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Abstract

Rationale and Objective—The use of kidney histopathology for predicting kidney failure is
not established. We hypothesized that use of histopathological features of kidney biopsy
specimens would improve prediction of clinical outcomes made using demographic and clinical
variables alone.

Study Desigh—Retrospective cohort study and development of a clinical prediction model.

Setting and Participants—All 2720 individuals from the Biopsy Biobank Cohort of Indiana
who underwent a kidney biopsy between 2002 and 2015 and had at least two years of follow-up.

New Predictors & Established Predictors—Demaographic variables, comorbidities, baseline
clinical characteristics, and histopathological features.
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Outcomes—Time to kidney failure, defined as sustained estimated glomerular filtration rate <=
10 ml/min/1.73 m2.

Analytical Approach—Multivariable Cox regression model with internal validation by
bootstrapping. Models including clinical and demographic variables were fit with the addition of
histopathological features. To assess the impact of adding a histopathology variable, the amount of
variance explained (/%) and the c-index were calculated. The impact on prediction was assessed by
calculating the net reclassification index (NRI) for each histopathological variable and for all
combined.

Results—The median follow-up was 3.1 years. Within 5 years of biopsy, 411 patients developed
kidney failure (15.1%). Multivariable analyses including demographic and clinical variables
revealed that severe glomerular obsolescence (adjusted HR, 2.03; 95% CI, 1.51-2.03), severe
interstitial fibrosis and tubular atrophy (IFTA; adjusted HR, 1.99; 95% ClI, 1.52-2.59), and severe
arteriolar hyalinosis (adjusted HR, 1.53; 95% CI, 1.14-2.05) were independently associated with
the primary outcome. The addition of all histopathological variables to the clinical model yielded a
net reclassification index for kidney failure of 5.1% (p < 0.001) with a full model c-statistic of
0.915. Analyses addressing the competing risk of death, optimism, or shrinkage did not
significantly change the results.

Limitations—Selection bias from use of clinically indicated biopsies and exclusion of patients
with less than 2 years of follow-up, as well as reliance on surrogate indicators of kidney failure
onset.

Conclusion—A model incorporating histopathological features from kidney biopsy specimens
improved prediction of kidney failure and may be valuable clinically. Future studies will be needed
to understand if even more detailed characterization of kidney tissue may further improve
prognostication about the future trajectory of eGFR.

Keywords

kidney biopsy; glomerular obsolescence; interstitial fibrosis and tubular atrophy (IFTA); renal
failure; prognostic prediction model; histopathology; end-stage renal disease (ESRD); disease
progression; estimated glomerular filtration rate (eGFR); eGFR trajectory; clinical prognostication

Introduction

In clinical practice, nephrologists use their experience to estimate the risk of progression to
kidney failure. Models employing demographic and laboratory parameters that predict
clinical outcomes have been developed in stage 3 chronic kidney disease (CKD) and
beyond?: 2. Worldwide, the population-standardized annual kidney biopsy rate continues to
increase®. This rising frequency of biopsies is not unexpected given the importance and
accessibility of histopathological interpretation® 5. A challenge for the practicing
nephrologist is to integrate renal histopathologic results into their decision-making strategy.

The pathologic evaluation of a kidney biopsy specimen has proven invaluable in determining
diagnoses and treatment goals since the 1950s% 7. However, clinicians are confronted with
varied diagnoses spanning tubular diseases, CKD, acute kidney injury (AKI), and
glomerular diseases. To aid in prognostication across a variety of kidney diseases, it is
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important to understand the independent contribution of individual histologic features to
kidney disease outcomes.

The integration of histopathology into epidemiologic risk stratification is of active interest.
Researchers have reported the prevalence and distribution of various diseases in biopsy
cohorts8-10, These efforts include the assessment of the correlation of histopathologic
findings with outcomes in diabetic nephropathy!1-13 and integration of the MEST criteria in
IgA nephropathy prognostication# 15, Further, histopathologic variables were associated
with kidney failure outcomes across a spectrum of kidney diseases in a cohort of 676
individuals8. We expand upon these findings to analyze outcomes in a large cohort with an
extended duration of follow-up across a range of primary diagnoses, including AKI and
transplant-related diagnoses, as individuals with these diagnoses will have varying degrees
of chronic histopathologic changes as well.

We hypothesize that in those with kidney disease, renal histopathologic features will
significantly add to known clinical and demographic predictors of renal survival. The
contribution of features like glomerular obsolescence, interstitial fibrosis and tubular atrophy
(IFTA), hyaline arteriolosclerosis, nodular mesangial sclerosis, and presence of crescents
was assessed in 2720 individuals who underwent biopsy, as well as sub-groups of patients
with AKI, CKD, nephritic syndrome, nephrotic syndrome, and transplant-related diagnoses.

