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used for quantitative 3D pathological evaluation and deep
learning-based automatic diagnosis of inflammatory bowel
diseases.

SUMMARY

A novel three-dimensional imaging system based on poly-

saccharide staining enables detailed 3D histopathological
analysis and enhances the clinicopathological diagnostic
accuracies of inflammatory bowel diseases.

RESULTS: We successfully developed a novel periodic
acid-FAM hydrazide (PAFhy) staining method for 3D imaging
when combined with a tissue-clearing technique (PAFhy-3D).
This strategy enabled clear and detailed imaging of the 3D ar-
chitectures of crypts in human colorectal mucosa. PAFhy-3D
imaging also revealed abnormal architectural changes in
crypts in ulcerative colitis tissues and identified the distribu-
tions of neutrophils in cryptitis and crypt abscesses. PAFhy-3D

BACKGROUND & AIMS: Tissue-clearing and three-dimensional
(3D) imaging techniques aid clinical histopathological evalua-
tion; however, further methodological developments are

required before use in clinical practice.

METHODS: We sought to develop a novel fluorescence staining
method based on the classical periodic acid-Schiff stain. We
further attempted to develop a 3D imaging system based on
this staining method and evaluated whether the system can be

revealed novel pathological findings including spiral staircase-
like crypts specific to inflammatory bowel diseases. Quantita-
tive analysis of crypts based on 3D morphologic changes
enabled differential diagnosis of ulcerative colitis, Crohn’s dis-
ease, and non-inflammatory bowel disease; such discrimination
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could not be achieved by pathologists. Furthermore, a deep
learning-based system using PAFhy-3D images was used to
distinguish these diseases The accuracies were excellent
(macro-average area under the curve = 0.94; F1 scores = 0.875
for ulcerative colitis, 0.717 for Crohn’s disease, and 0.819 for
non-inflammatory bowel disease).

CONCLUSIONS: PAFhy staining and PAFhy-3D imaging are
promising approaches for next-generation experimental
and clinical histopathology. (Cell Mol Gastroenterol Hepatol
2022;14:905-924; https://doi.org/10.1016/j.jcmgh.2022.07.001)

Keywords: Histopathology; 3D Imaging; Tissue Clearing; Deep
Learning; Inflammatory Bowel Diseases.

P athological diagnosis contributes to the determina-
tion of final diagnosis, establishment of treatment
strategy, and evaluation of treatment effects. Pathologists
identify causes of disease based on morphologic changes
(eg, cell atypia, degree of inflammation and fibrosis, and
presence of pathogens) through the microscopic observa-
tion of patient-derived tissues. The current gold standard
for pathological diagnosis involves histologic examination
with H&E-stained tissues on glass slides by means of bright-
field optical transmission microscopy. In addition to H&E,
periodic acid-Schiff (PAS), alcian blue, and Elastica van
Gieson staining methods have important roles in patholog-
ical diagnosis; they use a dye or chemical with an affinity for
the particular tissue components. These staining methods
enable visualization of tissue components and cells. PAS
staining is used to detect substances that contain poly-
saccharides (eg, mucins, glycogen, glycoproteins, and gly-
colipids) in tissues." It was introduced by McManus?® in
1946 as a method to observe mucin and other structures
using the Schiff reagent after treatment with periodic acid
(HIO,4). PAS staining is also useful for the detection of other
polysaccharides®’; it enables accurate diagnosis of various
diseases including glomerulonephritis, fungal infection, and
mucin-secreting tumors.” ' Although these methods pro-
vide information concerning morphologic changes in
diseased tissue, they have some limitations. For instance,
glass slide-based conventional methods provide only planar
images and are unable to visualize three-dimensional (3D)
anatomic structures.

Remarkable advances have been made in biological im-
aging. Among them, 3D imaging based on tissue-clearing
reagents is a promising technique. Tissue clearing renders
an organ transparent, thereby enabling the acquisition of
volumetric images via confocal fluorescence microscopy,
multiphoton fluorescence microscopy, and light-sheet fluo-
rescence microscopy. Three-dimensional imaging with tis-
sue clearing is useful for clinical histopathology'*** and
avoids the limitations of conventional histopathology.
However, for clinical applications, further developments are
needed in terms of staining methods, optical devices, and
preparation/storage of clinical specimens.

Recent developments in artificial intelligence have been
driven by breakthroughs in artificial neural networks, often
termed deep learning.*® Although deep learning is useful for
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clinicopathological diagnosis,”**” most studies thus far have

used whole-slide images of H&E-stained glass slides. The
acquisition of digital images from glass slides using high-
resolution scanners might cause non-negligible loss of in-
formation during analog-to-digital conversion of image data.
Therefore, novel digital image-based methods for data
acquisition are needed for use in clinical pathology-focused
deep learning.

Here, we developed a novel fluorescence staining method
in combination with periodic acid and the fluorescein dye
FAM hydrazide (PAFhy) staining. PAFhy staining was used
for 3D imaging together with CUBIC tissue-clearing reagents
(PAFhy-3D). This technique enabled the visualization of crypt
architecture in inflammatory bowel disease (IBD) tissues.
Quantitative evaluation of crypt morphologic changes
enabled differential diagnosis of IBDs, which could not be
performed by pathologists. Furthermore, the PAFhy-3D im-
ages could be used for deep learning-based diagnostics.

Results

Screening of Fluorescent Probes

We first performed screening of fluorescence probes
compatible with the Schiff reagent (Figure 1). Frozen sec-
tions of human colonic mucosa, in which PAS-positive
mucus is contained in goblet cells, were used for
screening (Figure 2A4). The Schiff reagent reacts with alde-
hydes; thus, we screened probes with aldehyde-reactive
hydrazide groups—FAM hydrazide, Alexa Fluor 488 hy-
drazide, BDP FL hydrazide, and fluorescein (negative con-
trol). After the application of FAM hydrazide and Alexa Fluor
488 hydrazide after HIO, treatment (Figure 2B), mucus in
goblet cells was intensely stained (Figure 2C). No such
signal was evident if the oxidation step was omitted, sug-
gesting that FAM hydrazide and Alexa Fluor 488 hydrazide
react with aldehyde groups (Figure 2D). We named this the
PAFhy staining method.

Development of a Novel 3D Imaging System

Next, we developed a 3D imaging system based on
PAFhy staining plus tissue clearing and CUBIC 3D imag-
ing.*°~*% A sheet-shaped specimen of human colonic mucosa
was cleared by CUBIC and subjected to PAFhy staining
(Figure 3A). The reconstructed 3D image generated by
confocal fluorescence microscopy enabled visualization of
the 3D structure of colonic crypts (Figure 3B). Optical slices
from the 3D reconstructed model showed that mucus in

Abbreviations used in this paper: AUC, area under the curve; CD,
Crohn’s disease; 2D, two-dimensional; 3D, three-dimensional; DLS,
deep learning system; IBD, inflammatory bowel disease; NSC, non-
specific colitis; PAFhy, periodic acid and fluorescein dye FAM hydra-
zide; PAS, periodic acid-Schiff; PBS, phosphate-buffered saline; UC,
ulcerative colitis.
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goblet cells and epithelial basement membrane exhibited
positive PAFhy staining results (Figure 3B). Image pro-
cessing enabled the highlighting of a single crypt in the 3D
reconstructed model (Figure 3C), which was straight; mucus
in goblet cells was arranged regularly (Supplementary
Video 1). In addition, neutrophils exhibited positive PAFhy
staining results; this was confirmed by immunohistochem-
istry using an anti-myeloperoxidase antibody (Figure 3D).
Positive PAFhy staining findings were not observed when
the oxidation step was omitted (Figure 3E), suggesting that
the principle of PAFhy staining in 3D imaging is similar
to the principle in two-dimensional (2D) imaging
(Figure 2D). The signal obtained after whole-mount staining
with Alexa Fluor 488 hydrazide was weaker than the signal
obtained after PAFhy staining, unlike 2D imaging
(Figure 3F). Therefore, we confirmed the establishment of a
3D histopathological system for the volumetric analysis of
colonic crypts, which we named PAFhy-3D.

Recently, a research group reported a new staining
method based on the binding of rhodamine-123 to aldehyde
groups produced by the oxidation of periodic acid; they
performed clear 3D imaging of infected Medicago truncatula
roots.’® However, the fluorescence signal was significantly
weaker than the signal of PAFhy staining used for 3D im-
aging of CUBIC-cleared human colonic mucosae (Figure 44).
Although other 3D Schiff reagent imaging methods in animal
organs have been reported,*®*! the resulting image qualities
were inferior to the quality of PAFhy staining images
(Figure 4B).

