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ABSTRACT

Renal amyloidosis is a rare condition caused by the progressive accumulation of misfolded proteins
within glomeruli, vessels, and interstitium, causing functional decline and requiring prompt
treatment due to its significant morbidity and mortality. Congo red (CR) stain on renal biopsy
samples is the gold standard for diagnosis, but the need for polarized light is limiting the digiti-
zation of this nephropathology field. This study explores the feasibility and reliability of CR fluo-
rescence on virtual slides (CRFvs) in evaluating the diagnostic accuracy and proposing an automated
digital pipeline for its assessment. Whole-slide images from 154 renal biopsies with CR were
scanned through a Texas red fluorescence filter (NanoZoomer S60, Hamamatsu) at the digital
Nephropathology Center of the Istituto di Ricovero e Cura a Carattere Scientifico San Gerardo,
Monza, Italy, and evaluated double-blinded for the detection and quantification through the am-
yloid score and a custom Image] pipeline was built to automatically detect amyloid-containing
regions. Interobserver agreement for CRFvs was optimal (k = 0.90; 95% CI, 0.81-0.98), with even
better concordance when consensus-based CRFvs evaluation was compared to the standard CR
birefringence (BR) (k = 0.98; 95% CI, 0.93-1). Excellent performance was achieved in the assessment
of amyloid score overall by CRFvs (weighted k = 0.70; 95% CI, 0.08-1), especially within the
interstitium (weighted k = 0.60; 95% CI, 0.35-0.84), overcoming the misinterpretation of interstitial
and capsular collagen BR. The application of an automated digital pathology pipeline (Streamlined
Pipeline for Amyloid detection through CR fluorescence Digital Analysis, SPADA) further increased
the performance of pathologists, leading to a complete concordance with the standard BR. This
study represents an initial step in the validation of CRFvs, demonstrating its general reliability in a
digital nephropathology center. The computational method used in this study has the potential to
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facilitate the integration of spatial omics and artificial intelligence tools for the diagnosis of
amyloidosis, streamlining its detection process.

© 2023 THE AUTHORS. Published by Elsevier Inc. on behalf of the United States & Canadian
Academy of Pathology. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Amyloidosis (AL) is a rare condition characterized by the pro-
gressive deposition of misfolded proteins within organs and tissues.
Kidneys are often the target of the disease, with proteinuria and
deterioration of renal function being the most frequent manifes-
tations, often representing the sentinel of underlying genetic, in-
flammatory, or neoplastic diseases.' For these reasons, its detection
is pivotal to promptly initiate the most appropriate treatment and
prevent its progression to end-stage renal disease.”>* Even when
clinically suspected, renal biopsy remains the gold standard for
diagnosis, especially with the use of special histochemical stains.
Congo red (CR), which binds to misfolded proteins, is usually used
for this purpose, resulting in typical birefringence (BR) under
polarized light.> Although it is the most reliable stain in the clinical
setting®’ and complements the role of electron microscopy and
immunogold labeling,® false-positive and false-negative results
have been reported.’ In addition, the need for polarized light can
significantly complicate the digitization of this technique, slowing
down some of the digital transition for these cases.'”!" A possible
solution to this conundrum is the Congo red fluorescence (CRF)
technique, which has already been proposed as a valuable alter-
native to BR when appropriately standardized using a Texas red
fluorescence filter (TRITC).'%!> This technique has also been shown
to perform better than the “traditional” CR BR.* However, no
attempt has yet been made to standardize the digitization of CR
evaluation by whole-slide imaging (WSI), which may pave the way
for the application of computational pathology tools (eg, artificial
intelligence)'® and new in situ proteomics techniques.'® The pre-
sent study investigates the feasibility and reliability of CRF on vir-
tual slides (CRFvs) compared to the standard BR in a digital
nephropathology center'®! and proposes an automated image
analysis pipeline (streamlined pipeline for amyloid detection
through Congo red fluorescence digital analysis [SPADA]—Italian
for sword, from Latin spatha) to further facilitate amyloid detection
by the nephropathologist.

