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ABSTRACT

Histological image data and molecular profiles provide context into renal condition. Often, a biopsy is drawn to diagnose
or monitor a suspected kidney problem. However, molecular profiles can go beyond a pathologist’s ability to see and
diagnose. Using Al, we computationally incorporated urinary proteomic profiles with microstructural morphology from
renal biopsy to investigate new and existing molecular links to image phenotypes.

We studied whole slide images of periodic acid-Schiff stained renal biopsies from 56 DN patients matched with 2,038
proteins measured from each patient’s urine. Using Seurat, we identified differentially expressed proteins in patients that
developed end-stage renal disease within 2 years of biopsy. Glomeruli, globally sclerotic glomeruli, and tubules were
segmented from WSI using our previously published HAIL pipeline. For each glomerulus, 315 handcrafted digital image
features were measured, and for tubules, 207 features. We trained fully connected networks to predict urinary protein
measurements that were differentially expressed between patients who did/ did not progress to ESRD within 2 years of
biopsy. The input to this network was either glomerular or tubular histomorphological features in biopsy. Trained
network weights were used as a proxy to rank which morphological features correlated most highly with specific urinary
proteins.

We identified significant image feature-protein pairs by ranking network weights by magnitude. We also looked at
which features on average were most significant in predicting proteins. For both glomeruli and tubules, RGB color
values and variance in PAS" areas (specifically basement membrane for tubules) were, on average, more predictive of
molecular profiles than other features.

There is a strong connection between molecular profile and image phenotype, which can be elucidated through
computational methods. These discovered links can provide insight to disease pathways, and discover new factors
contributing to incidence and progression.

Keywords: Artificial Intelligence (Al), Diabetic Nephropathy (DN), Urinary Proteomics, Digital Pathology.

1. INTRODUCTION

Type 1I diabetic nephropathy (DN) is one of the leading drivers of chronic kidney disease and end-stage renal disease
worldwide [1]. The incidence of type II DN is increasing due to a high prevalence of diabetes, where complications such
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as proteinuria, and decline in kidney function affect more than 40% of patients [2-4]. The heterogenous nature of type II
DN further complicates a comprehensive approach to treating patients, and many patients often require dialysis within a
few years of diabetes diagnosis [5]. In many cases, patients are diagnosed with CKD too late, where progression to
ESRD is highly likely, and is associated with higher mortality and morbidity[6].

Renal biopsy is the current gold standard for the diagnosis and monitoring of kidney disease, but has its drawbacks in
terms of subjectivity and reproducibility. Due to variance in place of education, and levels of talent and experience,
various pathologists can have differing opinions on what is seen in a biopsy. This issue is commonly mediated by
obtaining multiple opinions, but this is not always possible in renal histopathology. Therefore, the possibility of
diagnostic error is introduced, which may lead to incorrect treatment and worse clinical outcomes.

Molecular profiles have the ability to go beyond a pathologist’s ability to see and diagnose. Urinary proteomics are
commonly used in biomarker discovery in various human diseases [7], which can be used for early detection or
progression monitoring [8]. They also offer a more holistic view of renal function as compared to biopsy inspection, are
non-invasive, and more reproducible. As mentioned earlier, the currently understood phenotype of type II DN is
heterogenous, making it difficult to determine which patients are likely to experience a rapid decline in kidney function

[5].

The integration of both histopathology data and urinary proteomics is largely unexplored, but has the potential to
improve our understanding of the mechanisms behind type II DN development and progression, leading to more
informed clinical decisions. Moreover, it is a critical link to translate molecular findings into real clinical applicability.
Recently, the use of computational methods of analysis and artificial intelligence (Al) in medical imaging have increased
[9], demonstrating potential to augment clinical precision and improve efficiency. Some applications of Al in medical
imaging involve the use of convolutional neural network (CNN)-derived image features for analyses [10]. While these
have shown promise in some applications, they are limited because the reasons behind their decisions are not clearly
interpretable. However, we have shown that bioengineered image histomorphometric features have significant value in
quantifying renal biopsies[11, 12]. Using artificial intelligence, we can computationally correlate urinary proteins with
morphological changes in renal biopsies, to investigate new and existing molecular links to image phenotypes.

