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Key Points
c Computational image analysis allows for the extraction of new information from whole-slide images with po-

tential clinical relevance.
c Peritubular capillary (PTC) density is decreased in areas of interstitial fibrosis and tubular atrophy when measured

in interstitial fractional space.
c PTC shape (aspect ratio) is associated with clinical outcome in glomerular diseases.

Abstract
Background The association between peritubular capillary (PTC) density and disease progression has been
studied in a variety of kidney diseases using immunohistochemistry. However, other PTC attributes, such as
PTC shape, have not been explored yet. The recent development of computer vision techniques provides the
opportunity for the quantification of PTC attributes using conventional stains and whole-slide images.

Methods To explore the relationship between PTC characteristics and clinical outcome, n5280 periodic
acid–Schiff-stained kidney biopsies (88 minimal change disease, 109 focal segmental glomerulosclerosis,
46 membranous nephropathy, and 37 IgA nephropathy) from the Nephrotic Syndrome Study Network digital
pathology repository were computationally analyzed. A previously validated deep learning model was applied
to segment cortical PTCs. Average PTC aspect ratio (PTC major to minor axis ratio), size (PTC pixels per PTC
segmentation), and density (PTC pixels per unit cortical area) were computed for each biopsy. Cox proportional
hazards models were used to assess associations between these PTC parameters and outcome (40% eGFR decline
or kidney failure). Cortical PTC characteristics and interstitial fractional space PTC density were compared
between areas of interstitial fibrosis and tubular atrophy (IFTA) and areas without IFTA.

Results When normalized PTC aspect ratio was below 0.6, a 0.1, increase in normalized PTC aspect ratio was
significantly associated with disease progression, with a hazard ratio (95% confidence interval) of 1.28 (1.04 to
1.59) (P5 0.019), while PTC density and size were not significantly associated with outcome. Interstitial fractional
space PTC density was lower in areas of IFTA compared with non-IFTA areas.

Conclusions Computational image analysis enables quantification of the status of the kidney microvasculature
and the discovery of a previously unrecognized PTC biomarker (aspect ratio) of clinical outcome.
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Introduction
Morphologic assessment of kidney biopsies remains the
gold standard for diagnosis of renal diseases.1 In glomerular
diseases, current diagnostic approaches are based on visual
assessment of the renal cortex, with notable attention paid to
the glomerular compartment.2 Recent studies have shown
that assessment of tubulointerstitial and vascular compart-
ments provide additional information that can ameliorate
outcome prediction and biomarker discovery for improved
clinical care.3–5 However, the status of the kidney micro-
vasculature, mostly composed of peritubular capillaries
(PTCs), has not yet been fully explored. Critically, PTC
morphologic characteristics may have an undiscovered role
in modulating perfusion and oxygenation of kidney tissue
contributing to the progression of tubulointerstitial changes
and ultimately resulting in poor outcome.6–10

With the advent of digital pathology and development of
computerized pathology image analysis, there is an unprec-
edented opportunity to automatically segment PTCs11 and
precisely and deterministically extract and quantify a vari-
ety of characteristics from these PTCs.12 The computational
measurements of PTC characteristics may not only increase
accuracy and reproducibility of observations compared with
visual assessment but also offer the opportunity for discov-
ery of novel prognostic image biomarkers.
In this study, we applied computational image analysis

tools on theNephrotic Syndrome StudyNetwork (NEPTUNE)
digital kidney biopsies13 to explore whether characteristics of
segmented PTCs, such as density, size, and shape, may serve
as biomarkers of progression in glomerular diseases.

Materials and Methods
Study Sample Selection
The current study leveraged the infrastructure of the

NEPTUNE consortium, amultisite observational cohort study
of children and adults with proteinuria, enrolled at the time of
their first clinically indicated kidney biopsy.13 NEPTUNE
participants with (1) a digital renal biopsy and a periodic
acid–Schiff (PAS)-stained whole-slide image (WSI) stored
in the NEPTUNE digital pathology repository that passed
quality control (see WSI quality control); (2) a diagnosis of
minimal change disease (MCD), focal segmental glomerulo-
sclerosis (FSGS), membranous nephropathy (MN), or IgA
nephropathy; and (3) a minimum of two eGFRmeasurements
were included in this study. Participants without recorded
outcome event were censored at their last observed eGFR or
study visit. Figure 1 shows the sample selection process.

