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HIGHLIGHTS

•	 A new digital image processing 
method was developed to measure 
intensity in 3D autofluorescence 
images of colorectal samples using a 
CRC mouse model.

•	 This method showed that 
autofluorescence intensity in colon 
mucosa is similar in healthy tissue 
but changes significantly in tumor 
development.

•	 Statistical analysis revealed CRC 
traits detectable from the second 
week post-induction, aiding in early 
CRC detection.

•	 The study provides a basis for 3D 
autofluorescence characterization 
in colorectal tissue from dysplasia 
to cancer, although variability 
in autofluorescence limits data 
systematization during cancer 
progression.
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ABSTRACT – Background – Colorectal cancer is one of the most prevalent 

pathologies worldwide whose prognosis is linked to early detection. Co-

lonoscopy is the gold standard for screening, and diagnosis is usually 

made histologically from biopsies. Aiming to reduce the inspection and 

diagnostic time as well as the biopsies and resources involved, other 

techniques are being promoted to conduct accurate in vivo colonoscopy 

assessments. Optical biopsy aims to detect normal and neoplastic tissues 

analysing the autofluorescence spectrum based on the changes in the 

distribution and concentration of autofluorescent molecules caused by 

colorectal cancer. Therefore, the autofluorescence contribution analysed 

by image processing techniques could be an approach to a faster charac-

terization of the target tissue. Objective – Quantify intensity parameters 

through digital processing of two data sets of three-dimensional wide-

field autofluorescence microscopy images, acquired by fresh colon tissue 

samples from a colorectal cancer murine model. Additionally, analyse 

the autofluorescence data to provide a characterization over a volume 

of approximately 50 µm of the colon mucosa for each image, at second 

(2nd), fourth (4th) and eighth (8th) weeks after colorectal cancer induc-

tion. Methods – Development of a colorectal cancer murine model using 

azoxymethane/dextran sodium sulphate induction, and data sets acquisi-

tion of Z-stack images by widefield autofluorescence microscopy, from 

control and colorectal cancer induced animals. Pre-processing steps of 

intensity value adjustments followed by quantification and characteriza-

tion procedures using image processing workflow automation by Fiji’s 

macros, and statistical data analysis. Results – The effectiveness of the 

colorectal cancer induction model was corroborated by a histological as-

sessment to correlate and validate the link between histological and au-

tofluorescence changes. The image digital processing methodology pro-

posed was then performed on the three-dimensional images from control 

mice and from the 2nd, 4th, and 8th weeks after colorectal cancer chemi-
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cal induction, for each data set. Statistical analyses found significant differences in the mean, standard de-

viation, and minimum parameters between control samples and those of the 2nd week after induction with 

respect to the 4th week of the first experimental study. This suggests that the characteristics of colorectal 

cancer can be detected after the 2nd week post-induction. Conclusion – The use of autofluorescence still 

exhibits levels of variability that prevent greater systematization of the data obtained during the progression 

of colorectal cancer. However, these preliminary outcomes could be considered an approach to the three-

dimensional characterization of the autofluorescence of colorectal tissue, describing the autofluorescence 

features of samples coming from dysplasia to colorectal cancer.

Keywords – Autofluorescence; colorectal cancer; image processing; microscopy.

INTRODUCTION

Colorectal cancer (CRC), a leading cause of de-

ath worldwide, is a highly aggressive disease with 

a high metastatic potential(1,2) and it primarily arises 

from adenomas. The disease exhibits slow develop-

ment over more than 10 years through the adenoma-

carcinoma sequence(3,4).

Colonoscopy is considered the gold standard for 

CRC screening, being the most used tool for early 

detection and the resection of pre-neoplastic lesions, 

aiming to timely interrupt the adenoma-carcinoma 

sequence(4,5). Even though diagnosis is usually made 

histologically from the biopsy samples taken during 

endoscopy, advanced endoscopic imaging techni-

ques improve the accuracy beyond what is afforded 

by conventional white light imaging. They provide a 

more detailed visualization of the mucosa by enhan-

cing morphology(3,4,6). Thus, the images generated 

by this emerging generation of endoscopic imaging 

technologies would have the potential to act as an 

“optical biopsy” to aid clinical decision-making(7).

