

os
s 

gr
ou

p 
ha

d 
a 

co
m

pl
et

e 
ar

te
ry

 p
re

se
nt

 o
n 

th
e 

bi
op

sy
.

Am J Transplant. Author manuscript; available in PMC 2021 June 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Denic et al. Page 14

TA
B

L
E

 2

Pe
rc

en
ta

ge
 o

f 
ag

re
em

en
t b

et
w

ee
n 

B
an

ff
 c

i, 
an

d 
cv

 s
co

re
s 

an
d 

co
rr

es
po

nd
in

g 
m

or
ph

om
et

ri
c 

su
rr

og
at

es
 g

ro
up

ed
 to

 m
im

ic
 th

e 
B

an
ff

 s
co

re
sa

%
 F

ib
ro

si
s 

ar
ea

 g
ro

up
ed

 a
s 

ci
%

 L
um

in
al

 s
te

no
si

s 
gr

ou
pe

d 
as

 c
v

B
an

ff
 s

co
re

0–
5%

6–
25

%
26

–5
0%

>5
0%

0%
≤2

5%
26

–5
0%

>5
0%

0
35

 (
70

.0
%

)
15

 (
30

.0
%

)
0 

(0
.0

%
)

0 
(0

.0
%

)
0 

(0
.0

%
)

17
 (

53
.1

%
)

12
 (

37
.5

%
)

3 
(9

.4
%

)

1
11

 (
19

.6
%

)
39

 (
69

.6
%

)
5 

(8
.9

%
)

1 
(1

.8
%

)
0 

(0
.0

%
)

12
 (

23
.1

%
)

27
 (

51
.9

%
)

13
 (

25
.0

%
)

2
0 

(0
.0

%
)

26
 (

47
.3

%
)

28
 (

50
.9

%
)

1 
(1

.8
%

)
0 

(0
.0

%
)

6 
(1

3.
6%

)
17

 (
38

.6
%

)
21

 (
47

.7
%

)

3
0 

(0
.0

%
)

1 
(7

.1
%

)
8 

(5
7.

1%
)

5 
(3

5.
7%

)
0 

(0
.0

%
)

0 
(0

.0
%

)
0 

(0
.0

%
)

5 
(1

00
.0

%
)

a G
ra

y 
sh

ad
ed

 a
re

as
 r

ep
re

se
nt

 c
as

es
 w

he
n 

2 
sc

or
es

 o
ve

rl
ap

. A
na

ly
si

s 
pe

rf
or

m
ed

 o
nl

y 
am

on
g 

un
iq

ue
 1

75
 p

at
ie

nt
s.

Am J Transplant. Author manuscript; available in PMC 2021 June 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Denic et al. Page 15

TA
B

L
E

 3

U
ni

va
ri

at
e 

an
al

ys
is

 o
f 

bi
op

sy
 c

ha
ra

ct
er

is
tic

s 
pr

es
en

t a
t 5

 y
ea

rs
 a

s 
de

te
rm

in
an

ts
 o

f 
su

bs
eq

ue
nt

 k
id

ne
y 

al
lo

gr
af

t l
os

s

A
na

ly
si

s 
w

it
h 

B
an

ff
 s

co
re

s 
(p

er
 u

ni
t 

in
cr

ea
se

)
A

na
ly

si
s 

w
it

h 
C

A
M

 m
ea

su
re

s 
(p

er
 in

cr
ea

se
 b

y 
1 

st
an

da
rd

 d
ev

ia
ti

on
)

B
io

ps
y 

ch
ar

ac
te

ri
st

ic
O

R
 (

ra
ng

e)
P

 v
al

ue
O

R
 (

ra
ng

e)
P

 v
al

ue

ci
 s

co
re

1.
19

 (
0.

93
–1

.5
2)

.1
5

%
 f

ib
ro

si
s 

ar
ea

1.
24

 (
1.

00
–1

.5
5)

.0
5

cv
 s

co
re

1.
25

 (
0.

95
–1

.6
5)

.1
1

%
 lu

m
in

al
 s

te
no

si
s

1.
32

 (
1.

02
–1

.7
1)

.0
4

m
m

 s
co

re
1.

86
 (

1.
40

–2
.4

8)
<

.0
01

%
 m

es
an

gi
al

 e
xp

an
si

on
1.

96
 (

1.
47

–2
.6

2)
<

.0
01

ah
 s

co
re

1.
61

 (
1.

27
–2

.0
4)

<
.0

01

A
H

 a
ll 

C
A

H
 +

 F
A

H
 >

 8
1.

61
 (

1.
22

–2
.2

1)
<

.0
01

A
H

 s
ev

er
e 

C
A

H
 >

 1
 +

 F
A

H
 >

 8
1.

74
 (

1.
22

–2
.4

8)
.0

02

cg
 s

co
re

1.
94

 (
1.

51
–2

.5
0)

<
.0

01

%
 3

-q
ua

dr
an

t C
G

1.
99

 (
1.