The NEPTUNE Clinical and Demographic Datasets
Demographics, clinical data, disease category, and vi-

sually scored pathology data were extracted from the
NEPTUNE database.13 Demographics included age, sex,
and race (self-reported or reported by parents of children).
Clinical data included eGFR and urine protein creatinine
ratio (UPCR) at the time of the biopsy and follow-up data
on eGFR and kidney replacement therapy. eGFR was
calculated from serum creatinine using the Chronic Kidney
Disease Epidemiology Collaboration formula for partici-
pants older than 26 years, the modified CKiD-Schwartz
formula for participants younger than 18 years, and an
average of the two equations for adults age 18–26 years.14

The clinical outcome of interest was a composite disease
progression outcome, defined by time from biopsy to a
40% decline in eGFR, with eGFR ,90 ml/min per 1.73 m2

or kidney failure (dialysis, transplant, or two consecutive
eGFRs ,15 ml/min per 1.73 m2).15

The NEPTUNE WSI and Pathology Dataset
As part of the NEPTUNE study design, glass slides from

formalin-fixed and paraffin-embedded renal biopsies from
NEPTUNEparticipantswere scanned intoWSIs (Figure 2,first
panel, Supplemental Section I). WSIs from glass slides stained
with PAS and adequate quality (seeWSI quality control) were
used in the current study (Figures 1 and 2). Visually scored
pathology data included presence of segmental sclerosis (for
FSGS,MN, and IgAnephropathy), percentage of acute tubular
injury, interstitial inflammation, and interstitial fibrosis.16,17

WSI Quality Control
HistoQC,18 an open-source software designed for quan-

titative quality control of digital pathology data, was
deployed for quality control and data curation (Figure 2,
second panel) on 351 PAS WSIs from 351 participants.

Figure 1. NEPTUNE participants with an adequate quality PAS WSI,
a diagnosis of MCD, FSGS, MN, and IgA nephropathy, and adequate
clinical data were included in this study. DPR, digital pathology
repository.
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HistoQC was first used to identify WSIs that represented
outliers with significant variations in color and intensity
characteristics comparedwith other slides within the cohort.
In addition, HistoQCwas used to identify artifact-free tissue
regions in eachWSI.WSIs with artifacts were excluded from
downstream analyses19 (Figure 1).

Quantification of PTC Characteristics
PTC Segmentation
Pathologists manually traced the boundaries of the

kidney cortex on each PAS WSI (Figure 2, third panel) using

QuPath,20 an open-source software. Viable cortical PTCs
(PTCs with a visible lumen) were segmented using a
previously validated deep learning (DL) model11 (Figure
2, Supplemental Section V). Comparisons of DL PTC
segmentation performance with CD34 in interstitial fi-
brosis and tubular atrophy (IFTA) and non-IFTA regions
are shown in Figure 3.
PTC characteristics (shape, density, and size) were com-

putationally measured from the DL-generated PTC segmen-
tations in the cortex (Figure 2, fourth panel, Supplemental
Section V).

Figure 2. Overview of study design. This study used PAS WSIs from the NEPTUNE DPR (orange box) (top panel). HistoQC was applied to
identify and disqualify outlying WSIs with digital pathology artifacts on tissue (e.g., coverslip bubble) (second panel). One qualified WSI per
digital biopsywas sent to pathologists for segmentation of the cortex (red outline) (third panel). A previously validated11 DL segmentationmodel
was used to identify the boundaries of all PTCs within the cortex (yellow outlines) (fourth panel). Quantitative PTC characteristics (shape, size,
and density) were then digitally measured from DL-generated PTC segmentations (fifth panel). Finally, Cox proportional hazards models were
used to assess the association between PTC characteristics and clinical outcome (bottom panel).
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PTC aspect ratio (shape)was defined as the ratio between the
major and the minor axis of the bounding box of a PTC, with
larger values denoting more compressed PTCs (Figure 4, left
column). The feature quantifies the cross-sectional shape of
PTCs. PTC aspect ratios were averaged across all PTCs in the
cortex for each biopsy.

