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Abstract

Fluorescence imitating brightfield imaging (FIBI) is a novel microscopy method that allows for real-time, nondestructive, slide-
free tissue imaging of fresh, formalin-fixed, or paraffin-embedded tissue. The nondestructive nature of the technology permits
tissue preservation for downstream analyses. The objective of this observational study was to assess the utility of FIBI compared
with conventional hematoxylin and eosin (H&E)-stained histology slides in feline gastrointestinal histopathology. Formalin-fixed
paraffin-embedded full-thickness small intestinal tissue specimens from 50 cases of feline chronic enteropathy were evaluated.
The ability of FIBI to evaluate predetermined morphological features (epithelium, villi, crypts, lacteals, fibrosis, submucosa, and
muscularis propria) and inflammatory cells was assessed on a 3-point scale (0 = FIBI cannot identify the feature; | = FIBI can
identify the feature; 2 = FIBI can identify the feature with more certainty than H&E). H&E and FIBI images were also scored
according to World Small Animal Veterinary Association (WSAVA) Gastrointestinal Standardization Group guidelines. FIBI
identified morphological features with similar or, in some cases, higher confidence compared with H&E images. The identification
of inflammatory cells was less consistent. FIBI and H&E images showed an overall poor agreement with regard to the assigned
WSAVA scores. While FIBI showed an equal or better ability to identify morphological features in intestinal biopsies, its ability
to identify inflammatory cells is currently inferior compared with H&E-based imaging. Future studies on the utility of FIBI as a
diagnostic tool for noninflammatory histopathologic lesions are warranted.
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Feline chronic enteropathy (FCE) is among the most common
disorders in the elderly cat population, with rising incidence
over the past decades. The disorder comprised mostly lympho-
cytic-plasmacytic enteritis (LPE) and low-grade intestinal
T-cell lymphoma (LGITL).!?>26:31:3234 The histopathologic
examination of hematoxylin and eosin (H&E)-stained biopsy
specimens is considered to be the gold standard for the diagno-
sis and differentiation of chronic enteropathies.?’ However, the
preparation of conventional H&E slides is expensive and time-
and resource-consuming.'421:2227.28.33 [n addition, formalin fix-
ation often interferes with or even prevents downstream
analyses such as flow cytometry and mass spectrometry.’

In recent years, various slide-free pathology techniques for
rapid evaluation of tissue biopsies without processing and sec-
tioning of paraffin blocks have been developed. Approaches
include confocal microscopy,'® light-sheet microscopy,'® non-
linear microscopy (ie, multiphoton and stimulated Raman scat-
tering),'*37 and microscopy with ultraviolet surface excitation
(MUSE).'>** Compared with current tissue processing and
slide generation methods, which require approximately 10 to
12 hours to complete, slide-free pathology methods could
greatly improve the speed of diagnosis, reduce cost, and con-
serve tissue biopsies for advanced ancillary studies.

Fluorescence imitating brightfield imaging (FIBI) is a novel
slide-free imaging modality that allows for nondestructive
direct and real-time imaging of thick, unsectioned, fresh, or
fixed tissue specimens, making it an attractive alternative
imaging method for research samples'? while outperforming
alternative approaches in terms of simplicity, speed, and costs.'?
FIBI is based on the use of absorbing stains, applied directly on
the tissue surface, coupled with illumination at 405 nm using an
epifluorescence light path. The 405-nm excitation light generates
broad-spectrum autofluorescence diffusely inside the thick,
unsectioned tissue. This autofluorescence then back-illumi-
nates through a surface-stained layer to generate a superficial
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image of the tissue’s cellular morphology. Conveniently, the
stains that work well in this application are the familiar H&E
reagents. As in conventional slide-based histology, hematoxy-
lin is a strongly absorbing and nonfluorescing dye that binds
predominantly to nuclei. Eosin staining provides a red-pink tint
to protein and some nuclear components while also contribut-
ing additional contrast in FIBI images due to its intrinsic fluo-
rescence.”” In clinical practice, FIBI could be used
intraoperatively to help guide decision making or be used for
real-time diagnosis to determine an accurate prognosis and
optimal treatment plan. A validation study evaluating the diag-
nostic concordance of FIBI images compared with conven-
tional H&E assessment on a wide array of human tissues
including breast, bladder, and gastrointestinal tissue, with diag-
nosis varying from normal/benign, cancer, and noncancerous
origins, reported a concordance of 97.0%.°

This observational, proof-of-concept study aimed to evalu-
ate the diagnostic utility of FIBI for the pathological assess-
ment of formalin-fixed paraffin-embedded (FFPE) intestinal
tissue biopsies from cats with FCE. We hypothesized that FIBI
is an efficient, affordable, and reliable diagnostic tool for the
diagnosis and differentiation of FCE.