Histopathological Examination of Crypts
in Ulcerative Colitis

Ulcerative colitis (UC) is a type of IBD for which histo-
pathological characteristics include inflammatory and

aldehyde

aldehyde
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architectural changes involving crypts (eg, cryptitis, crypt
abscess, and crypt distortion). We performed PAFhy-3D on
tissue specimens from a UC case and then generated stan-
dard H&E- and PAS-stained glass slides from adjacent tis-
sues. The 3D reconstructed images clearly showed cryptitis
(Figure 54), in which neutrophils infiltrated the centers of
crypts; sites of severe inflammation showed depletion of
colonic goblet cells and mucins (ie, goblet cell depletion
identified in classical histopathology). Pseudocolor labeling
of neutrophils based on PAFhy-positive findings and cell
size enabled evaluation of the 3D neutrophil distribution.
There were multiple clusters of neutrophils; moreover,
neutrophils tended to infiltrate at the bottoms of crypts
rather than near the surfaces (Supplementary Video 2).
Although lamina propria in the corresponding H&E- and
PAS-stained glass slides exhibited moderate to severe
neutrophil infiltration, no typical cryptitis was identified
(Figure 5A4).

In another specimen, the crypt lumina were filled with
neutrophils (and thus were defined as the crypt abscesses of
classical histopathology), and parts of the epithelium were
disrupted (Figure 5B). Pseudocolor labeling showed that
neutrophils invaded diagonally upward within crypts;
neutrophil accumulation was greatest at the bottoms of
crypts, followed by migration upward in the crypt lumen
(Supplementary Video 3). The corresponding H&E- and
PAS-stained glass slides showed severe inflammation
involving crypts; however, no typical crypt abscesses were
found, possibly because of severe destructive changes
within the crypts. Other crypts also showed marked
neutrophil accumulation, predominantly at the bottom;
borders with surrounding stroma were unclear (Figure 5C).
These findings indicate that PAFhy-3D imaging enables the
visualization of a whole crypt in UC, which cannot be per-
formed via conventional 2D histopathology.
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Figure 2. Screening of fluorescent probes. (A) H&E- or PAS-stained images of human colonic mucosa tissue used in
screening. In PAS-stained images, mucus in goblet cells is bright magenta. Scale bar, 100 um. (B) Staining procedure for
frozen sections of human colonic mucosa. O/N, overnight; RT, room temperature. (C) Representative images of human colonic
mucosae stained with fluorescent probes and corresponding structural formulas. Staining was performed with or without
oxidation by periodic acid. Scale bar, 100 um. (D) Principle of PAFhy staining. Polysaccharides react with periodic acid to
produce an aldehyde, which binds to FAM hydrazide.
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Figure 3. Three-dimensional imaging of human colonic mucosae by PAFhy-3D. (A) Clearing and staining of a sheet-
shaped specimen of human colonic mucosa. (B) A representative reconstructed 3D image of the PAFhy-stained human
colonic mucosa shown in (A). Enlarged image shows PAFhy-positive signals of mucus in goblet cells (red arrowhead),
basement membrane (orange arrowhead), and granules in neutrophils (yellow arrowhead). Scale bar, 100 um. (C) A crypt
highlighted in the reconstructed 3D image in (B). In enlarged images, crypts with or without merge are highlighted, along with
background tissue and intra-crypt mucus in goblet cells. Scale bar, 100 or 50 um. (D) Image of human colonic mucosa stained
with PAFhy and reacted with Alexa Fluor 647-conjugated anti-myeloperoxidase (MPO) antibody and propidium iodide (PI).
Images were obtained from near the lamina propria surface of colonic mucosa by confocal microscopy. (E) Reconstructed 3D
images and optical slices of human colonic mucosae obtained by 3D imaging with PAFhy staining with or without periodic acid
oxidation. RedDot-2 was used to counterstain nuclei. Scale bar, 100 um. (F) Reconstructed 3D images of human colonic
mucosae stained with PAFhy (FAM hydrazide), Alexa Fluor 488 hydrazide, BDP FL hydrazide, or fluorescein. Images were
obtained using the same conditions. Scale bar, 100 um.
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Figure 4. Comparison of PAFhy and other staining methods. (A) Comparison of PAFhy and rhodamine 123 staining. Human
colonic mucosa specimens were stained with FAM hydrazide (PAFhy stain) or rhodamine 123 and subjected to 3D imaging
with CUBIC. Under identical staining and imaging conditions, the rhodamine 123 fluorescence signal was significantly weaker
than the PAFhy staining result. Although crypt structure was vague if brightness and contrast were increased in 3D recon-
struction, the image quality was significantly inferior to the PAFhy staining result. (B) Three-dimensional imaging using the
Schiff reagent. The Schiff reagent produces weak fluorescence (maximum excitation peak is 540-545 nm and maximum
emission peak is 645-650 nm). Indeed, 3D imaging of animal organs is possible using Schiff reagent fluorescence. Therefore,
we performed whole-mount staining with the Schiff reagent to 3D imaging of a human colonic mucosa specimen by CUBIC.
Although mucus in goblet cells was unevenly stained and crypt structure was partially visible, basal membrane and neutrophils
were not imaged. Because the fluorescence property of the Schiff reagent differs from the fluorescence property of FAM
hydrazide, strict quantitative comparison with PAFhy staining findings could not be performed. Therefore, the image was

obtained and reconstructed under optimal conditions. Scale bar, 100 um.

Diagnostic System for Inflammatory Bowel

Diseases Based on 3D Crypt Architecture

Next, we verified the utility of PAFhy-3D for clinico-
pathological examination in IBD. IBDs show characteristic
pathological features such as cryptitis, crypt abscess in UC,
and epithelioid granuloma in Crohn’s disease (CD).****
However, their pathological features are often unclear in
random sections, leading to a diagnosis of non-specific co-
litis (NSC), particularly in mucosae with mild inflamma-
tion.”* In addition, although crypt distortion is an important
characteristic of UC, it is difficult to accurately evaluate the
degree of crypt distortion from 2D images on glass slides
generated in random positions and directions.

Therefore, we hypothesized that quantitative evaluation
of 3D architectural changes in crypts by PAFhy-3D might
enable accurate histopathological diagnosis of IBDs. To
evaluate this hypothesis, we performed volumetric imaging
analysis by PAFhy-3D and 2D classical pathology examina-
tion of UC, CD, and non-IBD (ie, mucosae sampled from non-
tumor areas of colorectal cancer specimens) tissues. Small
pieces of mucosa were randomly sampled from UC, CD, or
non-IBD surgical specimens and then cut in half. One half
was subjected to volumetric imaging by PAFhy-3D; the
other half was subjected to paraffin embedding, sectioning,
and H&E and PAS staining (Figure 64). Seven expert pa-
thologists blinded to the clinical data examined the glass
slides and classified the mucosal tissues as UC, CD, IBD, or
NSC. Overall, 58.62% of UC, 63.16% of CD, and 100% of
non-IBD mucosa tissues were classified as NSC (Figure 6B).
The pathologists classified 31.03% of UC and 26.32% of CD
specimens as indeterminate. No specimen was correctly
classified as UC, and only 10.53% were correctly classified

as CD, reflecting the difficulty in diagnosing IBDs. The de-
gree of inflammation was not significantly different among
the specimens (Figure 6C).

PAFhy-3D imaging enabled clear visualization of dis-
torted crypts in UC and CD specimens, which were not
necessarily obvious in the corresponding H&E- or PAS-
stained glass slides (Figure 6D). For quantitative analysis,
we evaluated volume, ellipticity, and tortuosity (Figure 6E)
on the basis of the 3D data. Among all specimens, the crypt
volumes were significantly larger in UC than in CD and non-
IBD specimens (Figure 6F). The crypt ellipticity value was
significantly smaller in UC and CD than in non-IBD speci-
mens. Crypt tortuosity was greatest in UC, followed by CD
and non-IBD specimens. When the specimens classified as
NSC (Figure 6B) were used, significant differences were
observed in volume and ellipticity (Figure 6G). Crypt tor-
tuosity in UC was significantly greater than in CD and non-
IBD specimens; however, it did not significantly differ
between CD and non-IBD specimens. Thus, the quantitative
3D values were significantly different among UC, CD, and
non-IBD specimens, but they could not be distinguished by
the pathologists. Therefore, quantitative evaluation based
on PAFhy-3D enables accurate clinicopathological diagnosis.