Study Population

This is a clinical prediction model study of all individuals who underwent a kidney biopsy
interpreted by Indiana University Health Pathology between 2002 and 2015 with a minimum
of 2 years of linked clinical, demographic, and outcome data. These individuals form part of
the Biopsy Biobank Cohort of Indiana (BBCI). Individuals meeting inclusion criteria were
followed for up to 5 years or until death, kidney failure onset, or the date of last follow-up
using electronic health records (EHR). The clinical covariates were obtained retrospectively.
The date of first kidney biopsy served as the index date. Of the 5266 individuals with kidney
biopsies performed in the Indiana University Health system, complete data (no missing
variables) was available for 2720 (Figure S1). This study was approved by the Institutional
Review Board at the Indiana University School of Medicine, Indianapolis IN. Due to the
retrospective nature of this work, the requirement for informed consent was waived.

Measurements

Demographic and clinical exposure variables—Study cohort data were obtained
from the Indiana Network for Patient Care (INPC), a regional Health Information Exchange
with data sharing between the five major hospital systems in Indianapolis. Demographic
exposure variables included age, self-reported sex, race, and smoking history (never versus
ever [past or current]). Comorbidities extracted included coronary artery disease (CAD),
congestive heart failure (CHF), diabetes mellitus (DM), and hypertension (HTN), peripheral
vascular disease (PVD) as defined by established computer algorithms developed by the
Regenstrief Institutel’~19, These algorithms utilize ICD-9 and ICD-10 codes, clinical
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documentation, medication use, and laboratory data to categorize the presence or absence of
these conditions in participants.

The estimated glomerular filtration rate (eGFR) at index date and throughout follow-up were
determined according to the CKD-EPI creatinine equation?0. Proteinuria was obtained from
the peak 24 hour urine protein collection or spot urinary protein-creatinine ratio within 90
days before or after the index date.

Natural Language Processing—A natural language processing (NLP) program was
developed to extract the primary and secondary pathologic diagnoses (Table S1) as well as
the five histopathologic variables from the clinical pathology interpretation report in the
electronic health record. The pathology reports are templated, increasing success of
extraction. The NLP program was iterated until 100% of the diagnoses were captured
successfully (F1-score of 1) using manual curation of all biopsy interpretations from the year
2013 as a training set (N = 610). Any diagnoses between 2002 and 2015 that were not
recognized by the program were manually checked and the program underwent refinement
until all diagnoses were captured. Regarding the five histopathologic exposure variables, one
thousand reports were manually reviewed and served as the gold standard. The precision
(positive predictive value) of the NLP program was 1.0, the recall (sensitivity) of the
program was 0.76. The specificity was 1.0. The F1-score was 0.86. The program flagged
variables which were not captured. Of the uncaptured variables across all specimens, 96.3%
were able to be obtained upon manual review and 3.7% of uncaptured variables were not
recorded in the pathology report. Individuals with any missing variable were excluded.

Histopathologic variables—A single renal pathologist (C.P.) interpreted 95.5% of all
specimens. Crescents and nodular mesangial sclerosis were reported as bi-level variables
according to their presence or absence. Cellular or fibrocellular crescents were treated as
presence of crescents; fibrous crescents (more than 75% fibrous matrix and less than 25%
cells and fibrin) alone were treated as absence of crescents?!. Nodular mesangial sclerosis
was considered present if at least one glomerulus had diffuse nodular expansion of the
mesangial matrix22 23, Glomerular obsolescence, arteriolar hyalinosis and IFTA were
recorded by the pathologist as either the proportion of kidney parenchyma affected (0-
100%) or as discrete terms (absent, mild, moderate, or diffuse/widespread). These variables
were categorized on a scale from 0-3 with 0 corresponding to absence or <10% of kidney
affected; 1, mild or 11%-30% of kidney affected; 2, moderate or 31%-60% of kidney
affected; and 3, diffuse or >60% of kidney affected.

