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Abstract

The introduction of digital pathology to nephrology provides a platform for the development of new methodologies and
protocols for visual, morphometric and computer-aided assessment of renal biopsies. Application of digital imaging to
pathology made substantial progress over the past decade; it is now in use for education, clinical trials and translational re-
search. Digital pathology evolved as a valuable tool to generate comprehensive structural information in digital form, a key
prerequisite for achieving precision pathology for computational biology. The application of this new technology on an
international scale is driving novel methods for collaborations, providing unique opportunities but also challenges.
Standardization of methods needs to be rigorously evaluated and applied at each step, from specimen processing to scan-
ning, uploading into digital repositories, morphologic, morphometric and computer-aided assessment, data collection and
analysis. In this review, we discuss the status and opportunities created by the application of digital imaging to precision
nephropathology, and present a vision for the near future.
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Virtual microscopy

The digitization of diagnostic imaging applications began with
the development and implementation of digital radiology,
replacing X-ray film with digital images. The adaptation of digit-
ization to pathology first occurred when a tissue section on a
glass slide, traditionally visualized by bright field or epifluores-
cent microscopy, was translated into a high-resolution image
that could be visualized on a computer screen at a remote site.
The remote visualization of these high-resolution images is
termed digital pathology or virtual microscopy, encompassing
telepathology and whole-slide imaging (WSI). Telepathology is
the practice of pathology at a distance, using telecommunica-
tions technology to facilitate the transfer of image-rich path-
ology data between distant computers [1, 2]. WSI involves
scanning tissue sections mounted on glass slides at high reso-
lution, typically 20� or 40� resolution. While telepathology in-
volves transmission of images at the time of acquisition, WSI
requires an internet-accessible database to upload and store
captured images. WSI enables the review of digital slides and
metadata by multiple users simultaneously [3]. Although both
can be used for education, diagnosis, clinical trials and research,
digital pathology for primary clinical diagnosis it is not
approved by the US Food and Drug Administration, yet. In
Europe, some clinical pathology laboratories fully employ this
digital approach [4, 5].

Digital imaging: technical notes

High-throughput, automated microscopes and imaging instru-
ments are sufficiently advanced to produce images suitable for
morphologic assessment. Most current instruments capture
images with a 20� objective and with a resolution between 0.45
and 0.23 lm/pixel using an optical doubler. The use of a doubler
limits the numerical aperture, narrowing the depth of field of
the captured image. By this approach, images obtained from 4-
to 5-lm thick tissue sections are sharpened sufficiently that
they satisfy diagnostic needs without the need to obtain z-stack
images. These instruments incorporate additional cameras to
document the slide, all tissue on the slide, as well as the infor-
mation on the label. Batch loading of slides, assortment into ap-
propriate queues based on case ID and linkage to databases
facilitates management of slides between the histology labora-
tory and the pathologist.

In the following paragraphs, we discuss the current applica-
tion of digital pathology to renal biopsies, the importance of
standardization and how digital imaging is evolving to slowly
modify the practice of pathology.

Development of new strategies through
industry and academia collaboration

As digital imaging technology becomes more sophisticated and
financially feasible, medical centers have shown increasing
interest in introducing digital pathology in their daily practice.
Adoption of this new technology was facilitated by advances in
biomedical research, an area that has expanded to encompass
biomedical engineering, computer science, image analysis and
clinical informatics. For example, the Academia and Industry
collaboration for Digital PATHology (AIDPATH, http://aidpath.
eu/) is an international effort focused on interoperability of digi-
tal pathology applications across multiple projects, institutions
and disciplines (Table 1).

Pharmaceutical industry-sponsored clinical trials have
worked with the digital pathology industry, applying previously
underused software to create methodologies that improve reli-
ability and reproducibility of data collection [6]. Compared with
conventional light microscopy, digital nephropathology for clin-
ical trials is advantageous in the following ways: (i) it provides a
permanent dataset allowing full transparency for regulatory
agencies, (ii) scoring protocols can be utilized by multiple users
while reducing travel expenses and personnel time, (iii) it
allows targeted adjudication and (iv) it improves analytic repro-
ducibility. Overall, digital pathology is transforming clinical tri-
als by introducing new standards of practice.

The importance of standardization

‘Implementing and developing technical standards can help
maximize compatibility, interoperability, safety, repeatability,
or quality. It can also facilitate commoditization of formerly
custom processes’ [7]. Quality management protocols that regu-
late medical services, and evidence-based medicine practices,
bring standardization of measuring and reporting to the fore-
front. In medicine, standardization is subject to a variety of fi-
nancial, geographical, political, population-specific and ethical
boundaries. Medical informatics has facilitated rapid communi-
cation among pathologists and their ability to discuss and share
strategies across institutions, regions and countries around the
globe. Standardization of every step in pre-analytic, analytic
and post-analytic phases is crucial to achieve reliable and repro-
ducible results across multiple groups of users (Table 2).

Technical standardization

Technical standardization in pathology begins with tissue pro-
curement, fixation, processing (pre-analytic phase) and staining
prior to visualization at the light microscope, immunofluores-
cence and electron microscope (analytic—histology phase;
Table 2). Multiple factors influence substantial variability across
laboratories. The application of digital pathology increases the
demand for quality, as the quality of the glass slide is integral to
the quality of the image displayed on the computer screen [8].
WSI itself requires substantial standardization to ensure image
quality across platforms and institutions (analytic—digital
phase). Critical to these issues is (i) defining objective measures
of quality to replace subjective or regional/local approaches,
and (ii) establishing rigorous protocols.