PTC density was defined as the ratio between PTC and
cortical area measured by the number of pixels (Figure 4,
middle column).
PTC size was defined as the cross-sectional area of PTCs in

square microns (mm2), calculated by counting the number of
pixels containedwithin the PTC andmultiplying by the size of

Figure 3. Segmentation outputs of PTCs on PAS nephrectomies. To compare DL segmentation to ground truth defined by immunochemistry, a
PAS-stained kidney section from a nephrectomy obtained from the University of Michigan was scanned into a WSI at 340. The same section
was then stained with antibodies against CD34 and rescanned into a WSI at 340. The immunostaining with antibodies against CD34
highlighted the endothelial cells lining the PTCs in brown. A pathologist visually compared the DL-based PTC segmentations on the PAS and
CD34 IHC-stained WSIs. The IHC stain and the DL model detected PTCs with a visible lumen. However, when the PTCs were collapsed, the
IHC assay still detected the PTC endothelial cells, but theDLmodel did not. (A and C) CD34 immunostain over PAS stain in non-IFTA regions (A)
and in IFTA regions (C). (B and D) DL PTCs segmentation on PAS (yellow boundaries) in non-IFTA regions (B) and in IFTA regions (D). Only rare
PTCs without visible lumens (viable PTCs) were missed by DLmodel (red circle) in both IFTA (D) and non-IFTA regions (B). Rare PTCs without a
visible lumen (nonviable PTCs) were also missed (turquoise circles) (B and D). Rare CD34-negative interstitial spaces with lumen were falsely
segmented as PTCs (green circle) (A and C). The IHC stain and theDLmodel detected PTCswith a visible lumen. However, when the PTCswere
collapsed, the IHC assay still detected the PTC endothelial cells, but the DLmodel did not. Overall, the DLmodels detectedmost of the PTCs on
PAS-stained images (B and D). IHC, immunohistochemistry.
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each pixel in square microns per pixel. PTC size was averaged
across all cortical PTCs in each biopsy (Figure 4, right column).

Relationship Between Quantitative PTC Characteristics and
IFTA
IFTA (defined as cortical areas with dense fibrosis and very

small tubules with thick tubular basement membranes), was
annotated by three pathologists in the cortex for each WSI
(Supplemental Figure 9). Quality control of the annotations
was performed by the senior pathologist to assure consistency
across annotations. The cortical interstitial fractional space was
calculated by masking glomeruli and tubules (see Supplemen-
tal Section VII). Quantitative PTC characteristics (aspect ratio,
density, and size) were computed within and outside cortical
IFTA regions. PTC density was also computed within the
interstitial fractional space in IFTA and non-IFTA regions.

Statistical Analyses
Descriptive statistics (median and interquartile range for

continuous variables and frequency for categorical vari-
ables) were used to summarize demographics, clinical char-
acteristics, and computational PTC characteristics. Before
subsequent statistical analyses, each of the three PTC char-
acteristics was normalized to a scale of 0–1 by subtracting
the minimum value and dividing by the range. Reference
examples for normalized PTC characteristics vs. unnormal-
ized are illustrated in Supplemental Section V. Spearman
correlation coefficient was used to estimate the correlation
between each PTC characteristic and the percentage of in-
terstitial fibrosis from visual assessments (Supplemental Sec-
tion III). To account for the different follow-up times of study
participants and the censoring of patients without recorded
event, for each PTC characteristic, an unadjusted Cox pro-
portional hazards model was used to assess the association
between the parameter and time to disease progression