We explored whether the 3 quantitative parameters
were correlated with the numbers of infiltrating total in-
flammatory cells, neutrophils, lymphocytes, or plasma cells.
The crypt volumes in the UC specimens were positively
correlated with the numbers of total inflammatory cells and
lymphocytes (Figure 7). A weak inverse correlation between
the crypt volume and number of total inflammatory cells or
lymphocytes in CD patients was found, although the differ-
ences did not attain statistical significance (Figure 7A4).
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Figure 5. Histopathological examination by PAFhy-3D of crypts in ulcerative colitis (UC) with severe inflammation. (A)
Representative reconstructed 3D images of UC mucosa with cryptitis. Representative doublet crypts with neutrophil infiltration
are highlighted and merged with the grayscale background tissue. Optical slices are also presented. Neutrophils in the crypts
are highlighted (light blue) on the basis of PAFhy-positive findings and cell size in the 3D reconstructed model. Almost all
neutrophils around the crypts are highlighted. H&E- or PAS-stained images of the corresponding glass slides are also shown.
Scale bar, 100 um. (B) Representative reconstructed 3D images of UC mucosa with crypt abscesses. A representative crypt
with micro-abscess is highlighted and merged with the grayscale background tissue. Optical slices are also shown. Neu-
trophils in the crypt are highlighted (light blue) on the basis of PAFhy-positive findings and cell size in the 3D reconstructed
model. Only neutrophils continuous with the micro-abscess site are highlighted. H&E- or PAS-stained images from the cor-
responding glass slides are also presented. Scale bar, 100 um. (C) Other representative reconstructed 3D images of crypt
abscesses. Scale bar, 50 um.
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Ellipticity seemed to be associated with the number of
lymphocytes in CD samples, but statistical significance was
not achieved (Figure 7B). Tortuosity exhibited a weak
negative correlation with the total number of inflammatory
cells in CD samples but a weak positive correlation with the
number of plasma cells in NSC samples (Figure 7C). Again,
the differences did not attain statistical significance.
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Three-Dimensional Histopathological
Examination of Distorted Crypts in Inflammatory
Bowel Diseases

A 3D image of UC with the most severe crypt distortion
was examined (Figure 84). In this specimen, up to 4 crypts
were involved in the same lesion; all crypts were twisted
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counterclockwise (Supplementary Video 4). In other speci-
mens, a portion of the mucosa also contained 2 or more
crypts twisting in the same direction. We defined this
finding as spiral staircase-like crypts (Figure 8B). Spiral
staircase-like crypts were found in UC and CD but not in
non-IBD specimens (Figure 8C). The rates of spiral
staircase-like crypts were 46.43% in UC and 22.22% in
CD (Figure 8D). This finding might explain crypt twisting,
in which 2 or more adjacent crypts are regionally
distorted by a torsional force generated by focal inflamma-
tion and/or fibrosis, with the resulting increase in pressure

(Figure 8E).

Application of PAFhy-3D to a Deep Learning-
Based Diagnostic System

We next applied PAFhy-3D to a diagnostic system based
on a convolutional neural network architecture, Effi-
cientNet-B4*° (Figure 94). Sagittal or horizontal optical slice
images were exported from the 3D images and subjected to
stratified-group 10-fold cross-validation. Strikingly, the
deep learning system (DLS) enabled differential diagnosis of
these diseases using images obtained by PAFhy-3D. Using
sagittal plane images, the DLS achieved a macro-averaged
area under the curve (AUC) of 0.94 (AUC of 0.95 for UC,
0.92 for CD, and 0.95 for non-IBD). In contrast, using hori-
zontal plane images, the DLS achieved AUCs of 0.88, 0.90,
0.91, and 0.82, respectively (Figure 9B). On the basis of
sagittal plane images, the DLS achieved an accuracy of
87.59% and F1 score of 0.875 for classification of UC, ac-
curacy of 85.79% and F1 score of 0.717 for classification of
CD, and accuracy of 90.86% and F1 score of 0.819 for
classification of non-IBD (Figure 9C, Table 1). Analysis of
these predictions using Grad-CAM*® indicated that the DLS
focused on the intra-crypt region and borderline areas be-
tween crypts and stroma, as well as extra-crypt stroma,
particularly for UC and CD (Figure 10).
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PAFhy-3D Imaging of Other Diseases

Finally, we applied PAFhy-3D imaging to diseases other
than IBDs. PAFhy-3D imaging of a colonic polyp of tubular
adenoma by light-sheet fluorescence microscopy showed
protuberances on the polyp surface (Figure 11A4).
Fluorescence-conjugated lectin was used to label vascular
structures, which were imaged by PAFhy-3D (Figure 11B).
In addition, Aspergillus hyphae in a pulmonary aspergillosis
specimen, which exhibit positive PAS staining results, were
visualized by PAFhy-3D (Figure 11C, Supplementary
Video 5). A 3D reconstructed model generated by confocal

fluorescence microscopy showed hyphae branching
structures.
Discussion

In this study, we developed PAFhy staining and the 3D
imaging technique PAFhy-3D. PAFhy staining is based on an
oxidative process where polysaccharides react with periodic
acid to produce an aldehyde, which is bound by FAM hy-
drazide (Figure 2D). The PAFhy-3D imaging method enabled
visualization of structures with a high carbohydrate pro-
portion, including mucus in goblet cells, basal membrane,
and neutrophils in colonic crypts. Thus, PAFhy staining has
utility for 3D pathology similar to PAS staining.

We examined the 3D structure of crypts in colonic
mucosae by means of PAFhy-3D. PAFhy signals in the basal
membrane and mucus in goblet cells enabled the examina-
tion of 3D crypt architecture (Figure 3). Using this method,
we identified 3 important components in tissue. First, we
found multiple sites in which a large number of neutrophils
infiltrated cryptitis lesions in UC (Figure 5A4). Second, we
observed micro-abscesses in UC predominantly at the crypt
bottom (ie, the crypt abscesses of classical histopathology);
these were spatially continuous with neutrophils that infil-
trated diagonally inward and upward (Figure 5B). Third, we
identified multiple distorted crypts in the same UC lesion, all

Figure 6. (See previous page). A diagnostic system for inflammatory bowel diseases (IBDs) based on 3D crypt archi-
tecture. (A) Quantitative evaluation of 3D crypt architecture. Colorectal mucosa specimens were randomly sampled from
formaldehyde-fixed surgical specimens of UC, Crohn’s disease (CD), or non-IBD (non-tumor area in colorectal cancer
specimens) tissues and subjected to PAFhy-3D imaging or histologic evaluation by H&E and PAS staining. (B) Seven expert
pathologists classified the H&E- or PAS-stained mucosae as UC, CD, IBD, or non-specific colitis (NSC). Twenty-nine spec-
imens of UC (including the specimen in Figure 5), 19 specimens of CD, and 23 specimens of non-IBD were used. Overall,
10.34% of UC specimens were classified as IBD; 10.53% of CD specimens were classified as CD; and 58.62% of UC, 63.16%
of CD, and 100% of non-IBD specimens were classified as NSC. For these specimens, 5 or more pathologists were in
agreement in terms of classification. Furthermore, 31.03% of UC specimens and 26.32% of CD specimens were classified as
indeterminate (Indet). For these specimens, fewer than 5 pathologists were in agreement. (C) Histologic evaluation of degree of
inflammation in colorectal mucosa specimens. Inflammatory cells per high-power field were counted in 3 random areas of the
lamina propria using H&E-stained specimens. NS, not significant. (D) Representative 3D reconstructed PAFhy-3D images of
UC, CD, and non-IBD specimens. H&E- or PAS-stained images of the corresponding glass slides are also presented. Scale
bar, 100 um (3D reconstructed models) or 200 um (H&E- and PAS-stained images). (E) lllustrations and formulas of definition of
ellipticity (prolate) and tortuosity. (F) Statistical analysis of volume, ellipticity (prolate), and tortuosity in UC, CD, and non-IBD
specimens. Five random crypts were selected from 28 UC, 18 CD, and 22 non-IBD specimens; the quantitative values were
calculated using the UC (n = 140), CD (n = 90), and non-IBD (n = 110) crypts. One each of UC, CD, and non-IBD specimens
was excluded from the PAFhy-3D analysis because their crypts were almost completely disrupted by inflammation.
(G) Statistical analysis of volume, ellipticity (prolate), and tortuosity of specimens classified as NSC (light gray in [B]). Similar to
(F), 5 random crypts were selected from 17 UC, 12 CD, and 22 non-IBD specimens; the quantitative values were calculated
using the UC (n = 85), CD (n = 60), or non-IBD (n = 110) crypts. Statistical analyses were performed by the Mann-Whitney
U test. P < 0.01; *P < 0.05; NS, not significant.
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of which were twisted counterclockwise (Figure 8A4). In
addition, we found spiral staircase-like crypts in IBD
mucosae; these were more frequent in UC than in CD
(Figure 8C and D). An area containing adjacent multiple
crypts might be distorted by the torsional force that arises
from the pressure difference induced by inflammation and/
or fibrosis (Figure 8E). Such structural changes may accu-
mulate because of repeated instances of inflammation dur-
ing the active and resolving phases of UC.*? PAFhy-3D
imaging enables the visualization of morphology and his-
topathology. Further studies based on PAFhy-3D will
elucidate pathological mechanisms and identify novel
disease-specific pathological findings.