Standardization of protocols for digital pathology
repositories

Beyond the standardized pre-analytic and analytic protocols in
specimen and slide preparation, interoperability of digital path-
ology systems across laboratories can be achieved by imple-
mentation of meticulous protocols to standardize pathology
material collection, scanning, uploading, display and organiza-
tion in a digital pathology repository (DPR). Although a single
stand-alone system that spans multiple sites and nations is an
appealing approach, practicality it requires deploying custom-
ized DPR on a protocol-by-protocol basis for both regulatory and
technical reasons. As such, international collaborative efforts
should focus on developing protocol standards for sharable in-
formation, digital images, data elements and scoring/evaluation
metrics. Careful planning is required to ensure optimal data
sharing because the technical details established initially for a
DPR sets boundaries for subsequent studies.
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Recognizing the value of a common and standardized dig-
ital pathology platform, the NEPhrotic syndrome sTUdy
NEtwork (NEPTUNE) established the first multicenter DPR,
which subsequently served as a model for other consortia,
such as the North American (CureGN), the European
(EURenOmics) and Asian (China-DiKiP) consortia. More re-
cently, NEPTUNE, EURenOmics and China-DiKiP, formed the

INTErnational diGital nephRopAThology nEtwork (INTEGRATE;
Table 1). INTEGRATE sub-consortia not only share a common
protocol for pathology material acquisition and storage in the
DPR, but they also implement an identical protocol for (i) an-
notation of glomeruli for multilevel representation, (ii) a
descriptor-based scoring system and (iii) morphometry as-
sessment. All data are collected across all INTEGRATE centers
using a uniform template for visual and morphometric ana-
lysis (Figure 1). This approach allows for unprecedented col-
lection of standardized pathology data.

Data access and data sharing ethics

Protocols guiding data access ensure governing and coordination
of intra- and inter-consortia collaborations. However, data collec-
tion across multiple centers and storage in centralized reposito-
ries introduce a new set of challenges that include data sharing
ethics and integrity. Researchers are expected to maintain the
high ethical standards during research and when sharing data.
Collection and sharing of research data that relates to people re-
quires obtaining consent, anonymizing data and regulating data

access. With the establishment of centralized national and inter-
national repositories, data sharing ethics and conduct guidelines
are evolving. A data sharing Code of Conduct for international
genomic research was proposed in 2011; it includes seven general
principles applicable to all fields: scientific quality, accessibility,
(including harmonization and transparency of repositories), re-
sponsibility of governance, security, transparency, accountability
and integrity of scientific and interpersonal conduct [9].

Following this proposal, the Regulatory and Ethics Working
Group and the Global Alliance for Genomics and Health estab-
lished a similar international code to provide a principled and
practical framework for the sharing of genomic and health-
related data [10]. While a digital pathology-specific code of con-
duct is not yet established, these principles should be con-
sidered universal.

Table 2. Summary of pre-analytic, analytic and post-analytic factors
that influence reliability and reproducibility of results across mul-
tiple groups of users

Pre-analytic
Acquisition (delay in putting samples into fixative)
Fixation type and time
Tissue processing
Slide-drying time and temperature

Analytic
Histology phase

Staining selection
Staining optimization
Staining validation instrumentation
CAP inspection/certification

Digital phase
Scanner
Image resolution
Number of colors
Monitor resolution
Compression ratio
Format

Post-analytic
Analysis or interpretation result
Recording of data
Pathologist performance
Reporting
Digital imaging analysis

CAP, College of American Pathologists.

Fig. 1. Each INTEGRATE sub-consortia, EURenOmis in Europe, NEPTUNE in North America and China-DiKiP in China, comprises multiple centers. All sub-consortia use

similar pathology material acquisition to populate the respective DPR and the same electronic scoring matrix for data collection of morphologic analysis.
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Post-analytic phase: digital morphologic assessment

Reproducibility, accuracy and standardization of language, ana-
lysis and reporting are critical elements of the post-analytic
phase of the digital pathology assessment. High diagnostic sensi-
tivity and specificity, and pertinent clinical utility are the goals.

Standardization of language
Deriving a standardized and reproducible approach starts with
the compilation of detailed and unambiguous descriptions of
the individual lesions (observations) believed critical to define
diagnoses, followed by training to recognize such lesions, and
testing of their reproducibility. The Banff classification for kid-
ney allograft (rejection) provides a successful example of stand-
ardization of morphologic assessment [11, 12]. Similarly, the
Anti-Neutrophil Circulating Antibodies (ANCA) vasculitis and
lupus nephritis classifications provide some quantitative par-
ameters driving the diagnosis, disease class and degree of activ-
ity and chronicity [13, 14]. However, classification systems in
renal pathology were historically generated without accounting
for reproducibility of observations. The developers of the Oxford
classification system for IgA nephropathy were the first investi-
gators who considered the concordant performance of patholo-
gists prior to deploying their classification system [15, 16]. A
similar approach was implemented by NEPTUNE with the
NEPTUNE Digital Pathology Scoring System (NDPSS): a compre-
hensive and detailed descriptor reference manual encompass-
ing definitions for over 80 histologic, immunofluorescence and
ultrastructural descriptors, was first compiled, tested for repro-
ducibility of observations and then refined for clarity of lan-
guage [17]. The NDPSS was further revised and adopted by
INTEGRATE (Table 1). The goal was to establish an international
common language and a standardized and robust metric for as-
sessment of the renal parenchyma, from which clinically rele-
vant patient categorization can be derived. Modern
telecommunications facilitated the process of international
standardization of nomenclature via cost- and time-efficient
webinar-based cross-training meeting.