(Figure 2, bottom panel). To determine the functional form
of each association (i.e., whether the association was linear or
nonlinear), cubic b-splines and linear splines were used.
(additional details are provided in Supplemental Section IV).
For PTC characteristics that were significantly associated

with disease progression, multivariable Cox proportional haz-
ards models were used to investigate their independent prog-
nostic value after accounting for other risk factors and known
biomarkers of progression. To avoid overfitting because of the
limited number of outcome events, a least absolute shrinkage
and selection operator (LASSO)-penalized Cox model with
five-fold cross-validation for tuning parameter selection was
applied first to select adjustment covariates. The LASSO
approach was used only to choose relevant adjustment var-
iables to avoid overfitting the multivariable model, whereas
the primary exposure of interest (PTC aspect ratio) was forced
into the final model without undergoing selection. Potential
adjustment covariates included (1) demographics, including
sex, age, and race (White or Caucasian race versus Black or
African American, Asian or Pacific Islander, or multiracial); (2)
clinical parameters, including disease diagnosis (MCD, FSGS,
MN, or IgA nephropathy), UPCR at biopsy, and eGFR at
biopsy; (3) treatment received by patients, including previous
immunosuppression use and previous use of RAAS blockers;
and (4) other histologic parameters, including the presence of
segmental sclerosis, acute tubular injury, interstitial inflam-
mation (percentage of mononuclear white blood cells), and
percentage of cortex with interstitial fibrosis. Statistical anal-
yses were conducted using R software, version 4.1.1 (R De-
velopment Core Team, Vienna).

Results
Participant Characteristics
After HistoQC-powered quantitative quality control and

exclusion of biopsies from participants who did not fit in-
clusion criteria (Figure 1), N5280 PASWSIs (one per biopsy)
were included: 88 MCD, 109 FSGS, 46 MN, and 37 IgA
nephropathy (Table 1). A total of 58 disease progression
outcome events were observed. All downstream experimen-
tal results were generated on this final cohort of 280 patients.
The distributions of normalized PTC aspect ratio, density,

and size across all diseases andwithin each disease category are
illustrated in Supplemental Section II. Across disease diagnoses,
all three PTC characteristics were weakly to moderately corre-
lated with interstitial fibrosis (Supplemental Section III).

Association Between PTC Characteristics and Clinical
Outcome
PTC Aspect Ratio
A linear spline with one knot at 0.6 was used to model the

association between normalized PTC aspect ratio and time
to disease progression (Supplemental Section IV). Every 0.1
increase in normalized PTC aspect ratio was associated with
1.28 (1.04 to 1.59) times higher unadjusted hazards of dis-
ease progression up to normalized PTC aspect ratio of 0.6
(corresponding to an increase of 5 in unnormalized PTC
aspect ratio) (Table 2, P5 0.019). Beyond 0.6, we did not find
evidence of a significant association between PTC aspect
ratio and disease progression. This suggests that more com-
pressed PTCs (higher aspect ratio) are associated with worse
patient outcome (Figure 5).

Figure 4. Digital quantification of PTC shape, density, and size from
DL segmentations. Aspect ratio (left column): PTC boundaries are in
yellow and contained within a bounding box (red rectangle). The top
image illustrates a PTC with relatively higher aspect ratio (more
compressed PTC) and the bottom image a lower aspect ratio.Density
(middle column): PTCs are in red. Cortical PTC density is low in the
top image and high in the lower image. Size (right column): PTC
boundaries are in yellow. The top image illustrates a small PTC and
the bottom image both a large PTC (circled in red) and a small PTC.
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The hazard ratio for PTC aspect ratio ,0.6 was similar
after adjustment (1.28 [1.04–1.59] versus 1.27 [1.01–1.60])
and remained statistically significant (Table 3). Therefore,
there was little evidence that the association was con-
founded by other variables. The association between PTC
aspect ratio and disease progression was independent of
other factors tested. PTC aspect ratio provides complemen-
tary information about the outcome above and beyond that
of the known biomarkers, such as interstitial fibrosis and
presence of segmental sclerosis.

PTC Density
A linear spline with one knot at 0.4 was used to model the

association between normalized PTC density and time to

disease progression (Supplemental Section IV). There was
little association between PTC density and disease progres-
sion up to PTC density of 0.4 (P5 0.57, Table 2). Beyond 0.4,
every 0.1 increase in density was associated with 35% lower
hazards of disease progression, although this association
was not statistically significant (P 5 0.36).