Important findings in classical histopathology analysis of
UC include crypt distortion, cryptitis, and/or crypt ab-
scesses.”” However, accurate evaluation of crypt distortion
is difficult using 2D images that are generated in random
positions and directions. Indeed, in this study, pathologists
did not correctly classify most UC and CD specimens
(Figure 6B). Therefore, we hypothesized that quantitative
evaluation of crypt distortion by 3D imaging might enhance
the histopathological diagnosis of IBDs. As expected, crypt
volume, ellipticity, and tortuosity significantly differed
among UC, CD, and non-IBD specimens (Figure 6F and G).
Such differences were also evident in specimens that pa-
thologists classified as NSC. Therefore, PAFhy-3D quantita-
tive evaluation enables differential diagnosis of IBDs.

A

All crypts (n = 68) Crypts in UC (n = 28)

P=.521 P=-313
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Mucosa specimens that contain crypts of increased volume
and decreased ellipticity should be classified as UC; speci-
mens with crypts of normal volume and decreased ellipticity
should be classified as CD. In addition, 3-stage quantitative
evaluation based on crypt tortuosity could contribute to the
diagnosis of IBDs. Comparison of these 3 quantitative pa-
rameters with the numbers of infiltrating total inflammatory
cells, neutrophils, lymphocytes, and plasma cells revealed
positive correlations between the crypt volume and number
of total inflammatory cells or lymphocytes in the UC speci-
mens but negative and weak correlations in the CD speci-
mens (Figure 7A). Thus, UC and CD tissues may differ in
terms of the direction of crypt volume changes in response
to chronic inflammation.

Furthermore, the image data obtained by PAFhy-3D
were used for DLS (Figure 9). The DLS achieved excellent
performance (macro-averaged AUC = 0.94; F1 score
0.875, 0.717, and 0.819 for UC, CD, and non-IBD, respec-
tively) for differential diagnosis of IBDs; this identification
could not be performed by pathologists. Notably, DLS per-
formance was greater when sagittal rather than horizontal
plane images were used for training and testing (Figure 9B).
This supports the hypothesis that DLS diagnosis is based on
3D crypt architecture, particularly distortion, because such
3D morphologic changes are more evident in sagittal view.
Indeed, among the areas on which the DLS focused,
approximately 60% in UC and CD images and approximately
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Figure 7. Continued.
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Figure 8. PAFhy-3D histopathological examination of distorted crypts in IBDs. (A) Representative 3D reconstructed image
with the most severe crypt distortion. Four crypts with counterclockwise distortion are independently highlighted. Scale bar,
100 um. (B) Definition of spiral staircase-like crypts (SSCs). SSCs consist of 2 or more crypts with the same twisting direction.
(C) Representative 3D reconstructed images of UC (n = 28) or CD (n = 18) with SSCs. SSCs were not observed in non-IBD
specimens (n = 22). Scale bar, 100 um. (D) Rates of specimens with SSCs; 46.43% of UC specimens and 22.22% of CD
specimens had SSCs. (E) Mechanism of SSC formation. Two or more adjacent crypts might be regionally distorted by a
torsional force generated by focal inflammation and/or fibrosis, with the resulting increase in pressure.

90% in non-IBD images were intra-crypt or borderline areas
between crypts and stroma (Figure 10). However, approxi-
mately 40% of the areas in UC and CD and approximately
10% of the areas in non-IBD images were extra-crypt
stroma, suggesting that the findings on which the DLS
focused are not necessarily limited to morphologic changes
in crypts.

PAFhy staining and PAFhy-3D imaging enabled 3D his-
topathological analysis in greater depth and enhanced the
accuracy of clinicopathological diagnosis. Thus, these tech-
niques have potential for use in experimental and clinical
pathology.

Methods

Clinical Specimens
The tissue specimens used for screening fluorescent
probes and the specimen exhibiting pulmonary aspergillosis

were from patients who underwent pathological dissection
at Osaka University Hospital in 2017. The colorectal mucosa
specimens used for 3D imaging were from patients who
underwent surgery at Osaka University Hospital in 2020 or
2021. For quantitative analysis, 29 UC tissue specimens
were sampled from 6 surgical specimens, 19 CD tissues
were sampled from 5 surgical specimens, and 23 non-IBD
tissues were sampled from 5 surgical specimens. The tis-
sue specimens were sampled from surgical specimens in
independent and distant areas of different colors. The study
was approved by the Ethical Review Board of the Graduate
School of Medicine, Osaka University (approval nos. 14470
and 18187).

Fluorescence Staining of Tissue Sections
Human colonic mucosa tissue was washed with
phosphate-buffered saline (PBS), immersed in 30% (w/v)
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Figure 9. Deep learning-based diagnostic system. (4) Overview of convolutional neural networks for development of deep
learning system (DLS) for differential diagnosis of IBDs. Sagittal or horizontal optical slice images were exported from 3D
images of UC (n = 27), CD (n = 17), or non-IBD (n = 19) specimens obtained by PAFhy-3D and then converted to grayscale
256 x 256 pixel images. Subsequently, these images were subjected to training and testing by EfficientNet-B4. Data were
used as described in Figure 6; however, 2 UC, 2 CD, and 4 non-IBD specimens were excluded because of poor image quality.
(B) Receiver operating characteristic curves for differential diagnosis of UC, CD, or non-IBD. (C) Confusion matrices for dif-
ferential diagnosis of IBDs by DLS using sagittal or horizontal plane images.

sucrose in PBS, and frozen in 0.C.T. compound (45833;
Sakura Finetek, Torrance, CA) at —80°C overnight. Frozen
sections were cut at a thickness of 10 um using a cryostat
(CM3050S; Leica Biosystems, Wetzlar, Germany). The frozen
sections were washed 3 times with PBS and then pretreated
with 0.5% periodic acid (HIO,4) solution (86171; Muto Pure
Chemicals, Tokyo, Japan) at room temperature for 30 mi-
nutes (Figure 2B). Sections were washed 3 times with PBS

and then incubated with FAM hydrazide, 5-isomer
(50 umol/L, BP-23934; BroadPharm, San Diego, CA), Alexa
Fluor488 hydrazide (50 pwmol/L, A10436; Thermo Fisher
Scientific, Waltham, MA), BDP FL hydrazide (50 wmol/L,
11470; Lumiprobe, Hunt Valley, MD), or fluorescein
(50 umol/L, FO095; Tokyo Chemical Industry, Tokyo, Japan)
in PBS at room temperature overnight. After additional
PBS washes, the tissue sections were mounted with

Table 1.Performance of Deep Learning System in Terms of Differential Diagnosis of Inflammatory Bowel Diseases Using

Sagittal Plane Images Derived From Periodic Acid and Fluorescein Dye FAM Hydrazide-3D Data

Sagittal plane

uc CD Non-I1BD
Accuracy (%) 87.59 85.79 90.86
Sensitivity (%) 93.97 69.69 74.00
Specificity (%) 82.10 91.41 97.38
Precision (%) 81.88 73.88 91.62
F1 score 0.875 0.717 0.819

CD, Crohn’s disease; IBD, inflammatory bowel disease; UC, ulcerative colitis.
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Figure 10. Visualization by Grad-CAM. (A) Representative images of UC, CD, and non-IBD visualized by gradient-weighted
class activation mapping (Grad-CAM). (B) Other representative images of UC, CD, or non-IBD specimens visualized by Grad-
CAM, in which intra-crypt, borderline between crypt and stroma, and extra-crypt stromal areas are highlighted. (C) Classifi-
cation of areas on which the neural network focused. All areas highlighted by Grad-CAM in sagittal plane images derived from
3D data of 2 UC (3762 areas), 2 CD (3055 areas), or 2 non-IBD (2459 areas) specimens with especially good prediction
probabilities were counted and classified. In UC images, the areas on which the DLS focused consisted of 47.95% of intra-
crypt areas, 11.75% of borderline areas between crypts and stroma, and 40.3% of extra-crypt stromal areas. In CD images,
the areas on which the DLS focused consisted of 18.17% of intra-crypt areas, 39.38% of borderline areas, and 42.46% of
stromal areas. In non-IBD images, the areas on which the DLS focused consisted of 76.05% of intra-crypt areas, 12.04% of
borderline areas, and 11.92% of stromal areas.
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Fluoro-KEEPER antifade reagent with DAPI (12745-74;
Nacalai Tesque, Kyoto, Japan) and imaged by confocal
fluorescence microscopy.