Materials and Methods

Sample Selection and Preparation

For this proof-of-concept observational study, the tissue archive
of a commercial pathology laboratory (Axys Anadlises
Laboratorio, Porto Alegre, Brasil) was searched for FFPE small
intestinal tissue biopsy specimens from cats with suspected
chronic enteropathy. Fifty archived tissue blocks with biopsy
specimens of sufficient post-diagnostic size and orientation
were identified and shipped to the UC Davis Veterinary
Teaching Hospital for further analysis. Conventional H&E
slides of approximately 4 um were prepared, scanned with a
20X objective slide scanner (Aperio AT2 DX System; Leica
Biosystems, Nussloch, Germany), and uploaded on a web-
based histological platform (Aperio ImageScope™ version
12.4.3; Leica Biosystems) for histological assessment.

Fluorescence Imitating Brightfield Imaging

Tissue blocks underwent surface deparaffinization (affecting
only about the top 100 pm of the block) with serial washes
using pure xylene dropwise and 95% ethanol. Serial washes
were repeated until the embedded tissue surface was cleared of
wax while the majority of the tissue specimen remained embed-
ded in the block. The tissue surface was stained using Mayer’s
hematoxylin for 30 seconds, washed for 10 seconds with deion-
ized water, and counterstained with eosin for 30 seconds.
Blocks were placed on a custom imaging cassette and illumi-
nated using a 405-nm LED light (LZ1-00UB0O, LED Engin). A
10X objective (Nikon, Japan) was used to collect images with
9-megapixel scientific-grade CCD color camera (Ximea,
MDO901CU-SY, Miinster, Germany) connected via a 160-mm
tube lens (Thorlabs TTL 165-A; Thorlabs Inc., Newton, New

Camera

o ‘00 0 0 '® O @ \

10X
Objective

Figure |. Fluorescence imitating brightfield imaging (FIBI)
microscope setup. A light-emitting 405-nm (blue) LED light excites
the stained tissue surface. The excited light is collected by [0X
objective and camera.

Jersey) (Fig. 1). Multiple raster-scanned images of the tissue
areas were captured by the FIBI microscope camera. Images
were stitched to create a single image of the entire biopsy spec-
imen using a stitching program (Microsoft Image Composite
Editor version 2.0). To have the same brightness and color den-
sity among all the images, FIBI images were brightened and
sharpened using an open-source digital imaging editing pro-
gram (GIMP version 2.10.30).
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Evaluation of Diagnostic Concordance Between
H&E Images and FIBI-Generated Images

Digital H&E images were assessed without provision of clini-
cal data by a single board-certified veterinary pathologist (P.
Giaretta) and scored according to the published guidelines by
the World Small Animal Veterinary Association (WSAVA)
Gastrointestinal Standardization Group.''> After an 8-week
washout period, images of the biopsy specimens generated by
FIBI were assessed by the same pathologist and scored accord-
ing to the above-mentioned guidelines.

Following the WSAVA scoring of the biopsy specimens
using H&E and FIBI images, predetermined anatomical struc-
tures and inflammatory cells were evaluated to determine the
diagnostic concordance between FIBI and H&E images using a
3-point scoring scheme (0 = FIBI cannot identify the structure
without correlating with H&E; 1 = FIBI can identify the struc-
ture without the need of H&E; 2 = FIBI can identify the struc-
ture with more certainty than H&E). Predetermined anatomical
structures included mucosal structures as defined by WSAVA
guidelines as well as blood vessels and ganglia in the submu-
cosa and muscularis (Table 1).