2. METHODS
2.1 Patient and Image Data

Type II DN patients were sourced from Seoul National University Hospital. Some patient demographic and medical
history information was provided, including age, sex, height, weight, history of diabetes, and presence of diabetic
retinopathy and hypertension.

Images consisted of whole-slide images (WSIs) of Periodic Acid-Schiff (PAS)-stained renal biopsies from type II DN
patients (n = 56).

2.2 Urinary Proteomics

For protein digestion, 1-2 ml of each urine sample was concentrated to 250 ul using a spin filter with a molecular weight
cut-off of 3 kDa (Millipore, Billerica, MA, USA). The protein concentration was measured according to the Bradford
assay protocol (BioRad protein assay kit, BioRad). For protein digestion, 50 ug of urine proteins were precipitated by
adding a 5-fold volume of ice-cold acetone. The precipitated samples were reconstituted in 50 ul of SDT buffer (2%
SDS, 0.1M dithiothreitol in 0.1M Tris HCI; pH, 8.0). After being heated at 95°C, the denatured proteins were digested
by a filter-aided sample preparation method as the previously described [13] with some modifications. Briefly, protein
samples were loaded onto a 30K amicon filter (Millipore, Billerica, MA, USA), and buffer was exchanged with UA
solution (8 M urea in 0.1M Tris-HCI; pH, 8.5) via centrifugation. After three buffer exchange with UA solution, the
reduced cysteines were alkylated with 0.05 M iodoacetamide in UA solution for 30 min at room temperature in the dark.
Thereafter, UA buffer was exchanged for 40 mM ammonium bicarbonate (ABC) twice. The protein samples were
digested with trypsin/Lys-C (enzyme to substrate ratio of 1:100) at 37°C for 16 h. The resulting peptides were collected
to new tube via centrifugation, and an additional elution step was performed using 40 mM ABC and 0.5 M NaCl. All
resulting peptides were acidified with 10% trifluoroacetic acid and desalted using a homemade styrenedivinylbenzene
reversed-phase sulfonate (SDB-RPS)-StageTips as described [14, 15]. The peptides were initially washed with 0.2%
TFA, and were then sequentially eluted with 40%, 60%, and 80% acetonitrile containing 1% ammonia. Fractionated
peptides were completely dried with a vacuum dryer and stored at -80°C.
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To construct a matching spectral library for matching between runs, pooled urine samples were digested using the 2-step
filter-aided sample preparation as described previously [15, 16]. Digested peptides were desalted using Oasis HLB solid-
phase extraction. For the in-depth data set, 100 pg of purified peptides were fractionated using an Agilent 1260 Bio-Inert
HPLC (Agilent Technologies) equipped with an analytical column (4.6 X 250 mm, 5-um particle). High-pH reversed-
phase peptide fractionation was performed at a flow rate of 0.8 ml/min over a 60-min gradient using solvent A (15 mm
ammonium hydroxide in water) and solvent B (15 mM ammonium hydroxide in 90% acetonitrile). A total of 96
fractions was collected each minute and non-contiguously pooled into 24 fractions. The fractions were dried in a vacuum
centrifuge and stored at -80°C until liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.