49
–2

.6
7)

<
.0

01

%
 4

-q
ua

dr
an

t C
G

1.
91

 (
1.

32
–2

.7
7)

<
.0

01

Am J Transplant. Author manuscript; available in PMC 2021 June 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Denic et al. Page 16

TA
B

L
E

 4

M
ul

tiv
ar

ia
te

 m
od

el
s 

of
 o

ve
ra

ll 
co

ho
rt

: B
an

ff
 v

s 
C

A
M

 m
od

el
s 

fo
r 

pr
ed

ic
tin

g 
al

lo
gr

af
t l

os
s

C
A

M
 m

od
el

 #
1 

us
in

g 
%

 3
-q

ua
dr

an
t 

C
G

 (
pe

r 
in

cr
ea

se
 b

y 
1 

st
an

da
rd

 
de

vi
at

io
n)

C
A

M
 m

od
el

 #
2 

us
in

g 
%

 4
-q

ua
dr

an
t 

C
G

 (
pe

r 
in

cr
ea

se
 b

y 
1 

st
an

da
rd

 
de

vi
at

io
n)

A
na

ly
si

s 
w

it
h 

B
an

ff
 

sc
or

es
 (

pe
r 

un
it

 in
cr

ea
se

)
M

od
el

 1
A

 u
si

ng
 C

A
H

 +
 F

A
H

 >
 0

M
od

el
 1

B
 u

si
ng

 C
A

H
 >

 1
 +

 F
A

H
 >

 
8

M
od

el
 2

A
 u

si
ng

 C
A

H
 +

 F
A

H
 >

 0
M

od
el

 2
B

 u
si

ng
 C

A
H

 >
 1

 +
 F

A
H

 >
 

8

V
ar

ia
bl

e
O

R
 (

95
%

 C
I)

P
O

R
 (

95
%

 C
I)

P
O

R
 (

95
%

 C
I)

P
O

R
 (

95
%

 C
I)

P
O

R
 (

95
%

 C
I)

P

In
te

rs
tit

ia
l F

ib
ro

si
s

1.
09

 (
0.

79
–1

.5
1)

.5
9

1.
15

 (
0.

89
–1

.4
8)

.2
9

1.
14

 (
0.

89
–1

.4
7)

.3
0

1.
18

 (
0.

91
–1

.5
3)

.2
1

1.
18

 (
0.

91
–1

.5
2)

.2
1

L
um

in
al

 S
te

no
si

s
0.

92
 (

0.
62

–1
.3

8)
.6

9
1.

36
 (

0.
94

, 1
.9

6)
.1

0
1.

36
 (

0.
94

–1
.9

7)
.1

1
1.

30
 (

0.
94

, 1
.8

0)
.1

1
1.

35
 (

0.
93

–1
.9

6)
.1

1

M
es

an
gi

al
 

E
xp

an
si

on
1.

50
 (

1.
09

–2
.0

6)
.0

12
1.

44
 (

1.
17

–1
.7

7)
.0

01
1.

53
 (

1.
19

–1
.9

5)
.0

01
1.

43
 (

1.
17

–1
.7

6)
.0

01
1.

50
 (

1.
19

–1
.9

1)
.0

01

A
rt

er
io

la
r 

H
ya

lin
os

is
1.

75
 (

1.
30

–2
.3

5)
<

.0
01

1.
44

 (
1.

10
–1

.8
8)

.0
08

1.
42

 (
1.

08
–1

.8
6)

.0
1

1.
48

 (
1.

15
–1

.9
2)

.0
02

1.
47

 (
1.

13
–1

.9
1)

.0
04

C
hr

on
ic

 
G

lo
m

er
ul

op
at

hy
1.

68
 (

1.
21

–2
.3

4)
.0

02
1.

63
 (

1.
17

–2
.3

1)
.0

04
1.

65
 (

1.
16

–2
.3

4)
.0

05
1.

57
 (

1.
04

–2
.3

6)
.0

3
1.

57
 (

1.
02

–2
.4

3)
.0

4

c-
st

at
is

tic
a

0.
70

5/
0.

68
4

0.
71

6/
0.

70
1

0.
73

9/
0.

72
6

0.
73

9/
0.

68
6

0.
75

4/
0.

70
9

a Se
co

nd
 v

al
ue

 is
 c

-s
ta

tis
tic

 a
ft

er
 1

0-
fo

ld
 c

ro
ss

-v
al

id
at

io
n.