Tissue Clearing and PAFhy Staining

CUBIC-L and CUBIC-R+ reagents were used for tissue
clearing (Tokyo Chemical Industry; T3740 and T3741).
Tissue clearing was performed in accordance with the
standard protocol shown in Figure 3A. For colonic polyp
specimens that were cleared and imaged with light-sheet
fluorescence microscopy, the durations of CUBIC-L treat-
ment, staining, and CUBIC-R+ treatment were extended by
1 day. Briefly, formaldehyde-fixed tissue specimens were
washed with PBS, immersed in 50% (v/v) CUBIC-L reagent
(1:1 mixture of water: CUBIC-L) overnight, and immersed
in CUBIC-L reagent for 5 days (Figure 34) or 6 days
(Figure 11A and B) at 37°C with gentle shaking. The
specimens were next washed with PBS, immersed in 30%
(w/v) sucrose in PBS, and frozen in O.C.T. compound
at —80°C overnight. The frozen specimens were thawed,
washed with PBS, and immersed in 0.5% periodic acid
solution (86171; Muto Pure Chemicals) at room tempera-
ture for 30 minutes. After additional PBS washes, the
specimens were stained with FAM hydrazide, 5-isomer (50
umol/L, BP-23934; BroadPharm) in PBS with 0.5% (v/v)
Triton X-100 (12967; Nacalai Tesque) at room tempera-
ture for 2 days (Figure 34) or 3 days (Figure 114 and B)
with gentle shaking. If nuclear counterstaining was needed,
propidium iodide (10 pg/mL, P21493; Life Technologies,
Carlsbad, CA) or RedDot-2 (1:100, 40061-T; Biotium, Fre-
mont, CA) was added to the staining solution. If vascular
structure staining was needed, DyLight 649-conjugated
Lycopersicon esculentum (Tomato) lectin (1:50, DL-1178;
Vector Laboratories, Burlingame, CA) was added to the
staining solution. After staining had been performed, the
specimens were washed with PBS, immersed in 50% (v/v)
CUBIC-R+ reagent (1:1 mixture of water: CUBIC-R+)
overnight, and immersed in CUBIC-R+ reagent for 1 day
(Figure 34) or 2 days (Figure 114 and B) with gentle
shaking. The cleared tissue specimens were subjected to
3D imaging by confocal fluorescence (Figures 3-6, 8, 9, and

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 4

11C) or light-sheet fluorescence microscopy (Figure 114
and B).

Whole-Mount 3D Immunohistochemistry

Whole-mount immunohistochemistry with CUBIC tissue
clearing was conducted as previously described.’> A tissue
specimen was treated with 50% (v/v) CUBIC-L reagent
overnight and CUBIC-L reagent for 5 days, washed with PBS,
immersed in 30% (w/v) sucrose in PBS, and frozen in O.C.T.
compound at —80°C overnight. The frozen specimen was
thawed, washed with PBS, and subjected to PAFhy staining.
After the specimen had been washed with PBS, it was
immersed in Blocker Casein in PBS (37528; Thermo Fisher
Scientific) at room temperature for 2 hours. The specimen
was then washed with PBS and subjected to immunostain-
ing with 1:50 diluted Alexa Fluor 647-conjugated anti-
myeloperoxidase antibody (ab252131; Abcam, Cambridge,
UK) in 0.5% (v/v) Triton X-100 in PBS at room temperature
for 2 days. The specimen was washed with PBS at room
temperature and cross-linked in 1% paraformaldehyde in
PBS for 1 hour at room temperature. The stained specimen
was immersed in 50% CUBIC-R+ reagent overnight and
CUBIC-R+ reagent for 1 day. Images of the lamina propria
surface were obtained by confocal microscopy.

Microscopy and Image Analysis

Three-dimensional images of human colonic mucosae
and lung tissue with pulmonary aspergillosis shown in
Figures 3-6, 8, 9, and 11C were acquired using a confocal
fluorescence microscope (LSM880 Confocal/Multiphoton;
Carl Zeiss, Oberkochen, Germany). A 3D image of a colonic
polyp shown in Figure 114 was acquired using a light-sheet
fluorescence microscope (Lightsheet 7; Carl Zeiss). A 3D
image of a colonic polyp shown in Figure 11B was acquired
using a custom-designed light-sheet microscope.’® Raw
image data were reconstructed and analyzed with Imaris
software (version 9.2.1; Bitplane, Zurich, Switzerland).
Crypt highlighting was performed by 3D rendering with
Imaris. Crypt area was determined on the basis of PAFhy-
positive basal membrane at 13-um (Figures 3, 5, 8 or

Figure 11. (See previous page). PAFhy-3D imaging for other diseases. (A) Reconstructed 3D image of whole colonic polyp
obtained by light-sheet fluorescence microscopy. An optical slice image derived from this 3D model is also shown. This polyp
was subjected to generation of H&E- and PAS-stained glass slides after PAFhy-3D imaging and subsequent phosphate-
buffered saline washes. H&E- and PAS-stained histopathological images show that the polyp consists of tubular adenoma.
Scale bar, 1 mm (3D model) or 200 um (optical slice, H&E, PAS). (B) PAFhy-3D imaging of a human colonic polyp by light-sheet
fluorescence microscopy combined with vascular structure staining by a fluorescence-conjugated lectin. A colonic polyp was
cleared with CUBIC reagents and stained with FAM hydrazide, propidium iodide (Pl), and DyLight 649-conjugated Lyco-
persicon esculentum (Tomato) lectin and then imaged by light-sheet fluorescence microscopy. Only this 3D image underwent
imaging processing with a normalized filer.*® The images of individual channels (Ch-PAFhy with an excitation wavelength at
488 nm, Ch-PI at 592 nm, and Ch-Tomato lectin-Dy649 at 642 nm) were independently downscaled into 1/15.4 (from 2048 x
2048 to 133 x 133 pixel images). These images were subjected to image processing with a normalized filer. Subsequently, a
mask image (pixels of >200 signal intensity were regarded as positive) was generated from the Ch-PAFhy image. This mask
image was applied to images of Ch-Pl and Ch-Tomato lectin-DyLight 649. Scale bar, 1 mm. (C) Reconstructed 3D image of
lung tissue with pulmonary aspergillosis. H&E- and PAS-stained images from glass slides generated from the same lesion and
optical-slice images of orthographic projection derived from the 3D model are also shown. Scale bar, 100 um.
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66-um (Figure 6) optical slice intervals, followed by auto-
matic 3D reconstruction and surface rendering. Imaris was
also used to calculate the 3 parameters defined in Figure 6.
Volume was calculated by a preset statistic in Imaris.
Ellipticity (prolate) was also preset in the statistics of Imaris
and calculated using the formula shown in Figure 6E. Tor-
tuosity was semi-manually calculated. In each crypt at 250
um depth, a point indicating the crypt center was marked in
each 50-um optical slice (Figure 6E). Distances between
points (Ds.p, Dy, Degy Dger and Deg) were measured by
Imaris, as was the shortest distance between the top and
bottom of the crypt (D.). Tortuosity was calculated as
follows: (D.p+Dp.c+Dc.qtDg-etDes)/(Das). To normalize
the analyses, the 3 quantitative parameters were calculated
using data from crypts located no deeper than 250 um from
the mucosal surfaces, even if the specimens were thicker
than that value.

Deep Learning System

The DLS was based on EfficientNet-B4,*® a state-of-the-
art convolutional neural network architecture, with Ten-
sorFlow 2.5%7 (Figure 9A4). Optical slice images exported
from 3D images of UC, CD, or non-IBD specimens were used
for DLS training and testing. Stratified-group 10-fold cross-
validations were performed to evaluate DLS performance.

Data Preparation for the Deep Learning—Based
Diagnostic System

Three-dimensional data of 63 specimens (27 UC, 17 CD,
and 19 non-IBD) were used to train and evaluate the DLS
(Figure 9). These data were same as the data used in
Figure 6; however, 3D data with poor image quality (2 UC, 2
CD, and 4 non-IBD) were excluded from the analysis.
Sagittal and horizontal plane images were extracted from
the 3D data using AICSImagel0*® and preprocessed as fol-
lows. Because of inconsistent slice size, each sagittal plane
image was cropped to a square from the center at the
maximum possible size. Subsequently, the cropped images
were resized to 256 x 256 pixels. Horizontal plane images
were 512 x 512 pixels; they were resized to 256 x 256
pixels. Finally, the pixel values were rescaled to a range of
0 to 1 via division by 255.