LC-MS/MS analysis methods were performed using Quadrupole Orbitrap mass spectrometers, Q-exactive plus (Thermo
Fisher Scientific, Waltham, MA, USA) coupled to an Ultimate 3000 RSLC systems (Dionex, Sunnyvale, CA, USA) with
a nano electrospray source as previously described with some modifications [13, 14]. Peptide samples were separated on
the 2-column setup with a trap column (300 pm I.D. x 0.5 cm, C18 3 um, 100 A) and analytical column (50 um I.D. x
50 cm, C18 1.9 um, 100 A). Prior to sample injection, the dried peptide samples were redissolved in solvent A (2%
acetonitrile and 0.1% formic acid). After the samples were loaded onto the nano LC, a 90-min gradient from 8% to 30%
solvent B (100% acetonitrile and 0.1% formic acid) was applied to all samples. The spray voltage was 2.0 kV in positive
ion mode and the temperature of the heated capillary was set to 320°C. Mass spectra were acquired in data-dependent
mode using a top 15 method on a Q Exactive. The Orbitrap analyser scanned precursor ions with a mass range of 300—
1650 m/z and resolution of 70,000 at m/z 200. Higher-energy collisional dissociation scans were acquired on the Q
Exactive at a resolution of 17,500. HCD peptide fragments were acquired at a normalized collision energy of 28. The
maximum ion injection times for the survey and MS/MS scans were 20 and 120 ms, respectively.

Mass spectra were processed with MaxQuant (version 1.6.1.0) [17]. MS/MS spectra were searched against the Human
Uniprot protein sequence database (December 2014, 88,657 entries) using the Andromeda search engine [18]. Primary
searches were performed using a 6-ppm precursor ion tolerance for total protein level analysis. The MS/MS ion
tolerance was set to 20 ppm. Cysteine carbamidomethylation was set as a fixed modification. N-acetylation of proteins
and oxidation of methionine were set as variable modifications. Enzyme specificity was set to full tryptic digestion.
Peptides with a minimum length of six amino acids and up to two missed cleavages were considered. The required false
discovery rate was set to 1% at the peptide, protein, and modification levels. To maximize the number of quantification
events across samples, matching between runs was performed using the pooled urine sample as a library.

2.3 Whole Slide Image Segmentation

Panoptic segmentation [19] was performed on PAS-stained WSIs to classify pixels into 6 categories, and to resolve
instances of the same class. These 6 categories include image background, renal interstitium, non-globally-sclerotic
glomeruli, globally-sclerotic glomeruli, renal tubules, and arteries/arterioles. Medullary regions were manually annotated
and excluded from analysis. Additionally, artifacted glomeruli and tubules were removed from further analyses. The
panoptic network was trained on previously annotated WSIs, using our previously published, publicly available H-AI-L
pipeline [20].

Using the WSI panoptic classifications, glomerular and tubular pixels were further classified into three components
based on their appearance in the PAS stained biopsies: (1) nuclear components, (2) PAS" components, and (3) luminal
components. Individual nuclei were segmented using another separately trained panoptic classifier. The PAS*
components were then segmented by thresholding the saturation channel of the images, and the remaining unclassified
pixels were classified as luminal components. Additionally, for tubules, the tubular basement membrane was segmented
from the PAS+ pixels near the tubular border, and other PAS+ pixels were classified as intra-tubular objects (ITO).

For both individual glomeruli and tubules, several digital image feature types were defined, including color, texture,
morphology, containment, and inter/intrastructural distances. A total of 315 image features were measured for each
glomerulus, while 207 features were measured for each segmented tubule.

2.4 Fully Connected Neural Network

Using end-stage renal disease (ESRD) progression within 2 years post-biopsy as primary outcome, we identified 45
differentially measured urine proteins, using a Wilcoxon rank sum test, built-in to the state-of-the-art analysis software
Seurat [21, 22]. This was done to narrow the wide scope of available proteins to those deemed relevant to the
progression of DN.
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Next, the measured image features were integrated using Al to predict the narrowed urinary protein measurements.
Rather than measuring the network performance on a holdout set, we were interested in extracting the weights learned by
the network, to investigate which image features the network deemed most important to predicting each associated
urinary protein.