Reproducibility
The issue of reproducibility comprises two elements: (i) repro-
ducibility of analysis by digital imaging compared with conven-
tional light microscopy and (ii) intra- and inter-reader
concordance. Studies of glomerular diseases based on conven-
tional microscopy revealed inconsistent concordance for some
variables, including poor agreement on the number of glomeruli
per section [15, 18–23]. Studies comparing glass slide versus WSI
scoring and diagnoses demonstrated better concordance using
a digital approach [6, 24–28].

Several elements play a key role in modulating concordance
among pathologists:

i. Clarity of language/definition for the parameters to be
evaluated (discussed above).

ii. Overcoming cognitive bias. ‘The human brain’s habit of
finding what it wants to find is a key problem for research.
Establishing robust methods to avoid such bias will make
results more reproducible’ [29].

iii. Qualitative versus quantitative assessment. The overall
diagnosis may be comparable between observers although
measures of reproducibility (i.e. Kappa Cohen’s coefficient)
are low for individual lesions.

iv. Intra- versus inter-institutional tests [18].
v. Cross training [17, 30].

vi. Use of jpeg images versus the entire slide to test concord-
ance [17, 31].

vii. Use of digital annotation [6, 32].
viii. Use of WSI versus conventional glass slides [6, 25–28, 30].

ix. Accuracy of denominator (number of glomeruli) and nu-
merator (number of glomeruli with a specific lesion) [32].

x. Frequency of a lesion as a function of severity (although a
lesion may lose specificity as disease progresses).

Diagnostic sensitivity and specificity
Diagnostic sensitivity and specificity. Identification by light micros-
copy or digital imaging of specific morphologic lesions (descrip-
tors) determining a diagnosis requires substantial training and
experience. Traditionally, trainees learn to recognize lesions in
isolation first, to some degree using a descriptor-based ap-
proach. As the pathologist acquires experience, the process
shifts to an integrated qualitative diagnosis derived from pat-
tern recognition and overall case review (e.g. clinical correl-
ation). This process is learned and honed through repetition
based on evaluation of individual samples. Conventional obser-
vational expertise allows subjective prioritization of heteroge-
neous lesions from surrounding tissue that creates a context for
interpretation. At the level of broad diagnostic categories, this
contextual approach may be acceptable for patient categoriza-
tion; however, the heterogeneity of glomerular diseases has
exposed the limitations of such holistic strategy in providing
clinically meaningful disease categorization. While descriptor-
based scoring systems can capture such complexity and variety
of morphologic features [17, 33], intra- and inter-pathologist re-
producibility decreases when individual parameters rather than
diagnoses are tested [16, 17, 19–22]. For example, when 10 path-
ologists evaluated the reproducibility of 51 individual glomeru-
lar descriptors on 315 glomeruli, good to excellent intra- and
inter-pathologist reproducibility was detected for more than
50% of lesions tested, but not all. Additionally, the key descrip-
tors defining three of the five conventional variants for focal
segmental glomerulosclerosis, perihilar, Not Otherwise
Specified (NOS) and cellular, had poor to moderate concordance,
while good concordance was achieved by combining all variants
of segmental obliteration. The hopeful prospect is that this
study demonstrated the value of training for improving con-
cordance, made possible by the application of digital pathology
and webinar meeting [17]. Computer-aided software programs
are in process; these, when fully developed, are expected to im-
prove standardization of morphologic data collection and re-
move subjectivity from this step.

Accuracy
Application of software that allows annotation of specific tissue
structures is key in achieving accuracy and reproducibility of
digital morphologic analysis. This strategy was first applied in a
clinical trial for Fabry’s disease, where annotation of peritubular
capillaries increased inter-observer reproducibility of scoring
when compared with conventional light microscopy [6]. In
glomerular disease studies, accuracy for counting all glomeruli
in a biopsy improved using a NEPTUNE/INTEGRATE protocol [3,
15, 16]. Two separate studies, one conducted by NEPTUNE [32]
and another by EURenOmics [34], compared glomerular enu-
meration on annotated WSI; the results indicated that digital
annotation significantly increases accuracy and reproducibility
of glomerular count.

While accuracy of the denominator can now be addressed by
digital annotation, concordance on assessing elements that
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comprise the numerator remains problematic, asking for new
strategies for pathologist and machine training.

Standardization of data recording and reporting
Application of common and transposable electronic scoring
matrices should also improve standardization of renal biopsy
assessment and data collection (Figure 1). For example, by link-
ing each annotated glomerulus to a specific morphologic profile
(glomerular mapping) investigators can test reproducibility not
only at the biopsy level, but also at the individual glomerular
level, while providing full transparency of analysis for future
studies.

Quantitative digital pathology

Current clinical nephropathology practice depends on qualita-
tive assessment of the renal biopsy summarized in a diagnosis
line. This diagnostic summary is often combined with a
semiquantitative assessment (typically based on four-tiered or-
dinal scales, 0–4þ), which might provide additional prognostic
information. Although the reproducibility of some of these par-
ameters is adequate and/or improved by the application of digi-
tal imaging [25–28], they often do not accurately quantify the
extent of parenchymal damage, since cases within the same
semiquantitative category may differ considerably.

Historically, the term ‘quantitative pathology’ was used to
imply cytometric, stereologic and morphometric assessment
and arose from a need for objective quantitation. The term
‘quantitative’, however, can be paired with the term ‘morph-
ology’ when visual assessment is based on quantitative metrics.
Examples of quantitative metrics include: enumeration of glo-
meruli (annotation), number of events (times a descriptor is se-
lected) per glomerulus or per biopsy, number of observational
data (objectives) versus interpretative diagnosis (caring subject-
ivity) or parameters (descriptors) that are not incorporated in
conventional classification systems. Newly proposed scoring
systems [17] exploit the digital environment to apply quantita-
tive visual, morphometric and computer-aided analysis.