Outcome variables—The primary outcome was time to kidney failure, calculated in days
from the time of kidney biopsy. Since initiation of dialysis was not consistently
differentiated from AKI in the INPC, the kidney failure was defined as 6 months of
sustained eGFR < 10 ml/min/1.73m?2, using the first date of the sustained eGFR <10 ml/min/
1.73m2. The use of a sustained low eGFR as a surrogate of kidney failure onset allowed
excluding AKI from the outcome definition. Death was ascertained from INPC records and
the National Death Index database for the competing risk model. The last date of EHR data
extraction was 12/31/2017. Right censoring at 5 y (1825 days) from the biopsy was used for
all outcomes.
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Statistical Analysis

Baseline demographic characteristics, comorbidities, eGFR, and proteinuria at the time of
biopsy were summarized and expressed as a percent prevalence for categorical variables and
as median and inter-quartile range (IQR) for continuous variables. Univariable cox
proportional hazards survival analyses were conducted to explore the relationship between
exposure variables and the outcome of interest. Multivariable Cox regression survival
analyses tested each outcome to assess the contribution of histopathologic features after
adjusting for clinical characteristics. Significant deviations from proportionality assumptions
were assessed and adjusted for in the multivariable models. The clinical model for the
primary outcome included age, sex, race, CHF, PVD, DM, HTN, CAD, smoking history,
baseline eGFR, its interaction with time, and proteinuria as covariates. The time interaction
term for eGFR (per 365 days) was included to adjust for a cox proportional hazard
assumption violation in the baseline eGFR variable. The hazard associated with baseline
eGFR was expressed per 10 ml/min/1.73 m2. Clinical-pathology models were built, each
including all covariates from the clinical model with the addition of one pathological feature
of interest: glomerular obsolescence, IFTA, arteriolar hyalinosis, or presence of crescents or
nodular mesangial sclerosis. To assess the effect of adding a pathologic variable to each
model, we calculated the amount of variance explained (/2) and c-index. To show
improvement in prediction, net reclassification index (NRI) was calculated for each
histopathologic variable when added to the full clinical model.

Internal validation was performed by 2,500 bootstrapping runs to determine the degree of
optimism in each hazard ratio estimate for each histopathologic variable?4, as well as both
parameter-wise and global shrinkage factors to adjust the estimated regression coefficients
for overfitting using the dfbeta method. Finally, a model that included all demographic,
clinical and histopathological factors with the outcome of interest assessed the improvement
in proportion of overall variance explained, c-index, and NRI.

Disease status sub-group tests were conducted for AKI, CKD, nephritic, nephrotic, and
transplant-related diagnosis sub-groups. Using a regression model for each histopathologic
variable, all demographic variables, clinical variables, primary diagnosis sub-group, and
diagnosis interaction terms were fitted to calculate adjusted hazard ratios for each sub-group.
Heterogeneity of the effect estimates from different diagnosis sub-groups was assessed by
testing the significance of the relevant histologic feature x disease sub-group interaction
term. Two-sided p-values of < 0.05 and < 0.001 were denoted in the text. Schoenfelds
residuals were assessed for overall models as well as within sub-groups to establish model
fit25,

Sensitivity analyses were performed using cumulative incidence plots to account for
competing risks of kidney failure and death. Fine and Gray models were calculated to
account for the competing risk of death with kidney failure.
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Results

Demographics and Clinical characteristics

In total, 2720 individuals were included in the analysis with complete demographic, clinical,
comorbidity, biopsy, and follow-up data for the primary outcome (Table 1). The median age
was 43 years; those included were predominantly white (71.8%) and about half were female
(49.7%). Clinical diabetes was present in 37.8% and the median eGFR at biopsy was 38.7
(IQR, 20.4-60.5) ml/min/1.73m2. Median proteinuria was 2.1 (IQR, 0.6-5.9) g/d.

Histopathologic features and diagnoses

The median percentage of obsolescent glomeruli per biopsy was 10% (IQR, 0%-31.5%).
Nodular mesangial sclerosis was observed in 9.4% and crescents were found in 13.9% of
biopsy specimens. Severe IFTA was noted in 14.4% of biopsy specimens. The majority of
biopsy specimens had at least mild arteriolar hyalinosis (56.9%), with 11.5% interpreted as
having severe hyalinosis.

Biopsy specimens were categorized according to their primary diagnosis as AKI, CKD,
nephritic syndrome, nephrotic syndrome, or a kidney transplant-related diagnosis (Table 2).
Nephritic syndrome accounted for 29.7% of primary diagnoses and AKI accounted for only
10.3%.

Primary outcome analysis

In a median follow-up of 1145 days (354-1825), 411 (15.1%) individuals reached the
primary outcome of kidney failure. In univariable analysis, statistically significant
demographic covariates included age and black race, which increased the hazard ratio for the
endpoint (Table 3). A lower baseline eGFR was significantly associated with shorter time to
kidney failure. Likewise, higher baseline proteinuria (HR, 1.04; 95% Cl, 1.03-1.05) and
comorbidities such as CHF, PVD, DM, HTN, CAD, and smoking history all increased the
risk of the composite outcome (all p < 0.05).