PTC Size
A linear spline with one knot at 0.4 was used to model the

association between normalized PTC size and time to dis-
ease progression (Supplemental Section IV). There was little
association between PTC size and disease progression, both
below and above PTC size of 0.4 (P 5 0.72 and P 5 0.64,
respectively, Table 2).

Quantitative PTC Characteristics in IFTA and Non-IFTA
Regions
Although the overall PTC cortical density was higher in

IFTA regions compared with non-IFTA regions, when the
PTC density was measured in the cortical interstitial frac-
tional space, there was a lower PTC density in IFTA com-
pared with non-IFTA regions (Table 4). Distributions of PTC
aspect ratio (Figure 6) or size (Figure 7) were similar be-
tween PTCs in IFTA and non-IFTA regions, with the mean
IFTA PTC aspect ratio slightly higher and size slightly
smaller than those of mean non-IFTA PTC.

Discussion
The limited understanding of the structural and molecu-

lar elements that contribute to disease progression is one of
the major barriers to effective therapy development and
prevention of progression to kidney failure. Several studies
have investigated the relationship between structural
changes contributing to chronic damage and their associa-
tionwith clinical outcomes.21–25 There is increasing evidence
from studies in animal models that alterations in the in-
terstitial microvasculature, specifically PTC rarefaction,
play a major role in the development of interstitial fibrosis
and consequently, disease progression,26–41 and that in in
some circumstances, PTC rarefaction could be a better pre-
dictor of progression than interstitial fibrosis.31 These
experimental studies elucidated some of the molecular
mechanisms that lead to amelioration of renal PTC rare-
faction through the use of molecules that target vasodila-
tation, angiogenesis and repair of the microvasculature,
vascular endothelial growth factor (VEGF) signaling,

Table 1. Summary of demographics, clinical data at the time of
the biopsy, and peritubular capillary characteristics

Variable Study Sample (N5280)

Diagnosis
MCD 109 (38.9%)
FSGS 88 (31.4%)
MN 46 (16.4%)
IgA nephropathy 37 (13.2%)

Demographics
Male sex 169 (60.4%)
Age at biopsy, younger than 18 yr 95 (33.9%)

Race
Asian or Asian American 32 (11.4%)
Black or African American 66 (23.6%)
Others (multiracial or unknown) 31 (11.1%)
White or Caucasian 151 (53.9%)

Baseline laboratory values
eGFR (ml/min per 1.73 m2) 81.36 (50.18–106.38)
UPCR (g/g) 5.43 (1.16–7.10)

Computational PTC characteristics
No. of PTCs segmented 2190 (1335–3297)
PTC aspect ratio 2.94 (2.73–3.20)
Normalized PTC aspect ratio 0.466 (0.333–0.605)
PTC density 1.91% (1.27%–2.77%)
Normalized PTC density 0.180 (0.114–0.266)
PTC size (mm2) 66.7 (51.3–85.1)
Normalized PTC size 0.229 (0.148–0.311)

Values shown are count (percentage) or median (interquartile
range). PTC, peritubular capillary; UPCR, urine protein creat-
inine ratio; MCD, minimal change disease; FSGS, focal seg-
mental glomerulosclerosis; MN, membranous nephropathy.

Table 2. Associations between peritubular capillary characteristics and disease progression

PTC Characteristic HR (95% CI) P Value

Normalized density ,0.4 (per 0.1) 0.92 (0.71 to 1.20) 0.57
Normalized density $0.4 (per 0.1) 0.65 (0.26 to 1.62) 0.36
Normalized size ,0.4 (per 0.1) 0.95 (0.72 to 1.24) 0.72
Normalized size $0.4 (per 0.1) 0.89 (0.55 to 1.44) 0.64
Normalized aspect ratio ,0.6 (per 0.1) 1.28 (1.04 to 1.59) 0.019
Normalized aspect ratio $0.6 (per 0.1) 0.81 (0.49 to 1.35) 0.43