Digital visual assessment

Visual assessment, whether at the microscope or computer
monitor, can be used to quantify conventional parameters in
current classifications systems (e.g. global or segmental scler-
osis, interstitial fibrosis and tubular atrophy) as well as less
commonly used features (halo, synechiae, deflation, etc.;
Table 3). DPRs maximize the use of the same image to enhance
accuracy of assessment and ultimately of diagnoses. Digitized
images allow access by multiple investigators in a blinded fash-
ion to test intra- and inter-observer reproducibility of conven-
tional parameters and classification systems, or to test the
performance of different metrics (dichotomous, continuous or
ordinal). Additional advantages include: (i) testing for reproduci-
bility of an individual or groups of nonconventional morpho-
logic parameters, (ii) testing for correlation with clinical and
molecular parameters and (iii) formulation of new clinically sig-
nificant morphologic classifications. Best application requires
an ongoing Quality Assessment and Improvement Program, the
benefits of which have been documented [17].

Digital morphometric assessment

While morphometry was historically applied to glass slides, re-
cent applications using WSI have proven feasibility [35]. Digital

morphometry provides standardized and objective measure-
ments applicable to longitudinal statistical models predicting
progression in medicine [36]. Quantitative structural param-
eters such as morphometric assessment of cortical-interstitial
volume, fractional interstitial area, average glomerular tuft vol-
ume, cortical density of glomeruli and percentage of globally
sclerotic glomeruli correlate with various aspects of renal func-
tion [37–41]. Other parameters critical to progression of glom-
erular diseases are currently explored using new methodologies
for estimating podocyte number, size, density and the rate of
podocyte detachment from glomeruli into urine (podometrics)
[42, 43].

Computer-aided image analysis

Implementation of computer-aided image analysis in research
and clinical settings can improve reproducibility and efficiency.
Three major current issues need to be addressed when testing
and applying software for automatic image analysis: identifica-
tion of the specific structure to analyze, validation of the meth-
odology compared with visual or morphometric assessment
and reproducibility of the analysis. Studies in cancer tissue
have shown that image analysis increases workflow, efficiency
and throughput, and reduces inter- and intra-observer variabil-
ity [44, 45]. New image analysis software tools are being tested
for their potential to locate specific morphologic features with
minimal human intervention. A recent study evaluated auto-
mated versus manual segmentation on WSI (tracing the edges
of invasive tumor areas) for the purpose of immunohistochem-
istry scoring for intensity, percentage and combined scores for
the estrogen receptor in breast cancer. To enable quantitative
assessment, an algorithm was applied using clustering to group
segmentation pixels into compact regions, super-pixels, with
edges corresponding to the segmentation area edge. When
manual segmentation was compared between pathologists and
then to computer-aided segmentation of areas of malignancy,
pathologists differed in their manual labeling of 9% of pixels,
versus 19% when manual was compared with computer-aided
image analysis. Estrogen receptor scores computed from auto-
mated segmentations were more consistent than those from
manual segmentations [46, 47].

Comparable computer-aided analytic methodologies might
be applied to renal pathology. Automatic ‘glomeruli finders’ for
annotation might result in significant time saving and the im-
plementation of a standardized process that guarantees that
the same structures are analyzed. Similarly, automated seg-
mentation of areas of interstitial fibrosis and tubular atrophy
are possible if the WSI are qualitatively adequate (Table 2).

Beyond application to glomerular annotation or to tissue
segmentation (e.g. evaluation of interstitial fibrosis, inflamma-
tion), challenges in applying computer-aided image analysis to
renal biopsies rest on the complexity of the parenchymal struc-
ture and the variability of the quality and quantity of injury.

Computational nephropathology for precision
and prediction medicine

In contrast to the ongoing rapid development of precision path-
ology in oncology, where immunophenotypic classification of
tumors is being overtaken by genomic approaches, renal path-
ology has evolved slowly over the last 25 years, with diagnostic
clinical practice remaining largely dependent on conventional
morphologic analysis. The growing awareness of the complex-
ity of clinical, morphologic, genotype and phenotypes of
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Table 3. INTEGRATE digital pathology scoring system descriptor reference manual

Complete and revised INTEGRATE descriptors reference manual as currently implemented by all international consortia [17].
WSI HISTOLOGY
Glomerular damage: Glomerular descriptors listed below are scored as present (1) or absent (0).
No (minimal) changes: None of the lesions below are present.
Global sclerosis with hyalinosis: Sclerosis involves 100% of the glomerular tuft. Glomerular size is preserved, or, compared with the glomeruli ob-

tained in the same biopsy, increased or decreased by not more than 50%.
Global sclerosis without hyalinosis: Sclerosis involves 100% of the glomerular tuft, with no accompanying hyalinosis. Glomerular size is preserved

or, compared with the glomeruli obtained in the same biopsy, increased or decreased by not more than 50%.
Global deflation: Global wrinkling and folding of the glomerular basement membrane (GBM) (�80% of the tuft) without epithelial cell (podocyte)

hypertrophy and hyperplasia (formerly known an ischemic type of collapse). The urinary space is patent. The wrinkling is generally made
by small regular folds of the GBM.

Global capillary collapse: Wrinkling and folding of the GBM involving�80% of the tuft with occlusion or subocclusion of capillary lumina.
Collapse is generally accompanied by hypertrophy and hyperplasia of overlying epithelial cells (pseudo-crescents). Epithelial cell (podocyte)
hypertrophy and hyperplasia if present are marked separately as individual descriptors. The wrinkling is generally made by small and/or big
irregular folds of the GBM.