Methods and Methods
Cases

The digital archives of the Centre of Nephropathology at Istituto
di Ricovero e Cura a Carattere Scientifico Fondazione San Gerardo
dei Tintori, University of Milano-Bicocca in Monza, were interro-
gated from January 2018 to January 2023 to retrieve renal biopsy
samples with available CR. For these cases, the final histologic
diagnosis, including details of light microscopy, immunofluores-
cence, and electron microscopy, was retrieved from the Spectrum
electronic database (Leica Biosystem).! Clinical and laboratory in-
formation (sex, age, serum creatinine [milligrams per deciliter],
proteinuria [grams per 24 hours], serum/urine M spike, medical
history of chronic inflammatory/infectious disease) was recorded
and fully annotated. The approval of the local ethics committee was
obtained (PNRR-MR1-2022-12375735; March 16, 2023).

Digital Pathology and Automated Image Analysis Pipeline

Renal biopsy slides stained with CR were digitized and WSIs
were acquired with a digital slide scanner (NanoZoomer S60,
Hamamatsu) at 20x magnification in 2 fluorescence filter
combinations:

1. Texas red filter—TRITC—(556/20 excitation—617/73 emission).
2. A scramble filter combination to detect autofluorescence in
tissue (480/17 excitation—617/73 emission).

To assess the comparability and reliability of CRFvs and BR, the
obtained WSIs were blindly evaluated by 2 nephropathologists
(V.L. and E.P.) to assess the presence/absence of amyloid deposits.
The results obtained from the virtual slides were then compared
between the 2 pathologists and, after resolving discrepancies by
consensus, with the actual diagnoses of the renal biopsies to
determine the concordance and reliability of the assessments.
Furthermore, the positive slides were scored with both methods
using the validated amyloid score (AS),"” which is a scoring system
for assessing the severity of amyloid deposition in tissue, to
further investigate concordance between observers and CRFvs.
The AS is based on the distribution and quantitative involvement
of different renal compartments as determined by the sum of
scores from O to 3 for the glomerular mesangium, glomerular
capillary walls, interstitium (I), and vessels (V), with total scores
ranging from 0 to 12 and with higher scores indicating more se-
vere AL.!81°

Furthermore, an image analysis using Image] was performed to
eliminate the background autofluorescence, providing the
pathologist with an even more effective means of assessing the
presence of amyloid deposits.?’ An automated workflow (SPADA)
was created to run the script automatically on all images, ensuring
a consistent and efficient amyloid detection process (Fig. 1).

Statistical Analysis

For continuous variables, mean and SD were calculated, as
appropriate, while qualitative variables were reported as count
and frequency. For the comparison of means and qualitative
variables, the t test and y? test were used, as appropriate,
considering P values <.05 as statistically significant. Of these,
renal biopsies were grouped based on the presence/absence of AL
and this has been used for subsequent statistical analysis. To
evaluate the correlation between the 2 methods and the agree-
ment between the pathologists, concordance rate, sensitivity,
specificity, positive predictive value, negative predictive value,
and Cohen’s kappa coefficient (k) (for dichotomous variables)
were calculated. The weighted kappa coefficient (Wk, quadratic
function) was used to measure the correlation of each continuous
parameter of AS. The corresponding P value and the 95% CI were
calculated as appropriate. Statistics were extracted using Excel
2016 (Microsoft) and Python libraries including pandas and sci-
kit-learn.
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Figure 1.
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Workflow of the automated digital pathology pipeline (streamlined pipeline for amyloid detection through Congo red fluorescence digital analysis [SPADA] tool) for the detection
of amyloid deposits on renal biopsy samples through Congo red virtual fluorescence. AF, autofluorescence; diff, difference; REF, reference; TRITC, Texas red fluorescence filter.

Results
Cases

A total of 154 renal biopsy samples with available CR were
retrieved and evaluated after digitization under a TRITC filter. Of
these, 41 cases presented AL, while the other 113 were affected by
23 different diseases, including 20 cases of focal segmental glo-
merulosclerosis, 19 cases of minimal change disease, 15 cases of
diabetic nephropathy, 12 cases of arterionephrosclerosis, 9 cases
of membranous nephropathy, 8 cases of monoclonal immuno-
globulin deposition disease, 6 cases of cast nephropathy, and other
diseases accounting for less than 4 cases each. Cases of AL were
represented mostly by light chain AL, 5 cases of Serum Amyloid A
protein-associated (AA) AL (1 associated with primary sclerosing
cholangitis, 1 associated with familial Mediterranean fever, and 3
of unknown origin), and 1 non-AA, non-AL case. Results of sta-
tistical analysis made on clinical and laboratory information
showed that none of the features analyzed reached the statistical
significance between the 2 groups, as shown in Table 1.