Unadjusted eGFR alone explained 12.9% of the variance in time to kidney failure; however,
the effect of baseline eGFR on survival was non-proportional over time. To correct for this, a
multivariable analysis of the primary outcome included eGFR and its interaction with time.
In the multivariable clinical model, exposure variables including baseline eGFR, proteinuria,
black race, CHF, CAD, and smoking history all retained significance for time to kidney
failure (all p < 0.05). This model explained 32.0% of the variance in time to kidney failure.

The key histopathologic features that were significantly associated with time to kidney
failure in the univariable analysis included arteriolar hyalinosis, IFTA, nodule formation, and
glomerular obsolescence (Table 4). Unadjusted associations are illustrated in Figure 1 (row
1). Each histopathologic variable was then queried in the multivariable clinical model to
determine adjusted significance. Any level of glomerular obsolescence conferred an
increased hazard for time to the composite outcome (adjusted HR of 2.03 [95% ClI, 1.51-
2.74] for severe glomerular obsolescence). Additional histologic features that improved
prediction of the primary outcome over the clinical model included the presence of severe
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hyaline arteriolosclerosis (adjusted HR, 1.53; 95% CI, 1.14-2.05) and IFTA (HR of 1.99
[95% CI, 1.52-2.59] for diffuse IFTA). The presence of cellular or fibrocellular crescents
was associated with decreased progression to the primary outcome in the univariable model,
but not the multivariable model. The histopathologic predictors were all moderately
correlated (Table S2). When all histopathologic variables were added to construct a fully
adjusted clinical-pathology model, the net reclassification index was 5.1% over the clinical
model alone (p < 0.001).

Internal validation

To evaluate the prediction model performance, internal validation was performed by
bootstrapping with 2500 iterations. The hazard ratio, c-statistic, and net reclassification
index for the histopathologic variables are presented in Table S3 after correction for
optimism. The model was not optimistic as the c-statistic was 0.91 before and after
correction for optimism. Analogously, shrinkage factors were calculated to adjust for
overfitting using a penalized maximum likelihood method for parameter-wise factors of
shrinkage during estimation and a uniform shrinkage method for adjustment after
estimation. The uniform shrinkage factor was 0.96. Adjusted hazard ratios for the significant
histopathologic variables changed minimally and are provided in Table S4.

Sensitivity analysis

During follow-up, 256 individuals (9.4%) died. A Fine and Gray sensitivity analysis was
employed to assess time to kidney failure with death as a competing risk (Table S5).
Significant associations were identified between time to kidney failure with moderate and
severe glomerular obsolescence, moderate and severe IFTA, and severe arteriolar hyalinosis.
Cumulative incidence plots are depicted in Figure S2.

Disease sub-group analyses

Individuals were categorized into one of five sub-groups based on primary histopathologic
diagnoses. Kaplan Meier curves (Figure 1, rows 2—6) illustrate the unadjusted relationships
between histopathologic characteristics and outcome-free survival according to disease state
sub-group. Distinct histopathological features were associated with time to kidney failure in
the disease sub-groups. For example, glomerular obsolescence was associated with the
primary outcome in all sub-groups except transplant-related diagnosis (all p < 0.001).

In a multivariable analysis of the 2513 individuals in each of the five sub-groups, the
histopathologic variables were added to the fully adjusted clinical model along with
diagnosis sub-group variables and interaction terms (Table 5). The 207 individuals without
sub-group categorization (“Other” in Table 2) were excluded in the analysis. Significant
heterogeneity was identified between disease sub-groups for the following predictors: severe
arteriolar hyalinosis, moderate or severe IFTA, and moderate or severe glomerular
obsolescence. For AKI, the significant predictors of time to kidney failure were severe
arteriolar hyalinosis, IFTA, nodular mesangial sclerosis, and any level of glomerular
obsolescence. IFTA and glomerular obsolescence were also significant covariates for
nephritic disease. In contrast fewer predictors were significant in the CKD, nephrotic
syndrome, and transplant-related diagnosis sub-groups.
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Discussion

In this retrospective cohort study, we established that common histopathologic features
facilitate improved prediction of kidney failure. After accounting for an adjusted clinical
model, three exposure variables added predictive value for kidney failure: arteriolar
hyalinosis, IFTA, and glomerular obsolescence. Strong associations were identified; for
example, widespread interstitial fibrosis and tubular atrophy increased the hazard for kidney
failure by 99%. Similarly, widespread glomerular obsolescence increased hazard of the
primary outcome by 103%.