Autofluorescence images (AFI) are used for polyp 

differentiation based on the analysis of the autofluo-

rescence spectra, as changes are observed between 

adenomas and normal mucosa because of the bio-

chemical and morphological tissue alterations du-

ring cancerous transformation(8,9). In this manner, 

endogenous fluorophores and their role as intrinsic 

biomarkers offer an exceptionally powerful tool for 

characterizing, in real time, even subtle changes of 

interconnected morphological and metabolic proper-

ties of cells and tissues under physiological or altered 

conditions(10). In particular, CRC is known to cause 

changes in the concentration and distribution of au-

tofluorescent molecules, such as collagen, elastin, 

flavin adenine dinucleotide (FAD), nicotinamide ade-

nine dinucleotide (NADH), protoporphyrin IX (PPIX) 

and lysosome granules(11,12). 

The use of autofluorescence has been reported as 

a means of characterizing colorectal lesions at scree-

ning stages or from resections(6,8,12,13-16). However, the 

AFI performance could be affected by low-quality 

imaging and a highly variable level of background 

fluorescence among patients(8,17). Even more, as the 

luminal surface fluorescence and the use of auto-

fluorescence to detect early cancers or premalignant 

lesions depend on tissue architecture and biochemi-

cal composition(14), a good understanding of the fluo

rescence properties of each endogenous chromo-

phore and their change upon observation condition 

is required to use autofluorescence for biomedical 

studies and medical diagnostics(18).

Finally, as previously exposed, the differentiation of 

neoplastic and normal colon tissues by autofluorescen-

ce remains a challenge for the detection and diagnosis 

of CRC and its precursors(11). Thus, research advances 

in autofluorescence characterization and computer-

-aided diagnostic approaches could help to establish 

it as a stand-alone diagnosis technique during in vivo 

fluorescence endoscopy, or at least, to complement 

the current criteria, bypassing staining techniques and 

decreasing the number of biopsies required, as well 

as the resources and time involved in the inspection.

METHODS

This section describes the CRC murine model 

used and the samples, the features of the acquired 

images and optical system, the image digital proces-

sing methodology proposed, and the statistical me-

thods selected for the analyses.
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CRC murine model and samples
Two experimental studies were performed using 

adult male BALB/cCmedc strain mice (n=24 for each 

time) ranging from 17 to 26 g. Both included a ran-

dom assignment to control and CRC-induced animals. 

The latter group of mice was intraperitoneally injec-

ted with 10 mg/kg azoxymethane (AOM; Santa Cruz) 

on day zero, and one week later, they were treated 

with dextran sodium sulphate (DSS; MP Biomedicals, 

Solon, OH, USA) administered in the drinking water 

for 7 days. This procedure was performed following 

the method described by Rosenberg et al.(19) and pre-

viously validated in Erbes et al.(20). The control group 

of mice was saline injected on day zero, and it was 

provided with drinking water without DSS. Mice were 

sacrificed by cervical dislocation, and distal colon seg-

ments were extracted from the control mice at day 

zero and from the AOM-injected mice at second (2nd), 

fourth (4th), and eighth (8th) weeks after the injection.

The samples were longitudinally sectioned while 

being kept on ice and wetted with saline. After this 

process, the samples were mounted on cover slipped 

slides, with the luminal surface placed upwards for 

immediate observation under fluorescence micros-

copy. For the CRC induction assessment, a Leica 

microscope was used to conduct an optical micros-

copy examination on 5 µm thick hematoxylin-eosin-

-stained sections (H&E) obtained from paraffin-em-

bedded samples following a standard histological 

procedure. A blinded review was conducted by an 

experienced pathologist.