Obsolescent glomeruli: Glomeruli are small and globally sclerotic without hyalinosis. Bowman’s capsule is completely or partially absent and
there is no periglomerular fibrosis. Obsolescent glomeruli are defined when glomerular size is decreased>50% compared with all other glo-
meruli in the same biopsy.

Global mesangial sclerosis: A generalized global increase (100%) of mesangial matrix is present with or without mesangial cell hypercellularity
and hypertrophy of overlying epithelial cells.

Segmental perihilar sclerosis (vascular pole): Segmental solidification of the glomerular tuft is present with increased extracellular matrix in con-
tinuity with the vascular pole. If hyalinosis, foam cells, hypertrophy of overlying epithelial cells (podocytes), halo and adhesion of the tuft to
the Bowman’s capsule is present, they should be marked as separate descriptors.

Extended segmental perihilar sclerosis (vascular pole): Segmental solidification of the glomerular tuft with increased extracellular matrix in con-
tinuity with the vascular pole and extends beyond the middle line of the tuft, with or without involving the tip. If hyalinosis, foam cells,
hypertrophy of overlying epithelial cells (podocytes), halo and sinechia/adhesion of the tuft to the Bowman’s capsule is present, they should
be marked as separate descriptors. (This lesion includes segmental solidification known as ‘approaching’ global sclerosis.)

Segmental sclerosis away from vascular and tubular poles: Segmental solidification of the tuft with increased extracellular matrix. If hyalinosis,
foam cells, hypertrophy of overlying epithelial cells (podocytes), halo and adhesion of the tuft to the Bowman’s capsule is present, these fea-
tures should be marked as separate descriptors.

Segmental sclerosis cannot determine location: None of the above. Vascular or tubular pole cannot be seen in section. If hyalinosis, foam cells,
hypertrophy of overlying epithelial cells (podocytes), halo and adhesion of the tuft to the Bowman’s capsule is present, they should be
marked as separate descriptors.

Cellular tip lesion: Foam cells with or without other intracapillary cells within the glomerular tuft at the tubular pole, accompanied by hypertro-
phy of glomerular epithelial cells (podocytes) exclusive of tubular epithelium, and/or bridging to the Bowman’s capsule/proximal tubule
take off area. The presence of foam cells or inflammatory cells needs to be marked separately as individual descriptors when present.

Sclerosing tip lesion: Solidification of the tuft at the tubular pole with increased extracellular matrix with or without adhesion to Bowman’s cap-
sule. Glomerular epithelial cells (podocytes) may be hypertrophic and attached to the epithelium at the tubular pole.

Extended cellular tip lesion: Foam cells with or without other intracapillary cells within the glomerular tuft at the tubular pole. The process ex-
tends through a large portion of the glomerulus (>1/2 of the tuft) but does not involve the vascular pole, accompanied by hypertrophy of epi-
thelial cells (podocytes) and/or bridging to the Bowman’s capsule/proximal tubule take off area. The presence of foam cells or inflammatory
cells needs to be marked separately as individual descriptors when present. (This lesion includes segmental solidification not involving the
vascular pole but ‘approaching’ global sclerosis.)

Extended sclerosing tip lesion: Solidification of the tuft at the tubular pole with increased extracellular matrix and adhesion to Bowman’s capsule
that extends through a large portion of the glomerulus but does not involve the vascular pole. No foam cells are present. Glomerular epithe-
lial cells (podocytes) are hypertrophic and attached to epithelial cells at the tubular pole. (This lesion includes segmental solidification not
involving the vascular pole but ‘approaching’ global sclerosis.)

Mid-tuft/central location of segmental sclerosis: Located neither at the tip, the perihilum or the periphery of the tuft (no adhesion to the
Bowman’s capsule).

Cellular lesions—non-tip: Endocapillary hypercellularity with epithelial cell hypertrophy (podocyte). Hypercellularity may be due to foam cells
and/or endocapillary cells (podocytes) with or without karyhorrexis and is not at the tip of the glomerulus. The presence of foam cells, kary-
horrexis or inflammatory cells needs to be marked separately as individual descriptors when present.

Segmental capillary collapse: Wrinkling and folding of the GBM involving at least one glomerular lobule and<80% of the tuft, with occlusion or
subocclusion of capillary lumina. Collapse is generally accompanied by hypertrophy and hyperplasia of overlying epithelial cells (podocytes);
epithelial cell (podocytes) hypertrophy and hyperplasia if present need to be marked separately as individual descriptors. The wrinkling is
generally made by small and/or big irregular folds of the GBM.

Segmental deflation: Wrinkling and folding of the capillaries without epithelial cell (podocyte) hyperplasia (formerly called ischemic type of col-
lapse) involving<80% of the glomerular tuft. The wrinkling is generally made by small regular folds of the GBM.

Periglomerular fibrosis: Circumferential fibrosis in the interstitium surrounding the Bowman’s capsule.
Glomerular foam cells: Intracapillary foam cells in the presence or absence of segmental or global sclerosis.
Hyaline droplets in epithelial cell (podocyte): Protein droplets are present in glomerular epithelial cells (podocytes). These cells usually are also

hypertrophic (if so, both descriptors apply).
Hyalinosis at the vascular pole: Hyalinosis is defined as glassy acidophilic, Periodic Acid Schiff (PAS) positive, silver negative material.

(continued)
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Hyalinosis at the tubular pole: Hyalinosis is defined as glassy acidophilic, PAS positive, silver negative material. Solidification of the tuft and/or
foam cells may be present.

Hyalinosis away from the vascular and tubular poles: Hyalinosis is defined as glassy acidophilic, PAS positive, silver negative material. Both the
vascular and the tubular pole are present in the glomerular cross section.