Congo Red Birefringence vs Congo Red Fluorescence on Virtual
Slides

Excellent interobserver agreement was recorded for the in-
blind evaluation of CRFvs with a concordance rate of 0.96 (95%
Cl, 0.92-0.98) and a Cohen’s k of 0.90 (95% CI, 0.81-0.98), with 3

false-positive and 3 false-negative cases (Fig. 2A). Discordant cases
were usually characterized by a low amount of amyloid deposits,
as determined by the AS (a maximum of 3/12 was given in the
misclassified cases), and were solved by consensus among the 2
nephropathologists. After this process, in the overall assessment,
40 cases were considered positive on CRFvs, with 1 case of AA AL
misclassified as negative due to a scan artifact that was resolved
after a rescan. This analysis showed a sensitivity and negative
predictive value of 1 (95% CI, 0.91-1 and 0.97-1, respectively) and
specificity and positive predictive values of 0.99 (95%Cl, 0.95-1)
and 0.98 (95% CI, 0.87-1), respectively (Fig. 2B).

Amyloid Score Evaluation With Congo Red Birefringence vs Congo
Red Fluorescence on Virtual Slides

The evaluation of AS on CRFvs by the 2 nephropathologists
showed an overall excellent concordance (Wk = 0.81; 95% (I,
0.21-1), with better performances for V and I (Wk of 0.73 [95% CI,
0.50-0.97] and 0.71 [95% CI, 0.50-0.92], respectively; Fig. 2C). The
assessment of AS on CRFvs as compared to the standard BR
demonstrated an overall good correlation (Wk = 0.70; 95% CI,
0.08-1), with the best performances for the V parameter (Wk =
0.74; 95% (I, 0.51-0.98) and the worst for the I one (Wk = 0.60;
95% (I, 0.35-0.84; Fig. 2D). Percentages of cases with higher values
of each component of AS for the 2 assessment methods are re-
ported in Table 2 and graphically represented as normalized
values in Figure 3, showing statistically significant differences for
every parameter.



Table 1
Clinical features of the study cohort
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Variables Other Amyloidosis Full cohort P value
Total cases 113 41 154
Sex, n (%) (95% CI)

Female 40 (35) (26-44) 17 (41) (28-57) 57 (37) (30-45) 1

Male 73 (65) (56-74) 24 (59) (43-72) 97 (63) (55-70)
Age (y), mean + SD (95% CI) 62 + 14.1 (59.4-64.6) 66 + 11.2 (62.6-69.4) 63 + 13.5 (60.9-65.1) 1
Serum creatinine (mg/dL), mean + SD (95% CI) 2.7 £23(22-3.1) 24 + 1.7 (1.9-2.9) 2.6 +2.1(2.3-2.9) .6
Proteinuria (g/24 h), mean + SD (95% CI) 4.8 + 4.2 (4-5.5) 5+29(4.1-5.9) 4.9 + 3.9 (4.6-5.5) .8

M spike, n (%) (95% CI)
Present
Absent

48 (43) (34-52)
63 (57) (47-65)

21 (51) (36-66)
20 (49) (34-64)

69 (45) (37-53)
83 (54) (46-62)

Automated Digital Pathology Pipeline for the Detection of AL

The evaluation of the 154 cases by the 2 nephropathologists
highlighted an increased tissue background in the renal biopsy
samples scanned with a Texas red filter as compared to the
autofluorescence WSI, which could partially account for the few
false-negative and false-positive results observed in the study.
However, the observation of an average higher pixel value differ-
ence between amyloid deposits and normal tissue in CRFvs as
compared to the difference between normal tissue in CRFvs and
autofluorescence WSI (1.5- to 2-fold higher) suggested as possible
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solution the creation of an automated digital pathology pipeline to
subtract the noisy background, highlighting specifically the de-
posits on CRFvs. The application of such computational analysis
took an average of 1 minute and 14 seconds per case, with 3 hours
and 10 minutes for the script to complete the analysis of the entire
data set. The application of such a computation tool allowed to
overcome the limitation of BR in highlighting the confounding
interstitial/capsular collagen, as demonstrated by the exemplifi-
cative case in Figure 3. This efficient computational method
(SPADA) allowed for rapid evaluation of the images and facilitated
the quantitative assessment of amyloid deposition across the
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(A and B) The confusion matrix for comparison of results from 2 different nephropathologists on the same Congo red fluorescence virtual slide (CRFvs) and the consensus results
on the CRFvs compared to the final diagnosis of amyloidosis, are shown on birefringence (BR), respectively. (C and D) the histograms show the comparison of weighted kappa
coefficients for the different elements that make up amyloid score (AS) as evaluated by the 2 nephropathologists and as assessed on CRFvs and BR, respectively. Gc, glomerular

capillary walls; Gm, glomerular mesangium; I, interstitium; Obs, observer; V, vessels.
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Table 2
Percentage of cases with higher values of each component of amyloid score for the
2 assessment methods