The use of laboratory animals was conducted in 

accordance with the principles set forth in the Guide 

for the Care and Use of Laboratory Animals(21). Fur-

thermore, all animal work and care were conducted 

following the guidelines approved by the CONICET 

directory and the UNER for PIO grant: 43337/15. Pro-

cedures were carried out at the laboratories in the 

FI-UNER, with all efforts made to minimize animal 

suffering.

Image acquisition
Z-stack images (70 optical sections: 1920×1440 

pixel image, 0.72 µm z-step size) were acquired by 

optical sectioning using an Olympus IX83 inverted 

microscope (Olympus, Tokyo, Japan). The microsco-

pe was equipped with a 20X/0.75 NA objective lens 

(UPLSAPO, Olympus), a fluorescence illumination 

source (U-HGLGPS, Olympus), a fluorescence filter 

cube (U-3N41001, exciter: BP HQ 460-500, dichroic: 

Q505LP, emitter: BP 510-560) and a high-sensitivity 

digital camera based on a CMOS image sensor (3.63 

µm/pixel, ORCA Flash 2.8, Hamamatsu, Japan) with 

0.5X magnification lens.

H&E images (4288x3216 pixel image) were regis-

tered using a Leica microscope (Leica Microsystems). 

The microscope was equipped with a 25X/0.5 NA 

objective lens and a digital camera (14 mp, Olympus 

VG-140).

Image digital processing methodology
Fiji(22) macros were developed for automating 

the image processing workflow, primarily involving 

procedures of intensity value adjustments, and quan-

tification. These macros were applied uniformly in 

both experimental studies, and their detailed steps 

are described in the following subsections.

Pre-processing steps
The photobleaching and out-of-focus fluorescen-

ce effects were reduced by applying the Exponential 

Fit Correction Method from the Bleach Correction 

plugin(23) followed by five deconvolution iterations 

of the algorithm Richardson-Lucy (RL) from the De-

convolutionLab plugin(24), with a reflective Boundary 

Condition. A theoretical point spread function (PSF) 

generated by the Widefield Fluorescence Microscope 

PSF plugin(25) available in Icy(26) was used. 

Quantification method
The three-dimensional (3D) autofluorescence 

quantification process began with an initial step of 

adjusting intensity values over the pre-processed 

image to standardize the quantification conditions, 

considering the use of automatic exposure times in 

the image acquisition. Thus, the proposed and pa-

tented method of Pang et al.(27,28) was applied to scale 

pixel intensities, required when comparing grayscale 

images acquired at different exposure times.

As FIGURE 1 summarizes, the adjusted intensi-

ty (Intensity(t1)) was determined using a reference 

exposure time (t1), the intensity value of the image 

to be processed (Intensity(t2)) and its exposure time 

(t2). Additionally, the calculation involved conside-
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Statistics
Kruskal-Wallis tests were carried out to assess the 

differences in intensity parameters between the con-

trol, 2nd, 4th, and 8th weeks for each experimental 

study. The quantified data used for the analysis were 

obtained from 3D images belonging to one sample 

from three to six mice for each time point (the num-

ber of quantified images used for each one is detai-

led in TABLE 1). When the results were significant, 

Mann-Whitney tests were applied followed by a p-

-value Holm correction. The analyses were conduc-

ted in RStudio(32) and P-values <0.05 and <0.01 were 

considered statistically significant.

RESULTS

Histological assessment of the CRC induction
Distal colon sections were blind-analysed by the 

H&E staining gold standard method to assess the 

reproducibility of the AOM/DSS induction and CRC 

development phases. Histological morphology con-

firmed the effectiveness of the CRC induction mo-

del, as evidenced by progressive alterations in mor-

phology and arrangement of the crypts, consistent 

with the multi-step sequence of dysplasia-adenoma-

-carcinoma. Consequently, the links between his-

tological and autofluorescence changes in the data 

sets can be correlated and validated.