Hyalinosis cannot determine location: Hyalinosis is defined as glassy acidophilic, PAS positive, silver negative material and can occur with or
without adhesion to the Bowman’s capsule in a location that is not the vascular pole of the tip of the glomerulus. The vascular and/or the
tubular poles cannot be identified.

Synechiae: Continuity of glomerular tuft basement membrane to the Bowman’s capsule with continuity of epithelial cell lining. Note that a
sinechia generally includes 1–2 capillaries at the most and it may or may not be associated with segmental sclerosis, hyalinosis or foam
cells. Larger adhering section of the glomerular tuft to the Bowman’s capsule in the presence of significant hyalinosis and/or sclerosis is not
considered a sinechia but an adhesion part of the segmental sclerosis.

Segmental epithelial cell (podocyte) hypertrophy: Hypertrophy is defined as enlarged cytoplasm or enlarged nuclei with prominent nucleoli or
both. Segmental hypertrophy is defined when hypertrophic epithelial cells (podocytes) overlying the GBM involve<50% of the glomerular
tuft.

Global epithelial cell (podocyte) hypertrophy: Hypertrophy is defined as enlarged cytoplasm or enlarged nuclei with prominent nucleoli or both.
Global hypertrophy is defined when hypertrophic epithelial cells (podocytes) overlying the GBM involve�50% of the glomerular tuft.

Segmental epithelial cell (podocyte) hyperplasia:�2 layers of epithelial cells (podocytes) overlying the GBM are present, involving<50% of the
glomerulus. Hyperplasia may occur with or without hypertrophy.

Global epithelial cell (podocyte) hyperplasia:�2 layers of epithelial cells (podocytes) overlying the GBM are present, involving�50% of the glomeru-
lus. Hyperplasia may occur with or without hypertrophy.

Halo (detachment of overlaying podocytes): Detachment of epithelial cells (podocytes) from original underlying GBM is present with intervening
new loose basement membrane material (pale on hematoxylin and eosin, PAS, trichrome or silver stain).

Segmental mesangial hypercellularity:>3 mesangial cells per mesangial lobule involving<50% of the visible mesangial regions in a glomerulus.
Global mesangial hypercellularity:>3 mesangial cells per mesangial lobule involving�50% of the visible mesangial regions in a glomerulus.
Segmental presence of spikes on silver stain: Spikes are defined as silver positive stain with an irregular profile on the outer side of the GBM and

involving<50% of the glomeruli.
Global presence of spikes on silver stain: Spikes are defined as silver positive stains with an irregular profile on the outer side of the GBM

involving�50% of the glomerulus.
Infiltrating leukocytes: The presence of leukocytes in glomerular capillaries is recorded when�1 inflammatory cell is present in capillary lumina.

(Note that the presence of infiltrating leukocytes although initially scored on a semiquantitative scale from 0 to 3 for each glomerulus with
0¼none 1¼ 1–7, 2¼ 8–15, 3¼>15 leukocytes per glomerulus, was revised and scored as a dichotomous value for this study.)

Segmental endocapillary hypercellularity: Hypercellularity due to increased number of cells within glomerular capillary lumina causing narrowing
of the lumina involving<50% of the glomerulus.

Global endocapillary hypercellularity: Hypercellularity due to increased number of cells within glomerular capillary lumina causing narrowing of
the lumina’ involving>50% of the glomerulus.

Segmental GBM duplication: Defined as a double contour of the GBM involving<50% of the glomerular tuft, with or without endocapillary hyper-
cellularity (endocapillary hypercellularity is independent variable).

Global GBM duplication: Defined as a double contour of the GBM involving>50% of the glomerular tuft, with or without endocapillary hypercellu-
larity (endocapillary hypercellularity is independent variable).

Segmental increased mesangial matrix: Defined as an increase in the extracellular material in the mesangium such that the width of the inter-
space exceeds two mesangial cell nuclei in at least one glomerular lobule but<50% of the glomerular tuft.

Global increased mesangial matrix: Defined as an increase in the extracellular material in the mesangium such that the width of the interspace
exceeds two mesangial cell nuclei in�50% of the glomerular tuft.

Karyorrhexis: Presence of apoptotic, pyknotic and/or fragmented nuclei.
Necrosis: Defined as disruption of the GBM with fibrin exudation and karyorrhexis.
Very segmental extracapillary cellular proliferation (cellular crescent): Extracapillary cell proliferation of more than two cell layers with>50% of the

lesion occupied by cells, involving<25% of the Bowman’s space.
Very segmental extracapillary fibrocellular proliferation (fibrocellular crescent): Defined as part of the circumference of Bowman’s capsule covered by

a combination of cells and extracellular matrix, with<50% cells and<90% matrix involving<25% of the Bowman’s space. This lesion is often
associated with disruption of Bowman’s capsule. Ischemic, obsolescent glomeruli should be excluded.

Very segmental extracapillary fibrosis (fibrous crescent): Defined as >10% of the circumference of Bowman’s capsule covered by a lesion composed
of>90% extracellular matrix involving<25% of the Bowman’s space.

Extensive extracapillary cellular proliferation (cellular crescent): extracapillary cell proliferation of more than two cell layers with>50% of the lesion
occupied by cells, involving>25% of the Bowman’s space.

Extensive extracapillary fibrocellular proliferation (fibrocellular crescent): Defined as part of the circumference of Bowman’s capsule covered by a
combination of cells and extracellular matrix, with<50% cells and<90% matrix involving>25% of the Bowman’s space. This lesion is often
associated with disruption of Bowman’s capsule. Ischemic, obsolescent glomeruli should be excluded.