Construction of the Deep Learning System

The DLS was based on EfficientNet-B4** and used Grad-
CAM™® to produce visual explanations for the predictions.
The input and output shapes of EfficientNet-B4 were
changed to 256 x 256 and 3, respectively; the weights were
randomly initialized. Adam and the categorical cross-
entropy were used as the optimizer and loss function. The
epochs, learning rate, and batch size hyperparameters were
set to 30, 0.001, and 16, respectively; early stopping with
the patience of 10 epochs was used to prevent overfitting. A
learning rate schedule that used exponential decay with a
decay rate of 0.95 was applied to the Adam optimizer at
each epoch after 5 epochs. While training the models, data-
augmentation techniques based on horizontal and vertical
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flips, random rotation between -20° and 20°, and random
erasing”® were used to improve prediction performance. To
evaluate the DLS, a stratified-group 10-fold cross-validation
was performed. All models were trained using TensorFlow
version 2.5.0 and an NVIDIA GeForce RTX 3090 with 24 GB
of memory.

Evaluation Metrics

To evaluate the diagnostic performance of the DLS, we
evaluated its accuracy, sensitivity, specificity, precision, and
F1 score. The F1 score is the harmonic mean of precision
and recall calculated using the following equation: F1
score = 2 precision recall/(precision + recall).

Statistical Analyses

Statistical analysis was performed using Microsoft Excel
(Redmond, CA) or EZR.*® The Shapiro-Wilk test was used to
evaluate the normality of the data distribution at a signifi-
cance level of .05. If normality was confirmed, the homo-
geneity of variance was determined by F test at a
significance level of 0.05. If 2 groups were normally
distributed with or without equal variance, Student ¢ test or
Welch t test was applied, respectively. When the normality
of data could not be assumed, the Mann-Whitney U test was
used. Spearman rank correlation coefficients were calcu-
lated using EZR software.

References

1. Aterman K, Norkin S. The periodic acid-Schiff reaction.
Nature 1963;197:1306.

2. McManus JF. Histological demonstration of mucin after
periodic acid. Nature 1946;158:202.

3. Hotchkiss RD. A microchemical reaction resulting in the
staining of polysaccharide structures in fixed tissue
preparations. Arch Biochem 1948;16:131-141.
Marchese S. Lombarda Sci med e biol 1947;2:9.

5. Gersh I. Polysaccharide complex in individual follicles of

the thyroid gland of the rat. Fed Proc 1947;6:392.

6. Catchpole HR. Cellular distribution of glycoprotein in the
anterior lobe of the pituitary gland. Fed Proc 1947;6:88.

7. Lilie RD. Reactions of various parasitic organisms in
tissues to the Bauer, Feulgen, Gram, and Gram-Weigert
methods. J Lab Clin Med 1947;32:76-88.

8. Joseph J, Vemuganti GK, Garg P, Sharma S. Histo-
pathological evaluation of ocular microsporidiosis by
different stains. BMC Clin Pathol 2006;6:6.

9. Gatalica Z, Miettinen M, Kovatich A, McCue PA. Hyaline
globules in renal cell carcinomas and oncocytomas. Hum
Pathol 1997;4:400-408.

10. Nowak MA, Fatteh SM, Campbell TE. Glycogen-rich
malignant melanomas and glycogen-rich balloon cell
malignant melanomas: frequency and pattern of PAS
positivity in primary and metastatic melanomas. Arch
Pathol Lab Med 1998;4:353-360.

11. Gokaslan ST, Carlile B, Dudak M, Albores-Saavedra J.
Solitary cylindroma (dermal analog tumor) of the breast: a

&


http://refhub.elsevier.com/S2352-345X(22)00159-X/sref1
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref1
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref2
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref2
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref3
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref3
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref3
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref3
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref4
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref5
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref5
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref6
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref6
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref7
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref7
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref7
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref7
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref8
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref8
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref8
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref9
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref9
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref9
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref9
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref10
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref10
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref10
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref10
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref10
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref10
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref11
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref11

922

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Nojima et al

previously undescribed neoplasm at this site. Am J Surg
Pathol 2001;6:823-826.

Liu JTC, Glaser AK, Bera K, True LD, Reder NP,
Eliceiri KW, Madabhushi A. Harnessing non-destructive
3D pathology. Nat Biomed Eng 2021;5:203-218.

Ueda HR, Dodt HU, Osten P, Economo MN,
Chandrashekar J, Keller PJ. Whole-brain profiling of cells
and circuits in mammals by tissue clearing and light-
sheet microscopy. Neuron 2020;106:369-387.
Feuchtinger A, Walch A, Dobosz M. Deep tissue imaging:
a review from a preclinical cancer research perspective.
Histochem Cell Biol 2016;146:781-806.

Nojima S, Susaki EA, Yoshida K, Takemoto H,
Tsujimura N, lijima S, Takachi K, Nakahara Y, Tahara S,
Ohshima K, Kurashige M, Hori Y, Wada N, lkeda JI,
Kumanogoh A, Morii E, Ueda HR. CUBIC pathology:
three-dimensional imaging for pathological diagnosis.
Sci Rep 2017;7:9269.

Graham KD, Lopez SH, Sengupta R, Shenoy A,
Schneider S, Wright CM, Feldman M, Furth E,
Valdivieso F, Lemke A, Wilkins BJ, Naji A, Doolin EJ,
Howard MJ, Heuckeroth RO. Robust, 3-dimensional
visualization of human colon enteric nervous system
without tissue sectioning. Gastroenterology 2020;
158:2221-2235.€5.

Martens S, Coolens K, Van Bulck M, Arsenijevic T,
Casamitjana J, Fernandez Ruiz A, El Kaoutari A, Martinez
de Villareal J, Madhloum H, Esni F, Heremans Y,
Leuckx G, Heimberg H, Bouwens L, Jacquemin P, De
Paep DL, In’t Veld P, D’Haene N, Bouchart C, Dusetti N,
Van Laethem JL, Waelput W, Lefesvre P, Real FX,
Rovira M, Rooman |. Discovery and 3D imaging of a
novel ANp63-expressing basal cell type in human
pancreatic ducts with implications in disease. Gut 2021:
gutjnl-2020-322874.

Liebmann T, Renier N, Bettayeb K, Greengard P, Tessier-
Lavigne M, Flajolet M. Three-dimensional study of Alz-
heimer’s disease hallmarks using the iDISCO clearing
method. Cell Rep 2016;16:1138-1152.

Lagerweij T, Dusoswa SA, Negrean A, Hendrikx EML, de
Vries HE, Kole J, Garcia-Vallejo JJ, Mansvelder HD,
Vandertop WP, Noske DP, Tannous BA, Musters RJP,
van Kooyk Y, Wesseling P, Zhao XW, Wurdinger T. Op-
tical clearing and fluorescence deep-tissue imaging for
3D quantitative analysis of the brain tumor microenvi-
ronment. Angiogenesis 2017;20:533-546.

Morawski M, Kirilina E, Scherf N, Jager C, Reimann K,
Trampel R, Gauvriilidis F, Geyer S, Biedermann B,
Arendt T, Weiskopf N. Developing 3D microscopy with
CLARITY on human brain tissue: towards a tool for
informing and validating MRI-based histology. Neuro-
image 2018;182:417-428.

Lee SS, Bindokas VP, Kron SJ. Multiplex three-
dimensional optical mapping of tumor immune micro-
environment. Sci Rep 2017;7:17031.

Butterworth E, Dickerson W, Vijay V, Weitzel K, Cooper J,
Atkinson EW, Coleman JE, Otto KJ, Campbell-
Thompson M. High resolution 3D imaging of the human
pancreas neuro-insular network. J Vis Exp 2018:56859.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 4

Watson SA, Terracciano CM, Perbellini F. Myocardial
slices: an intermediate complexity platform for trans-
lational cardiovascular research. Cardiovasc Drugs Ther
2019;33:239-244.

Verhoef El, van Cappellen WA, Slotman JA, Kremers GJ,
Ewing-Graham PC, Houtsmuller AB, van Royen ME, van
Leenders GJLH. Three-dimensional architecture of
common benign and precancerous prostate epithelial
lesions. Histopathology 2019;74:1036-1044.