FIGURE 2 exemplifies such a correlation and 

provide evidence of CRC induction. Whereas uni-

formly arranged round-shaped pits are presented 

in the mucosa cross-sections of control samples, 

the alterations exhibited by the AOM/DSS induced 

ones correlate with the progression from dyspla-

sia to CRC. Loss of sphericity, reduction of arran-

gement regularity and connective tissue changes 

are features in progress from the 2nd to the 8th 

weeks of induction, showing a mixture of varia-

ble size morphologies as round, oval, and star-like 

pits. Starting from the 4th week, noticeable mucosa 

structural distortions are observed, characterized by 

aberrant crypt foci and adenomas. By the 8th week 

the mucosa exhibits adenocarcinoma and infiltra-

tion of lymphoid tissue. Supporting the previously 

mentioned descriptions, different levels of altered 

epithelial architecture and leukocyte infiltration as 

signs of inflammation, as well as loss of rectilinear 

FIGURE 1. Intensity adjustment and quantification method 
workflow.

ring the camera’s readout noise (Nr=3 electron/pi-

xel), gain (G=1), and offset (0). All of these values 

were set based on a reference image, and the confi-

guration specifications and the technical note of the 

camera(29). Subsequently, intensity parameters, such 

as mean, standard deviation (SD), median, minimum, 

and maximum, were quantified using the Measure 

tool available in Fiji’s Analyze Menu(30).

Autofluorescence characterization
The 3D autofluorescence spanning approximate-

ly 50 µm of tissue thickness, from the luminal surface 

of the colonic mucosal layer to the inner, was des-

cribed by the median, interquartile range, mean, and 

SD of the intensity parameters for each point of time 

from both experimental studies. The analysed ex-

tension includes the intensities present in the tissue 

where the upper third of non-neoplastic pits for dis-

tal colonic crypts from mice can be found, following 

the report of Tan et al.(31). This additional informa-

tion complements and supports the morphological 

characterization, aiding in differentiating colorectal 

neoplastic from non-neoplastic features.
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TABLE 1. 3D quantification data of autofluorescence intensity.

Time 
Point

Study 
(Nº)

3D 
Image 

(Nº)
Mean SD Median Minimum Maximum

Zero day 
(Control)

1 4 1,322.67
(1,189.98/1,398.58)

130.19
(101.77/159.63)

1,319.55
(1,173.34/1,418.18)

782.69
(722.38/808.25)

2,563.58
(1,975.06/3,489.14)

2 5 1,303.93
(1,219.74/1,597.20)

169.23
(115.81/200.57)

1,316.06
(1,220.70/1,622.61)

708.94
(619.50/776.33)

2,922. 03
(2,462.98/3,035.42)

2nd week

1

5

1,037.04
(954.95/1,433.84)

93.67
(70.17/106.08)

1,037.60
(964.24/1,434.65)

649.21
(586.80/912.16)

2,610.02
(1,549.37/2,638.99)

2 1,311.73
(1,006.33/1,314.44)

95.80
(90.14/118.77)

1,307.36
(1,003.53/1,320.40)

787.51
(567.49/959.09)

2,152.05
(1,975.97/2,586.98)

4th week

1

6

3,135.84
(2,957.97/3,245.52)

357.46
(299.49/378.69)

3,159.46
(2,994.03/3,258.40)

1,711.36
(1,566.76/1,928.51)

6,247.33
(5,165.51/8,702.67)

2 1,454.33
(1,312.33/1,841.90)

115.32
(113.50/172.63)

1,462.31
(1,317.90/1,871.22)

906.63
(846.90/1,166.56)

2,881.08
(2,683.60/2,959.72)

8th week

1

3

213.90
(207.89/239.38)

25.62
(22.09/29.98)

214.88
(207.62/241.09)

131.95
(119.36/144.10)

778.54
(701.23/975.66)

2 1,494.03
(1,405.20/2,328.37)

104.23
(100.65/178.85)

1,496.15
(1,410.31/2,334.36)

1,097.21
(991.52/1,393.91)