Unadjusted Cox model results showing estimated associations between peritubular capillary characteristics and time to disease
progression (40% eGFR decline or kidney failure) using linear splines with one knot for each peritubular capillary characteristic in
separate models. PTC, peritubular capillary; HR, hazard ratio; CI, confidence interval.
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anti-inflammatory and antioxidative pathways, and suppres-
sion of endothelial mesenchymal transition.34,35,37–40,42 The
observation that PTC rarefaction is associated with disease
progression and age has also been validated in a variety of
other human kidney diseases.26–52,55

PTC characteristics other than density, such as shape and
size, have not yet been extensively studied. As a result, their
potential clinical value remains unexplored. Measurement
of PTC characteristics has potential applications not only for
discovery of mechanisms of disease progression but also in
diagnostics. For example, increased PTC size and change in
shape (lower aspect ratio) are auxiliary criteria used to
assess antibody-mediated rejection in kidney transplant
biopsies.53,54

In spite of overwhelming evidence of PTC involvement in
renal diseases, various barriers have previously limited our
ability to study PTC characteristics and better understand
their role in disease progression. First, methodologies used
to detect and quantify PTCs have relied on immunohisto-
chemistry or immunofluorescence using antibodies against
endothelial cells (CD34)28,30,43,51–53 and manual or auto-
mated morphometry.30,43,53 These approaches are expen-
sive, especially if applied to large datasets. In addition, the
kidney parenchyma contains a rich microvasculature with
large numbers of PTCs, exceeding the ability of visual
assessment and thus requiring automation for quantifica-
tion. Such technology has only recently become feasible.
Finally, access to large longitudinal studies with a sufficient
number of observations to make meaningful conclusions
only recently became available.
Building on these observations26–55 and leveraging the

rich NEPTUNE dataset13 and powerful image analysis
tools,11,12,21 we extracted selective PTC quantitative fea-
tures, including density, size, and aspect ratio, from DL-
derived PTC segmentations and assessed their associations
with disease progression. We demonstrated that the shape
of PTCs is a previously unrecognized biomarker of disease
progression. Participants with higher PTC aspect ratio val-
ues progressed to 40% eGFR decline or kidney failure

Figure 5. Comparison of representation of PTC aspect ratio in a study
participant with good outcome versus one with bad outcome. A
heatmap of normalized PTC aspect ratio computed for each PTC is
overlaid on top of the PTC segmentation results. (A) Kidney biopsy
from a progression-free participant (long follow-up time without
disease progression event) compared with (B) a participant with fast
progression (short time to disease progression). In the color bar on the
right, the scale for normalized PTC aspect ratio values is illustrated—
red indicates higher normalized aspect ratio and blue indicates lower
normalized aspect ratio. Top row: the heatmap for PTC aspect ratio is
overlaid on top of PTC segmentations bounded by yellow outlines.
Bottom row: the raw heatmap mapped on the WSIs is illustrated on a
dark background for easier visual comparison. The color of PTCs on
the heatmap reflects the value of the aspect ratio.

Table 3. Adjusted Cox model results showing estimated
associations between peritubular capillary aspect ratio and time
to disease progression (40% eGFR decline or kidney failure)
using adjustment covariates with nonzero coefficients
(interstitial fibrosis and segmental sclerosis) from LASSO model

Model HR (95% CI) P Value

Normalized aspect
ratio ,0.6 (per 0.1)

1.28 (1.02 to 1.60) 0.031

Normalized aspect
ratio $0.6 (per 0.1)

0.94 (0.89 to 1.01) 0.11

HR, hazard ratio; CI, confidence interval.

Table 4 Peritubular capillary cortical density controlled by
interstitial fibrosis and tubular atrophy and interstitial fractional
space

Overall IFTA
PTC Cortical
Density, %

Overall Non-
IFTA PTC
Cortical
Density
outside
IFTA, %

IFTA PTC
Cortical

Density in
Interstitial
Fractional
Space, %

Non-IFTA
PTC Density

Cortical
Density in
Interstitial
Fractional
Space, %

0.75 0.23 1.33 2.57

IFTA, interstitial fibrosis and tubular atrophy; PTC, peritubular
capillary.