Rios AC, Capaldo BD, Vaillant F, Pal B, van Ineveld R,
Dawson CA, Chen Y, Nolan E, Fu NY, 3DTCLSM Group,
Jackling FC, Devi S, Clouston D, Whitehead L,
Smyth GK, Mueller SN, Lindeman GJ, Visvader JE.
Intraclonal plasticity in mammary tumors revealed
through large-scale single-cell resolution 3D imaging.
Cancer Cell 2019;35:618-632.€6.

Hasegawa S, Susaki EA, Tanaka T, Komaba H, Wada T,
Fukagawa M, Ueda HR, Nangaku M. Comprehensive
three-dimensional analysis (CUBIC-kidney) visualizes
abnormal renal sympathetic nerves after ischemia/
reperfusion injury. Kidney Int 2019;96:129-138.

Tamura R, Miyoshi H, Sampetrean O, Shinozaki M,
Morimoto Y, lwasawa C, Fukaya R, Mine Y, Masuda H,
Maruyama T, Narita M, Saya H, Yoshida K, Okano H,
Toda M. Visualization of spatiotemporal dynamics of
human glioma stem cell invasion. Mol Brain 2019;
12:45.

Shen CN, Goh KS, Huang CR, Chiang TC, Lee CY,
Jeng YM, Peng SJ, Chien HJ, Chung MH, Chou YH,
Hsieh CC, Kulkarni S, Pasricha PJ, Tien YW, Tang SC.
Lymphatic vessel remodeling and invasion in pancreatic
cancer progression. EBioMedicine 2019;47:98-113.
Yang R, Guo J, Lin Z, Song H, Feng Z, Ou Y, Zhou M,
Li Y, Yi G, Li K, Li K, Guo M, Wang X, Huang G, Liu Z,
Qi S, Liu Y. The combination of two-dimensional and
three-dimensional analysis methods contributes to the
understanding of glioblastoma spatial heterogeneity.
J Biophotonics 2020;13:201900196.

Liu AK, Hurry ME, Ng OT, DeFelice J, Lai HM, Pearce RK,
Wong GT, Chang RC, Gentleman SM. Bringing CLARITY
to the human brain: visualization of Lewy pathology in
three dimensions. Neuropathol Appl Neurobiol 2016;
42:573-587.

Yoshizawa T, Hong SM, Jung D, Noé M, Kiemen A,
Wu PH, Wirtz D, Hruban RH, Wood LD, Oshima K. Three-
dimensional analysis of extrahepatic chol-
angiocarcinoma and tumor budding. J Pathol 2020;
251:400-410.

Sabdyusheva Litschauer |, Becker K, Saghafi S, Ballke S,
Bollwein C, Foroughipour M, Gaugeler J,
Foroughipour M, Schavelova V, Laszlé V, Déme B,
Brostjan C, Weichert W, Dodt HU. 3D histopathology of
human tumours by fast clearing and ultramicroscopy. Sci
Rep 2020;10:17619.

LeCun Y, Bengio Y, Hinton G. Deep learning. Nature
2015;521:436-444.

van der Laak J, Litiens G, Ciompi F. Deep learning in
histopathology: the path to the clinic. Nat Med 2021;
27:775-784.


http://refhub.elsevier.com/S2352-345X(22)00159-X/sref11
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref11
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref11
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref12
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref12
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref12
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref12
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref13
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref13
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref13
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref13
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref13
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref14
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref14
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref14
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref14
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref15
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref15
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref15
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref15
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref15
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref15
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref16
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref16
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref16
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref16
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref16
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref16
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref16
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref16
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref17
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref17
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref17
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref17
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref17
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref17
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref17
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref17
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref17
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref17
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref18
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref18
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref18
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref18
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref18
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref19
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref19
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref19
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref19
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref19
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref19
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref19
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref19
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref20
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref20
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref20
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref20
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref20
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref20
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref20
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref21
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref21
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref21
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref22
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref22
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref22
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref22
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref23
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref23
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref23
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref23
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref23
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref24
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref24
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref24
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref24
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref24
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref24
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref25
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref25
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref25
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref25
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref25
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref25
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref25
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref25
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref26
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref26
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref26
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref26
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref26
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref26
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref27
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref27
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref27
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref27
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref27
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref27
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref28
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref28
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref28
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref28
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref28
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref28
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref29
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref29
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref29
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref29
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref29
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref29
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref30
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref30
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref30
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref30
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref30
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref30
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref31
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref31
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref31
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref31
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref31
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref31
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref32
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref32
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref32
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref32
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref32
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref32
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref33
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref33
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref33
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref34
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref34
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref34
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref34

2022

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Madabhushi A, Lee G. Image analysis and machine
learning in digital pathology: challenges and opportu-
nities. Med Image Anal 2016;33:170-175.

Matsumoto K, Mitani TT, Horiguchi SA, Kaneshiro J,
Murakami TC, Mano T, Fujishima H, Konno A,
Watanabe TM, Hirai H, Ueda HR. Advanced CUBIC tis-
sue clearing for whole-organ cell profiling. Nat Protoc
2019;14:3506-3537.

Susaki EA, Tainaka K, Perrin D, Kishino F, Tawara T,
Watanabe TM, Yokoyama C, Onoe H, Eguchi M,
Yamaguchi S, Abe T, Kiyonari H, Shimizu Y, Miyawaki A,
Yokota H, Ueda HR. Whole-brain imaging with single-cell
resolution using chemical cocktails and computational
analysis. Cell 2014;157:726-739.

Tainaka K, Kubota SI, Suyama TQ, Susaki EA, Perrin D,
Ukai-Tadenuma M, Ukai H, Ueda HR. Whole-body im-
aging with single-cell resolution by tissue decolorization.
Cell 2014;159:911-924.

Rae AE, Rolland V, White RG, Mathesius U. New
methods for confocal imaging of infection threads in crop
and model legumes. Plant Methods 2021;17:24.
Sivaguru M, Fried G, Sivaguru BS, Sivaguru VA, Lu X,
Choi KH, Saif MT, Lin B, Sadayappan S. Cardiac muscle
organization revealed in 3-D by imaging whole-mount
mouse hearts using two-photon fluorescence and
confocal microscopy. Biotechniques 2015;59:295-308.
Saitoh Y, Terada N, Saitoh S, Ohno N, Fujii Y, Ohno S.
Three-dimensional reconstruction of living mouse liver
tissues using cryotechniques with confocal laser scan-
ning microscopy. J Electron Microsc (Tokyo) 2010;
59:513-525.

DeRoche TC, Xiao SY, Liu X. Histological evaluation in
ulcerative colitis. Gastroenterol Rep (Oxf) 2014;
2:178-192.

Pounder RE. The pathogenesis of Crohn’s disease.
J Gastroenterol 1994;29(Suppl 7):11-15.

Yantiss RK, Odze RD. Diagnostic difficulties in inflam-
matory bowel disease pathology. Histopathology 2006;
48:116-132.

Tan M, Le QV. EfficientNet: rethinking model scaling for
convolutional neural networks. Proceedings of the 36th
International Conference on Machine Learning. Pro-
ceedings of Machine Learning Research 2019;97:
6105-6114. Available from: https://proceedings.mlr.
press/v97/tan19a.html.

Selvaraju RR, Cogswell M, Das A, Vedantam R, Parikh D,
Batra D. Grad-CAM: visual explanations from deep net-
works via gradient-based localization. Proceedings of
the IEEE International Conference on Computer Vision
2017:618-626.

Abadi M, Barham P, Chen J, Chen Z, Davis A, Dean J,
Devin M, Ghemawat S, Irving G, Isard M, Kudlur M,
Levenberg J, Monga R, Moore S, Murray DG, Steiner B,
Tucker P, Vasudevan V, Warden P, Wicke M, Yu Y,
Zheng X. TensorFlow: a system for large-scale machine
learning. 12th USENIX Symposium on Operating Sys-
tems Design and Implementation (OSDI 16), USENIX
Association 2016:265-283.

A Novel 3D Imaging System for IBDs 923

48. AICSImagelO Contributors.  AICSImagelO: Image
Reading, Metadata Conversion, and Image Writing for
Microscopy Images in Pure Python. [Computer software]
2021, GitHub, https://github.com/AllenCellModeling/
aicsimageio 2021.