The average total and subscores were calculated by adding
individual total or subscores of all 44 cases, respectively, and
dividing the sum by the number of cases. Subscores were used
to determine how well FIBI could identify inflammation com-
pared with morphological features in the mucosa. Furthermore,
subscores were calculated for each layer to determine how well
FIBI can identify structures in the mucosa, submucosa, and
muscularis. See Supplemental Tables S1-S5 (online version)
for individual WSAVA scores and correlation scores.

Statistical Analysis

Limits of agreement for the histopathologic assessment based
on WSAVA scorings of images generated by FIBI compared
with conventional H&E images were calculated by Bland-
Altman analysis.? Values are given as mean (95% confidence
interval). Correlation between the 2 methods for WSAVA scor-
ing was calculated using the Spearman correlation where cor-
relation coefficients of <0.39 were considered weak; 0.40-0.69,
moderate; 0.70-0.89, strong; and >0.90, very strong. All sta-
tistical analyses were performed using GraphPad Prism version
9.3.1 for macOS (GraphPad Software, San Diego, California).

Results

Study Population and Image Acquisition Using FIBI

Of the 50 samples evaluated by H&E, 44 biopsy specimens (30
jejunum, 4 ileum, 2 duodenum, and 8 from =2 sections of
small intestine) were deemed appropriate for further assess-
ment with FIBI. Four samples were rated as insufficient for
evaluation due to poor tissue orientation and 2 samples had no
significant findings on the initial H&E evaluation. Biopsy
specimens were from 27 mixed breed, 12 Persians, 1 Bengal, 1
British Shorthair, 1 Himalayan, 1 Siamese, and 1 cat of

Table I. Average FIBI scores for the identification of
predetermined anatomical structures on 44 formalin-fixed paraffin-
embedded tissue samples based on a 3-point scale (0 = FIBI cannot
identify the structure without correlating with H&E; | = FIBI

can identify the structure without the need of H&E; 2 = FIBI can
identify the structure with more certainty than H&E).

Mucosal Structure Score
Morphological features
Epithelium and epithelial injury 0.93
Villi and villous stunting 1.96
Crypts and crypt dilation/distortion 091
Lacteals and lacteal dilation 0.02
Mucosal fibrosis 0.40
Subscore—Mucosal morphological features 0.84
Inflammation
Intraepithelial lymphocytes 0.10
LP infiltrating cells 0.66
LP lymphocytes and plasma cells 0.05

LP eosinophils 0

LP neutrophils 0.15

LP macrophages 0.45
Subscore—Mucosal inflammation 0.24
Total mucosal score 0.51
Blood vessels in the submucosa 0.98
Submucosa infiltrating cells 0.93
Submucosa ganglia |
Subscore—Submucosa 0.97
Blood vessels in muscularis externa 0.98
Muscularis mucosa infiltrating cells |
Muscularis externa infiltrating cells 0.93
Muscularis externa ganglia 0.95
Muscularis externa thickness 0.94
Subscore—Muscularis 0.96
Sum 12.36/18
Total full-thickness score 0.69
Total inflammation score 0.48

Abbreviations: FIBI, fluorescence imitating brightfield imaging; LP, lamina
propria.

unknown breed and had an average age of 7.97 years (range:
1-16 years, 22 cats reported of unknown age). Clinical signs
were reported for 38 of 44 cats and included intestinal wall
thickening (68.2% [30/44]), vomiting (56.8% [25/44]), pro-
gressive weight loss/emaciation (20.5% [9/44]), chronic diar-
rhea (9.1% [4/44]), and/or enlarged mesenteric lymph nodes
(6.8% [3/44]) (Supplemental Table S6).