Significant strengths of our analysis included a large cohort with sample size of 2720
individuals with no missing data. Internal validation was performed by bootstrapping,
revealing minimal optimism. All individuals were followed for between 2 to 5 years for a
clinical outcome of kidney failure. A sensitivity analysis for the competing risk of kidney
failure and death did not alter conclusions. Furthermore, the use of a natural language
processing algorithm expedited and normalized data collection as compared to a manual
review by multiple humans. Due to the sample size and the assignment of primary
diagnoses, we examined sub-groups based on categorized disease states, showing
heterogeneity between disease categories. The histopathologic features most relevant to
outcomes were determined within each sub-group.

We hypothesized that prognostication of kidney failure could be improved by incorporating
histopathologic features into a clinical model. The null hypothesis was rejected. When
clinical characteristics and histopathologic features were combined, the overall proportion of
variance explained by the addition of histopathologic features was improved significantly by
1.0%, yielding a fully adjusted r? of 33.0%. The net reclassification rate after including all
histopathologic predictors in a fully adjusted model was 5.1%. Even after accounting for the
exposure variables queried, the majority of the hazard for kidney failure remains
unexplained. Thus, considerable opportunity remains to improve the predictive value of a
histologic interpretation by uncovering novel molecular markers to aid the renal pathologist.

Our results expand the current body of literature, but also maintain portability to include
within existing model systems of renal risk stratification. Current clinical models allow the
determination of kidney disease progression risk. Tangri et. al described kidney failure risk
models that were developed across broad cohorts26. These include a 4-variable model of age,
sex, eGFR, and albuminuria, and a 6 variable model with diabetes and hypertension. Our
clinical model included these variables, as well as additional comorbidities such as CHF,
CAD, PVD, and smoking. The 5-year follow-up in this analysis matches the risk prediction
models. Analogously, the histologic exposure variables align closely with the consensus
guidelines of the Renal Pathology Society?’. This included assignment of a primary
diagnosis, itemizing coexisting lesions as secondary diagnoses, and standardized scoring of
light microscopic features. There were exceptions to the consensus guidelines; for example,
our threshold for widespread or diffuse glomerular obsolescence, IFTA, or arteriolar
hyalinosis was 60% rather than 50%, in part because the guidelines were released after our
study period ended.
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Multiple efforts have tested the association of histopathologic findings with outcomes,
including diabetic nephropathy1-13. In our cohort, diabetic nephropathy accounted for 8.8%
of primary diagnoses. Waikar et. al assessed histopathologic characteristics in a broader
cohort of 676 individuals without transplant, identifying glomerular obsolescence, IFTA,
arterial sclerosis, and arteriolar sclerosis as predictors of future kidney failurel8. From these
studies, we derived the clinical and histopathologic exposure variables to query. Of the 2720
individuals in our cohort, only about half had a primary diagnosis of nephritic syndrome or
nephrotic syndrome and about 20% were transplant biopsies. This supports the
generalizability of our results across a spectrum of diagnoses. However, we conducted
secondary analyses in disease sub-types to complement the findings of the entire cohort.
Some insight might be drawn from these sub-group analyses as the exposure variables held
greater significance in AKI and nephritic syndrome than the other disease sub-groups. For
example, the significance of IFTA in nephritic syndrome aligns with what Striker et. al
described in 197028 29, The greater significance of histopathologic predictors in AKI and
nephritic syndrome is not surprising. Baseline eGFR explains a large proportion of variance
in our model and eGFR can change substantially from the time of biopsy during the
recovery of AKI or treatment of nephritic disease. Herein, the histopathologic variables of
chronicity may hold greater predictive value in these conditions.

Several limitations were identified. These limitations include the presence of selection bias
as all biopsies were clinically indicated by a nephrologist. Results must be interpreted
cautiously as they may not apply to all patients with CKD, especially those who do not have
indications for a kidney biopsy. The requirement for sufficient follow-up may have excluded
individuals from the analysis with a good prognosis who did not receive 2 years of follow-up
care. Actual dialysis initiation dates were not available for the entire cohort. To overcome
this, a surrogate outcome of sustained eGFR <= 10 ml/min/1.73 m2 was employed. In this
study, the biopsy specimens were not re-evaluated beyond their surgical pathology
consultation and 95.5% of all biopsy specimens were interpreted by a single renal
pathologist. Interpretation by a single pathologist may introduce subjectivity or idiosyncratic
pathology interpretations that could limit the applicability of results to other centers. Sub-
groups were defined by primary diagnoses and categorized according to major disease
classifications, which reduced specificity. For example, lupus nephritis can present as
thrombotic microangiopathy, nephrotic syndrome, or nephritic syndrome, and may also have
secondary acute tubular necrosis. Ultimately, sub-group categorization was based on
perceived clinician utility, balancing sample size with specificity and complexity. Finally, the
clinical model introduced in this study was internally validated by bootstrapping?*; external
validation in a second cohort is an important future direction.