To predict this urinary protein output, we designed a simple fully-connected neural network (FCNN) with only one
hidden layer with nodes equal to number of digital image features. For each iteration of this network architecture, a few
different sets of features were used as input: (1) digital image features from non-globally-sclerotic glomeruli, (2) digital
image features from globally-sclerotic glomeruli, and (3) digital image features from tubules. Each instance of
glomerulus or tubule was paired with its patient level protein measurements as its label. Mean absolute error was used as
the loss function for network training. The entire dataset was used to train the network, since we were interested in the
learned network parameters, rather than the regression accuracy on a holdout set. Variance stabilizing normalization
(VSN) [23], followed by standardization was applied to the proteomic labels. We experimented with both normal
standardizations, and VSN plus standardization for the digital image features as input. Gaussian noise with ¢ = 0.1 was
injected to both labels and features in each training step, to ease the training of the network. The network was trained
until enough steps had been completed to reach convergence.

Training losses, network predictions, and the network weights were exported into CSV format, and analyzed using
MATLAB. Network prediction error was calculated, and network weights were sorted by magnitude. Additionally,
output prediction error was calculated against standardized proteomic labels, using mean absolute error. Lastly,
spearman’s rank correlation coefficients were measured between average patient predictions and proteomic label, to
assess model fit.

3. RESULTS

3.1 Panoptic Segmentation

PAS-stained renal biopsies were segmented into 6 classes: background, glomeruli, globally-sclerotic glomeruli, tubules,
arteries and arterioles, and interstitium. An example segmentation is shown in Fig. 1.
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2mm

Fig. 1. Multicompartment Segmentation of Renal Biopsy. Segmentation of PAS-stained renal tissue into 6
compartments: Background (none), interstitium (green), glomeruli (yellow), globally sclerotic glomeruli (red), tubules
(blue), arteries and arterioles (orange). Black scale bar: 2 mm. Red scale bars: 200 pm.

3.2 Fully Connected Neural Network

Once each of the FCNNs was fully trained, we extracted the network weights for the single hidden layer between input
and output. The network contains one weight value for each digital image feature and protein pair, and these were
aggregated to a grid with image features on the y-axis and proteins on the x-axis. Examples of these weight matrices can
be seen in Fig. 2. From this grid, we ranked each weight according to the magnitude. Additionally, we averaged the
magnitude of weights across features, and ranked each feature accordingly. This was repeated for the various neural
network input feature types, which included digital image features from non-globally-sclerotic glomeruli, globally-
sclerotic glomeruli, and renal tubules. Under the assumption that our normalization is robust, we should be able to
compare weight coefficients, since the feature distributions will be similar. Urinary proteins in this case were used as the
independent variable, and their aggregated coefficients were not considered.
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Fig. 2. Weight matrices for three fully trained Fully Connected Neural Networks (FCNN). (A) Non-globally sclerotic
glomeruli, (B) globally sclerotic glomeruli, (C) Tubules. Y-axis denotes digital image features, X-axis denotes urinary
proteins.

3.3 Non-Globally Sclerotic Glomeruli

The first digital image feature set analyzed was for non-globally-sclerotic glomeruli. These were identified by the
panoptic network as a separate class from globally-sclerotic glomeruli. From the network predictions, the average error
was 0.34, with the units as standard deviations, since these were normalized labels. The average spearman’s correlation
coefficient between predictions and label was 0.87, with a standard deviation of 0.10.

Across all WSIs in this cohort, 936 total glomeruli were segmented. Of these, 464 were classified as non-globally
sclerotic. 315 digital image features were measured for each glomerulus, which included color features, textures,
morphologies, containment, and intra/interstructural distances. Of these features, pixel color values and variances within
the PAS™ regions of the glomeruli were most significant in predicting urinary protein values. For example, on average,
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the feature with the highest weighting was the “standard deviation of green values in PAS™ regions”. This means that the
variation in green values with the PAS™ sub-compartment of glomeruli was often more predictive of molecular profile
than other features. This feature value can be visualized in Fig. 3. The green pixel channel in an image has a strong
contribution towards its perceived brightness [24], and the standard deviation is related to image contrast [25]. Image
contrast reflects the different contents of an image, and in this case, the contents of the PAS" regions. Since the PAS*
sub-compartment segmentation primarily captures the glomerular basement membrane, mesangium, and Bowman’s
capsule, this feature perhaps gives us insight to the volume filled by these compartments, and the density of molecular
components. Additionally, one of the top correlated urinary proteins with this feature was C7, a protein expressed by
mesangial cells [26]. Other significant features for predicting molecular profile included the variable thickness of PAS*
regions.