2,455.46
(2,189.75/4,101.60)

FIGURE 2. H&E sections and autofluorescence images for control samples (A) and for CRC development at 2nd, 4th, and 8th weeks after AOM/DSS 
induction (B, C, D). Transverse sections (A/B/C/D.1, A/B/C/D.2) of the distal colon mucosa views from autofluorescence and H&E-stained paraffin 
sections. H&E longitudinal sections (A/B/C/D.3) pointing out (50 µm green line) the equivalent length in Z-axis of the analysed autofluorescence 
volume. 3D autofluorescence images (a/b/c/d.4) oriented from the superficial mucosa to the inner layers. Scale bars: 100 µm.
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shape and columnar orientation can be observed in 

longitudinal views of H&E sections. 

Autofluorescence quantification and 
characterization

Median and interquartile ranges for each measure 

are summarized in TABLE 1, which provides details 

about the number of images used for the quantifica-

tion, the experimental study number, and the corres-

ponding time point. The barplots of FIGURE 3 depict 

statistically significant differences in the mean.

The median values reveal that the autofluores-

cence intensity is relatively homogeneous in control 

animals but becomes highly heterogeneous in those 

induced to develop CRC. In most of the samples, the 

intensity and variability of the fluorescence decrea-

sed at initial stages (2nd week) compared to the con-

trol samples. However, in the 4th and 8th weeks the 

autofluorescence behaviour became more challen-

ging to characterize. As normal tissue progressed to-

ward neoplasia, the intensity exhibited an increment 

or a considerable reduction in its value compared to 

control and the 2nd week of induction. This hetero-

geneity is exemplified in the volumes in FIGURE 3 

and also in FIGURE 4, in which is represented the 

summed slices projections of the image stacks from 

the first experimental study.

In statistical terms, significant differences were 

detected for the mean, SD and minimum parameters 

only between samples from control and those from 

the 2nd week, concerning the 4th week of the first 

experimental study (FIGURE 3).

DISCUSSION

Flavins such as riboflavin (vitamin B2), flavin ade-

nine dinucleotide (FAD) and flavin mononucleotide 

(FMN), as well as lipopigments such as lipofuscins, 

are the endogenous fluorophores located at the mu-

cosa(10,18,33,34) that contribute to the autofluorescence 

signal captured at a thickness of approximately 50 

µm, starting from the luminal surface of the colonic 

mucosa, employing the optical system setting descri-

bed in the Image acquisition section from Methods. 

Based on this and having successfully validated the 

correlation between histological and autofluorescen-

ce changes in the data sets, we proceeded to define 

specific intensity features to characterize the auto-

fluorescence based on the performed quantification.

The high heterogeneity exhibited by the median 

values in the emission properties of the samples from 

induced animals developing CRC is expected, given 

that autofluorescence is highly sensitive to alterations 

in tissue morphology and biochemistry resulting 

from malignant transformation(14). Furthermore, the 

morphological and metabolic conditions of cells and 

tissues strictly influence the nature, amount, physico-

chemical state, intra-tissue distribution, and microen-

vironment of the endogenous fluorophores(10). 

The statistical evidence suggested that as most of 

the differences between normal and CRC samples 

were not statistically significant, the latter could be 

linked to hyperplastic tissue based on DaCosta et 

al.(14,15) characterization of normal, hyperplastic, and 

adenomatous tissue autofluorescence(14,15). In that 

study, it is reported that the fluorescence is the same 

for epithelial cells from the first two categories. This 

result is not unexpected considering that hyperplas-

tic epithelia are similar to normal epithelia in pheno-

type, differentiation, and maturity(14).