As immunofluorescence and electron microscopy improve the predictive and diagnostic
capability of a renal biopsy interpretation3?, the advancement of molecular characterization
and next generation imaging analyses may further augment the value of a kidney biopsy
specimen31-33, Novel transcriptomic, proteomic, and imaging signatures will allow
refinement of disease classification by identifying therapeutic interventions more likely to
succeed or improving prognostication of recovery and progression to kidney failure. Several
endeavors have succeeded in identifying unique transcriptomic pathways, novel disease
markers, and expression quantitative trait loci in kidney biopsy specimens3l: 34-36_|n order
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to better understand the independent predictive value of novel markers to kidney disease
outcomes, it is important to determine the degree to which established histopathologic
features contribute to renal prognosis. This understanding will facilitate an appreciation for
the value novel markers that add to the important value of a histopathologic interpretation by
a renal pathologist.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Kaplan-Meier curves are depicted for the relationship between five histopathologic variables

with incident ESRD across the entire cohort (row 1) and in sub-group analyses (rows 2-6).
All curves are depicted as unadjusted. Unadjusted significance at P < 0.05 is acknowledged
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by “&” and significance at P < 0.001 by “4”. For glomerular obsolescence, comparisons were

made to samples with < 10% obsolescence (0). For interstitial fibrosis and tubular atrophy
(IFTA) and hyaline arteriolosclerosis, comparisons were made to the combined “none” and

“mild” groups (0,1). Sub-groups were categorized based on their primary pathologic
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diagnosis as assigned by a pathologist. AKI — acute kidney injury, CKD — chronic kidney
disease, nephritic — nephritic syndrome, nephrotic — nephrotic syndrome, transplant —
transplant-related diagnosis.
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Table 1:

Demographics, co-morbidities, baseline clinical characteristics of the Biopsy Biobank Cohort of Indiana

Characteristic Value
Age at biopsy 43 (18-58)
Female sex (%) 1351 (49.7)
Race:
African-American (%) 681 (25.0)
Caucasian (%) 1954 (71.8)
Other (%) 85 (3.1)
Hispanic Ethnicity (%) 26 (1.0
Weight (kg) 82.6 (68.0-98.9)

Co-morbidities:

Congestive heart failure (%) 796 (29.3)
Peripheral vascular disease (%) 337 (12.4)
Diabetes mellitus (%) 1029 (37.8)
Hypertension (%) 1069 (39.3)
Coronary artery disease (%) 803 (29.5)
Smoking history, current or prior 1084 (39.9)

Peak proteinuria +/- 90 d of index (g/d)® | 2.1 (0.6-5.9)

eGFR at biopsy (ml/min/1.73 m?) 38.7 (20.4-60.5)

Duration of follow-up, days 1145 (354-1825)

Histopathologic features:

Glomerular obsolescence 10% (0%-31.5%)

Interstitial fibrosis / tubular atrophy

Severe 393 (14.4)
Moderate 737 (27.1)
Mild 1590 (58.5)

Arteriolar hyalinosis

Severe 314 (11.5)

Moderate 638 (23.5)

Mild 595 (21.9)
Nodular mesangial sclerosis present 257 (9.4)
Crescent present 379 (13.9)

Values for categorical varialbes given as median [interquartile range]; values for categorical variables given as count (percentage of total).

a A . . . - . . . .
Proteinuria as measured by either urine protein-creatinine ratio or 24 h urine protein collection.
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Primary diagnoses and groups of individuals in the Biopsy Biobank Cohort of Indiana

Table 2:

Diagnosis (Group)

No. (%)

Acute kidney injury

281 (10.3%)

- Acute interstitial nephritis 4.4% 120
- Acute tubular necrosis 2.8% 75
- Cholesterol emboli 0.3% 9

- Thrombotic microangiopathy 2.6% 72
Chronic kidney disease 12.9% | 352
- Chronic tubulointerstitial nephritis 0.6% 16
- Diabetic nephropathy 8.8% 238
- Diffuse global glomerulosclerosis 0.4% 10
- Hypertensive nephropathy 2.6% 71
- Idiopathic nodular glomerulosclerosis 0.3% 7
Nephritic syndrome 29.7% | 809
- Anti-GBM 0.1% 3

- ANCA-disease 2.7% 74
- C1Q nephropathy 0.0% 1

- C3 glomerulopathy 1.1% 29
- IGA nephropathy 11.8% | 320
- IGM nephropathy 0.3% 7

- Lupus nephritis 8.7% 237
- Membranoproliferative glomerulonephritis 2.2% 60
- Post-infectious glomerulonephritis 1.0% 26
- Proliferative glomerulonephritis, not otherwise specified 2.0% 55
Nephrotic syndrome 21.0% | 571
- Focal segmental glomerulosclerosis 9.1% 247
- HIVAN 0.1% 3