Extensive extracapillary fibrosis (fibrous crescent): Defined as more than 10% of the circumference of Bowman’s capsule covered by a lesion com-
posed of>90% extracellular matrix involving>25% of the Bowman’s space.

Tubulo-interstitial damage: The following parameters will be quantitated as present or absent, on a semiquantitative scale (0–3þ) or quantitative
scale (percentage of cortex involved).

(a) present or absent (0¼absent, 1¼present): interstitial edema, microcysts and inflammation with eosinophils or neutrophils>10%
(b) semiquantitative scale (0–3þ; 0¼absent; 1þ¼mild,<25% of cortex; 2þ¼moderate, 25–50% of cortex; 3þ¼ severe,>50% of cortex): acute

tubular injury
(c) quantitative (percentage of cortex involved): tubular atrophy, interstitial fibrosis, interstitial inflammation and interstitial foam cells

(continued)
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Acute tubular damage: Defined by the presence of tubular degenerative changes (such as flattening of the tubular epithelium, loss of proximal
cell brush borders, pyknotic cells) and/or tubular regenerative changes (hypertrophic epithelial cells with large nuclei and prominent nucle-
oli, mitotic activity).

Tubular atrophy: Small tubules with thick tubular basement membranes lined by small cuboidal or flat cells. Generally accompanied by fibrosis.
Includes ‘thyroidization’ of the parenchyma.

Microcysts: Presence of dilated tubules (> twice the diameter of a normal proximal tubule) containing eosinophilic amorphous material, and is
generally accompanied by scalloping of the cast profile. The epithelium lining the microcyst is generally flattened and does not reveal brush
border.

Interstitial fibrosis: The interstitium is expanded by the presence of collagen that stain blue on trichrome. Tubular are not back to back, but ra-
ther separated by fibrosis and can be atrophic.

Interstitial edema: The interstitium is occupied by pale acellular material.
Interstitial inflammation—mononuclear white blood cells: Inflammation involving fibrotic as well as nonfibrotic renal cortex, composed of lympho-

cytes, monocytes, plasma cells.
Interstitial inflammation—eosinophils: If eosinophils are noted in>10% of the cortex and representing>10% of the inflammatory cells.
Interstitial inflammation—neutrophils: If neutrophils are noted in>10% of the cortex and representing>10% of the inflammatory cells.
Interstitial foam cells: Presence of interstitial foam cells containing optically clear vacuoles.
Vascular damage: The following will be scored semiquantitatively on a scale from 0 to 3þusing the vessel with the most severe lesion. If arteries

or arterioles are not present in the sections, it will be scored as n/a (999).
0 absent
1þ¼mild, thickness of intima of<25% of media width in any number of vessels
2þ¼moderate, 25–50% of media width in any number of vessels
3þ¼ severe,>50% of media width in any number of vessels
Arterial sclerosis: Defined as thickening of the intima with fibrosis and/or duplication of the elastic lamina in interlobular and arcuate arteries.
Arteriolar hyalinosis: Defined as accumulation of hyaline material in the wall and/or arteriolar sclerosis.

ELECTRON MICROSCOPY
A minimum of five electron micrographs are reviewed.
Podocytes: Foot process effacement, microvillous transformation and condensation of the actin-based cytoskeleton are scored semiquantita-

tively and loss of primary processes and present or absent.
Endothelial cells: Endothelial cells loss of fenestration is recorded on a semiquantitative scale based on percentage of peripheral cytoplasm

involved tubuloreticular inclusions and honeycombing-like appearance as present or absent.
GBM: Abnormalities in texture are recorded as present or absent.
Electron-dense deposits: The percentage of GBM involved by subepithelial deposits in each stage (I–IV) is recorded. The predominance of stages

are indicated, e.g. II> III, or II, or II> I> III, etc. Mesangial deposits (including mesangial and paramesangial) and subendothelial deposits are
recorded as present or absent. The presence of transmembrane deposits and deposits with nuclear pore appearance is recorded as present
or absent.

Foot process effacement: Loss of foot processes. Percentage of glomerular capillary surface area affected by effacement will be recorded as semi-
quantitative value (0¼ 0–10%; 1¼ 11–25%; 2¼ 26–50%; 3¼ 51–75%; 4¼ 76–100% of the outer GBM surface).

Condensation of the actin-based cytoskeleton: Electron-dense cytoskeleton is reorganized and condensed at the GBM aspect of epithelial cell
(podocyte) foot processes. Percentage of glomerular capillary surface area affected by effacement will be recorded as semiquantitative value
(0¼ 0–5%; 1¼�50%; 2¼>50% of the outer GBM surface).

Microvillous transformation: Cytoplasmic projections into the urinary space that emanate from the luminal side of epithelial cell (podocyte)
membrane are present. Percentage of glomerular capillary surface area affected by effacement will be recorded as semiquantitative value
(0¼ 0–5%; 1¼�50%; 2¼>50% of the outer GBM surface).

Loss of primary processes: Epithelial cell (podocyte) body sits directly on underlying GBM. This is generally accompanied by complete effacement
(loss of foot processes). It will be recorded as present or absent (0¼present, normal; 1¼absent, loss).

Epithelial cell (podocyte) detachment: Detachment of epithelial cells from underlying GBM is present with intervening new loose basement
membrane material (halo). Recorded as present or absent (0¼absent, 1¼present).