Regarding the heterogeneity of the intensity in 

CRC samples, on the one hand, it is well known that 

dysplastic epithelial cells from adenomatous polyps 

have more fluorescent granules heterogeneously dis-

tributed in the lamina propria and in apical regions 

of the epithelia(14,15). Thus, the detected fluorescence 

intensity is often higher than normal and hyperplas-

tic cells. Furthermore, it is postulated that additional 

factors, such as an increased number of mitochon-

dria and/or lysosomes per cell, changes in total cell 

volume, variations in relative fluorophore concen-

trations, and/or inherent shifts in their molecular 

conformation(s) of fluorophores, their oxidation and 

reduction states, and/or their free or bound forms, 

may contribute to the variability observed in the re-

sulting intensities(14,15). On the other hand, the review 

conducted by the Ramanujam et al.(33) on fluorescen-

ce microscopy and spectroscopy of micro-structures 

in tissue sections suggests that despite obtaining va-

rying results, there are notable differences in signal 

intensity between normal and neoplastic specimens. 

The intensity was mainly increased in dysplastic 

cells of hyperplastic or adenomatous polyps relati-

ve to the normal (although the other way was also 
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FIGURE 3. Barplots with error bars and SD for mean values of mean (A, B), SD (C, D), median (E, F), minimum (G, H), and maximum (I, J). 
Significance was noted (*) for P-values <0.05 and (**) for P-values <0.0.
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FIGURE 4. Summed slices projections of the image stacks. Representations coming from the first experimental study are placed in columns for 
control, 2nd week, 4th week and 8th week, from left to right, respectively.
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reported). Conversely, it demonstrated a decrease in 

adenocarcinomas compared with adenomas. Hence, 

the significant increment observed in the 4th week 

is supported by the majority of the aforementioned 

findings and the corresponding samples could be 

linked to hyperplastic or adenomatous tissues, ac-

cording to Ramanujam et al.(33) and DaCosta et al.(14).

In summary, it can be inferred that control sam-

ples from the first experimental study come from 

normal mucosa, whereas the samples from the 2nd 

and 4th weeks likely come from hyperplastic and 

adenoma tissue, respectively. While the intensity 

reduction in the 8th week samples relative to the 

previous week values suggests a link to adenocar-

cinoma, the lack of statistical significance leads to 

their classification as hyperplastic as well. The se-

cond experimental study did not reveal significant 

differences for all the analysed parameters. However, 

considering that three of the time points analysed 

are pathological, it is possibleto infer that all of them 

come from hyperplastic tissue. Alternatively, the lack 

of significant differences could be due to the sample 

size not being sufficient to detect intensity variations 

arising from adenoma or adenocarcinoma.

Based on the statistical analyses, it can be noted 

that the CRC features could be detected after the 2nd 

week post-induction and, in a preliminary manner, 

the samples of the time points involved in the pro-

gression process to CRC were characterized. Howe-

ver, further work is needed to enhance the accuracy 

of the autofluorescence intensity characterization for 

each pathological time point.

CONCLUSION

In conclusion, we conducted a 3D intensity quan-

tification on volumes of approximately 50 µm of the 

colon mucosa using fresh murine colon tissue sam-

ples. This quantification allowed for an autofluores-

cence characterization at the 2nd, 4th and 8th weeks 

after CRC induction by AOM/DSS. The characteriza-

tion was achieved through software processing and 

analysis of widefield autofluorescence microscopy 

image stacks. The results pointed out that the inten-

sity is comparable in non-pathological samples, but 

it undergoes remarkable changes during the progres-

sion of the tumor process. Furthermore, the statisti-

cally significant differences found allowed to charac-

terize the early evolution of CRC, particularly after 

the 2nd week post-injection using a well-established 

murine model of CRC.

Optical biopsy is an ongoing developing non-in-

vasive technology that aims to address and support 

biomedical diagnostic procedures. However, the use 

of autofluorescence still presents challenges due to 

levels of variability that hinder a more comprehen-

sive systematization of the data obtained during the 

progression of CRC. In context, this study should be 

acknowledged as a significant step forward towards 

non-invasive and rapid diagnostic methods. Future 

research will aim to replicate the study enhancing 

the analysis accuracy and providing a more precise 

description of the intensity of samples coming from 

dysplasia to CRC.
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