Figure 6. Violin plot showing the distribution of PTC aspect ratio
within IFTA (left) versus PTC aspect ratio outside of IFTA (right).
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significantly faster compared with participants with lower
PTC aspect ratio. Two potential reasons might explain this
observation. First, a more compressed PTC shape may de-
crease PTC flow and therefore contribute to the previously
mentioned causative relationship between decreased PTC
flow and tubulointerstitial scarring.10 The blood flow and
speed in PTCs, in fact, may modulate the exchange of
oxygen in the tissue. For example, the cross-section of cap-
illary channels can influence the viscous laminar flow inside
the lumen6–10 while the ratio between the length and the
radius of a capillary can modulate the filling rate of a
capillary.8 The causative relationship between PTC flow
and tubulointerstitial abnormalities (IFTA) has been pre-
viously addressed,9 demonstrating that the presence of a
normal perfusion (normal PTC flow) was associated with a
healthy tubulointerstitium while a reduction in PTC flow
was associated with tubulointerstitial abnormalities in in-
dividuals with idiopathic nephrotic syndrome.9 In our
study, however, the PTC aspect ratio was comparable be-
tween IFTA and non-IFTA regions, although there was a
weak correlation with interstitial fibrosis scored visually.
One potential explanation for the similarity in PTC aspect
ratio between the scared and unscarred tubulointerstitium is
that our DL model successfully detects viable capillaries
(with a visible lumen) but not collapsed/compressed capil-
laries not contributing to perfusion that are often observed
in dense IFTA and detectable only by CD34 stain. We have
shown, however, that the number of viable capillaries in
IFTA interstitial fractional space was reduced compared
with non-IFTA interstitial fractional space. Second, one
could speculate that, similar to what has been shown for
PTC rarefaction, PTC shape may be modified by morpho-
logic and/or molecular abnormalities at the endothelial cell
level,32,35–38,42,45,55 although this hypothesis would need to
be tested in future research.
Although one could argue that the shape of PTCs ob-

served in a 2D section could depend on the angle by which
the needle entered the kidney parenchyma, the cortical in-
terstitial microvasculature is formed by a dense net of capil-
laries running around tubules, with an average of more than
2000 PTCs per cortical tissue biopsy core. It is expected that

this large quantity of PTCs should provide sufficient hetero-
geneity in cross-sectional presentation of the microvascula-
ture within each biopsy to exclude any angle cutting bias.
It is also notable that, although a high aspect ratio largely

reflects the more compressed PTC shape, PTCs do not
always have a convex shape. As such, a small proportion
of PTCs that are flat but bent into a sharp curve can also
have a relatively higher aspect ratio.
In line with previous studies,26,28–32,38,41 we observed a

correlation between PTC density and interstitial fibrosis and
decreased PTC interstitial fractional space density in IFTA
regions compared with non-IFTA regions. However, we did
not detect a statistically significant association between
overall cortical PTC density and disease progression.
Relatedly, a limitation of our study is the small number of

kidney biopsies and outcome events available, although the
sample size used in this study remains the largest to date in
similar contexts and comprises kidney biopsies obtained and
processed in 38 laboratories in North America, suggesting that
the biomarker is robust to preanalytical sources of variation.
In summary, we demonstrated the ability to quantita-

tively measure PTC characteristics in digital kidney biopsies
using computational image analysis tools on conventional
stains. We also demonstrated the association between PTC
shape (aspect ratio) and disease progression in glomerular
diseases. Such association appears to be complementary to
known biomarkers, including interstitial fibrosis and pres-
ence of segmental glomerulosclerosis. We acknowledge that
the true power of machine learning is to use hundreds of
features, although this approach might lack interpretability.
In this study, we focused on a limited set of interpretable
features and explored their associations with the status of
the tubulointerstitium and clinical outcomes to identify a
novel clinical biomarker. Future studies are in progress to
validate these observations on independent cohorts of
glomerular diseases and chronic and acute kidney dis-
eases and to investigate the topology and spatial relation-
ship between PTCs and other renal functional structures
to uncover underlying mechanisms leading to an aberrant
cortical microvasculature.
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