Am J Transplant. Author manuscript; available in PMC 2021 June 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Denic et al. Page 17

TA
B

L
E

 5

A
 c

om
pa

ri
so

n 
of

 m
ul

tiv
ar

ia
bl

e 
m

od
el

s 
fo

r 
pr

ed
ic

tin
g 

al
lo

gr
af

t l
os

s 
w

ith
 B

an
ff

 o
r 

m
or

ph
om

et
ry

 s
co

re
s 

lim
ite

d 
to

 m
at

ch
ed

 c
as

es
 a

nd
 c

on
tr

ol
s 

w
ith

ou
t 

tr
an

sp
la

nt
 g

lo
m

er
ul

op
at

hy
. F

ou
r 

di
ff

er
en

t m
od

el
s 

w
ith

 m
or

ph
om

et
ri

c 
m

ea
su

re
s 

w
er

e 
pe

rf
or

m
ed

 b
as

ed
 o

n 
di

ff
er

en
t c

om
bi

na
tio

ns
 o

f 
th

e 
C

A
M

 a
h 

sc
or

e 
an

d 

ch
ro

ni
c 

gl
om

er
ul

op
at

hy

C
A

M
 m

od
el

 #
1 

ex
cl

ud
in

g 
%

 3
‐q

ua
dr

an
t 

C
G

 >
 0

 (
N

 =
 8

3,
 3

7 
ca

se
s/

46
 

co
nt

ro
ls

) 
(p

er
 in

cr
ea

se
 b

y 
1 

st
an

da
rd

 d
ev

ia
ti

on
)

C
A

M
 m

od
el

 #
2 

ex
cl

ud
in

g 
%

 4
‐q

ua
dr

an
t 

C
G

 >
 0

 (
N

 =
 1

03
, 4

3 
ca

se
s/

60
 c

on
tr

ol
s)

 (
pe

r 
in

cr
ea

se
 b

y 
1 

st
an

da
rd

 d
ev

ia
ti

on
)

B
an

ff
 c

g 
= 

0 
(N

 =
 4

9,
 2

1 
ca

se
s/

28
 c

on
tr

ol
s)

 (
pe

r 
un

it
 in

cr
ea

se
)

M
od

el
 1

A
 u

si
ng

 C
A

H
 +

 F
A

H
 >

 0
M

od
el

 1
B

 u
si

ng
 C

A
H

 >
 1

 +
 F

A
H

 >
 

8
M

od
el

 2
A

 u
si

ng
 C

A
H

 +
 F

A
H

 >
 0

M
od

el
 2

B
 u

si
ng

 C
A

H
 >

 1
 +

 F
A

H
 >

 
8

V
ar

ia
bl

e
O

R
 (

95
%

 C
I)

P
O

R
 (

95
%

 C
I)

P
O

R
 (

95
%

 C
I)

P
O

R
 (

95
%

 C
I)

P
O

R
 (

95
%

 C
I)

P

In
te

rs
tit

ia
l 

Fi
br

os
is

0.
86

 (
0.

51
–1

.4
5)

.5
6

1.
03

 (
0.

63
–1

.7
0)

.9
0

1.
04

 (
0.

65
–1

.6
5)

.8
8

0.
93

 (
0.

60
–1

.4
2)

.7
3

0.
93

 (
0.

62
–1

.4
0)

.7
3

L
um

in
al

 S
te

no
si

s
0.

75
 (

0.
28

–2
.0

1)
.9

5
1.

73
 (

1.
04

–2
.8

8)
.0

4
1.

87
 (

1.
05

–3
.3

2)
.0

3
1.

49
 (

0.
97

–2
.2

9)
.0

7
1.

57
 (

1.
00

–2
.4

8)
.0

5

M
es

an
gi

al
 

E
xp

an
si

on
1.

10
 (

0.
42

–2
.8

9)
.8

4
1.

49
 (

0.
96

–2
.3

2)
.0

8
2.

07
 (

0.
98

–4
.4

0)
.0

6
1.

75
 (

1.
13

–2
.7

3)
.0

1
2.

62
 (

1.
15

–5
.9

6)
.0

2

A
rt

er
io

la
r 

H
ya

lin
os

is
2.

05
 (

1.
03

–4
.0

9)
.0

4
1.

71
 (

1.
01

–2
.9

1)
.0

5
1.

66
 (

0.
99

–2
.8

0)
.0

6
1.

95
 (

1.
16

–3
.2

7)
.0

1
1.

92
 (

1.
14

–3
.2

4)
.0

1

C
hr

on
ic

 
G

lo
m

er
ul

op
at

hy
-

-
-

-
-

-
-

-

c-
st

at
is

tic
a

0.
66

1/
0.

48
6

0.
72

5/
0.

64
4

0.
68

6/
0.

62
9

0.
72

3/
0.

67
2

0.
73

8/
0.

69
8

a Se
co

nd
 v

al
ue

 is
 c

-s
ta

tis
tic

 a
ft

er
 1

0-
fo

ld
 c

ro
ss

-v
al

id
at

io
n.

Am J Transplant. Author manuscript; available in PMC 2021 June 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Denic et al. Page 18

TABLE 6

Reproducibility of morphometric measures. Intraclass correlation analysis between two morphometrists (AD 

and MCM) was based on 26 protocol biopsies randomly selected to represent a variety of pathological scores

Morphometric variable Intraclass correlation

Periodic acid-Schiff cortex area 98.9%

% fibrosis 84.4%

% luminal stenosis 85.9%

% mesangial expansion 79.2%

Circumferential AH 89.5%

Focal AH 94.4%

% 3-quadrant CG 95.0%

% 4-quadrant CG 81.1%
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