Zhong Z, Zheng L, Kang G, Li S, Yang Y. Random
erasing data augmentation. Proceedings of the AAAI
Conference on Artificial Intelligence. 2020 34:No. 07.
Kanda Y. Investigation of the freely available easy-to-use
software “EZR” for medical statistics. Bone Marrow
Transplant 2013;48:452-458, no. 07.

49.

50.

Received January 19, 2022. Accepted July 5, 2022.

Correspondence

Address correspondence to: Satoshi Nojima, MD, PhD, Department of
Pathology, Graduate School of Medicine, Osaka University, 2-2 Yamadaoka,
Suita, Osaka 565-0871, Japan. e-mail: s_nojima@molpath.med.osaka-u.ac.jp;
fax: +81-6-6879-3719. Eiichi Morii, MD, PhD, Department of Pathology,
Graduate School of Medicine, Osaka University, 2-2 Yamadaoka, Suita,
Osaka 565-0871, Japan. e-mail: morii@molpath.med.osaka-u.ac.jp.

Acknowledgments

The authors thank Yuri Terao and Eiji Oiki, Center for Medical Research and
Education, Graduate School of Medicine, Osaka University. They thank Dr
Yuki Suzuki and Dr ltsushi Minoura from Goryo Chemical, Inc for technical
assistance with chemistry. They thank Yasuhiko Sato and Kazuhiko Misaki
from Carl Zeiss Co. Ltd. for technical assistance with fluorescence
microscopy. They also thank Mayumi Kawashima (from the Department of
Diagnostic Pathology, Osaka University Hospital) and Masaharu Kohara,
Takako Sawamura, and Megumi Nihei (all from the Department of Pathology,
Osaka University Graduate School of Medicine) for technical assistance with
histopathology.

CRediT Authorship Contributions

Satoshi Nojima, MD, PhD (Conceptualization: Lead; Methodology: Lead;
Investigation: Lead; Data Curation: Lead; Formal analysis: Lead;
Visualization: Lead; Writing - Original Draft: Lead; Writing - Review & Editing:
Lead; Funding acquisition: Lead)

Shoichi Ishida, PhD (Software: Lead; Methodology: Supporting; Formal
analysis: Supporting; Writing - Original Draft: Supporting)

Kei Terayama, PhD (Software: Lead; Methodology: Supporting; Formal
analysis: Supporting; Writing - Original Draft: Supporting)

Katsuhiko Matsumoto, PhD (Investigation: Supporting;
Supporting; Software: Supporting)

Takahiro Matsui, MD, PhD (Investigation: Supporting)

Shinichiro Tahara, MD, PhD (Investigation: Supporting)

Kenji Ohshima, MD, PhD (Investigation: Supporting)

Hiroki Kiyokawa, MD (Investigation: Supporting)

Kansuke Kido, MD (Investigation: Supporting)

Koto Ukon, MD (Investigation: Supporting)

Shota Y. Yoshida, MD (Investigation: Supporting; Visualization: Supporting;
Software: Supporting; Funding acquisition: Supporting)

Tomoki T. Mitani, MD (Investigation: Supporting; Visualization: Supporting;
Software: Supporting; Funding acquisition: Supporting)

Yuichiro Doki, MD, PhD (Resources: Lead)

Tsunekazu Mizushima, MD, PhD (Resources: Lead)

Yasushi Okuno, PhD (Software: Supporting)

Etsuo A. Susaki, MD, PhD (Methodology: Supporting; Funding acquisition:
Supporting)

Hiroki R. Ueda, MD, PhD (Methodology: Supporting; Funding acquisition:
Supporting)

Eiichi Morii, MD, PhD (Supervision: Lead; Writing - Review & Editing:
Supporting; Funding acquisition: Supporting)

Visualization:

Conflicts of interest

This study was conducted as collaborative research with Goryo Chemical, Inc;
technical assistance and some fluorescence probes were provided free of
charge. These authors disclose the following: Satoshi Nojima reports grants
from Takeda Science Foundation, The Uehara Memorial Foundation, Senri
Life Science Foundation, The Nakajima Foundation, Astellas Foundation for
Research on Metabolic Disorders, The Kanae Foundation for the Promotion


http://refhub.elsevier.com/S2352-345X(22)00159-X/sref35
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref35
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref35
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref35
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref36
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref36
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref36
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref36
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref36
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref36
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref37
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref37
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref37
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref37
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref37
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref37
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref37
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref38
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref38
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref38
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref38
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref38
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref39
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref39
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref39
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref40
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref40
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref40
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref40
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref40
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref40
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref41
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref41
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref41
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref41
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref41
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref41
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref42
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref42
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref42
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref42
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref43
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref43
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref43
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref44
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref44
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref44
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref44
https://proceedings.mlr.press/v97/tan19a.html
https://proceedings.mlr.press/v97/tan19a.html
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref46
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref46
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref46
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref46
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref46
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref46
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref47
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref47
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref47
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref47
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref47
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref47
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref47
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref47
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref47
https://github.com/AllenCellModeling/aicsimageio%202021
https://github.com/AllenCellModeling/aicsimageio%202021
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref49
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref49
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref49
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref50
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref50
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref50
http://refhub.elsevier.com/S2352-345X(22)00159-X/sref50
mailto:s_nojima@molpath.med.osaka-u.ac.jp
mailto:morii@molpath.med.osaka-u.ac.jp

924 Nojima et al

of Medical Science, The Shimadzu Science Foundation, and The Takano
Science Foundation during the conduct of the study. Etsuo A. Susaki reports
grants from Takeda Science Foundation. RIKEN has filed a patent regarding
CUBIC reagents, on which Etsuo A. Susaki and Hiroki R. Ueda are listed as
co-inventors. The remaining authors disclose no conflicts.

Funding

Supported by a JSSPS KAKENHI grant-in-aid for scientific research (C) (Satoshi
Nojima, no. 21K06903), a JST ERATO grant (Hiroki R. Ueda, no. JPMJER2001),
the Science and Technology Platform Program for Advanced Biological
Medicine (AMED/MEXT, Hiroki R. Ueda), a JSPS KAKENHI grant-in-aid for
scientific research (S) (Hiroki R. Ueda, no. JP18H05270), a JSPS KAKENHI
grant-in-aid for scientific research (C) (Katsuhiko Matsumoto, no. 20K06885),

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 4

a JSPS KAKENHI grant-in-aid for Early-Career Scientists (Shota Y. Yoshida,
no. 20K16626), a JSPS KAKENHI grant-in-aid for Early-Career Scientists
(Tomoki T. Mitani, no. 20K16498), a grant-in-aid from the Human Frontier
Science Program (Hiroki R. Ueda), a JST [Moonshot R&D] (Katsuhiko
Matsumoto, no. JPMJMS2023), a MEXT Quantum Leap Flagship Program
(MEXT QLEAP) (Hiroki R. Ueda, no. JPMXS0120330644), AMED-PRIME
(Etsuo A. Susaki, no. JP21gm6210027), Takeda Science Foundation (Satoshi
Nojima and Etsuo A. Susaki), The Uehara Memorial Foundation (Satoshi
Nojima), Senri Life Science Foundation (Satoshi Nojima), The Nakajima
Foundation (Satoshi Nojima), Astellas Foundation for Research on Metabolic
Disorders (Satoshi Nojima), The Kanae Foundation for the Promotion of
Medical Science (Satoshi Nojima), The Shimadzu Science Foundation
(Satoshi Nojima), and The Takano Science Foundation (Satoshi Nojima).



	A Novel Three-Dimensional Imaging System Based on Polysaccharide Staining for Accurate Histopathological Diagnosis of Infla ...
	Results
	Screening of Fluorescent Probes
	Development of a Novel 3D Imaging System
	Histopathological Examination of Crypts in Ulcerative Colitis
	Diagnostic System for Inflammatory Bowel Diseases Based on 3D Crypt Architecture
	Three-Dimensional Histopathological Examination of Distorted Crypts in Inflammatory Bowel Diseases
	Application of PAFhy-3D to a Deep Learning-Based Diagnostic System
	PAFhy-3D Imaging of Other Diseases

	Discussion
	Methods
	Clinical Specimens
	Fluorescence Staining of Tissue Sections
	Tissue Clearing and PAFhy Staining
	Whole-Mount 3D Immunohistochemistry
	Microscopy and Image Analysis
	Deep Learning System
	Data Preparation for the Deep Learning–Based Diagnostic System
	Construction of the Deep Learning System
	Evaluation Metrics
	Statistical Analyses

	References
	Acknowledgments
	CRediT Authorship Contributions