Comparisons AS, n (%) Gm, n (%) Gc, n (%) I, n (%) V,n (%)
(95% CI) (95% CI) (95% CI) (95% CI)  (95% CI)
BR > CRFvs 8(20) 7(17) 7(17) 2(5) 10 (24)
(10-34) (8-20) (8-32) (0.5-17) (14-40)
BR = CRFvs 14 (34) 23 (56) 22 (54) 30 (73) 23 (56)
(22-50) (41-70) (39-68) (58-84) (41-70)
BR < CRFvs 19 (46) 11 (27) 12 (29) 9(22) 8(20)
(32-61) (16-42) (18-45) (12-37) (10-34)
P value <.01 <.01 <.01 <.01 <.01

Statistically significant differences were found in the localization and quantifica-
tion of amyloid deposits between CRFvs and BR.

AS, amyloid score; BR, birefringence; CRFvs, Congo red fluorescence virtual slide;
Gc, glomerular capillary wall; Gm, glomerular mesangium; I, interstitium; V,
vessels.

samples (Fig. 4), leading to a complete concordance with BR when
the pipeline was applied by the 2 nephropathologists after a
washout period of 2 weeks.

Discussion

The diagnosis of renal AL can be a real challenge, as suspicion
often arises in the presence of monoclonal gammopathy of un-
known significance (MGUS) or concurrent extrarenal organ
dysfunction (eg, congestive heart failure). Attempts have been
made to predict amyloid deposition by complex clinical nomo-
grams, with partial success only for localized entities (eg, heart)
and specific forms of amyloid (eg, transthyretin),>! while no
definitive clinical evidence is available for the remaining cases.??
Furthermore, approximately 60% of patients with MGUS who

undergo renal biopsy may have renal disease unrelated to M
spikes.?? This was also demonstrated by the present experience,
which shows no significant differences in M spikes between the
2 groups and a variety of alternative diagnoses (eg, minimal
change disease, focal segmental glomerulosclerosis, membra-
nous nephropathy, or diabetes) even in the presence of concur-
rent MGUS. For these reasons, careful assessment of the renal
biopsy sample is paramount for the detection of even minute
amyloid deposits, highlighting the need for centralization in
specialized nephropathology centers through the use of digital
pathology infrastructures.!®!'! In this setting, CR stain needing
the examination under polarized light is still a problem for dig-
ital transition; even though scanners with polarizable lenses
exist, they are not universally accessible, and often they are
available only in research contexts.”* Moreover, the limitations
associated with the BR nature of amyloid after CR stain further
hamper a solid and reliable evaluation of this test, whose “apple
green” character is not always obvious®> and other authors list
the requirements for its proper and robust assessment (eg, cov-
erslips, mechanical circular stage for slide orientation, and no
polarizing filter with a built-in compensator to avoid color and
intensity changes).’®?’ A possible solution to this problem is the
evaluation of CRF, first described by Cohen et al?® in 1959 and
reliably applicable to a wide range of organs, with optimal per-
formance even in the presence of tiny deposits.'>!>?° This has
led some authors to propose a reflex test of CRF in cases with
negative BR.>° However, no attempt has yet been made to eval-
uate CRF on WSIs (CRFvs), which can overcome the current
intrinsic limitation of CR BR scanning and open the door to the
various advantages of slide digitization (eg, sharing, storage,
training, and future application of omics and artificial intelli-
gence tools).>! Overall, the comparative analysis showed strong
agreement between the 2 methods, suggesting that CRFvs
assessment could serve as a valid alternative to the standard BR.
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Normalized proportion of cases with different values in each element of amyloid score (AS) between Congo red fluorescence virtual slide (CRFvs) and birefringence (BR). The
stacked plot illustrates the tendency to achieve higher results with CRFvs on the AS categories and the overall score. Gc, glomerular capillary walls; Gm, glomerular mesangium;