Based on conventional H&E evaluation, 12 cases were diag-
nosed with LGITL, 24 with inflammatory bowel disease (5 with
neutrophilic enteritis, 2 with eosinophilic enteritis, 5 with LPE, 4
with neutrophilic and eosinophilic enteritis, 3 with neutrophilic
and lymphoplasmacytic enteritis, 1 with lymphocytic-plasma-
cytic and eosinophilic enteritis, 2 with lymphocytic-plasmacytic,
eosinophilic, and neutrophilic enteritis, | with ulcerative enteri-
tis, and 1 with mural granulomatous inflammation), 5 were not
able to be differentiated between LGITL and LPE, 1 with large
cell lymphoma, and 2 with only fibrosis present.
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Figure 2. Multifocal eosinophilic and neutrophilic enteritis, jejunum, cat. Comparison of conventional light microscopy (a, ¢, €) with
fluorescence imitating brightfield imaging (FIBI) (b, d, f). (a, ¢, €) Conventional light microscopy images reveal eosinophil and neutrophil
infiltration in the lamina propria. Occasionally, intraepithelial lymphocyte numbers appear increased. (b, d, f) FIBlI images demonstrate
unsectioned villi in 3 dimensions with only epithelial cells and goblet cells visualized. FIBI identified morphological features, but was unable to
reliably differentiate inflammatory cells, fibrosis, and lacteals (d, f) within the mucosa without guidance provided by the corresponding H&E
slide. Globular leukocytes are fluorescent and abundant in FIBI images compared with conventional light field microscopy (yellow arrows).

The average time needed to acquire each FIBI image was
approximately 30 minutes including approximately 15 min-
utes for deparaffinization and staining and 15 minutes for
image acquisition and editing. This compares favorably to the
standard of time, approximately 10 to 12 hours, for process-
ing H&E slides. However, interpretation of FIBI-acquired
images was reported to be more time-consuming by the
evaluator, which was mostly attributed to unfamiliarity with

the FIBI images compared with conventional H&E images
(Fig. 2).

Ability of FIBI to Identify Predetermined Mucosal
Structures and Lesions

Assessment of the ability of FIBI to identify predetermined
mucosal structures resulted in an average score of 0.51,
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demonstrating a weaker ability to identify mucosal lesions
compared with H&E images and inferiority to conventional
H&E slides. Comparing subscores for morphological and
inflammatory features, the weak overall score was mostly
driven by poor identification of inflammatory cells in FIBI
images (subscore of 0.24). On average, identification of the
majority of architectural morphological features and lesions by
FIBI was comparable to conventional H&E (surface epithe-
lium, crypt dilation/distortion, blood vessels, ganglia, and
thickness of muscularis externa) (subscore of 0.90). FIBI was
superior to H&E in the evaluation of villi and villous stunting
(average score of 1.96). FIBI was able to identify structures and
infiltrating cells in the submucosa (subscore of 0.97) and mus-
cularis (subscore of 0.96) at approximately the same ability as
traditional H&E slides. Overall, although the histological mor-
phology was generally well identified, FIBI analysis did not
reliably differentiate inflammatory cells, fibrosis, or lacteals
within the mucosa without guidance provided by the corre-
sponding H&E slide.

Histopathologic Concordance Between H&E
Images and FIBI-Generated Images

The Bland-Altman plot is a graphical method to compare 2
measurement techniques.*> In the graph, the differences
between the 2 techniques (x-axis) are plotted against the aver-
ages of the 2 techniques (y-axis). The Bland-Altman plot in
Fig. 3 compares the WSAVA score obtained via FIBI with the
WSAVA score obtained via conventional light microscopy. The
graph illustrates that FIBI systematically underestimates the
WSAVA score compared with conventional light microscopy.

There was substantial bias of the WSAVA scoring
(Supplemental Table S3) between conventional H&E images
and FIBI-based images (—3.73; 95% limits of agreement: —8.42
to 0.97) (Fig. 3). Correlation between FIBI-based and H&E-
based scoring was moderate with a correlation coefficient of
0.47 (95% confidence interval: 0.18-0.68). See online version
of the manuscript for supplemental materials of individual
WSAVA scores.

Discussion

To our knowledge, this is the first study to investigate FIBI
microscopy for the evaluation and diagnosis of FCE. Slide-free
histopathology is a growing area of research due to the need for
more efficient and inexpensive tissue evaluation in veterinary
and human medicine. While there are other slide-free method-
ologies currently or previously being investigated, FIBI
microscopy is simpler and cheaper than other technologies. For
example, conventional light-sheet fluorescence microscopy
requires nonstandard and often difficult sample preparation for
clearing of tissue samples, complicating the workflow of a rou-
tine clinical procedure,'®?* compared with FIBI that only needs
brief staining of the tissue surface to image. Common goals
shared among all slide-free histopathology modalities are to
provide imaging that is real-time, nondestructive, and of high
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Figure 3. Bland-Altman plots showing bias (mean of differences)
for the World Small Animal Veterinary Association (WSAVA) score
obtained via FIBI analysis vs conventional H&E. The mean bias was
—3.73 (SD 2.40). Dashed lines represent the 95% limits of agreement.
FIBI, fluorescence imitating brightfield imaging.