Fig. 3. Green Values in the PAS* Region. (A) The glomerulus is segmented from the rest of the biopsy. (B) Green Pixel
values of the PAS™ regions are shown in a heatmap with accompanied scale. Black scale bar: 100 um.

3.4 Globally Sclerotic Glomeruli

The next image feature set analyzed was for globally-sclerotic glomeruli. This was separated from non-globally-sclerotic
glomeruli to divide the analysis between earlier and late-stage kidney disease. From the network predictions, the average
error was 0.44, with the units as standard deviations, since these were normalized labels. The average spearman’s
correlation coefficient between predictions and label was 0.81, with a standard deviation of 0.08.

Across all WSIs in this cohort, 472 of the 936 total glomeruli were globally sclerotic. The same set of 315 features were
measured for these glomeruli, and ranked in the same manner. In this case, some of the most significant image features
for predicting molecular profile came from the nuclei. More specifically, the mean pixel color values for each channel
coming from segmented nuclear regions. Globally-sclerotic glomeruli often contain a lower density of nuclei, due to the
accumulation of scar tissue. Our results suggest that as disease develops, these nuclei become darker, specifically in the
blue channel. This could be due to differences in the chromatin distribution, which would cause the nuclei to stain
differently. Additionally, differences in nuclei across cell types may give us insight to the distribution of these types,
including glomerular specific cells, and other associated cells such as lymphocytes.

3.5 Tubules

Lastly, we also looked at an image feature set for renal tubules. From the network predictions, the average error was
0.56, with the units as standard deviations, since these were normalized labels. The average spearman’s correlation
coefficient between predictions and label was 0.78, with a standard deviation of 0.12.

Across all WSIs in this cohort, over 60,000 tubules were segmented, and 207 digital features were measured on each
image. Similar to the glomeruli, tubular feature-protein pairs, as well as aggregate feature scores were ranked based on
magnitude of their network weights. In addition to the features measured on the PAS™, luminal, and nuclear regions, a
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separate set of features were also measured specifically for the tubular basement membrane (TBM). An example of this
segmentation is shown in Fig. 4. This proved to be useful, in that most of the significant image features for predicting
molecular profile came from the TBM. More specifically, the top two features by network weight magnitude were the
mean green and blue pixel values in the TBM. The tubular basement membrane has often been previously implicated in
disease progression [27], which supports our result that TBM morphology is indicative of molecular profile.
Additionally, one of the most highly correlated proteins with these feature types is epithelial growth factor, which is
expressed by tubular epithelial cells [28].

Fig. 4. Tubular Basement Membrane Segmentation. (A) The tubule is segmented from the rest of the biopsy.
(B) The tubular basement membrane is segmented from the rest of the tubule, by first segmenting the PAS*
region. Scale Bar: 25 um.

4. CONCLUSIONS

We have demonstrated that there is a significant connection between urinary proteins and image phenotype, which we
have elucidated through computational methods. This procedure is an open-ended, investigative tool that is not limited to
a specific organ or stain. This could also be expanded to new feature sets for other regions/structures of interest, and
could be expanded to deeper protein sets agnostic of labels, or new protein sets aligned with new labels. These
discovered links can provide insight to disease pathways, and discover new factors contributing to disease incidence and
progression, especially for complex disease phenotypes like type 2 DN. This can lead to more informed and consistent
diagnoses and monitoring, for improved patient outcomes.
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