I, interstitium; V, vessels.
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Exemplary case showing birefringence with Congo Red within the glomeruli (red circles) and peculiar white strong signal under polarized light corresponding to the collagen of
the renal capsule (blue arrowheads). The use of the automated pipeline for the detection of amyloid deposits by Congo Red fluorescence (streamlined pipeline for amyloid
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Output of the automated image analysis pipeline (streamlined pipeline for amyloid detection through Congo Red [CR] fluorescence digital analysis) on an exemplificative case of

renal biopsy with CR positivity within glomerular, vascular, and interstitial compartments. TRITC, Texas red fluorescence filter.

detection through Congo red fluorescence digital analysis [SPADA] tool) allowed the correct identification of glomerular deposits (red circles) with the complete disappearance of
the confounding signal of capsular collagen (blue arrowheads). AF, autofluorescence; TRITC, Texas red fluorescence filter.



Giorgio Cazzaniga et al. / Lab Invest 103 (2023) 100243

However, the assessment of positivity should be accompanied by
a critical evaluation of the quality of the virtual slide, as out-of-
focus areas and scan artifacts could affect the assessment,>? as
shown by the misinterpretation of one of the cases as negative
due to a scan artifact that was resolved after a rescan. With this in
mind, it would be extremely important to have a method of
objectively standardizing slide quality. By adopting standardized
quality control measures, such as assessment of factors like
staining intensity, background noise, and slide artifacts, labora-
tories could improve the accuracy and reliability of their diag-
nostic results.>®> Quantification and localization of deposits in
different renal compartments provided valuable insights into the
accuracy of both methods. Good interobserver agreement was
observed throughout the AS, which was also reflected in the
individual AS components, with poorer performance in dis-
tinguishing mesangial involvement from capillary glomerular
involvement, likely due to the lack of a morphology substrate
when assessing fluorescence. In general, higher AS values were
obtained with CRFvs, as the positive material could be more
clearly delineated in fluorescence than with glass slide BR, which
was particularly evident in the interstitial compartment. This
discrepancy can be explained by the known misleading BR of
collagen in the interstitial compartment, especially in fibrotic
areas, which may lead to a cautious underestimation of inter-
stitial amyloid deposition with the standard BR.>* To improve the
detection of amyloid deposits, we applied a computational
approach to the images that retains only amyloids, removing
artifacts, background, and normal tissue. To detect even small
deposits without creating artifacts, we set up a pipeline that
increases the amyloid signal intensity compared to auto-
fluorescence without significantly changing the values between
pixels (SPADA). By using such a computational tool, it was
possible, for example, to overcome the interfering BR of the
collagen-containing renal structures (eg, interstitium and
capsule), providing the pathologist with a “cleaned” image
containing only regions affected by amyloid deposits. The SPADA
algorithm not only provides the pathologist with an additional
image for immediate diagnosis but also has a number of addi-
tional applications. The resulting binary image, which can be
easily converted from the newly acquired image, holds several
possibilities, especially with the integration of Image] and
QuPath software (Fig. 5).>° This has significant implications, as
these annotations can potentially guide microdissection of tissue
samples for subsequent mass spectrometry analysis, which is the
current gold standard for amyloid typing after its detection with
CR.>® Another promising in situ proteomic technique that com-
bines morphology with functional/molecular information is
matrix-assisted laser desorption ionization mass spectrometry,
which has already demonstrated its importance in the study of
various glomerulonephritis,®”*® especially thanks to the recent
introduction of instruments with high molecular and spatial
resolution that allow a single-cell approach to renal biopsies.>®
This approach has already provided promising results in the
automatic detection and typing of amyloid,'® but coupling it with
the SPADA algorithm could further increase the robustness of
this method and reduce interobserver variability that may affect
pathologists’ manual annotations. Finally, transferring annota-
tions from the binary image to CR slides with light microscopy
may revolutionize the approach to AL diagnosis by further
improving the detection of tiny deposits directly on the WSI and
enabling a more robust quantification of deposits by generating
an objective “amyloid renal burden” score, paving the way for the
application of machine learning and artificial intelligence tools to
further advance amyloid detection and characterization.*® This

study represents a first step in validating the evaluation of CRF
directly from the virtual slide and demonstrates its general
reliability in the routine diagnostic setting of a second-level
nephropathology center after appropriate quality control of
scanning. The proposed computational pipeline (SPADA algo-
rithm) can be easily used by users through the full Image] macro
script available at https://github.com/Gizmopath/Amyloid. Its
implementation will allow further integration with proteomics
and artificial intelligence techniques, ultimately leading to a
higher standard of care for the patient.
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