diagnostic quality.!>!316:17:2430 An additional benefit FIBI pro-
vides is its ability to capture surface topography, as shown in
this study by the high-quality rendition of intact intestinal villi
and an average score of 1.96 from FIBI images compared with
H&E, which may prove to have clinical utility once this capa-
bility is more fully explored. FIBI could have a wide range of
clinical applications including postoperative evaluation and tri-
age of surgical biopsy specimens (ie, selecting the most repre-
sentative or diagnostic sections of a biopsy to improve
conventional H&E imaging), intraoperative assessment of
tumor-margin surfaces, and intraoperative imaging and fluo-
rescence-guided surgery using systemically administered con-
trast agents.'>!>16 While the diagnosis of chronic conditions
including chronic enteropathies is usually not considered
urgent, the technology allows for tissue preservation for down-
stream analysis of the same tissue that was imaged and may be
particularly interesting in investigative studies, given that most
gastrointestinal samples are small endoscopic biopsies.

In this study, FIBI allowed for (or enabled) the identification
of many morphological structures with an accuracy that
approximates or is superior to that of conventional H&E
microscopy at a fraction of the time of traditional H&E slide
preparation. Villi and villous stunting were identified with
more confidence in the FIBI images than in the conventional
H&E slides, which is a feature scored by WSAVA guidelines
based on the severity of the lesion.!'% Other structures that
were identified at approximately the same confidence as con-
ventional H&E slides included the epithelium and epithelial
injury, crypts and crypt dilation, blood vessels, ganglia, infil-
trating cells in the submucosa and muscularis, and muscularis
externa thickness. While the histological morphology of the
small intestine was generally well defined in FIBI images, FIBI
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did not allow for reliable differentiation of inflammatory cells,
fibrosis, or lacteals within the mucosa without guidance pro-
vided by the corresponding H&E slide. This was in part because
the surface of the uncut tissue was imaged directly, and thus
FIBI images often showed the external surface of the villi in a
3-dimensional aspect (only epithelial cells and goblet cells
visualized) rather than a transverse cut into the villi (Fig. 2).
This limited the ability for the pathologist to examine intraepi-
thelial lymphocytes, lacteals, and the amount of cellular infil-
tration located in the lamina propria. This was a major limitation
as epitheliotropism (especially the formation of intraepithelial
nests and plaques) and the quantity and type of cellular infiltra-
tion are important histological features to differentiate between
LPE and LGITL in feline intestinal biopsy samples.!!?%-3
Another possible explanation for the limited ability to identify
inflammatory cells may be that image scans shown here were
acquired using a 10X objective, due to currently limited com-
putational power. However, we are currently working on scans
using 20X (or higher) objectives. A previous study investigat-
ing the utility of a similar predecessor technology to FIBI,
MUSE, in human dermatopathology found similar results.
While MUSE images were able to identify morphological fea-
tures in the skin such as collagen, elastin, adipose tissue, nerves,
vasculature, sweat glands, stratum corneum, and stratum spino-
sum at equal or improved ability to conventional H&E, the
identification of inflammatory cells was inferior to traditional
H&E.*° In another preliminary validation study for MUSE that
evaluated benign and malignant neoplasms in multiple tissue
types, MUSE accurately diagnosed 93% of cases compared
with the conventional H&E diagnosis'? and accurately diag-
nosed basal cell carcinoma and pseudoxanthoma elasticum in
abnormal skin samples.3°

While the WSAVA histopathological guidelines focus on
lesions in the mucosa, the ability to see infiltrating cells and
muscularis layer in the FIBI images is important for differenti-
ating LGITL from LPE in full-thickness specimens.?’ Also, the
ability to see structures such as blood vessels and ganglia with
the same (or better) resolution and tissue contrast than provided
by H&E may be helpful for the diagnosis of ganglionopathies
or aganglionosis in people and animals (ie, Hirschsprung dis-
ease or lethal white overo syndrome).’