- Minimal change disease 3.8% 104
- Membranous nephropathy 4.8% 130
- Amyloidosisa 17% 45
- Paraprotein-associated kidney disease (non—amyloid)a 1.5% 42
Kidney Transplant 18.4% | 500
- Acute cellular rejection 13.6% | 370
- Antibody mediated rejection 0.7% 18
- BK nephropathy 0.8% 22
- Chronic allograft rejection 2.4% 64
- Chronic transplant glomerulopathy 0.9% 25
- Harvest-related ischemia 0.0% 1
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Diagnosis (Group) No. (%)
Other 7.6% 207
- Structural or infectious disease 0.4% 12
- Fabry disease 0.2% 5

- Granulomatous interstitial nephritis or sickle cell nephropathy | 0.2% 5

- Normal or non-diagnostic 4.9% 133
- Thin basement membrane 2.4% 64

Page 17

aThe primary diagnosis of amyloidosis includes AA and AL amyloidosis. The primary diagnosis of paraprotein-associated kidney disease (non-
amyloid) includes all paraprotein diagnoses without amyloid deposition, including, but not limited to myeloma cast nephropathy, light chain

deposition disease, proliferative glomerulonephritis with monoclonal immunoglobulin deposits, and Waldenstrdm’s macroglobulinemia.
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Univariable and multivariable analysis of clinical exposure variables for hazard of kidney failure in individuals

in the Biopsy Biobank Cohort of Indiana

Table 3:

Variable Univariable Analysisb Adj Clinical Model®
HR (95% CI) r2 c | adjHR(@5%cCl) | 12 c

Variable

Age, per 1-year older 101 (1_01_1_02),3 0.93% 057 | 0.8 (0.97-0.99)2

African American race * 1.80 (1.48-2.20)2 | 1.22% | 0.56 | 1 88 (1.53-2.31)7

Male sex 1.09(0.90-1.32) | 0.03% | 051 | 0.97 (0.79-1.18)

CHF 2.87 (2.36-3.48)3 | 4.00% | 0.62 | 134 (1.07-1.68)%

PVD 247 (1.98-3.09)3 | 1.95% | 056 | 134 (1.05-1.70)4

Diabetes 2.12 (1.75-2.58)2 2.10% 0.59 | 1.16 (0.93-1.46)

Hypertension 1.97 (1.62-2.40)@ | 1.71% | 0.58 | 126 (1.01-1.56)2

CAD 2.60 (2.14-3.15)2 | 3.28% | 0.61 | 136 (1.07-1.72)4

Smoking history, current or prior 2.02 (1.66-2.45)2 1.83% 059 | 104 (1.00-1.54)4

Proteinuria 1.05 (1.03-1.06)4 1.85% 065 | 104 (1.03-1.05)2

Baseline eGFR (per 10 mi/min/1.73m?  greater) | 0.69 (0.66-0.73) | 1285% | 0.81 | /oo (o_go_o_gz)a'd
Fully Adjusted model 32.0% | 0.912

Based on 411 individuals with the kidney failure outcome (15.1% of total).

aSignificant comparison with p < 0.05.

bUnadjusted hazard ratios by Cox proportional hazard test.

cThe adjusted clinical model by Cox regression model.

dBoth the baseline eGFR and time interaction term (eGFR x time) per 365 days were included in the adjusted model.

*
reference group: .

ClI - confidence interval, CHF — congestive heart failure, PVD — peripheral vascular disease, CAD — coronary artery disease, Adj — adjusted; C, C-

statistic
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Univariable and multivariable analysis of clinical and histopathologic variables for hazard of kidney failure in

Table 4:

individuals in the Biopsy Biobank Cohort of Indiana

Univariable Analysisb

Clinical-Pathology Model®

HR (95% ClI r2 Adj. HR (95% CI) | r2 c NRI
( ) j
Variable
Arteriolar Hyalinosis 3.15% 32.24% | 0.694 | 3.2%¢
Moderate 168 (1‘33_212)5 1.14 (0.87-1.49)
Severe 3.30 (2.60-4.19)7 153 (1.14-2.05)7
0, 0,
IFTA 7.31% 3267% | 0705 | , 0 d
Moderate 2.48 (1.95-3.16)% 152 (1.17-1.98)%
Severe 5.92 (4.66-7.52)7 1.99 (1.52-2.59)%
Crescent 071 (051-097)7 | 0-18% | 081 (058-113) 32.07% | 0.693 | 1.1%
Nodule 324 (255-4.20)7 | 271% | 118(089-156) 32.06% | 0.694 | 1.0%
Glomerular Obsolescence ™ 4.65% 32.67% | 0.702 2,9%0’
0f— 0,
11%-30% 1.97 (151-2.57)% 1.33 (1.01-1.77)%
0/fh— 0,
31%-60% 283 (2.18-3.67)% 1.75 (1.31-2.33)%
0,
>60% 479 (3.62-6.34)% 2.03 (151-2.74)%
0,
Full model 33.01% | 0.915 5.1%d