Thickening of the GBM: GBM thickness will be assessed on 10 cross sections of capillary loops at foci where there are no capillary wall deposits.
� Decreased thickness is scored as such when at least 25% of the GBM appear thinner than normal (0¼absent, 1¼present).
� Increased thickness is scored as such when at least 25% of the GBM appear thicker than normal (0¼absent, 1¼present).
�Mix pattern when thin and thick areas are present within the same biopsy (0¼absent, 1¼present).
GBM abnormal texture: Presence of basket-wave appearance, electron lucent areas alternating with granular or curvilinear electron-dense areas,

the presence of microspherule, microparticles different from organized deposits or rests of invaginating cells within the lamina densa of the
GBM. Scored as absent or present (0¼absent, 1¼present).

Tubuloreticular inclusions: Presence of at least one subcellular organized inclusion in endothelial cell cytoplasm is recorded (0¼absent,
1¼present).

Glomerular endothelial cell fenestration: Absence of typical fenestration resulting in a solid rim of endothelial cell cytoplasm away from the
perinuclear region (0¼ 0–5%; 1¼�50%; 2¼>50% of the inner GBM surface).

Endothelium honeycombing-like appearance: Presence of cribriform or reticular organization of the endothelial cell cytoplasm, most often, but
not exclusively, present at the mesangial side of the capillary lumen. Scored as present or absent, assuming that the absence of it is the
pathologic event (0¼present, normal; 1¼absent, loss).

Subepithelial deposits Stage I: Electron-dense deposits are present on the outer surface of the GBM with little or no lateral accumulation of
basement membrane material.

(continued)
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glomerular disorders and advances in ‘-omic’ science stimu-
lated the establishment of consortia to develop a better under-
standing of the pathogenesis, classification and ultimately
treatment of glomerular diseases. Molecular data generated in
nephrology and pathology, methodologies utilizing digital tech-
nology and powerful new computational approaches for analyz-
ing large sets of data, created an opportunity to establish a new
field of computational nephropathology as an approach to renal
biopsy analysis. Harmonization of computational nephropa-
thology with computational medicine will provide the oppor-
tunity to leverage advanced analytics, algorithms and
mathematical approaches from machine learning and biomed-
ical informatics. As computational nephropathology is taking
shape to fit within the spectrum of biomedical informatics, new
challenges arise, requiring pathologists to learn how to adapt
the practice of integrated pathology. This requires that morpho-
logic observations be collected in a manner that allows their in-
corporation with multiple other sources of data (including
clinical electronic medical records, -omics and imaging).
Biologically and clinically relevant information can be gener-
ated using mathematical models at the individual and popula-
tion level potentially leading to diagnostic and outcome
algorithms. The ultimate goals of these approaches are to: (i)
contribute structural information to a hub for data-related re-
search, (ii) provide well-characterized patients according to
standardized structural parameters for clinical trials, (iii) ad-
vance precision medicine and (iv) increase our ability to predict
likelihood of progression (predictive medicine) [48].

The ultimate pathology workstation—
immersed in a multidisciplinary cloud

Growing efficiency of pathology services is another aspect of
progress that is expected. Digital technologies in pathology pre-
sent both new challenges and opportunities to shift from trad-
itional pathology workflow, and the ‘physical world of histology
glass slides’ managed by conventional laboratory information
systems (LIS), to the digital image-based environment inte-
grated with next generation LIS. The emerging field of computa-
tional pathology will incorporate robust computational
approaches to implement data-driven methods guiding individ-
ual and population health care [48]. The complexity of tasks,
spanning from data standardization and technical interoper-
ability, to integrated decision support systems and flexible
workflow designs, cannot be underestimated [49]. In this new
environment, the pathologist’s work will increasingly depend
on human–machine interfaces, connecting both to the patient/
tissue sample data and to the multidisciplinary team of health
practitioners [50]. The new pathology workstation, purely digital
or combined with conventional microscopy, is a critical compo-
nent for this ecosystem of the near future enabling new levels
of work efficiency, communication and data management.

Proper interpretation of the biopsy findings, based on light, im-
munofluorescence and electron microscopy methods, requires
good understanding of clinical context and good contact with
treating physicians. While meetings at the multi-head micro-
scope with clinicians to discuss the biopsy results are historic-
ally of great value, they are becoming less feasible with
consolidation of specialized pathology services and time pres-
sures in today’s health care. The challenges and advantages of
digital solutions for pathology sign-out were recently evaluated
in the USA. The authors concluded that such integration of LIS
with a digital pathology system was instrumental to streamline
workflow, reduce human error and improve the sign-out experi-
ence [51]. Accordingly, workstations will evolve and adapt to
workflow, enabling effortless viewing of digital images from dif-
ferent techniques. Annotation and targeted morphometry, and
smooth online communication systems will be in immediate
demand. The ultimate and critical steps would involve integra-
tion of structured reporting, image analysis-based quantifica-
tion and decision support systems [51] for routine native and
transplant kidney biopsy standardized diagnoses.

Conclusions

Digital technologies in nephropathology present new opportuni-
ties and challenges related to the variety of current techniques, a
complex tissue structure and the pathology spectrum. Digital
pathology expands the opportunity for broad international stand-
ardization of renal biopsy assessment, not previously achievable,
and introduces two new concepts: (i) the ‘any time, anywhere’
model (provided available internet connectivity) and (ii) the ‘cloud
as the new transparent’. The present circumstances determine
the starting point for the next-generation nephropathology:
quantitative, robust, agile, interactive with other disciplines and
fit for integration into the raising computational medical world.
The ultimate goal of next-generation computational nephropa-
thology is to deliver diagnostic information that moves beyond
classification of disease, providing prognostic information and
contributing to the identification and selection of candidate
therapeutic targets. To accomplish these goals, laboratory ac-
creditation agencies, private and public healthcare systems and
operators (pathologists and technical staff) will have to capitalize
on this technology and embrace new paradigms for clinical work-
flow and/or international collaboration.
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