Cats with chronic enteropathy frequently show an ultrasono-
graphically thickened muscularis layer of the small intestinal
tract.'>3® A recent study found that the presence of ultrasono-
graphic lesions within the submucosal and muscularis layers
was not predictive of histological lesions in those layers in a
population of cats with a high prevalence of chronic enteropa-
thy.'"® However, as this was a retrospective study on FFPE tis-
sue, shrinkage artifacts cannot be excluded and may have led to
a lack of correlation between ultrasonographic and histopatho-
logic findings. Formalin commonly causes tissue shrinkage,
with shrinkages rates between 28% and 31% in gastric and
small intestinal biopsy specimens being reported in humans and
dogs, respectively.®® FIBI allows for imaging of unfixed tissue,
and results of this study show an overall good ability of FIBI to
identify morphological features present in the submucosa and

muscularis layers. Therefore, FIBI may be a valuable tool for
future studies investigating the relationship between ultrasono-
graphic findings in the submucosa and muscularis layer and his-
topathologic changes in cats with chronic enteropathy.

This study showed an overall poor agreement between the
WSAVA scores assessed by FIBI versus conventional H&E
imaging. This was again mostly driven by the limited ability of
FIBI to identify inflammatory cells in the uncut villi and the
mucosa, and thus FIBI showed a general bias toward underes-
timating the WSAVA score. This theory is underscored by the
fact that inflammatory cells in the submucosa and muscularis
were easily identified, which is reflected in the higher score
(0.93) compared with the lamina propria (0.24). This is in con-
trast to a previous study in which FIBI demonstrated an accu-
racy of 97% compared with the diagnosis made on H&E slides
in a variety of fixed human tissue specimens. In that study,
minor discordances (defined as alternative diagnoses without
clinical treatment or outcome implications) were slightly
higher in FIBI images (7.2%) compared with H&E slides
(5.0%). Major discordance, defined as a different diagnosis that
would lead to a different treatment recommendation/outcome,
was 3.0% for FIBI images compared with conventional H&E
slides, which was 1.2%. The tissue biopsies included in the pre-
liminary study originated from the bladder, larynx, endocrine,
breast, reproductive, gastrointestinal, and soft tissues with
diagnoses including normal, hyperplasia, benign neoplasms,
cancers, and inflammatory lesions.® Future studies are needed
to evaluate and validate the utility of FIBI for neoplastic and
noninflammatory lesions.

This study has several limitations. While FIBI’s highest
potential applicability in the preclinical and clinical fields is
with the use of fresh tissue specimens, this proof-of-concept
study used archived FFPE full-thickness tissue specimens.
Therefore, we do not know whether the results of this study
will translate directly to fresh and frozen tissue or endoscopic
biopsies. However, the use of fresh tissue biopsies would have
required a prospective study set-up where patient enrollment
usually takes time and requires ethical approval. Results for
this study may still serve as a solid basis and guidance for
future prospective studies. Another limitation of the study is
the unfamiliarity of the pathologist to the fluorescent coloration
of FIBI images. Future developments may allow for FIBI
images to be color-remapped into virtual H&E stains, which
may improve readability. FIBI also has the potential to be inte-
grated with artificial intelligence technology to easily convert
FIBI images to traditional H&E coloration or mimic other spe-
cial stains, which may potentially overcome this limita-
tion.'>?*30 Finally, we had only a single pathologist assessing
the histology for this study. Substantial interobserver variabil-
ity for the assessment of small animal gastrointestinal biopsies
has previously been reported.’® However, assessment of
interobserver variability was outside the scope of this study.
Hence, we do not believe this would have added to the body of
knowledge gained from this study.

In conclusion, this study showed that FIBI can successfully
identify most morphological features and morphological
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lesions in the feline intestine with limited differentiation
between inflammatory cells. While FIBI microscopy does not
currently replace conventional H&E sections for the evaluation
of gastrointestinal inflammatory lesions, further studies on
FIBI’s utility for noninflammatory and neoplastic lesions are
warranted, as well as a focus on technical developments to
improve performance on inflammatory lesions.
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