Based on 411 individuals with the kidney failure outcome (15.1% of total).

aSignificant comparison with p < 0.05.

bUnadj usted hazard ratios by Cox proportional hazard test are presented.

cThe adjusted hazard ratio is provided for each histopathologic variable by Cox regression model. Each variable was adjusted after addition to the

entire adjusted clinical mode in Table 3.

dThe net reclassification index (NRI) is significant with an adjusted p < 0.05.

*
Reference group: 0%--10% of kidney affected.

ClI - confidence interval, IFTA — interstitial fibrosis and tubular atrophy, Crescent — fibrocellular or cellular crescent present, Nodule — nodular

mesangial sclerosis present, Adj — adjusted, C — C-statistic.
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Table 5:

Multivariable sub-group analysis for the hazard of kidney failure in individuals in the Biopsy Biobank Cohort
of Indiana

1duosnuey Joyiny
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All (N =2513) Diagnosis Subgroup
AKI (n =281) CKD (n= Nephritic (n= | Nephrotic (n Transplantrelated (n
352) 809) =571) =500)
No. with Outcome 401 (16.0%) 43 (15.3%) 84 (23.9%) 62 (7.7%) 92 (16.1%) 120 (24.0%)
Histopathologic
Feature
Arteriolar
Hyalinosis
Moderate 1.09 (0.83- a| 1.64(0.78- 1.21 (0.60- 0.75 (0.39- 0.99 (0.61-1.61)
1.43) 2.20 (1.084.47)" | 3745, 2.42) 1.44)
Severeb 151 ) 262 (1.185.83)a 2.02 ) é.(?)g)(OBO— %.32)(0.70— 1.49 (0.87-2.57)
(1.132.02) (1.235.60) : :
IFTA
Moderatec 1.49 ; 6.10 ; é.gg)(O.SS— 3.33 ; %.15%)(0.77— 055 (0.35—0.87)’3
(1.141.95) (2.6913.81) : (1.726.44) .
c 1.93 6.49 1.98 (0.85- 3.09 1.60 (0.84— 0.98 (0.61-1.54)
Severe a a 457) a 3.04)
(1.472.52) (2.8414.82) : (1.466.54) :
Crescent 0.83 (0.59— 0.62 (0.15— 2.73 0.95 (0.54— 0.86 (0.20— 1.50 (0.42-5.38)
1.16) 2.60) (0.3421.78) 1.65) 3.71)
Nodule 1.15 (0.86- a| 179 (0.81- 0.87 (0.12— 1.40 (0.61- 2.01 (0.61-6.68)
152) 2.54(1.046.18)" | 3'g5) 6.65) 3.21)
Glomerular
Obsolescence ™
11-30% 1.26 (0.95- a | 1.65(0.67- 2.03 (0.97- 1.14 (0.60- 0.96 (0.59-1.54)
1.67) 3.06 (1.227.69)" | 40y) 4.23) 2.13)
c 1.67 9.07 1.76 (0.73- 2.83 1.37 (0.73- 1.13 (0.63-2.04)
31-60% a a 4.24) a 2.58)
(1.252.23) (3.8321.48) : (1.286.23) :
c 191 7.90 2.98 2.84 1.42 (0.73- 0.93 (0.48-1.84)
>60% a a a a 2.74)
(1.422.58) (2.8022.28) (1.227.28) (1.286.28) :

1duosnuey Joyiny
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Values are given as adjusted hazard ratio (95% confidence interval).

aSignificant comparison with p < 0.05.The adjusted hazard ratio is provided for each histopathologic variable by Cox regression model. A single
model including all demographic and clinical variables, as well as primary diagnosis sub-group and diagnosis interaction terms was fitted for each
histopathologic covariate.

b’CHeterogeneity is present for this histopathologic characteristic across the sub-groups with: (b) p < 0.05 or (c) p < 0.001 for the interaction term
between the histopathologic feature and sub-group.

*
Reference group: 0%—-10% of kidney affected.

IFTA — interstitial fibrosis and tubular atrophy, Crescent — fibrocellular or cellular crescent present, Nodule — nodular mesangial sclerosis present,
AKI — acute kidney injury, CKD — chronic kidney disease.
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